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Preface to “Nutrition, Health and Athletic 
Performance” 

Optimal  nutrition  is  fundamental  for  enhancing  training,  recovery  and  performance  in  sport. 

Research has aimed to determine the efficacy of appropriate intake of nutrients, fluids, and supplements 

and their role in exercise performance. The purpose of this Special book issue entitled “Nutrition, Health, 

and Athletic Performance is to highlight recent applied research examining aspects of sports nutrition and 

exercise performance in human subjects.  

Manuscript submissions of original research, meta‐analyses, or reviews of  the scientific  literature, 

which targets nutritional strategies to benefit performance and health are included in this issue. The .....#... 

chapters in this book cover a wide spectrum of hot topics in the  performance nutrition world. We hope 

that  the  chapters  will  provide  scientific  basis  for  which  future  investigations  can  be  based  upon. 

Futhermore, we hope that this issue provides new recommendations and insights for practitioners (sports 

dietitians, sports medicine physicians, strenght coaches, athletic trainers, and other members of the sports 

medicine team), coaches, athletes, and scientists in the field of sports nutrition. 

Kelly Pritchett and Enette Larson Meyer 

Special Issue Editors 
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Article

Protein-Pacing from Food or Supplementation
Improves Physical Performance in Overweight Men
and Women: The PRISE 2 Study

Paul J. Arciero 1,*, Rohan C. Edmonds 1, Kanokwan Bunsawat 2, Christopher L. Gentile 3,

Caitlin Ketcham 1, Christopher Darin 1, Mariale Renna 1, Qian Zheng 1, Jun Zhu Zhang 1

and Michael J. Ormsbee 4,5

1 Human Nutrition and Metabolism Laboratory, Department of Health and Exercise Sciences,
Skidmore College, Saratoga Springs, NY 12866, USA; redmonds@skidmore.edu (R.C.E.);
cketcham@skidmore.edu (C.K.); cdarin@skidmore.edu (C.D.); mariale.p.renna@gmail.com (M.R.);
qzheng1@skidmore.edu (Q.Z.); junzhu.zhang@gmail.com (J.Z.Z.)

2 Integrative Physiology Laboratory, Department of Kinesiology and Nutrition,
University of Illinois at Chicago, Chicago, IL 60612, USA; bunsawa2@uic.edu
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christoper.gentile@colostate.edu
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Durban 4041, South Africa

* Correspondence: parciero@skidmore.edu; Tel.: +1-518-580-5366

Received: 6 April 2016; Accepted: 5 May 2016; Published: 11 May 2016

Abstract: We recently reported that protein-pacing (P; six meals/day @ 1.4 g/kg body weight
(BW), three of which included whey protein (WP) supplementation) combined with a multi-mode
fitness program consisting of resistance, interval sprint, stretching, and endurance exercise training
(RISE) improves body composition in overweight individuals. The purpose of this study was
to extend these findings and determine whether protein-pacing with only food protein (FP) is
comparable to WP supplementation during RISE training on physical performance outcomes in
overweight/obese individuals. Thirty weight-matched volunteers were prescribed RISE training
and a P diet derived from either whey protein supplementation (WP, n = 15) or food protein sources
(FP, n = 15) for 16 weeks. Twenty-one participants completed the intervention (WP, n = 9; FP, n = 12).
Measures of body composition and physical performance were significantly improved in both
groups (p < 0.05), with no effect of protein source. Likewise, markers of cardiometabolic disease risk
(e.g., LDL (low-density lipoprotein) cholesterol, glucose, insulin, adiponectin, systolic blood pressure)
were significantly improved (p < 0.05) to a similar extent in both groups. These results demonstrate
that both whey protein and food protein sources combined with multimodal RISE training are equally
effective at improving physical performance and cardiometabolic health in obese individuals.

Keywords: protein-pacing; physical performance; cardiometabolic-risk; PRISE exercise training

1. Introduction

Although it is well-accepted that increased protein intake and physical activity are likely effective
strategies to combat the rise in obesity [1], there is a paucity of well-controlled lifestyle interventions.
Indeed, there is less data available on lifestyle interventions combining increased protein intake above
the recommended dietary allowance (RDA) and exercise training in overweight populations that

Nutrients 2016, 8, 288 1 www.mdpi.com/journal/nutrients
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quantify changes in fitness-related performance outcomes such as muscular strength and endurance,
flexibility, and balance.

Increasing protein intake above recommended levels has been shown to enhance protein synthesis,
postprandial thermogenesis, lean body mass, satiety, and cardiometabolic health [2,3]. We recently
demonstrated that, compared to current recommendations (three meals/day and 0.8 g/kg BW/day),
a protein-pacing diet (five to six meals/day; three of which were whey protein supplemented and
>0.3 g/kg BW/meal; >1.4 g/kg BW/day) elicited greater improvements in body composition and
thermic effect of feeding, during both energy balance and deficit in overweight adults [4].

In recent years, increasing attention has been given to healthy lifestyle routines that combine
multiple fitness components into one training program or can be delivered with the support of
computer-based technologies [5,6]. Indeed, several studies have reported training programs that
combine resistance and endurance exercises are more effective at improving body composition
and reducing metabolic disease risk than either training modality alone [7–9]. In addition to
traditional resistance and endurance exercise, nonconventional modalities such as yoga, tai chi, pilates,
and interval sprint training have become increasingly popular among the general public [10–12].

In light of this popularity of both protein-pacing (P) and combined exercise training, we recently
compared the effectiveness of P (six meals/day, three meals/day of which were whey protein)
combined with either traditional resistance training or a regimen that included resistance exercise,
interval sprint exercise, stretching (yoga, pilates), and endurance exercise (RISE training), and found
that PRISE (protein-pacing, resistance, interval, stretching, endurance training) resulted in greater
reductions in body weight, total and abdominal (including visceral) fat mass, as well as greater
gains in percent lean mass [13]. Collectively, these data provide experimental evidence that a whey
supplemented protein-pacing diet (WP) combined with a multi-mode fitness program (RISE) results in
greater cardio-metabolic health benefits than other training and dietary regimens, a finding supported
by others [14]. Whether this diet-exercise (PRISE) combination also favorably improves indices of
fitness-related performance outcomes in this obese/overweight population was a major focus of the
current study.

Of practical relevance is whether the source of protein supplementation (whey protein
supplemented vs. food protein sources only) influences metabolic and physical performance outcomes.
Some [15,16], but not all [17], studies have reported that whey protein is more effective at improving
body composition and disease risk than other protein sources (e.g., soy, pea, casein). Most intervention
studies [18], including those from our own laboratory [4,13,19,20], have primarily used powdered or
ready-to-drink whey protein supplements, and few data exist comparing the effects of whey protein
supplementation to protein derived from a variety of whole food sources (animal and plant). This gap
in the literature limits the general application of existing data as well as a preference among some
individuals to consume whole foods rather than protein supplements [21].

With this background, the primary purpose of the present study was to compare the effects of
a protein-pacing diet consisting of either whey protein supplementation (WP; consumed as three of
the six daily meals) or protein-rich food sources (FP; consumed for all six daily meals) combined
with RISE training on fitness-related performance outcomes, as well as cardiometabolic and body
composition measures. Given the previously documented benefits of whey protein compared to other
protein sources, it is hypothesized that the WP will elicit more favorable changes in performance,
cardiometabolic, and body composition outcomes than FP. It is important to note that only protein was
adjusted whereas fat and carbohydrate intake were not intentionally modified.
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2. Materials and Methods

2.1. Participants

A total of 125 individuals from the surrounding Saratoga Springs, NY, USA community responded
to flyers and newspaper advertisements and were screened for participation. Of the 71 volunteers who
met eligibility criteria, 30 middle aged (50 ˘ 8 years) men and women started the study (Figure 1).

Response to advertisement and
screened n = 125

Eligible for participation n = 71

Randomization
n = 30

41. Withdrew before
randomization:
34 unable to commit to
study schedule
7 personal reasons

Whey Protein (WP)
n = 15

Food Protein (FP)
n = 15

16 Weeks
Completed

n = 9

16 Weeks
Completed
n = 12

6 Dropped:
3 adverse event
3 pre existing injury

3 Dropped:
non compliant with
WP

Figure 1. CONSORT (Consolidated Standards of Reporting Trials) flow chart of participants during
the study intervention.

All participants were nonsmokers; overweight (body mass index, BMI; 25–29.9 kg/m2) or obese
(BMI > 30.0 kg/m2); sedentary (<30 min, two days/week of structured physical activity); weight stable
˘2 kg for at least six months prior to beginning the study); and absent of overt cardiovascular
or metabolic diseases (e.g., type 2 diabetes, thyroid disease) as assessed by a medical history and
physical examination. All procedures were approved by the Skidmore College Institutional Review
Board Committee. The nature, benefits, and risks were explained to the volunteers and their written
informed consent was obtained prior to participation. This trial was registered at clinicaltrials.gov
as NCT02594228.
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2.2. Experimental Design

Participants were randomized to one of two nutritional intervention groups for the 16-week study
(Figure 1): (1) combined exercise training (RISE) and food protein (FP, n = 15) or (2) RISE and whey
protein (WP, n = 15). Both groups were asked to consume five to six small meals each day containing
~20–25 g of a high quality protein source (Supplementary Materials Table S1). Of note, we purposefully
did not include a RISE only control group because we were interested in specifically comparing the
source of higher protein consumption given the well-established increased dietary protein needs
during exercise training [22]. All testing procedures were measured at baseline and following the
16 week intervention period. Participants in the FP group consumed protein only from high quality
food sources for each of the meals. The WP group replaced the food protein of three meals on exercise
days and two meals on non-exercise days with 20–25 g of whey protein supplement (Classic Whey;
Optimum Nutrition). For all meals, participants were provided with a menu of foods from which
to choose. Examples included milk, Greek yogurt, eggs, lean meats, fish, poultry, and specific plant
sources, including legumes, nuts, and seeds. The number of recommended daily calories to consume
was estimated to match the caloric requirements of each individual as measured by resting metabolic
rate and measured/estimated physical activity level but was ad libitum, and not energy-restricted.
Both groups followed the same protocol in terms of the timing of meals: all meals were evenly spaced
throughout the day and one meal was consumed within one hour of waking in the morning and
another two hours prior to bed. On exercise days, both groups consumed a protein meal (20–25 g)
within 60 min after completion of exercise. For WP, they were required to consume this meal as 20–25 g
of whey protein giving them a total of three servings of whey on exercise days. For FP, this required a
protein-rich food meal of 20–25 g. On non-exercise days, both groups consumed similar amounts of
total protein at each of their six meals per day.

2.3. Exercise Training

All subjects in both groups participated in the same multiple exercise training regimen as
described previously [13]. Briefly, the training program consisted of four specific types of exercise:
(1) resistance training; (2) interval sprints; (3) stretching/yoga/pilates; and (4) endurance exercise
(RISE training; Supplementary Materials Table S2). Subjects underwent four exercise sessions/week,
and the sessions rotated through the four types of exercise, such that each of the four exercises was
performed one day/week. To familiarize participants with the individual exercises and to ensure
compliance, all training sessions were performed in the Skidmore College Sports Center under the
supervision of at least two members of the research team.

Specific details of the four types of exercises that comprise the RISE training have been previously
published [10]. Briefly, the resistance (R) training sessions were completed within 60 min and consisted
of a dynamic warm-up, footwork and agility, lower and upper body resistance, and core exercises
performed at a resistance to induce muscular fatigue in 10–15 repetitions and for two to three sets.
A 30 s recovery was provided between sets and a 60 s recovery was allowed between different exercises.
The sprint interval (I) training sessions were completed within 40 min and consisted of 5–10 sets of
30–60 s of all-out exercise interspersed with 2–4 min of rest after each exercise. Participants were
allowed to perform the sprints using any mode of exercise (treadmill, elliptical machine, stationary
bikes, swimming, snowshoeing, cycling, rollerblading, etc.). The stretching/yoga/pilates regimen was
based on traditional yoga poses with modern elements of pilates training for a total body stretching,
flexibility, and strengthening workout. All sessions were completed within 60 min and were led by
a certified yoga instructor (PJA). Finally, endurance exercise training was performed for 60 min or
longer at a moderate pace (60% of maximal effort). Participants were allowed to choose from a variety
of aerobic activities, including walking, jogging, cycling, rowing, swimming, etc.
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2.4. Laboratory Testing Procedures

All testing (see below) was administered pre-intervention (week 0) and post intervention (week 17)
between 0600 and 0900, following a 12-h fast and 48-h abstinence from caffeine and alcohol intake,
and 48–72 h after the last exercise session to eliminate the acute effects of the last bout of exercise.

2.5. Body Weight and Composition

Body weight was obtained during each visit with a standard digital scale (Befour Inc.,
Cedarburg, WI, USA). Height was measured without shoes using a stadiometer. Waist circumferences
were obtained in centimeters with a standard tape measure. Waist measurement was taken at the
area with the smallest circumference between the rib cage and the iliac crest and obtained by the
same investigator (PJA). Body Composition was assessed by Dual Energy X-ray Absorptiometry
(iDXA; Lunar iDXA; GE Healthcare, Madison, WI, USA; analyzed using Encore software version
13.6; GE Healthcare). Total body adiposity, % body fat, lean body mass, appendicular composition,
visceral adipose tissue (VAT), and regional abdominal adiposity were all analyzed from DXA scans as
previously described [13].

2.6. Dietary Intake and Feelings of Hunger and Satiety

Throughout the intervention, subjects maintained a daily food log that included all food and
beverages consumed each day, including meal timing. To further verify compliance, food intake was
analyzed from a representative three-day period of two week days and one weekend day at weeks
0 and 16 using Food Processor SQL Edition (version 10.12.0, 2012; ESHA Research, Salem, OR, USA)
as previously described [13,23]. All dietary analyses were performed by the same technician. Visual
analog scales (VAS) were administered at baseline and week 16 to evaluate the effects of the lifestyle
interventions on hunger, satiation, and desire-to-eat [13].

2.7. Physical Performance Assessments

Measures of one repetition strength of the upper and lower body were assessed via the bench and
leg press, respectively, following National Strength and Conditioning Association (NSCA) guidelines,
as previously described [20]. Upper body muscular endurance of the chest and abdominals were
assessed with push-ups and sit ups completed in one minute, respectively.

For the push-ups, men started in a plank position with arms extended and hands placed under
the shoulders and balancing on the toes. A successful push-up was defined as lowering the body so
elbows reached 90˝ followed by a return to the starting plank position. Women started in the plank
position balancing on the hands and knees and followed identical procedures as the men. Participants
were asked to perform as many push-ups as possible within 60 s in a continuous pattern with no more
than two seconds between repetitions.

Sit-ups required participants to start in the supine position with knees bent to 90˝ and feet flat on
the ground and supported by a research team member and arms folded across the chest. A successful
sit-up required participants to curl up to a 90˝ position (vertical) to the floor and then return to the
starting position. The sit-up action was continuous, with a single rest of no more than 2 s allowed
between repetitions and performed to achieve the maximum number of sit-ups in 60 s.

Postural static standing balance was assessed with the stork balance test. Participants were
instructed to balance on the dominant leg with the heel lifted off the ground while the non-dominant
leg was bent at the knee to allow the foot to be placed gently against the inside of the dominant knee.
Hands were placed on top of the iliac crests. The trial ended when the heel of the dominant leg touched
the floor, the hands came off of the hips, or the non-dominant foot was removed from the dominant
standing leg. Participants were provided three attempts and the best time was recorded for analysis.

Lower back and hamstring flexibility was assessed with the sit and reach test. This was
administered using a standard preassembled metal 30.48 cm by 53.34 cm box (Lafayette Instrument
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Company, Lafayette, IN, USA). Participants sat on the floor with legs extended and shoulder width
apart with feet flat against the front side of the box and arms fully extended with one hand over the
over on the top edge of the box beginning at the zero point. When prompted, they flexed forward from
their waist with legs straight and slowly slid their hands along a ruler positioned on top of the box.
Following three attempts, the maximal distance traveled with their hands was recorded.

Hand grip strength using a dynamometer (Lafayette Instruments, Model 78011) was performed
in the standing position with 90 degrees of elbow flexion. Participants were allowed three trials using
the dominant arm only and the highest value was recorded.

2.8. Cardiometabolic Biomarkers

A 12-h fasted venous blood sample was obtained in an ethylenediamine tetraacetic
acid (EDTA)-coated vacutainer tube and centrifuged for 15 min at 4 ˝C. Plasma leptin,
adiponectin, and insulin concentrations were determined using commercially available ELISA
kits (Millipore, Billerica, MA, USA and Diagnostic Systems Laboratories, Webster, TX, USA).
Total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), triglycerides (TRG), and blood glucose (GLU) were assessed using the Cholestech
LDX blood analysis system (Cholestech, Hayward, CA, USA). Insulin sensitivity was estimated with
homeostasis model assessment-estimated (HOMA-IR) as previously described [10].

2.9. Resting Energy Expenditure (REE), Heart Rate, and Blood Pressure

On laboratory testing days (week 0 and 17), resting energy expenditure (REE) was measured
via indirect calorimetry using the ventilated hood technique (ParvoMedics; analyzed via True
One software) as previously described [4]. Participants arrived at the Human Performance Laboratory
immediately upon waking (between 0600 and 0730). Following 20 min of quiet lying, REE was
measured for 30 min while subjects lay supine in a darkened, temperature controlled room. Only the
last 25 min were used for calculation of the REE. Resting heart rate was recorded with telemetry
(Polar Electro) and blood pressure was obtained with a standard mercury sphygmomanometer and
stethoscope in the supine position following a minimum of 10 min of quiet resting; all measurements
were obtained by the same investigator (PJA).

2.10. Internet-Based Healthy Lifestyle

Participants in both groups were provided a unique login and password to a website
containing detailed content on relevant exercise and nutrition lifestyle strategies on a weekly
basis. Specifically, each week emphasized a different component of the exercise routines and
nutritional intervention they were to follow over the course of the 16 weeks study. This internet-based
program served as a complement to the content delivery of the interventions by the investigators.
However, all exercise routines were closely monitored and administered by at least two members
of the research team. Weekly healthy lifestyle strategies provided through the web-based program
included: stress reduction techniques; monitoring exercise intensity; protein-pacing; portion control;
nutrient density and quality; meal/menu planning; breathing techniques; nutrient timing; non-exercise
activity thermogenesis; healthy carbohydrates; phytonutrients; juicing; healthy fats, sleep quality;
and supplementation.

2.11. Statistical Analysis

Statistical analyses were performed using SPSS software (version 21; IBM-SPSS, Armonk, NY,
USA). A 2 by 2 factor repeated measures ANOVA (group; WP vs. FP X time; pre vs. post) was used to
determine differences between groups and time points. Post-hoc comparisons were analyzed using
Tukey’s test. Statistical significance was set at p < 0.05 for all analyses; and all values are reported as
means ˘ SE.
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3. Results

3.1. Participants and Compliance

A total of 30 individuals (n = 15 women; n = 15 men) were randomized into the interventions.
A total of nine participants were removed from statistical analysis due to either non-compliance
(<80% compliance) with whey protein supplementation (WP, n = 3), adverse cardiometabolic event
unrelated to the study (FP, n = 3) and/or pre-existing injury (FP, n = 3). As such, twenty one participants
(Table 1) completed the 16 week intervention (whey protein, WP, n = 9; food protein, FP, n = 12) and
results are shown for all outcome measures.

Table 1. Participant Characteristics.

Variable WP FP

Sex (M/F) 4/5 7/5
Age (year) 48 ˘ 4 52 ˘ 1

Height (cm) 173 ˘ 3 172 ˘ 3
Weight (kg) 96 ˘ 3 97 ˘ 5

Body mass index 32 ˘ 2 33 ˘ 1

WP: whey protein; FP: food protein. All values are means ˘ SE.

3.2. Physical Performance Assessments

All physical performance measures improved significantly (p < 0.01) for each group following
the RISE exercise protocol. In particular, upper and lower body maximal strength were significantly
improved (p < 0.01, Figure 2A,B), with no group differences reported. Likewise, core and upper body
muscular endurance were improved (p < 0.01, Figure 2C,D) following the RISE exercise protocol.
Balance, flexibility and grip strength were also improved (p < 0.01, Figure 2E–G) with no differences
between groups observed.

Figure 2. Cont.
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Figure 2. Comparisons of physical performance assessments between the food protein (FP) and the
whey protein (WP) groups following the protein-pacing, resistance, interval, stretching, endurance
training (PRISE): upper (A) and lower body maximal strength (B); core (C) and upper body muscular
endurance (D); balance (E); flexibility (F) and grip strength (G). a Significantly different from baseline
in each group (p < 0.01).

3.3. Body Weight and Composition and Resting Energy Expenditure

Significant improvements were observed across all measures of body composition after the
16 week intervention, though no differences were reported between groups (Table 2).

Table 2. Body composition measures at baseline and post-intervention.

Variable
WP FP

Pre Post Δ % Pre Post Δ %

Body Mass (kg) 95.8 ˘ 6.1 90.9 ˘ 5.5 a ´4.8 ˘ 1.2 96.9 ˘ 4.8 92.2 ˘ 4.4 a ´4.8 ˘ 0.9
Waist (cm) 105.2 ˘ 3.7 94.3 ˘ 3.0 a ´10.1 ˘ 1.9 104.7 ˘ 3.1 96.3 ˘ 3.2 a ´7.9 ˘ 1.3

Fat Mass (kg) 35.8 ˘ 2.9 31.7 ˘ 2.6 a ´10.9 ˘ 2.3 38.4 ˘ 2.8 34.1 ˘ 2.8 a ´11.9 ˘ 1.8
% Fat Mass 38.8 ˘ 1.9 36.2 ˘ 1.8 a ´6.8 ˘ 1.6 41.4 ˘ 2.4 38.5 ˘ 2.6 a ´7.5 ˘ 1.2

AbFat Mass (kg) 5.1 ˘ 0.4 4.2 ˘ 0.3 a ´15.3 ˘ 4.7 5.5 ˘ 0.4 4.7 ˘ 0.4 a ´15.9 ˘ 2.8
VAT (g) 1232.6 ˘ 219.9 884. 9 ˘ 173.3 a ´29.9 ˘ 5.6 1816.8 ˘ 262.2 1498.2 ˘ 221.9 a ´18.1 ˘ 4.8

Data presented as means ˘ SE. Pre, baseline; AbFat, abdominal fat; VAT, visceral adipose tissue. a Significantly
different from baseline (p < 0.05).

Of particular interest was the significant improvement (p < 0.01) observed in percent lean body
mass following the RISE exercise protocol in both groups (WP, 2.7%; FP, 2.9%; Figure 3). Resting energy
expenditure (kcal/kg BW) showed a tendency (p = 0.10) to decline in both groups (WP; pre 18.9 ˘ 0.5 vs.
post 18.1 ˘ 0.3: FP; pre 18.5 ˘ 0.7 vs. post 17.8 ˘ 1.0).

Figure 3. Comparison of percent lean body mass percent (%) lean body mass between the food protein
(FP) and the whey protein (WP) groups following the PRISE training. a Significantly different from
baseline in each group (p < 0.01).
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3.4. Cardiometabolic Markers

A significant improvement (p < 0.01) was seen in systolic blood pressure for each group,
while resting heart rate and diastolic blood pressure did not change following the training intervention
for either group (Table 3).

Table 3. Cardiometabolic markers at baseline and post-intervention.

Variable
WP FP

Pre Post Pre Post

HR (beats/min) 63.3 ˘ 4.0 61.1 ˘ 2.1 64.8 ˘ 2.8 61.0 ˘ 2.3
SBP (mmHg) 130.4 ˘ 5.0 116.0 ˘ 4.1 a 124.3 ˘ 3.3 119.2 ˘ 2.9 a

DBP (mmHg) 83.6 ˘ 2.7 80.3 ˘ 2.3 84.8 ˘ 2.4 84.0 ˘ 2.1
TGL (mg/dL) 171.8 ˘ 29.8 123.2 ˘ 27.0 a 94.2 ˘ 8.5 * 104.4 ˘ 12.8 #

Cholesterol (mg/dL) 192.2 ˘ 20.0 151.3 ˘ 10.9 a 197.8 ˘ 8.3 166.3 ˘ 5.0 a

HDL (mg/dL) 42. 6 ˘ 4.0 46.1 ˘ 4.6 52.8 ˘ 4.6 * 50.0 ˘ 4.7 #

LDL (mg/dL) 115. 2 ˘ 20.1 92.0 ˘ 9.6 a 126.2 ˘7.8 98.9 ˘ 5.1 a

GLU (mg/dL) 97. 0 ˘ 4.6 93.6 ˘ 4.2 a 104.0 ˘ 3.0 94.1 ˘ 2.0 a

Insulin (μg/dL) 21.7 ˘ 10.5 7.5 ˘ 2.0 a 9.6 ˘ 2.3 * 7.7 ˘ 2.0 a

HOMA-IR (units) 1.0 ˘ 0.3 1.0 ˘ 0.3 0.9 ˘ 0.2 1.2 ˘ 0.3
LEP (ng/dL) 26.0 ˘ 4.2 18.7 ˘ 1.9 a 42.4 ˘ 10.5 * 29.8 ˘ 9.3 a

ADI (μg/dL) 18.5 ˘ 1.5 21.1 ˘ 1.5 a 19.2 ˘ 1.6 23.5 ˘ 2.4 a

Data presented as means ˘ SE. Pre, baseline; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic
blood pressure; TGL, plasma triglycerides; GLU, fasting plasma glucose; Insulin, fasting plasma insulin;
HOMA-IR, homeostasis model assessment-estimated insulin resistance; LEP, leptin; ADI, adiponectin.
a Significantly different from baseline (p < 0.05); * significantly different from WP at baseline (<0.05); #

significantly different from WP post-intervention (<0.05).

A significant improvement was observed in cholesterol, low-density lipoprotein, glucose, insulin,
leptin, and adiponectin (p < 0.01, Table 3) following the RISE protocol, with no group effect reported.
A significant improvement (p < 0.01, Table 3) was also reported for triglycerides, and to a significantly
greater extent in the WP group (interaction, p < 0.05, Table 3). However, the group interaction observed
was likely a result of the WP group having significantly higher triglycerides at baseline. The exercise
training protocol did not significantly influence high-density lipoprotein or HOMA-IR in either group
(Table 3).

3.5. Dietary Intake and Self-Reported Feelings of Hunger, Desire to Eat, and Satiety

All participants met recommended daily intakes at baseline, with no difference between groups
(Table 4).

By design, each group significantly increased (p < 0.01) protein consumption in absolute (WP,
92 vs. 150; FP, 94 vs. 140 g/day) and relative amounts (WP, 17% vs. 33%; FP, 20% vs. 30%: WP, 1.0
vs. 1.7; FP, 0.9 vs. 1.6 g/kg BW/day). In contrast, carbohydrate intake significantly reduced (p < 0.05)
in absolute (WP, 253 vs. 178; FP, 214 vs. 158 g/day) and relative (WP, 48% vs. 38%: FP, 43% vs. 34%)
amounts in both groups. There was no significant change in the intake of fat, fiber, and omega 3 for
either group (Table 4). Self-reported feelings of hunger decreased significantly in each group (p < 0.05),
while feelings of satiety significantly increased (p < 0.05, Table 4). Subjective ratings for the desire to
eat remained unchanged following the intervention.
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Table 4. Dietary intake and hunger ratings at baseline and post-intervention.

Variable
WP FP

Pre Post Pre Post

Kcal 2146 ˘ 175 1889 ˘ 148 a 2094 ˘ 194 1833 ˘ 158 a

Protein (g) 92 ˘ 10 150 ˘ 14 a 94 ˘ 7 140 ˘ 8 a

Protein (%) 17 ˘ 2 33 ˘ 2 a 20 ˘ 1 30 ˘ 2 a

Protein (g/kg) 1.0 ˘ 0.12 1.7 ˘ 0.17 a 0.9 ˘ 0.1 1.6 ˘ 0.2 a

Carbohydrates (g) 253 ˘ 20 178 ˘ 19 a 214 ˘ 17 158 ˘ 16 a

Carbohydrates (%) 48 ˘ 2 38 ˘ 2 a 43 ˘ 2 34 ˘ 2 a

Fat (g) 77 ˘ 9 62 ˘ 4 75 ˘ 9 76 ˘ 12
Fat (%) 33 ˘ 2 30 ˘ 1 33 ˘ 2 36 ˘ 3

Fiber (g) 14 ˘ 1 26 ˘ 3 22 ˘ 3 23 ˘ 4
Omega 3 2 ˘ 0.5 2 ˘ 1 1 ˘ 0.1 2 ˘ 0.5
Hunger 36 ˘ 8 31 ˘ 7 a 46 ˘ 6 30 ˘ 8 a

Satiety 23 ˘ 7 44 ˘ 5 a 37 ˘ 6 44 ˘ 11 a

Desire to eat 39 ˘ 10 38 ˘ 7 48 ˘ 6 31 ˘ 6 a

Data presented as means ˘ SE. Pre, baseline; Post, post-intervention. a Significantly different from baseline
(p < 0.05).

4. Discussion

The primary purpose of the current study was to compare the effects of a protein-pacing diet
consisting of either whey protein supplementation (WP; consumed as three of the six daily meals)
or food protein from protein-rich food sources (FP; consumed for all six daily meals) combined
with RISE training on fitness-related performance outcomes, as well as cardiometabolic and body
composition measures. The main findings of this study were that increased dietary protein from either
WP or FP combined with RISE exercise training for 16 weeks improved: (1) physical performance
outcomes (upper and lower body maximal strength and endurance, flexibility, balance, and handgrip
strength) and; (2) body composition (weight, waist circumference, body fat percentage, abdominal
fat, visceral fat, and lean mass) and cardiometabolic markers (systolic blood pressure, blood glucose,
LDL, total cholesterol, adiponectin) in both groups. Collectively, these results demonstrate, for the
first time, increased dietary protein (>30% of total calories; >1.6 g/kg BW/day) from either WP or FP
combined with the multimodal RISE protocol improves physical performance outcomes necessary for
engaging in an active lifestyle, as well as enhanced cardiometabolic health in obese/overweight adults.
Additionally, sources of dietary protein (whey vs. whole food) do not appear to be important factors
determining such improvements.

4.1. Physical Performance

Diminished physical performance is a common consequence of aging, which may interfere with
the ability to perform daily life activities [24]. Such diminution can, however, be reversed with exercise
training in combination with increased protein consumption [1]. Despite such knowledge, little is
known regarding the effects of lifestyle interventions combined with increased protein consumption on
physical performance outcomes. Interestingly, we have recently demonstrated that the combination of
the RISE training and whey protein supplementation is more effective in improving body composition
and health outcomes than traditional resistance training, although how such improvement may
influence physical performance still remains unclear [13].

In the present study, we extended our previous findings by demonstrating that the RISE
protocol (16 weeks) combined with varying sources of protein consumption (>1.6 g/kg BW
protein/day as five to six meals/day and >0.4 g/kg BW/meal) was effective in improving aspects of
physical performance (upper and lower body maximal strength and endurance, flexibility, balance,
and handgrip strength) in middle-aged overweight/obese adults (Figure 1). These findings are
consistent with current recommendations [22] and previous studies investigating protein consumption
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and physical performance in healthy adults [20,23,25,26]. Interestingly, we have shown in the present
study that whole food protein sources appear to be as effective in improving physical performance as
whey protein supplementation, suggesting that increased protein consumption, irrespective of dietary
sources, may improve physical performance when combined with exercise training. Our findings
suggest that lean whole food protein sources (both animal and plant) are equally effective as whey
protein to support body composition and physical performance outcomes in overweight/obese adults
engaged with a multi-mode exercise program. Research has consistently shown whey protein’s ability
to induce rapid absorption kinetics and the ability to stimulate muscle protein synthesis [27–29].
Thus, our finding of similar benefit from consuming lean, whole food protein sources is noteworthy,
given the relatively high cost of protein supplementation.

The mechanisms underlying the improved physical performance are likely due to enhanced
muscle protein synthesis and reduced protein breakdown [30]. A high plasma concentration of
essential amino acids following protein consumption has been shown to work synergistically with
the anabolic effect of exercise training (i.e., resistance exercise) to enhance muscle protein synthesis
and reduce protein breakdown [30]. In the present study, we utilized the RISE training protocol
instead of traditional resistance exercise training based on our previous finding demonstrating its
superiority in improving cardiometabolic health compared to traditional resistance training [13].
Collectively, our data suggest that a combination of a high protein diet consumed as five to six meals
per day of >0.4 g/kg BW per meal (~32% of total kcals from protein), as either whey protein or
lean whole food sources, and the RISE training protocol, are equally effective at improving physical
performance outcomes in overweight/obese adults.

4.2. Body Composition

We found similar improvements in body composition, including reductions in weight,
waist circumference, body fat percentage, abdominal fat, visceral fat, as well as an increase in percent
lean mass (Table 2). It is noteworthy that such improvements occurred regardless of sources of dietary
protein, suggesting similar effectiveness of increased protein consumption and exercise training in
enhancing body composition. The mechanisms for the increased lean body mass are likely attributable
to increased muscle protein synthesis and reduced protein breakdown [30]. In addition, the reduction
in total and abdominal fat mass may be induced by enhanced subcutaneous and whole-body lipolysis,
resulting in an increase in fat oxidation [31], as well as by enhanced energy expenditure [4].

Our findings are consistent with our previous study [13] that showed reductions in total
and abdominal fat mass and an increased lean mass in overweight adults following the RISE
training with whey protein supplementation (an addition of 60 g of protein to their daily diet).
Most studies document a favorable increase in lean body mass following increased dietary protein
(>1.5 g/kg BW/day) combined with exercise training [23], although this is not a universal finding [32].
Such discrepancies may be related to the amount and timing of protein intake. The strength of our
study design was the matching of total protein intake in both groups (WP vs. FP) and an identical
RISE exercise program performed by both groups throughout the 16 week intervention. This allowed
us to systematically compare the source of increased dietary protein during exercise training on all
outcome measures. Collectively, our findings support protein-pacing (five to six meals of 0.4 g/kg BW
of protein) of both whey and food sources combined with multi-mode exercise training (RISE) to
improve body composition in middle-aged overweight adults.

4.3. Cardiometabolic Biomarkers

The relationships between obesity, high blood pressure, and dyslipidemia have been well
documented [33,34]. Increased adiposity is associated with the release of pro-inflammatory cytokines,
leading to vascular wall injuries, arterial stiffening, blood pressure increases, atherosclerosis [35,36],
and impaired glucose and fat metabolism [37,38]. Other important factors released from adipocytes

11



Nutrients 2016, 8, 288

are leptin and adiponectin, which play a role in the regulation of insulin sensitivity and body
composition [39].

While these factors may be affected by increased levels of adiposity, previous studies have
demonstrated that protein supplementation and exercise training may favorably combat obesity-related
cardiovascular and metabolic risks [13,19,40]. In the current study, there were similar reductions in
systolic blood pressure, total cholesterol, low-density lipoprotein cholesterol, leptin, insulin, and blood
glucose concentrations, as well as an increase in adiponectin concentrations in both groups (Table 3).
It is important to note that baseline leptin levels were different between groups due to two outliers
(100 ng/dL; >˘2 SD of the FP group mean, ˘12.4 ng/dL) in the FP group. In fact, omitting these
two outliers resulted in similar baseline leptin levels (FP, 23.1 ˘ 4.1 vs. WP, 26.0 ˘ 4.2, ng/dL).
The reductions in systolic blood pressure have been attributed to consumption of whey protein
and/or isoleucine-tryptophan [41]. The favorable lipid and adipokine changes are likely related to the
increased lipolysis following protein supplementation and increased levels of physical activity [28,31].

Although the whey protein group also exhibited a reduction in triglyceride concentration,
this was due to the high baseline value compared with the food protein group, whose concentration
(mean of 94.2 mg/dL at baseline and 104.4 mg/dL at post-training) was in a healthy range throughout
the intervention.

4.4. Satiation and Hunger Ratings, and Dietary Intake

In the present study, both groups exhibited similar improvements in satiation and hunger ratings
(Table 4), which corroborates earlier work from our laboratory [42] and others [43] showing increased
satiety and reduced hunger with increased protein consumption. It is important to highlight the
current study was not caloric-restricted but instead was ad libitum. The fact that study participants
reported a significant reduction in total calorie intake despite self-reported feelings of increased
satiety and decreased hunger at the end of the 16 week intervention provides compelling support to
encourage protein-pacing as a public health initiative to combat obesity-related diseases and enhance
cardiometabolic and body composition health.

There are several limitations to the current study that are noteworthy and warrant further
explanation. First, because previous work documented that the RISE training combined with whey
protein supplementation was more effective in improving body composition and cardiometabolic
health than whey protein alone or combined with traditional resistance exercise training [13], we did
not include a non-protein supplemented RISE group. However, by design, this was intentionally
omitted due to the well-known increased protein requirements during exercise training, particularly
with obese, sedentary adults embarking on an exercise intervention. Thus, the current design
afforded us the greatest degree of scientific rigor and rationale, as well as statistical control.
Finally, our results should be interpreted and extrapolated to other ethnicities with caution as our
cohort was predominantly white.

5. Conclusions

The current study demonstrates that a high protein diet from WP or from FP (>30% total calories
from dietary protein; five to six meals per day (>1.6 g/kg BW/day or 0.4 g/kg BW protein/meal)
combined with RISE training are equally effective in improving physical performance outcomes
(upper and lower body maximal strength and endurance, flexibility, balance, and handgrip strength),
body composition (total and abdominal fat), and cardiometabolic health (systolic blood pressure,
blood glucose, LDL, total cholesterol, adiponectin) in middle-aged overweight adults.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/8/5/288/s1,
Table S1: Sample Menus from the FP and WP nutritional intervention diet plans during the 16 week PRISE
intervention. Menus were similar in macronutrient distribution, Table S2: RISE exercise training protocol.
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Abstract: The beneficial cardiometabolic and body composition effects of combined protein-pacing
(P; 5–6 meals/day at 2.0 g/kg BW/day) and multi-mode exercise (resistance, interval, stretching,
endurance; RISE) training (PRISE) in obese adults has previously been established. The current
study examines PRISE on physical performance (endurance, strength and power) outcomes in
healthy, physically active women. Thirty exercise-trained women (>4 days exercise/week) were
randomized to either PRISE (n = 15) or a control (CON, 5–6 meals/day at 1.0 g/kg BW/day; n = 15)
for 12 weeks. Muscular strength (1-RM bench press, 1-RM BP) endurance (sit-ups, SUs; push-ups,
PUs), power (bench throws, BTs), blood pressure (BP), augmentation index, (AIx), and abdominal fat
mass were assessed at Weeks 0 (pre) and 13 (post). At baseline, no differences existed between groups.
Following the 12-week intervention, PRISE had greater gains (p < 0.05) in SUs, PUs (6 ˘ 7 vs. 10 ˘ 7,
40%; 8 ˘ 13 vs. 14 ˘ 12, 43% Δreps, respectively), BTs (11 ˘ 35 vs. 44 ˘ 34, 75% Δwatts),
AIx (1 ˘ 9 vs. ´5 ˘ 11, 120%), and DBP (´5 ˘ 9 vs. ´11 ˘ 11, 55% ΔmmHg). These findings suggest
that combined protein-pacing (P; 5–6 meals/day at 2.0 g/kg BW/day) diet and multi-component
exercise (RISE) training (PRISE) enhances muscular endurance, strength, power, and cardiovascular
health in exercise-trained, active women.

Keywords: protein-pacing; exercise-trained women; PRISE; muscular fitness; augmentation index

1. Introduction

There continues to be a heightened interest in healthy lifestyles among women.
However, limited data is available on combined nutrition and exercise training interventions that
quantify changes in fitness-related outcomes such as muscular strength, power and endurance, aerobic
fitness, flexibility, and balance in this population. Recently, we demonstrated that a protein-pacing diet
alone (P; 5–6 meals/day at >1.4 g/kg BW protein/day; 20–25 g protein/meal) [1] combined with a
multi-mode (RISE; resistance, interval, stretching, endurance) exercise training intervention (PRISE)
results in greater reductions in total and regional (abdominal/visceral) fat mass, greater gains in lean
mass, and enhanced cardiometabolic health compared to a combined protein-pacing (P) and traditional
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resistance training intervention in obese/overweight women [2]. Thus, it is of interest to examine the
efficacy of the PRISE lifestyle (nutrition/exercise) program in improving physical performance and
body composition outcomes in lean, fit women.

Given the paucity of scientific investigations examining fitness/performance outcomes in response
to nutrition and exercise interventions in physically active women, the primary aim of the present
study was to compare PRISE (5–6 meals/day at 2.0 g/kg BW/day) to normal protein intake and
RISE training (CON) on fitness-related performance (strength, power, aerobic fitness, flexibility,
balance), body composition, and cardiometabolic outcomes in healthy, exercise-trained women. We
hypothesized, given our previous findings in obese adults [2], that PRISE would result in improved
fitness-related performance, body composition, and cardiometabolic health outcomes when compared
to CON.

2. Materials and Methods

2.1. Participants

A total of 140 women from the Saratoga Springs, NY area, responded to emails, flyers, and local
newspapers to advertisements regarding the study. A total of 59 subjects were initially screened,
of which 30 were eligible for participation (Figure 1).

Figure 1. CONSORT flow chart of participants during the intervention.

Participants were nonsmoking, healthy, exercise-trained women with no known cardiovascular,
renal, or metabolic diseases as assessed by a medical history and a comprehensive medical examination.
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All participants were highly active (minimum of >30 min, 4 day/week of structured physical activity),
lean (BMI < 25 kg/m2; % body fat <30%), middle-aged (25–55 years), and weight stable (˘2 kg) for at
least 6 months prior to the beginning of the study assessed through questionnaire. All participants
provided informed written consent prior to participation, and the study was approved by the Human
Subjects Institutional Review Board of Skidmore College (IRB #: 1401-382). All experimental procedures
were performed in accordance with the Federal Wide Assurance and related New York State regulations,
which are consistent with the National Commission for the Protection of Human Subjects of Biomedical
and Behavioral Research and in agreement with the Helsinki Declaration as revised in 1983. This study
was registered with ClinicalTrials.gov Identifier: NCT02593656.

2.2. Experimental Design

Study Timeline

Participants were randomly assigned to one of two groups: (1) protein pacing and multi-mode
exercise training (PRISE; n = 15; 5–6 meals/day at 2.0 g/kg BW/day) or (2) normal protein and
multi-mode exercise training (CON; n = 15; 5–6 meals/day at 1.0 g/kg BW/day). This level of protein
intake was used (ď2.0 g/kg BW per day) because it is regarded as safe and is not associated with any
adverse effects on renal function (such as blood urea nitrogen, creatinine, glomerular filtration rate,
and creatinine clearance). All participants performed the identical RISE exercise training program
consisting of 4 days/week of closely supervised and monitored progressive exercise training for
12 weeks (Table S1). All testing procedures (see below) were administered pre-intervention (Week 0)
and post-intervention (Week 13) unless otherwise noted. Upon arrival at the laboratory, anthropometric
and body composition measurements and blood sampling for subsequent analysis were performed.

2.3. Nutrition Intervention

Meal plans were identically matched in terms of total kcals, meal frequency and timing,
and dietary support. By design, the only difference between the two groups was the amount of
protein (1.0 vs. 2.0 g/kg BW per day). Additional supplementation (daily multi-vitamin/minerals,
and caffeine and electrolytes on workout days) was also provided to participants and differed only
by the type of product manufacturer. Participants in both groups were provided detailed meal plans
designed by a registered dietitian and instructed to follow the meal plans throughout the 12-week
intervention (Table S2). The registered dietitian met with participants weekly for the first two weeks
and thereafter on an “as needed” basis. In addition, investigators met with participants a minimum of
four days per week to answer questions and reinforce meal plans. To facilitate adherence to the meal
plans, food was provided to both groups.

PRISE meal plans included protein-pacing (P; 5–6 meals/day at 2.0 g/kg BW/day) on all days,
three of which were whey protein-supplemented (IsaPro®: 150 kcals, 27 g protein, 3 g carbohydrate,
1.5 g fat; IsaLean Pro®: 280 kcals, 36 g protein, 21 g carbohydrate, 6 g fat; and IsaLean Bars®: 210 kcals,
18 g protein, 28 g carbohydrate, 5 g fat—Isagenix LLC, Chandler, AZ, USA). On exercise days,
they were supplemented with a caffeine (e+®: 85 mg caffeine, 8 g carbohydrate) and electrolyte
beverage (Replenish®: 35 kcals, 9 g carbohydrates, 110 mg sodium, 95 mg potassium—Isagenix LLC,
Chandler, AZ, USA), and a multi-vitamin/mineral (Ageless Essentials®—Isagenix LLC, Chandler,
AZ, USA) was taken every morning. It is important to note that the protein dosing was equivalent
to >0.25 g/kg BW per meal, which has been shown to be the optimal intake for muscle protein
synthesis [3]. Recently, it has been shown that women supplementing with whey protein and exercise
training have increased lean mass compared to placebo supplements [4,5].

CON participants followed a similar healthy meal plan as PRISE but included a normal protein
intake (5–6 meals/day at 1.0 g/kg BW/day on all days), three of which were supplemented
(Nature Valley Protein Chewy Bars®: 190 kcals, 10 g protein, 14 g carbohydrate, 12 g fat;
Nature Valley Sweet and Salty Nut Granola Bars®: 170, 4 g protein, 20 g carbohydrate, 8 g
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fat—General Mills, Inc., Minneapolis, MN, USA—and Horizon Organic Milk®: 150 kcals, 8 g
protein, 22 g carbohydrate, 2.5 g fat—WhiteWave Foods Company, Inc. Broomfield, CO, USA).
On exercise days, they also consumed a caffeine (tea or coffee with sweetener: ~85 mg caffeine, 8 g
carbohydrate) and electrolyte beverage (Gatorade G2®: 45 kcals, 12 g carbohydrates, 250 mg sodium,
75 mg potassium—PepsiCo, Purchase, NY, USA) along with a multi-vitamin/mineral (One-A-Day
Multivitamins®—Bayer, Whippany, NJ, USA) taken every morning. CON participants were also
asked to return empty food packets to monitor compliance. It is important to note, by study design,
the only macronutrient that was intentionally different between groups was the protein per kg BW.
Participants in both groups were given a 1-week supply of the supplements and asked to return
empty packets before they received the next week’s supply as a means of assessing their compliance.
Both groups were provided equivalent nutritional support and similar caloric intakes throughout the
12-week intervention.

The timing of meals was an important component of the current study, and both groups consumed
meals using an identical meal pattern schedule. On resistance (R) and interval (I) exercise days
(See below), participants consumed a small snack (~250 kcals) prior and, on stretching (S) and
endurance (E) days, arrived fasted but well hydrated and were allowed to consume the electrolyte
beverage as needed on all exercise days. Breakfast was consumed after the exercise, and remaining
meals were consumed at 3-h intervals throughout the remainder of the day. On non-exercise days,
participants consumed breakfast within an hour of waking in the morning and remaining meals at 3-h
intervals thereafter (Table S2).

2.4. RISE Exercise Training Protocol

Subjects in both groups underwent the same closely supervised/monitored progressive
multiple exercise training regimen as described previously [2]. Briefly, the training program
consisted of four specific types of exercise training: (1) resistance exercise; (2) interval sprints;
(3) stretching/yoga/Pilates; and (4) endurance exercise (RISE training) (Table S1). Subjects underwent
four exercise sessions per week, and the sessions rotated through the four types of exercise such
that each of the four exercises was performed 1 day per week. To familiarize participants with the
individual exercises and to ensure compliance, all training sessions were performed in the Skidmore
College Sports Center under the close supervision of the research team. Intensity level was monitored
at every exercise session with heart rate monitors (Polar H7, Polar Electro, Lake Success, NY, USA) to
ensure subject safety and proper compliance with the exercise program.

Specific details of the four types of exercises that comprise the RISE training have been previously
published [2,6] and are shown in Table S1. Briefly, the resistance (R) training sessions were completed
within 60 min and consisted of a dynamic warm-up, footwork and agility, lower and upper
body resistance, and core exercises, all performed at a resistance to induce muscular fatigue in
10–15 repetitions and for 2–3 sets. A 30-s recovery was provided between sets, and a 60-s recovery was
allowed between different exercises. The sprint interval (I) training sessions were completed within
35 min and consisted of either 7 sets of 30 s “all-out” with a 4-min recovery or 10 sets of 60 s “almost
all-out” with 2 min of rest after each interval. Participants were allowed to perform the sprints using
any mode of exercise. The stretching (S) routine incorporated traditional yoga poses with additional
stretches and Pilates movements, providing a total body stretching, flexibility, and strengthening
workout. All sessions were completed within 60 min and were led by a certified yoga instructor.
Finally, endurance (E) exercise training was performed for 60 min at a moderate pace (60% of maximal
effort). Participants were allowed to choose from a variety of aerobic activities, including running,
cycling, rowing, swimming, etc.

2.5. Laboratory Testing Procedures

All testing was performed between 0600 and 0900, following a 12-h fast and 48-h abstinence from
caffeine and alcohol intake, and 48–72 h after the last exercise session to eliminate the acute effects of
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the last bout of exercise. These tests were performed at Weeks 0 and 13 and performed by the same
investigators for the pre- and post-intervention testing.

2.6. Cardiometabolic Biomarkers

Blood lipids and C-reactive protein: A 12-h fasted venous blood sample (~20 mL) was obtained
(Week 0 and Week 13). Blood was collected into EDTA-coated vacutainer tubes and centrifuged
(Hettich Rotina 46R5) for 15 min at 2500 rpm at 4 ˝C. Upon separation, plasma was stored at ´70 ˝C in
aliquots until analyzed. Plasma C-reactive protein and insulin concentrations were determined using
commercially available ELISA kits (Millipore, Billerica, MA, USA). Total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-C), and triglycerides (TRGs) were assessed using the Cholestech LDX
blood analysis system (Hayward, CA, USA). The test–retest intraclass correlation (r) and coefficient
of variation (CV) in our laboratory with n = 15 are as follows: TC and HDL-C (mg/dL); r = 0.95,
CV = 3.2%; r = 0.97, CV = 5.3%, respectively.

Heart rate and blood pressure: Resting heart rate and systolic and diastolic blood pressure (BP) were
obtained in the supine position as previously described [2]. Heart rate and BP were obtained following
a minimum of 10 min of quiet resting.

Arterial function: Vascular health was assessed using pulse contour analysis (augmentation
index) and pulse wave velocity (Arteriograph, version 1.10.0.1, TensioMed Kft., Budapest, Hungary).
Augmentation index was determined by the following formula:

Aix p100%q “ pP2 ´ P1q {PP ˆ 100

where P1 is the early (direct) wave’s amplitude; P2 is the late (reflected) systolic wave’s amplitude; and
PP equals the pulse pressure.

The aortic pulse wave velocity (PWVao) was determined by the wave reflection generated from
the early direct pulse wave as it is reflected back from the aortic bifurcation. Return time (RT) is
determined by measuring the time interval between peaks from the early direct (P1) and reflected late
(P2) systolic waves. The PWVao calculations were measured using the distance from the upper edge of
the pubic bone to the sternal notch (Jugulum-Symphisis 1

4 ), as this provides the closest approximation
of the actual aortic length. PWVao was calculated with the following formula:

PWVao pm{sq “ rJug ´ Sy pmqs { rpRT{2q psqs

where RT is return time; and Jug–Sy is the aortic distance (Jugulum–Symphisis). The test–retest
intraclass correlation (r) coefficient of variation (CV) in our laboratory with n = 10 are as follows: PWV
and RT; r = 0.94, CV = 11.2%; r = 0.90, CV = 12.0%, respectively.

2.7. Resting Energy Expenditure (REE)

Resting metabolic rate (RMR) was measured (Weeks 0 and 13) using the ventilated hood technique
(ParvoMedic; analyzed via True One 2400 software). Specifically, participants arrived at the Human
Nutrition and Metabolism Laboratory between 0600 and 0800 with minimal physical movement and
fasted for 10–12 h. Following 20 min of relaxed supine lying, REE was measured for 30 min in a
darkened, temperature controlled room. The test–retest intraclass correlation (r) and coefficient of
variation (CV) in n = 14 are as follows: RMR (Kcal/min); r = 0.92, 4.2%, respectively.

2.8. Total and Regional Body Composition

Anthropometric and body composition measurements were obtained at Weeks 0 and 13. At each
visit, body weight was measured with a standard digital scale (Befour Inc. Cedarburg, WI, USA),
height was measured using a stadiometer, and waist circumferences were measured with a standard
tape measure placed at the area with the smallest circumference between the rib cage and the iliac
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crest. As described previously, body composition was assessed by dual energy X-ray absorptiometry
(iDXA; Lunar iDXA; GE Healthcare, Madison, WI, USA; analyzed using encore software version 13.6)
for total body adiposity, % body fat, lean body mass, visceral adipose tissue (VAT), and regional
abdominal adiposity [2]. The test–retest intraclass correlation (r) and coefficient of variation (CV) for
body composition analysis using iDXA in our laboratory with n = 12 are as follows: LBM and FM;
r = 0.99, CV = 0.64%; r = 0.98, CV = 2.2%, respectively. For regional abdominal body composition
analysis, they are as follows: %FAT: r = 0.99, CV = 2.4%.

2.9. Dietary Intake and Feelings of Hunger and Satiety

Throughout the intervention, subjects maintained a daily food log that included all food and
beverages consumed each day, including meal timing. To further verify compliance, food intake was
analyzed from a representative 3-day period at Weeks 0 and 12 using Food Processor SQL Edition
(version 10.12.0, 2012; ESHA Research, Salem, OR, USA) [2]. All dietary analyses were performed
by the same technician. Visual analog scales (VAS’s) were administered at baseline and Week 13 to
evaluate the effects of the lifestyle interventions on hunger, satiation, and a desire to eat [2].

2.10. Physical Performance Assessments

Following a familiarization session for all testing procedures, physical performance outcomes
were assessed at Weeks 0 and 13 at the same time of day and completed over a 2-day period.
For example, aerobic power (5-km TT), muscular endurance (sit-ups/push-ups), flexibility (sit and
reach), and balance (standing stork balance) were completed on Day 1, whereas upper and lower body
strength (bench press/leg press) and power tests (squat jumps/bench throws) and vertical jumps were
completed on Day 2 (See below).

Upper Body Muscular Endurance. Upper body muscular endurance was assessed with timed
push-ups in 1 min. Women started in the plank position balancing on the knees with arms extended
and hands placed under the shoulders. A successful push-up was defined as lowering the body so
that elbows reached 90˝ followed by a return to the starting plank position. Participants were asked
to perform as many push-ups as possible within 60 s in a continuous pattern with no more than
two seconds of rest between repetitions.

Core Muscular Endurance. Timed sit-ups were performed in the supine position with arms folded
across the chest, knees bent at 90˝, and feet flat on the ground and supported by a research team
member. A successful sit-up required participants to curl up to a 90˝ position (vertical) to the floor
and then return to the starting position. The sit-up action was continuous, with a rest duration of no
more than 2 s allowed between repetitions. Participants were instructed to perform as many sit-ups as
possible in 60 s.

Standing Balance. Postural balance was assessed with the stork balance test. While in the standing
position, participants were instructed to balance on the dominant leg with the heel lifted off the ground
and the non-dominant knee flexed to 90˝, with the foot placed gently against the inside of the dominant
knee. Hands were placed on the hips at the level of the iliac crests. The trial ended when the heel of the
dominant leg touched the floor, the hands came off of the hips, or the non-dominant foot was removed
from the dominant standing leg. Participants were provided three attempts and the best time was
recorded for analysis.

Flexibility. Lower back and hamstring flexibility were assessed with the sit-and-reach test. This was
administered using a standard sit-and-reach box (Lafayette Instrument Company, Lafayette, IN, USA),
following a standard technique. The maximal distance reached of 3 trials was recorded.

5-km Cycle Ergometer Time Trial. Subjects arrived to the laboratory for performance testing sessions
having consumed a standardized meal (PRISE, IsaLean bar; CON, granola bar) 1 h prior. Before the
time trial began, seat and handle bar lengths, height, and tilt were adjusted according to each subject’s
preferences. Each adjustment was recorded and used for the post-test (Week 13). Following a 5–7 min
warm-up at 60% of heart rate reserve (HRR) on the Velotron Dynafit Pro cycle ergometer (Racermate,
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CompuTrainer 3D Software, Version 1, Seattle, WA, USA), participants completed a 5-km time trial
(5-km TT) as fast as possible. Pedaling cadence and gear ratio were selected freely by the participant
during each ride (Weeks 0 and 13). Subjects were permitted to drink water, if needed (ad libitum).
Total time to complete the time trial and mean and max watts were all recorded. HR and blood pressure
were recorded every five minutes during the time trial immediately upon finishing and 5 and 10 min
after completion.

Upper and Lower Body Maximal Strength. Measures of one repetition maximal strength (1 RM) of the
upper and lower body were assessed via the bench (barbell) and leg press, respectively, as previously
described [7]. The test–retest intraclass correlation (r) and coefficient of variation (CV) in n = 15 are as
follows: chest 1-RM and leg 1-RM; r = 0.99, CV = 1.6%; r =0.99, CV = 2.7%, respectively.

Upper and Lower Body Maximal Force and Power. Following 1 RM’s of the bench and leg press,
dynamic maximal force and power of the upper and lower body were assessed with bench throws
(BTs) and jump squats (JS’s), respectively, using the Ballistic Measurement System (Innervations Inc.,
Muncie, IN, USA) interfaced with a commercial smith rack. Prior to performing the tests participants
were provided instructions on how to perform the tests safely and with proper techniques. During the
familiarization process, subjects performed 3–5 un-weighted practice trials for the BTs and JS’s.
For the JS’s, participants performed three consecutive repetitions with the barbell loaded to 30%
of their predetermined IRM for the leg press. Participants began the JS’s in the standing position
with feet slightly wider than hip width apart and the loaded barbell across the upper trapezius
muscles. When instructed, they lowered into the squat position until 90˝ of knee flexion was achieved,
then jumped as high as possible, and landed with bent knees. Immediately upon landing, without
pause, participants repeated the same upward jumping movement for a total of three maximal JS’s
in succession.

For the bench throws (BTs), participants followed identical familiarization procedures as the
JS’s by performing 3–5 un-weighted practice trials lying supine on a bench with hands positioned
on the barbell slightly wider than shoulder width apart and arms fully extended. The bar was then
loaded with 20% of the 1 RM of the bench press. To initiate the BTs, subjects lowered the barbell to
the chest just above the distal end of the sternum and were instructed to explosively push and then
release the barbell with the intent to project the barbell as high as possible. Participants caught the
bar on its descent and immediately, without pause, initiated another maximal BT until 3 successive
repetitions were completed. Throughout both the JS and BT tests, spotters were present on both sides
of the barbell to provide verbal encouragement and ensure safety of the participants. The physical
performance variables measured and used for analysis were mean and peak power (watts) taken as an
average of the three repetitions.

2.11. Statistical Analysis

Statistical analysis was performed using SPSS software (Ver. 23; IBM). A 2 ˆ 2 repeated measures
ANOVA was performed to assess differences between groups (PRISE vs. CON) and time (pre vs. post)
to determine main effects and interactions. Post hoc comparisons (Bonferroni) were performed to
determine whether there was an interaction with the addition of between-group independent samples
t-tests at the pre- and post-time points. One-tailed tests were utilized for this study based on our
previous investigation showing improved body composition metrics following PRISE training [2],
and the significance was set at p < 0.05. All values are reported as means ˘ standard deviation unless
stated otherwise. Before the start of the study, sample size was determined through power analysis
(80%) based on the major outcome variables (muscular strength, body composition, and arterial
function). This analysis determined that n = 12 was required to detect significant differences between
groups. Absolute changes in muscular strength (kg), body weight (kg), and arterial function change
were calculated.
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3. Results

3.1. Participant Characteristics and Compliance

The participant characteristics are presented in Table 1. Prior to the intervention, all variables
in each outcome domain (physical performance, cardiovascular health, body composition, diet,
and metabolic profile) were not different between groups. Three participants in the PRISE group were
excluded from analysis due to non-compliance to the diet and/or exercise routine, resulting in an 80%
adherence rate for both the nutrition and exercise interventions.

Table 1. Baseline subject characteristics (N = 27).

CON (n = 15) PRISE (n = 12)

Age (year) 42 ˘ 7 42 ˘ 9
Height (cm) 166 ˘ 6 165 ˘ 7
Weight (kg) 65 ˘ 9 65 ˘ 7

Body Mass Index (kg/m2) 24 ˘ 3 24 ˘ 2
Systolic Blood Pressure (mmHg) 126 ˘ 11 127 ˘ 18
Diastolic Blood Pressure (mmHg) 78 ˘ 8 82 ˘ 12

Pulse Pressure (mmHg) 48 ˘ 6 44 ˘ 6
Heart Rate (beats/min) 59 ˘ 11 61 ˘ 7

Total Cholesterol (mg/dL) 184 ˘ 22 185 ˘ 37
HDL Cholesterol (mg/dL) 68 ˘ 17 67 ˘ 11
LDL Cholesterol (mg/dL) 97 ˘ 21 107 ˘ 25

Triglycerides (mg/dL) 88 ˘ 44 88 ˘ 43
Glucose (mg/dL) 81 ˘ 7 81 ˘ 6

CON: normal protein (5–6 meals/day at 1.0 g/kg BW/day); PRISE: protein-pacing (5–6 meals/day at
2.0 g/kg¨ BW/day); HDL: High Density Lipoprotein; LDL: Low density lipoprotein. Data are means
˘ standard deviation.

3.2. Muscular Fitness and Exercise Performance

By design, each of the fitness and performance outcomes was improved following the
interventions. Specifically, core (abdominal sit-ups) and upper body muscular endurance (push-ups)
were improved (training effect, p < 0.01, Figure 2A,D) and to a significantly greater extent in the PRISE
group (interaction, p < 0.01). Upper and lower body maximal strength, assessed via 1-RM bench press
and leg press, respectively, significantly improved (p < 0.01, Figure 2B,E), and no group differences
were found. Likewise, upper (bench throws) and lower (squat jumps) body muscle power significantly
improved as a result of the training (p < 0.05, Figure 2C,F), and upper body power increased to a
greater extent in the PRISE group (interaction, p < 0.05, Figure 2C).

Flexibility, as assessed by the sit-and-reach test, significantly (p < 0.05) improved following the
intervention (CON: 37 ˘ 2 vs. 40 ˘ 2; PRISE: 34 ˘ 2 vs. 37 ˘ 2 cm, pre- vs. post-intervention,
respectively), though no differences were found between groups. Balance, assessed with the stork
stand test, significantly (p < 0.05) improved following the intervention, but no differences were
found between groups (CON: 6.4 ˘ 0.8 vs. 9.8 ˘ 2.9 s; PRISE: 3.2 ˘ 1.0 vs. 10.7 ˘ 3.2 s, pre- vs.
post-intervention, respectively). Lastly, aerobic power, as assessed by time to complete a 5-km cycling
time trial, significantly (p < 0.05) improved following the training (CON: 621 ˘ 11 vs. 586 ˘ 9 s;
PRISE: 613 ˘ 12 vs. 592 ˘ 10 s, pre- vs. post-intervention, respectively); however, no differences were
found between groups.

3.3. Cardiovascular Health

Both systolic and diastolic blood pressures significantly improved following the exercise
intervention (p < 0.05, Figure 3A,B), though diastolic blood pressure fell to a greater degree in the
PRISE group (interaction, p < 0.05). Resting heart rate was unaffected by the exercise intervention or by
the protein supplementation (p > 0.05, Figure 3C). Augmentation index of both the brachial artery and
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aorta improved following the training intervention (p < 0.05), an effect that was more pronounced in
the PRISE group (interaction, p < 0.01, Figure 3D,E). Aortic pulse wave velocity and return time were
not significantly impacted by the intervention in either group (p > 0.05, Figure 3F). The assessment
of circulating C-reactive protein was unaffected by the training in either group (CON: 0.47 ˘ 0.85 vs.
0.42 ˘ 0.57 μg/mL; PRISE: 0.50 ˘ 1.2 vs. 0.72 ˘ 1.9 μg/mL, pre- vs. post-intervention, respectively).

Figure 2. Muscle function parameters at baseline (pre) and after 12 weeks (post) between PRISE
and CON. * p < 0.05 pre vs. post training, # p < 0.05 group difference in training response.
CON, normal protein; PRISE, protein-pacing. Mean ˘ SD.
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Figure 3. Cardiovascular responses to 12 weeks of PRISE and CON. * p < 0.05 pre vs. post training,
# p < 0.05 group difference in training response. CON, normal protein; PRISE, protein-pacing.
Mean ˘ SD.

3.4. Body Composition

Body composition significantly improved in both groups following the training protocol,
though no interactions were observed between groups. Independent of changes in body weight,
significant improvements were observed in body composition. Of particular note was the significant
increase in percent lean body mass and decrease in abdominal and hip fat following the intervention
in both groups (Table 2).
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Table 2. Changes in body composition pre- and post-intervention.

Pre Post

Body Weight (kg) CON 65.4 ˘ 9.4 64.8 ˘ 9.5
PRISE 64.8 ˘ 7.3 64.6 ˘ 7.3

Body Fat (%) * CON 31.9 ˘ 6.6 30.9 ˘ 6.2
PRISE 30.8 ˘ 6.1 29.5 ˘ 7.0

Fat Mass (kg) * CON 20.3 ˘ 6.3 19.6 ˘ 6.1
PRISE 19.3 ˘ 5.4 18.6 ˘ 5.9

Fat Free Mass (kg) * CON 44.8 ˘ 5.2 45.2 ˘ 5.1
PRISE 45.0 ˘ 4.1 45.9 ˘ 4.3

Lean Body Mass (kg) * CON 42.3 ˘ 5.0 42.7 ˘ 4.8
PRISE 42.6 ˘ 4.0 43.5 ˘ 4.2

% Lean Body Mass (%) * CON 65.2 ˘ 6.7 66.5 ˘ 5.9
PRISE 66.1 ˘ 5.6 67.7 ˘ 6.2

Abdominal Fat (%) *
CON 30.8 ˘ 10.6 29.0 ˘ 10.0
PRISE 28.5 ˘ 9.5 26.7 ˘ 11.5

Hip Fat (%) * CON 35.9 ˘ 5.6 34.7 ˘ 5.1
PRISE 35.9 ˘ 6.4 33.7 ˘ 7.2

CON: normal protein (5–6 meals/day at 1.0 g/kg BW/day); PRISE: protein-pacing (5–6 meals/day at 2.0 g/kg
BW/day). Data are means ˘ standard deviation. *: denotes significant effect of intervention (pre vs. post).

3.5. Diet, Satiety, and Hunger

At baseline, all participants met recommended daily intakes and were not different between
groups (Table 3). By design, the PRISE group consumed significantly more protein in absolute (grams)
and relative (grams/kg body weight) terms (interaction, p < 0.05). The PRISE women experienced a
reduction, whereas CON women showed an increase in self-reported VAS question “How much food
do you feel like you could eat right now?” (interaction, p < 0.05). All other dietary factors remained
constant across the intervention and similar between groups (Table 3).

Table 3. Diet, satiety, and hunger ratings pre- and post-intervention.

Pre Post

Caloric Intake (kcal/day) CON 1631 ˘ 285 1608 ˘ 282
PRISE 1662 ˘ 149 1756 ˘ 171

Fat Intake (g/day) CON 58 ˘ 15 56 ˘ 20
PRISE 58 ˘ 17 53 ˘ 19

Carbohydrate Intake (g/day) CON 188 ˘ 55 193 ˘ 53
PRISE 172 ˘ 63 177 ˘ 42

Protein Intake (g/day) # CON 77 ˘ 12 69 ˘ 10
PRISE 75 ˘ 23 131 ˘ 16

Protein Intake (g/kg BW/day) # CON 1.2 ˘ 0.2 1.1 ˘ 0.1
PRISE 1.2 ˘ 0.4 2.0 ˘ 0.1

Cholesterol Intake (mg/day) # CON 212 ˘ 115 169 ˘ 99
PRISE 170 ˘ 139 286 ˘ 125

Sodium Intake (mg/day) CON 1856 ˘ 920 1993 ˘ 639
PRISE 1816 ˘ 594 1822 ˘ 620

Fiber Intake (g/day) CON 21 ˘ 7 27 ˘ 11
PRISE 19 ˘ 7 23 ˘ 8

How hungry are you feeling? (0–100) CON 40 ˘ 17 45 ˘ 17
PRISE 42 ˘ 22 44 ˘ 23

How full do you feel? (0–100) CON 28 ˘ 18 35 ˘ 15
PRISE 24 ˘ 21 34 ˘ 23

How much food could you eat? (0–100) # CON 44 ˘ 11 54 ˘ 10
PRISE 49 ˘ 20 43 ˘ 19

What is your desire to eat? (0–100) CON 42 ˘ 14 47 ˘ 17
PRISE 41 ˘ 33 43 ˘ 27

CON: normal protein (5–6 meals/day at 1.0 g/kg BW/day); PRISE: protein-pacing (5–6 meals/day at 2.0 g/kg
BW/day). Data are means ˘ standard deviation. #: denotes significant interaction of group (CON; 1 g/kg of
body weight) vs. (PRISE; 2 g/kg of body weight).
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3.6. Metabolic Profile

The exercise training protocol reduced resting metabolic rate (p < 0.05) by ~5%, with no group
effect (Table 4). Although fasting blood glucose increased following the intervention in both groups,
it remained within normal, healthy levels. Total plasma cholesterol levels declined in both groups
(p = 0.04), and insulin remained unchanged from baseline (Table 4).

Table 4. Metabolic profile pre- and post-intervention.

Pre Post

Resting Metabolic Rate (kcal/day) * CON 1385 ˘ 195 1322 ˘ 147
PRISE 1453 ˘ 147 1367 ˘ 98

Respiratory Exchange Ratio CON 0.80 ˘ 0.04 0.80 ˘ 0.05
PRISE 0.80 ˘ 0.05 0.79 ˘ 0.04

CHOox (%)
CON 34 ˘ 20 33 ˘ 17
PRISE 32 ˘ 16 30 ˘ 14

FATox (%)
CON 66 ˘ 20 67 ˘ 17
PRISE 68 ˘ 16 70 ˘ 14

Fasting Blood Glucose (mg/dL) * CON 81 ˘ 7 83 ˘ 5
PRISE 81 ˘ 6 84 ˘ 6

Insulin (uU/mL)
CON 2.7 ˘ 1.2 2.5 ˘ 0.5
PRISE 2.5 ˘ 0.4 2.5 ˘ 0.4

Total Cholesterol (mg/dL) * CON 185 ˘ 22 182 ˘ 21
PRISE 185 ˘ 37 175 ˘ 27

HDL Cholesterol (mg/dL) CON 68 ˘ 17 69 ˘ 13
PRISE 67 ˘ 11 67 ˘ 12

LDL Cholesterol (mg/dL) CON 93 ˘ 21 94 ˘ 25
PRISE 107 ˘ 25 96 ˘ 27

Total Cholesterol/HDL
CON 2.9 ˘ 0.9 2.7 ˘ 0.6
PRISE 2.6 ˘ 0.4 2.6 ˘ 0.3

Triglycerides (mg/dL) CON 92 ˘ 40 87 ˘ 31
PRISE 88 ˘ 43 89 ˘ 28

CON: normal protein (5–6 meals/day at 1.0 g/kg BW/day); PRISE: protein-pacing (5–6 meals/day at 2.0 g/kg
BW/day). CHOox: relative contribution of carbohydrate to energy expenditure; FATox: relative contribution
of fat to energy expenditure; HDL: High Density Lipoprotein; LDL: Low density lipoprotein. Data are means
˘ standard deviation. * denotes significant effect of intervention (pre vs. post).

4. Discussion

The aim of this study was to determine the effect of a 12-week protein-pacing (P) diet (PRISE,
5–6 meals/day at 2.0 g/kg¨ BW/day) compared to a normal protein intake (CON, 5–6 meals/day
at 1.0 g/kg¨ BW/day), both of which included a multimodal RISE training program (Resistance,
Interval, Stretch and Endurance) on physical performance (muscular fitness; strength, power, flexibility;
and aerobic fitness), cardiovascular measures, and body composition in exercise-trained, healthy
women. The main findings of the current study are as follows: (1) The RISE protocol elicited
significant improvements in performance (5-km TT, upper and lower body maximal strength and
power, flexibility, and balance), and some of these improvements were enhanced in the PRISE group
(2.0 g/kg/day), specifically abdominal and upper body strength and power; (2) in terms of the
effects of RISE training on cardiovascular outcomes (systolic and diastolic blood pressure as well as
augmentation index, AIx) and body composition (% fat, fat free mass, fat mass, abdominal fat, and hip
fat), all improved with training, and the PRISE group exhibited greater reductions in DBP and Aix;
and (3), following the intervention, the PRISE group exhibited an enhanced satiety compared to the
CON group (1.0 g/kg¨ BW/day).
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Collectively, these results demonstrate, for the first time, that the multimodal RISE protocol
improves all aspects of performance (muscle strength, power, flexibility, balance, and endurance) in
active healthy females. In addition, adding a protein-pacing dietary intake pattern (5–6 meals/day at
2.0 g/kg¨ BW/day) confers additional benefit from training, enhancing the increases in upper body
muscle strength and power, abdominal strength, as well as eliciting greater reductions in diastolic
blood pressure and augmentation index in active women.

4.1. Fitness and Performance Outcomes

Previously, the multimodal RISE training protocol was used in overweight/obese men and women,
targeting improvements in body composition and cardiometabolic risk reductions [2]. Thus, it remained
unanswered whether RISE may enhance physical performance outcomes. Research on concurrent
strength and endurance training has revealed that either endurance capacity [8] or muscle strength [9]
may be compromised due to conflicting physiological mechanisms or perhaps the reallocation of
training volume or overtraining. In the current study, there was no apparent blunting of improvements
in endurance performance (5-km TT), muscle strength (1 RM), muscle power (jump squat or bench
throw), flexibility (sit and reach), balance (stork stand), or muscle endurance (maximum # of
push-ups and sit-ups). Thus, we contend that a multimodal training paradigm is not detrimental
to fitness-specific performance gains and may actually be complementary for facilitating improvements,
possibly promoting the avoidance of injury and symptoms of over training (i.e., burn out).

Ingestion of whey protein or protein supplements is highly prevalent in both the athletic and
recreational populations, ranging from 13% to 75% [10–12]. In recreational athletes, Cantarow et al. [10]
reported that 75% of males consumed protein supplements. While lower than males, 50% of females
reported the use of a protein supplement. Thus, understanding the effects of high dietary protein on
performance is warranted. Some studies have demonstrated that increasing protein intake above RDA
levels can positively influence body composition and/or athletic performance measures. Our data are
in agreement with these studies. Despite this, the majority of studies suggest an acute benefit to muscle
protein synthesis [13–17] and/or recovery [18,19]. In support of this, our findings are in agreement with
those of others showing a training-induced improvement in performance outcomes [4,5,20], and we
extend these findings to demonstrate this in recreationally active healthy women. A recent review
on the topic reported that protein ingestion of 0.4 g/kg/meal optimally stimulates muscle protein
synthesis [3]. Interestingly, our protein intake per meal in the current study was 0.41 g/kg/meal,
which may have partly accounted for the significant improvement in physical performance outcomes
in PRISE compared to CON. The lack of differences in body composition between groups despite
the maximally stimulating dose of protein ingestion per meal in the PRISE group suggests that body
composition changes may be delayed compared to muscular performance adaptations to the higher
protein per meal ingestion in women. As such, a longer intervention may be required to detect changes
in body composition. Work in mice has suggested that ingestion of high dietary protein (whey)
increased muscle strength and endurance [21]. Indeed, in humans, supplemental protein ingestion
has improved running endurance performance by 4 km over a one-week intensive training camp [20]
and may prevent decline during such training [22]. On the contrary, another study found that acute
protein ingestion [23] did not improve aerobic performance. However, participants with the lowest
level of fitness/performance were found to benefit from the protein ingestion.

In the current study, we found, as expected, that the RISE training improved every aspect of
performance (muscle strength, power, balance, flexibility, endurance performance); additionally,
protein-pacing resulted in a synergistic effect, further improving upper body and abdominal
muscle strength and endurance (maximum # of push-ups and sit-ups, respectively) and upper
body muscle power (bench throw) (Figure 2) in previously active women. Most previous studies
investigating the potential performance benefits of protein ingestion have almost exclusively focused on
men [17,20,22–24]. Thus, the current study is in agreement with previous investigations documenting
an increased protein intake and enhanced performance outcomes [5,20]. It remains to be seen if
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such protein supplementation might extend to other populations, such as highly-trained athletes,
and whether greater amounts of dietary protein (2.0–4.0 g/kg¨ BW/day) are warranted.

4.2. Cardiovascular Health

Previous investigations of training on vascular health have revealed positive responses to either
resistance, interval [25], flexibility (e.g., yoga) [26], or endurance exercise training [25], and very few have
combined these training modalities [27,28]. Acute ingestion of milk and/or whey proteins alone has
been demonstrated to improve vascular health or factors contributing to CVD risk [29–31]. In the current
study, we demonstrate that 12 weeks of a mixed modality training program targeting multiple aspects
of fitness (muscular endurance, strength and power, flexibility, aerobic power, and balance) resulted in
significant reductions in both systolic and diastolic blood pressure. Specifically, on average, the groups
reduced both systolic and diastolic blood pressure by ~8 mmHg (Figure 3). Such changes are known
to significantly reduce risk of coronary heart disease events and stroke, by approximately 25% and
36%, respectively [32]. It is also important to note that the PRISE group experienced a tendency for a
greater reduction in systolic (Δ10 vs. Δ6 mmHg, PRISE vs. CON) and a significantly greater reduction
in diastolic blood pressure (Δ11 vs. Δ5 mmHg, PRISE vs. CON), which, again, might translate into a
meaningful reduction in risk for CV related events. Augmentation index (AIx), but not pulse wave
velocity, corroborates the blood pressure findings, indicating a significant reduction with training,
which was enhanced in the PRISE group (Figure 3) and likely translates into a reduction in CV risk [33].
Taken together, these findings suggest that the multimodal RISE training improves vascular health,
which can be further enhanced with protein-pacing intake.

As exercise paradigms shift and new guidelines are developed, it is important to understand how
each fitness component may influence vascular health and the importance of performing more than
one type of exercise training (RISE protocol). In light of previous investigations that suggest resistance
training elevates vascular stiffness [34], the current study highlights that, using a multimodal training
protocol, central pulse wave velocity was not altered, and, in fact, augmentation index was reduced.
In combination with the reductions in diastolic blood pressure, this reduction in AIx is suggestive of a
training-induced reduction in peripheral resistance, which was enhanced with protein-pacing (PRISE).

4.3. Body Composition

Our previous work in overweight and obese men and women [2] demonstrated that the PRISE
protocol elicited a significantly greater improvement in lean body mass, reductions in fat mass, and
visceral adipose tissue over a protein-pacing diet with and without a concomitant resistance training
program. Here, we demonstrate that the RISE protocol enhances body composition (increases lean
body mass, decreases total and abdominal fat mass) in healthy, normal-weight women. The prior
investigation compared protein-pacing alone with protein-pacing with resistance training, or with
the RISE protocol (PRISE) [2], and showed that, in overweight/obese individuals, PRISE was more
efficacious in improving body composition than protein-pacing combined with resistance training, or
protein-pacing alone [2]. In the current study, RISE training significantly improved body composition
(total and abdominal fat mass, hip fat, and lean body mass) in normal-weight women, regardless of
protein intake (Table 2).

While increased protein [35] and/or increased meal frequency [1] alone, or when combined with
exercise [3,36], have been shown to improve body composition in normal- and overweight adults,
we did not see additional benefit of protein-pacing on body composition in active normal-weight
women performing RISE training. However, recent work by Antonio et al. [37] indicated that high
protein intake in combination with heavy resistance training did elicit additional improvement in
body composition, namely, a greater reduction in fat mass and % body fat. However, it is important
to note that the definition of high protein in that study [37] was 3.4 g/kg¨ body weight/day versus
the 2.0 g/kg¨ BW/day used in the current study. While the recommended dietary intake for protein
is 0.8 g/kg¨ BW/day, Antonio et al. assigned participants to 3.4 g/kg¨ BW/day and observed no
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adverse effects on metabolic profile, including markers of kidney function with intakes as high as
4.4 g/kg¨ BW/day [38]. Thus, it is possible that additional protein intake beyond 2.0 g/kg¨ BW/day
may provide additional body composition benefit over the RISE training alone and warrants
further investigation.

4.4. Hunger Ratings and Dietary Intake

In the current study we find that feelings of satiation (“How much food do you feel you could
eat right now?”) were significantly enhanced in the PRISE group but not the CON group following
the intervention (Table 3). While the other indicators of satiety or hunger were not significantly
different between groups, this finding of improved satiety is supported by previous work from our
lab and by others that also suggest increased satiety with increased protein intake [39,40]. By design,
macronutrient intake, specifically protein intake, was different between groups and on target for the
protein goals of both the control (CON, 1 g/kg¨ BW/day) and the PRISE (2 g/kg¨ BW/day) groups
(Table 3). All other dietary factors were not different between groups (with the exception of dietary
cholesterol intake). Thus, any differences observed between the groups were likely attributed to the
PRISE and warrants further investigation.

4.5. Metabolic Profile

Prior investigations of high dietary protein intake suggest that elevated protein intake has the
potential to either acutely [30] or chronically improve cardiometabolic profile [31]. Though, it is
important to note that the magnitude of protein ingestion (g/kg¨ BW) as well as the population studied
(healthy vs. disease) likely play a role in whether PRISE alters metabolic profile and the degree
to which it is improved. The current study demonstrated a slightly improved metabolic efficiency
(~5% reduction in RMR), which corroborates previous investigations [41]. Additionally, the reduction
in total cholesterol supports previous work demonstrating an improved cardiovascular risk profile in
response to exercise training [42].

5. Conclusions

The multimodal RISE training protocol improves multiple aspects of performance (core and upper
body maximal strength and power, aerobic power, balance, and flexibility), cardiovascular health, and
body composition. Furthermore, inclusion of protein-pacing (P, 2.0 g/kg¨ BW/day) confers additional
benefit in core and upper body strength and power, as well as cardiovascular health (DBP and AIx) in
active normal-weight women. The results from this study provide compelling evidence that increasing
dietary protein intake to more than twice the current RDA may further augment the training-induced
adaptations to multimodal exercise training programs with additional cardiovascular benefits.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/8/6/332/s1.
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Abbreviations

The following abbreviations are used in this manuscript:

PRISE protein-pacing, resistance, interval, stretching, endurance training
CON control
AIx, augmentation index
PWV pulse wave velocity
SUs sit-ups
PUs, push-ups
5-km TT five kilometer time-trial
BT’s bench throws
JS’s jump squats
DBP diastolic blood pressure
SBP systolic blood pressure
TC total cholesterol
HDL-C high density lipoprotein cholesterol;
LDL-C low density lipoprotein cholesterol
TRGs triglycerides
GLU glucose
REE resting energy expenditure
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Abstract: Fluid and electrolyte status have a significant impact on physical performance and health.
Pre-exercise recommendations cite the possibility of consuming beverages with high amounts of
sodium. In this sense, non-alcoholic beer can be considered an effective pre-exercise hydration
beverage. This double-blind, randomized study aimed to compare the effect of beer, non-alcoholic
beer and water consumption before exercise on fluid and electrolyte homeostasis. Seven male soccer
players performed 45 min of treadmill running at 65% of the maximal heart rate, 45 min after
ingesting 0.7 L of water (W), beer (AB) or non-alcoholic beer (NAB). Body mass, plasma Na+ and K+

concentrations and urine specific gravity (USG) were assessed before fluid consumption and after
exercise. After exercise, body mass decreased (p < 0.05) in W (´1.1%), AB (´1.0%) and NAB (´1.0%).
In the last minutes of exercise, plasma Na+ was reduced (p < 0.05) in W (´3.9%) and AB (´3.7%),
plasma K+ was increased (p < 0.05) in AB (8.5%), and USG was reduced in W (´0.9%) and NAB
(´1.0%). Collectively, these results suggest that non-alcoholic beer before exercise could help maintain
electrolyte homeostasis during exercise. Alcoholic beer intake reduced plasma Na+ and increased
plasma K+ during exercise, which may negatively affect health and physical performance, and finally,
the consumption of water before exercise could induce decreases of Na+ in plasma during exercise.

Keywords: hydration before-exercise; fluid balance during-exercise; blood electrolytes

1. Introduction

Fluid and electrolyte status have a significant impact on physiological homeostasis and
may impact physical performance [1,2], cognitive performance [3] and overall health [4,5].
Physical performance decrements have been observed with less than 2% loss of body mass. Fluid loss
during exercise or sport competitions can be as high as 5 L per hour [6], with heterogeneous sodium
(Na+) and potassium (K+) losses in sweat that can affect plasma osmolality, health and performance [7].

In spite of current recommendations for improving fluid and electrolyte status in sports, hydration
strategies of athletes are far from optimal [8,9] with hypohydration and dehydration being common.
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Recent research has demonstrated a high proportion of soccer players become hypohydrated during
practice and competition [10–12], where hydration status is particularly important. Small changes
in hydration status in these athletes have been shown to increase the perception of fatigue [13],
reduce performance in sport-specific tasks and alter cognitive performance [14]. In addition, soccer
matches may last up to 120 min, under conditions of high temperature and humidity in certain
geographical regions [15] increasing the probabilities of reaching a dehydration state. Although
hydration strategies during and after exercise are fundamental, hydration before the onset of exercise
or sport could be an equally important strategy for maintaining optimal performance and physiologic
function during exercise and competition [16]. Specifically, pre-exercise recommendations cite the
possibility of consuming foods and beverages with high amounts of sodium to reduce the amount of
fluid loss and improve fluid balance [6,17]. In this sense, sport drinks are a common option due to their
considerable sodium content (e.g., 300–400 mg/L). However, another beverage that has considerable
sodium content (80–100 mg/L), though less than sports drinks, but with higher preference among
athletes [18] and relatively reduced economic cost, is beer. Previously, light beer (2.3% alcohol) was
shown to improve hydration status after exercise [19]. Nowadays, there is a commercial explosion in
non-alcoholic beers, which claim to have a similar nutrient composition without the negative effects of
alcohol consumption. These negative effects are associated with a delay of muscle recovery, given the
diuretic effect that leads to a known and well-recognized electrolyte imbalance making non-alcoholic
beer a potentially attractive rehydration drink [20].

The aim of this study was to compare the acute effects of consuming 0.7 L of beer (4.6% alcohol),
non-alcoholic beer (0% alcohol) or water, 45 min prior to exercise at 65% of the maximal heart rate
(HRmax) on urine volume, sweat rate, evaporative water loss, plasma electrolytes (Na+ and K+),
and USG in young athletes. We hypothesized that, compared to alcoholic beer or water, non-alcoholic
beer would be more effective at maintaining fluid homeostasis.

2. Materials and Methods

2.1. Participants

Seven soccer players (19.1 ˘ 0.4 years) were recruited from two different professional soccer teams
with similar training and competitive schedules (four training sessions and one competitive game per
week). Subject descriptive characteristics are provided in Table 1. All subjects were over 18 years of age
(i.e., above the legal age for drinking in Chile, where the study was conducted). Subjects fulfilled the
following inclusion criteria: (1) a background of more than six years of consecutive soccer training and
competition experience; (2) continuous soccer training in the last two years; (3) low daily consumption
of beer (i.e., <1 L per week). All subjects were carefully informed about the experimental procedures
and the possible risks and benefits associated with participation in the study and signed an informed
consent document before any of the tests were performed. The study was conducted in accordance with
the Declaration of Helsinki and was approved by the ethics committee of the responsible department
in Chile. The sample size was computed according to the changes observed (i.e., previous study) in
peak urine specific gravity (d = 0.01 g/mL; SD = 0.005) in a group of soccer players submitted to
the same exercise and non-alcoholic beer protocol applied in this study. A statistical power analysis
revealed that a total of four participants per group would yield a power of 90% and α = 0.01.
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Table 1. Baseline descriptive characteristics of athletes.

Characteristics n = 7

Age (years) 19.1 ˘ 0.4
Height (cm) 173 ˘ 11.4

Body mass index (kg/m2) 22.7 ˘ 1.3
Soccer experience (years) 7.0 ˘ 1.3

VO2max (mL/kg/min) 62.5 ˘ 2.1

All the data is presented as means ˘ SD.

2.2. Experimental Protocol

Athletes participated in three trials completed in a randomized order and separated by at least
one week. Training and competition was kept relatively constant during this period. Three-day diet
(food) and physical activity diaries were kept and replicated before each trial. Considering that under
“real” training and competition settings, soccer players might be under a non-optimal hydration
status [11,12], to achieve better ecological validity, no hydration recommendations were made before
trials. Trials consisted of ingesting 0.7 L (about 1% of body mass) of commercially available bottled
water (W—Vital®, Chanqueahue, Chile), beer (AB; 4.6% of alcohol—Cristal®, Santiago, Chile) or
non-alcoholic beer (NAB; 0% of alcohol—Cristal®, Santiago, Chile) 45 min before exercise (see drinks
characteristic in Table 2).

Table 2. Nutritional characteristics of drinks *.

Characteristics Water Beer Non-Alcoholic Beer

Energy (Kcal) 0 153 110
Carbohydrates (g) 0 12.64 26

Fat (g) 0 0 0.3
Protein (g) 0 1.64 0.89
Na (mg) 0.06 14 32
K (mg) 0.03 96 104

Alcohol (%) 0 4.6 0
Osmolality (mOsmol/kg) 0 997 323

* Values expressed per 350 mL.

During AB, subjects consumed 0.48 ˘ 0.06 g of alcohol per kilogram of body weight. All beverages
were provided at ~10 ˝C. AB and NAB were delivered in a double-blind manner. The beverages were
coded; thus, neither the investigators nor the participants were aware of the contents until completion
of the analyses. The beverages were provided by a staff member of our research laboratory who did
not have any participation in the data acquisition, analyses, and interpretation. Regarding the efficacy
of blinding, at the end of the study participants were questioned about the beverage ingested and
the percentage of correct answers was compared between three drinks, with similar results between
groups. Upon arrival to the laboratory, each subject’s body mass and height were measured using a
mechanical scale with stadiometer (SECA, model M20812, Hamburg, Germany). Urine was analyzed
for USG using a portable refractometer (Robinair, model Spx, Michigan, USA). USG was classified
by previously described values [16] as an indicator of hydration status. A Teflon indwelling catheter
was placed into an antecubital vein and blood samples (4 mL) were taken before (in the standing
position) and during the last minute of exercise (i.e., 45-min). Blood samples were placed in lithium
heparin collection tubes and centrifuged at 300 g for 10 min (Gelec, model G-20 digital, Buenos Aires,
Argentina). The resultant plasma samples were analyzed for sodium and potassium using ion-selective
probes (IC, Wiener lab, Rosario, Argentina). The normal ranges of plasma sodium and potassium are
140–148 and 3.60–5.20 mmol/L, respectively [21]. Body mass, USG, and plasma Na+ and K+ were
measured before fluid consumption. Na+ and K+ measurements were repeated in the last minute
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of exercise (i.e., 45-min), whereas body mass and USG were repeated within 5 min after cessation
of exercise. Subjects urinated in a glass graduated cylinder to quantify the urine volume produced
during exercise and to determine total urinary fluid losses. Urine was collected at two time points,
immediately before the 0.7 L drinks and within 5 min after exercise.

Evaporative water loss and sweat rate were calculated according to the following formulas
(for practical purposes, 1 mg was considered equivalent to 1 mL):

Evaporative water loss (mL) = body mass change between pre-post 45 min of aerobic
running at 65% of maximal heart rate (mg) ´ volume of collected after running (mL)

(1)

Sweat rate pL{hq “ evaporative water loss pLq ´ experimental trial duration pi.e., 1.5 hq (2)

2.3. Exercise

Steady-state exercise was performed at 65% of HRmax (134 ˘ 7 bpm) on a motorized treadmill
(Oxford SIX BE6546, Santiago, Chile), for a period of 45 min. Room conditions were 26 ˝C and relative
humidity of 36%. Heart rate was checked every 5 min using a heart rate monitor (Polar, RS 800,
Kempele, Finland). No fluids were provided during the exercise protocol. To facilitate the blood
withdrawl in the last minute of exercise, subjects placed their hands on the handles of the treadmill.

2.4. Statistical Analyses

All values are reported as mean ˘ standard deviation (SD). Relative changes (%) for dependent
variables and effect size (ES—changes as a fraction or multiple of baseline SD) are expressed with
90% confidence limits (CL). Normality and homoscedasticity assumptions for all data were checked
with Shapiro-Wilk and Levene tests, respectively. A two-way repeated measures analysis of variance
(ANOVA) with repeated measurements (three treatments ˆ two time points) was applied. In addition,
a one-way repeated measures ANOVA was used to compare relative changes between trial conditions
and for urine volumes, sweat rate and evaporative water loss. When a significant F value was achieved
across time or between experimental conditions, Tukey’s post hoc procedures were performed to locate
the pairwise differences between the means. The α level was set at p < 0.05 for statistical significance.
All statistical calculations were performed using STATISTICA statistical package (Version 8.0; StatSoft
Inc., Tulsa, OK, USA). In addition to this null hypothesis testing, data were also assessed using an
approach based on the magnitudes of ES. Threshold values for assessing magnitudes of ES were
0.20, 0.60, 1.2, and 2.0 for small, moderate, large, and very large, respectively [22]. We obtained high
intra-class correlation coefficients for the performance measurements, varying between 0.86 and 0.98.

3. Results

Baseline body mass (mean of all trials) was 68.8 ˘ 6.2 kg, without significant differences between
trials (p = 0.97 to 0.99). After exercise, all trials showed a significant (p < 0.01) body mass reduction,
although no significant differences were observed between trials regarding relative changes (%) or
after-exercise absolute values (Table 3).
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Table 3. Effects (with 90% confidence limits) of water (W), alcoholic beer (AB) or non-alcoholic beer
(NAB) intake on body mass and hydroelectrolitic status after 45 min of running at 65% of maximal
heart rate.

Variables/group Baseline Change (%) Effect Size

Body mass (kg) a

W 68.4 (5.4) ´1.1 (´1.6, ´0.6) † ´0.08 (´0.09, ´0.01)
AB 68.8 (6.8) ´1.0 (´1.2, ´0.8) † ´0.08 (´0.10, ´0.06)

NAB 68.9 (7.5) ´1.0 (´1.7, ´0.3) † ´0.07 (´0.13, ´0.02)

Plasma Na+ (mmol/L)
W 145 (3.0) ´3.9 (´5.0, ´2.8) † ´1.91 (´2.46, ´1.37) ***
AB 144 (2.0) ´3.7 (´4.9, ´2.5) † ´2.23 (´2.97, ´1.49) ****

NAB 142 (3.3) ´1.2 (´2.9, 0.6) ´0.48 (´1.24, 0.27) *

Plasma K+ (mmol/L)
W 4.1 (0.4) 7.8 (4.2, 11.4) 0.74 (0.41, 1.07) **
AB 4.5 (0.5) 8.5 (3.1, 14.1) ‡ 0.64 (0.24, 1.04) **

NAB 4.4 (0.6) 7.3 (1.0, 14.1) 0.57 (0.08, 1.07) *

Urine specific gravity (g/mL)
W 1.024 (0.006) ´0.9 (´1.4, ´0.4) ‡ ´1.50 (´2.28, ´0.72) ***
AB 1.023 (0.007) ´0.6 (´1.2, 0.1) ´0.69 (´1.49, 0.12) **

NAB 1.023 (0.005) ´1.0 (´1.5, ´0.4) ‡ ´1.38 (´2.17, ´0.59) ***
a Denotes that baseline body mass represents values before fluid intake and the change is in relation with values
after exercise; *, **, ***, **** denote small, moderate, large and very large effect size, respectively; ‡ denotes
significant difference from before to after exercise (p < 0.05); † denotes significant difference from before to after
exercise (p < 0.01). Baseline data is presented as means (˘SD).

Baseline USG (mean of all trials) was 1.025 ˘ 6.1 g/mL, without significant differences between
trials (p = 0.21 to 0.95). During trials only two participants showed a basal USG <1.020 g/mL.
A significant (p < 0.05) time effect was noted for USG, with W and NAB showing a reduction after
exercise, although no time group ˆ time interaction was observed. No significant differences were
observed between trials regarding relative changes (%) or after-exercise absolute values (Table 3).
Baseline plasma Na+ and K+ (mean of all trials) were 143 ˘ 2.9 mmol/L and 4.3 ˘ 0.5 mmol/L,
respectively, without significant (Na+, p = 0.3 to 0.93; K+, p = 0.5 to 0.97) differences between trials.
W and AB trials showed a significant decrease in plasma Na+ (p < 0.01) in the last minute (i.e., 45-min)
of exercise (Table 3), although no group ˆ time interaction was noted. Plasma K+ showed a significant
(p < 0.05) increase in the last minute of exercise only with the AB trial, with no group ˆ time interaction
(Table 3). In the last minute of exercise, no significant differences were observed between trials for
plasma Na+ or K+ regarding relative changes (%) or absolute values (Table 3).

No significant differences were observed between trials regarding the excretion of urine (p = 0.35),
sweat rate (p = 0.2), or total evaporative water loss (p = 0.36) (Table 4).

Table 4. Effects of water (W), alcoholic (AB) or non-alcoholic beer (NAB) intake on excretion of urine,
sweat rate, and evaporative water loss.

Variables W AB NAB

Excretion of urine (mL) 117 ˘ 146 285 ˘ 252 239 ˘ 196
Sweat rate (L/h) 0.63 ˘ 0.13 0.68 ˘ 0.07 0.64 ˘ 0.20

Evaporative water loss (mL) 903 ˘ 105 1080 ˘ 72 1094 ˘ 129

4. Discussion

Results showed no significant change of plasma Na+ with NAB or of plasma K+ with NAB and
W. Regarding USG, a significant reduction was observed after NAB and W. Although previous studies
suggested the favorable effect of post-exercise non-alcoholic and low-alcoholic beer on hydration
status [19,23], to our knowledge, this is the first study to compare the effect of beer, non-alcoholic beer,
and water consumption before exercise on fluid homeostasis.
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Body mass significantly decreased after exercise in all trials, and urine losses, sweat rates and
evaporative water losses were not significantly different among trials. However, USG was significantly
reduced after exercise in the W and NAB trials. These results suggest that kidney function is altered
with non-alcoholic beer, similarly to water consumption, and that consumption of non-alcoholic beer
before exercise might aid in hydration status regulation during exercise in the same way as water,
although the former might be preferred due to its flavor. More studies with better and more reliable
hydration markers are needed to confirm the previous statement.

Plasma Na+ regulation is essential for athletic performance and the health of the athletes [24].
Our results showed that plasma Na+ decreased significantly in the W and AB trials, and remained
unchanged in the NAB trial (Table 3). However, plasma Na+ values remained within normal
physiological limits, reflecting eunatremic status after all trials. In our study, fluid intake was not
allowed during exercise since the main objective was to evaluate the effects of three beverages as
a pre-exercise hydration strategy. Future research could focus on the effect of non-alcoholic beer
ingestion before exercise on fluid ingested during and after exercise, through its effects on thirst [25].

Plasma K+ increases during exercise [26], which may be associated with muscle fatigue [27]
and reduced muscular strength [28]. Our results showed that plasma K+ was higher in the last
minutes of exercise (p < 0.05) in the alcoholic beer trial only, while no significant alterations in plasma
K+ were observed after the non-alcoholic beer and water trials. Therefore, water and non-alcoholic
beer consumed before exercise helped to maintain plasma K+ homeostasis. Future studies should
focus on the effects of non-alcoholic beer consumed before exercise on muscle performance during
prolonged exercise.

One of the limitations of this study is that continuous steady-state exercise was used as a
model to assess the effects of pre-exercise hydration beverages; however, the evaluated athletes
usually perform intermittent, high-intensity bouts of activity. Future studies may incorporate exercise
models with better ecological validity (e.g., Loughborough Intermittent Shuttle Test). In the same line,
future studies may incorporate exercise models with a longer duration (e.g., >60 min) and greater
environmental thermal stress (e.g., >27 ˝C and >80% of relative humidity), as soccer matches may last
up to 120 min under conditions of high temperature and humidity in certain geographical regions
where this sport is very popular (e.g., Brazil), although strict ethical and safety considerations should
be taken. Another potential limitation of this study is the low number of participants. Although not a
main objective of study, our results suggested that athletes (i.e., soccer players) showed a relatively
high prevalence of hypohydration before exercise trials (i.e., mean USG = 1.024 g/mL), which appears
to be common among soccer players. For instance, among elite Brazilian young male soccer players, a
mean USG value of 1.021 g/mL was found before competitive games [11]. Most recently a mean USG
value of 1.026 g/mL was reported in Chilean soccer players before training practice [12]. Within these
considerations, it is our hope that the study’s findings provide the impetus for further investigation
regarding the use of non-alcoholic beer in intermittent sports athletes and that these findings now
need to be replicated in larger clinical trials, considering the limitations previously raised.

Similarly, replication studies might consider hydration assessment recommendations with
more consensus [29] and the comparison of NAB with well-established hydration beverages
(e.g., sports drinks). Also, although subjects reported no gastrointestinal-related symptoms after
NAB (or AB) consumption, further investigations should consider the possible effects of gas contained
in beer on stomach disturbances and fluid emptying [30].

5. Conclusions

The consumption of 0.7 L of non-alcoholic beer before exercise could help maintain blood
electrolyte homeostasis during exercise. The consumption of 0.7 L of alcoholic beer before exercise
increased plasma K+ and decreased plasma Na+ during exercise, which could negatively affect sport
performance and health. Water ingestion before exercise also resulted in a decrease in plasma Na+
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during exercise. Non-alcoholic beer, but not alcoholic beer or water, may be an effective sports drinks
before exercise.
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Abstract: Background: Due to the potential negative impact of low Vitamin D status on performance-
related factors and the higher risk of low Vitamin D status in Spinal Cord Injury (SCI) population,
research is warranted to determine whether elite athletes with SCI have sufficient 25(OH)D
levels. The purposes of this study were to examine: (1) the seasonal proportion of vitamin D
insufficiency among elite athletes with SCI; and (2) to determine whether lifestyle factors, SCI
lesion level, and muscle performance/function are related to vitamin D status in athletes with SCI.
Methods: Thirty-nine members of the Canadian Wheelchair Sports Association, and the US Olympic
Committee Paralympic program from outdoor and indoor sports were recruited for this study.
Dietary and lifestyle factors, and serum 25(OH)D concentrations were assessed during the autumn
(October) and winter (February/March). An independent t-test was used to assess differences
in 25(OH)D status among seasons, and indoor and outdoor sports in the autumn and winter,
respectively. Results: Mean ˘ SD serum 25(OH)D concentration was 69.6 ˘ 19.7 nmol/L (range from
30 to 107.3 nmol/L) and 67.4 ˘ 25.5 nmol/L (range from 20 to 117.3 nmol/L)in the autumn and
winter, respectively. In the autumn, 15.4% of participants were considered vitamin D deficient
(25(OH)D < 50 nmol/L) whereas 51.3% had 25(OH)D concentrations that would be considered
insufficient (<80 nmol/L). In the winter, 15.4% were deficient while 41% of all participants were
considered vitamin D insufficient. Conclusion: A substantial proportion of elite athletes with
SCI have insufficient (41%–51%) and deficient (15.4%) 25(OH)D status in the autumn and winter.
Furthermore, a seasonal decline in vitamin D status was not observed in the current study.

Keywords: 25(OH)D; sun exposure; spinal cord injuries; athletes

1. Introduction

The Third National Health and Nutrition Examination Survey (NHANES III) determined that over
77% of Americans are considered vitamin D insufficient [1]. Vitamin D is well known for its role in bone
health [2], but recent research has linked vitamin D to other important processes in the body including:
hormone synthesis, signaling gene response, immunity, protein synthesis, and cell turnover [3–7].
These rates of insufficiency (25(OH)D < 80 nmol/L), together with the essential metabolic properties of
vitamin D, have led researchers to examine the influence of vitamin D not only on bone health, but also
on physical performance and injury in athletes.

Vitamin D receptors have recently been identified in skeletal muscle, which has led to further
examination of the influence of vitamin D on athletic performance [7]. Therefore, the risk of vitamin D
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insufficiency among athletes has received growing interest. In the last decade, researchers have
examined 25(OH)D (criterion measure for vitamin D concentration levels) among various groups
of athletes including: gymnasts [8], runners [4,9,10], rugby players [10], and jockeys [11] and have
suggested that athletes are at a high risk for vitamin D insufficiencies [7]. Blood 25(OH)D concentrations
are largely dependent on geographical location (latitude) and type of sport (indoor vs. outdoor) [3,7].

Individuals with spinal cord injury (SCI) may be at increased risk for vitamin D insufficiency due
to inadequate diet [12], anticonvulsant medications, and reduced sunlight exposure [13]. The ability
of individuals with spinal cord injury to go outdoors and synthesize vitamin D from sunlight may
be limited due to decreased functional mobility, impaired thermoregulation, amount of skin exposed,
season of the year, and latitude. Oleson et al. (2006) found that 65% of patients with acute SCI,
and 81% of patients with chronic SCI had insufficient 25(OH)D levels in the summer, despite living
in Birmingham, AL (33˝N) [13]. These rates increased to 84% and 96% in the winter months [13].
Hummel et al. (2012) found that 39% of individuals (n = 62) with chronic SCI had insufficient 25(OH)D
regardless of supplementation use [14]. Furthermore, Hummel et al. (2012) suggested that optimal
serum 25(OH)D levels for SCI may be higher than in an able bodied population due to an increased
25(OH)D needed to suppress parathyroid hormone (PTH) release and absorb calcium [14]. Considering
individuals with SCI are already at high risk for osteoporosis [13,15,16], a low serum 25(OH)D puts
them at an even greater risk for bone injuries and fractures given that the onset of bone loss occurs
quickly post injury [13,14,17]. Although performance trials are limited in an athletic population,
a number of studies support vitamin D’s indirect role in enhancing exercise performance [18–22],
however recent studies do not support the benefits of vitamin D supplementation [23,24]. A recent
meta-analysis suggested that vitamin D supplementation has a small, but positive, impact on muscle
strength in healthy individuals [22]. Favorable 25(OH)D levels may reduce the risk of debilitating
stress fracture among athletes, indirectly influencing performance through prevention of injury [25,26].
Finally, because vitamin D is used in numerous metabolic pathways, it has been suggested that the
athlete may need a higher vitamin D status to ensure acceptable energy availability and storage [27].

Knowledge regarding the vitamin D status of athletes with SCI is lacking. Due to the potential
negative impact of low vitamin D status on performance-related factors and the potentially higher
risk of vitamin D insufficiency in SCI population, research is warranted to determine whether elite
athletes with SCI have sufficient 25(OH)D levels. The purposes of this study were to examine (1) the
seasonal proportion of vitamin D insufficiency among elite athletes with SCI; and (2) to determine
whether lifestyle factors, SCI lesion level, and muscle performance/function are related to vitamin D
status in athletes with SCI. Based on previous studies conducted in athletes [9,10], we hypothesized
that a seasonal decline in 25(OH)D status will be observed from autumn to winter. In addition, rates of
vitamin D insufficiency will be higher among elite athletes with SCI participating in indoor sports
compared to those participating in an outdoor sport, which may be related to increased time spent
indoors [13], decreased mobility, and vitamin/mineral deficiencies that are commonly a problem in
individuals with SCI [12].

2. Methods

2.1. Subjects

Male and female athletes, ě18 years old, were recruited via the sport medicine staff from The
Canadian Wheelchair Sports Association, and the US Olympic Committee Paralympic programs.
Athletes were screened for eligibility and then recruited via members of the sports medicine team.
Only athletes eligible for participation were approached. Participating athletes with SCI were required
to have an impairment of their spinal cord (e.g., spinal cord injury, spina bifida) and were selected
from tennis, athletics, basketball and rugby. Exclusion criteria included athletes with a diagnosis of
fat malabsorption, thyroid, kidney, or bone disease. Based on data from previous studies [13] using
a mean of 37.4 ˘ 24.9 nmol/L, a power of 0.8 and alpha = 0.05, an a priori power analysis (G Power
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version 3.1) indicated the need for 40 participants. This study was approved by the Central Washington
University (CWU) Human Subjects Review Committee (HSRC) (Project # H14114). Subjects provided
written consent prior to participating in the study.

2.2. Study Design

A longitudinal, observational trial examined seasonal changes (summer, winter) in 25(OH)D
status. Participants reported to the testing facility on two separate data collection sessions (involving
2 days), initially at the beginning of autumn (October 2014, for maximal cumulative sun exposure) and
for a follow up in the winter (February/March 2015, for minimal cumulative sun exposure).

Descriptive characteristics including height, weight, injury level, and history of injury were
recorded. Prior to testing, participants were asked to sustain normal hydration levels, and consume
their usual breakfast for both testing sessions (autumn, winter), which was recorded and analyzed
for macronutrient (carbohydrate, protein, and fat) content. In addition, participants were asked to
complete a Diet and Lifestyle Questionnaire. Participants’ supplement routine was recorded for each
trial to account for any changes.

The following measurements were collected:

2.3. 25(OH)D Assay

The 25(OH)D levels were assessed during each data collection session. Blood samples consisted
of 5–10 drops of blood obtained from the fingertips using a lancet and sterile procedures. Drops of
whole blood were pipetted onto blood spot cards. Blood spots were air dried for at least 30 min and
sent in batches to a certified laboratory (ZRT Laboratory, Beaverton, OR, USA) for 25(OH)D assay.
Blood spot assay has shown excellent correlation (r = 0.97; with a lower limit of detection of 1.9 ng/mL)
with liquid chromatography/tandem mass spectrometry assay and has been suggested to provide a
convenient alternative [28]. Results were compared to reference values (Table 1), and various other
published 25(OH)D concentrations from studies conducted in healthy adults [9,29–31].

Table 1. Reference 25(OH)D Values.

Category 25(OH) D Level (nmol/L)

Deficient <50
Insufficient <80
Sufficient 80–250
Optimal 100–200

High >250

Reference values from other published studies reporting 25(OH)D concentrations [9,27,29–31].

2.4. Diet and Lifestyle Questionnaire

Participants completed a self-administered questionnaire at each data collection session that
focused on factors that could potentially influence vitamin D status including dietary intake,
supplement use (vitamin D, multivitamin, and calcium), UVB exposure, sunscreen use, injuries
and illness. Instructions were provided prior to administration of the questionnaire. The questionnaire
was replicated, with permission, from Halliday et al. (2010) [9]. This frequency questionnaire addressed
dietary intake, supplement use, UVB exposure, sunscreen use, injuries and illness. Participants rated
how often they consumed vitamin D-containing foods and supplements (never or <1 per month,
1–3 per month, 1 per week, 2–4 per week, 5–6 per week, 1 per day, 2–3 per day, 4–5 per day, or 6 or
more per day). In addition, the frequency of time spent outdoors (never or <10 min per week, 1–3
h per month, 1 h per week, 2–4 h per week, 5–6 h per week, 0.5–1 h per day or >2 h per day), time
of day when sun exposure occurred (6–10 a.m., 10 a.m. to 2 p.m., 2–6 p.m.), tanning bed use (never
or <10 min per week, 10–20 min per week, 20–30 min per week, 30–40 min per week, 40–50 min per
week, 50–60 min per week or >60 min per week), sunscreen use (on 100 mm scale with left anchor of
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NEVER, and right anchor of ALWAYS), Sun protection factor (SPF) of sunscreen used, type clothing
worn, and frequency of illness was self-reported [9]. Participants reported their responses based on
their location during the previous three months.

The average vitamin D content of food listed in the questionnaire was calculated from the
United States Department of Agriculture (USDA) national nutrient database for standard reference [32],
and food labels as derived from Halliday et al. (2010). Daily average intakes, expressed in international
units (IU), were calculated by “multiplying the frequency midpoint by the average” vitamin D content
in each food or supplement [9].

2.5. Performance Tests

The 20 m SPRINT A self-regulated, warm up was matched with autumn, and winter trials. 20 m
sprint tests were completed using 4 sets of timing lights (Brower Timing Systems, Draper, UT, USA) to
measure 5 m, 10 m, and 20 m to splits. Where timing gates were not accessible, a hand held stopwatch
was used to record time for the 20 m sprint. A 20 M sprint test is commonly used to assess anaerobic
performance in athletes with SCI.

Handgrip strength was assessed using a handgrip dynamometer (model 68812 County Technology
INC, Gays Mills, WI, USA) using the dominant hand first. The grip width was adjusted until the
second joint of the participant’s forefinger was bent at 90 degrees during the grasp. The indicator
was set to zero before each trial. In a seated position and relaxed, with their elbows at 90 degrees
participants gripped the dynamometer with their dominant hand to exert full force without letting
their arms touch their body or rest on any part of their wheelchair. These procedures were repeated
twice on both the left and right hands, and the highest score was recorded for a sum of the two hands.

2.6. Data Analysis

Data were analyzed using IBM SPSS for Windows version 18.0 software (SPSS Inc,
Chicago, IL, USA). Basic descriptive statistics (mean ˘ SD) were computed to describe the sample
population, and to quantify 25(OH)D status in this population. Data were examined for normalcy using
the Komogorov-Smirnov test for skewness and kurtosis. The results indicated a normal distribution,
therefore means ˘ SD, and parametric tests were used to describe and examine the sample. Given there
were no differences in 25(OH)D status and geographical location, USA and CAN athletes were analyzed
as one group. Pearson r correlations were used to examine the relationship between 25(OH)D levels
and vitamin D intake. Spearman rank correlations were used to assess the relationship between serum
25(OH)D concentrations and non-continuous variables, including frequency of intake of vitamin
D–containing foods and supplements, leisure time spent outdoors, tanning bed use, and frequency of
illness. A one-way repeated measures analysis of variance (ANOVA) was used to examine differences
in 25(OH)D status based on level of lesion. A Tukey post hoc test was applied in the case of significant
(p ď 0.05). A paired t-test was used to assess difference in 25(OH)D status among seasons, and indoor
and outdoor sports in the autumn, and winter. A Pearson correlation was used to analyze associations
between 25(OH)D and muscle function measures. Cohen’s d effect size was calculated for mean
difference between indoor and outdoor sports in the autumn and winter, respectively. The alpha level
was set at 0.05.

3. Results

Volunteers (height: 131.5 + 13.6 cm; weight: 59.5 + 13.5 kg; age: 27.7 + 6.5 years) (n = 39: 19 male,
and 20 female; 1 African American, 1 White Hispanic, 3 Asian, and 30 Caucasian) from outdoor: tennis
(n = 1) and athletics (track and field) (n = 14), and indoor sports: rugby (n = 12), and basketball (n = 12).
All athletes with SCI were analysed in a single group, due to the small sample size which is typical for
research examining athletes with SCI. Seven participants did not complete the winter testing session
due to not being selected for the next team camp or travel. Therefore, only 32 athletes completed the
final testing session in the winter. Baseline characteristics were not significantly different between
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dropouts and those who finished the study. Descriptive characteristics and seasonal 25(OH)D status
organized by sport are displayed in Table 2.

Table 2. Descriptive characteristics and seasonal 25(OH)D status organized by indoor and outdoor sport.

Outdoor Indoor

Athletics Tennis Basketball Rugby p-Value

Autumn 25(OH)D
(nmol/L) (n = 39)

76.4 ˘ 5.2
(n = 14)

47.4
(n = 1)

70.4 ˘ 5.7
(n = 12)

62.9 ˘ 5.7
(n = 12) p = 0.19

Winter 25(OH)D
(nmol/L) (n = 32)

70.4 ˘ 21.7
(n = 13)

49.9
(n = 1)

60.2 ˘ 29.5
(n = 10)

74.6 ˘ 27.5
(n = 7) p = 0.75

Data are means ˘ SD. Note: No differences were found in 25(OH)D between indoor (basketball and rugby) and
outdoor sports (athletics and tennis) in the autumn or winter, respectively, using an independent samples t-test.

3.1. The 25(OH)D Status

In the autumn, mean 25(OH)D concentrations averaged 69.6 ˘ 19.7 nmol/L (range 30 to 107.3 nmol/L).
15.4% (n = 6) of participants were considered vitamin D deficient (25(OH)D < 50 nmol/L) whereas 51.3%
(n = 20) had 25(OH)D concentrations that would be considered insufficient (50–79.9 nmol/L). 6% of
outdoor athletes were classified as deficient and 60% as insufficient for 25(OH)D status compared
to 21% of indoor athletes classified as deficient and 46% insufficient. 33% of participants in both
groups were classified as sufficient for 25(OH)D status. There was no significant difference (p = 0.19)
in 25(OH)D among indoor and outdoor sports, respectively (indoor 66.3 ˘ 21.5 nmol/L; outdoor
74.8 ˘ 16.2 nmol/L; ES = 0.45).

In the winter, mean 25(OH)D concentrations averaged 67.4 ˘ 25.5 nmol/L (ranging from 20 to
117.3 nmol/L). There was no significant difference (p = 0.68) in Vitamin D status between autumn and
winter (autumn: 69.6 ˘ 19.7 nmol/L, winter 67.4 ˘ 25.5) for the total group. 41% of all participants
were considered vitamin D insufficient, while 15.4% were deficient. Furthermore, 6% of outdoor
athletes were classified as deficient and 56% as insufficient for 25(OH)D status compared to 21% of
indoor athletes classified as deficient and 30% insufficient. 23% of all participants in the winter were
classified as sufficient. In addition, there was no significant difference (p = 0.75) in 25(OH)D among
indoor and outdoor sports, respectively (indoor 66.1 ˘ 28.5 nmol/L; outdoor 69.8 ˘ 21.5 nmol/L;
ES = 0.16).

For all participants, 25(OH)D concentration in the autumn was correlated with 25(OH)D
concentrations in the winter (r = 0.59, n = 32, p < 0.001). Plasma 25(OH)D was not significantly different
between sports team during autumn or winter (Table 2) or between gender in the autumn (p = 0.29)
(females 73.1 ˘ 18.5; males 66.1 ˘ 21.2) or winter (p = 0.59) (females 65.2 ˘ 23.2; males 70.1 ˘ 28).
Furthermore, the mean differences observed between 25(OH)D concentrations and level of lesion were
not statistically different in the autumn (p = 0.15) and winter (p = 0.59), respectively (Table 3).

Table 3. 25(OH)D status relative to level of Spinal Cord Injury (SCI) lesion.

C Level T1–T6 T7–T12 Lumbar p-Value

Autumn 25(OH)D
(nmol/L) (n = 39)

58.4 ˘ 23.7
(n = 11)

75.1 ˘ 18
(n = 10)

74.9 ˘ 16.5
(n = 11)

74.4 ˘ 20.5
(n = 5) p = 0.15

Winter 25(OH)D
(nmol/L) (n = 32)

73.9 ˘ 30.2
(n = 8)

71.9 ˘ 28.7
(n = 7)

64.9 ˘ 2.3
(n = 11)

62.9 ˘ 25.5
(n = 6) p = 0.59

Data are means ˘ SD. Note: No differences were found in 25(OH)D between level of SCI lesion in the autumn
or winters, respectively, using one-way ANOVA.
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3.2. Dietary Intake of Vitamin D and Vitamin D Status

Frequency of consumption of vitamin D containing foods is displayed in Table 4. The average
dietary intake of vitamin D from food sources was 121.1 ˘ 9.8 IU/day in the autumn,
and 115 ˘ 12.25 IU/day in the winter. Milk consumption in the autumn and winter averaged 2
to 4 servings per week. In the autumn and winter, the estimated average frequency for multivitamin
(MVI) intake was “never”. Vitamin D status was correlated with milk consumption in the autumn
(r = 0.27, p ď 0.05), and in the winter (r = 0.58, p ď 0.05). However, no other correlations were found
between 25(OH)D status and supplements, or vitamin D containing foods. In the winter, vitamin D
status was correlated with calcium supplementation (r = 0.33, p = 0.04).

Table 4. Reported Frequency of Consumption of Dietary Vitamin D by Season.

Food/Vitamin D Content (IU)
Autumn
(n = 39)

Winter
(n = 32)

Milk (8 oz), 100 IU

never, <1/month 9 5
1–2/month 2 5
2–4/week 1 10
5–6/week 6 2

1/day 9 7
2–3/day 4 3

Cereal (6–8 oz), 40 IU

never, <1/month 11 7
1–3/month 7 12

1/week 1 4
2–4/week 2 6
5–6/week 1 2

1/day 1 1

Fortified Orange Juice (8 oz), 100 IU

never, <1/month 13 12
1–2/month 7 11

1/week 5 2
2–4/week 7 3
5–6/week 3 3

1/day 2 1
2–3/day 1 0

Egg (1 whole), 18 IU

never, <1/month 4 5
1–3/month 3 2

1/week 3 3
2–4/week 15 11
5–6/week 6 3

1/day 3 5
2–3/day 3 3
6+/day 1 0

Salmon (3.5 oz), 815 IU

never, <1/month 10 8
1–3/month 12 13

1/week 5 6
2–4/week 11 5

MVI, 400 IU

never, <1/month 28 26
1–3/month 1 2
2–4/week 2 0
1/week 0 1
1/day 5 2

2–3/day 1 1

Note: Derived from Halliday et al., 2011 [4].
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3.3. UVB Exposure and Vitamin D Status

Reported leisure time spent outdoors was significantly different across seasons (p ď 0.001) and
averaged 5.5 ˘ 1.6 h/week´1 in the autumn, and 2 ˘ 1.5 h/week´1 winter, respectively. Leisure time
spent outdoors was significantly (r = 0.41, p ď 0.05) correlated with vitamin D status in the autumn,
but not in the winter (r = ´0.02, p = 0.46). However, the time of day spent outdoors (daylight hours
independent of hours spent outdoors), geographical location, sunscreen use, or SPF (sun protection
factor) was not correlated with 25(OH)D status for either season.

3.4. Muscle Function and Vitamin D Status

Pearson correlations for 20 M sprint time and 25(OH)D were not significant during the autumn
(r = ´0.16, p = 0.17) or winter (r = ´0.03, p = 0.45), or for handgrip strength and 25(OH)D during the
autumn (r = 0.2, p = 0.14) or winter (r = 0.08, p = 0.35), respectively.

4. Discussion

Our findings suggest that a substantial proportion (41%–51%) of elite athletes with SCI have
insufficient vitamin D status in the winter, and autumn. Although a seasonal decline in vitamin
D status was not observed in the current study, a higher proportion of athletes were considered
sufficient in the autumn compared to the winter (33% vs. 23%, respectively). Furthermore, there was
no significant difference in 25(OH)D among indoor and outdoor sports. The proportion of vitamin
D insufficiency observed in these athletes with SCI was lower than vitamin D insufficiency rates
reported in a group of sedentary individuals with SCI (81%), and the general U.S. population (77%)
from 2001 to 2004 [1,13]. These findings support other literature suggesting that high-risk athletes,
such as indoor athletes and those who avoid peak daylight hours, should have 25(OH)D levels assessed
annually [7,9]. Because vitamin D status may play a role in the development of osteoporosis [13–15],
injury risk [13,14,17] and exercise performance [18–24], further research is warranted to appropriately
identify serum 25(OH)D goal levels in athletes with SCI and to determine the magnitude of effect from
vitamin D status on muscle strength and performance.

Similar to studies conducted in able-bodied athletes [9,10], 15% of our participants were
considered vitamin D deficient while 51% had 25(OH)D concentrations that would be considered
insufficient in the autumn. Furthermore, 6% of outdoor athletes with SCI were deficient compared to
21% of indoor athletes with SCI in the autumn. In contrast, a study conducted in Laramie, WY (41.3˝N),
found lower vitamin D insufficiency rates (12%) athletes (n = 41) after the summer months compared
to the autumn [4]. Another study suggested that 73% of indoor athletes (gymnasts and dancers) were
vitamin D insufficient despite living at favorable latitude for UVB exposure (Israel 31.8˝N) [33].

Recent findings by Flueck et al. (2016) suggested that 73.2% of Paralympic athletes have
insufficient/deficient 25(OH)D status [34]. Furthermore, 25(OH)D levels were significantly lower
during the winter months [31], however it should be noted that the study was cross sectional in nature
and did not examine the within subject change from autumn to winter. The authors concluded that
athletes need to be tested for 25(OH)D status in the autumn, and again in the winter/early spring
months as performed in the current study. Contrary to findings in able-bodied athletes [9,10], and in a
group of sedentary individuals with SCI [13], a seasonal decline in vitamin D status was not observed
in the current study. In the winter, comparable rates of vitamin D insufficiency (41%) and deficiency
(15%) were observed in athletes with SCI.

In the current study, sunlight was the primary source of vitamin D during the summer months
leading into autumn. Sun exposure significantly (p ď 0.001) decreased from autumn to winter
(5.5 ˘ 1.6 h/week´1 in autumn, and 2 ˘ 1.5 h/week´1 in winter). Furthermore, time spent outdoors
was associated with vitamin D status in the autumn, but not in the winter. Oleson et al. (2006) found
that patients with chronic SCI had sub therapeutic 25(OH)D levels in the summer despite living in
Birmingham, AL (33˝N) and these rates increased to 84% and 96% in the winter months [13]. It should
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be noted that heat and humidity may create a barrier for individuals with SCI to go outdoors during the
summer months due to difficulties with thermoregulation. Similar to previous research, geographical
location (latitude) and gender did not appear to be the major risk factors for vitamin D insufficiency in
athletes with SCI [9,10]. As seen in able-bodied indoor athletes, lack of sun exposure may increase the
risk for vitamin D insufficiency [7].

The average vitamin D intake observed in the current study did not meet the minimum Dietary
Recommended Intake (DRI; 600 IU/day for adults 18–70 years of age) to prevent a clinical vitamin D
deficiency [21]. According to National Health and Nutrition Examination Survey (NHANES) data, only
9.4% of individuals with a disability (n = 11,811) meet the recommendations for vitamin D intake from
food alone [35]. Krempien et al. (2011) suggested that vitamin D intake from food alone was inadequate
in a group of elite Canadian athletes with SCI (Males 87 ˘ 66 IU/day, Females 166 ˘ 130 IU/day) [12].
In addition, the estimated prevalence of inadequate intake was the highest for vitamin D when
compared to other vitamins or minerals [12]. However, it should be noted that vitamin D intake from
foods was the major source of vitamin D in the winter months.

Finally, it has been suggested that vitamin D supplementation may be necessary to maintain
adequate levels during the winter even in athletes who spend ample time outdoors [7,36], however this
has yet to be examined in athletes with SCI. Furthermore, Storlie et al. (2011) suggested that
supplementation with 1000 IU/day of vitamin D was not enough to prevent seasonal decline of
vitamin D status in male athletes [10]. Hummel et al. (2012) found that 39% of individuals (n = 62)
with chronic SCI had suboptimal 25(OH)D levels, although a large majority of subjects were taking
vitamin D supplements [14]. Therefore, vitamin D supplementation protocols for athletes with SCI
needs to be established.

Athletes with SCI exemplify a fascinating group to examine due to the diversity of physical
impairment resulting in a variety of physiological abilities [37]. In the current study, measures of
muscle function/performance (handgrip strength and sprint time) were not associated with 25(OH)D
status during the autumn or winter. Muscle wasting below the level of the lesion (which reflects
both level and completeness of injury) may hinder the demonstration of any possible relationship
between 25(OH)D levels and muscle strength tests in individuals with SCI. We can only speculate
that the ability to detect a change in performance measures may be limited given that the subjects
in the current study are highly trained, elite athletes with SCI. In a study by Barbonetti et al. (2016),
lower 25(OH)D levels showed a significant independent association with poorer physical function
outcomes, after adjusting for several confounders in individuals with chronic SCI [38]. Other studies
have suggested that 25(OH)D status may have an effect on muscle performance and injury prevention,
therefore possibly influencing athletic performance [7,39,40]. Foo et al. (2009) suggested that poor
vitamin D status (<50 nmol/L) was associated with reduced forearm strength (using a handgrip
dynamometer) when compared to individuals with vitamin D levels > 50 nmol/L in a group of
Chinese adolescent females (n = 301) [33]. Although controversial, a recent meta-analysis suggested
that vitamin D supplementation had a small, but positive, impact on muscle strength [19]. Researchers
have suggested that it may be necessary to increase 25(OH)D levels above 100 nmol/L before a
performance benefit can be observed [11,20]. Therefore, further research is warranted to determine the
magnitude of effect of vitamin D supplementation on muscle strength and performance in athletes
with SCI.

This study is not without limitations, despite the strengths of this well controlled study conducted
in elite Paralympic athletes. One limitation of this study is the small sample size when compared to
research with an able bodied population. Although our findings may not be generalizable due to the
lower power, it should be noted that a sample size of this magnitude in the current study is uncommon
for a population of athletes with SCI, but is comparable to the sample sizes used in studies examining
able-bodied athletes [9,10]. The ability to detect to detect a small difference in 25(OH)D among indoor
and outdoor sports, which is further supported by the low effect sizes, may have been due to the small
sample size. As seen in most studies examining athletes with SCI the variation in level of lesion among
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athletes resulted in differences in physiological capabilities. Furthermore, although there was no
correlation observed among geographical location and 25(OH)D, athletes resided in multiple locations
throughout the US and Canada. Given there were no differences in 25(OH)D status and geographical
location, USA and CAN athletes were analyzed as one group. Although we reported a high proportion
of insufficiency and deficiency in our population, since this study did not examine age matched to
able-bodied athletes or sedentary subjects with SCI, it is difficult to make comparisons to previously
published data in able bodied athletes or sedentary individuals with SCI.

5. Conclusions

In conclusion, the findings suggest that a substantial proportion of elite athletes with SCI have
low vitamin D status even after the summer months. Contrary to our hypothesis, a seasonal decline
in 25(OH)D status was not observed in the current study, regardless of the decrease in sun exposure
from autumn to winter. However, it should be noted that a higher proportion of athletes were
considered sufficient in autumn compared to winter. In addition, a higher percentage of indoor
athletes compared to outdoor athletes were classified as deficient during both the autumn and winter
months. Finally, research is warranted to appropriately identify serum 25(OH)D goal levels in athletes
with SCI and routine screening and supplementation protocols need to be instituted to prevent
vitamin D insufficiencies [7,13].
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Abstract: The concept of altitude or hypoxic training is a common practice in cycling.
However, several strategies for training regimens have been proposed, like “live high, train high”
(LH-TH), “live high, train low” (LH-TL) or “intermittent hypoxic training” (IHT). Each of them
combines the effect of acclimatization and different training protocols that require specific nutrition.
An appropriate nutrition strategy and adequate hydration can help athletes achieve their fitness and
performance goals in this unfriendly environment. In this review, the physiological stress of altitude
exposure and training will be discussed, with specific nutrition recommendations for athletes training
under such conditions. However, there is little research about the nutrition demands of athletes
who train at moderate altitude. Our review considers energetic demands and body mass or body
composition changes due to altitude training, including respiratory and urinary water loss under
these conditions. Carbohydrate intake recommendations and hydration status are discussed in detail,
while iron storage and metabolism is also considered. Last, but not least the risk of increased oxidative
stress under hypoxic conditions and antioxidant supplementation suggestions are presented.

Keywords: altitude training; hypoxia; nutrition; cycling

1. Altitude and Hypoxic Training

Cycling is an endurance sport discipline in which the athlete encounters significant training and
competition loads and is often exposed to extreme environmental conditions. Therefore, in cycling
numerous performance-enhancing nutritional and physiological aids are used to improve the efficiency
of the cardio-respiratory system. One of the legal and natural performance enhancing methods used in
cycling includes altitude training, which significantly improves the cardio-respiratory potential.

The concept of altitude or hypoxic training is a common practice in cycling not only for improving
sport performance at sea level but also at moderate altitude [1–3]. Cyclists often compete in races
(e.g., Tour de France, Giro d ’Italia and Vuelta a España) at moderate altitudes (from 1000 to 3000 m
a.s.l); what requires a specific adaptation to a hypoxia environment. At these conditions increasing
altitude and the consequent reduction of air density is beneficial from the aerodynamic perspective [4],
but on the other hand acute hypoxia deteriorates exercise performance [5,6]. In particular, the maximal
aerobic workload that can be sustained during exercise involving large muscle groups (e.g., cycling) is
considerably lower in hypoxia compared with normoxia. The origin of human performance limitation
in hypoxia is attributed to a decrease in VO2max. Dempsey and Wagner [7] observed that each 1%
decrement in SaO2% below the 95% level approximates to a 1%–2% decrement in maximal oxygen
uptake (VO2max). Diminished VO2max in hypoxia is accompanied by a lowered O2 partial pressure in
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arterial blood (PaO2), which reduces O2 delivery to tissues and negatively affects muscle metabolism
and contraction [8,9], leading to so-called peripheral fatigue.

After 40 years of altitude training, several strategies of such training regimens have been
proposed, like “live high, train high” (LH-TH), “live high, train low” (LH-TL) or “intermittent hypoxic
training” (IHT). Each of them combines the effect of acclimatization and different training protocols,
which requires specific nutrition [3,10,11]. These nutrition concepts are due to different time of
exposure to hypoxia at rest and different combinations of training under hypoxia and exposure to
these conditions. In the LH-TH and LH-TL methods the acclimatization depends primarily on the
iron status of the body, as well as on the maintenance of acid-base and energy equilibrium, what can
significantly influence erythropoiesis. In the IHT method the dietary recommendations for athletes are
less strict, and concentrate on pre-, mid- and post training unit nutrition. The specific demands of IHT
relate to greater delivery of carbohydrates and better hydration.

According to the first mentioned method, athletes live and train in a natural hypobaric hypoxic
environment at moderate altitude for a few weeks. Chronic exposure to moderate altitudes (2000–3000 m)
improves oxygen transport capacity by enhancing erythropoietin secretion and the consequential
increase in total hemoglobin mass [12,13]. This adaptive change improves maximal oxygen uptake
(VO2max) and enhances physical performance [14]. Chronic exposure to hypoxia may also reduce
the energy cost of exercise at sea level by more efficient cellular metabolism [13]. The mechanism
responsible for the decreased energy cost of exercise at sea level after altitude training is related to the
increase of ATP production per molecule of O2 utilized [15], and/or a decreased ATP breakdown
during muscular contractions [16]. These adaptive changes can be seen already after 3 to 4 weeks
of exposure to moderate altitudes, but the main factor limiting the effectiveness of the LH-TH
concept is that many athletes cannot maintain the required training intensity while staying at
an altitude for a longer period of time, and consequently decrease their level of endurance and
technical abilities [11]. In response to this weak point of LH-TH method, the LH-TL method was
proposed by Levine and Stray-Gundersen [10]. The LH-TL protocol allows athletes to “live high
(2000–3000 m)” for altitude acclimatization while “training low” (below 1000 m) for the purpose of
replicating low-altitude training intensity and oxygen flux, thereby inducing beneficial metabolic and
neuromuscular adaptations [11]. In this method athletes can live in a natural hypobaric environment,
or use special technology based on nitrogen dilution or oxygen filtration, to simulate physiological
adaptive changes by creating a normobaric hypoxia environment [17,18]. However, the current results
of research on the efficacy of the LH-TL method are controversial. There are some studies which
support the performance enhancing effects of LH-TL training on endurance performance and aerobic
capacity [1,17,18], and those that do not confirm such effects [19,20].

Recently, significant attention in sport sciences, as well as in competitive cycling has been given
to IHT, which theoretically, may cause more pronounced adaptive changes in muscle tissues in
comparison to traditional training under normoxic conditions [21]. In this method, athletes live
under normoxic conditions and train in a natural hypobaric or simulated normobaric hypoxic
environment. The improvement in sea-level performance and an increase in VO2max after IHT cannot be
explained by changes in blood variables alone, but is also associated with non-hematological adaptive
mechanisms [3]. The results of our previous studies [3,13] and other well-controlled studies [22,23]
indicate that the improvements in aerobic capacity and endurance performance are caused by muscular
and systemic adaptations, which are either absent or less developed after training under normoxia.
These changes include increased skeletal muscle mitochondrial density, elevated capillary-to-fiber
ratio, and increased fiber cross-sectional area [24,25].

Acute and chronic exposure to hypoxia induces serval metabolic consequences in the body
and combined with physical exercise under hypoxic conditions presents an enormous challenge for
athletes [26–29]. A significantly lower oxygen concentration in the blood, forces the body to produce
the energy primarily from other substrates than in normoxia [30]. The athlete’s body needs 2–3 weeks
to adapt to the low level of oxygen, or else they feel fatigue, headaches and a decrease in appetite [31].
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An appropriate nutrition strategy can help athletes achieve their fitness and performance goals in this
unfriendly environment.

In this review the physiological stress of altitude exposure and training will be discussed,
with specific nutrition recommendations for athletes training under such conditions [32].
However, there is little research about the nutrition demands of athletes who train at moderate altitude
(2000–3000 m) [33,34]. Only in a few studies the authors assessed the nutritional habits of athletes
training under hypoxia [31,32]. The data and nutrition recommendations in this review relate primarily
to cycling, but they can be applied to other aerobic endurance sport disciplines such as the triathlon,
Nordic skiing or the biathlon.

2. Body Composition during Altitude Training

There are some evidences that body composition of athletes exposed to altitude may be
significantly changed after training. First of all, during acute exposure there may be a slight reduction
in total body mass due to increased respiratory and urinary water loss. However, chronic oxygen
deprivation observed initiates many physiological changes, with the most prominent changes being
loss of body mass and protein stores especially at high altitudes (above 5000 m) [35], as well as fat
content [36,37]. However, chronic exposure to moderate altitudes has also been reported to be an
important factor in skeletal muscle atrophy [3,38]. Changes in fat and muscle mass in athletes may
be a consequence of increased basal metabolic rate [39], as well as increased training loads [40] in
combination with decreased caloric intake. However, Kayser [40] stated that people can prevent body
composition changes by maintaining an adequate caloric intake, when they stay below 5000 m. This fact
is very meaningful to athletes because altitude training camps are typically located at elevations from
2000 to 3000 m. Therefore proper nutrition strategy is a key factor determining the effectiveness of
altitude training (LH-TH). For example Svedenhag et al. [41] and Gore et al. [42] reported insignificant
differences in body composition in endurance athletes (runners and cyclists) after few weeks of altitude
training conducted at moderate altitude (2000 and 2700 m). According to the authors, these athletes
experienced this effect despite proper nutrition and adequate hydration.

On the other hand, Etheridge et al. [43] indicated that breathing normobaric hypoxic air
(FiO2 = 12%) in a post-absorptive state did not modify muscle protein synthesis at rest, but rather
blunted the increase in protein synthesis induced by exercise. Acute hypoxia (intermittent hypoxic
training) was also shown to inhibit muscle protein synthesis [44] primarily by inhibiting mechanistic
target of rapamycin complex 1 (mTORC1) via activation of the AMP-activated protein kinase
(AMPK) [45].

3. Hydration during Altitude Training

The maintenance of proper fluid balance during cycling training and competition is a key factor
determining sport performance. However, creating a successful nutrition strategy, especially in a hot
and humid environment is a great challenge. Proper hydration seems even more important for athletes
training at altitude. Within the first few days at altitude, there is a tendency toward dehydration
due to increased respiratory water loss by enhanced ventilation [26], and increased urinary water
loss secondary to downregulation of the renin-angiotensin-aldosterone hormone mechanism [46].
Therefore, at moderate altitudes up to 4000 m respiratory water loss may be increased to 1900 mL
per day in men [39] and 850 mL per day in women [47]. Besides, urinary water loss may increase
up to 500 mL per day [48]. Cyclists during altitude training need to maintain fluid balance through
regular hydration, in conjunction with daily workouts as well as during the restitution period of the
day. Fluid intake in the form of water, isotonic carbo-electrolyte drinks, and juices should be increased
even up to 7 L per day to insure adequate hydration [38,49]. Saris [38] reported that during the Tour
de France mountain stages of the race, several cyclists drank more than 10 L of fluid per day. On the
other hand cyclists must be cautious not to overhydrate their bodies, as this may hinder the adaptive
processes and decrease performance. According to the authors of this review regular monitoring of
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body mass and urine osmolality during altitude training is absolutely necessary. This relates to the
range altitude used for training purposes (2000–3500 m) and training loads. Athletes and coaches must
take into consideration the fact that diuretic drinks like coffee and tea, as well as energy drinks with
caffeine, can increase the diuretic effect but on the other hand can help increase the intensity of exercise
and reduce the perception of fatigue.

The natural high altitude environment in addition to low oxygen concentration is often
accompanied by low air temperature. To cope with these unfavourable conditions, and to
maintain optimal body temperature, athletes must increase their basic metabolic rate to prevent
hypothermia [31,39,40]. The acclimatization to hypoxia may induce different molecular adaptive
responses. Decreased oxygen concentration under hypoxic conditions causes the muscle cells to
accumulate large amounts of multi gene transcription protein like HIF-1 (Hypoxia Inducible Factor),
which is known to regulate the synthesis of EPO (Erythropoietin) and VEGF (Vascular Endothelial
Growth Factor), proteins required for erythropoiesis and angiogenesis. HIF-1 also regulates
transcription oxidative pathway enzymes like pyruvate dehydrogenase (PHD), increases activity
of lactate dehydrogenase (LDH), inhibits mitochondrial biogenesis, and activates the transcription
of genes encoding glucose (GLUT1) and lactate MCT4 transporters as well as glycolytic enzymes.
Because of lower oxygen tension, energy synthesis, both at rest and during exercise is mainly supplied
by the glycolysis pathway. In short acute hypoxia exposure, lactate (La) concentration for submaximal
exercise is higher than in normoxia, without peak La value changes. Gore et al. [50] showed an almost
10% improvement of efficiency during submaximal exercise after altitude acclimatization. Hoppler [51]
indicated that training in hypoxia results in an increase of phosphofructokinase (PFK) mRNA, an
enzyme which is involved in the glycolytic pathway, HIF-1mRNA, myoglobin mRNA and VEGF
mRNA as well as mitochondria density [51,52] which may lead to increased oxidative metabolism.
However, Lundby et al. [53] did not confirm that 8 weeks of exposure to hypoxia increases muscular
VEGF m RNA expression and capillary density.

Energy expenditure in athletes who train and live at high altitude could be 2.5–3 times higher
than at sea level [31,39,54]. However, during the Tour de France, elite cyclists recorded a 3.6–5.3
higher energy expenditure than the resting metabolic rate [34]. Duc found that energy cost during
ski mountaineering racing at high altitude increases by approximately 15% [55]. Lack of critical
macronutrients like carbohydrates, fats and proteins can enhance hypothermia, decrease metabolic
rate, disturb optimal performance and decrease body mass [30,56]. It is believed that food intake may
limit exercise performance in cycling events at altitude like the Tour de France, and the main factors
limiting this performance include the ability to maintain energy balance and muscle mass [34].

Carbohydrates and protein must be delivered during high altitude physical activity to maintain
body weight, replenish glycogen stores, and provide adequate protein to build and repair tissue [32,39].
Fat intake should also be sufficient to provide essential fatty acids and fat-soluble vitamins, and to
contribute energy for weight maintenance. During an expedition to Mt. Everest Reynolds et al. [31]
observed a significant decrease in energy consumption in climbers at increasing altitude but no changes
in total carbohydrate, fat and protein consumption. Between climbers it is commonly assumed that
there is a natural tendency to increase the consumption of carbohydrate intake at higher altitudes [57].
Carbohydrate consumption before exercise in hypoxia alleviates some of the negative symptoms of
high altitude, like decreased appetite, less oxygen saturation and less ventilation [58]. Golja et al. [58]
showed that carbohydrate consumption 40 min prior to acute hypoxia exposure increases ventilation
and oxygen saturation, thereby oxygen delivery to the tissues.

Vitamin and mineral supplements are not needed for athletes at high altitude if adequate energy
to maintain body weight is consumed from a variety of foods [59–61]. On the other hand, athletes
who restrict energy intake due to lack of appetite, eliminating one or more food groups from their diet
because of intolerance, or consuming unbalanced diets with low micronutrient density may require
additional supplements.
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4. Dietary Carbohydrate Intake Recommendations

Athletes training or competing at high altitude dramatically increase the rate of energy
expenditure compared to normoxia [54]. It is critical to obtain sufficient energy intake to support
total energy requirements including those for muscle activity but also for tissue maintenance and
repair. Athletes training and competing under such conditions should make a conscious effort to eat at
frequent intervals. It is important that athletes and their coaches understand how appropriate energy
intake and energy substrate utilization enhance mental and muscle function. It is well known that the
higher the exercise intensity, the greater the amount of carbohydrates used as fuel for working muscles.
For athletes like road cyclists who train with extremely high loads for several hours a day, the most
important source of energy for working muscles includes carbohydrates [62–65]. These substrates need
less oxygen than fats and protein to be metabolized for ATP resynthesis. Consumption of adequate
amounts of carbohydrates is especially important where cold stress and shivering occurs [66].

Athletes should provide the right amount of carbohydrates before, during and after exercise
at high altitude [49]. It is absolutely clear that low pre-exercise muscle glycogen stores result in
reduced exercise intensity [67]. A cyclist’s diet during altitude training and competition should
contain more than 60% CHO with one-third coming from liquid CHO due to reduced hunger at
altitude [33]. Brouns [49] reported that during exhausting training sessions at altitude CHO intake
increased up to 80% of consumed calories per day. It is suggested that cyclists consume 12–13 g of
CHO per kg of body mass per day [33], what was confirmed by Rehrer’s research [34], which presented
values of 12.9 g CHO/kg of body mass per day in the Tour de France race. It is suggested that in
endurance athletes like cyclists, inadequate carbohydrate consumption before and during training or
competitions at high altitude may result in a reduction of exercise capacity. Adequate carbohydrate
consumption before exercise increases glycogen stores in the muscle and liver. Eventually, insufficient
intake of carbohydrates at high altitude may also cause low blood glucose levels, which leads to
central fatigue [68]. Sufficient carbohydrate consumption after training or competition provides quick
glycogen resynthesis, reduced muscle soreness and enhanced muscle recovery [63].

Athletes who train in hypoxia must consume carbohydrates to provide quickly and easily
assimilated sources of energy for muscle and brain, between meals and during exercise, to optimize
glycogen stores before and after exercise, and to enhance muscle recovery after physical activity.
Additionally the carbohydrates must provide the energy to maintain blood glucose level between
the main meal and during exercise. According to the International Society of Sports Nutrition,
carbohydrates should provide 55%–65% of total caloric intake [69]. These authors indicate that
while determining the optimal amount of carbohydrate intake the conversion to body weight should
be applied. The carbohydrate intake recommendation for endurance trained athletes range from
7 to 10 g/kg of body mass per day [62]. Road cyclists after very intensive high altitude competition,
which lasts from 4 to 6 h, should consume up to 12 g of carbohydrate per kilogram of body mass per
day [62]. Some authors suggest that the average amount of carbohydrate which enhances cyclists
performance is 300–400 g for meals consumed 3–4 h before exercise [70,71].

It is very difficult to deliver that quantity of carbohydrates in the form of traditional meals.
Taking this into consideration, athletes consume a large part of their carbohydrates in the form
of supplements, usually liquid form. In addition during high altitude training or competitions
athletes suffer from appetite suppression and other gastrointestinal problems, which may contribute
to inadequate energy intake [64]. They often suffer from weight loss, especially muscle mass,
which negatively affects endurance and strength capacity [72]. The amount of consumed carbohydrates
is not the only important factor determining the delivered energy during exercise. Attention should
be paid to other factors like meal temperature, osmolality and exercise intensity, as these factors
determine gastric empting and intestines absorption [64,73]. However, in order to calculate the
individual carbohydrate recommendations for high altitude, other factors like gender, body weight
and training status should also be considered [64].
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Between regular meals or training sessions conducted at altitude, athletes should consume
high-carbohydrate, nutrient-rich snacks, which are a good alternative energy supply [54]. All these
recommendations should be adjusted to individual requirements of athletes. It is also important
to choose recovery meals that contain various components besides carbohydrates. Several authors
suggest that carbohydrates consumed with proteins after exercise aid glycogen resynthesis [74].

Road and off-road cyclists often modify their diets 1–2 days before competition, using the
carbohydrate loading procedure to enhance muscle glycogen [63]. This procedure assumes that
to achieve muscle glycogen super compensation, ingestion of 10 g of carbohydrate per kilogram
of body mass per day is recommended [54]. It is critical for athletes to consume different kinds of
carbohydrates. During and immediately after exercise, carbohydrate products with a high glycaemic
index should be preferred. They can include glucose or disaccharides derived from liquid, semiliquid
and solid foods, like sport drinks and fruit bars [64]. On the other hand, during main meals, athletes
should consume rather complex low glycaemic carbohydrates, derived from solid foods like cereals
and grains, breads, vegetables, fruits and legumes [64]. To optimize muscle glycogen resynthesis after
training or competition, it is recommended that cyclists consume 1.37–1.72 g CHO¨kg´1¨ h´1 [33]
or 1.5 g/kg´1¨ h´1 carbohydrates, for the first 4 h after exercise [62]. Post training and post competition
meals should contain carbohydrate rich foods and fluids with a high and medium glycaemic index [62].
When less than 1 g of carbohydrates per kilogram per hour is ingested, the meal should also contain
proteins to provide a higher rate of glycogen synthesis [74].

In addition to suitable calories and carbohydrate consumption, athletes who train under
conditions of inadequate oxygen concentration should provide adequate amounts of B vitamins
like folic acid, vitamin B12 and iron [60,75]. A healthy individually balanced diet should supply most
of the needed macronutrients, which are necessary to produce haemoglobin, but otherwise some
vitamin and mineral supplementation should be considered [69].

5. Antioxidants

Performing endurance training at high altitude requires an increased demand not only for
energy but also for vitamins and minerals [76]. In the past decade or so, we have observed increased
antioxidant supplementation in competitive athletes, especially in endurance sport disciplines, such as
road cycling, long distance running and Nordic skiing [77–79]. However numerous controversies
have risen about the benefits of antioxidant supplementation in athletes. Some authors argue that
antioxidants can protect muscle cells against oxidative damage [77,80], while others argue the
contrary [78,81–83]. Many authors suggest that vitamin and mineral supplementation should be
considered by athletes before exposure to high altitude, because under those conditions muscle cells
release a lot of free radicals which are highly reactive [28]. During typical cycling training at high
altitudes, were hypoxia occurs, muscle cells release large amounts of reactive oxygen/nitrogen species
(RONS), which can damage cell lipids, proteins and DNA structure causing cell dysfunction and,
eventually, apoptosis [84–86]. Oxidative damage of polyunsaturated lipid membranes seems especially
harmful, as it results in a decrease of membrane fluidity, compromised integrity, and inactivation of
membrane bound protein receptors and enzymes [79,84].

If muscle cells produce large amounts of RONS, they can provide significant oxidative
stress [85,87]. In essence oxidative stress presents an imbalance between production and degradation of
free RONS [88,89]. Such conditions may lead to a physiological imbalance in cells and tissues and cause
inflammation, overloading or even overtraining. However it is still unclear whether oxidative stress
is harmful to athletes [82,86]. RONS play an important role in the regulation of the body’s immune
system, counteract tissue insulin resistance and cell signalling [90]. Researches generally confirm
that in athletes oxidative stress can promote mitochondria biogenesis, cellular growth, proliferations
and increased antioxidant enzymes gene expression [82,83]. During typical endurance training or
competitions the primary source of RONS includes the mitochondrial respiratory chain, where almost
2% of all oxygen consumption is converted to damaging superoxide radicals [91]. A different source of
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RONS includes xanthine oxidase reactions during ischemia/reperfusion—transient tissue hypoxia
conditions, catecholamine auto oxidation and lactic acid reactions [79,92]. Scientists also discovered
that especially haem proteins like haemoglobin or myoglobin in the Fenton reaction can generate
highly reactive hydroxyl radicals, while during auto oxidation of those proteins superoxide radicals can
be produced [90]. These states are very frequent during road cycling training in normoxia conditions,
as a response to muscle damage [80,93]. These processes are even intensified in athletes training under
hypoxia [85,87]. To protect against oxidative damage muscle cells contain complex endogenous cellular
defence mechanisms [92]. There are several enzymes and small scavengers which are involved in
converting or removal of RONS. Antioxidant enzymes like superoxide dismutase (SOD), glutathione
peroxidase (GPX), catalase (CAT) or glutathione reductase (GR) form the first line of defence against
free radicals [79,92]. The second line of defence includes small scavengers like vitamin E and vitamin A,
located in the cell membrane [84] as well as glutathione and vitamin C located inside the cells [92].

Recently numerous research projects regarding antioxidant supplementation in athletes have
been conducted [94,95]. Most authors used typical supplements like vitamin C, A and E [94,96]
or their combinations [80,95,97]. Some authors confirm positive effects of antioxidants/vitamin C
supplementation [98,99]. Maxwell and Aschton suggest that pre exercise vitamin C supplementation
attenuates the level of exercise induced free radicals and reduces exercise induced muscle damage [98].
Bryant confirms that supplementation with 400 IU of vitamin E per kg of body mass is more
effective than 1 g per day vitamin C supplementation or a combination of 1 g vitamin C per day
plus 200 IU vitamin E per kg, to reduce lipid peroxidation level in trained cyclists at sea level [99].
However Purkayastha [100] suggests that in men 400 mg/day vitamin E supplementation prevented
stress at moderate altitude (3700 m). On the other hand supplementation of 400 IU vitamin E
per day, did not significantly affect markers of oxidative stress associated with increased energy
expenditure at high altitude [101]. In recent years, growing evidence indicates that exercise-induced
production of reactive oxygen species serves as a signal to promote the expression of numerous
skeletal muscle proteins, including antioxidant enzymes, mitochondrial proteins, and heat shock
proteins [102,103]. Furthermore, two recent reports indicate that antioxidant supplementation with
high levels of vitamins E and C (i.e., 16 times higher than the recommended dietary allowance for
adults) can blunt the training adaptation to exercise under normoxia [79,83].

In another study, Bentley showed that acute supplementation of trained cyclists 4 h prior
to an exercise trial with antioxidant pine bark extract increased maximal oxygen uptake and
extended time to exhaustion [104]. Nieman used quercetin supplementation as a form of an
antioxidant, and showed improved exercise performance and increased muscle mitochondrial
biogenesis [105]. Most well-controlled studies report no attenuating or even negative effect of
antioxidant supplementation on oxidative stress markers [79–83]. Some authors suggest that
antioxidant supplementation may promote muscle damage and cause longer recovery [81,106].

Numerous recent research projects have concentrated on the beneficial biological effects of
antioxidants contained in vegetables and fruits that can currently be identified and measured [107–109].
In contrast to antioxidant supplements, plant foods contain many different kinds of antioxidants,
like vitamin E and C, carotenoids and other phytochemicals that can act as synergists [110,111].

Most researches have confirmed that cyclists who undertake very high training loads, either living
and/or training at moderate to high altitudes, or who participate in ultra-endurance competitions
have an antioxidant imbalance [85,87,112]. There are reports indicating that cyclists who train under
intermittent hypoxia conditions show lower plasma antioxidant levels [85]. It seems that under such
circumstances the athletes can benefit from natural antioxidant supplementation. Considering the
present state of knowledge, it seems that the best natural source of antioxidants comes from a
diet full of fresh vegetables, fruits and flavours [107,113]. A well balanced diet full of natural
antioxidants can minimize the level of oxidative stress produced during high volume and high
intensity training [114]. While training at altitude, athletes, should consume high amounts of different
kinds of micellar lyophilized fruit like blueberry, acai berry, goy berry, red grapes, raspberry,
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orange, papaya, blackcurrant, cherry, kiwi, strawberry, red grapes, mango, melon, grapefruit and
lemon [115,116]. Those fruits are rich in naturally occurring vitamin C, carotenes, polyphenols and
many others phytochemicals [108,110,113]. A cyclist’s diet should also contain large amounts of
vegetables, especially lyophyilizate products, like tomato, carrot, spinach, beetroot, broccoli, parsley,
avocado, which are naturally full of antioxidants, such as vitamin A, vitamin C, carotenes, glutathione,
resveratrol and quercetin [105,108,109]. In additions to vegetables and fruit, it is suggested that
endurance athletes also consume flavouring, especially cloves, cinnamon, oregano, curcumin seed,
cumin seed, basil, curry powder, pepper, with many bioactive compounds like flavonoids and
anthocyanins which may directly or through their metabolism affect the total antioxidant capacity of
plasma and tissue [87,113,117].

6. Iron Storage

Apart from antioxidant vitamins and phytochemicals, minerals like copper, zinc, manganese,
selenium and iron, which act as cofactors of antioxidant enzymes, are very important in an athlete’s
diet [92,114]. Iron status in particular should be at a high level before attempting altitude training.
In addition to the previously mentioned role of iron in the production of red blood cells, it plays an
important role in the antioxidant defence not only as an antioxidant microelement but also because
appropriate supply of oxygen to the working muscles depends indirectly on the level of iron [60].

As a result of acclimatization to altitude due to an increase in erythropoiesis, a decline in
iron storage in the blood is observed [118]. In studies conducted by Roberts and Smith [119] and
Pauls et al. [118], a significant reduction in the concentration of ferritin in the blood at altitudes
above 2000 m was observed. Low levels of ferritin and iron in the blood can impair the increase
in haemoglobin concentration in athletes exposed to hypoxia. It should also be noted, that in early
research with altitude training [120–123] scientists did not control the concentration of iron and
ferritin in the blood. The lack of this data makes it difficult to explain the improvement of aerobic
capacity of the blood after altitude training. This interpretation is supported by data obtained
by Stray-Gundersen et al., [27], which show an improvement in erythropoiesis at altitude in case
of low concentration of ferritin in the blood. These authors also reported, a lack of changes in
haematological variables during altitude training when serum ferritin was less than 30 ng¨ mL´1

in men and 20 ng¨ mL´1 in women. The results of these studies have provided evidence that the level
of ferritin must be monitored regularly, before and during altitude training. Additionally, in many
studies athletes were supplemented with iron (even up to 100 mg daily) during altitude training to
prevent potential anaemia from occurring.

Due to the slow replenishment, iron deficit should be completed several months before high
altitude training [28]. The best source of iron is red meat like beef, offal and seafood. Vegetarian
cyclists to provide appropriate amounts of iron should consume higher amounts of soya beans, beans,
and green vegetables like parsley, broccoli and sprout. Unfortunately, the iron of those products due
to significant contents of fibre is poorly absorbable. Grains, seeds and nuts are a very good source of
other minerals mentioned above.

7. Vitamin D

The identification of the vitamin D receptor in the heart and blood vessels raised a possibility
of potential cardiovascular effects of vitamin D [124,125], and thereby most likely on aerobic
exercise, which is known to induce cardiovascular changes associated with marked increases
of aerobic power and endurance performance [126]. There is evidence that vitamin D causes
vascular relaxation by suppressing the renin-angiotensin-aldosterone system [127,128] and improves
cardiomyocyte contractility [129] that may create physiological conditions for more efficient skeletal
muscle oxygenation. Moreover, some data indicate that vitamin D is necessary for maintenance
of skeletal muscle structural integrity and function [130]. This study raises a question if vitamin D
supplementation may take part in protection of skeletal muscle against atrophic changes seen under
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hypobaric hypoxia conditions [39,131]. Findings confirming the high prevalence of vitamin D
deficiency in the general population, as well as in athletes [132], and a significant decrease of serum
vitamin D level in alpinists after their return from mountaineering expeditions (14 days, 3200–3616
m above sea level) [133] suggests that vitamin D supplementation should be considered in athletes
who stay at high altitude. Such an assumption is further supported by the fact that the conversion of
25(OH)D into1,25(OH)2D3 within the kidney by the enzyme 1alfa-hydroxylase is O2-dependent and
hypoxic conditions induce enzyme inhibition [134].

At altitude the intensity of UV radiation increases, creating favorable conditions for vitamin D
synthesis, but to take full advantage of these environmental conditions the athlete’s body has to be
exposed to sunlight. It seems logical that during the summer months, when light clothing is worn
during training, vitamin D synthesis should be increased, as opposed to colder parts of the year,
when the body is usually fully covered. Unfortunately there are no data regarding this topic.

8. Alkalizing Agents

Considering the course of adaptive changes to altitude training supplementation with alkalizing
agents (beta-alanine and bicarbonate) seems unjustified. One of the main adaptive changes induced by
hypoxia training includes the increased buffering of the blood and muscle tissues. One of the acute
as well as chronic adaptive changes to hypoxia is hyperventilation, with the objective of maintaining
vacuole PO2 at a steady level. Do to altitude hyperventilation, an increased diffusion of vacuole
CO2 occurs what causes the so called respiratory alkalosis. This response may improve the buffering
capacity of tissues through a decrease in pH and an increased excretion of bicarbonates through the
kidneys. An increased buffering capacity can significantly improve high intensity exercise potential.
This has been confirmed by research of Mizuno et al., [135], in which the authors observed a 6% increase
of buffering capacity in the gastrocnemius muscle, as well as a 17% increase in the time to exhaustion
performed on a treadmill in elite Nordic skiers living at an altitude of 2100 m and training at 2700 m
for 2 weeks. According to these training concepts, cyclists exposed to hypoxia improved their muscle
buffering capacity by 18%, and afterwards improved their results significantly during a specific cycling
test performed under normoxic conditions [1]. The mechanism responsible for increased buffering
capacity of muscle tissues under conditions of hypoxia is not fully examined, yet most likely it may
occur do to the buffering properties of phosphocreatine and the concentration of muscle proteins [135].
On the other hand the improvement of blood buffering capacity is related to the higher concentration
of hemoglobin and bicarbonates [136].

9. Conclusions and Recommendations

Considering the above reviewed data, it is not easy to create specific nutrition recommendations
for cyclists and other endurance athletes training at altitude. This stems from a lack of well-controlled
research under these conditions in competitive athletes. Precise dietary recommendations are difficult
because of the great range of altitude at which exercise and exposure take place, which varies from
2000 to 3500 m. Additionally, athletes use different volume and intensity of exercise, depending on
their sports level and part of the season. The most important aspects of nutrition strategy for altitude
training for competitive athletes include proper hydration and optimal energy balance. According to
the authors, it is difficult to recommend a strictly defined intake of fluids, as it is dependent on several
variables such as range of altitude, air temperature, humidity, and most of all, the entire training
load. Thus fluid intake should be monitored on a daily basis through body mass measurement and
urine osmolality. Several reports are available that indicate an intake of close to 10 L daily for cyclists
undertaking heavy training loads at moderate altitude. Monitoring of fluid intake is also of great
significance because of the threat of over hydration which has shown effects of decreased adaptation
to hypoxia. Another important aspect of nutrition during altitude training includes increased energy
intake through the consumption of greater amounts of CHO. One must also consider the fact that
exposure to altitude suppresses hunger and appetite, what can lead to a negative energy balance.
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A high carbohydrate diet is recommended for athletes exercising intensively at altitude with the
upper daily range of CHO consumption close to 12 g/kg. A well-balanced diet with an increased
caloric intake should provide a sufficient amount of all antioxidants, so we do not recommend
additional supplements which could hinder the adaptive processes related to aerobic endurance.
Antioxidant supplementation should be considered only when natural food sources such as fruits
and vegetables are not available at altitude. One of the more significant elements of altitude nutrition
relates to the monitoring of iron, for which intake needs to amount to at least 100 mg/day. A deficit of
iron may disturb erythropoiesis. Despite the increased UVB radiation from sunlight, it is recommended
to supplement athletes training at altitude with up to 4000 IU/day of vitamin D, especially in the
winter months of the year.

The presented data clearly shows great deficits in research related to nutrition and dietary
recommendations for competitive athletes training at altitude. General guidelines for altitude nutrition
can be proposed, but specific recommendations require further, well controlled research.
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Abstract: (1) Objective: To compare the effects of isomaltulose (Palatinose™, PSE) vs. maltodextrin
(MDX) ingestion on substrate utilization during endurance exercise and subsequent time trial
performance; (2) Methods: 20 male athletes performed two experimental trials with ingestion of
either 75 g PSE or MDX 45 min before the start of exercise. The exercise protocol consisted of 90
min cycling (60% VO2max) followed by a time trial; (3) Results: Time trial finishing time (´2.7%,
90% CI: ˘3.0%, 89% likely beneficial; p = 0.147) and power output during the final 5 min (+4.6%,
90% CI: ˘4.0%, 93% likely beneficial; p = 0.053) were improved with PSE compared with MDX.
The blood glucose profile differed between trials (p = 0.013) with PSE resulting in lower glycemia
during rest (95%–99% likelihood) and higher blood glucose concentrations during exercise (63%–86%
likelihood). In comparison to MDX, fat oxidation was higher (88%–99% likelihood; p = 0.005)
and carbohydrate oxidation was lower following PSE intake (85%–96% likelihood; p = 0.002).
(4) Conclusion: PSE maintained a more stable blood glucose profile and higher fat oxidation during
exercise which resulted in improved cycling performance compared with MDX. These results could
be explained by the slower availability and the low-glycemic properties of Palatinose™ allowing a
greater reliance on fat oxidation and sparing of glycogen during the initial endurance exercise.

Keywords: isomaltulose; athletic performance; fat oxidation; glycemic index; endurance

1. Introduction

Carbohydrates and fats are the most important energy sources during exercise [1–4]. It is
well established that both a high carbohydrate diet before exercise as well as carbohydrate (CHO)
ingestion during prolonged endurance exercise significantly improve endurance performance.
However, for endurance athletes, there are several situations in training and competition in which high
carbohydrate oxidation rates may not be desirable. These situations comprise phases of basic training
in which fat metabolism should be improved or segments in endurance competitions (e.g., road cycling)
in which the intensity is in the aerobic range and carbohydrate stores could be spared.

The human body has a distinct metabolic flexibility to switch between fat and carbohydrate
utilization [3,5]. A major regulatory factor for substrate utilization is the presence or relative
preponderance of one macronutrient over the other. Another important possibility of modulating
substrate utilization consists in the modulation of the glycemic index (GI) of foods in the diet.

In recent years, the role of CHO in sports nutrition has been studied with respect to the GI. The GI
provides a method of classifying foods based on their postprandial blood glucose response compared
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to a reference (i.e., white bread or glucose). At a given quantity, foods with a low GI result in lower
postprandial blood glucose and generally also in a lower insulin response compared with high GI
foods [6]. Insulin is the strongest hormone in suppressing fat oxidation. It has been shown that the GI
of a meal has a significant effect on the postprandial fuel metabolism, both under resting conditions
and during exercise [7,8]. Most investigations have found that the consumption of a low glycemic
meal prior to physical exercise increased fat oxidation during endurance exercise compared with a
higher glycemic meal [9–13]. Therefore, there is a rationale to consider the GI in the athlete’s diet as
well as in consumed CHO before and during exercise since increased fat oxidation could promote
endurance stamina and glycogen sparing in liver and skeletal muscles [14,15].

Commercial sports drinks most often contain high GI carbohydrates like for instance maltodextrin
where the glucose monomers are linked by rapidly digestible α-1,4-glycosidic bonds. Isomaltulose
(Palatinose™) is a disaccharide with glucose and fructose linked by an α-1,6-glycosidic bond. The low
GI of Palatinose™ of 32 [16] results from the slow hydrolysis of the α-1,6-glycosidic bond by the
sucrose-isomaltase complex situated on the brush border membrane of the small intestinal cells [17].
Therefore, the rate of absorption of Palatinose™ is rather slow. Nevertheless, after hydrolysis, glucose
and fructose are efficiently taken up in the small intestine, and it has been shown that Palatinose™ is a
fully digestible carbohydrate [18].

The aim of the present investigation was to analyze the influence of isomaltulose (Palatinose™)
vs. maltodextrin ingestion on substrate utilization during endurance exercise and subsequent time
trial performance in trained cyclists. The hypothesis was that isomaltulose ingestion before exercise
would favor fat oxidation during the initial endurance exercise leading to glycogen sparing in the
muscle and liver. The spared glycogen would then be available for improved performance during the
time trial.

2. Materials and Methods

2.1. Subjects

Twenty male athletes participated in this study (age 29 ˘ 3 years; weight 75.6 ˘ 1.1 kg;
height 183 ˘ 1.1 cm; VO2max 61.3 ˘ 1 mL/kg/min). Subjects were eligible if they were healthy
experienced endurance cyclists (VO2max > 55 mL/kg/min) having participated in previous tests on
cycling ergometers with time trial events. All subjects completed a comprehensive medical examination
and routine blood testing. Written informed consent was given by all subjects and the study protocol
was approved by the ethical committee of the University of Freiburg. The exercise tests was performed
at the Cycling Lab (Radlabor) Freiburg.

2.2. Design

The study employed a randomized, double-blind, controlled cross-over design. Each subject
attended the laboratory on 4 occasions (2 preliminary sessions followed by 2 experimental trials).
During the first preliminary session, the individual VO2max was determined using a ramp test
(cycling 3 min at 100 W and 3 min at 150 W, then increasing 10 W/10 s until exhaustion). During the
second preliminary session, subjects performed a pre-test with a commercial sports beverage for better
familiarization with the exercise protocol (conditions were identical to that used in the experimental
trials described later). The implementation of such a familiarization has been shown to increase the
reliability of subsequent tests [19].

During the remaining two test sessions, subjects performed the exercise protocol following
ingestion of 750 mL of a beverage containing either 75 g isomaltulose (Palatinose™, PSE) or
maltodextrin (MDX) (10% w/v). Both drinks were of comparable sweetness and identical in terms
of taste and appearance. After an overnight fast, the different carbohydrate drinks were ingested in
randomized order 45 min prior to the start of the exercise protocol. Randomization as well as the
preparation of the different carbohydrate drinks was carried out by a person not actively involved
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in the conduct of the study. The exercise protocol commenced with 90 min of endurance exercise
(cycling at the individual 60% VO2max as determined during the first preliminary session). After the
endurance exercise, a time trial test followed immediately; the test was finished when a workload
of 6.5 kJ/kg bodyweight was achieved. Subjects were instructed to finish the test as fast as possible.
All exercise protocols were performed on the same day of the week (i.e., at least 1 week apart) and at
the same time of the day in order to minimize effects of circadian variation. All testing was done using
the same cycle ergometer.

In the evenings before the tests, subjects ingested a standardized supper at 7 pm consisting
of a commercially available pasta meal (670 kcal, 21.5 g protein, 61.5 g carbohydrate, 38.5 g fat).
Afterwards, they were only allowed to consume water or unsweetened tea until the beginning of the
test sessions. During their participation in the study, subjects maintained a constant duration and
intensity of training.

2.3. Parameters

The primary outcome parameter in this study was the time needed to finish the time trial.
Secondary outcome parameters comprised the power output during the final 5 min of the time
trial as well as the profiles of several physiological parameters including blood glucose and lactate
concentrations, changes in substrate oxidation, and heart rate.

Capillary blood samples were drawn at ´45 min (i.e., before ingestion of the drinks), ´30,
´15 and 0 min (i.e., immediately before the start of exercise) as well as after 15, 30, 45, 60, 75,
and 90 min of endurance exercise and upon completion of the time trial. Blood glucose and lactate
concentrations were determined enzymatically with ESAT 6660 (Medingen, Germany). Mean oxygen
uptake (VO2) and carbon dioxide production (VCO2) were determined over 3-min intervals at ´45,
´30, ´15, 0, 15, 30, 45, 60, 75, and 90 min using ZAN 600 CPET (nSpire Health Care, Oberthulba,
Germany). The ratio of carbon dioxide production to oxygen consumption (respiratory quotient, RQ)
was calculated and energy expenditure, carbohydrate and fat oxidation were determined according
the equation of Weir [20]. Heart rate was recorded throughout the protocol (Polar Electro GmbH,
Buettelborn, Germany).

2.4. Statistical Methods

Data were analyzed using the probabilistic magnitude-based inference approach as recommended
for studies in sports medicine and exercise sciences. A published spreadsheet [21], designed to examine
post-only crossover trials, was used to determine the mechanistic and clinical significance between
conditions based on guidelines by Hopkins [22]. Analysis was done using Microsoft Excel version
2010 (Microsoft, Redmond, WA, USA).

Physiological outcomes were described by mechanistic inferences. The magnitude of the effect was
tested for substantiveness against the standardized (Cohen) change of 0.2 times the between-athlete
standard deviation for the reference condition (i.e., the maltodextrin trial). Interpretation of the
magnitude of the effect was based on Cohen’s effect size (ES) scores of standardized differences and
classified according to the following modified system: trivial (0–0.2), small (0.2–0.6), moderate (0.6–1.2),
large (1.2–2.0), and very large (>2.0) [22].

Performance data were described by clinical inferences. The threshold for a substantial change
was given by 0.3 times the typical within-athlete variability (coefficient of variation) to test for a
small effect; moderate and large performance effects were described by 0.9 and 1.6 of the typical
within-athlete variation [22]. The coefficients of variation for finishing time and power output following
familiarization in a simulated cycling time trial of a comparable distance as in the current study have
been determined previously and were reported as 1.5% and 3.6%, respectively [19].

An effect was unclear if the confidence interval (CI) overlapped both the upper and lower
thresholds for substantiveness. Otherwise, the likelihood of a substantial increase or decrease
was classified as follows: almost certainly not (<0.5%), very unlikely (1%–5%), unlikely (5%–25%),
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possibly (25%–75%), likely (75%–95%), very likely (95%–99.5%), and almost certainly (>99.5%).
For mechanistic inferences, the threshold chances for substantial magnitudes were set at 5%. For clinical
inferences, the threshold chances for harmful (“non-beneficial”) and beneficial effects were set at 0.5%
and 25%, whereas an effect was declared beneficial if the odds ratio of beneficial/non-beneficial was
>66 [22].

Unless otherwise stated, data are reported as raw means ˘ SD. Mean differences between trials
are presented as the percentage change with the associated 90% CI. All metabolic and performance
data were log-transformed prior to analysis to reduce non-uniformity of error and to express outcomes
as percent [22].

Besides the probabilistic magnitude-based inferential analysis, statistical p-values for the
comparisons between the MDX and PSE trial for all physiological and performance related parameters
are also reported. A repeated measures analysis of variance (ANOVA) was used to identify significant
effects attributable to time, trial, or both. Mauchly’s test was consulted and, if the assumption of
sphericity was violated, the Greenhouse-Geisser correction was applied. If a significant time ˆ trial
interaction existed, simple main effects of trial were examined. A p-value of < 0.05 was considered
statistically significant. Statistical analysis was done using SPSS Statistics Version 21 (SPSS Inc.,
Chicago, IL, USA).

3. Results

All twenty subjects completed the study and were included in the final analysis. Due to missing
spirometric data from three subjects, results for fat and CHO oxidation were evaluated for n = 17.

The time to complete the time trial was 31.08 ˘ 6.27 min for the MDX and 30.05 ˘ 4.70 min
for the PSE trial (mean change: ´2.7%, 90% CI: ˘3.0%; p = 0.147), corresponding to a likely small
(89% likelihood) to moderate (77% likelihood) benefit of Palatinose™ (Figure 1).

Figure 1. Percentage change and 90% confidence interval (CI) of cycling time trial finishing time
between the Palatinose™ (PSE) and maltodextrin (MDX) trial (N = 20). Thresholds for small, moderate,
and large effects are indicated by dashed lines. †† denotes a likely small to moderate benefit,
i.e., faster time trial performance with PSE compared with MDX.

The power output was consistently higher with PSE vs. MDX (Figure 2), yet a clinically relevant
benefit was detected only during the final 5 min of the time trial (290.61 ˘ 45.85 W vs. 279.42 ˘ 55.91 W).
The higher power output with PSE corresponds to a mean change of +0.8% (90% CI: ˘2.8%, p = 0.608)
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and +2.0% (90% CI: ˘3.5%, p = 0.327) during the first 5 min and until the final 5 min of the time trial,
respectively. When the final 5 min of the time trial were analyzed, power output with PSE, compared
with MDX, was higher by +4.6% (90% CI: ˘4.0%; p = 0.053), which corresponds to a likely small benefit
of Palatinose™ (93% likelihood).

Figure 2. Percentage change and 90% CI of power output between the PSE and MDX trials during
the first 5 min, the final 5 min, and the intermediate period of the time trial (N = 20). Thresholds for
small, moderate, and large effects are indicated by dashed lines. †† denotes a likely small benefit,
i.e., higher power output with PSE compared with MDX.

Heart rate was similar between trials (time ˆ trial interaction: p = 0.961), and no differences
between the PSE and MDX trials, neither during rest nor during the endurance exercise, were detected
(Table 1).

Table 1. Average heart rate at rest and during endurance exercise for the PSE and MDX trials, presented
as mean ˘ SD (N = 20).

Palatinose™ Maltodextrin

Heart rate at rest (beats/min) 65.7 ˘ 8.8 65.6 ˘ 9.2
Heart rate during endurance exercise (beats/min) 159.2 ˘ 13.9 158.7 ˘ 13.6

Figure 3 shows that the blood glucose profile differed between trials (time ˆ trial interaction:
p = 0.013). At rest, i.e., 30 min, 15 min, and 0 min prior to the start of exercise, consumption of
PSE resulted in lower blood glucose concentrations compared with the ingestion of MDX (95% to
99% likelihood, ES = ´0.61 to ´0.87, moderate effect; p < 0.05 for all time points). After 30 min,
45 min, 60 min, and 75 min of endurance exercise, blood glucose concentrations were higher with
PSE compared with MDX (63% to 86% likelihood, ES = 0.29 to 0.52, small effect; p > 0.05 for all time
points). The reduction in glycemia following the onset of exercise was attenuated with PSE vs. MDX
(93% likelihood, ES = 0.64, moderate effect; p = 0.034).
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Figure 3. Plasma glucose profiles during the PSE and MDX trials, presented as mean ˘ SD (N = 20).
The symbols †, ††, and ††† denote a possible, likely, and very likely difference between the PSE and
MDX trials at the corresponding time point, respectively. From 0 min to 90 min: endurance exercise.
TT = blood sample drawn upon completion of the time trial.

Figure 4 demonstrates that plasma lactate concentrations were similar between trials (time ˆ trial
interaction: p = 0.562), and no differences could be detected.

Figure 4. Plasma lactate profiles during the PSE and MDX trials, presented as mean ˘ SD (N = 20).
From 0 min to 90 min: endurance exercise. TT = blood sample drawn upon completion of the time trial.

Figure 5 shows that the exercise-induced increase in fat and carbohydrate oxidation differed
between the MDX and PSE trial (time ˆ trial interactions: p = 0.005 and p = 0.002). During the
endurance exercise, PSE resulted in higher fat oxidation (88% to 99% likelihood, ES = 0.65 to 1.60,
moderate to large effect; p < 0.05 for all time points from 30 to 90 min) and lower carbohydrate
oxidation compared with MDX (85% to 96% likelihood, ES = ´0.44 to ´0.63, small to moderate effect;
p < 0.05 for all time points from 0 to 75 min and p = 0.069 at 90 min). Total energy expenditure was
similar between trials (1306 kcal vs. 1316 kcal for the PSE and MDX trials until 90 min, respectively;
p = 0.579).
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(a) (b)

Figure 5. Changes in (a) fat oxidation and (b) carbohydrate (CHO) oxidation during the PSE and
MDX trials, presented as mean ˘ SD (N = 17). The symbols †† and ††† denote a likely and very likely
difference between the PSE and MDX trials at the corresponding time point, respectively. From 0 min
to 90 min: endurance exercise.

During the entire examination period, no adverse or unintended effects were observed. None of
the subjects complained about bad palatability or gastrointestinal discomfort following ingestion of
either test beverage.

4. Discussion

The most important finding in the present study was that cycling time trial finishing time was
30.05 ˘ 4.70 min following pre-exercise ingestion of low glycemic Palatinose™ and 31.08 ˘ 6.27 min
when an isocaloric high glycemic maltodextrin beverage was consumed. The effect size of 1 min is
impressive, even though under this study design the difference achieved did not reach the level of
statistical significance. Using the probabilistic magnitude-based inference approach as recommended
for studies in sports medicine and exercise sciences, this effect corresponds to a likely benefit of
Palatinose™. This was also accompanied by a likely benefit of Palatinose™ for power output during
the final 5 min of the time trial. Furthermore, pre-exercise ingestion of a low glycemic Palatinose™
beverage increased fat oxidation while reducing carbohydrate oxidation during the endurance exercise,
as compared with the high glycemic maltodextrin drink. Palatinose™ ingestion also resulted in a
more stable blood glucose profile with lower blood glucose increases shortly after consumption and a
sustained blood glucose response during the subsequent endurance exercise protocol at 60% VO2max.

Official guidelines recommend that, in endurance-type sports, CHO should be the predominant
source of energy within the athlete’s diet [22]. According to current guidelines, athletes should aim at
increasing the amount of CHO within their diet to 6–10 g CHO/kg bodyweight/day in accordance
with training duration or intensity of competition [23]; the GI of CHO is not sufficiently addressed in
current guidelines.

However, the GI of ingested CHO has a distinct influence on important metabolic processes under
both resting or pre-exercise conditions and during exercise. It has been previously demonstrated that
the course of blood glucose and insulin levels following ingestion of low GI CHO favored a higher
level of free fatty acids during exercise and was associated with enhanced fat oxidation and improved
blood glucose homeostasis [6,7,24–27]. During submaximal endurance exercise, the maintenance of
higher fat oxidation leads to a sparing of glycogen in muscles and particularly in the liver. It has been
speculated that this glycogen sparing could lead to enhanced endurance capacity. This is the most
likely theory that explains the better performance in the time trial following Palatinose™ ingestion.

An improved performance following low GI CHO ingestion could be found in some [8,10,13,26,28]
but not all studies [27,29,30]. This may be due to differences in the quantity and timing of CHO ingested
as well as the type, duration, and intensity of the exercise protocol. It is evident that the glycogen
sparing effect of low GI CHO will not be relevant during short or high intensity exercise.
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Our data show that pre-exercise ingestion of Palatinose™ was associated with higher blood
glucose concentrations during the 90 min endurance exercise. The drop in glycemia following the
onset of exercise, i.e., the “exercise-induced rebound glycemic response”, was substantially attenuated
with PSE compared with MDX. This could be explained by the lower pre-exercise glucose and insulin
response following Palatinose™ ingestion, the slow release kinetic of the monosaccharides glucose
and fructose contributing to a more constant energy supply, and, of course, the higher amount of fat
oxidized during the PSE trial [6,24,25].

Apart from the energy provision by CHO during exercise, there is also evidence that higher
glucose concentrations improve mental performance. It has been shown that ingestion of slowly
available, low GI Palatinose™ improves mental performance compared with higher GI CHO [31].
In addition, it has been demonstrated that also relatively short and highly intense exercise may be
improved by pre-exercise CHO ingestion [32,33]. Therefore, it could be speculated that the higher
glucose levels during the 90-min endurance exercise improved cognitive performance and reduced
mental fatigue, thereby further improving stamina during the time trial [32].

Nevertheless, the study has several limitations: The number of subjects is relatively small,
and some variables such as ratings of perceived exertion, muscle glycogen content, and the rate
of appearance and disappearance of glucose or hormones such as cortisol have not been measured.
In addition, while parameters such as blood glucose, fat, and carbohydrate oxidation were beneficial
in both the magnitude-based inference approach and the conventional ANOVA, the improvement of
time trial performance and power output by Palatinose™ was only beneficial in the magnitude-based
inference approach and did not reach significance in the conventional statistical analysis (p = 0.147 and
p = 0.053, respectively). However, we feel that the magnitude-based inference approach is well suited
to determine whether a performance-enhancing effect is truly beneficial for athletes or simply an effect
that is statistically significant but without any practical value in training or competition.

5. Conclusions

The results of the present study have shown that cycling performance was improved following
pre-exercise ingestion of a low GI Palatinose™ beverage (750 mL, 10% w/v) compared with an isocaloric
high GI maltodextrin drink. In the preceding 90 min endurance exercise at 60% VO2max, Palatinose™
resulted in a sustained blood glucose response while maintaining a higher rate of fat oxidation
compared with maltodextrin, thereby reducing the reliance on CHO oxidation. These differences may
have contributed to the better performance indices in the time trial test.
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Abstract: While prior research reported altered fuel utilization stemming from pre-exercise modified
starch ingestion, the practical value of this starch for endurance athletes who consume carbohydrates
both before and during exercise is yet to be examined. The purpose of this study was to determine
the effects of ingesting a hydrothermally-modified starch supplement (HMS) before and during
cycling on performance, metabolism, and gastrointestinal comfort. In a crossover design, 10 male
cyclists underwent three nutritional interventions: (1) a commercially available sucrose/glucose
supplement (G) 30 min before (60 g carbohydrate) and every 15 min during exercise (60 g¨h´1);
(2) HMS consumed at the same time points before and during exercise in isocaloric amounts to
G (Iso HMS); and (3) HMS 30 min before (60 g carbohydrate) and every 60 min during exercise
(30 g¨ h´1; Low HMS). The exercise protocol (~3 h) consisted of 1 h at 50% Wmax, 8 ˆ 2-min intervals
at 80% Wmax, and 10 maximal sprints. There were no differences in sprint performance with Iso
HMS vs. G, while both G and Iso HMS likely resulted in small performance enhancements (5.0%;
90% confidence interval = ˘5.3% and 4.4%; ˘3.2%, respectively) relative to Low HMS. Iso HMS and
Low HMS enhanced fat oxidation (31.6%; ˘20.1%; very likely (Iso); 20.9%; ˘16.1%; likely (Low),
and reduced carbohydrate oxidation (´19.2%; ˘7.6%; most likely; ´22.1%; ˘12.9%; very likely) during
exercise relative to G. However, nausea was increased during repeated sprints with ingestion of Iso
HMS (17 scale units; ˘18; likely) and Low HMS (18; ˘14; likely) vs. G. Covariate analysis revealed that
gastrointestinal distress was associated with reductions in performance with Low HMS vs. G (likely),
but this relationship was unclear with Iso HMS vs. G. In conclusion, pre- and during-exercise ingestion
of HMS increases fat oxidation relative to G. However, changes do not translate to performance
improvements, possibly owing to HMS-associated increases in gastrointestinal distress, which is not
attenuated by reducing the intake rate of HMS during exercise.

Keywords: glycemic index; gastrointestinal distress; blood glucose; ergogenic aids; carbohydrate

1. Introduction

Carbohydrate is a well-documented ergogenic aid for endurance performance, and benefits
are dose-responsive within intestinal absorption capacity limits (~90 g¨h´1) [1]. As such,
current recommendations suggest athletes consume large amounts of carbohydrate before and
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during prolonged (ě120 min) exercise to optimize performance [2]. Notably, studies have found
that endurance athletes generally comply with these recommendations [3,4].

Recent research has highlighted the importance of carbohydrate type on metabolic and
performance outcomes. For instance, composite solutions containing glucose and fructose
(1 to 0.8–1.0 ratio) ingested during exercise seem to enhance performance relative to
glucose/maltodextrin-only solutions [5,6]. This effect is likely due to faster carbohydrate absorption
and oxidation with glucose/fructose mediated by non-competitive intestinal transport [7].
Interestingly, there is also evidence that reducing the rate of carbohydrate absorption with
slow-digesting carbohydrate benefits exercise metabolism and performance. For example, studies
have reported enhanced endurance capacity (70% VO2max to exhaustion) or time trial performance
(pre-loaded 16-km run) following a pre-exercise meal composed primarily of slow-absorbing and/or
low glycemic index carbohydrates [8,9]. This ergogenic effect may be the result of more efficient
substrate utilization patterns. Indeed, reported performance improvements are often associated with
enhanced exercise fat oxidation, possibly resulting from attenuated blood glucose and insulin responses
to feeding [8,9]. Benefits may also be partially explained by a prolonged glucose release from the small
intestine maintaining euglycemia during exercise and consequent attenuation of central fatigue [10].
Of interest, this extended energy release into the bloodstream combined with enhanced fat oxidation
may permit the intake of fewer overall carbohydrates during exercise. If true, this may be desirable
for certain athletes, as carbohydrate intake rates, while associated with performance benefits, are also
associated with gastrointestinal distress [3].

Nevertheless, the utility of slow-absorbing carbohydrates for endurance athletes is uncertain.
Even if potentially required in lesser amounts, the carbohydrate demands of endurance exercise
necessitate ingesting carbohydrate both before and during exercise to maximize performance [11].
Most slow-absorbing carbohydrates are in starch form, a semi-crystalline granular polymer typically
found in whole foods like legumes, potatoes, and lentils [12]. Thus, because of the physical form of
most starches, athletes are likely limited in their capacity to consume them during exercise due to
logistical and palatability concerns. Moreover, any benefits conferred by pre-exercise slow-absorbing
carbohydrate are substantially attenuated when traditional fast-absorbing carbohydrates are consumed
during exercise [13]. As such, realizing the benefits of a pre-exercise slow-absorbing carbohydrate
meal likely requires the continued intake of slow-absorbing carbohydrates during exercise.

Importantly, the macromolecular structure of starch can be modified via various processing
techniques to alter its solubility and rate of absorption. Recently, a slow-absorbing and water-soluble
waxy maize starch-based exercise supplement was developed through hydrothermal modification.
Roberts et al. [14] found that, relative to maltodextrin, ingestion of this modified starch 30 min
prior to cycling resulted in very likely increased fat oxidation combined with increased plasma
concentrations of free fatty acids (FFA) and glycerol. While endurance capacity in a 100% VO2max

time to exhaustion trial following 150 min of cycling (70% VO2max) was unchanged with pre-exercise
modified starch, subjects in the study did not consume additional carbohydrate during exercise
despite the lengthy nature of the exercise protocol. This may have attenuated any performance benefit
stemming from early exercise metabolic alterations. Furthermore, this feeding strategy contrasts with
current recommendations and current practice among athletes. As such, the purpose of this study was
to investigate the impact of consuming a slow-absorbing modified starch supplement both before and
during exercise relative to an isocaloric, fast-absorbing carbohydrate solution in trained male athletes.
A secondary purpose was to determine whether the extended glucose release profile and associated
metabolic effects of a slow-absorbing modified starch permits the ingestion of less total carbohydrate
without impairing performance.

80



Nutrients 2016, 8, 392

2. Methods

2.1. Subjects

Ten trained male cyclists and triathletes (age = 26 ˘ 8 years, mass = 75.2 ˘ 9.2 kg,
VO2max = 59.4 ˘ 3.2 mL¨kg´1¨min´1, and peak power (Wmax = 343.3 ˘ 37.7 W) participated in the
study. All subjects had ě2 years cycling experience and had cycled ě 3 day¨week´1 and ě 7 h¨week´1

for the preceding two months, while regularly competing in races. Prior to giving their oral and
written informed consent, all subjects received information regarding the requirements of the study
and potential risks. All procedures were approved by the Florida State University Institutional
Review Board.

2.2. Study Design

This was a double-blinded, randomized, counterbalanced, and crossover study. It consisted of
baseline testing to determine VO2max and Wmax, a familiarization trial, and three experimental trials.
Each experimental trial was separated by seven days. For the duration of the study, subjects were
asked to maintain consistent dietary and training habits. Prior to each experimental trial, exercise and
diet were standardized. Specifically, two days prior to each experimental trial, subjects visited the
laboratory and completed a standardized training ride (90 min at 50% Wmax). The day prior to each
trial, subjects were asked to refrain from exercise. Additionally, subjects were asked to replicate their
diets (2444 ˘ 609 kcals; 103 ˘ 23 g protein, 299 ˘ 123 g carbohydrate, 97 ˘ 33 g fat) the day prior to
each trial. This was achieved by requiring subjects to complete a 24 h dietary log prior to the first trial.
Following this trial, subjects were given a copy of their completed dietary log and asked to replicate it
exactly for proceeding trials. Subjects were also asked to abstain from alcohol and caffeine for the 24 h
preceding each trial.

2.3. Baseline Testing and Familiarization

During the initial visit to the laboratory, subjects were assessed for VO2max and Wmax.
This consisted of a continuous graded exercise test to exhaustion on a cycle ergometer (Velotron,
Racermate, Inc., Seattle, WA, USA). During a self-selected warm-up, a power output corresponding to
a “moderately difficult intensity for a 1 h ride” was determined. Commencing at this intensity, power
was increased by 25 W every 2 min until volitional exhaustion. VO2max was assessed with a calibrated
metabolic cart (TrueOne 2400, Parvo Medics, Inc., Sandy, UT, USA) and was classified as the highest
average 20-s oxygen consumption (mL¨kg´1¨min´1) recorded. Wmax was the wattage attained in the
last completed stage plus the fraction completed of the stage at which exhaustion occurred.

A familiarization trial was completed 2–3 days following baseline testing. The familiarization
trial consisted of the entire exercise protocol (see below) without the recording of data.

2.4. Experimental Beverages

The current study evaluated two commercially available sport supplements.
Specifically, we investigated the impact of ingesting different amounts of a hydrothermally-modified
waxy maize starch (HMS; UCAN®, The UCAN Co., Woodbridge, CT, USA) relative to a sucrose-
and glucose-based control solution (G; Gatorade®, PepsiCo, Inc., Purchase, NY, USA). Treatments
were as follows: (1) 10% G consumed 30 min before exercise and 7.5% G every ~15 min during
exercise; (2) 10% HMS consumed 30 min before exercise and 7.5% HMS every ~15 min during
exercise (Iso HMS); and (3) 10% HMS consumed 30 min before exercise and 15% HMS every 60 min
(at 60 min and following sprint two of the performance test) during exercise (Low HMS). The dosing
strategy for the Low HMS trial was chosen based on recommendations available on the company’s
website. In order to blind subjects to the dosing strategy, a non-caloric placebo was also ingested
in the Low HMS condition during exercise at time points that matched G and Iso HMS beverage
ingestion times. All beverages were flavor and texture-matched by the addition of non-caloric
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additives (e.g., sucralose and guar gum). Pre-exercise beverages contained 600 mL of fluid while
during-exercise beverages were 200 mL. As such, carbohydrate delivery rates for G and Iso HMS
were 60 g before and 60 g¨h´1 during exercise. For Low HMS, 60 g carbohydrate was ingested before
and 30 g¨h´1 during exercise. These carbohydrate delivery rates were chosen as they represent the
uppermost (60 g¨ h´1) and lowermost (30 g¨h´1) amounts of the currently recommended range
for during-exercise ingestion of carbohydrate from a single source [15]. Beverage osmolality was
determined via the freezing point depression method (Model 3250 Osmometer, Advanced Instruments,
Inc., Norwood, MA, USA). Osmolalities were 363, 278, 51, 37, 53, and 8 mOsm¨kg´1 for pre-exercise G,
during-exercise G, pre-exercise Iso/Low HMS, during-exercise Iso HMS, during-exercise Low HMS,
and placebo, respectively.

2.5. Experimental Trials

Subjects reported to the laboratory at 0500–0700 h following an overnight fast (8–10 h).
Arrival times were replicated for subsequent trials. Following 5 min of rest in the seated position,
resting heart rate (Polar® FTM4, Polar, Inc., Kempele, Finland) was assessed and a fingerprick blood
sample was collected for immediate measurement of blood glucose and lactate (YSI 2300 Stat, YSI, Inc.,
Yellow Springs, OH, USA). Thereafter, a 5-min indirect calorimetry measurement was taken with the
final 3 min being used in subsequent analysis. Subjects then received a pre-exercise treatment beverage,
which they consumed within 3 min, and remained seated for 30 min. Blood and indirect calorimetry
measurements were repeated 15 min and 30 min following ingestion. Next, subjects commenced
exercise beginning with a 5-min warm-up at 30% Wmax. The exercise protocol is presented in Figure 1.
It consisted of a 95-min pre-load after which subjects were allowed to stretch and use the restroom
(3–5 min). This was followed by a repeated maximal sprint performance assessment, which has been
previously described [6]. Specifically, the entire protocol consisted of the following: (1) 60 min at 50%
Wmax; (2) two sets of 4 ˆ 2-min intervals at 80% Wmax with intervals and sets separated by 2 min
and 5 min at 50% Wmax, respectively; and (3) 10 maximal sprints assessed for mean power. For each
sprint and recovery period of the performance test, subjects were required to complete a given amount
of work based on their Wmax (kilocalories = 0.125 ˆ Wmax). For the sprints, subjects completed the
prescribed work as quickly as possible (2–3 min). During recovery periods, the work was completed
while subjects cycled at 40% Wmax (5–6 min). Total exercise time was 183.0 ˘ 2.9 min.

Figure 1. Exercise protocol. Wmax, peak cycling power.

Treatment beverages were consumed every 15 min during the pre-load portion and at the start and
every second sprint during the performance assessment. Physiological measurements were as follows:
(1) heart rate was measured every 15 min during the first 60 min of exercise and at the midpoint of each
sprint and recovery segment of the performance test; (2) indirect calorimetry measurements were taken
every 15 min for 5-min collection periods during the first 60 min of exercise; and (3) blood glucose
and lactate were assessed every 15 min during the first 60 min of exercise, and following sprint 5 and
sprint 10.
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All testing was completed in thermoneutral conditions (22 ˝C, 45%–50% humidity). Subjects were
cooled by a pedestal fan on the medium setting in each trial for uniform cooling. During the
performance testing portion of the exercise protocol, subjects received no verbal encouragement
and were only permitted to see the amount of work completed.

2.6. Perceptual Response Assessment

Gastrointestinal distress (nausea, abdominal cramp, and fullness) and perceived exertion
(effort of cycling, tiredness, and leg strength) were assessed via a 100-mm Likert scale, as previously
described [6,16]. Specifically, subjects rated the magnitude of these symptoms by placing a line in
relation to specific descriptors including: nothing at all, extremely weak, very weak, weakor mild,
moderate, strong, very strong, extremely strong, and absolute maximum. The height (mm) of the
line marked by subjects was recorded for subsequent analysis. All measurements of line height were
made via ruler by the same researcher. Perceptual responses were assessed every 15 min during the
first 60 min of exercise, at the midpoint of the 5-min recovery period between 80% Wmax intervals,
and after the first and every third sprint of the performance test.

2.7. Calculations

Total carbohydrate and fat oxidation at rest and during the first 60 min of exercise were calculated
from indirect calorimetry measurements via stoichiochemical equations described elsewhere [17].

2.8. Statistics

Sample size was determined as that which provided sufficient power to detect the smallest
worthwhile benefit to cycling performance given the expected typical error (CV) for mean sprint power
and anticipated effect size (ES) [18]. Prior studies have reported CV of 1.1%–3.1% for mean sprint
power [6,19,20]. To account for inter-laboratory differences, we chose to conservatively estimate a CV
of 3.1% with an anticipated moderate 0.9 CV effect size (2.79%). Using 0.5% and 25% as the rates for
Type I and Type II clinical errors, respectively, a sample size of 10 was determined.

Probabilistic magnitude-based inferences were utilized to assess physiological and perceptual
changes via a published spreadsheet [21]. The spreadsheet derives confidence intervals based on
the unequal variances t statistic. All physiological data (i.e., performance and metabolic variables)
were analyzed following log-transformation to account for any heteroscedasticity of error. Perceptual
response raw data were analyzed without transformation. Uncertainty for all variables was expressed
as 90% confidence intervals. Changes in performance were evaluated with the clinical version of
magnitude-based inferences in which clear effects are classified as having >25% chance of benefit
and <0.5% chance of harm. All other variables were assessed non-clinically; differences were deemed
unclear if confidence intervals overlapped thresholds for both small positive and negative effects.
ES was determined by standardizing all differences to the SD of the control, and small sample bias
was accounted for by dividing the control SD by 1 ´ 3 (4v ´ 1), where v is equal to the degrees of
freedom [18]. Threshold values for assessing performance were as follows: 0.3 (0.93%), 0.9 (2.79%),
1.6 (4.96%), 2.5 (7.75%), and 4.0 (12.4%) for small, moderate, large, very large, and extremely large,
respectively [18]. Thresholds for small, moderate, large, very large, and extremely large changes in
all non-performance variables were 0.2, 0.6, 1.2, 2.0, and 4.0, respectively, multiplied by the SD of the
control condition (or the mean SD of the control for a given time period (e.g., the entire performance
assessment)). Likelihoods for reaching the substantial change threshold were classified as follows:
5%–25%, unlikely; 25%–75%, possible; 75%–95%, likely; 95%–99%, very likely; and >99%, most likely.
Log-transformed data is presented as back-transformed mean (CV). All other data is presented as
the mean ˘ SD (or confidence intervals, where indicated). Differences are described as clear if the
probability of a difference is likely or higher and non-trivial in size.

To examine the mechanistic impact of gastrointestinal distress on performance outcomes,
correlation coefficient values were calculated using Microsoft Excel by plotting changes in performance
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against changes in gastrointestinal distress variables. Correlation coefficient confidence intervals
were calculated via an additional published spreadsheet [22]. Correlation coefficient strength was
qualified as follows: small 0.1, moderate 0.3, large 0.5, very large 0.7, and extremely large 1.0 [18].
Covariate analysis was utilized to assess the impact of changes in gastrointestinal distress on
performance. Specifically, a linear model was utilized to assess the impact of individual symptoms of
gastrointestinal distress on performance by adding the change in symptom values as a covariate in the
primary published spreadsheet [21]. To evaluate the combined effect of multiple gastrointestinal
distress symptoms, linear and positional coefficients from a polynomial model were calculated
using the LINEST function in Microsoft Excel. An overall gastrointestinal distress covariate was
then calculated as the sum of each coefficient multiplied by their respective symptom for each subject.
The effect of the covariate was classified as the impact of adjusting performance effects to the mean
value of the covariate. The effect, independent of the covariate, was determined by adjusting the
impact of the covariate to zero.

3. Results

3.1. Performance

Time course changes in sprint power and pairwise comparisons in mean sprint power are
presented in Figure 2. Mean sprint power was 290.9 (10.8), 289.2 (10.7), and 276.0 (11.4) W for
G, Iso HMS, and Low HMS, respectively. There were likely small increases in mean sprint power with
G vs. Low HMS (ES = 0.46) and Iso HMS vs. Low HMS (ES = 0.40), respectively. Differences in mean
sprint power with Iso HMS vs. G were likely trivial (ES = 0.05).

Figure 2. Effect of a hydrothermally-modified starch supplement on cycling performance. (A) Mean
sprint power for each sprint of the performance test. Bars represent the mean standard deviation for all
repeated sprints; and (B) mean effects (%) of treatment condition on mean sprint power. Bars represent
the 90% confidence interval. G, a sucrose/glucose supplement; Iso HMS, an isocaloric dose (relative to
G) of a hydrothermally-modified starch; Low HMS, low dose of a hydrothermally-modified starch.
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3.2. Metabolic Parameters

Means and changes in VO2, total carbohydrate, and fat oxidation during rest and exercise are
presented in Table 1. There were no clear differences in resting or exercise VO2. At rest and during
exercise, Iso HMS (ES = 0.76 (rest) and 0.74 (exercise)) and Low HMS (ES = 0.73 and 0.63) enhanced fat
oxidation relative to G. Additionally, Iso HMS (ES = 1.33 and 2.35) and Low HMS (ES = 1.77 and 2.20)
reduced carbohydrate oxidation relative to G at rest and during exercise. Differences in substrate
utilization with Iso HMS vs. Low HMS were unclear.

Table 1. Means and pairwise comparisons for oxygen consumption, total carbohydrate oxidation,
and fat oxidation during steady state exercise.

Mean VO2 (L¨min´1)
CHO Oxidation

(g¨min´1)
Fat Oxidation

(g¨min´1)

Rest

G 0.33 (23.5) 0.22 (58.6) 0.07 (82.1)
Iso HMS 0.33 (7.9) 0.11 (89.6) 0.12 (23.8)

Low HMS 0.32 (14.7) 0.09 (144.5) 0.12 (49.6)

Exercise

G 2.51 (9.0) 1.95 (8.7) 0.44 (40.6)
Iso HMS 2.46 (9.3) 1.58 (21.0) 0.58 (34.7)

Low HMS 2.48 (10.0) 1.60 (23.3) 0.56 (38.4)

Relative Difference (%); ˘90% Confidence Interval *

Rest

Low HMS–G
Mean effect ´2.2; ˘11.2 ´144.7; ˘162.7 38.2; ˘17.1

Inference unclear very likely large very likely
moderate

Iso HMS–G
Mean effect ´0.9; ˘10.9 ´48.9; ˘21.4 64.0; ˘62.2

Inference unclear very likely
moderate

very likely
moderate

Iso HMS–Low
HMS

Mean effect 1.3; ˘7.6 48.1; ˘127.7 1.5; ˘27.2
Inference unclear unclear unclear

Exercise

Low HMS–G
Mean effect ´1.2; ˘3.0 ´22.1; ˘12.9 20.9; ˘16.1

Inference possibly trivial very likely very
large likely moderate

Iso HMS–G
Mean effect ´2.1; ˘2.3 ´19.2; ˘7.6 31.6; ˘20.1

Inference possibly small most likely very
large

very likely
moderate

Iso HMS–Low
HMS

Mean effect ´1.0; ˘1.9 ´1.4; ˘12.8 4.1; ˘22.1
Inference likely trivial unclear unclear

Note: Data for mean responses is presented as mean (CV). Exercise data was collected during 0–60 min
of exercise. G, a glucose and sucrose-based supplement; Low HMS, low dose of hydrothermally-modified
starch; Iso HMS, an isocaloric dose (relative to G) of hydrothermally-modified starch; CHO, carbohydrate.
* Determination of inferences and effect sizes is described in the methods section.

Time course blood glucose and lactate data are presented in Figure 3. For resting blood glucose,
there were clear differences between HMS (Iso and Low) and G at ´15 min (ES = 1.49 (Iso); 1.56 (Low))
and 0 min (ES = 1.64; 1.36). During steady-state exercise (0 min–60 min), blood glucose seemed
to be higher with HMS vs. G at 15 min (ES = 0.36; 0.44), but was not clearly different at 30 min.
Conversely, blood glucose was clearly higher with G vs. Low HMS at 45 min (ES = 0.53), and with G
vs. HMS (Iso and Low) at 60 min (ES = 0.62; 1.14). There were no clear differences between HMS and
G following sprint 5; however, blood glucose was very likely enhanced following sprint 10 with G
vs. HMS (Iso and Low; ES = 0.77; 0.65). For Iso HMS vs. Low HMS, the only clear differences were
at 45 min (ES = 0.36) and 60 min (ES = 0.51) where blood glucose was clearly elevated with Iso HMS.
For lactate, HMS (Iso and Low) was clearly lower than G at rest (´15 min (ES = 1.13; 1.49), 0 min
(ES = 2.56; 2.88)) and during steady state exercise (15 min (ES = 1.23; 1.41), 30 min (ES = 0.77; 0.57),
45 min (ES = 0.85; 0.77), and 60 min (ES = 1.04; 1.00)). The only clear difference during repeated sprints
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was a reduced blood lactate with Low HMS vs. G following sprint 10 (ES = ´0.30). There were no
differences in blood lactate levels between Iso HMS and Low HMS at any time point.

Figure 3. Time course changes in blood glucose and blood lactate. (A) Mean blood glucose values;
and (B) mean blood lactate values. For (A,B), bars represent standard deviation. G, a sucrose/glucose
supplement; Iso HMS, an isocaloric dose (relative to G) of a hydrothermally-modified starch; Low
HMS, low dose of a hydrothermally-modified starch; *** denotes most likely different with G vs. Low
HMS; ** denotes very likely different with G vs. Low HMS; * denotes likely different with G vs. Low
HMS; ### denotes most likely different with G vs. Iso HMS; ## denotes very likely different with G vs.
Iso HMS; # denotes likely different with G vs. Iso HMS; † denotes possibly different with G vs. Iso
HMS; ‡‡ denotes very likely different with Iso HMS vs. Low HMS; ‡ denotes likely different with Iso
HMS vs. Low HMS.

3.3. Heart Rate

There was a likely small and possibly small increase in mean heart rate during steady state
exercise with G vs. Iso HMS (136 ˘ 7 vs. 133 ˘ 7; ES = 0.49) and G vs. Low HMS (136 ˘ 7 vs. 134 ˘ 6;
ES = 0.25), respectively. There were no clear differences for mean heart rate during repeated sprints.
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3.4. Perceptual Responses

Time course changes in select gastrointestinal symptoms and differences in mean perceptual
responses during repeated sprints are presented in Table 2 and Figure 4. There were clear differences
for mean ratings of nausea during repeated sprints with HMS (Iso and Low) vs. G (31.2 ˘ 26.8 (Iso)
and 31.9 ˘ 27.2 (Low) vs. 14.0 ˘ 18.9; ES = 0.83; 0.86). Additionally, mean ratings of abdominal cramp
(14.3 ˘ 14.9 vs. 9.4 ˘ 6.9) were increased (ES = 0.65) with Low HMS vs. G during repeated sprints.

Figure 4. Changes in ratings of gastrointestinal distress and perceived exertion. (A) Ratings of nausea
during exercise; (B) ratings of abdominal cramp during exercise. For (A,B), bars on the left represent
mean standard deviation during the pre-load, and bars on the right represent mean standard deviation
during the performance test; (C) Mean ratings of gastrointestinal distress and perceived exertion during
the performance test. Specific changes are described in text. Mean nausea was likely increased with
Iso and Low HMS vs. G during repeated sprints. Mean abdominal cramp was likely elevated with
Low HMS vs. G during repeated sprints. Bars represent standard deviation. For effect magnitudes and
inferences see text and Table 2. G, a sucrose/glucose supplement; Iso HMS, an isocaloric dose (relative
to G) of a hydrothermally-modified starch; Low HMS, low dose of a hydrothermally-modified starch.
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Table 2. Pairwise comparisons for perceptual responses during repeated sprints.

Treatment Comparisons

Perceptual Response Difference (Scale Units)

Nausea
Abdominal

Cramp
Fullness Effort Tiredness Leg Strength

Low HMS–G
Mean effect 17.9; ˘14.1 5.0; ˘6.1 1.9; ˘8.0 1.5; ˘3.5 1.4; ˘5.6 ´2.4; ˘7.5

Inference* likely moderate likely moderate unclear likely trivial unclear unclear

Iso HMS–G
Mean effect 17.2; ˘18.2 2.1; ˘7.1 5.9; ˘11.8 ´2.3; ˘4.0 4.9; ˘5.5 ´4.8; ˘5.6

Inference likely moderate unclear unclear likely trivial possibly small possibly small

Iso HMS–Low HMS
Mean effect ´0.7; ˘16.9 ´2.8; ˘4.1 4.0; ˘7.8 ´3.8; ˘6.3 3.6; ˘4.5 ´2.4; ˘6.6

Inference unclear possibly small possibly trivial possibly trivial possibly small unclear

Note: Data is presented as scale unit differences between treatments ˘90% confidence interval. G, a glucose and
sucrose-based supplement; Low HMS, low dose of hydrothermally-modified starch; Iso HMS, an isocaloric dose
(relative to G) of hydrothermally-modified starch; * determination of inferences and effect sizes is described in
the methods section.

3.5. Gastrointestinal Distress-Mediated Effects on Performance

The influence of gastrointestinal distress on mean sprint performance is presented in Table 3.
With Iso HMS vs. G, there were likely large correlations between mean sprint nausea (r= ´0.51; ˘0.45
(confidence interval)) and total gastrointestinal distress (nausea and abdominal cramp combined;
r = ´0.53; ˘0.44) and performance. With Low HMS vs. G, there were very likely and most likely very
large correlations for individual symptoms (nausea (r = ´0.79; ˘0.26) and abdominal cramp (r = ´0.71;
˘0.32)), and total gastrointestinal distress (r = ´0.86; ˘0.19) and changes in mean performance. Finally,
there were very likely large correlations between nausea (r = ´0.63; ˘0.38) and total gastrointestinal
distress (r = ´0.65; ˘0.37) and performance for Iso HMS vs. Low HMS.

Table 3. Effect of gastrointestinal distress on mean sprint power.

Relative Difference (%) in Mean Sprint Power

Low HMS–G Iso HMS–G Iso HMS–Low HMS

Unadjusted mean sprint power ´5.0; ˘5.3 ´0.6; ˘3.0 4.4; ˘3.2
likely small likely trivial likely small

Effect of gastrointestinal distress ´5.5; ˘2.2 ´1.4; ˘1.4 ´0.3; ˘0.2
very likely small ** unclear Unclear **

Effect independent of gastrointestinal distress 0.4; ˘3.5 0.8; ˘3.1 4.7; ˘2.7
Unclear ** likely trivial likely small

Effect of Individual Symptoms

Effect of nausea
´5.2; ˘2.7 ´1.4; ˘1.6 0.1; ˘0.1
Unclear ** likely trivial ** Unclear **

Effect independent of nausea 0.1; ˘4.2 0.9; ˘3.2 4.4; ˘2.7
Unclear ** likely trivial ** likely small

Effect of abdominal cramp ´2.9; ˘2.0 ** ´0.3; ˘0.6 0.4; ˘1.4
unclear most likely trivial ** Unclear **

Effect independent of abdominal cramp ´2.0; ˘4.4 ** ´0.2; ˘3.1 4.0; ˘3.7
possibly trivial Unclear ** possibly small **

Note: Data is presented as relative differences between treatments ˘90% confidence interval. G, a glucose and
sucrose-based supplement; Low HMS, low dose of hydrothermally-modified starch; Iso HMS, an isocaloric
dose (relative to G) of hydrothermally-modified starch; * gastrointestinal distress refers only to effects of nausea
and abdominal cramp because ratings of fullness did not correlate with changes in performance; ** indicates a
change in effect magnitude and/or inference mediated by the covariate.

Adding gastrointestinal distress as a covariate revealed that changes in nausea and abdominal
cramp mediated changes in performance. The influence of gastrointestinal distress increased the
difference between G and HMS (Iso and Low) so that adjusting out the effects of gastrointestinal distress
attenuated performance differences. Importantly, adjustment for gastrointestinal distress resulted in
clear differences becoming unclear (G vs. Low HMS) or likely trivial impairments in performance
becoming likely trivial enhancements (Iso HMS vs. G). The effects of individual symptoms were
unclear or trivial; however, adjusting out either nausea or abdominal cramp altered inferences and/or
effect magnitudes for performance.
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4. Discussion

In prior research examining the effects of ingesting slow-absorbing carbohydrates on endurance
performance, interventions have typically been confined to the pre-exercise window, likely as a
consequence of carbohydrate physical form and palatability. This timing contradicts current nutritional
guidelines and common practice among endurance athletes to ingest carbohydrate both before and
during exercise. The present study examined the effects of ingesting a slow-absorbing HMS supplement
both before and during exercise on exercise metabolism, gastrointestinal comfort, and high-intensity
cycling performance. Primary findings were as follows: (1) fat oxidation was increased and
carbohydrate oxidation decreased at rest and during exercise with HMS relative to G; (2) euglycemia
was maintained with HMS relative to G; (3) performance was unchanged with ingestion of HMS
relative to an isocaloric amount of G; (4) performance was impaired when the during-exercise ingestion
rate of HMS was halved relative to G and Iso HMS; (5) incidences of gastrointestinal distress were
increased with HMS ingestion; and (6) HMS-mediated increases in gastrointestinal distress seemed to
be a major mechanistic determinant of changes in performance.

Fat oxidation was enhanced and carbohydrate oxidation reduced with HMS ingestion relative
to G in the current study. This finding is generally supported by studies examining pre-exercise
slow-absorbing carbohydrate ingestion [14,23,24]. In the only other study to examine the effect of HMS
ingestion on metabolic and performance outcomes, there was a very likely increase in fat oxidation
combined with increases in plasma markers of lipolysis (i.e., glycerol and FFA) [14]. While this
prior study did not report differences in total carbohydrate oxidation, our finding of reduced total
carbohydrate oxidation is in line with a number of other studies examining pre-exercise intake of
low glycemic index carbohydrate meals [23,24]. With during-exercise ingestion of slow-absorbing
carbohydrates, metabolic findings are mixed. Specifically, increases in fat oxidation have been reported
by some [16,25], but not others [26,27]. To our knowledge, this is the first study to examine the impact
of a combined pre- and during-exercise slow-absorbing carbohydrate intervention. Importantly, a prior
investigation revealed that ingestion of fast-absorbing carbohydrates (i.e., glucose) during exercise
attenuates changes in substrate utilization induced by pre-exercise ingestion of a slow-absorbing
carbohydrate meal [13]. Our data suggests that any pre-exercise-mediated alterations in substrate
utilization induced by HMS are maintained (i.e., not attenuated) by continued during-exercise
HMS intake.

Differences in blood glucose responses and/or carbohydrate availability provide potential
mechanisms for altered substrate utilization with HMS vs. G. With HMS, pre-exercise elevations
in blood glucose were reduced ~20%–23% relative to G. Although not measured in the current
study, this likely resulted in an attenuated elevation in insulin [8,9,14,28]. Further evidence comes
from the substantially increased levels of blood lactate during exercise with G, which is likely
attributable to enhanced blood glucose uptake and glycolysis mediated by insulin binding [29].
Importantly, insulin is potently antilipolytic providing a plausible, albeit speculative, mechanism
for alterations in fat utilization [30]. Additionally, carbohydrate oxidation is heavily influenced by
exogenous carbohydrate absorption rates [31]. With G, there were presumably substantially faster
absorption rates relative to HMS due to non-competitive transport of glucose and fructose (products
of sucrose) via separate intestinal transporters [7]. Moreover, digestion of HMS would be slower vs. G
due to its increased complexity and/or extensive amylose/amylopectin branching which can impede
amylase infiltration [12]. These factors likely enhanced carbohydrate delivery to skeletal muscle with
G vs. HMS, thereby increasing carbohydrate oxidation at the expense of fat oxidation.

Despite substantial alterations in metabolism, performance was unchanged with Iso HMS
relative to G. This finding is in agreement with Roberts et al. (2011) in which endurance capacity
in a 100% VO2max time to exhaustion bout following 150 min of submaximal cycling (70% VO2max)
was unchanged with pre-exercise ingestion of HMS or maltodextrin (1 g¨kg´1) despite evidence
for increased fat utilization with HMS. Additionally, a recent study by Oosthuyse et al. (2015) [16]
found that, despite enhanced fat oxidation, cycling performance was impaired in a 16 km time trial
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following a 2 h pre-load (60% Wmax) with during-exercise isomaltulose (63 g¨h´1) compared to a
maltodextrin/fructose composite. It is possible that enhancing fat oxidation with slow-absorbing
carbohydrate (which would presumably be beneficial due to possible glycogen sparing [32]), simply
does not translate to any meaningful changes in performance. Indeed, a number of studies have
reported no change in time trial performance with a low glycemic index pre-exercise meal despite
increased exercise fat oxidation [32,33]. Moreover, a recent study found that pharmacological
abolishment of lipolysis via nicotinic acid infusion had no impact on half-marathon running
performance suggesting that endurance performance may be primarily carbohydrate dependent [34].

It is also possible that any beneficial metabolic effects stemming from slow-absorbing carbohydrate
intake are counterbalanced or overridden by non-metabolic mechanisms. For example, gastrointestinal
distress was increased in the present study, and mechanistic analysis revealed this to be a negative,
albeit unclear, mediator of performance with Iso HMS vs. G. In support, Oosthuyse et al. (2015)
reported that during-cycling isomaltulose ingestion resulted in increased gastrointestinal distress
coupled with impaired time trial performance. However, differences in performance in the current
study with Iso HMS vs. G were trivial even after adjustment for gastrointestinal distress. As such,
it is possible that the severity of symptoms was insufficient to alter performance, or that any
negative impact of gastrointestinal distress may have been counterbalanced by metabolic benefits
(e.g., enhanced fat oxidation). Another possibility is that the impact of gastrointestinal distress may
be more apparent in time trial scenarios, which require persistent concentration and pacing, relative
to repeated sprint protocols that are more unrestrained in nature [6]. This might help to explain
clear performance impairments in the Oosthuyse et al. study, but unclear effects of gastrointestinal
distress on performance with Iso HMS vs. G in the current study. However, this notion seems
less likely considering the impact of gastrointestinal distress on performance with G vs. Low HMS
(discussed below). Regardless, more research is clearly warranted to elucidate the precise impact of
gastrointestinal distress on performance and how these effects are altered by metabolic factors.

Perceptual response findings in the current study add further evidence to the notion that
malabsorption is the primary pathophysiologic mechanism of carbohydrate-induced gastrointestinal
distress during exercise. Indeed, while others have reported associations between beverage osmolality
and gastrointestinal distress [35], symptoms of nausea in the present study were elevated despite
very low solution osmolalities with Iso HMS and Low HMS vs. G (37–53 vs. 278–363 mOsm¨ kg´1).
Similarly, others have reported clear differences in gastrointestinal comfort with during-exercise
ingestion of slow- vs. fast-absorbing carbohydrates despite consuming solutions of the same
approximate osmolality (245 vs. 212 mOsm¨ kg´1) [16]. Taken together, this data suggests that solution
osmolality has a minor role in mediating gastrointestinal comfort during exercise. Rather, it seems
likely that carbohydrate-induced gastrointestinal distress is primarily mediated by malabsorption,
which would presumably be increased with during-exercise ingestion of slow-absorbing carbohydrate.
In line with this hypothesis, others have reported increased incidences of gastrointestinal distress
when carbohydrate is ingested during exercise at rates exceeding absorption capacity [6,36]. It is worth
noting that ratings of nausea were similarly elevated with Iso HMS and Low HMS despite substantial
differences in during-exercise intake rates. Assuming that malabsorption was primarily responsible for
elevations in feelings of nausea, one might expect that Iso HMS would result in more severe symptoms
as a result of a presumably greater degree of malabsorption. It is possible that malabsorption-induced
nausea does not respond sensitively to carbohydrate dose. Alternatively, the methods used to assess
differences in gastrointestinal distress may have lacked sensitivity to determine subtle differences in
symptom severity. More research is clearly warranted to further elucidate the mechanisms governing
carbohydrate-induced gastrointestinal distress during exercise.

Our finding that performance was enhanced with Iso HMS and G relative to Low HMS is in line
with studies reporting dose-responsive effects of during-exercise carbohydrate ingestion on endurance
performance [37,38]. However, prior investigations have only reported a dose-response effect for
fast-absorbing carbohydrates (i.e., maltodextrin, glucose, and fructose) with the effect seemingly
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being mediated by carbohydrate oxidation efficiency. Specifically, performance is optimized when the
maximal amount of carbohydrate is ingested than can feasibly be absorbed. Maltodextrin/fructose
composites ingested at maximally-absorbable rates (90 g¨ h´1) maximize performance relative to the
same dose of maltodextrin (or lower doses of maltodextrin/fructose) because it can be taken up via
separate intestinal transporters permitting absorption of a greater total amount of carbohydrate relative
to what is ingested for a given unit of time (e.g., g¨ min´1) [7]. While oxidation efficiency of HMS has
not been measured, it would be expected to be relatively low based on its low glycemic index of 32 and
studies reporting that exogenous oxidation rates of similarly slow-absorbing carbohydrates is roughly
half that of glucose [27,39]. Thus, this previously-reported dose-response effect may not be a function
of oxidation efficiency, but rather is solely a function of carbohydrate quantity. Indeed, while G
outperformed Low HMS, Iso HMS and G performance was no different, despite likely different
oxidation efficiencies.

Nevertheless, our finding of a slow-absorbing carbohydrate dose-response for performance is
uncertain in light of our mechanism analyses. Gastrointestinal distress had a clear negative effect
on performance with Low HMS vs. G. In fact, the likely 5% performance impairment with Low
HMS vs. G became an unclear 0.4% enhancement when adjustments were made for gastrointestinal
distress. This finding would suggest that, independent of gastrointestinal distress, carbohydrate
dose had no impact on performance. However, adjusting for gastrointestinal distress had no clear
impact on the 4.4% improvement in performance with Iso HMS vs. Low HMS suggesting that higher
doses of HMS relative to lower doses improve performance even independent of gastrointestinal
distress. For an explanation for these seemingly conflicting findings, it is likely that the similar levels of
gastrointestinal distress between Iso and Low HMS trials confounded any adjustment for this covariate.
More research is warranted to determine the extent to which performance responds (if at all) to HMS
dose and how it is impacted by gastrointestinal distress.

Other interesting findings of the present study include an attenuated heart rate during steady
state exercise and attenuated blood glucose concentrations following sprint 10 with HMS vs. G.
The elevations in heart rate with G may have been due to the well-documented stimulatory effect of oral
glucose on motivation and pleasure centers in the brain augmenting motor output [40]. Indeed, in a
recent, (but yet to be published), study examining the impact of mouth rinsing with glucose on
fatigued cyclists (following ~2.5 h of cycling), heart rate was elevated during subsequent steady-state
exercise (50% Wmax) following the glucose, but not placebo, rinse (Dr. Nicholas Luden, personal
communication [41]). Late-exercise differences in blood glucose were likely the result of a mismatch
between muscle uptake of blood glucose, which was likely high late in exercise, and exogenous blood
glucose delivery, which would presumably be slower/reduced with HMS relative to G.

5. Conclusions

Findings from the present study suggest that ingesting HMS at currently-recommended rates
before and during exercise maintains euglycemia, increases fat oxidation, and reduces carbohydrate
oxidation during exercise in trained male cyclists. However, HMS has no impact on high-intensity
cycling performance compared to fast-absorbing carbohydrate and is associated with gastrointestinal
distress. Reducing the intake rate of HMS during exercise does not attenuate the risk of gastrointestinal
distress, and it impairs performance. As such, the value of HMS as a during-exercise supplement
seems limited. Future research should examine alternative dosing strategies designed to enhance
gastrointestinal tolerance and examine the influence of gut trainability for HMS supplements.
Additionally, continued research on potential applications of HMS as a pre-exercise supplement
should be explored.
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Abstract: Caffeine supplementation during whole-/lower-body exercise is well-researched,
yet evidence of its effect during upper-body exercise is equivocal. The current study explored the
effects of caffeine on cycling/handcycling 10 km time trial (TT) performance in habitual caffeine
users. Eleven recreationally trained males (mean (SD) age 24 (4) years, body mass 85.1 (14.6) kg,
cycling/handcycling peak oxygen uptake ( 9Vpeak) 42.9 (7.3)/27.6 (5.1) mL¨kg¨min´1, 160 (168) mg/day
caffeine consumption) completed two maximal incremental tests and two familiarization sessions.
During four subsequent visits, participants cycled/handcycled for 30 min at 65% mode-specific
9Vpeak (preload) followed by a 10 km TT following the ingestion of 4 mg¨kg´1 caffeine (CAF) or
placebo (PLA). Caffeine significantly improved cycling (2.0 (2.0)%; 16:35 vs. 16:56 min; p = 0.033)
but not handcycling (1.8 (3.0)%; 24:10 vs. 24:36 min; p = 0.153) TT performance compared to PLA.
The improvement during cycling can be attributed to the increased power output during the first and
last 2 km during CAF. Higher blood lactate concentration (Bla) was reported during CAF compared
to PLA (p < 0.007) and was evident 5 min post-TT during cycling (11.2 ˘ 2.6 and 8.8 ˘ 3.2 mmol/L;
p = 0.001) and handcycling (10.6 ˘ 2.5 and 9.2 ˘ 2.9 mmol/L; p = 0.006). Lower overall ratings of
perceived exertion (RPE) were seen following CAF during the preload (p < 0.05) but not post-TT.
Lower peripheral RPE were reported at 20 min during cycling and at 30 min during handcycling,
and lower central RPE was seen at 30 min during cycling (p < 0.05). Caffeine improved cycling but
not handcycling TT performance. The lack of improvement during handcycling may be due to the
smaller active muscle mass, elevated (Bla) and/or participants’ training status.

Keywords: exercise; ergogenic; upper-body; sport; supplement

1. Introduction

Low-moderate doses of caffeine (3–6 mg per kilogram of body weight (mg¨kg´1)) have been
shown to positively influence cycling time-trial (TT) performance [1,2]. During cycling, the leg
musculature provides the speed-generating force. However, there are numerous sports and activities
such as kayaking, handcycling, double-poling and wheelchair sports during which the arms produce
this force. It is apparent that nutritional supplements such as caffeine are commonly used in both
able-bodied (AB) [3,4] and disability sports [5], including many that involve upper-body exercise (UBE).
The physiological responses to whole- and lower-body exercise (LBE) differ to those of UBE [6], and it
is therefore debatable whether the findings from the aforementioned cycling studies are transferable to
an UBE sport such as handcycling.

A potential mechanism of caffeine is its influence on the central nervous system (CNS) by which
it acts as an adenosine receptor (most likely A1 and A2a) antagonist [7,8]. Antagonism reduces
the influence of adenosine and produces motor-activating and arousing effects. Caffeine can
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therefore have a positive influence on subjective feelings such as ratings of perceived exertion (RPE),
mood and cognitive performance [9,10]. Lower RPE during submaximal exercise has been reported
following caffeine ingestion, and/or similar RPE when a higher workload has been achieved [2,11,12].
Caffeine has also been shown to produce hypoalgesic effects during submaximal cycling in male and
female participants [13,14]. It has been suggested that the inhibition of adenosine receptors following
caffeine ingestion could also influence motor unit recruitment or have a direct effect on muscle [8,15].
It is likely that a combination of factors contribute to improved endurance performance but with
caffeine’s influence on the CNS in mind, a similar ergogenic benefit could be expected during UBE as
has been reported during LBE. However, the evidence for a positive influence of caffeine during UBE
remains equivocal.

An 8 km double-poling TT performance lasting ~34 min was enhanced following the consumption
of 6 mg¨kg´1 caffeine in regular caffeine users [12]. Double-poling is considered primarily to be an UBE;
however, the trunk and legs also play a role in the performance of this technique. On the other hand,
when LBE and asynchronous UBE were directly compared in very low caffeine users (<40 mg/day)
during a preloaded 10 min all-out performance trial (40 min total exercise time), caffeine (5 mg¨kg´1)
improved LBE but failed to statistically impact UBE in a mixed AB group [16]. The opposing results
may be linked to differences in the exercise testing protocols, caffeine dose, training status of the
participants’, or the participants’ level of habitual caffeine consumption. The contrasting responses may
also be due to a number of factors related to the physiology of the leg and arm muscles. Firstly, the arms
possess a smaller muscle mass and hence a reduced absolute muscle force. Arm muscles may possess
a higher percentage of fast-twitch muscle fibers [17,18] and have a lower oxygen extraction capacity
compared to the legs [6]. The onset of anaerobic metabolism during UBE therefore occurs at a lower
level of oxygen uptake, and lactate concentrations are reported to be higher than during a comparable
bout of LBE [6,19]. These factors can be altered with training however [20] and may help explain
differences between performance outcomes in recreationally active participants and those that are
specifically UBE trained.

It has been previously reported that caffeine increases muscular strength (maximal voluntary
contraction) and motor unit recruitment in the knee extensors but not in the elbow flexors [15,16].
These observations may help to explain the lack of performance improvement during short-term
UBE in AB participants [21]. The influence of caffeine on longer UBE endurance performance,
however, requires further investigation given the protocols of Stadheim et al. [12] and Black et al. [16]
both allowed involvement of the trunk to some extent to produce force yet report opposing effects.
Black et al. [16] also used a mixed male and female participant pool of very low caffeine users,
which makes their findings less applicable to the many competitive athletes who consume caffeine
regularly. Therefore, the purpose of the current study was to explore the effects of caffeine on both
LBE and UBE endurance performance. The study will employ an ecologically valid LBE and UBE
endurance protocol whereby male habitual caffeine users will complete preloaded (30 min at 65%
peak oxygen uptake ( 9Vpeak) 10 km TTs following the ingestion of caffeine and placebo. Importantly,
they will adopt a synchronous handcycling modality for the UBE aspect, which is akin to the sports of
handcycling and the cycling discipline of Para-Triathlon.

2. Materials and Methods

2.1. Participants

Eleven recreationally active, healthy males (age 24 (4) year, body mass 85.1 (14.6) kg,
lower and upper body 9Vpeak 42.9 (7.3) and 27.6 (5.1) mL¨kg¨min´1) participated in the current study.
Caffeine users, with average daily caffeine intake 160 (168) mg/day were recruited to represent the
usual dietary habits of athletes. All procedures were approved by the Loughborough University Ethics
Approvals Sub-committee (R14-P79, 10/04/14) and performed in accordance with the Declaration of
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Helsinki. All participants provided written informed consent and none revealed contraindications for
participating in the study.

2.2. Experimental Design

The study employed a double-blind, placebo-controlled, repeated measures design.
Participants attended the laboratory on eight separate occasions, which consisted of a 9Vpeak test,
a familiarization and two (caffeine and placebo) experimental trials (Figure 1) for both cycling and
handcycling. Familiarization sessions aimed to limit a potential learning effect. Familiarization
procedures were the same as the experimental procedures described in Figure 1 with the exception
of capsule consumption and blood sampling. Experimental trials were separated by ě48 h and were
conducted at the same time of day within participants (7:30–09:30 a.m.) to avoid any influence of
circadian rhythm [22].

Figure 1. Schematic outline of the preloaded time trial (TT) experimental protocol. HR = heart rate;
R = rest; WU = warm-up; and RPE = ratings of perceived exertion.

2.3. Preliminary Trials

The cycling trials were performed on a Viking Jetstream 14 road bike and the handcycling trials
were performed on a Draft handbike (operating in synchronous crank mode). Both pieces of equipment
were mounted on a Cyclus II ergometer (Avantronic Richter, Leipzig, Germany). Bike settings were
individually adjusted and standardized for each participant across trials. The differentiated RPE scale
was explained to participants prior to the commencement of preliminary trial testing.

On separate occasions, participants performed incremental cycling and handcycling tests
until exhaustion to determine mode-specific 9Vpeak. The ergometer was set in power control mode,
which ensured a pre-set power output (PO) was automatically regulated independent of cadence or
gear selection by continuous adjustment of the degree of electromagnetic braking. The participants’
performed a 5-min warm-up at a self-selected pace. The continuous step tests consisted of 3-min
submaximal stages with an initial load of 70 W for the cycling and 20 W for the handcycling
test. Increments of 30 W for the cycling and 10 W for the handcycling test were then applied.
Participants reported differentiated RPE scores at the end of each stage and upon completion.
Blood lactate concentrations (Bla) were determined using a Biosen C-Line (EKF Diagnostic GmbH,
Barleben, Germany) at the end of each stage from earlobe capillary blood samples. When the
participant’s (Bla) increased beyond 4 mmol¨L the resistance was increased by 5 W every 15 s
until volitional exhaustion (failure to maintain a cadence of ě50 rpm following 2 warnings and
an overall RPE = 19–20). Online respiratory gas analysis was carried out via a breath-by-breath system
(MetaLyzer 3B, Cortex Biophysik GmbH, Leipzig, Germany). Prior to each test, gases were calibrated
according to the manufacturer’s recommendations. The highest 30 s rolling average 9V value was
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used as the participant’s 9Vpeak. Heart rate (HR) was monitored continuously (Polar RS400, Polar,
Kempele, Finland).

2.4. Experimental Trials

Participants refrained from exercise, caffeine and alcohol consumption in the 24 h preceding each
trial, as previously utilized [23]. They completed 24 h dietary diaries prior to the first experimental trial
and were asked to replicate their diet for all subsequent trials. Participants were asked to consume a
self-selected standardized meal 1.5 h prior to arriving at the laboratory, which was noted upon arrival
(62 (10)% carbohydrate, 18 (9)% protein, 20 (9)% fat) and replicated prior to all subsequent trials.

The experimental trials involved the consumption of either 4 mg¨kg´1 caffeine anhydrous (CAF)
or dextrose placebo (PLA) capsules (Bulk Powders, Colchester, UK) 45 min prior to the warm-up.
A 4 mg¨kg´1 caffeine dose has previously increased plasma caffeine concentrations to 14.6 μM, 50 min
post-ingestion [23] and was therefore deemed suitable for the current study. The protocol can be
seen in Figure 1 and is based on that used previously to assess the effects of glucose ingestion on
UBE performance [24]. Participants were instructed to complete the 10 km TT in the shortest time
possible, during which they could change gear at any time. Cycling 10 km TTs have been shown to be
reproducible in active and endurance-trained participants with a coefficient of variation of 1.5% for
performance time [25]. No motivation was provided during the TT and, to avoid test–retest influence,
the only feedback provided was cumulative distance covered. Experimental trial conditions were
temperature 19.7 (1.1) ˝C, pressure 1004 (11) hPa and humidity 52 (12)%.

The 6–20 RPE scale [26] was used as a measure of perceived exertion during exercise at 10, 20
and 30 min during the preload, and post-TT. Participants were asked for three RPE scores: peripheral
(muscle and joint exertion) (RPEP), central (ventilatory and circulatory exertion) (RPEC) and overall
(integrated) (RPEO).

2.5. Statistical Analyses

Statistical Package for the Social Sciences version 20 software (SPSS Inc., Chicago, IL, USA)
was used to analyze the data. Normal distribution was confirmed using the Shapiro–Wilk test and
consequently (Bla) performance times, HR, power output (PO), respiratory exchange ratio (RER)
and 9V data are reported as mean (standard deviation) (SD). Repeated measures analysis of variance
(ANOVA) was used to examine differences in (Bla) and preload HR, RER and PO. Post-hoc paired
samples t-tests using the Bonferroni correction were applied following significant findings. Ten km TT
performance was also analyzed using a repeated measures two-way ANOVA, with time and treatment
as within participant factors and trial order as a covariate. Cohen’s d effect sizes (ES) are included
to supplement important findings. An ES of 0.2 was considered small, 0.5 moderate and 0.8 large.
One-way ANOVAs with habitual caffeine intake (low, moderate, and high users) as a factor were also
employed. Nonparametric ordinal RPE data are reported as median (quartiles) and were analyzed
using Friedman and Wilcoxon tests. Statistical significance was accepted at p < 0.05.

3. Results

3.1. Performance Tests

Caffeine significantly improved 10 km TT performance during cycling by 2.0 (2.0)% compared to
PLA (ES = ´0.4, p = 0.033) (995 (46) s and 1016 (58) s, respectively). Ten (of 11) participants cycled faster
during CAF (Figure 2). Participants (7 of 11) also handcycled 1.8 (3.0)% faster during CAF compared
to PLA (1450 (86) and 1476 (67) s, respectively) (Figure 2); however, this failed to reach significance
(ES = ´0.34, p = 0.153). There was no significant influence of trial order during cycling (p = 0.164)
or handcycling (p = 0.298). The PO was significantly greater during CAF compared to PLA during
cycling only (p = 0.003), and this was apparent during the first and last 2 km of the TT (p < 0.006).
There was no influence of habitual caffeine intake on TT performance (p > 0.470). Participants with a
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handcycling 9Vpeak greater than the mean value (27.6 ml¨kg¨min´1) (n = 7) improved their handcycling
TT performance by 3.2% whereas those with a 9Vpeak less than the mean (n = 4) had a 0.3% reduction in
handcycling performance (Figure 2).

Figure 2. Individual percentage change in 10 km (a) cycling and (b) handcycling time trial (TT)
performance. Negative responses indicate a reduction in time to complete the TT during caffeine (CAF)
compared to placebo (PLA). Open/filled bars indicate participants with a 9Vpeak above/below the
mode-specific mean. Participant data are ordered the same in A and B.

A significantly lower 9Vpeak was recorded during handcycling compared to cycling (27.6 (5.1)
and 42.9 (7.3) mL¨kg¨min´1, p = 0.001). The target relative exercise intensity of the 65% 9Vpeak

during the preload was matched experimentally with average 9V values of 64.5 (2.5)% during cycling,
and 59.7 (4.8)% during handcycling but importantly, did not differ between mode-specific CAF and
PLA trials (p > 0.217). Average preload HR and RER did not differ between CAF and PLA (p > 0.180).

3.2. Blood Lactate Concentration

There was a significant increase in (Bla) over time during all trials (p = 0.001). This was evident
between 10 and 20 min during cycling following CAF only (p = 0.006), and at both 20 and 30 min
compared to 10 min during handcycling following both CAF and PLA (p < 0.005). The TT resulted in a
significant increase in (Bla) post-TT and five min post-TT during all trials (p < 0.017). The ingestion of
CAF resulted in significantly higher (Bla) compared to PLA during cycling (p = 0.001) and handcyling
(p = 0.007), but differences were only evident post-TT (p < 0.012) (Figure 3). The handcycling preload
(despite a slightly lower relative workload) produced significantly greater (Bla) than during cycling
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regardless of trial (p = 0.004 and 0.016 during PLA and CAF, respectively). However, there was no
difference in (Bla) pre-exercise or post-TT between modalities (p > 0.134).

Figure 3. Group mean (SD) blood lactate concentrations (mmol/L) throughout the 30-min preloaded
(65% 9Vpeak) 10 km time trial protocol during cycling (a) and handcycling (b) following the consumption
of 4 mg¨kg´1 caffeine (CAF) or placebo (PLA). * Significantly different from placebo (PLA).

3.3. Subjective Feelings

Participants’ RPE responses can be seen in Table 1. Only one participant, a low caffeine user,
experienced side effects during CAF, which were reported as feelings of sickness post-preload.
Only two participants correctly identified the treatment in all four trials.

Table 1. Overall, central and peripheral ratings of perceived exertion (RPE) at 10, 20 and 30 min during
the preload and immediately post-time trial.

Preload 10 min Preload 20 min Preload 30 min Post-Time Trial

Overall RPE C PLA 13 (12, 13) 13 (13, 14) † 14 (13, 14) †,‡ 19 (17, 20) †,‡,#

C CAF 12 (11, 13) * 13 (12, 14) †,* 13 (12, 14) †,* 19 (18, 20) †,‡,#

HC PLA 13 (12, 14) 14 (12, 15) † 14 (13, 16) †,‡ 19 (18, 20) †,‡,#

HC CAF 12 (11, 13) * 13 (12, 14) †,* 14 (12, 15) † 19 (18, 20) †,‡,#

Central RPE C PLA 12 (11, 13) 12 (11, 13) † 13 (11, 14) †,‡ 18 (17, 20) †,‡,#

C CAF 12 (11, 13) 13 (12, 14) † 13 (12, 14)*,†,‡ 19 (18, 20) †,‡,#

HC PLA 12 (11, 13) 12 (11, 13) † 13 (12, 14) †,‡ 17 (16, 18) †,‡,#

HC CAF 11 (11, 12) 13 (11, 13) † 13 (11, 14) † 17 (17, 19) †,‡,#

Peripheral RPE C PLA 13 (12, 13) 13 (13, 15) † 14 (13, 16) †,‡ 19 (18, 20) †,‡,#

C CAF 13 (11, 13) 13 (12, 14) *,† 14 (13, 15) †,‡ 19 (17, 20) †,‡,#

HC PLA 14 (13, 15) 15 (13, 16) † 15 (13, 16) †,‡ 19 (19, 20) †,‡,#

HC CAF 13 (11, 14) 14 (12, 15) 15 (12, 16) *,† 19 (18, 20) †,‡,#

Note: Data are median (quartiles). * Significantly different from placebo (PLA), † significantly different from
Preload 10 min, ‡ significantly different from Preload 20 min and # significantly different from Preload 30 min
(p < 0.05).

4. Discussion

This is the first study to assess the effect of caffeine on 10 km TT performance during both
cycling and handcycling in habitual caffeine users. The main finding was that the ingestion of
caffeine (4 mg¨kg´1) significantly improved cycling 10 km TT performance, whereas the same
dose did not statistically improve handcycling performance. This study compliments the work of
Black et al. [16] by investigating the influence of caffeine on longer-term endurance performance during
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LBE (~47 vs. 40 min) and UBE (~54 vs. 40 min) in the same habitual caffeine users. It also supports a
large body of evidence on the positive impact of caffeine on endurance cycling performance [1,11,16,27].

4.1. Preload

The ingestion of CAF during the submaximal preload resulted in changes in RPE but not average
RER, HR or 9V, which agrees with earlier studies [28,29]. While there was a trend for greater (Bla)
during the preload following CAF, in contrast to previous steady state exercise data [16] this did not
reach significance.

Recent reviews on caffeine and its ergogenic effects propose the antagonism of adenosine receptors
as the primary mode of action leading to enhanced performance [30,31]. This mechanism of action has
been shown to influence the CNS [7], through which perceived pain, effort and fatigue are reduced.
The current results show caffeine to reduce RPE during constant rate LBE and UBE. During cycling,
RPEO was lower at all preload time-points and RPEP and RPEC was lower at 20 and 30 min following
CAF, respectively. During handcycling, RPEO was lower at 10 and 20 min and RPEP was lower at
30 min only following CAF. The reduction in perceived effort during the preload may have influenced
the participant’s effort during the subsequent cycling TT yet appears not to have impacted the
handcycling TT.

4.2. Time Trial Performance

The 10 km TT provided data from which the influence of caffeine on endurance performance could
be assessed in a sport-specific manner. The ingestion of CAF resulted in a significant improvement in
cycling performance (2.0 (2.0)%) compared to PLA, which was due to the increased PO during the
first and last two km. On the other hand, it failed to significantly improve handcycling performance
(1.8 (3.0)%) and there was large intra-individual variability. The small effect sizes (´0.4 and ´0.34 for
cycling and handcycling, respectively) reflect the large standard deviations for both sets of results.
Individual responses to caffeine supplementation have often been attributed to differing rates of
caffeine metabolism, which may in turn be linked to training status and body composition [32].
Unfortunately, the rate of caffeine absorption and metabolism were not measured in the current
study. Participant three, who produced the greatest handcycling 9Vpeak value of the group, improved
handcycling TT performance by 8.3% following CAF, yet only improved cycling TT performance by
0.2%. Aside from the participant displaying a learning effect or having an unexplained good/bad
performance, a further explanation for some of the inter-individual variability may therefore be
an individual’s training status. Despite a non-significant finding, some sports practitioners would
argue that if a 1.8% improvement held true for individual elite handcyclists, caffeine could positively
impact performance and ultimately influence finishing positions in a sport where winning margins
are small (~0.5%) [33]. The ingestion of CAF resulted in higher post-TT (Bla) during both modes
of exercise. This increase in (Bla) following the ingestion of caffeine is common in the literature
during both LBE [28] and UBE [12]. The increase is understandable when seen in conjunction with
improved performance such as during the current cycling trials, yet remains to be explained when a
performance improvement is absent as seen during the handcycling trials. The metabolic responses
to exercise differ in arm and leg muscles. Arm exercise is physiologically more stressful than leg
exercise and can increase adrenaline concentration, which in turn is a potent stimulant for muscle
glycogenolysis [34]. The arms also have a lower oxygen extraction capacity, which results in an earlier
onset of anaerobic metabolism (~50% and 75% 9Vmax during arm and leg exercise, respectively) [6].
Hence, the greater (Bla) seen in the current study during handcycling. Accumulation of (Bla) during
the handcycling TT, which was further increased during CAF may have limited the participants’ ability
to improve performance.

Evidence from biopsies suggests that the triceps muscle (an important force producing muscle
during synchronous handcycling) exhibits a greater proportion of type II muscle fibers than the legs
(vastus lateralis) [17,18]. This may partly explain a lack of performance improvement during the
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endurance handcycling TT (~24 min) during which type I fibers would dominate. Furthermore, type II
fibers have been shown (in vitro) to be less sensitive to caffeine compared to type I fibers [35].
Hence, performance gains may be less likely following the ingestion of caffeine during exercise
which relies on the arms (with a lower proportion of type I fibers). Endurance training can improve the
oxidative capacity of muscle fibers [20] and hence may help to explain the observed handcycling TT
improvements following caffeine in those that had an above average mode-specific 9Vpeak (Figure 2).

Previous research suggests caffeine increases muscular strength (maximal voluntary contraction)
and motor unit recruitment in the knee extensors but not in the elbow flexors [15,16]. More and
larger muscles are recruited during LBE compared to UBE and hence caffeine’s influence on muscle
contractility may enhance LBE performance to a greater extent. This potential mechanism is supported
by the improvement in cycling but not handcycling TT performance in the current study.

Although RPE was not reduced following the cycling TT, PO was higher during CAF suggesting
that participants were able to cycle at a higher PO with no change in RPE. This is in line with previous
literature that has shown caffeine to increase the PO/RPE ratio during a TT [1,2]. It has previously
been suggested that the limitation to maximal UBE is likely due to localized fatigue rather than
central circulatory factors [36]. At the end of the handcycling preload (30 min) RPEP was reduced
by CAF but this reduction in perceived arm and shoulder effort did not translate to improvements
in TT performance. It has been suggested that caffeine is unable to have a hypoalgesic effect during
heavy-severe fixed intensity exercise [16], and the same study reported no change in RPE during a
10 min asynchronous UBE performance trial. The current study adds further evidence that the reduced
RPE and hypoalgesic effects seen during submaximal synchronous UBE do not translate to improved
performance during a maximal performance trial. It is likely that the nociceptive stimuli contributing
to the peripheral muscle pain during handcycling may be too great for the antagonism of adenosine
receptors to reduce RPE and pain, and hence are unlikely to translate to improved performance.

The 9Vpeak achieved during handcycling was 64% of that achieved during cycling (range:
52%–83%), which is lower than previously reported values (~70%) [37]. This is likely due to the training
status of the current participants who were not specifically trained in either cycling or handcycling.
The use of recreationally trained participants helped to limit the potential difference in performance
between the cycling modalities and yet meant that participants were unfamiliar with the pacing
strategies required, especially during handcycling. It is worth noting that those with a handcycling
9Vpeak above the mean improved their handcycling TT performance by 3.2%, whereas those below
the mean had a 0.3% reduction (Figure 2). Hence, an individual’s training status appears to affect
how they respond to caffeine during UBE. This theory is supported by improvements in swimming
velocity (during which a large proportion of the force is generated by the upper-body) following the
ingestion of caffeine by trained but not untrained participants [38]. The authors suggested that the
intra and/or extracellular adaptations resulting from specific training are necessary to benefit from
caffeine during sprint performance [38]. The current results suggest that this holds true for endurance
UBE performance also.

It has been suggested that one familiarization session is sufficient for reproducible results in
recreationally active individuals (cycling 9Vpeak = 3.9 compared to 3.6 L¨ min´1 in the current study)
completing a preloaded cycling TT [39] but it is unknown whether this is also the case for handcycling.
That said, there was no statistical evidence of a trial order effect on cycling or handcycling performance,
which suggests that the results cannot be solely attributed to a learning effect.

5. Conclusions

Pre-exercise ingestion of caffeine (4 mg¨kg´1) significantly improved cycling 10 km TT
performance but there was no statistical improvement in handcycling in habitual caffeine users.
The positive effects of caffeine on cycling performance may be related to reductions in RPE during the
preload. The lack of a statistical improvement during handcycling is possibly due to elevated (Bla)
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owing to both the mode of exercise and the ingestion of CAF. Furthermore, participants’ training status
appears to influence the ability of caffeine to improve UBE performance.
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Abbreviations

The following abbreviations are used in this manuscript:

AB Able-bodied
(Bla) Blood lactate concentration
CAF Caffeine
CNS Central nervous system
HR Heart rate
LBE Lower-body exercise
PO Power output
PLA Placebo
RPE Rating of perceived exertion
RPEC Central rating of perceived exertion
RPEO Overall rating of perceived exertion
RPEP Peripheral rating of perceived exertion
SD Standard deviation
TT Time trial
UBE Upper-body exercise
9V Oxygen uptake
9Vpeak Peak oxygen uptake
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Abstract: This study investigated Montmorency tart cherry concentrate (MC) supplementation on
markers of recovery following prolonged, intermittent sprint activity. Sixteen semi-professional, male
soccer players, who had dietary restrictions imposed for the duration of the study, were divided
into two equal groups and consumed either MC or placebo (PLA) supplementation for eight
consecutive days (30 mL twice per day). On day 5, participants completed an adapted version
of the Loughborough Intermittent Shuttle Test (LISTADAPT). Maximal voluntary isometric contraction
(MVIC), 20 m Sprint, counter movement jump (CMJ), agility and muscle soreness (DOMS) were
assessed at baseline, and 24, 48 and 72 h post-exercise. Measures of inflammation (IL-1-β, IL-6, IL-8,
TNF-α, hsCRP), muscle damage (CK) and oxidative stress (LOOH) were analysed at baseline and
1, 3, 5, 24, 48 and 72 h post-exercise. Performance indices (MVIC, CMJ and agility) recovered faster
and muscle soreness (DOMS) ratings were lower in the MC group (p < 0.05). Additionally, the acute
inflammatory response (IL-6) was attenuated in the MC group. There were no effects for LOOH
and CK. These findings suggest MC is efficacious in accelerating recovery following prolonged,
repeat sprint activity, such as soccer and rugby, and lends further evidence that polyphenol-rich foods
like MC are effective in accelerating recovery following various types of strenuous exercise.

Keywords: recovery; strenuous exercise; muscle damage; prunus cerasus; functional foods

1. Introduction

Prolonged, field-based, intermittent sprint sports are popular across the world at both elite
and recreational levels [1]. Sports, such as soccer, field hockey and rugby, require a high volume
of energy turnover and eccentric muscle actions resulting in metabolic and mechanically induced
stress. Indeed, soccer play results in elevated post-match inflammatory [2,3], oxidative stress [2,4,5] and
muscle damage [2,4] markers, as well as decrements in physical performance [2,4,5]. The Loughborough
Intermittent Shuttle Test (LIST), which closely simulates activity patterns, and the physiological
and metabolic demands of soccer [6], has been shown to incur similar stress responses [7–9],
and, thus, provides a tool to induce similar physiological stress to game-play, but in a controlled
environment. In light that athlete schedules require training or competition on multiple occasions
within a few days, the importance of recovery strategies when preparing for the next game or training
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session is critical [10]. This is especially pertinent given that recovery is incomplete at 48 h following
actual [2,11] and simulated [9] match-play.

Montmorency tart cherries have been shown on numerous occasions to be of benefit in
exercise recovery [12–16], which have been proposed to be as a result of the high concentrations
of phytochemicals, and in particular, the flavanoids anthocyanins [14,17–19]. These compounds
can reduce oxidative stress and been shown to be a cyclooxygenase inhibitor (COX), to a similar
extent as NSAIDs [20,21]. A series of studies have investigated the use of Montmorency cherries in
influencing recovery from running [14,22], heavy eccentric contractions [15,16] and cycling [12,13].
Collectively, these lines of investigation suggest that Montmorency cherries could also be applied to
aiding recovery following high intensity concurrent sports that incorporate and very high metabolic
component that is accompanied by high intensity eccentric contractions.

Given that Montmorency cherries have been shown to be of benefit in exercise recovery following
high intensity eccentric contractions and metabolically challenging exercise, it makes the expectation
tenable that it could be applied to sports of a concurrent nature. Therefore the aim of this study was
to investigate the effect of Montmorency cherries on recovery indices following a protocol designed
to replicate the physiological demands of prolonged intermittent sprint activity such as those seen
in field based sports. It was hypothesised that MC supplementation would attenuate post-exercise
inflammatory and oxidative stress responses, and aid the return of functional performance.

2. Methods

2.1. Participants

Sixteen semi-professional (step 5 and above in the Football Association National pyramid, UK),
male soccer players (mean ˘ SD age, height, mass, predicted 9VO2max was 25 ˘ 4 years; 180.8 ˘ 7.4 cm,
81.9 ˘ 6.6 kg, 54.9 mL¨ kg´1¨ min´1, respectively) volunteered to take part in the study. All procedures
were granted Ethical clearance by the University’s Research Ethics Committee prior to testing and
were conducted in accordance with the Helsinki Declaration. Inclusion criteria required participants to
have trained in soccer consistently across the preceding 3 years and be free of any lower limb injury
for the preceding 6 months. This was assessed through the completion of training history and health
screening questionnaires. Following both verbal and written briefings on the requirements of the study,
written informed consent was collected from all participants.

2.2. Study Design

A double blind, placebo controlled design with independent groups design was employed.
Participants attended the laboratory on six separate occasions across a period of no longer than
15 days (Figure 1). On visit 1, participants completed a multi-stage shuttle test [23] in order to predict
VO2max, which was followed by familiarisation with a battery of functional performance tests and
one 15 min section of the Loughborough Intermittent Shuttle Test Part A (LIST) [6]. Participants were
then randomly but equally assigned to either a Montmorency cherry (MC) or placebo (PLA) group,
matched by predicted VO2max score (54.3 vs. 55.4 mL¨ kg´1¨ min´1).

Participants returned to the laboratory for visit 2 within 5 days to complete the battery of baseline
functional measures that followed a standardised warm up; these were countermovement jump height
(CMJ), 20 m sprint time (20 m), MVIC of the knee extensors, agility (5-0-5), which were preceded by
assessment of active muscle soreness (DOMS). Participants were then provided with 24 MC or PLA
beverages in a double blind manner along with verbal and written instructions on how to consume the
beverages. They were also provided with a diet record diary and a list of foods to avoid throughout
the 4 days prior to and during the trial period. During the 4 day period leading up to the trial day,
participants were contacted and instructed to begin supplementation and dietary restrictions.
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Figure 1. Timeline of study protocol including visit requirements, sampling point and
supplementation period.

Visits 3–6 commenced at 8:00 a.m. in order to account for diurnal variation. On visit 3, participants
were required to complete an adapted version of the LIST (LISTADAPT). Following the standardised
warm-up, participants completed a series of 12 ˆ 20 m sprints with a 10 m ‘stopping zone’, departing
every 60 s. This addition was included because (1) the LIST protocol does not account for the many
bounding, leaping and directional changes that are associated with team sports play; and (2) previous
work from our laboratory has shown only moderate responses with regards to the magnitude of stress
response following the LIST [9]. A secondary adaptation to the LIST protocol was the completion of
6 ˆ 15 min sections from the LIST Part A, as opposed to 5 ˆ 15 min sections detailed in the original
protocol [6]. This section was included to standardise the distance covered by the two groups (in the
original protocol, LIST Part B required a run to exhaustion, potentially resulting in group differences).
During the LISTADAPT participants were provided with water ad libitum.

Visits 4–6 took place at 24, 48 and 72 h following the start of visit 3 and required participants
to complete the functional performance test battery outlined in visit 2. Venous blood samples
were collected at baseline (prior to muscle soreness and performance test), immediately pre-trial,
immediately post-trial and 1, 3, 5, 24, 48 and 72 h post-trial for markers of inflammation, oxidative
stress and muscle damage.

2.3. Supplementation

The MC or PLA supplementation was provided to participants after the initial visit along with
instructions detailing the dosing schedule (30 mL twice per day, (8:00 a.m., 6:00 p.m.), 7 consecutive
days (4 days pre- and on each trial day [13])). Supplements were prepared by mixing each dose with
100 mL of water prior to consumption. The MC was a commercially available Montmorency cherry
concentrate (CherryActive, Sunbury, UK); previous work from our laboratory has shown that the MC
used in this study contains a total anthocyanin content of 73.5 mg¨ L´1 of cyanidin-3-glucoside, a total
phenolic content of 178.8 gallic acid equivalent¨ L´1 and an antioxidant capacity (TEAC) of 0.58 trolox
equivalents¨ L´1 [24]. A commercially available, less than 5% fruit, cordial, mixed with water and
maltodextrin (MyProtein Ltd, Northwich, UK) until matched for energy content of the MC (102 kcal)
was used for the PLA supplement. All supplements were prepared by an independent member of the
department prepared in opaque bottles in order to maintain the double blind design.

108



Nutrients 2016, 8, 441

2.4. Dietary and Exercise Restrictions

Participants were instructed to follow a low polyphenolic diet in the 48 h prior to the beginning
of each MC or PLA supplementation and throughout the experimental phase of each study. A list
of foods to avoid was provided and compliance was assessed through the completion of daily food
diaries which has been successfully implemented in previous research [25]. This control measure was
used to provide a washout period of polyphenols to enable the efficacy of the phenolic-rich cherry
concentrate intervention. In addition, participants were instructed to abstain from any exercise that
was not a part of the protocol, throughout the same time periods. Lastly, participants attended all
exercise trials following an overnight fast. These measures ensured that dependant variable changes
from baseline were likely to be in response to the supplementation and the exercise trials implemented
within each study.

2.5. Functional Performance Tests

The functional performance test battery was performed in the following order on each occasion:
Active muscle soreness assessment (DOMS), 20 m sprint, 5-0-5 agility (CV 2.8% [26]), countermovement
jump (CV 1.9%), knee extensors (repeatability in Chapter 3.4). Timings were kept consistent throughout
all functional performance tests, each test was performed 3 times (excluding DOMS), with a 1 min rest
between repetitions and 3 min rest between tests.

Delayed onset of muscle soreness (DOMS) in the lower limbs was assessed using a 200 mm
visual analogue scale (VAS) with ‘no soreness’ at one end and ‘unbearably painful’ at the other.
On each occasion the VAS was used, participants were instructed to place their hands on hips, squat
down to ~90˝, before standing up and immediately making a mark on the scale consistent with their
perceived soreness.

Sprint performance (20 m; coefficient of variation (CV) 0.9%) and the 5-0-5 agility test [27,28]
(CV 2.8%) were assessed using wireless telemetry and infra-red timing gates (Brower Timing Systems,
Draper, UT, USA) on an indoor athletics track. Countermovement jump height (CV 1.9%) was assessed
using a jump mat (Just Jump, Probotics Inc., Huntsville, AL, USA); participants were instructed to
stand on the jump mat with their feet parallel and approximately shoulder width apart. Following this,
participants completed a maximal vertical jump whilst maintaining hands on hips through flight and
landing. MVIC of the dominant knee extensors was determined using a strain gauge (MIE Medical
Research Ltd., Leeds, UK) using the methods described previously [13]. The peak performance from
each trial was used for data analysis.

2.6. Blood Sampling

Blood samples (35 mL) were collected from a forearm vein located in the antecubital fossa
region in order to assess for markers of muscle damage (creatine kinase [CK]), inflammation
(interleukin-1-beta (IL-1-β), interleukin-6 (IL-6), tumour necrosis factor-alpha (TNF-α), high-sensitivity
C-reactive protein (hsCRP)) and oxidative stress (lipid hydroperoxides (LOOH)) using previously
described methods [12,13]; intra-sample CVs ranged from 0.7% to 6.8%. Samples were collected into
serum gel, ethylenediaminetetraacetic acid (EDTA) or sodium heparin treated tubes (Vacutainer®BD
UK Ltd., Oxford, UK). Samples were then immediately centrifuged (Allegra X-22 Centrifuge, Beckman
Coulter, Bucks, UK) at 2400ˆ g at 4 ˝C for 15 min before having the supernatant removed and stored
in aliquots. Aliquots were then immediately stored at ´80 ˝C and subsequently analysed for the
respective indices in each study.

2.7. Statistical Analysis

All data analyses were conducted using IBM SPSS Statistics 20 for Windows (Surrey, UK) and
are reported as mean ˘ standard deviation. All data was confirmed as parametric via a Shapiro-Wilk
test for normality. Differences between blood marker variables were analysed by using a group
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(MC vs. PLA) by time-point (Pre-supplement, Post-supplement, 1, 3, 5, 24, 48 and 72 h) mixed model
ANOVA. Functional performance measures were analysed using the same model, however with four
fewer levels (Pre-supplement, Post-supplement, 24, 48 and 72 h). Where significant group baseline
differences were apparent (MVIC, CMJ, 5-0-5 agility, 20 m sprint, DOMS) results were normalised
to baseline values prior to subsequent statistical analysis. Mauchley’s Test of Sphericity was used to
assess homogeneity of data and where violations were present, Greenhouse-Geiser adjustments were
made. Where necessary, interaction effects were assessed using LSD post hoc analysis. Prior to all
analyses, a significance level of p < 0.05 was set.

3. Results

MVIC (Figure 2) showed significant time (F(1,4) = 6.586, p = 0.001, η2 = 0.320), group (F(1,2) = 19.445,
p = 0.001, η2 = 0.582) and interaction (F(1,4) = 8.970, p < 0.001, η2 = 0.391) effects when data was
normalised to baseline values. The decline in MIVC performance was not evident in the MC group
whereas as function had not returned to basal levels at 72 h in the PLA. The peak difference occurred
at 48 h where MVIC scores in the MC group were found to be 19% higher.

Figure 2. Changes in maximum voluntary isometric contraction (MVIC; Panel (A)) and delayed
onset muscle soreness (DOMS; Panel (B)) in response to Montmorency cherry (MC) or placebo (PLA)
supplementation. * Group effect; $ Interaction effect (p < 0.05).

When data was normalised to baseline values, CMJ also showed significant time (F(1,4) = 30.320,
p < 0.001, η2 = 0.684), group (F(1,2) = 7.336, p = 0.017, η2 = 0.345) and interaction (F(1,4) = 3.334, p = 0.028,
η2 = 0.193) effects (Figure 3). Both MC and PLA groups demonstrated reduced CMJ (vs. baseline) in
the 72 h post-trial period, although the CMJ decrease in the MC group was significantly attenuated at
24 h (5%, p = 0.022) and 48 h (6%, p = 0.017) versus placebo. Significant time (F(1,4) = 12.988, p < 0.001,
η2 = 0.481) and group (F(1,2) = 7.963, p = 0.015, η2 = 0.355) effects were found for the 5-0-5 agility test.
MC times for the 5-0-5 agility were on average 3% faster (vs. PLA) across the 72 h post-trial testing
period. For the last of the performance measures, 20 m sprint time, significant time (F(1,4) = 9.681,
p = 0.001, η2 = 0.409) and interaction (F(1,4) = 3.145, p = 0.035, η2 = 0.183) effects were apparent, with
both MC and PLA groups demonstrating slower times in all three post-trial tests. At 48 h in the MC
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group, 20 m sprint times were significantly (p = 0.043) faster (4%) than PLA. DOMS was significantly
increased in both groups across the 72 h post-trial period (F(1,4) = 37.206, p < 0.001). A significant
group effect (F(1,2) = 8.486, p = 0.011, η2 = 0.377) showed that DOMS ratings were lower in the MC
group (vs. PLA), which were mirrored by interaction effects (F(1,4) = 4.069, p = 0.013, η2 = 0.225) at
24 (p = 0.044), 48 (p = 0.018) and 72 h (p = 0.007), which showed almost complete recovery of at 72 h.

Figure 3. Comparison of countermovement jump (CMJ) height with Montmorency cherries (MC) or
placebo (PLA) supplementation. * Group effect; $ Interaction effect (p < 0.05).

With regards to inflammatory markers, IL-6 (Figure 4) was found to be elevated in both groups
following the trial (F(1,8) = 52.180, p < 0.001, η2 = 0.788). Group comparisons (F(1,2) = 10.223, p = 0.006,
η2 = 0.422) demonstrated an overall significantly attenuated IL-6 response to the trial in MC (vs. PLA),
with significant interaction effects (F(1,8) = 3.313, p = 0.003, η2 = 0.191) showing peak differences of
3.10 pg¨ mL´1 occurring immediately post-exercise (p = 0.03). Further inflammatory marker data for
plasma IL-8 (F(1,8) = 4.905, p = 0.010, η2 = 0.259), TNF-α (F(1,8) = 6.343, p < 0.001, η2 = 0.312) and hsCRP
(F(1,8) = 20.298, p < 0.001, η2 = 0.592) revealed significant increases in each variable in the 72 h following
the trial, however, group and interaction comparisons failed to identify differences. IL-1-β was not
found to be increased at any measurement point across the trial period. The trial significantly increased
CK in both groups (F(1,4) = 10.243, p = 0.004, η2 = 0.423), although no group or interaction effects were
found. Peaks values of 1200 IU/L were attained at 24 h (Table 1).

Figure 4. Interleukin-6 (IL-6) responses in the Montmorency cherry (MC) and placebo (PLA) groups to
the adapted Loughborough Intermittent Shuttle Test (LISTADAPT) exercise. * Group effect; $ Interaction
effect (p < 0.05).
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Lipid hydroperoxides were increased in the 72 h post-exercise period as indicated by a significant
time effect (F(1,8) = 5.973, p < 0.001, η2 = 0.289). Peak increases of 35% above baseline occurred at 5 h.
Although there was a tendency for higher PLA group values, no significant group or interaction effects
were found. A summary of variables is reported in Table 1.

In order to identify any group differences in LISTADAPT performance, a comparison of sprint
times during the LISTADAPT protocol was performed using Student’s T-test. No group differences in
LISTADAPT sprint performance were found (t = 1.511, p = 0.153).

4. Discussion

The main finding of this study was that participants supplemented with MC were able to maintain
greater functional performance than PLA counterparts following prolonged intermittent sprint activity.
More specifically, MVIC, CMJ, 20 m sprint and 5-0-5 agility performances were superior in the 72 h
post-exercise with MC (vs. PLA). In addition, DOMS and IL-6 were lower in the MC group throughout
the post-trial period.

The attenuated declines in muscle performance are consistent with the findings of previous
studies investigating MC as a recovery aid [12–16] and additionally the magnitude of MVIC decline
following the LISTADAPT was comparative to previous work utilising a similar protocol [29]. The MVIC
performance was on average 17%, superior in the MC group (vs. PLA). MC supplementation also
resulted in better (vs. PLA) CMJ performance at 24 and 48 h. Sprint times in both groups were
slower in the 72 h post-exercise period, however at 48 h the MC group was significantly faster.
Agility (5-0-5) times were also faster in the MC group by an average of 3% across the 72 h post-trial
period. Interestingly, the MVIC results in the 72 h following exercise suggests MC supplementation
abolishes declines in this performance measure—a result that has been previously reported [13].

These data support the idea that supplementation with MC protect declines in muscle function
following strenuous exercise, specifically in activity akin to repeated sprint sports and games play such
as rugby, soccer and field hockey. A reduction in post-exercise IL-6 suggests a lower acute inflammatory
response to the exercise bout that might contribute to the performance differences between groups.
The COX, prostaglandin, IL-6 pathway, which are activated during the secondary inflammatory
response to cellular disruption, has been associated with proteolytic and lipolytic processes [30] and
subsequently muscular performance could be inhibited. Seemingly, MC supplementation reduced
(but did not abolish) this process and allowed for greater maintenance of muscular performance in
the recovery period. Conversely, there were no group differences in hsCRP. This is unexpected given
that IL-6 is implicated as a signalling molecule for the expression of hsCRP [31,32]. We are unable
to resolve the discrepancy between IL-6 and hsCRP and therefore suggest further work is needed
to identify the mechanism by which MC might exert its anti-inflammatory responses in response to
strenuous exercise.

In contrast to previous work [12] that examined repeated days cycling exercise, there were
no differences in LOOH between groups. The obvious discrepancy between study findings may
be attributed to single versus repeated days exercise. Unlike Bell et al. [12], where repeated days
cycling exercise (metabolic challenge) were used, the current study investigated a single bout of
strenuous exercise that incorporated both a metabolic and mechanical exercise stress. Conceptually, the
accumulated stress response from repeated day’s exercise would be greater than a single bout, but
of course the modalities, cycling versus simulated concurrent exercise, pose very different exercise
challenges and hence the redox response may also differ considerably between exercise stimuli.

In agreement with previous work [16,22], the lower post-exercise DOMS in the MC group provide
further evidence for the protective effect of cherries. Despite this, previous work from our lab [13]
using MC has not shown this positive effect. This discrepancy may be attributed to the different modes
of exercise employed to induce stress. Whilst muscle actions during cycling are almost exclusively
concentric [33], the repeated sprints and decelerations during the LISTADAPT protocol in the present
study, place a heavy eccentric load on the same muscle groups and as a result are likely to incur
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greater mechanical stress. Indeed, DOMS ratings from the present study were consistently higher
than those in the cycling studies [12,13]. In further support of this supposition, CK (an index of
cellular disruption following damaging exercise) was considerably higher than the aforementioned
cycling studies. However, the CK response reported in previous work [14,15] using protocols that also
incorporate a heavy eccentric component, showed no evidence for a protective effect of MC.

The high-intensity, prolonged, intermittent nature of soccer and other repeated sprint sports
places a high degree of both mechanical and metabolic stress [2], which is reflected by the increase in
the appearance of physiological stress responses in the present study. Whilst this is not the first study
to demonstrate accelerated recovery of functional performance with MC supplementation, it is the
first to do so following simulated games play and therefore represents an important wider application
of this intervention to aid exercise recovery in sports of an intermittent sprint nature, such as soccer,
rugby, field hockey and basketball. Collectively, there is a growing body of evidence suggesting
that MC has the ability to facilitate exercise recovery—perhaps by modulating inflammation and/or
oxidative stress. The exact mechanisms behind these promising data are not clear, so it seems prudent
to explore further; perhaps by using animal, cellular and molecular techniques to provide a greater
understanding of the application of MC and other phenolic-rich foods.

In summary, this study provides further evidence for the use of MC as a recovery aid. For the first
time, MC supplementation has been shown to accelerate the recovery of a number of functional
performance measures following prolonged intermittent sprint activity and suggest that some
dampening of the post-exercise inflammatory processes might be responsible. With regards to
application, the dampening of such responses could be highly advantageous in sports requiring
athletes to complete high volumes of training whilst ‘in-season’, or athletes competing in tournament
scenario’s that require multiple performances within a short time period and the ability to recover in
sufficient time is a challenge. Additionally, although dietary restrictions were imposed throughout the
study period, the results suggest that sports requiring sprinting or high intensity directional changes
might benefit from MC supplementation when playing schedules are congested and recovery time
is limited between games. Finally, the issue of modulating the post-exercise oxidative stress and
inflammatory response has raised concerns; insofar as these stressors are implicated in the adaptive
response. Although there is no evidence that the adaptive response is affected by functional foods,
this question should be addressed in order to determine if periodiation of these sorts of supplements
is warranted.
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Abstract: Vitamin D deficiency is a global health concern that is prevalent in Ireland. The vitamin D
status of elite Irish athletes following implementation of a revised supplementation policy
in 2010/2011 has not been explored to date. This study aimed to assess the vitamin D status of elite
Irish athletes participating in high-profile sports and establish if equatorial travel, supplementation
and/or sunbed use predict vitamin D status. Across Ireland, blood samples (n = 92) were obtained
from cricketers (n = 28), boxers (n = 21) and women’s rugby sevens players (n = 43) between
November 2013 and April 2015. Total 25-hydroxyvitamin D (25(OH)D) concentrations were
quantified using LC-MS/MS. Parathyroid hormone and adjusted calcium concentrations were
measured by clinical biochemistry. Athletes completed a questionnaire that queried equatorial
travel, supplementation and sunbed use. Vitamin D sufficiency (25(OH)D >50 nmol/L) was evident
in 86% of athletes. Insufficiency (31–49 nmol/L) and deficiency (<30 nmol/L) was present in
only 12% and 2% of athletes respectively. On average, athletes from all sport disciplines were
vitamin D sufficient and 25% reported vitamin D supplementation which was a significant positive
predictor of vitamin D status, (OR 4.31; 95% CI 1.18–15.75; p = 0.027). Equatorial travel and sun bed
use were reported in 47% and 16% of athletes respectively however these factors did not predict
vitamin D status (both p > 0.05). Although different cohorts were assessed, the overall prevalence of
vitamin D insufficiency/deficiency was 55% in 2010/2011 compared with only 14% in 2013/2015.
Targeted supplementation is highly effective in optimising vitamin D status, negating the need for
blanket-supplementation in elite cohorts.

Keywords: Elite athletes; vitamin D; supplementation

1. Introduction

In Ireland, vitamin D insufficiency and deficiency, defined by the U.S Institute of Medicine
as a total 25-hydroxyvitamin D (25(OH)D) concentration below 50 nmol/L and 30 nmol/L
respectively [1], is pervasive in athletes, thus raising concern of potential skeletal and extra-skeletal
health implications [2]. Chronic vitamin D deficiency (25(OH)D <30 nmol/L) clinically manifests as
rickets in children and osteomalacia in adults, debilitating conditions characterised by a bow-legged
posture and an increased risk of fracture [3]. Emerging research also suggests that vitamin D may be
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important in maintaining a healthy immune system, particularly with respect to upper respiratory tract
infections which are commonly reported in athletes [4,5]. It has been suggested that a total 25(OH)D
concentration of >75 or even >120 nmol/L may be considered optimal for achieving the proposed
extra-skeletal health benefits of vitamin D [6,7] however there is currently insufficient evidence from
randomised controlled trials to support such thresholds for athletes.

The primary source of vitamin D is cutaneous synthesis driven by ultraviolet-B radiation, at a
wavelength of 290–315 nm, interacting with 7-dehydrocholesterol and forming pre-vitamin D in cells of
the upper epidermis [8]. Due to Ireland’s northerly latitude (51˝N–55˝N), sunlight is only of sufficient
strength to trigger cutaneous vitamin D synthesis for 6 months of the year (April to September);
resulting in seasonal fluctuation in vitamin D status [9]. As such, geographical location is the major
factor contributing to poor vitamin D status in Irish athletes as well as the general population [10,11].
In addition, indoor, early-morning and late-evening training sessions may also contribute to the
prevalence of vitamin D insufficiency/deficiency in athletes [12]. Compounding this issue is the
limited availability and consumption of vitamin D-rich foods by Irish athletes such as fatty fish and
liver [10,13].

Previous studies conducted by our research group have identified a particularly high prevalence
of vitamin D insufficiency/deficiency in Gaelic footballers, Paralympians and boxers competing
at both the collegiate and elite-level [10,13]. Based on these findings the Irish Institute of Sport
revised their vitamin D supplementation policy; aiming to ensure that identified cases of vitamin D
insufficiency/deficiency were dealt with appropriately. It is not known, however, if the extent of this
health concern extends to elite athletes competing in other high-profile sports in Ireland such as those
within international cricket and rugby teams. This study therefore aimed to assess the vitamin D status
of elite Irish athletes participating in a range of high-profile sports and establish if equatorial travel,
supplement use and/or sunbed use are predictors of vitamin D status.

2. Materials and Methods

2.1. Recruitment

This observational study took place between November 2013 and April 2015 at training locations
across the island of Ireland. The study was approved by the University Research Ethics Committee
(REC/13/0235) and conducted in accordance with the declaration of Helsinki. A total of 64 elite
athletes, that were actively competing internationally, were recruited through the teams’ performance
dietitian and provided with an information sheet detailing the study procedures prior to obtaining
informed consent. Overall, 92 blood samples were obtained from male cricketers (n = 28), male and
female boxers (n = 18 and n = 3 respectively), and female rugby seven players (n = 43) across multiple
time points. Samples were obtained in the months of February (cricket n = 14); March (rugby n = 7);
April (boxing n = 18); May (cricket n = 15); September (cricket n = 13) and November (rugby n = 22
and boxing n = 3).

2.2. Blood Collection and Processing

Trained phlebotomists obtained blood samples from the antecubital fossa; using a 21-gauge
butterfly needle and 8 mL serum and 9 mL ethylenediaminetetraacetic (EDTA) plasma tubes
(Greiner Bio-One GmbH, Kremsmünster, Austria). Following inversion, serum tubes were left at
room temperature for up to 60 min and EDTA plasma tubes placed in refrigeration or on ice until
processing. Within 3 h of collection, tubes were centrifuged at 2200 rpm for 15 min at 4 ˝C. Following
separation, serum and plasma samples were pipetted into 0.5 mL aliquots and stored at ´80 ˝C until
further analysis.
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2.3. Blood Analyses

All analyses were run in duplicate. Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) (API 4000; AB SCIEX) was used to quantify serum 25(OH)D2 and 25(OH)D3

concentrations, using a commercially available assay (Chromsystems Instruments and Chemicals
GmbH; MassChrom 25-OH-Vitamin D3/D2). This analysis was undertaken at the biochemistry
department of St James’ Hospital Dublin; a laboratory that complies with the Vitamin D External
Quality Assessment Scheme and use of the National Institute of Standards and Technology
972 vitamin D standard reference material. The respective inter- and intra-assay coefficients of
variation were 6.5% and 7.5%. Serum calcium concentrations (adjusted for serum albumin) were
determined using an ILab 650 clinical biochemistry analyser at the University of Ulster, Coleraine.
Plasma parathyroid hormone (PTH) concentration was quantified at Altnagelvin area hospital using a
Cobas 4000 clinical biochemistry analyser (Roche Diagnostics Ltd., Burgess Hill, UK).

2.4. Lifestyle Questionnaire

In the presence of a researcher, a self-reported lifestyle questionnaire was completed by each
athlete in order to estimate use of dietary supplements containing vitamin D, sunbed use and equatorial
travel in the 6 months prior to sampling.

2.5. Statistical Analysis

An a priori power calculation with significance set at p < 0.05 and statistical power at 95%
determined that 27 athletes were required in order to detect a 31.4 nmol/L difference in total 25(OH)D
concentration between sport disciplines (GPower Version 3.1) [10]. The Statistical Package for
the Social Sciences (SPSS) was used for all further analyses (IBM SPSS Statistics for Windows,
Version 21.0, IBM Corp., Armonk, NY, USA). Data distribution was assessed using the Shapiro-Wilk
test. All measures had a skewed data distribution and were therefore log-transformed prior to
hypothesis testing. For continuous variables, differences in outcome measures between sport
disciplines were identified using analysis of variance (ANOVA) with Bonferroni post-hoc test. p-values
were adjusted using the Bonferroni correction for multiple comparisons. A Chi square test was used to
identify if vitamin D status varied according to season of sampling (Spring/Summer (March–August)
versus Autumn/Winter (September–February)). A Chi squared test was also used to determine
seasonal variation in sampling according to sex. Differences in questionnaire responses, between sport
disciplines, were determined using a Chi-square test with post-hoc analysis comparing standardised
residuals [14]. A logistic regression model was used to identify if vitamin D supplementation, sunbed
use or travel to an equatorial location were significant predictors of vitamin D status. As only 2 athletes
exhibited vitamin D deficiency (total 25(OH)D concentration <30 nmol/L); vitamin D status was
defined as sufficiency (>50 nmol/L) and insufficiency/deficiency (<50 nmol/L).

3. Results

Physical and biochemical characteristics of elite athletes are detailed in Table 1.
As expected, there was a significant difference in the distribution of male and female athletes

recruited from each sport discipline (rugby n = 43 females; boxing n = 18 males and n = 3 females;
cricket n = 28 males) p < 0.001. The vitamin D status of athletes is outlined in Figure 1 and this did not
vary according to season of sampling, p = 0.548.
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Table 1. Physical and biochemical characteristics of elite athletes presented as mean ˘ SD.

Measure Total Samples (n = 92) Rugby (n = 43) Boxing (n = 21) Cricket (n = 28) p a

Age, y 25 ˘ 5 25 ˘ 4 23 ˘ 4 d 28 ˘ 7 c 0.021
Height, cm 175 ˘ 9 168 ˘ 6 c,d 179 ˘ 10 b 182 ˘ 6 b 0.003
Weight, kg 75.79 ˘ 14.12 68.05 ˘ 6.64 d 74.52 ˘ 16.87 d 88.64 ˘ 11.16 b,c 0.003

BMI, kg/m2 24.55 ˘ 2.95 23.83 ˘ 1.67 d 22.96 ˘ 2.88 d 26.85 ˘ 3.25 b,c 0.003
25(OH)D2, nmol/L 2.02 ˘ 1.54 2.05 ˘ 1.36 2.76 ˘ 1.76 d 1.42 ˘ 1.43 c 0.006
25(OH)D3, nmol/L 74.48 ˘ 27.54 64.16 ˘ 24.73 d 81.27 ˘ 34.46 85.24 ˘ 20.00 c 0.003

Total 25(OH)D, nmol/L 76.50 ˘ 27.00 66.20 ˘ 24.44 c,d 84.03 ˘ 33.20 b 86.66 ˘ 19.78 b 0.003
Adjusted calcium, mmol/L 2.30 ˘ 0.17 2.26 ˘ 0.13 2.33 ˘ 0.08 2.32 ˘ 0.10 0.060

PTH, pg/mL 32.71 ˘ 11.54 34.69 ˘ 12.82 31.08 ˘ 12.18 30.84 ˘ 8.49 1.000
a Differences between sport disciplines, ANOVA with Bonferroni post-hoc test. p value corrected for multiple
comparisons; b Significantly different from rugby, p < 0.05; c Significantly different from boxing, p < 0.05;
d Significantly different from cricket, p < 0.05.

Figure 1. Vitamin D status of athletes. Overall, 86% of athletes were vitamin D sufficient; 12% of
athletes were vitamin D insufficient (31–49 nmol/L) and 2% vitamin D deficient (<30 nmol/L).

Rugby players had a significantly lower mean total 25(OH)D concentration compared to boxers
and cricketers. Overall, females exhibited a significantly lower mean total 25(OH)D concentration
compared to males (65.37 ˘ 24.91 versus 88.24.04 nmol/L respectively, p < 0.001). A significantly
greater proportion of female athletes were sampled during the autumn/winter compared to male
athletes (n = 36 and n = 16 respectively, p < 0.001). In total, 25% of athletes reported consuming
vitamin D supplements in the 6 months prior to sampling. There was no difference in the ratio of
athletes reporting/not reporting vitamin D supplement use between sport disciplines, Table 2.

120



Nutrients 2016, 8, 485

Table 2. Number of athletes reporting equatorial travel, vitamin D supplementation and sunbed use in
the 6 months prior to sampling.

Total Cohort
(n = 92)

Rugby
(n = 43)

Boxing
(n = 21)

Cricket
(n = 28)

p a

Measure Yes/No Yes/No Yes/No Yes/No
Equatorial travel 43:48 24:19 b 2:18 17:11 b 0.006

Vitamin D supplement use 23:68 12:31 6:14 5:23 1.00
Sun bed use 15:76 8:35 c 7:13 c 0:28 0.030

a Chi-square test with Bonferroni post-hoc test. p value corrected for multiple comparisons; b Yes/No responses
were significantly different from boxing, p < 0.05; c Yes/No responses were significantly different from cricket,
p < 0.05.

Vitamin D supplementation was a significant positive predictor of vitamin D status (Table 3).

Table 3. Logistic regression model predicting likelihood of athletes having a total 25(OH)D
concentration above 50 nmol/L.

Predictor β S.E Wald p Odds Ratio
95.0% C.I. for Odds Ratio

Lower Upper

Vitamin D
supplementation 1.46 0.66 4.88 0.027

a 4.31 1.18 15.75

Equatorial travel 0.23 0.65 0.13 0.720 1.26 0.35 4.49
Sunbed use ´1.18 1.12 1.12 0.291 0.29 0.03 2.75

a Statistically significant predictor of a total 25(OH)D concentration above 50 nmol/L, p < 0.05.

Equatorial travel and sunbed use were reported in 47% and 16% of athletes respectively. A higher
ratio of rugby players and cricketers reported equatorial travel compared to boxers and a higher ratio
of rugby players and boxers reported sunbed use compared to cricketers (Table 2), but these factors
did not predict vitamin D status (Table 3).

4. Discussion

The terminology pertaining to deficient/insufficient/sufficient vitamin D status remains a topic
of ongoing debate, with no widely accepted guidelines in place for athletes [12]. According to
U.S Institute of Medicine guidelines, 14% of athletes in the current study exhibited vitamin D
insufficiency/deficiency; a stark difference from 55% when elite Irish athletes were tested in 2010/2011,
albeit not in the same cohort [10]. Elite boxers were tested in both studies and, in this group specifically,
the prevalence of vitamin D insufficiency/deficiency has decreased from 29% to 10% since 2010/2011.
On average, athletes from all sport disciplines were vitamin D sufficient. Although rugby seven players
had a lower mean total 25(OH)D concentration than those from other sport disciplines, this is unlikely
to be clinically meaningful; certainly with respect to bone health. Furthermore, this difference can
likely be attributed to a greater proportion of female athletes being sampled during autumn/winter
than male athletes.

Whilst studies around the globe have demonstrated that vitamin D insufficiency/deficiency
is a health concern affecting athletes [2]; not all elite cohorts have exhibited clinical deficiency,
in support of the current findings [15–22]. Unlike the majority of athletes, those competing at the
elite level have access to a support network of dietitians that regularly monitor dietary intake and
nutrient status by analysis of food diaries and blood screening. Since the findings of Magee and
colleagues [10], total 25(OH)D concentrations have been included as part of routine blood screening for
elite athletes in Ireland; thereby enabling targeted supplementation practices. Vitamin D supplement
use was confirmed as a positive predictor of vitamin D status in the current study. This finding
reinforces the important role that vitamin D supplementation has to play in the optimisation of elite
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athletes vitamin D status. Elite Irish athletes are routinely screened during the late autumn/early
winter (October onward) when ultraviolet B radiation is no longer able to trigger dermal vitamin D
synthesis and risk of deficiency increases concomitantly [23]. This marks a change in strategy
from pre-2010/2011 when vitamin D screening and supplementation was uncommon. Athletes that
exhibit a total 25(OH)D concentration below 125 nmol/L are currently assigned to a supplementation
protocol based upon their initial total 25(OH)D concentration. This targeted approach likely decreases
the risk of inadvertent vitamin D toxicity (total 25(OH)D concentration « 250 nmol/L) through
excessive supplementation when it is not required [24]. Total 25(OH)D is quantified in athlete’s
serum using liquid chromatography-tandem mass spectrometry (LC-MS/MS); a method that is widely
regarded as the current gold-standard [25]. Alternative analytical methods, such as immunoassay,
can overestimate 25(OH)D concentrations leading to misdiagnosis [26].

There is growing evidence that vitamin D3 (cholecalciferol) has superior bioavailability compared
to vitamin D2 (ergocalciferol) as a result of stronger association to vitamin D binding protein [27].
This concept has been corroborated by several randomised controlled trials demonstrating that
vitamin D3 can be up to 70% more effective than vitamin D2 at increasing total 25(OH)D [28,29].
As such, elite Irish athletes are supplemented with vitamin D3.

The Irish Sports Council promotes a ‘food-first’ approach with regard to dietary supplements [30].
This is a precautionary stance consistent with other National Governing Body policies worldwide
owing to numerous reports of supplement contamination with World Anti-Doping Agency
(WADA)-banned substances [31–35]. Although there are a growing number of vitamin D-fortified
products available in Ireland [36,37], there are few naturally-occurring dietary sources of vitamin D
and intake of such foods is low in the typical Western diet [38,39]. It therefore remains challenging for
athletes to attain the current UK reference nutrient intake of 10 μg/day from diet alone [10,13]. In the
absence of widespread vitamin D fortification; this conundrum may be best resolved through athlete’s
consultation with the team dietitian and provision of batch-tested supplements that are confirmed
to be free of contaminants. In the United Kingdom and Ireland, vitamin D3 supplements certified
as contaminant-free by Informed Sport are currently available in doses ranging from 1000 IU (25 μg)
to 5000 IU (125 μg) [40–42]. It should be noted however that the tolerable upper intake limit for
vitamin D has been set at 4000 IU (100 μg)/day by the European Food Safety Authority [43].

Strengths of this study include the large sample size and recruitment of both male and female
athletes from several high-profile sport disciplines. A potential limitation is the self-reported measure
of equatorial travel. Although 47% of athletes reported equatorial travel, this was not deemed a
significant predictor of vitamin D status. Although this may seem surprising owing to the unequivocal
role of UVB exposure in vitamin D synthesis [44]; one should not assume that equatorial travel for
training/competition invariably results in an enhanced vitamin D status. It is plausible to suggest that
effective application of high sun protection factor cream and indoor training, to avoid excessive heat
exposure during peak sunlight hours, may limit vitamin D synthesis despite an equatorial location [45].
The lifestyle questionnaire in the current study had not been previously validated and therefore this
could be deemed a potential limitation. Future studies may wish to consider assessing the habitual
dietary intake of vitamin D-containing foods by elite athletes, albeit expected to make a negligible
contribution to overall vitamin D status [10,13] and using dosimeters to quantify UVB exposure of
athletes whilst away on training camps and competition. In summary, vitamin D sufficiency is now
commonplace in elite Irish athletes. This finding demonstrates the efficacy of targeted supplementation
in elite sport and suggests that blanket-supplementation of elite Irish athletes may therefore not
be appropriate.
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Abstract: This study examined the effects of beetroot juice (BTJ) on recovery between two
repeated-sprint tests. In an independent groups design, 20 male, team-sports players were
randomized to receive either BTJ or a placebo (PLA) (2 × 250 mL) for 3 days after an initial
repeated sprint test (20 × 30 m; RST1) and after a second repeated sprint test (RST2), performed 72 h
later. Maximal isometric voluntary contractions (MIVC), countermovement jumps (CMJ), reactive
strength index (RI), pressure-pain threshold (PPT), creatine kinase (CK), C-reactive protein (hs-CRP),
protein carbonyls (PC), lipid hydroperoxides (LOOH) and the ascorbyl free radical (A•−) were
measured before, after, and at set times between RST1 and RST2. CMJ and RI recovered quicker in
BTJ compared to PLA after RST1: at 72 h post, CMJ and RI were 7.6% and 13.8% higher in BTJ vs.
PLA, respectively (p < 0.05). PPT was 10.4% higher in BTJ compared to PLA 24 h post RST2 (p = 0.012)
but similar at other time points. No group differences were detected for mean and fastest sprint time
or fatigue index. MIVC, or the biochemical markers measured (p > 0.05). BTJ reduced the decrement
in CMJ and RI following and RST but had no effect on sprint performance or oxidative stress.

Keywords: beetroot juice; muscle damage; exercise recovery; repeated sprint exercise

1. Introduction

Repeated sprint exercise (RSE), in which a number of short-duration maximal effort sprints
(2–6 s) are completed intermittently with brief recovery periods (≤60 s), places a great deal of
stress on the physiological and musculoskeletal systems [1]. The high energy turnover during
RSE induces significant metabolic stress, triggering rapid perturbations in the nervous, immune,
and endocrine systems [1], as well as an increased formation of reactive oxygen species (ROS) [2].
In addition, the high-force eccentric muscle contractions required to accelerate and decelerate
during RSE places a great deal of mechanical stress on the musculoskeletal system, particularly
the quadriceps and hamstring muscle groups [3]. It is therefore not surprising that team-sport players,
who routinely engage in RSE in training sessions and matches, often display symptoms of muscle
damage (i.e., muscle soreness and reduced muscle function) that can persist for several days [4–6].
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Because the typical time between training sessions and or matches is often not sufficient for full
recovery (≤72 h) athletes and coaches are continually seeking strategies that could help minimise the
negative effects of muscle damage [7,8].

The exact mechanisms to explain the causes of muscle damage after RSE are not fully
understood, but a host of factors such as muscle membrane damage, sarcomere disorganization,
excitation-contraction coupling dysfunction, contractile protein degradation and inflammation are all
likely to play a role [9,10]. Furthermore, it has been suggested that the generation of ROS in the days
post-exercise, likely a consequence of inflammatory mediated repair processes, might exacerbate
the existing muscle damage by degrading components of the cytosol that are integral to force
production [11–13]. A number of studies have provided evidence of oxidative stress in the hours and
days following RSE [2,6,14], suggesting that the endogenous antioxidant system is unable to cope
with excess ROS production under these conditions. Thus, it would be reasonable to assume that the
prolonged decrement in muscle function might be, at least in part, attributable to oxidative stress.
This also makes the expectation tenable that interventions attempting to combat the excess production
of ROS and control oxidative stress, such as antioxidants, could help accelerate the rate of muscle
recovery following RSE.

While the nutritional antioxidants vitamin C and E have proven largely ineffective at attenuating
muscle damage [15–17], there is growing support for the use of antioxidant-rich fruit and vegetable
beverages as recovery aids [18]. Recently, we showed that supplementation with beetroot juice
(BTJ) attenuated some aspects of muscle damage following high intensity plyometric exercise [19].
We proposed that one of the potential mechanisms by which of BTJ might have attenuated EIMD
in this study was via its antioxidant effects. Although the antioxidant effects of BTJ has received
little attention in the literature, findings from our previous work [20] and others [21,22] suggest that
its antioxidant capacity is markedly higher than other vegetable juices, such as tomato and carrot
juice, and also than several other drinks considered to have a high antioxidant capacity such as
green tea, apple, cherry and cranberry juice [20,23,24]. The high antioxidant capacity of BTJ is due
to the fact that several of the phytonutrient compounds it contains have been shown to scavenge
ROS production in vitro and in vivo and subsequently limit cellular injury [25–27]. The most potent
antioxidant molecules in BTJ are thought to be the betalain pigments, which are responsible for
beetroot’s violet colour [28]. The betalains, and betanin in particular, are very effective electron donors
that have been shown to not only attenuate ROS mediated injury but also to upregulate endogenous
antioxidant enzymes and stimulate host defence [29–32]. In addition, BTJ is rich in nitrate, which, via its
reduction to nitric oxide (NO) might have indirect antioxidant effects by supressing the accumulation of
leukocytes [33], which are thought to be the main producers of ROS after muscle-damaging exercise [34].
Nonetheless, we failed to quantify oxidative stress in our aforementioned experiment [19] to confirm or
refute this posit. Furthermore, the aforementioned findings were in recreationally active participants
and therefore these results might not be directly transferable to better trained athletic populations.

To our knowledge, the effects of BTJ on muscle damage and recovery after activity incorporating
RSE has not been investigated. Additionally, the effectiveness of such an intervention on subsequent
performance has not been considered. Therefore, the main aim of this study was to examine whether
BTJ can attenuate losses in muscle function and performance between two sport-specific repeated
sprint tests (RST) performed 72 h apart. We also examined the effects of BTJ on biochemical markers
associated with muscle damage, specifically oxidative stress, to try and discern what role (if any)
the antioxidant potential of BTJ has on attenuating EIMD. Based on our previous findings [19],
we hypothesized that: (1) BTJ would attenuate muscle function deficits and oxidative stress between
and after the two repeated sprint tests; and (2) that performance during the second sprint test would
be preserved with BTJ compared to a placebo.
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2. Materials and Methods

2.1. Participants

Twenty male participants gave written informed consent for participation in this study
(characteristics presented in Table 1). The sample size for this study was based on a priori power
calculation. Based on a previous study [19], with a power of 0.80 and two tailed α level set at 0.05,
the minimum number of participants required to detect an 8% difference in counter movement jump
(CMJ) performance between groups (SD: 6%) was estimated as 10 per group. We selected CMJ
as our primary outcome measure because it is believed to be the most sensitive test for detecting
reductions in neuromuscular function after RSE [35]. Our secondary outcomes included other
markers of neuromuscular function, repeated sprint performance, muscle pain, and biochemical
markers of inflammation, oxidative stress and muscle damage (specific details in relevant sections
below). All participants were collegiate team-sports players, competing in either soccer (n = 10),
rugby (n = 5), basketball (n = 2) hockey (n = 2) or handball (n = 1) on a regular basis; all testing was
performed at the end of the competitive season (between March 2015 and June 2015). Participant’s
eligibility was assessed with a health screening questionnaire. None had any known food allergies,
were suffering from a musculoskeletal injury, or had previous history of renal, gastrointestinal or
cardiovascular complications or any other contraindication to the study procedures. For the 48 h
prior to and throughout data collection, participants were prohibited from consuming alcoholic
beverages, and instructed to avoid any strenuous exercise outside of the trial requirements. The study
protocol received ethical approval from the Faculty of Health and Life Sciences ethics committee at
Northumbria University. Approval was granted on the 26 February 2015 and assigned the following
project identification code: HLSTC200115.

Table 1. Descriptive data for participants in the beetroot juice (BTJ) and placebo (PLA) groups.

Group Age (Years) Height (m) Mass (kg)

BTJ 23 ± 3 1.83 ± 0.90 76.8 ± 9.5
PLA 21 ± 2 1.77 ± 0.51 73.4 ± 12.4

Values are mean ± SD (n = 10 per group). No significant differences were detected between groups for any
variable (p > 0.05).

2.2. Experimental Design

This study employed a double-blind, placebo controlled, independent groups design.
Participants were required to attend the laboratory for 6 visits over a 2 week period. The first visit
was to familiarise the participants with the study procedures and randomly allocate them to either a
beetroot juice (BTJ) or an isocaloric placebo (PLA) group. Their baseline maximal isometric voluntary
contraction (MIVC) was used to match the groups. The principal investigator was responsible for
the randomizing procedures. The next five visits were performed on consecutive days in the same
laboratory at the same time of day and were preceded by an overnight fast. For the main trials,
participants performed two repeated sprint tests separated by 72 h (visit 2 = RST1 and visit 5 = RST2)
(see Figure 1 for schematic outline). A range of dependent variables were taken pre, 30-min post, 24,
48 and 72 h after RST1, and 30-min post and 24 h after RST2 to monitor recovery. On each occasion,
dependent variables were performed in the following order: pressure-pain threshold (PPT), venous
blood draw, CMJ, reactive strength index (RI) and MIVC. After completing the post-exercise measures
participants consumed 1 serving of their allocated treatment, and returned to the lab 2.5 h post
ingestion for a further blood sample. Another treatment was taken with an evening meal, and then at
the same points (with breakfast and with an evening meal) for the following 3 days. All data collection
took place in the exercise laboratories at Northumbria University.
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Figure 1. Schematic outline of study procedures.

2.3. Repeated Sprint Test

The RST consisted of 20 maximal-effort 30 m sprints, interspersed by 30 s of passive recovery.
A 10 m deceleration zone was marked out at the end of each 30 m sprint, in which participants
were required to stop within; the 30 s rest period commenced when participants had come to
a halt. The RST was adapted from previous studies that showed repeated sprints with forced
decelerations induce substantial muscle damage and fatigue in team-sport trained participants [3,36,37].
Furthermore, the muscle damage induced by an analogous RST seems to cause reductions in muscle
function not different to those observed after intermittent sport simulations [38] and competitive
matches [39]. Before performing each RST, participants undertook a standardized warm up as
previously described [3]. Briefly, participants completed 400 m of self-selected jogging, a series of
dynamic stretches, and sprints at 60% and 80% of maximal effort. Participants were then given a further
5 min to complete their own stretching. Timing gates (Brower Timing Systems, Draper, UT, USA) were
positioned at 0 and 30 m to record sprint times. Participants were instructed to give maximal-effort for
each sprint and were provided with strong verbal encouragement throughout. All testing took place
in an air conditioned sprint track in similar environmental conditions.

2.4. Maximal Isometric Voluntary Contractions

MIVC of the right knee extensors was assessed as previously described [3,19]. Participants were
seated and fitted to a portable strain gauge (MIE Medical Research Ltd., Leeds, UK) via a plinth placed
just above the malleoli of the right ankle. In this positon, joint angle was adjusted to 90◦ of knee flexion
using a goniometer and marked to ensure consistency across visits. Participants performed 3 maximal
effort isometric contractions, each lasting 3 s, and separated by 60 s seated rest. The peak value in
Newton’s (N) was used for analysis. Coefficient of variation (CV) for this protocol in our lab was
calculated as 1.1%.

2.5. Counter Movement Jump

CMJ height was determined from flight time using an optical measurement system (Optojump
next, Bolzano, Italy). Participants started the movement upright with hands fixed to their hips
and after a verbal cue, descended into a squat prior to performing a maximal effort vertical jump.
Participants performed 3 maximal efforts, separated by 30 s standing recovery. Mean height (cm) was
used for analysis. The CV for this protocol in our lab was calculated as 2.1%.
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2.6. Reactive Strength Index

Reactive strength index (RI) was used to measure the impact of muscle damaging exercise
on participant’s ability to utilize the stretch shortening cycle and perform explosive actions. In a
similar fashion to previous studies [40], participants performed a drop jump from a 30 cm box and,
upon landing, immediately jumped vertically, with instructions to minimise ground contact time while
maximising jump height. RI was calculated as jump height divided by ground contact time (cm/ms)
recorded from an optical measurement system (Optojump next). Participants performed 3 maximal
efforts separated by 30 s of passive (standing recovery) with the mean height of the 3 jumps used for
analysis. The CV for this protocol was calculated as 1.9% in our lab.

2.7. Treatments and Dietary Control

Participants consumed 2 bottles (250 mL per bottle) of their assigned treatment (BTJ or PLA)
on the day, 24, and 48 h after RST1 and 30-min post RST2, equating to 8 servings in total. One
bottle was consumed 30-min after each trial, and one with an evening meal. The BTJ was supplied
by Gs Fresh Ltd., (Cambridgeshire, UK) and consisted of 99% beetroot juice concentrate, nitrate
and other phytonutrients; specific details of the antioxidant capacity and phytonutrient content
of this drink can be found elsewhere [20]. The PLA consisted of a low fruit containing (<1%)
squash (Kia Ora, Coca Cola Enterprises, Uxbridge, UK), flavourless protein powder (Arla Foods,
Amba, Denmark) and maltodextrin powder (Myprotein, Manchester, UK) providing a negligible
amount of phytochemicals and nitrate. Treatments were closely matched for volume, macro-nutrient
and energy content, but differed in antioxidant capacity and nitrate content (see Table 2). Participants
were provided with food dairies to record their intake 24 h prior to RST1 up until data collection was
complete (24 h post RST2; 5 days in total). Average energy and macronutrient intake for each group
is presented in Table 3. To comply with the double-blind, randomized design, drinks were provided
in identically masked bottles, only distinguished by a single letter code. These were prepared by an
individual not involved in data collection. As detailed in a previous study [19], due to the distinct
taste of BTJ, the PLA was not matched for taste and texture, only energy content. While others have
used nitrate depleted BTJ as a PLA so that the taste is the same, this is not a true PLA because it
will still contain many other bioactive constituents (i.e., phenolics and betalains) that, as outlined in
the introduction, could favourably affect recovery. Thus, this would not have been plausible in the
present study. Rather, in an attempt to overcome this, the participants were not informed of what
the specific drinks being investigated were. The only information they received was that they were
antioxidant-containing drinks used for recovery. This ensured that the participants did not know
the overall aim of the study, eliminating any bias based on pre-conceptions regarding BTJs potential
ergogenic effects. Additionally, because we employed an independent groups design, participants
were never aware of the taste/texture of the other treatment under investigation.

Table 2. Energy and macronutrient content, trolox equivalence antioxidant capacity (TEAC) and nitrate
content of the beetroot juice (BTJ) and placebo (PLA) supplements.

Treatment BTJ PLA

Energy (Kcals) 81 77
Volume (mL) 250 250

Carbohydrate (g) 16.4 16.4
Protein (g) 2.8 2.8

Fat (g) 0.4 Trace
Nitrate (mg) ≥143 Trace

TEAC * (mmol·L−1) 11.4 ± 0.2 0.25 ± 0.02

* Estimation based on previous analyses [20].
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Table 3. Average intake and macro nutrient composition of participants diets (average of 5 days).

Mean Dietary Intake (5 Days)

BTJ PLA

Energy (Kcal) 2554 ± 682 2448 ± 390
Carbohydrates (%) 41 ± 5 43 ± 6

Protein (%) 21 ± 3 24 ± 7
Fat (%) 38 ± 7 33 ± 9

Values are mean ± SD (n = 10 per group). No significant differences were detected between groups for any
variable (p > 0.05).

2.8. Muscle Soreness

Site specific muscle soreness was assessed with a handheld algometer (Wagner Instruments,
Greenwich, CT, USA). A cylindrical flat headed pad (1 cm diameter) was applied with increasing
pressure on the muscle belly at three pre-marked sites: vastus lateralis, mid-way between the superior
aspect of the greater trochanter and head of the tibia, rectus femoris, mid-way between the anterior
patella and inguinal fold, and gastrocnemius, most medial aspect of the calf at relaxed maximum
girth. The point at which the participant signified they felt pain was recorded in N2 as pressure
pain threshold (PPT). Sites were re-marked on each visit to ensure consistency between recordings.
The average of two values from each site was used for analysis, unless the difference between the two
values was >10 N2 apart, in which case a third recording was taken, and the average of the two closest
values used for analysis.

2.9. Blood Sampling

Venous blood was obtained via venepuncture from a branch of the basilica vein at the antecubital
fossa. Samples were collected into di-potassium ethylene diamine tetra-acetic acid (EDTA) (1 × 10 mL)
and serum vacutainers (1 × 10 mL). EDTA tubes were immediately centrifuged at 3000× g (4◦) for
10 min, while serum tubes were allowed to clot for 45 min before centrifugation. Plasma and serum
supernatant was aspirated into a series of aliquots and stored at −80 ◦C for later analysis.

2.10. Biochemical Analysis

High sensitivity C-reactive protein (hs-CRP) and creatine kinase (CK) were measured in serum
using an automated system based on an electrochemiluminescence method (Roche Modular, Roche
Diagnostics, Indianapolis, IN, USA. The typical CV for this method is <2%. Plasma protein carbonyls
were measured using a commercially available assay kit (Cayman Chemical, Ann Arbor, MI, USA).
Lipid hyroperoxides (LOOH) were measured in serum using the ferrous iron/xylenol orange (FOX)
assay (Wolff 1994). The FOX assay determines the susceptibility to iron-induced LOOH formation in
blood; consequently, the presence of iron ions in the assay protocol might lead to slightly higher LOOH
values compared with other methods. Absorbance was read at 560 nm using a spectrophotometer
(U-2001, Hitachi, Berkshire, UK) (range 0–5 μmol·L−1).

Ascorbyl free radical determination was quantified at room temperature using a Bruker EMX
series X-band EPR spectrometer (Bruker, Karlsruhe, Germany). 1 mL of plasma was mixed thoroughly
with 1 mL of dimethyl sulfoxide (DMSO) and slowly flushed into an aqua X multiple bore cavity
cell. The EMX parameter settings were frequency, 9.785 GHz; microwave power, 20 mW; modulation
frequency, 100 kHz and modulation amplitude, 1.194 G. All EPR spectra were subjected to 3 scans
identically filtered and analysed using WinEPR software (Version 3.2, Bruker WinEPR, Coventry, UK).
The average spectral peak-to-trough line amplitude was used to determine free radical concentration.
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2.11. Data Analysis

All data are expressed as mean ± standard deviation (SD) and were analysed using IBM
SPSS Statistics 22 for Windows (Surrey, UK). Participant’s food diaries (5 days) were analysed
for macronutrient content using dietary analysis software (Nutritics LTD, Dublin, Ireland).
Differences between participant group characteristics were analysed with an independent samples
t-test. CMJ, RI, MIVC and PPT were measured using a mixed model ANOVA; 2 group levels (BTJ
vs. PLA) by 7 time levels (pre, post, 24, 48, 72, 73 and 96 h post RST1). The same ANOVA was
use to analyse all blood indices but with 2 additional time levels (2.5 h post RST1 and 2.5 h post
RS2). A separate ANOVA was used to measure for differences between RST1 and RST2; 2 group
levels (BTJ vs. PLA) by 2 time levels (pre and post). In the event of a significant interaction effect
(group * time) Fisher LSD post hoc analysis was performed to locate where the significant differences
occurred. Statistical significance was set at p < 0.05 prior to analyses. To estimate the magnitude of
the supplements effects, Cohen’s d effect sizes (ES) were calculated with the magnitude of effects
considered either small (0.20–0.49), medium (0.50–0.79) and large (>0.80).

3. Results

There were no between group differences in age, height, mass or baseline MIVC strength (Table 1;
p > 0.05), indicating that the groups were well matched prior to testing. Furthermore, there were no
differences in participant’s energy and macronutrient intake 24 h prior to and throughout the duration
of the study (Table 3; p > 0.05). No adverse effects were reported by the participants throughout
the trial.

3.1. Repeated Sprints

RPE showed no bout (p = 0.925) or interaction effects (p = 0.584) between RST1 and RST2,
indicating that perceived exertion was not different for both bouts (Table 4). This was reflected in the
sprint data, as fastest sprint time and fatigue index were not different between repeated sprint bouts,
showing no main effects of time, bout, or bout * group interactions (p > 0.05). No group or group *
bout interaction effects were present (p > 0.05).

Table 4. Sprint and RPE data for the beetroot juice (BTJ) and placebo (PLA) groups in the first and
second repeated sprint tests (RST1 and RST2, respectively).

Group Average Sprint Time (s) Fastest Sprint Time (s) Fatigue Index (%) RPE

BTJ

RST1 4.65 ± 0.25 4.41 ± 0.23 5.60 ± 2.13 15 ± 1
RST2 4.66 ± 0.24 4.38 ± 0.17 6.48 ± 2.66 15 ± 1

PLA

RST1 4.70 ± 0.15 4.48 ± 0.14 4.91 ± 1.51 14 ± 2
RST2 4.77 ± 0.20 4.53 ± 0.15 5.19 ± 3.21 14 ± 2

3.2. Functional Measures

All tests of neuromuscular function (CMJ, MIVC, RI), and PPT, showed main effects for time
(p < 0.05), indicating that the RST induced muscle damage. Immediately post RST1, CMJ height was
reduced by 11.8% ± 8.9% and 9.6% ± 4.8% (of baseline values) in the BTJ and PLA groups, respectively.
A group effect showed that CMJ height appeared to recover quicker in BTJ vs. PLA throughout the
remainder of the testing period (p = 0.048; Figure 2). Although no group*time interaction effects were
present (p = 0.176), there was a large effect size (1.86) at 72 h post RST1 whereby CMJ height in the
BTJ group was 7.6% higher than the PLA group. A group effect for RI (p = 0.030) showed that the
maintenance of RI performance was also greater in BTJ vs. PLA throughout the trial (Figure 3). As with
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CMJ, a large effect size (1.43) was evident at 72 h post RST1 where RI had returned to 95.8% ± 9.5%
of baseline values in BTJ compared to 82% ± 9.5% in PLA. There were no group effects for PPT
(p = 0.368); however, an interaction effect was observed (p = 0.013; Figure 4). Post-hoc analysis revealed
a group difference at 96 h post RST1 (p = 0.012; ES = 0.57); in the BTJ group, PPT had recovered to
104.7% ± 12.5% of baseline values, while in the PLA group, PPT was 94.3% ± 18% of baseline values.
There were no significant group or interaction effects for MIVC (p > 0.05).

Figure 2. Percentage changes in counter movement jump (CMJ) height between repeated sprint tests
(RST1 and RST2). * Represents group difference (beetroot juice (BTJ) vs. placebo (PLA); p < 0.05).
Values are mean ± SD (n = 10 per group).

Figure 3. Percentage changes in reactive strength index (RI) between repeated sprint tests (RST1 and
RST2). * Represents group difference (beetroot juice (BTJ) vs. placebo (PLA); p < 0.05). Values are
mean ± SD (n = 10 per group).
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Figure 4. Percentage changes in pressure pain threshold (PPT) between repeated sprint tests (RST1
and RST2). Values presented are average of the three sites measured (calf (CF), rectus femoris (RF) and
vastus laterialis (VL). * Indicates interaction effect (beetroot juice (BTJ) vs. placebo (PLA); p < 0.05).
Values are mean ± SD (n = 10 per group).

3.3. Biochemical Indices

Serum concentrations of hs-CRP remained close to baseline values throughout the trial, showing
no time, group or interaction effects (p > 0.05). Serum CK showed main effects for time (p < 0.001),
with the greatest increases observed 2.5 and 24 h post RST1 and RST2 in both groups (p > 0.05; Table 5).
However, no group of interaction effects were observed (p > 0.05). A main effect for time was observed
for serum LOOH (p < 0.001); LOOH was elevated immediately and at 2.5 h post-RST1 in both groups
before returning to baseline 24 h post. A transient increase in LOOH was also evident at 75 h (2.5 h post
RST2) but by 96 h had recovered to pre-exercise values. No group or interaction effects were present
for LOOH (p > 0.05). Protein carbonyls, a common measure of protein oxidation, remained largely
unchanged after both sprint bouts and showed no group or interaction effects (p > 0.05). Likewise, A•−,
as measured by EPR, showed no time, group or interaction effects throughout the trial (p > 0.05).
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4. Discussion

The main finding of the present study was that beetroot juice, when compared to a placebo, was
able to accelerate the recovery of CMJ and RI performance and reduce pain after a muscle-damaging
RST, but had no influence on sprint performance. Markers of systemic oxidative stress or other
biochemical indices associated with muscle damage were unaffected by beetroot juice supplementation.

In both the BTJ and PLA groups CMJ and RI significantly decreased after RST1, indicating the
presence of muscle damage; however, both CMJ and RI recovered quicker with BTJ (vs. PLA) during
the following +96 h (Figures 2 and 3, respectively). This was most evident at 72 h after the first sprint
bout (RST1), whereby CMJ and RI were still significantly lower than baseline values, but restored close
to pre-exercise values in BTJ group. These findings are consistent with our previous work, in which
we reported 3 days of BTJ supplementation enhanced the recovery of CMJ performance 72 h after
plyometric activity [19].

Interestingly, although BTJ appeared to enhance the recovery of the dynamic muscle function
(CMJ and RI), isometric strength (MIVC) was unaffected by BTJ supplementation. As previously
suggested [19], perhaps this discrepancy can be explained by the different movement patterns
(i.e., static vs. dynamic function) and specific abilities each test measures (power vs. isometric
strength). Both CMJ and RI are arguably more ecologically valid tests of functional recovery than
MIVC, particularly for team-sports players as their movement patterns more closely reflect the activity
required for performance [35]. We initially hypothesized that sprint performance would be reduced in
RST2 compared to RST1; a consequence of muscle damage, and that this reduction would be attenuated
with BTJ supplementation. However, contrary to our hypothesis, aside from a non-significant decrease
in average sprint time (Table 3), sprint performance was largely unaffected in RST2 compared to RST1.
The reductions in muscle function were not different ≤24 h after both sprints tests though, suggesting
that the participants did not become accustomed to the sprint test after the first bout. Additionally, BTJ
had no influence on any aspect of sprint performance, although perhaps our ability to detect any
differences between groups was limited by the lack of change in performance between the two sprint
tests. Nonetheless, the fact that sprint performance was unchanged seems to contrast with other
studies who reported sprint times to still be slower than pre-exercise values up to 72 h after an RST
similar to the present study [36,41,42]. Because the muscle-damaging RST was fairly similar between
these studies (in fact, the one in the present study was designed to be more challenging), perhaps the
divergent findings between these studies and the present one is due, in large part, to the different
training status of the participants. The participants in the present study were experienced team-sports
players who regularly perform RSE as part of training and matches and, thus, may have been less
vulnerable to prolonged decrements in sprint performance than recreationally active participants
tested in some of the other studies [41,42].

In addition, the fact that CMJ and RI were still significantly depressed at 72 h post RST1, but sprint
performance was not, suggests that there is dissociation between these tests of dynamic muscle function
(CMJ and RI) and repeated sprint ability. Indeed, previous literature appears to be equivocal on how
well sprint and jump tests correlate. Some studies demonstrate that the time course of recovery for
CMJ and sprint performance are not different after muscle-damaging RSE [36,41,42], while others
agree with the present study [35,39,43], and have found that reductions in CMJ are more prolonged
than sprint decrements. A recent study attempted to address this issue by comparing CMJ, drop jumps
(DJ) and a 20 m sprint test after intermittent exercise and concluded that sprint performance seemed to
recover more rapidly than both CMJ and DJ performance, both of which were still below pre-exercise
values 72 h post-exercise [35]. This led the authors to suggest that CMJ and DJ are more sensitive
tests of prolonged changes in neuromuscular function, which could provide and explanation for the
dissociation between the jump and sprint tests in the present study.

Due to the fact that oxidative stress has been associated with muscle damage after eccentric-heavy
exercise [14,44], and that beetroot and its constituents have been shown to act as antioxidants [25,29],
we hypothesized that BTJ could attenuate muscle damage by protecting cells against oxidative stress.
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However, our findings do not support this contention. We found no evidence that BTJ attenuated
oxidative stress as both indirect markers (LOOH and PC) and a direct marker of free radical production
(A•−) were not different between the BTJ and PLA groups at all-time points (Table 5). These data are
in contrast to a number of previous studies that found antioxidant-rich food supplements reduced
oxidative stress after high intensity sprint exercise [14,45,46]. However, unlike these studies, we
did not find any evidence of oxidative stress throughout the trial, apart from an increase in LOOH
immediately post and 2.5 h post both sprint tests (Table 5). The modest increase in these markers
was unexpected, as previous studies reported large systemic elevations in oxidative stress up to
48 h after high intensity intermittent cycling exercise [2,14] an activity which, in comparison to
running, typically results in less oxidative stress because of the absence of an extensive eccentric
component [34]. The divergent findings in oxidative stress response between the present and
aforementioned studies could, therefore, be explained by the different biochemical markers examined
and/or analytical techniques used. Jowko and colleagues [14] for instance, noted systemic increases
in total antioxidant capacity (TAC), superoxide dismutase and glutathione peroxidase (GPX) 24 h
after exercise and Bogdanis and colleagues [2] noted increases in TAC, PC and GPX; thus, neither
study measured LOOH or A•− formation, as in the present study. Although this study and [2] both
measured PC, different analytical methods were used, which could account for the discrepant results.
Nonetheless, EPR spectroscopy is considered a valid and sensitive method for direct detection of
excessive free radical production [47,48], and the fact that we found no evidence of an increase in our
data perhaps draws into question the reliability of the indirect biomarkers in other studies using a
similar protocol.

The fact that muscle damage was clearly evident in the days after both RST tests but oxidative
stress was not, suggests that muscle damage occurred independent of any systemic changes in
oxidative stress. This would perhaps suggest that ROS have a limited role in the muscle damage
process post-exercise. However, it cannot be ruled out that oxidative stress occurred, but was confined
predominately to muscle cells and surrounding tissues. Unfortunately, we did not measure muscle
samples in our study, and as such, this supposition is speculative. A recent review however, concluded
that skeletal muscle is a prime producer of ROS following exercise; so, intuitively, oxidative stress
would be expected to be greater in muscle than perhaps the circulation [49]. We recognize that the
inability to obtain muscle biopsy samples for oxidative stress measures could be considered a limitation
of this study. Alternatively, the muscle damage we observed could have been unrelated to oxidative
stress. Instead, the muscle damage could have been caused by other biochemical changes within
muscle, such as increased inflammation and calpain activity [50,51] or damage to components involved
in the excitation-contraction coupling pathway, as previously suggested [52].

Serum CK concentrations, incorporated as a surrogate marker of sarcolemma damage, were not
different in both groups after exercise (Table 5). The increase in CK after the RST was similar to previous
reports [3,42], as was the lack of a suppressive effect with an antioxidant-rich food beverage [19,23,45].
These data suggest that improved sarcolemma integrity cannot explain the enhanced rate of recovery
by BTJ in this study.

Because we found no changes in oxidative stress between groups, the beneficial effects of BTJ on
the recovery of CMJ and RI cannot be attributed to an antioxidant effect of the juice. This suggests
that mechanisms other than antioxidant effects were possibly involved. It was beyond the scope of
this study to examine the role of other mechanisms by which BTJ could attenuate muscle damage,
but owing to the seemingly pleotropic nature of phenolic and betalainic compounds and NO,
there are a number of possible candidates. For instance, other effects associated with phenolic
compounds and NO donors akin to BTJ are anti-inflammatory [25,33] and regenerative, in so far as
they appear to have a regulatory role in phagocytosis and promote satellite cell proliferation in skeletal
muscle [53–55]. Increasing in vivo NO availability has also demonstrated additional biochemical effects
that, conceivably, could contribute to improved functional recovery after exercise, such as reduced
calpain activity [56], increased muscle blood flow [57,58], and enhanced muscle power potential,
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possibly via improved Ca2+ handing [59,60]. Thus, there are a number of potential mechanisms
that could explain why BTJ supplementation was able to enhance the recovery of muscle function,
independent of antioxidant effects. However, since none of these mechanisms were measured per
se, we can only speculate the role, if any, that they may have had in the present study’s findings.
The potential role and their relative contributory effects require further exploration.

Participants in the BTJ group reported a significantly higher PPT than the PLA group 24 h after the
second sprint test (Figure 4). Reduced muscle pain when antioxidant-rich food supplements are taken after
muscle-damaging exercise has been reported by our group [19] and others [61]. The mechanism by which
BTJ might attenuate muscle pain is unclear however. Previous reports suggest that the betalains in beetroot
are responsible for its analgesic effects, most likely via an anti-inflammatory related mechanism [26,62].
The possibility that an anti-inflammatory mechanism would be involved is supported by data that
suggests muscle pain after exercise may stem from the release of inflammatory and noxious stimuli
(i.e., bradykin and nerve growth factor) due to tears at the extracellular matrix [63,64]. Perhaps BTJ acts to
dampen inflammatory responses or desensitize pain receptors, as has been suggested with ginger [65]
and curcumin supplements [66]; however, whatever the precise mechanisms, they are likely to occur at
the skeletal muscle level.

It is also unclear why BTJ only improved PPT 24 h after RST2 in the present study and not at earlier
time points, as was shown in our earlier work [19]. A previous study did observe greater reductions
in pain scores after participants took betalain-rich beetroot supplements for 5–10 days compared to
1 day [26], which, coupled with our data, suggests that the analgesic effects of BTJ might be augmented
with longer-term dosage regimens. Such a possibility needs to be investigated in future studies.

In conclusion, this study demonstrates that consuming BTJ for 4 days after a muscle damaging
RST attenuated muscle pain and decrements in dynamic muscle function, as measured by CMJ and
RI. These effects did not translate to improved recovery of isometric strength or sprint performance
however. These data suggest BTJ could be applied as a post-exercise recovery strategy to attenuate
losses in some aspects of dynamic muscle function in team-sports players between bouts of repeated
sprint exercise; however, because sprint performance was unchanged, how transferable these findings
are to real-world team-sport competition is unclear. Future studies are needed to clarify the underlying
cellular mechanisms, as the beneficial effects of BTJ were shown to be unrelated to systemic changes in
oxidative stress or other biochemical markers of muscle damage.
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Abstract: Consuming carbohydrate- and antioxidant-rich fruits during exercise as a means of
supporting and enhancing both performance and health is of interest to endurance athletes.
Watermelon (WM) contains carbohydrate, lycopene, L-citrulline, and L-arginine. WM may support
exercise performance, augment antioxidant capacity, and act as a countermeasure to exercise-induced
inflammation and innate immune changes. Trained cyclists (n = 20, 48 ± 2 years) participated in a
randomized, placebo controlled, crossover study. Subjects completed two 75 km cycling time trials
after either 2 weeks ingestion of 980 mL/day WM puree or no treatment. Subjects drank either WM
puree containing 0.2 gm/kg carbohydrate or a 6% carbohydrate beverage every 15 min during the time
trials. Blood samples were taken pre-study and pre-, post-, 1 h post-exercise. WM ingestion versus no
treatment for 2-weeks increased plasma L-citrulline and L-arginine concentrations (p < 0.0125). Exercise
performance did not differ between WM puree or carbohydrate beverage trials (p > 0.05), however, the
rating of perceived exertion was greater during the WM trial (p > 0.05). WM puree versus carbohydrate
beverage resulted in a similar pattern of increase in blood glucose, and greater increases in post-exercise
plasma antioxidant capacity, L-citrulline, L-arginine, and total nitrate (all p < 0.05), but without
differences in systemic markers of inflammation or innate immune function. Daily WM puree
consumption fully supported the energy demands of exercise, and increased post-exercise blood levels
of WM nutritional components (L-citrulline and L-arginine), antioxidant capacity, and total nitrate,
but without an influence on post-exercise inflammation and changes in innate immune function.

Keywords: endurance exercise performance; L-citrulline; L-arginine; total nitrate; ferric reducing
ability of plasma (FRAP); oxygen radical absorbance capacity (ORAC)

1. Introduction

The importance of ingesting carbohydrate to maintain blood glucose levels during prolonged,
vigorous exercise was recognized at the Boston Marathon in the early 1920s [1,2]. Carbohydrate intake
improves endurance performance 2%–6%, lowers perceived exertion, and attenuates post-exercise
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inflammation 25%–40% [3–6]. The consumption of multiple transportable carbohydrates (e.g., a mixture
of glucose and fructose) during exercise improves the rate of carbohydrate oxidation [7], due to
absorption of the carbohydrates by multiple transporters including the sodium-glucose transporter
1 (SGLT1), the universal glucose and fructose transporter (GLUT2), and the fructose transporter
(GLUT5) [8]. Data support the use of solutions with a fructose:glucose ratio of 0.8:1 and a consumption
rate up to 1.7 g/min [9] to support performance.

Consumption of fruit and fruit juice during endurance exercise as a means of sustaining
performance and health is of interest to those desiring natural sources of exogenous carbohydrate.
Use of raisins (fructose:glucose ratio of 1.1:1) as the carbohydrate source before and during exercise
produced greater rates of carbohydrate oxidation and performance compared to water only [10].
Consuming bananas (fructose:glucose ratio of 1:1) maintained blood glucose during endurance exercise
and significantly increased time to exhaustion compared to placebo [11]. Recently, we demonstrated
that consuming bananas during a simulated mountainous 75 km cycling time trial resulted in
equal performance, maintenance of blood glucose levels, elevated antioxidant capacity, and similar
post-exercise inflammation compared to a standard 6% carbohydrate sports drink [12]. These findings
were confirmed and extended in a comparison of banana or pear (fructose:glucose ratio of 1:0.44)
consumption versus water only during a cycling time trial [13]. Pear consumption during exercise
supported performance nearly as well as banana consumption, and both carbohydrate sources resulted
in higher blood glucose and carbohydrate oxidation rates, elevated antioxidant capacity, and attenuated
post-exercise inflammation compared to water [13]. These data indicate that fruit consumption
supports the carbohydrate requirements of prolonged vigorous endurance exercise with the added
advantage of augmenting antioxidant capacity.

Watermelon (Citrullus lanatus) is a member of the Cucurbitaceae family of gourds and is related
to the cucumber, squash, and pumpkin. Watermelon flesh (WM) is ~91% water by weight, and is
a rich source of bioavailable compounds including lycopene and other carotenoids, vitamins A and C,
and the non-essential amino acid L-citrulline, and is about 6% sugar by weight (fructose:glucose ratio
of 1:0.55) [14,15].

Carotenoids are natural fat-soluble compounds that exert antioxidant, anti-inflammatory,
and anti-carcinogenic effects [16,17]. Lycopene is the pigment principally responsible for the
characteristic deep-red color of watermelon (4532 μg/100 g), and is a highly efficient singlet oxygen
quencher [18]. American adults consume 4.5–6.5 mg/day lycopene, of which approximately one-fourth
is absorbed in the small intestine, achieving a maximal plasma concentration after about two days
with a half-life of nine days [19]. Limited human evidence suggest that lycopene-rich tomato extracts
may counter inflammation and oxidative stress following short-term, intensive exercise [20,21].

The amino acid L-citrulline is an endogenous precursor of L-arginine, and nearly all dietary
L-citrulline is converted into L-arginine in animals [22]. Nitric oxide (NO) is synthesized from
L-arginine by tetrahydrobiopterin (BH4)-dependent NO synthase [22] and L-citrulline supplementation
increases NO synthesis [23]. NO increases glucose transporter type 4 (GLUT4 ) translocation and thus
glucose flux, which may enhance performance [24]. Acute WM consumption significantly increases
L-citrulline and L-arginine plasma levels [25] and chronic WM consumption significantly increases
fasting L-arginine plasma levels, but not L-citrulline [26]. The degree to which WM supplementation
increases NO levels before and after exercise is currently unknown. Increased fruit ingestion has been
linked in several studies to increased antioxidant capacity [27]. Watermelon contains the antioxidants
L-citrulline, lycopene, β-carotene, and vitamin C [18,28–31], and has the potential to increase plasma
antioxidant capacity and decrease oxidative stress before and after exercise. To date, two studies
using short duration, high intensity exercise protocols have examined the possible ergogenic effects of
WM. Acute WM consumption providing ~1.2 g of L-citrulline attenuated moderate muscle soreness
in untrained healthy subjects participating in high-intensity exercise intervals, but did not improve
performance [32]. Similarly, time to exhaustion during a graded exercise test was not improved
following acute consumption of watermelon juice containing ~1 g L-cirulline [33].
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Long duration, high-intensity exercise induces significant physiological stress. Given the unique
nutritional components in watermelon, we tested the efficacy of WM supplementation before
(2 weeks) and during a 75 km cycling time-trial on performance and antioxidant capacity, and as
a countermeasure to exercise-induced inflammation and innate immune changes compared to
a standard 6% carbohydrate sports beverage.

2. Materials and Methods

2.1. Subjects

Twenty male cyclists with competitive road racing and time trial experience were recruited
from local racing teams. Subjects agreed to train normally, remain weight-stable, and avoid the
use of large-dose vitamin/mineral supplements (above 100% of recommended dietary allowances),
herbs, and medications known to affect inflammation and immune function during the study.
Informed consent was obtained from each subject and all study procedures were reviewed and
approved by the Appalachian State University Institutional Review Board.

2.2. Study Design and Procedures

Two weeks prior to the first 75 km time trial, each subject completed study orientation and
baseline testing in the North Carolina Research Campus Human Performance Laboratory operated by
Appalachian State University. During study orientation subjects provided demographic information
and training histories and were instructed to follow a diet moderate in carbohydrate (using a provided
food list) during the 3 day period before each 75 km time trial.

During baseline testing, maximal cardiorespiratory fitness and body composition were measured.
A cycle ergometry protocol (beginning at 150 W, 25 W increase per 2 min stage) was used to
measure maximal power on a Lode cycle ergometer (Lode Excaliber Sport, Lode B.V., Groningen,
The Netherlands) and peak oxygen consumption (VO2peak) with a Cosmed Quark CPET metabolic
cart (Rome, Italy) [12]. Heart rate was measured using a Polar Heart Rate Monitor (Polar Electro Inc.,
Woodbury, NY, USA). Body composition was measured with the BodPod system (Life Measurement,
Concord, CA, USA). The environmental conditions were maintained at 19–20 ◦C and 45%–55% relative
humidity; each subject had a fan directed on them to ensure consistent air flow during the time trial.

Subjects were randomized to either the watermelon (WM) or the 6% carbohydrate beverage
(CHO) condition for the first 75 km time trial and then crossed over to the opposite condition for the
second time trial with a 2-week washout period between trials. Subjects randomized to the WM trial
were provided a 2-week supply of frozen WM puree. The subjects maintained the containers of the
frozen WM in a standard freezer (−20 ◦C) and rapidly thawed each container of WM puree under
hot running water prior to drinking it. Slowly thawing non-pasteurized WM results in a poor taste.
However, thawing it quickly under hot water results in a more normal taste. The amount lycopene and
L-citrulline do not change appreciably with a single freeze/thaw cycle. The subjects consumed 980 mL
WM puree per day (equivalent of 60.7 g total sugar, 1.47 g L-citrulline, 0.465 g L-arginine, 44.4 mg
lycopene, 5576 IU vitamin A, 0.44 IU vitamin B-6, and 79.4 IU vitamin C [15,26,34]) during the 2 weeks
period prior to the WM trial. Watermelon puree for the study was prepared at Blue Ridge Venture
Foods (Candler, NC, USA) from the seedless variety Crunchy Red harvested in eastern North Carolina.
Watermelon flesh was pureed using a screw finisher with a 0.1 mm diameter stainless steel screen tube.
The puree was bottled in 1 L capacity polyethylene containers and flash frozen without filtration or
pasteurization. The frozen WM puree was maintained at −20 ◦C.

The morning of the 75 km time trial, subjects consumed the WM puree (980 mL) (or no WM puree)
and then a standardized meal at 12:00 p.m. using Boost Plus at 10 kcal/kg (41.9 kJ/kg) (Boost Plus;
Mead Johnson Nutritionals, Evansville, IN, USA). Subjects reported to the lab at 2:45 p.m. and
then provided a blood sample. At 3:20 p.m., subjects ingested 0.4 g/kg carbohydrate from WM or
from a standard 6% CHO beverage (Gatorade™, Chicago, IL, USA). Subjects ingested 0.2 g/kg of
carbohydrates body weight every 15 min of WM or 6% CHO beverage during the 75 km time trials.
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Subjects cycled (3:30 p.m. start) the mountainous 75 km time trial course [12] on their own
bicycles on CompuTrainer Pro Model 8001 trainers (RacerMate, Seattle, WA, USA). Workload was
continuously monitored using the CompuTrainer MultiRider software system (version 3.0, RacerMate,
Seattle, WA, USA). Heart rate and rating of perceived exertion (RPE) were recorded every 30 min.
Pre- and post-exercise fingertip capillary blood samples were drawn and analyzed using the YSI 2300
STAT Plus Glucose and Lactate analyzer (Yellow Springs, OH, USA). Blood samples were taken via
venipuncture post-exercise and 1 h post-exercise. Subjects answered questions on digestive health
using a 12-point Likert scale (1 relating to “none at all”, 6 “moderate”, and 12 “very high”).

2.3. Analytical Measures

2.3.1. Complete Blood Count

Routine complete blood counts with white blood cell differential counts were made (Coulter Ac.
T™ 5Diff Hematology Analyzer, Beckman Coulter, Inc., Miami, FL, USA) for the determination of
plasma volume change and leukocyte subtypes for the immune function assay [35].

2.3.2. Plasma Cytokines

The total plasma concentration of six inflammatory cytokines (tumor necrosis factor α (TNFα),
interleukins 6, 8, and 10 (IL-6, IL-8, IL-10), monocyte chemoattractant protein-1 (MCP-1), and granulocyte
colony-stimulating factor (G-CSF)) was determined using an electrochemiluminescence based
solid-phase sandwich immunoassay (Meso Scale Discovery, Gaithersburg, MD, USA) [12,36].
All samples and provided standards were analyzed in duplicate; the intra-assay CV ranged from
1.7% to 7.5% and the inter-assay CV ranged 2.4% to 9.6% for the cytokines measured. The minimum
detectable concentration of IL-6 was 0.27 pg/mL, TNFα 0.50 pg/mL, GM-CSF 0.20 pg/mL, IFNγ

0.53 pg/mL, IL-1β 0.36 pg/mL, IL-2 0.35 pg/mL, IL-8 0.09 pg/mL, and IL-10 0.21 pg/mL. Pre- and
post-exercise samples for the cytokines were analyzed on the same assay plate to decrease inter-kit
assay variability.

2.3.3. Granulocyte and Monocyte Phagocytosis, Oxidative Burst Activity

Granulocyte and monocyte phagocytosis (GR-PHAG, MO-PHAG), oxidative burst activity
(GR-OBA, MO-OBA) were assayed as previously described by Meaney et al. [37]. Briefly, phagocytosis
was measured through the uptake of fluorescein isothiocyanate (FITC)-labeled Staphylococcus aureus
bacteria and oxidative burst was measured through the oxidation of nonfluorescent hydroethidine (HE)
to fluorescent ethidium bromide in cells stimulated with unlabeled bacteria. Samples were processed
on a Q-Prep™ Workstation (Beckman Coulter, Inc.) and analysis was performed within 18 h of blood
collection using a Beckman Coulter FC10 500 flow cytometer. After gating on the granulocyte and
monocyte populations using forward scatter and side scatter, the mean fluorescence intensity (MFI;
x-mean) and percent positive cells for FITC (FL1) and oxidized HE (FL2) were determined.

2.3.4. Plasma Antioxidant Capacity

Plasma antioxidant capacity was determined by two independent measures; the ferric reducing
ability of plasma (FRAP) assay and the oxygen radical absorbance capacity (ORAC). The FRAP assay,
a single electron transfer reaction, was conducted as previously described [30,36,38]. The FRAP assay
utilizes water-soluble antioxidants native to the plasma collected from EDTA-treated blood to reduce
ferric iron to the ferrous form subsequently producing a chromogen identifiable at 593 nm (Synergy H1
Hybrid Reader, BioTek Instruments Inc., Winooski, VT, USA). Samples and standards are expressed as
ascorbate equivalents based on an ascorbate standard curve. Intra-assay and inter-assay coefficients of
variation (CVs) were less than 5% and 7%, respectively. Plasma antioxidant power was also measured
by the ORAC assay using methods previously described [36]. The ORAC assay depends on exogenous
peroxyl radicals generated by 2,2′-azobis (2-methylpropionamide) dihydrochloride (AAPH) to oxidize
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fluorescein. Antioxidants in blood plasma delay oxidation of the fluorescent probe. Samples and
standards are expressed as Trolox equivalents (μmol/L) based on a Trolox standard curve calculated by
a fluorescence plate reader (Synergy H1 Hybrid Reader) as area under the curve. Intra and inter-assay
CVs for ORAC were 4% and 7%, respectively.

2.3.5. Plasma Amino Acid Analysis

The amino acid concentration of plasma collected from heparin-treated blood was determined
according to the methods of Wu and Meininger [39]. Briefly, 50 μL of plasma was mixed with 50 μL
of 1.5 M HClO4. To this, 1.125 mL of HPLC-grade water and 25 μL of 2 M K2CO3 were added.
The mixture was centrifuged (10,000× g for 1 min) and the supernatant was analyzed by HPLC using
a Supelco C18 column (Supelco, Bellefonte, PA, USA) and a Waters HPLC system (Waters, Milford,
MA, USA). Amino acids in samples were quantified on the basis of standards (Sigma Chemicals,
St. Louis, MO, USA).

2.3.6. Total Nitrate

The total nitrate concentration of plasma collected from EDTA-treated blood was determined
fluorometrically according to the manufacture’s protocol (#780051; Cayman Chemical Company,
Ann Arbor, MI, USA). Immediately prior to conducting the assay, the plasma was filtered according
to the manufacturer’s recommendation (#UFC801096, Millipore, Billerica, MA, USA). All samples
and standards were analyzed in triplicate. The minimum detectable limit of the assay is 30 nM
nitrite. Pre- and post-exercise samples were analyzed on the same assay plate to decrease inter-kit
assay variability.

2.4. Statistical Analysis

All data are expressed as mean ± SEM. The biomarker data were analyzed using
a 2 (condition) × 3 (time) repeated-measures ANOVA, within-subject design. When interaction effects
were significant (p ≤ 0.05), changes between baseline and each pre-exercise condition and pre-exercise,
post-exercise, and 1 h post-exercise time points within Watermelon or CHO conditions were compared
between trials using 2-tailed paired t-tests, with significance set after Bonferroni adjustment at
p ≤ 0.0125.

3. Results

Twenty subjects completed the study; subject characteristics are summarized in Table 1.
Mean power (192 ± 9.2, 198 ± 9.1 watts; p = 0.203), heart rate (87.2% ± 1.10%, 85.5% ± 1.13%
HRmax; p = 0.111), and total time (2.74 ± 0.35, 2.68 ± 0.36 h; p = 0.192) did not differ between WM and
CHO 75 km time trials, respectively. Subjects reported a slightly higher rating of perceived exertion
(16.8 ± 0.29, 16.2 ± 0.23 RPE units; p = 0.030) at the conclusion of the WM trial than the CHO trial,
respectively. The pattern of increase in blood glucose (30.2%, 29.2%; interaction effect p = 0.959) and
blood lactate (294%, 314%; interaction effect p = 0.248) did not differ between WM and CHO trials.
Mean carbohydrate intake during the WM and CHO trials was 182 ± 9.79 grams and did not differ
between trials (p = 0.178). The volume of WM puree consumed during the trial did not differ from
volume of CHO beverage consumed (2.98 ± 0.17 L, 2.86 ± 0.16 L; p = 0.098). Compared to the CHO
condition, subjects reported feeling fuller (p = 0.0148) but not more bloated (p = 0.226) after consuming
WM during the time trial. Subjects lost more body mass during the WM condition (−0.60 ± 0.58 kg,
−0.01 ± 0.60 kg; p = 0.002) than during the CHO condition, respectively, but the pre- to post-exercise
change in plasma volume did not differ (6.49% ± 4.08%, 6.30% ± 2.25%; p = 0.970).

The acute inflammatory response to completing the 75 km time trial did not differ appreciably
between WM and CHO trials (Table 2). The pattern of increase in the plasma cytokine G-CSF was
greater after the WM trial than the CHO trial (Table 2); however, post hoc analysis did not reveal
differences (p > 0.0125). Exercise-induced changes in innate immune function did not differ between

147



Nutrients 2016, 8, 518

WM and CHO trials (Table 2). The pattern of increase in GR-PHAG and MO-PHAG and GR-OBA and
MO-OBA did not differ between WM and CHO (Table 2).

Table 1. Subject characteristics (n = 20).

Variable Mean ± SEM

Age (year) 48.5 ± 2.3
Body mass (kg) 81.04 ± 2.2

% Body fat 19.6 ± 1.5
BMI (kg/m2) 25.1 ± 0.7
Years cycling 10.95 ± 2.3

Wattmax 314 ± 9.8
Peak oxygen consumption (VO2peak, mL·kg−1·min−1) 51.5 ± 1.9

Data are means ± SEM; BMI = body mass index; W = watts.

Table 2. Inflammation and immune-function markers.

Variable Baseline Pre-Exercise Post-Exercise 1-h Post-Exercise
Time; Interaction

p Values

Inflammatory markers

WBC (109/L) 6.2 ± 0.34
CHO 5.74 ± 0.31 12.2 ± 0.96 10.9 ± 0.83 <0.001; 0.125
WM 5.58 ± 0.39 14.7 ± 1.01 12.4 ± 0.85

TNF-α (pg/mL) 10.5 ± 1.03
CHO 10.2 ± 0.92 12.8 ± 1.11 11.9 ± 1.14 0.005; 0.936
WM 10.2 ± 0.99 12.3 ± 1.29 12.1 ± 1.19

IL-6 (pg/mL) 1.02 ± 0.28
CHO 0.80 ± 0.13 10.2 ± 1.83 7.92 ± 1.58 <0.001; 0.921
WM 0.71 ± 0.14 9.98 ± 1.63 7.68 ± 1.56

IL-8 (pg/mL) 3.21 ± 0.33
CHO 3.26 ± 0.37 10.9 ± 1.01 12.2 ± 1.55 <0.001; 0.506
WM 3.59 ± 0.33 12.1 ± 1.52 11.4 ± 1.55

IL-10 (pg/mL) 2.31 ± 0.44
CHO 2.46 ± 0.48 10.5 ± 3.83 8.44 ± 2.82 0.002; 0.292
WM 2.93 ± 0.82 15.5 ± 5.68 16.0 ± 6.64

MCP-1 (pg/mL) 194 ± 7.80
CHO 188 ± 8.99 344 ± 23.8 333 ± 27.3 <0.001; 0.206
WM 188 ± 9.44 375 ± 21.1 338 ± 16.9

G-CSF (pg/mL) 9.47 ± 0.56
CHO 9.94 ± 0.97 16.2 ± 1.55 16.8 ± 1.53 <0.001; 0.041
WM 10.7 ± 0.96 18.7 ± 2.12 19.9 ± 1.94

GR-PHAG (MFI) 49.7 ± 4.20
CHO 32.7 ± 2.81 63.2 ± 8.83 75.3 ± 11.9 0.001; 0.635
WM 40.8 ± 6.75 72.2 ± 12.0 83.6 ± 16.3

MO-PHAG (MFI) 26.5 ± 1.64
CHO 20.1 ± 1.50 36.0 ± 3.46 44.4 ± 5.18 <0.001; 0.612
WM 23.9 ± 3.89 39.2 ± 4.87 44.4 ± 6.88

GR-OBA (MFI) 23.3 ± 1.11
CHO 16.3 ± 1.35 24.6 ± 2.08 26.3 ± 2.78 <0.001; 0.612
WM 18.5 ± 2.54 26.2 ± 3.28 23.8 ± 3.47

MO-OBA (MFI) 11.8 ± 0.44
CHO 9.70 ± 0.59 13.5 ± 0.73 14.7 ± 0.98 <0.001; 0.173
WM 10.6 ± 1.15 13.1 ± 1.09 13.0 ± 1.09

Data are means ± SEM; WBC = Total blood leukocytes; TNF = Tumor Necrosis Factor; IL = interleukin;
MCP = monocyte chemo attractant protein; granulocyte colony-stimulating factor = G - CSF; MFI = mean
fluorescence intensity; GR = granulocyte; PHAG = phagocytosis; MO = monocyte; OBA = oxidative burst activity.
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The exercise-induced patterns of change in plasma antioxidant capacity were greater in WM
compared to CHO trials. In contrast to the CHO trial, WM consumption resulted in a significantly
greater pre- to post-exercise and pre- to 1 h post-exercise increase in plasma FRAP (interaction effect
p < 0.001) (Figure 1A). Similarly, the pre- to post-exercise pattern of increase in plasma ORAC was
greater in WM than CHO (interaction effect p < 0.001) (Figure 1B).

The pattern of increase in plasma L-citrulline differed between WM and CHO trials
(interaction effect p < 0.001) with differences measured between conditions after 2 weeks WM ingestion,
immediately post-, and 1 h post-exercise (Figure 2A). The pattern of increase in plasma L-arginine
differed between WM and CHO trials (interaction effect p < 0.001) with an increase from baseline,
and differences measured between trials after 2 weeks WM ingestion, immediately post-, and 1 h
post-exercise (Figure 2B). The pattern of increase in plasma total nitrate differed between WM and
CHO trials (interaction effect p = 0.004) with differences measured between conditions immediately
post-, and 1 h post-exercise (Figure 2C).
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Figure 1. Watermelon consumption during exercise potentiates the exercise-induced increase in
plasma antioxidant capacity. (A) Plasma FRAP = ferric reducing ability of plasma (expressed as
ascorbate equivalents) and (B) plasma ORAC = oxygen radical absorbance capacity (expressed as
trolox equivalents) were higher in WM compared to CHO following 75 km cycling (interaction effect,
p < 0.001, each); * p < 0.0125 compared to time matched CHO.
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Figure 2. Watermelon consumption increases plasma L-citrulline (interaction effect p < 0.001), L-arginine
(interaction effect p < 0.001), and total nitrate (interaction effect p = 0.004). Plasma concentrations
of (A) L-citrulline; (B) arginine; and (C) total nitrate; # p < 0.0125 compared to baseline; * p < 0.0125
compared to time matched CHO.

4. Discussion

This randomized, crossover study investigated the effect of WM puree consumption for two weeks
before and during a bout of vigorous exercise (relative to matched carbohydrate beverage ingestion)
on exercise performance and antioxidant capacity, and as a countermeasure to exercise-induced
inflammation and innate immune changes in trained cyclists. The 75 km cycling time trial was
associated with the typical increases in plasma cytokines and granulocyte and monocyte phagocytosis
(a marker of post-exercise inflammation) measured during previous trials with carbohydrate-fed
athletes [12,40]. Despite significantly higher plasma antioxidant capacity, L-arginine, nitrate,
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and citrulline, WM ingestion was not associated with alterations in the pattern of change in
inflammation and immune measures. Performance times were comparable between WM and CHO
beverage ingestion, supporting previous findings in our lab that high-fructose fruit ingestion supports
intensive, long duration exercise to the same degree as sports beverages [12,13].

WM benefits in attenuating post-exercise inflammation may be measurable during extended
periods of heavy training and not after one exercise challenge event. The water content (91%) and
unique combination of nutritional components found in WM are of interest to athletes seeking
a natural whole food source for hydration and nutrition during physical activity. Lycopene is the major
carotenoid (84%–97%) in red WM flesh, and one serving (280 g) contains 14–22 mg of lycopene [41].
WM is high in fructose, and each serving contains 3.4 g sucrose, 4.4 g glucose, and 9.4 g of fructose.
Watermelon is one of the richest food sources of L-citrulline, a non-essential amino acid, and contains
a small amount of L-arginine, an essential amino acid. Each serving of WM (286 g) provides 0.429 g of
L-citrulline, 0.135 g of L-arginine, and small amounts of other amino acids [15,26,34]. WM has moderate
amounts of potassium and vitamin C. In general, the distinctive mixture of nutritional components
in WM led us to hypothesize that 2 weeks ingestion would alter post-exercise cytokine and immune
measures, but these effects did not emerge within the context and limitations of this study. We have
previously shown that carbohydrate compared to water ingestion during 75 km cycling trials results
in muted post-exercise inflammation, and this study would have been strengthened had the research
design included a water-only condition. Nonetheless, contrary to our hypothesis, WM ingestion did
not add to the well-known anti-inflammatory effects associated with carbohydrate ingestion during
exercise [13,40].

To our knowledge this is the first study to determine the effectiveness of WM to support the
energy demands of vigorous endurance (>2 h) exercise. The amount and timing of the carbohydrate
provided to our subjects was based on the American College of Sports Medicine recommendation,
30–60 g/h or 0.7 g/kg/h delivered every 15–20 min [42]. The fructose:glucose ratio of WM is 1:0.55 [14].
Although gut absorption [43], and thus the rate of oxidation [44], of exogenous fructose is lower than
glucose, the blood glucose and lactate data and performance measures (time and average power
output) indicate that the dose of WM utilized in this study prevented exercise-induced hypoglycemia
and supported the energy demands of vigorous endurance cycling. The current data support our
previous findings wherein providing exogenous carbohydrate via bananas and pears maintained blood
glucose levels and supported the energy demands of vigorous cycling [12,13]. Tarazona-Diaz et al. [32]
found that acute WM supplementation did not enhance anaerobic cycle ergometer work capacity.
Cutrufello et al. [33] recently reported that a single acute dose of WM did not enhance strength,
anaerobic threshold, time to exhaustion or VO2max. These two WM studies utilized short-duration,
high-intensity exercise bouts that are not limited by blood glucose or glycogen levels.

The rate and total volume of beverage consumed did not differ between trials.
However, the subjects reported feeling significantly fuller during the WM trial. In our previous
studies, we reported that subjects consuming bananas and pears felt fuller and more bloated, but
without influencing RPE [12,13]. The fiber content of WM and fruit more than likely contributed to
the perception of feeling fuller, and may have contributed to the small but significantly higher RPE
during the WM trial. The subjects lost approximately 0.5 kg (0.62%) more body mass during the WM
trial than the CHO trail; similar to what we previously reported when bananas were consumed during
prolonged exercise [12]. The loss in body mass did not result in a greater pre- to post-exercise change
in plasma volume between trials. For most individuals, a loss of >2% body mass may hinder aerobic
performance due to dehydration [45]. Consuming WM puree, within the conditions employed in this
study, met the hydration needs of the cyclists.

WM ingestion was associated with increases in both measures of plasma antioxidant capacity
(FRAP and ORAC). These data support our previous findings with banana and pear [12,13].
The increase in plasma antioxidant capacity, especially post-exercise, may be attributed to an increase
in the plasma concentration of uric acid [30,46]. During fatiguing exercise, active skeletal muscle
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oxidation of purines increases, thus increasing the efflux of uric acid from skeletal muscle into the
blood compartment [47]. However, hydrogen peroxide is generated at two steps of this biochemical
process, consequently, the exercise-induced increase in plasma uric acid may not be a mechanism
of compensatory antioxidant enhancement as some speculate. Independent of the exercise-induced
increase in plasma uric acid, the greater amount of fructose consumed during the WM trial may have
resulted in a larger increase in hepatic uric acid production. In the liver, metabolism of fructose to
fructose 1-phosphate through fructokinase results in production of uric acid [48]. While an acute
decrease in uric acid does not exacerbate exercise-induced oxidative stress in the blood or hinder
exercise performance [49], the benefit of WM-derived uric acid did not improve performance in this
study. Consumption of L-citrulline, a hydroxyl scavenger, and other antioxidants present in WM
(lycopene, β-carotene, and vitamin C), may have further contributed to the increased total antioxidant
capacity of the plasma [18,28–31]. The performance benefit of acutely increasing the total antioxidant
capacity of plasma is unclear [50] and remains an interesting area of study.

With the exception of G-CSF, the pattern of change in the markers of systemic inflammation
and immune function differed little between the WM and CHO. The WM trial post-exercise and 1 h
post-exercise increase in G-CSF was 15% and 18% greater, respectively. In response to intense exercise
G-CSF mediates mobilization of progenitor cells [51] and prevents neutrophil apoptosis and stimulates
neutrophil release [52,53]. The mechanism by which WM consumption potentiated the G-CSF response
to exercise warrants further study. Watermelon provides a significant amount of L-citrulline and
a previous report suggests that citrulline-malate modulates polymorphonuclear neutrophil function.
Sureda et al. [23] supplemented competitive cyclists with 6 g of citrulline-malate prior to a competitive
3 h cycling race. Post-exercise polymorphonuclear neutrophils from subjects in the supplemented
condition had significantly greater reactive oxygen species levels than baseline, indicating that acute
citrulline-malate may attenuate exercise-induced immune dysfunction through an NO-dependent
mechanism [23]. In the current study total nitrate, a proxy measure of NO production, significantly
increased during the WM trial in similar fashion to the report by Sureda et al. [23], but without an effect
on oxidative burst activity.

L-citrulline and L-arginine have been studied as potential ergogenic aids. Nitric oxide (NO)
synthase, in conjunction with specific cofactors, converts L-arginine into NO and L-citrulline.
Further, L-citrulline may be converted to L-arginine via argininosuccinate synthase [22]. Putatively,
enhancing NO metabolism would improve performance through greater blood flow and increasing
glucose uptake via enhance GLUT4 translocation in working skeletal muscle [24]. During the 2-week
intervention period subjects consumed 980 mL of WM/ day, the equivalent of 1.47 g L-citrulline
and 0.465 g L-arginine/day and approximately 4.39 g L-citrulline and 1.41 g L-arginine during the
75 km time trial. Plasma L-citrulline concentrations return to baseline values approximately 3–5 h
after ingestion [54] and the small but non-significant elevation in pre-exercise plasma concentration is
attributable to the 980 mL dose of WM consumed the morning of the WM trial. Following consumption
of L-citrulline, plasma L-arginine concentrations take approximately 8 h to return to baseline [54].
The significant pre-exercise increase in plasma L-arginine is the result of consuming the WM during
the previous supplementation period [26] and the morning of the WM time trial. Our baseline and
pre-exercise plasma L-citrulline and L-arginine data are in agreement with Collins et al. [26] and
Mandel et al. [25].

Subjects completed the WM trial in less than 3 h and consumed ~3 L of WM. This resulted
in a 14-fold and a 32% increase in the pre- to post-exercise plasma concentration of L-citrulline
and L-arginine, respectively. To our knowledge only one study has measured plasma L-citrulline
and L-arginine concentrations after consuming one dose of WM [25]. In this study [25] subjects
consumed a single 3.3 kg serving of WM. One hour post-WM consumption, plasma L-citrulline and
L-arginine concentrations increased 27-fold and 3-fold, respectively, and returned to baseline by the
8-h time point. The smaller increase in plasma L-citrulline and L-arginine in our study was due to the
smaller amount of WM consumed and the greater amount of time over which our subjects consumed
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the WM. Short-duration high-intensity exercise is not improved by a single dose of L-citrulline or
L-citrulline supplemented over a 24 h period [33,55]. Recent evidence suggests that L-citrulline
supplementation over a 1-week period can increase performance when exercising at a high percentage
of the subject’s VO2max for approximately 10 min [56,57]. L-citrulline supplementation is postulated to
improve performance by enhancing NO-dependent vasodilation, and thus blood flow, and increased
mitochondrial respiration during exercise [56]. The plasma concentration of total nitrate, a proxy
measure of NO production, increased significantly more during the WM trial compared to the CHO
trial, 63% and 33%, respectively. The lack of improved performance during the WM trial, despite the
apparent increase in NO production, suggests that NO-dependent mechanisms did not limit exercise
performance in the current study.

5. Conclusions

Our data indicate that ingestion of watermelon (WM) puree is as effective as a 6% CHO beverage
in supporting endurance exercise performance, with the added advantage of improving antioxidant
capacity through increased intake of lycopene, L-citrulline, and vitamins A and C. While the RPE was
greater during the WM trial this did not dampen time trial performance. Changes in blood glucose,
lactate, inflammation, antioxidant capacity, and innate immune measures were comparable between
WM puree and 6% CHO beverage 75 km cycling trials, and similar to what we have previously
reported for CHO-fed athletes. WM puree ingestion during exercise increased plasma L-citrulline,
L-arginine, and total nitrate, but without discernable acute effects on post-exercise inflammation and
innate immune function relative to CHO.
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Abstract: Young athletes experience numerous dietary challenges including growth, training/
competition, unhealthy food environments, and travel. The objective was to determine nutrient
intakes and supplement use in pre-adolescent and adolescent Canadian athletes. Athletes (n = 187)
aged 11–18 years completed an on-line 24-h food recall and dietary supplement questionnaire.
Median energy intake (interquartile range) varied from 2159 kcal/day (1717–2437) in 11–13 years
old females to 2905 kcal/day (2291–3483) in 14–18 years old males. Carbohydrate and protein
intakes were 8.1 (6.1–10.5); 2.4 (1.6–3.4) in males 11–13 years, 5.7 (4.5–7.9); 2.0 (1.4–2.6) in females
11–13 years, 5.3 (4.3–7.4); 2.0 (1.5–2.4) in males 14–18 y and 4.9 (4.4–6.2); 1.7 (1.3–2.0) in females 14–18
years g/kg of body weight respectively. Median vitamin D intakes were below the recommended
dietary allowance (RDA) and potassium was below the adequate intake (AI) for all athlete groups.
Females 14–18 years had intakes below the RDA for iron 91% (72–112), folate 89% (61–114) and
calcium 84% (48–106). Multivitamin-multiminerals, vitamin C, vitamin D, vitamin-enriched water,
protein powder, sport foods, fatty acids, probiotics, and plant extracts were popular supplements.
Canadian pre-adolescent and adolescent athletes could improve their dietary intakes by focusing on
food sources of calcium, vitamin D, potassium, iron, and folate. With the exceptions of vitamin D and
carbohydrates during long exercise sessions, supplementation is generally unnecessary.

Keywords: diet analysis; youth athletes; nutrient intakes; dietary supplements; ergogenic aids

1. Introduction

Young athletes experience numerous nutritional challenges including: Meeting nutrient needs for
growth, training/competition, the maintenance of health, concurrent sporting pursuits, challenging
schedules (school, training, socializing, work, etc.), a lack of knowledge, a reliance on others
for the purchase and preparation of foods, unhealthy eating environments in their locations of
training and competition, and travel [1–4]. Additionally, the eating patterns and attitudes towards
foods, set during adolescence, can impact an individual’s lifelong relationship with food and
nutrition [1]. Currently, targeted recommendations for youth are lacking, forcing the default use
of adult recommendations.

Nutrient needs during adolescence are relatively high as compared to adulthood to support
development [5] and these athletes require reliable guidance to ensure health and the prevention of
injuries as they progress in their sporting endeavors. Dietary intakes in young athletes have been
found to be superior to their non-athletic counterparts [6–8]. Conversely, the increased demands of
intense physical activity imply that the consequences of a deficiency are greater in this demographic.
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Nutrients 2016, 8, 526

Furthermore, young athletes may have increased nutrient needs suggesting a direct comparison to
intakes in non-athletes does not accurately represent the physiological impact of their dietary intakes.
In young athletes, nutrients identified as of concern due to insufficient intakes include: Carbohydrates
(especially during exercise), vitamin E, vitamin D, calcium, iron, magnesium, and zinc [5,9–11]. There is
also a concern that the pressures associated with athletic performance can promote eating disorders
with increased rates typically found in adult elite athletes as compared to non-athletes [12]. The role of
sport in fostering eating disorders in youth is controversial with some finding a protective effect in
young, female athletes as compared to non-athletes [13]. Additional investigation is required though it
appears that the level of competition and sport type are critical with an increased risk in elite athletes as
compared to recreational level athletes and those competing in sports that encourage leanness [13,14].

Few studies have evaluated the dietary patterns of young Canadian athletes, particularly those
participating in sport at the community/provincial level. The primary aim of this study was to quantify
dietary intakes in young Canadian athletes, from a wide variety of sports, competing primarily at
the community or provincial level. A secondary aim was to evaluate dietary supplement use in the
contexts of nutrient needs, health, and performance.

2. Materials and Methods

2.1. Participants

Male (n = 84) and female (n = 103) athletes aged 11 to 18 years were recruited from the province of
Alberta through sporting communities and the public school system. The term “athlete” was defined
as competing at the city level or higher and training ≥5 h per week. A sample size of 150 allowed the
reporting of estimates to a margin of error of no more than 8% with a 95% confidence level [15].

2.2. Procedures

Athletes and/or their parents/guardians completed the Food Behaviour Questionnaire (FBQ).
The FBQ is a web-based 24-h diet recall developed by Canadian researchers for diet analysis
in youth [16]. Sport drinks were included in the questionnaire; however, other sport foods and
supplements were not included, as they could not be linked to the Canadian Nutrient File for analysis.
Questions regarding meal timing and training/competition were added to the FBQ. Basal metabolic
rate (BMR) was calculated by the Schofield equation and participants with energy intake/BMR ≤0.89
were classified as low energy reporters [17] and removed from analyses.

A dietary supplement questionnaire [18] was incorporated into the FBQ and included sport
foods, vitamin/mineral supplements, fatty acid supplements, plant extracts, probiotics, and
ergogenic aids. All questionnaires were previously tested for reliability and validity [16,18];
however, the dietary supplement questionnaire was originally delivered in a face-to-face manner.
Consequently, the electronic format was tested for reliability in a subset of 21 athletes who completed
both a paper and electronic version. Weighted kappa coefficients [19] found questions had fair to
moderate agreement with the exception of frequency of use for vitamin E, vitamin-enriched water,
glutamine, sport drinks, recovery drinks, probiotics, sport gels/gummies, and caffeine pills.

2.3. Ethical Considerations

Individualized access information for the consent form and questionnaire was sent to the
parent’s/guardian’s email account (except for those 18 years of age). Parental consent and athlete assent
was provided electronically prior to commencing the questionnaire. The Mount Royal University
Human Research Ethics Board (2013-19) and a school board (2013 1127 L) approved the study.

2.4. Statistical Analyses

Athletes were categorized based on Dietary Reference Intakes (DRIs): Male 11–13 years, female
11–13 years, male 14–18 years, and female 14–18 years. Estimated energy requirements (EER) were
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determined using the Institute of Medicine’s EER equations and an “active” value for physical
activity [20] (pp. 181–182). For macronutrient intakes, absolute values, intakes adjusted for body
weight, and percent of total energy intake were calculated. Micronutrients are presented as absolute
values and the percent of the Recommended Dietary Allowance (RDA) or Adequate Intake (AI). Percent
RDA or AI was calculated by taking the intake for each athlete and dividing it by the established
RDA or AI for that age and gender [21] and multiplying by 100. Supplement use was quantified as
the percent of respondents who consumed the supplement Regularly, Occasionally (“Specific Times”
or “I’ve Tried It”), and Never (“Never” or “Unfamiliar”). Data was checked for normality using the
Shapiro-Wilk test. Differences for macronutrients in the percent of total calories and g/kg/body weight
and micronutrient percent of Recommended Dietary Allowance (%RDA) or Adequate Intake (%AI) [21]
were determined using a Kruskal–Wallis non-parametric test and difference between genders and
age groups were assessed using Dunn’s test for post-hoc pairwise comparisons. In cases where the
data was normally distributed, a one-way ANOVA with a Bonferroni post-hoc comparison within age
and gender was also calculated. Differences in percent of athletes meeting Canada’s Food Guide [22]
servings and dietary supplement/ergogenic aids use were determined using a Pearson’s Chi-squared
test and the effect size reported as V = Cramer’s V. A p-value of < 0.05 was considered to be statistically
significant. All analyses were performed using SPSS version 22 (IBM Corporation, Armonk, NY, USA)
and Stata 14 (StataCorp, College Station, TX, USA).

3. Results

3.1. Participant Characteristics

The FBQ was completed by 187 participants, however, two females 11–13 years, two males
11–13 years, 12 females 14–18 years, and three males 14–18 years were identified as low-energy
reporters and were removed from the analyses. Descriptive characteristics for the remaining
168 participants who completed the FBQ are presented in Table 1. Eight percent of young females, 15%
of older females, 4% of young males, and 0% of older males reported trying to lose weight (p = 0.030;
V = 0.204), whereas 3% of young females, 0% of older females, 15% of young males, and 42% of
older males reported trying to gain weight (p < 0.001; V = 0.381). Energy intakes as a percent of EER
were 98% (83–125) in 11–13 years old males, 91% (76–112) in 11–13 years old females, 85% (70–107)
in 14–18 years old males, and 89% (73–104) in 14–18 years old females; there were no statistically
significant differences between the groups.

3.2. Nutrient Intakes

Macronutrient intakes are presented in Table 2. Younger males had greater carbohydrate intakes
based on body weight as compared to older males (p = 0.001) and older females (p < 0.001). Protein intakes
based on body weight were highest in young males and greater as compared to older females (p < 0.001)
and older males (p = 0.046), however the dietary assessment did not include protein supplements.
The percent of calories coming from sugar and fats was consistent across all groups, however, based on
body weight, young males had greater intakes of total fat as compared to older females (p < 0.001).

Micronutrient intakes are described in Table 3. Athletes’ median intakes met or exceeded the
RDA for all vitamins with the exception of vitamin D, folate (14–18 years females) and vitamin A
(females 11–13 years and males 14–18 years). Females did not consume the RDA for calcium and older
females did not meet the RDA for iron. Athletes did not meet the AI for potassium. Sodium intakes
exceeded the upper limit in 89% of males 11–13 years, 65% of females 11–13 years, 83% of males
14–18 years, and 69% of females 14–18 years (p = 0.061; V = 0.209).

Servings according to Eating Well with Canada’s Food Guide can be found in Table 4.
Differences between the groups were noted in milk and alternatives where older females had the fewest
percent of participants meeting the recommendation (p = 0.010; V = 0.259) and in the meat and alternatives
where older males had a lower percent meeting the recommendations (p = 0.002; V = 0.294).
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3.3. Supplements

The use of dietary supplements and ergogenic aids is presented as those who consume
the supplement regularly, occasionally, or never (Table 5). Given the broad definition of dietary
supplements and the inclusion of occasional use over the past 3 months, 100% of athletes reported
some usage. Multivitamin-multiminerals, vitamin C, vitamin D, sport bars, and protein powders
were the most commonly consumed supplements on a regular basis. Supplements athletes frequently
reported using occasionally included vitamin C, vitamin-enriched water, protein powders, sport bars
and drinks, plant extracts, and gels/gummies. When supplement use was analyzed according to
gender alone, differences were noted in fatty acid intakes with 17% of males reporting regular use,
5% occasional use and 78% never, whereas females reported regular use at 8%, occasional use at 15%
and never at 77% (p = 0.045; V = 0.189). Furthermore, 18% of males used sport drinks regularly, 69%
occasionally and 13% never as compared to females at 7% regularly, 70% occasionally, and 23% never
(p = 0.040; V = 0.193). Analysis by age groups 11–13 years and 14–18 years found increased use of
protein powder in the older age group with regular use 18%, occasional 45%, and never 37% vs. 10%
regular, 23% occasional, and 68% never in 11–13 years (p = 0.001; V = 0.296). None of the athletes
reported regular use of energy drinks, however, 14–18 years old had occasional use at 27% vs. 3% in
11–13 years (p < 0.001; V = 0.294). There were no other significant differences between gender or age
groups in supplement use.

Table 5. Dietary supplements and ergogenic aids.

Supplement %
Athletes

Males 11–13 (n = 26) Females 11–13 (n = 36) Males 14–18 (n = 52) Females 14–18 (n = 59)

R O N R O N R O N R O N p

MVMM 46 15 39 36 19 44 40 19 40 22 27 51 0.346
B Vitamins 0 8 92 6 6 89 6 17 77 3 10 86 0.482
Vitamin C 15 23 62 19 31 50 27 23 50 19 27 54 0.862
Vitamin E 0 4 96 3 11 86 2 6 92 3 12 85 0.747
Vitamin D * 19 0 81 19 3 78 14 0 87 24 0 76 0.453
Vitamin Water 8 39 54 3 61 36 10 46 44 7 48 46 0.629
Iron 0 0 100 3 3 94 2 6 92 5 12 83 0.251
Calcium 0 0 100 6 8 86 8 10 83 3 7 90 0.471
Magnesium 0 4 96 3 3 94 2 6 92 0 2 98 0.735
Protein Powder 12 19 69 8 25 67 25 42 33 12 48 41 0.004
Beta Alanine 4 0 96 0 0 100 0 6 94 0 0 100 0.047
BCAA 4 0 96 3 0 97 2 6 92 3 2 95 0.598
Glutamine 4 0 96 0 0 100 0 4 96 0 2 98 0.230
Glucosamine 0 0 100 0 0 100 2 4 94 0 5 95 0.495
Fatty Acids 19 8 73 17 11 72 15 4 81 3 17 80 0.090
Sport Drink 15 65 19 8 69 22 19 71 10 7 70 24 0.264
Recovery Drink 15 8 77 0 14 86 4 23 73 5 17 78 0.109
Energy Drink 0 4 96 0 3 97 0 33 67 0 22 78 0.001
Sport Bar 15 46 39 14 69 17 33 50 17 25 51 24 0.110
Creatine 4 0 96 0 0 100 2 8 90 2 0 98 0.092
Caffeine 0 0 100 0 0 100 0 2 98 0 0 100 0.505
Gel/Gummy 8 46 46 0 47 53 2 29 69 0 37 63 0.079
Plant Extracts 4 31 65 3 39 58 2 31 67 3 37 59 0.968
Probiotics 4 19 77 3 19 78 0 14 87 0 20 80 0.559

Dietary supplement use is presented as percent of athletes who completed the dietary supplement portion
of the questionnaire (n = 173). * Vitamin D was determined from responses to “Other Vitamins”.
MVMM, multivitamin-multimineral; BCAA, branched chain amino acids; R, regularly; O, occasionally; and N,
never. Significant differences in the percent of athletes in the groups consuming the supplement were determined
by a Pearson’s Chi-squared test.

4. Discussion

This research is significant as it analyzes dietary intakes and supplement use across a broad
range of sport types in a cohort of younger, understudied athletes. Studies focused on a single sport
are extremely valuable to the cohort of athletes they represent, however, are less able to provide
information regarding general nutrition concerns.
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4.1. Overall Diet Quality and Energy Intakes

Adolescents typically adhere to a dietary pattern that is energy dense, however, low in
nutrients [23]. Conversely, studies do report improved dietary intakes in adolescent athletic populations
as compared to their sedentary peers [6–8]. Athletes have increased rates of disordered eating as
compared to non-athletes, however, this concerns is more applicable to older athletes competing at
higher levels than the majority of our sample [12]. Notably, the decline in diet quality in our female
14–18 years cohort, as compared to other groups, could be indicative of a trend towards increased
rates of disordered eating; coaches and parents should carefully monitor this group. When athletes
self-reported on the quality of their diet, 3% thought their diet was poor, 72% rated their diet as average,
and 25% selected excellent.

Assessment of the athletes’ Canada’s Food Guide servings can provide an understanding of overall
diet quality, however, Canada’s Food Guide does not take into consideration high levels of physical
activity. Consequently, it is possible that Table 4 underestimates the percentage of athletes consuming
insufficient numbers of servings. It can reasonably be concluded that milk and alternatives is a food
category of concern for young female athletes, a risk that increases with age. Furthermore, all athletes
need to be encouraged to consume more vegetables and fruits. Another factor, potentially limiting
performance in some athletes, may be inadequate intakes of whole grains, as grains are often good
sources of carbohydrates, food folic acid, and iron. The relatively high contribution of sugars and
saturated fats to total calories and servings from the “other” category, suggest young athletes need to
focus on healthier choices and reducing processed and fast foods. A conclusion further supported by
the high sodium intakes.

Energy intakes are slightly lower than the EER. An energy deficit is commonly reported in
athletes [5,24,25], however, it is extremely difficult to accurately assess energy needs in young
athletes [1] and self-reported dietary records are limited. Furthermore, BMI data indicates that
underweight is not a prominent concern in this cohort of athletes.

4.2. Macronutrients

It is difficult to assess the adequacy of macronutrient intakes in young athletes due to a lack of
recommendations and a default to adult values [26,27]. Carbohydrate recommendations based on
body weight rather than percent of total calories are thought to best reflect athlete needs and range
from 3 to 12 g/kg/BW depending on exercise load [28]. Carbohydrate intakes meet the minimum
requirements in all our athlete groups. Importantly, when carbohydrate intakes were analyzed by sport
type, endurance and intermittent athletes had median intakes of 5.5 g/kg/BW; whereas, aesthetic and
power athletes had higher intakes at 6.2 g/kg/BW and 5.8 g/kg/BW respectively. Therefore, it may
be advisable to emphasize carbohydrates for young endurance athletes. Inadequate carbohydrate
intake in young athletes has been noted in other studies [5,11,26,27]. Dietary fibre intakes did not meet
recommendations, suggesting that information on the quantity and quality of carbohydrates should
be provided.

Protein recommendations have recently increased and range from 1.2 to 2.0 g/kg/BW depending
on the type and amount of physical activity [29]. Furthermore, it has been estimated that protein intakes
of 1.5 g/kg BW are required for nitrogen balance in young sprinters [30] and can, therefore, be assumed
sufficient for most young athletes. Average protein intakes, from food alone, exceeded the upper
recommendation for performance in all groups except 14–18 years old females, suggesting that this
is not a nutrient of concern for young Canadian athletes; a finding supported by others [26,27].
Data in young, elite Canadian soccer players reports average protein intakes of 1.8 g/kg/BW [5].
Indeed, even elite, young female figure skaters reported an average protein intake of 1.2 g/kg/BW,
despite total caloric intakes 44% less than their estimated needs [25]. It has been suggested that
protein intakes are generally adequate or excessive because protein is overvalued among coaches and
athletes [9,31].
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Dietary fats ranged from 31% to 33% of total calories, which is at the high-end of the recommended
25%–35% [20]. Intakes of at least 30% have been consistently reported in adolescent athletes [1].
Young athletes may benefit from consuming fewer calories from fat and increasing calories from
carbohydrates [11]. Conversely, if a young athlete were struggling to meet their caloric needs,
healthy fats would be the most energy dense options.

4.3. Micronutrients

Athletes may have a greater need for select micronutrients, however, no widely accepted values
are available [29]. Athletes met or exceeded the micronutrient recommendations in most cases.
Notably, however, females between 14 and 18 years tended to have the lowest intakes relative to
other groups, highlighting this group as higher risk. Importantly, when considering the micronutrient
values as determined from 24-h recalls there is the possibility of underreporting. Underreporting was
addressed in the methods by identifying low energy reporters, however could still be present to a
lesser degree in the remaining sample, possibly inflating nutrient deficiencies.

Of particular apprehension in young athletes, especially females, is their ability to meet the
recommendations for the bone-building nutrients such as vitamin D, calcium, and phosphorus [25].
Low bone mineral density has been reported in adolescent, female athletes, primarily those with
amenorrhea [32]. Our results indicate vitamin D and calcium are of concern, with a high percentage
of female athletes not meeting the RDA for these nutrients. Gibson et al. [5] also highlight vitamin D
and calcium as nutrients of concern for young Canadian soccer players. The inadequate intakes of
bone-related nutrients in our population may be associated with lower intakes of milk and alternatives.

Iron and folate (females 14–18 years) were also identified as nutrients where intakes often did
not meet the RDA. Deficiencies in either of these nutrients can promote anemia, which can cause
fatigue and suboptimal athletic performance [33]. Young female athletes are at a higher risk than
their male counterparts for iron deficiencies due to losses from menses and lower energy intakes, and
compared to their sedentary peers due to the increased requirements for intense training [29,33,34].
Diet assessments in other athletic populations also find inadequate intakes for iron and/or folate
in young female athletes [5,10,11,25]. In Gibson et al. [5] although only 6% of athletes had iron
intakes below the EAR, 89% had serum ferritin levels below 35 μg/L, a level thought to negatively
impact performance.

Potassium was another nutrient where athletes did not meet the AI. Potassium has a role in
muscle and nerve function and, consequently, is related to athletic performance. Although it is
questionable whether intakes in the range noted here could negatively impact performance, it would
still be prudent for athletes to increase their vegetable and fruit intakes to meet the Canada’s Food
Guide recommendations, as these foods are often good sources of potassium.

4.4. Supplements

Sport nutrition professionals agree that athletes should not use dietary supplements to compensate
for a poor diet but rather consume whole foods to meet their nutrient needs. Only when this is not
feasible should athletes rely on supplements [1,33].

Protein supplements were popular in our cohort; yet appear to be unnecessary given
the high dietary intakes. Additionally, the need for a multivitamin-multimineral, vitamin C,
and vitamin-enriched waters is questionable in the context of their nutrient intakes from food
alone. Vitamin D supplementation is often recommended for athletes living at northern latitudes or
training indoors and levels should be carefully monitored in young Canadian athletes to determine if
supplementation is necessary [29]. Although calcium has been identified as a nutrient of concern in
young female athletes, dietary changes rather than supplementation is recommended. Sport drinks,
gummies, and gels could be justified during longer training sessions, as insufficient carbohydrate
during exercise has been identified as a weakness in some young athletes [27]. Athletes should be
cautious, however, to use these products only as needed and monitor calorie and sugar intakes [35].
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Probiotics have the potential to reduce gastrointestinal symptoms and respiratory illnesses in athletes,
however, additional research is needed to confirm these benefits and determine the types and effective
dose [36].

Protein supplementation and energy drink consumption increased with age, a trend that we
have previously reported [18]. Furthermore, others have found that dietary supplement use in
youth increases with age [37]. Additional research is required to determine the reasons for these
trends. However, it should be noted that the older athletes were also more likely to compete at a
higher level; thus, the level of competition could be a factor, as these products are often viewed as
performance-enhancing. Regardless, energy drink consumption is concerning in this demographic
as they are contraindicated for those under the age of 18 years [35]. Male athletes were also more
likely to use sport drinks. The reason for this is unclear, however, it may be linked to an overall
concern regarding energy intake in females, as they were also more likely to be low energy reporters.
Alternatively, we have previously demonstrated that young, Canadian male athletes are more likely
than their female counterparts to use supplements for overall athletic performance [11] and others
have found increased use in young males [37].

Our results are limited in that they are based on a single 24-h food recall and there is low reliability
for a few dietary supplements, however, these limitations are somewhat offset by the large sample
size. Additionally, we did not assess physical stages of maturation and it must be acknowledged
that young athletes develop at different rates with considerable variation likely within the groups.
The analysis was based on DRI recommendations; however, these are generalized and not specific to
the individual or their athletic pursuits. Furthermore, multiple comparisons were made with a 5%
level of significance, so it could be expected that up to 5% of results could be due to chance alone.
Although caution should be taken when interpreting the findings, the reporting of all potentially
important associations was deemed to outweigh the cost of a false positive in this case. Future research
should be conducted to either refute or corroborate the findings.

5. Conclusions

Athlete support personnel should focus on food sources of vitamin D and calcium, iron, and folate
(females). Supplementation is generally unnecessary, with the possible exceptions of vitamin D and
iron, under physician supervision. Carbohydrate supplements should be emphasized to balance
depletion versus overconsumption. Our research is novel in that, to our knowledge, it provides the
first large scale, multi-sport assessment of dietary intakes in pre-adolescent and adolescent Canadian
athletes. The information gained can be practically used to inform athlete support personnel regarding
common trends and areas of nutritional concern in young athletes.
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Abstract: It has been reported that nitrate supplementation can improve exercise performance.
Most of the studies have used either beetroot juice or sodium nitrate as a supplement; there is
lack of data on the potential ergogenic benefits of an increased dietary nitrate intake from a diet
based on fruits and vegetables. Our aim was to assess whether a high-nitrate diet increases
nitric oxide bioavailability and to evaluate the effects of this nutritional intervention on exercise
performance. Seven healthy male subjects participated in a randomized cross-over study. They were
tested before and after 6 days of a high (HND) or control (CD) nitrate diet (~8.2 mmol·day−1

or ~2.9 mmol·day−1, respectively). Plasma nitrate and nitrite concentrations were significantly
higher in HND (127 ± 64 μM and 350 ± 120 nM, respectively) compared to CD (23 ± 10 μM
and 240 ± 100 nM, respectively). In HND (vs. CD) were observed: (a) a significant reduction
of oxygen consumption during moderate-intensity constant work-rate cycling exercise (1.178 ± 0.141
vs. 1.269 ± 0.136 L·min−1); (b) a significantly higher total muscle work during fatiguing, intermittent
sub-maximal isometric knee extension (357.3 ± 176.1 vs. 253.6 ± 149.0 Nm·s·kg−1); (c) an improved
performance in Repeated Sprint Ability test. These findings suggest that a high-nitrate diet could be
a feasible and effective strategy to improve exercise performance.

Keywords: nitric oxide; oxygen cost of exercise; intermittent high-intensity exercise; diet

1. Introduction

Nitric oxide (NO) is a gaseous signaling molecule linked to a variety of physiological
functions in mammalian cells, including the regulation of blood flow, mitochondrial biogenesis,
excitation–contraction coupling, calcium handling, oxidative stress, and skeletal muscle repair [1].
NO is produced endogenously via the L-arginine-NO pathway by the nitric oxide synthase (NOS)
enzymes in nervous tissue, the cardiovascular system (by the endothelium), and skeletal muscle [2,3].
However, an alternative source of NO has recently been described [4]. In fact, inorganic nitrate (NO3

−),
ingested from dietary sources (e.g., beetroot) or pharmacologic compounds (e.g., sodium/potassium
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nitrate), can be reduced in vivo to nitrite (NO2
−) and subsequently converted to NO by numerous

NO2
− reductases [5].
A growing body of evidence demonstrates that acute (2–3 h) and short term (3–6 days)

pharmacological (e.g., sodium/potassium nitrate) or dietary (e.g., beetroot juice) NO3
− supplementation

reduces whole body oxygen cost during moderate-intensity exercise, and improves exercise
tolerance—at least in sedentary or moderately-trained subjects [6–12]. Given that the alternative
NO3

−–NO2
−–NO pathway seems to increase NO bioavailability, especially in an acidic environment

and in relatively hypoxic tissues [13], human studies have also been conducted in order to assess
whether NO3

− supplementation positively affects muscle contraction properties at higher exercise
intensities, when muscle PO2 and pH decline to a greater extent [14].

On the other side, it has been observed that maximal voluntary or involuntary (electrically evoked)
isometric contraction, force–frequency relationship, and fatigability of quadriceps muscles are
substantially unchanged following 4 days [15], 7 days [16], or 15 days [17] of NO3

− supplementation.
At the same time, nitrate supplementation has unclear effects on high-intensity intermittent activities.
Although some studies have found an improvement of high-intensity intermittent performance
following NO3

− supplementation [18–21], others have failed to observe a positive effect [22,23].
The reasons for these controversial results may be attributed to differences in duration and dose of the
supplementation scheme, in the exercise protocols employed [24], and in the individual aerobic fitness
level of the participants.

So far, most of the studies that have investigated the ergogenic effects of dietary nitrate
supplementation have used either beetroot juice or sodium nitrate. To our knowledge, only one
study has evaluated the effects of a dietary intervention (acute whole baked beetroot assumption) on
exercise performance [25]. Since recent studies have demonstrated that a high-nitrate vegetable
diet can increase plasma NO3

− and NO2
− concentrations to similar level of beetroot or nitrate

salt ingestion [26,27], this form of NO3
− supplementation could represent an alternative dietary

intervention able to positively affect exercise performance.
The aim of this study was to test the hypothesis that a diet containing NO3

−-rich vegetables
increases plasma NO3

− and NO2
− concentrations and positively influences exercise performance.

In particular, we expect that a diet high in NO3
− can reduce the oxygen cost of exercise at moderate

intensity and increase muscle performance during high-intensity intermittent activities.

2. Materials and Methods

2.1. Subjects

In this randomized crossover study, seven healthy males recreationally involved in basketball,
badminton, and futsal (mean ± SD; age, 25 ± 2 years; body mass, 66.3 ± 6.0 kg; height, 1.74 ± 0.05 m)
volunteered to participate in this study. Considering the standard deviations (SDs) of circulating
nitrate levels based upon our previous findings [11], this n value allowed the detection of significant
differences between groups (if present) with an alpha level of 0.05 and a beta level of 0.20 (Prism 6.0,
GraphPad Software, La Jolla, CA, USA). Before the start of the study, participants underwent a complete
medical screening (medical history, physical examination, and resting electrocardiogram) to ensure
that there were no contraindications to study participation. An incremental cycle ergometer test up
to exhaustion was also performed for the determination of peak oxygen consumptio (

.
VO2 peak) and

peak work rate (41.2 ± 4.7 mL·kg−1·min−1; 226 ± 49 W). All subjects gave their written informed
consent to participate after the experimental procedures, associated risks, and potential benefits of
participation had been explained. All procedures were in accordance with the recommendations found
in the Declaration of Helsinki (2000) of the World Medical Association.

2.2. Study Design

Individual subjects’ diet was recorded during a 7 day period, before the experimental phase.
NO3

− usual intake was estimated considering vegetable and fruit intake, according to reference
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tables [28]. Then, a nutritionist elaborated two diet schemes: a control diet (CD), with a NO3
− intake

similar to that usually ingested, and a diet with a high nitrate intake (HND). HND and CD diets were
iso-energetic (about 2200 kcal) in accordance with subjects’ habitual energy intake and matched to
physical activity levels, and they contained a similar distribution of macronutrients (55% carbohydrates,
15% proteins, 30% fats), except for nitrate [29,30]. Fruits and vegetables ensured the different NO3

−

intake (Table 1).

Table 1. Dietary intake prescribed by the nutritionist for high-nitrate and control diet. The relative
amounts of NO3

− content for servings are also shown. CD: control diet; HND: high-nitrate diet.

CD

Food Approximate Amount for Daily Servings NO3
− Content

salad mix 180 g 2.4 mmol
broccoli 60 g 0.4 mmol
orange 150 g 0.0 mmol

cranberry juice 0.5 L 0.1 mmol

HND

Food Approximate Amount for Daily Servings NO3
− Content

raw spinach 40 g 4.8 mmol
cooked collard greens 80 g 3.2 mmol

banana 130 g 0.1 mmol
pomegranate juice 0.5 L 0.1 mmol

The intake of NO3
− corresponded to ~8.2 mmol·day−1 and ~2.9 mmol·day−1 in HND and CD,

respectively. Subjects were invited to follow the diet scheme for 6 days and were evaluated at days 5
and 6. A 20 day washout period separated the two interventions. Subjects were instructed to strictly
respect the nutritionists’ indications. Participants were not informed about the aims of the study and
were led to believe that both interventions may be beneficial on exercise performance. Subjects were
also required to abstain from using antibacterial mouthwash and chewing gum, as these are known to
alter the oral bacteria responsible for the reduction of NO3

− to NO2
− [31].

2.3. Experimental Overview

All tests were performed at the same time of the day (±1 h). Subjects were instructed to arrive at
laboratory about 3 h postprandial and to avoid caffeine and alcohol intake and strenuous exercise in
the 24 h preceding each testing session. Subjects visited the laboratory on two consecutive days at the
end of both HND and CD.

On day one, subjects performed one repetition of a moderate-intensity constant work rate cycling
exercise. Measures of maximal voluntary torque and total muscle work—estimated as the sum of
impulses generated during fatiguing intermittent sub-maximal knee extensions—were also recorded
(see below for further details). On day two, a second repetition of the moderate-intensity constant
work rate cycling exercise was performed. After 30 min of rest, a cycling Repeated Sprint Ability
test (RSA) was carried out (see below for further details). Prior to data collection, subjects were fully
familiarized with exercise testing procedures.

2.4. Exercise Tests

Moderate intensity constant-work rate cycling exercise. An electromagnetically-braked cycle
ergometer (Corival; Lode, Groningen, The Netherlands) was utilized. Subjects exercised at their freely
chosen pedal frequency (80 ± 5 rpm). Each subject performed two repetitions of a 6-min constant
work rate moderate-intensity exercise (CWR). Transitions from unloaded pedaling to the imposed
work rate were attained in ~3 s. The work rate was chosen to correspond to 50% of peak work rate
reached during the incremental test.
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Isometric knee extensions. Subjects were seated on a special chair, secured by a safety belt
tightened around the shoulders and abdomen, with the arms grasping handlebars and the legs
hanging vertically down. A strap was tightened around the subject’s dominant ankle, and was
linked by a steel chain to a fixed frame. The chain length was regulated to obtain a knee angle of
110 degrees. The fixed frame was positioned behind the ankle to perform the isometric knee extensions.
Subjects began the experimental session by performing a warm-up, which consisted of 20 sub-maximal
isometric contractions at a self-selected intensity. After that, they performed two exercises in the same
experimental session with the dominant lower limb only:

(A) Maximal voluntary contraction (MVC): subjects were asked to perform three MVCs of
three-to-four seconds in duration each. To prevent fatigue, after each contraction subjects rested
for two minutes. The highest force was multiplied by the moment arm in order to calculate maximal
voluntary torque (MVT).

(B) Fatiguing intermittent submaximal knee extension: based on pilot studies, subjects performed
intermittent isometric knee extensions of 3.5 s, with 10 s of rest between them. The target torque to
reach and maintain during each contraction was set at 75% of the actual MVT (i.e., at the same relative
intensity, in HND and CD). Two different auditory feedbacks were given to subjects: (1) a “ring”,
preceded by a countdown, determined the start and the end of each contraction; (2) a monotonic sound
highlighted the reaching of the torque target level. Experimental sessions ended when subjects were
not able to reach the target torque for two consecutive contractions.

Repeated Sprint Ability test (RSA). RSA consisted of five “all out” 6-second sprints on a cycle
ergometer (894E, Monark Exercise AB, Vansbro, Sweden) separated by 24 s of inactive recovery [32].
Subjects pedaled in a seated position, and the mechanical resistance (F) was set at 0.74 N·kg−1

body mass.

2.5. Measurements

Physiological variables. Pulmonary ventilation (
.

VE),
.

VO2, and carbon dioxide output (
.

VCO2)
were determined breath-by-breath by a computerized metabolic cart (Vmax29c; SensorMedics,
Bilthoven, The Netherlands). Heart rate (HR) was determined from the electrocardiogram signal.
Gain values (G)—the variable estimating the O2 cost of cycling—were calculated as Δ

.
VO2 (

.
VO2 at

the end of CWR minus resting
.

VO2) divided by work rate. Blood lactate concentration ([La]b) was
measured at rest and at several times during recovery on 20 μL of capillary blood obtained from
a pre-heated earlobe by an enzymatic method (Biosen C-line; EKF Diagnostics GmbH, Barleben,
Germany). The highest [La]b was taken as [La]b peak.

Force recording. A force sensor (TSD121C, BIOPAC Systems, Inc., Goleta, CA, USA) was
connected in series to the chain, which connected the fixed frame of the special chair to the strap
tightened around the subject’s right ankle. Force analog output was sampled at a frequency of 1 kHz
using a data acquisition system (MP100, BIOPAC Systems, Inc., Goleta, CA, USA) connected to
a personal computer by means of an USB port.

Surface Electromyography (EMG) recording. EMG data were collected from the right (dominant)
thigh: vastus lateralis (VL) was selected as the main knee extensor muscle. Pre-gelled surface EMG
electrodes (circular contact area of 1 cm diameter, BIOPAC Systems, Inc., Goleta, CA, USA) were placed
(inter-electrode distance equal to 20 mm) at two-thirds on the line from the anterior spina iliaca superior
to the lateral side of the patella [33]. In order to ensure a good electrode–skin interface, prior to the
application of the electrodes, the subject’s skin was shaved, rubbed with an abrasive paste, and cleaned
with a paper towel. EMG electrodes were placed at the beginning of the experimental session, and were
not removed between the two exercises. The locations of the electrodes during the first experimental
session were marked on the skin with a permanent ink pen. In order to place electrodes in the same
positions prior to the second session, the subjects were asked to refresh these contours daily. To
record the EMG data, the electromyography system (EMG100C, BIOPAC Systems, Inc., Goleta, CA,
USA; Low Pass Filter: 500 Hz; High Pass Filter: 10 Hz; Noise Voltage (10–500 Hz): 0.2 μV (rms);
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Zin: 2 M ohm; CMRR: 110 dB) was used. EMG data were sampled at a frequency of 1 kHz using a
data acquisition system (MP100, BIOPAC Systems, Inc., Goleta, CA, USA), and processed using the
program LabChart 7 Reader (ADInstruments Pty Ltd., Bella Vista, NSW, Australia).

Force and EMG analysis. As for MVC, a 500 ms window was centered at the maximal force
exertion to calculate MVT (see above) and to analyze the surface electromyography (sEMG), its intensity
being quantified by root mean square (RMS). During intermittent submaximal isometric contractions,
no mechanical work is performed, so the torque-time integral (TTI) was used to estimate muscle
work [34]. For each single knee extension, TTI and RMS of vastus lateralis (RMS-VL)—expressed as
a percentage of maximal voluntary contraction (%MVC)—were calculated. In addition, the average
value of RMS-VL calculated over the first three knee extensions was compared to the one obtained
during the last three knee extensions, in order to investigate the fatigue effect on muscle activation
(adapted from Mulder et al., 2007) [35].

Power recording. The power (P) values were calculated as P = F × d × RPM, where F is the
resistance set (0.74 N·kg−1 body mass), d is the distance covered by the flywheel at each revolution,
and RPM is the number of revolutions per minute. Instantaneous P values were sampled at 50 Hz and
then averaged each second. Peak Power (PP) was considered the maximal value of power recorded
over a second.

Blood sampling. Resting blood samples were collected to determine plasma levels of nitrate
and nitrite before the experimental phase and on day 6 of both diet periods, at least 2.5 h after the
last meal. Venous blood was drawn from the antecubital vein into a 5-mL EDTA Vacutainer tube
(Vacutainer, Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Plasma was immediately
separated by centrifuge (5702R, Eppendorf, Hamburg, Germany) at 1000× g for 10 min at 4 ◦C.
Plasma samples were then ultrafiltered through a 10 kDa molecular weight cut-off filter (AmiconUltra;
Millipore, EMD Millipore Corporation, Billerica, MA, USA) using a ultracentrifuge (4237R, ALC,
Milan, Italy) at 14,000× g for 60 min at 4 ◦C to reduce background absorbance due to the presence
of hemoglobin. The ultrafiltered material was recovered and used to measure nitrite and nitrate
concentration by the Griess method using a commercial kit (Cayman, BertinPharma, Montigny le
Bretonneux, France). Samples were read by the addition of Griess reagents at 545 nm by a microplate
reader spectrophotometer (Infinite M200, Tecan Group Ltd., Männedorf, Switzerland). A linear
calibration curve was computed from pure nitrite and nitrate standard. All samples were determined
in duplicate, and the inter-assay coefficient of variation was in the range indicated by the manufacturer.

2.6. Statistics

Data were expressed as mean ± SD. A paired t-test was performed on all tests data to compare
HND and CD. A two-way ANOVA for repeated measures with Bonferroni correction was applied
when multiple comparisons were made. The significance level was set at p < 0.05. Statistical analysis
was performed by a software package (Prism 6.0; GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. Nitrate and Nitrite Plasma Levels

Before the experimental phase, plasma NO3
− and NO2

− concentrations were 24 ± 8 μM and
118 ± 32 nM, respectively. Following CD, plasma NO3

− and NO2
− concentrations were 23 ± 10 μM

and 240 ± 100 nM, respectively, and not statistically different. After HND, plasma NO3
− and NO2

−

concentrations significantly increased to 127 ± 64 μM and 350 ± 120 nM, respectively.

3.2. Moderate-Intensity Constant Work Rate Cycling Exercise

Mean values of the main physiological variables determined during the last ~30 s of CWR
(carried out at the same absolute work rate in the two conditions) are presented in Table 2.
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.
VO2 and

.
VE values were significantly lower in HND vs. CD. The values of G

(estimating the O2 cost of cycling) were significantly reduced by the high-nitrate diet (11.0 ± 1.2
vs. 13.3 ± 2.2 mL·min−1·W−1), even if they remained substantially closer to those usually observed
in normal subjects (10 mL·min−1·W−1). Heart rate and blood lactate values were not different in the
two conditions.

3.3. Isometric Knee Extension

MVT was not significantly different between HND (2.8 ± 0.5 Nm·kg−1) and CD (2.9 ± 0.6 Nm·kg−1).
As for fatiguing intermittent submaximal exercise, after HND, the number of contractions performed
was higher than after CD (47.1 ± 18.3 and 32.5 ± 12.4, respectively). The sum of TTI recorded was
higher (p < 0.05) in HND (357.3 ± 176.1 Nm·s·kg−1) than in CD (253.6 ± 149.0 Nm·s·kg−1) (Figure 1A).

During the first three knee extensions (Begin), the average values of RMS-VL in both HND and
CD (66.7 ± 7.6 %MVC and 67.8 ± 7.3 %MVC, respectively) were significantly lower compared to
the average values of the last three contractions (End) (80.6 ± 12.7 %MVC and 80.0 ± 11.0 %MVC,
respectively) (Figure 1B). No differences in RMS-VL values were detected between HND and CD.

Figure 1. Knee extension fatiguing intermittent submaximal test. (A) Mean values (±SD) of total
torque-time integral (TTI) and (B) root mean square of vastus lateralis (RMS-VL) recorded during the
fatiguing intermittent submaximal test after control and high-nitrate diet. * p < 0.05.

3.4. Repeated Sprint Ability (RSA)

There was no difference in absolute PP output (Figure 2) of the first two sprints between HND
(701.9 ± 80.8 W and 704.2 ± 80.0 W) and CD (669.6 ± 81.8 W, 675.9 ± 92.1 W).

Figure 2. Repeated sprint ability test. Mean values (±SD) of peak power output (PP) obtained during
the five bouts of the repeated sprint ability test (RSA) performed on a cycle ergometer after CD and
HND. * p < 0.05.
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In contrast, the PP output of the 3rd, 4th, and 5th sprints were significantly higher in
HND (696.0 ± 83.1 W, 682.5 ± 76.2 W, 666.1 ± 70.7 W, respectively) than in CD (641.4 ± 76.2 W,
645.6 ± 80.2 W, 622.2 ± 81.4 W, respectively). No significant difference in [La]b during recovery was
observed between the two conditions.

4. Discussion

In the present study, we examined the effects of a diet ensuring a high nitrate intake (by vegetables
and fruits) on nitrate/nitrite plasma levels and exercise performance. Our results show that 6 days
of a HND (~8.2 mmol·day−1), compared to a CD (~2.9 mmol·day−1), induced a significant rise of
plasma nitrate and nitrite concentrations. These findings were associated with a reduced oxygen cost
of aerobic exercise and an increased performance during high-intensity intermittent activities.

4.1. Plasma Nitrate/Nitrite Levels

Plasma nitrate concentration increased by ~500% and plasma nitrite concentration increased by
~50% after 6 days of HND, whereas no significant changes were observed after CD. The effects of HND
in the present study are comparable to those reported in previous studies where supplementation
with green leafy vegetables was pursued [26,36]. Moreover, the plasma nitrate and nitrite levels
achieved are very close to those observed in studies that have used either beetroot juice [7] or sodium
nitrate [11] as a supplement. Thus, our data indicate that a short-term diet containing nitrate rich
vegetables significantly affects nitric oxide bioavailability. However, it should be noted that subjects
were instructed to consume their meal about 3 h prior to exercise testing. Thus, this experimental
design does not guarantee the exclusion of the combined chronic and acute effect of nitrate ingestion
on plasma nitrate and nitrite concentrations [37].

4.2. Constant Work Rate Cycling Exercise

The increase of nitrate/nitrite plasma levels observed after high-nitrate diet was associated with
a 7.2% reduction of oxygen consumption during a moderate intensity constant work rate exercise.
This reduction was associated with lower pulmonary ventilation, whereas heart rate and blood lactate
concentration were not influenced. In humans, Larsen et al. [4] first reported a lower oxygen cost during
submaximal exercise following nitrate supplementation. Subsequently, this result has been confirmed
by several randomized controlled trials in both healthy subjects (for a review, see [38]) and patients
with chronic disease conditions that severely impair oxygen delivery and/or utilization, such as
chronic obstructive pulmonary disease, heart failure, or peripheral arterial disease [39]. From these
studies, it has been hypothesized that the underlying mechanisms of a reduced oxygen cost of exercise
involve: (1) an enhanced mitochondrial oxidative phosphorylation efficiency, measured as the amount
of oxygen consumed per ATP produced (P/O ratio) [3,6]; or (2) a reduced ATP cost of muscle force
production due to a reduction in the ATP cost of cross-bridge cycling (actomyosin ATPase) and/or
Ca2+ handling (Ca2+-ATPase) [8]. Although we did not investigate the molecular effect of an increased
NO bioavailability in this study, the results indicate that a diet containing nitrate-rich vegetables
can influence the oxygen cost of moderate intensity exercise and could represent a useful ergogenic
intervention to improve exercise tolerance similarly to either pharmacological (e.g., NaNO3

− and
KNO3

−) or dietary (e.g., beetroot juice) NO3
− supplementations.

4.3. Intermittent High-Intensity Activities

In this study we observed similar values of maximal voluntary isometric force of the knee
extensors after both high-nitrate and control diet. This result is consistent with the literature on the
effects of nitrate supplementation (in the form of beetroot juice) on maximal voluntary force of young
healthy physically active males [15–17]. At the same time, following HND, there was a significant
improvement of muscle performance during both fatiguing submaximal knee extension exercise and
Repeated Sprint Ability test. Indeed, HND resulted in an increased muscle work (higher number of

177



Nutrients 2016, 8, 534

muscle contractions and torque–time integral) during isometric knee extension and in an improved
peak power output during the last bouts of the repeated sprint ability test. Although the present
study did not evaluate specific muscular adaptations, the possible mechanisms underlying the
induced enhancement in performance may involve several factors. A previous work in mice has
shown an increase in myoplasmic free Ca2+ concentration, Ca2+ binding protein calsequestrin 1
and dihydropyridine receptors following several days of nitrate supplementation [40]. In humans,
a reduced accumulation of intracellular phosphate ([Pi]) during contraction has been documented
following nitrate supplementation [8]. Finally, Fulford et al. [17] reported that 15 days of dietary
nitrate supplementation reduces the phosphocreatine cost of force production during repeated
isometric maximal voluntary contractions of quadriceps muscle. Thus, it should be hypothesized
that after HND, subjects were able to perform greater muscle work according to an increased Ca2+

sensitivity and sarcoplasmatic Ca2+ release. Additionally, a higher restoration of phosphocreatine
(PCr) during the recovery phases between the contractions may have occurred. It is known that
after beetroot juice supplementation, PCr degradation is reduced and lower inorganic phosphate and
adenosine di-phosphate have been observed, reflecting an enhanced fatigue resistance from metabolite
accumulation. In this study, the occurrence of an improved contraction efficiency (a reduced PCr
depletion to force production) and/or an enhanced excitation–contraction coupling [16,17] without
different levels of fatigue is supported by EMG data. Indeed, RMS value recorded from vastus
lateralis was significantly higher at the end of the knee extensions fatiguing protocol compared
to resting condition, but it was similar following HND and CD. Finally, it must be acknowledged
that the increased bioavailability of nitric oxide has been also related to an enhanced mitochondrial
oxidative phosphorylation efficiency and—especially in fast twitch fibers—to an improved muscle
perfusion [38,40]. Thus, we cannot exclude that an increased production of ATP for the same oxygen
consumption, as well as an increase in muscular blood flow and oxygenation after HND, could have
contributed to a reduction in metabolic perturbation [20,41].

Another interesting finding of the present study is that the Repeated Sprint Ability test
was significantly improved after HND. Although there was no difference in Peak Power output
developed during the first two sprints, following HND, the Peak Power output of 3rd, 4th, and 5th
sprint was significantly higher than that recorded after CD. These results are in accordance with
Thompson et al. and Aucouturier et al., who found an improved repeated sprint performance after
NO3

− supplementation in team-sports players [20,21]. At the same time, these results are in
contrast with other studies in which no effects on intermittent exercise performance after NO3

−

ingestion were observed [22,23]. The differences may be related to several factors. Christensen et al.,
for example, observed that nitrate supplementation did not change either peak or mean power for
all six 20 s sprints [22]. However, the subjects recruited for this study were highly trained cyclists
(~70 mL·kg−1·min−1), and it has been demonstrated that subjects with a high level of aerobic fitness
may not benefit from NO3

− supplementation [11,42]. Martin et al. did not find any beneficial effects on
repeated sprint exercise after NO3

− ingestion [23]. Nevertheless, they had found an elevated standard
deviation in subjects’

.
VO2max (49.6 ± 11.8 mL·kg−1·min−1), there was no information about plasma

NO3
− and NO2

− concentrations after supplementation, and an active recovery was used between
sprints. Finally, Buck et al. showed no effects on female athletes after acute NO3

− ingestion [43]; it is
likely that an acute nitrate supplementation can be less consistent than a short term one [38]. Moreover,
the potential ergogenic effects of nitric oxide bioavailability in females have to be fully understood [44].

4.4. Study Limitations

In the present study, the dose of 8.2 mmol·day−1 of NO3
− in HND was chosen according to the

most effective pharmacological or dietary (beetroot juice) supplementation regimes adopted in previous
studies [3,7–9,11]. Although this amount is significantly higher than the estimated average nitrate
intake of 1–2 mmol·day−1 in the US and European populations, previous studies have utilized a similar
nitrate intake as an effective intervention to reduce arterial hypertension [30,45]. This study shows that
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increasing daily dietary nitrate intake may also have important implications on exercise performance.
We did not investigate possible adverse effects of our diet intervention, even if the subjects did not
report any problem and the period of observation was quite short (6 days). However, these result need
to be confirmed by further larger studies before reconsidering dietary recommendations. Furthermore,
even if the two interventions differed from nitrate intake, we cannot exclude the possibility that other
dietary compounds could be responsible for the performance changes.

5. Conclusions

In conclusion, this study has shown that the ingestion of nitrate-rich foods can increase plasma
nitrate/nitrite concentrations and improve exercise performance. In particular, this nutritional
intervention reduced energy demand during moderate-intensity exercise, enhanced muscle work
during fatiguing intermittent submaximal contractions, and improved repeated sprint performance,
whereas maximal isometric force or peak power output were not affected. These results suggest
that a high-nitrate diet could be a feasible strategy for increasing plasma nitrate/nitrite levels and
improving moderate intensity aerobic or high-intensity intermittent performance.
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Abstract: The objective of the present study is to evaluate and compare the effect of a nutritional
intervention between adolescent and adult. In a before and after quasi-experimental clinical study,
32 athletes (21 adults, age range 20–32 years; 11 adolescents, age range: 12–19 years) participated
in a nutritional counselling consisting of four consultations separated by an interval of 45 to
60 days. The athlete’s eating behaviour, body composition and nutrition knowledge were evaluated
at the beginning and at the end of the protocol. Both groups increased lean body mass and
nutritional knowledge. Adolescents increased their mid-arm muscle circumference and improved
meal frequency, and daily water intake. Athletes of both groups improved their ingestion of vegetables
and fruits and decreased the ingestion of sweets and oils. Adolescents showed a higher prevalence
of individuals that remained within or approached to the recommendations of sweets. This is the
first study to evaluate and compare the effect of a nutritional intervention between adolescent and
adult athletes body composition, eating behaviour and nutritional knowledge. The nutritional
counselling has been effective in promoting beneficial changes on the athlete’s eating behaviour,
nutritional knowledge and body composition, however, some healthy changes were only experienced
by adolescents, especially in the frequency of meals and the intake of sweets.

Keywords: body composition; nutritional intervention; athletes; eating behaviour

1. Introduction

A balanced diet is important for an improved sports performance and for health. During exercise,
athletes may suffer from the depletion of glycogen stores, dehydration and muscle damage.
Thus, the ingestion of nutrient rich foods (lean meat/milk, fruits, vegetables and complex
carbohydrates) and water may improve thermoregulation, enhance energy stores, maximize muscle
protein synthesis and provide the supply of vitamins and minerals [1].

Although the importance of adequate nutrition has been well established [1], many athletes have
shown several nutritional inadequacies [2–5]. Some authors have suggested that the dietary errors
found in an athletic population may be due to low levels of nutritional knowledge and a lack of
adequate nutritional counselling [6].

Nutrients 2016, 8, 535 182 www.mdpi.com/journal/nutrients



Nutrients 2016, 8, 535

One strategy to improve the nutrition knowledge of athletes and coaches could be tailored
nutrition programs. In the 1990s, some universities settled upon nutritional educational programs
linked to their own sports department [7,8]. More recently, other nutritional interventions have also
been developed [9,10]. However, these programs did not have their effectiveness evaluated, and they
reflect a different reality from which most athletes are exposed, as they have extensive protocols and
are dependent on a multi-disciplinary team.

There are few published studies involving nutritional interventions in athletes, and due to the
different methodologies used, the results are inconsistent. Collison [11] did not find changes in
the dietary intake of athletes, after participating in two nutritional workshops. In contrast, Carmo,
Marins and Peluzio [12] observed a significant reduction in the dietary fat intake and the body fat
percentage in Jiu-Jitsu athletes, after nine months of nutritional counselling.

Adolescent athletes are at a high nutritional risk because of the high energy cost of training.
In addition, a number of nutrients are needed for the processes of growth and development.
Proteins are needed to maximize muscle protein synthesis, calcium and vitamin D are important
in the development and maintenance of skeleton, essential fatty acids may provide energy to support
the growth and maturation, iron would prevent adverse athletic performance due to suboptimal iron
stores, and so forth [1]. Nonetheless, few studies have studied nutritional interventions in this type of
population, and most of them have only focused on improving the athlete’s hydration practices [13,14]
or their nutritional knowledge [15]. It is necessary to investigate this type of program in order to
develop specific strategies to these individuals.

In this context, the objective of the present study is to evaluate and compare the effect of a
nutritional intervention in athlete’s body composition, eating behaviour and nutritional knowledge.
Our secondary aim is to compare the effect of the nutritional intervention between adult and
adolescent athletes.

2. Materials and Methods

This study was conducted according to the guidelines laid down in the declaration of Helsinki
and all procedures involving human subjects were approved by the Research Ethics Committee of the
University Hospital UFS (CAAE 08574213.4.0000.5546).

The work was conducted with athletes from a Brazilian program for athlete support,
the “Bolsa Atleta”, in the city of Aracaju, Brazil. This program provides financial aid to featured
athletes who compete in the Olympic, Paralympic, and non-Olympic sports.

Data regarding the number of athletes of the program were provided by the SEJESP
(Department of Youth and Sports in the city of Aracaju, Brazil). The program includes different
athletes yearly, based on their sports results (state competitions). At the time of this study, 80 athletes
were enrolled, from which five were in the gold category (international competitions), 25 in the
silver category (national competitions), and 50 in the bronze category. After checking the inclusion
and exclusion criteria, the eligible athletes were invited. These athletes were invited to take part of
the study.

The inclusion criterion was based upon being a beneficiary of the program. There were no age
or gender restrictions. The exclusion criteria were being in any concomitant nutritional counselling
programs, or having any disease or health condition that required a specialized dietary planning.

2.1. Study Design

The work consisted of a quasi-experimental clinical trial with a pre and post design. The data
collection took place from February 2012 to March 2014.

Written informed consent was obtained from all subjects. In the case of the adolescents, the consent
form was sent to their respective responsible parents or guardians.

The program consisted of four visits with nutritional counselling and one lecture related
to Brazilian Food Guide. [16,17]. During the intervention period, dietary and anthropometric
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measurements were performed. The data obtained before (first visit) and after the nutritional
intervention (fourth visit) were compared. Figure 1 shows the experimental design of the study.

Figure 1. Experimental design of the study.

2.2. Anthropometric Evaluation

The anthropometric measures were performed following the techniques proposed by
Lohman et al. [18]. Height was measured to the nearest 0.1 cm using a stadiometer (Altura Exata®,
Altura Exata, Belo Horizonte, Brazil and body weight was measured to the nearest 0.1 kg using an
electronic scale (P150M®, LÍDER, Araçatuba, Brazil). The mid-arm circumference was measured to the
nearest 0.1 cm using a flexible and non-elastic tape (Sanny®, Sanny, São Bernardo do Campo, Brazil).
All measurements were performed while the subjects wore no shoes and only light clothes.

Using a Lange Skinfold Calliper, the following skinfold thickness measurements were taken:
triceps, subscapular, suprailiac, abdomen, thigh, axilla, and chest. These were measured to the nearest
0.1 mm, with the average of three measurements at each site being used for analysis. Evans et al. [19]
equation was used for determining body fat percentages in both male and female adult athletes. In the
adolescents, the percentage of body fat was estimated by Lohman’s equation [20]. The triceps skinfold
and the mid-arm muscle circumference were used to calculate the mid-arm muscle circumference
(MAMC) in both groups [21].

2.3. Dietary Intake Assesment

The dietary intake was assessed by a sports nutritionist using a 24-h food recall. This method
consisted of a written or verbal report about the food intake during the previous 24 h. The data on
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the food currently consumed, weight information, portion sizes, and food preparation techniques,
were also collected.

A photo album was used as a resource to assist the respondents in remembering the food portions
consumed, and thereby increasing the reliability of the information provided. This album consisted of
utensils and food designs in three normal sizes (small, medium, and large) [22,23].

The energy content of each athlete’s food intake was calculated using the Nutrition Data System
for Research Software (NDSR) Version 2011 (NCC, Minneapolis, MN, USA) The daily water intake
included water from food and beverages. The water consumption during training was based on the
water from beverages used. Soft drinks, tea, or coffee, were not included in the water analysis.

The food servings were compared with the recommendations proposed by the Brazilian Food
Pyramid [16,17]. As athletes might have different nutritional inadequacies, which may influence the
nutrition advices given, we decided to analyse the nutrition intervention effects on food portions
by grouping athletes according to their classification in adequate, low or high consumers of each
food group [16,17]. The prevalence of the individuals who approached or remained within the
recommendations of the protocol was also analysed.

The interval between meals was calculated from the mean interval between each meal.
The characterisation of each meal was defined based on Burke et al. [4]. Breakfast was regarded
as the first meal of the day between 05:00 and 10:00, the morning snack as the meal between 10:00 and
11:59, lunch as the meal between 12:00 and 14:59, the afternoon snack as the meal between 15:00 and
17:59, dinner as the meal between 18:00 and 20:59, and supper between 21:00 and 04:59.

Any food or energy containing drink consumed within a 30-min period was considered a “meal”.
The morning snack, the afternoon snack, and supper, were grouped into a single category called
“snacks”, while breakfast, lunch, and dinner, were considered to be “main meals”. The prevalence of
meal omission was also calculated. Furthermore, the time adequacy of pre and post-training meals
were analysed according to the recommendations proposed by Aragon and Shoenfeld [24], where the
interval between the pre-training and the post-training meals should be of three to four hours.

2.4. Nutritional Intervention

The nutritional intervention was divided into four face-to-face consultations, lasting for 45 to
60 min (Figure 1). The nutritional advice was given by only one sports nutritionist in order to minimize
bias. Training routines, diet, anthropometric measurements, and personal data, were collected during
the first meeting. From the initial analysis of eating habits and athlete’s routine, specific dietary
counselling was given and goals were set to improve diet quality. To increase the athlete’s adherence,
three days of the week were made available for consultations. At the end of the meetings, or by
telephone, the athletes were scheduled for revaluations, and these occurred in the range of 45 to
60 days after the previous evaluation.

During the intervention, the athletes individually participated in a nutritional educational lecture
about the Brazilian Food Guide [16,17] (2nd meeting). The participants were presented and clarified
about the principles of healthy eating, focusing on the importance of each food group. The educational
protocol aimed to improve the nutritional knowledge and to motivate the adoption of dietary practices
that would promote health and athletic performance.

Adherence to guidelines was verified at each follow-up evaluation, as well as the dietary
adjustments, in accordance with the current objectives of training and competition. At the end of
each visit, the athletes received a list of specific nutritional advice. In addition, the aspects described
in Figure 2 were reinforced during all meetings. To maintain the athlete’s motivation, a group was
created on a social network, whereby all participants received information about healthy eating tips
and recipes. The information was posted monthly by the sports nutritionist and included advice
about the preparation of pre and post-training meals, healthy hydration practices during training and
competitions and other sport nutrition issues.
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Figure 2. Issues addressed in the consultations.

2.5. Nutritional Knowledge

A nutritional knowledge test based on the studies of Gonçalves [25] and Zawila, Steib and
Hoogenboom [26] was applied. The questionnaire had 14 questions divided into three sections.
The first section contained three multi-choice questions about the basic aspects of nutrition. The second
part consisted of a question related to the Brazilian Food Guide Pyramid, where the athletes had to fill
in the pyramid with the correct food groups. The third section addressed the issue of sports nutrition
and was comprised of a matter containing 10 statements to which the athletes should mark “yes” if
they agreed with the statement, “no” if they disagreed with the statement, or “do not know” if they
were unsure. The correct issues were worth a plus point and the wrong or “do not know” answers
received no points. The average percentage of correct answers was calculated and they were compared
between the groups before and after the intervention.

The questionnaire had its discriminative validity determined in a previous study by our research
group [27]. The test was applied to 19 graduates of the 4th period of nutrition and to 16 adolescent
athletes. To be considered valid, the questionnaire should be able to differentiate the participants at
different levels of knowledge. After the application, the students had a significantly higher mean
percentage of correct answers (97.4%) than did the athletes (57%).

2.6. Statistical Analysis

The statistical analysis was performed using SPSS Software Version 17.0 (SPSS Inc.,
Chicago, IL, USA). The data normality was verified by the Kolmorgorov–Smirnov test.
Normally distributed data were presented as a mean and standard error (SE), while non-normally
distributed variables were log-transformed before statistical analyses to avoid skewed data and are
presented as geometric means and back-transformed 95% confidence intervals (95% CI) [28].

Student’s t-tests and Pearson’s chi-square test were used to access whether any demographic,
anthropometric or dietary measures where different between groups at baseline. The significance of
within-group changes in numeric variables (within-group analyses) was determined using paired

186



Nutrients 2016, 8, 535

t-tests. The categorical data was compared over time using McNemar’s Test. Since there were baseline
differences between groups with respect to anthropometric measures, number of meals, interval
between meals, daily water intake and water intake during training, a general linear model univariate
analysis (ANCOVA) was used to determine whether the change scores of these variables (post-pre)
where different between adolescents and adults, after adjusting for pre-intervention values.

The internal consistency of the nutritional knowledge questionnaire was obtained by
the Cronbach’s alpha coefficient (α). This coefficient ranges between 0.00 (no reliability) to
1.00 (perfect reliability). The minimum value of 0.70 was recommended by Rowland, Arkkelin and
Crisler [29]. Statistical analyses of the intervention effects on nutrition knowledge were carried out
using a two factor (group and time) analysis of variance (ANOVA). For all analysis, a statistical
significance was set at p < 0.05.

3. Results

After checking the inclusion and exclusion criteria, 67 athletes were eligible to participate in the
research. Of these, only 32 athletes completed the four-consultation protocol. The reasons for attrition,
as well as the description of the final sample are at Figure 3. The participants were 32 athletes of the
following sports: fighting (boxing, taekwondo, karate, judo, jiu-jitsu, capoeira, and wrestling, n = 16),
athletics (n = 3), cycling (n = 1), swimming (n = 6), tennis (n = 2), beach volleyball (n = 1), surfing
(n = 1), rowing (n = 1) and sailing (n = 1). The sample consisted of 21 adolescents (65.6%, age range:
12–19 years) and 11 adults (34.4%, age range: 20–32 years), with a mean age of 15.4 years (SE: 0.35)
and 23.7 years (SE: 0.53), respectively. All of the adults were male, while six adolescents (28.6%) were
female and 15 were male (71.4%). There was no difference in the results when they were analysed
without the female athletes; thus, they were included. The adolescents and the adults had an average
of 12.8 (SE: 1) h and 16.2 (SE: 1.2) h of training per week, respectively.

Figure 3. Study diagram.

Most of the athletes in both groups (95.2% of adolescents and 81.8% of adults) had a goal of
maintaining or gaining lean mass. Only one adolescent (4.8%) and two adults (18.2%) had the intention
of reducing body mass.
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Table 1 shows the anthropometric and body composition values of the athletes before and
after nutritional counselling. Both groups increased their body mass and lean body mass (kg),
however, only the adolescents increased MAMC. There were no differences in the changes between
the groups (ANCOVA, p > 0.05).

Table 1. Mean (SE) of athlete’s anthropometry and body composition.

Variables Group

Intervention
(n = 32)

ANCOVA 1

Pre Post p-Value 1

Body mass (kg) Adults 69.2 (2.0) 71.4 (2.1) 3
0.06Adolescents 56.1 (2.2) 57.6 (2.0) 3

BMI (kg/m2)
Adults 24.8 (1.3) 25.1 (1.2)

0.056Adolescents 20 (1) 20.3 (0.8)

MAMC
Adults 26.8 (11) 26.9 (12)

0.21Adolescents 22.4 (0.6) 23.8 (0.8) 3

ΣSKF 2 Adults 80.4 (9) 93.1 (13)
0.57Adolescents 20.6 (2) 20.3 (1.4)

Fat mass (%)
Adults 12.6 (1.4) 14.2 (1.5)

0.58Adolescents 14 (1.5) 13.7 (1.1)

Lean mass (kg) Adults 60 (1.7) 61.1 (1.6)
0.03Adolescents 48 (1.8) 49.2 (1.6)

Fat (kg) Adults 8.9 (1.1) 10.3 (1.3)
0.001Adolescents 8 (0.8) 8.4 (0.6)

1 p-values refer to differences between groups, using ANCOVA on the changes, adjusting for baseline values;
2 Adolescents: sum of two skinfold, adults: sum of seven skinfolds; 3 p < 0.05, pre versus post.

The analysis showed an increase in the number of meals for young athletes, as well as a significant
reduction in the interval between the meals; however, there were no group effects on the changes in
these variables (ANCOVA, p > 0.05) (Figure 4). The adolescents also showed a significant reduction of
meal and snack omissions. Both groups increased the time adequacy of pre-training and post-training
meals (Figure 4). As all of the adults were suited to the recommendations, it was not possible to apply
within-group inferences.

Figure 4. Cont.
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Figure 4. Number of meals, interval between meals, meal omission, snack omission, and time adequacy
of pre and post-training meals, before and after nutritional counselling. The red lines indicate the
recommendations of at least five meals a day (number of meals) and a maximum of three hours between
meals (interval between meals). * p < 0.05, pre versus post. † p < 0.05, adults versus adolescents.

The within-group analysis showed that there was a statistically significant increase in daily water
intake among the adolescents (Table 2). There were no differences in the change scores between the
groups (ANCOVA, p > 0.05).

Table 2. Geometric mean (95% CI) of daily water intake and water ingestion during training.

Variables Group

Intervention (n = 32) ANCOVA

Pre Post
p-Value 1

Mean (95% CI) Mean (95% CI)

Daily Water (L) Adults 4.8 (2.3–9) 5 (2.4–10)
0.30Adolescents 3.3 (2–5.6) 3.6 (2.1–6) 3

Water during training
(mL/h) 2

Adults 233 (5–1107) 576 (63–5268)
0.44Adolescents 192 (17–2101) 417 (175–993)

1 p-values refer to differences between groups, using ANCOVA on the changes, adjusting for baseline values;
2 n = 21; 3 p < 0.05, pre versus post.

Table 3 shows the athletes ingestion of food portions according to their baseline classification.
Participants with low intake of legumes and vegetables increased their ingestion. Athletes that
demonstrated high intakes of meat and eggs, sweets and oils decreased their ingestion after the
intervention. We also found a high prevalence (more than 50%) of individuals that remained within or
approached to the recommendations of cereals, fruits, vegetables, meat and eggs, and oils and fats.
When these values were compared between groups, the adolescents showed a higher prevalence of
individuals that remained within or approached to the recommendations of sweets (Adolescents: 71.4%,
adults: 18%).

Table 3. Intake of food portions before and after the intervention.

Portions
Portion Intakes
Classification

Age Group Intervention 1 (n = 32)

Guidelines 2

Adult n (%)
Adolescents

n (%)
Pre Post

Cereals
Adequate 7(50) 7(50) 9.8 (6.7–14) 6.1 (3.5–10) 3

6–9Low 4(22.2) 14(77.8) 3(1.7–5.5) 3.8 (2.1–6.8)

Fruits
Adequate 8 (34.8) 15(65.2) 6.6 (5–8.7) 4.8 (2.6–8.6) 3

3–5Low 3(33.3) 6(66.7) 2.4 (1.2–5) 4.6 (1.6–12) 3

Vegetables Adequate 2(34.6) 4(65.4) 6.3 (2.5–16) 2.5 (1.4–4.8) 3
3–5Low 9 (34.6) 17 (66.7) 1.6 (1.6–3.1) 2.2 (0.8–7.8) 3

Meats and Eggs Adequate 4 (25) 12 (75) 2.1 (1.6–3) 2.8 (1.8–4)
1–2High 7 (43.8) 9 (56.3) 4 (3–5) 2.8 (1.7–4) 3
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Table 3. Cont.

Portions
Portion Intakes
Classification

Age Group Intervention 1 (n = 32)

Guidelines 2

Adult n (%)
Adolescents

n (%)
Pre Post

Dairy Adequate 3 (23.1) 10 (76.9) 5 (3.8–6.8) 3.3 (1.4–8)
3Low 8 (42.1) 11 (57.9) 1.8 (1.1–2.9) 2.5 (1.7–3.7) 3

Beans and nuts
High 8 (34.8) 15 (65.2) 4 (2.8–6) 2.6 (1.2–5.5) 3

1Adequate 3 (33.3) 6 (66.7) 1.2 (0.8–1.8) 2.8 (0.2–6.4) 3

Fats and Oils
Adequate 4 (21.1) 15 (78.9) 2(1.6–2.6) 2.7(1.6–4.7) 3

1–2High 7 (53.8) 6 (46.2) 4.8 (3.3–7) 2.5 (1.5–4) 3

Sweets
Adequate 9 (45) 11 (55) 2 (1.4–2.8) 3.4 (1.9–6) 3

1–2High 2 (16.7) 10 (83.3) 8.4 (6–12) 2.9 (1.4–6) 3

1 Data expressed as geometric means (95% CI); 2 Phillip (1999); 3 p < 0.05, pre versus post.

The nutrition knowledge questionnaire internal consistency value was obtained through
Cronbach’s coefficient. These values showed an acceptable reliability for the adults (0.84) and the
adolescents (0.81). Both groups had an increment in total and food pyramidal nutritional knowledge
(Table 4).

Table 4. Mean (SE) of athlete’s nutritional knowledge before and after the intervention.

Nutrition Knowledge
Categories

Group
Intervention (n = 32) ANOVA (p-Value)

Before After Group Time Group × Time

Total
Adults 70 (9) 89 (10) 1

0.75 <0.001 0.47Adolescents 73.6 (15) 84.6 (11) 1

Basic Nutrition
Adults 89.7 (23) 92 (18)

0.94 0.42 0.77Adolescents 92 (12) 97 (13)

Food Pyramid Adults 28.4 (26) 77 (14) 1
0.85 0.001 0.56Adolescents 37 (28) 52 (25) 1

Sports Nutrition Adults 84.5 (11) 87.2 (24)
0.84 0.15 0.97Adolescents 83.3 (18,7) 92 (17)

1 p < 0.05, pre versus post.

4. Discussion

To our knowledge, this is the first study to evaluate and compare the effect of a nutritional
intervention between adolescent and adult athletes. The results have shown that both groups improved
their body composition, their dietary intake and nutrition knowledge, however, the adolescent had a
higher improvement on body composition, meal frequency and sweets intake than adults.

4.1. Body Composition

After about eight months of nutritional counselling, the adolescent athletes increased their MAMC,
while and showed a trend towards significance to increase their lean mass (p = 0.051). Since the results
were consistent with the objectives outlined in the consultations, the specific nutritional advice that was
given may have contributed to the changes in their body composition (most of the athletes reported
that lean mass gain or maintenance as a goal).

It should be noted that adults had a higher increase in fat than adolescents (ANCOVA, p < 0.05).
An increase in body fat may occur during nutrition interventions focusing on body mass gain [30].
However, due to a more anabolic profile [31], the adolescent athletes may have had a greater capacity
to gain muscle mass than the adults, without changes in fat mass.

Other nutritional intervention studies have shown significant changes in an athlete’s body
composition and also had their planning directed to their goal. Garthe et al. [30] supported a total of
21 athletes for at least eight weeks who aimed to gain body mass. The participants received nutritional
counselling by two nutritionists and at the end of the study they showed an increase in their body mass
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and their lean body mass (approximately 1.7 kg). More recently, Carmo, Marins and Peluzio [12] found
a significant reduction in body mass and body fat percentage in 20 Jiu-Jitsu athletes after participating
in a specific nutritional intervention for reducing body mass.

These results are of great relevance, as athletes may have difficulty in achieving the desired body
shape, and they tend to adopt inappropriate strategies which can be harmful to health and sports
performance [11]. In these situations, nutritional counselling should be indicated as a strategy to
promote changes with a greater efficiency and quality.

4.2. Meal Frequency

The division of the total caloric intake in frequent meals (with a three-hour interval) can be
beneficial for athletes, since it reduces the risk of gastrointestinal distress and provides a greater
flexibility in the amount and the variety of food to be ingested. These factors may help to improve
diet quality and nutrient distribution throughout the day [3]. However, both age groups of athletes
showed a high prevalence of meal omission, mainly of snacks, which contributed to the inadequacy in
the number of meals and the interval between them.

The increasing availability of healthy foods is seen as a facilitator of eating behaviour changes,
especially among adolescents, since they are exposed to foods of a low nutritional value and a high
energy density, especially in school [32]. Thus, during these consultations, the athletes received
instructions regarding the preparation of practical snacks with a high nutritional content, which should
be consumed at home, work, or at school, in order to increase healthy food accessibility and meal
frequency. These guidelines were also reinforced by their social network, where they received tips on
examples of healthy meals.

After the nutritional intervention, the adolescents increased their number of meals, reduced the
interval between them, as well as an omission of snacks. In addition, both of the groups increased their
time adequacy of pre and post-training meals.

Despite the scarcity of studies about athletes that perceive barriers for healthy eating, the literature
suggests that they may have difficulty in maintaining an adequate frequency of meals, due to
the exhausting routine caused by a high work load of training and associated with other tasks
(e.g., work and school) [33]. An anamnesis taken showed that all of the adolescents attended school
lessons in the morning and sports training in the afternoon, or at night, while the adults, in addition to
training and studying, had much of the day filled with working hours. Studies that have focused on the
analysis of adults have perceived barriers to adopt a healthy eating habit, observed that the most cited
reason is a lack of time for the preparation and the consumption of food [34]. Thus, our hypothesis is
that by having a greater number of obligations than adolescents (family, education, and employment),
the adults have found a greater difficulty in feeding, especially between “main meals”, despite having
the same hours of training.

4.3. Water Intake

Despite of the importance athlete’s hydration behaviour, to our knowledge, only two studies have
analysed the effect of nutritional interventions on athlete’s hydration practices. Kavouras et al. [14] and
Cleary et al. [13] have improved the hydration status in young athletes, by individual prescriptions,
and have increased the accessibility of this nutrient, respectively.

In the present study, the participants were advised to drink water from 500 mL bottles at different
times of the day. These strategies could facilitate quantification and the perception of water intake,
as well as improving its availability. After nutritional counselling, the adolescents increased their daily
water intake. For both groups, although their improvement in water intake during training was not
statistically significant, the result was clinically relevant, since they doubled their ingestion.
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4.4. Food Portions

There are several methods to evaluate dietary intake. The average intake of a nutrient, or the
prevalence of individuals facing a guideline are the most used, however, some considerations need
to be analysed when performing nutritional intervention studies. The literature suggests that small
progressive changes in a diet are more effective and sustainable than big ones [35]. The time necessary
for an eating behaviour change may vary depending on the social and environmental factors specific to
each individual. Thus, one must expect an individual to pass from an intake category of “inadequate”
to “adequate”. This may be a conservative assessment (e.g., not eat any fruit portion and begin to
consume four servings), preventing the detection of small changes. Some studies have used an average
as the evaluation method. However, as athletes can have different types of food inadequacies within
the same sample, the average intake of a nutrient may include athletes who have an inadequate intake
and those who are adequate. This grouping can lead to a bias in the results interpretation, since those
with an intake within the recommendations, were oriented to maintain it, contributing to the average
intake unchanging after the intervention. Thus, to reduce this bias, athletes were grouped according to
their baseline classification of food portions ingestion.

After the intervention, athletes classified as low consumers of fruits, vegetables, dairy and
high consumers of sweets, meat and fats and oils approached to the recommendations of the
Brazilian Food Pyramid, which could be considered a positive effect of the nutrition intervention.
Data analysis also showed that athletes maintained their adequate intake of most of the food portions.
However, participants appeared to have had more difficulties in maintaining the adequacy of sweets,
fat and oils and vegetables. Considering that these food habits might take a longer time to change,
dieticians should carefully monitor the ingestion of these food portions during nutrition interventions.
As athletes are exposed to numerous barriers that preclude a balanced diet, and even for those
guidelines that are being met, the strategies have been tightened at each visit. Thus, the maintenance
of an adequate intake could also be considered a positive effect.

Both of the groups showed a high prevalence of individuals that approached to or remained
adequate within the recommendations, however, when analysing the ingestion of sweets,
this prevalence was higher among adolescents. The preference for a sweet taste has been identified
in studies involving both adolescents and adults and has been considered a barrier to the ingestion
of other food groups [36,37]. In this study, as all athletes were residential, it is possible that the
presence of parents in the adolescent consultations may have aided the adherence to the nutritional
advices. This would be especially evident with regard to food intake and frequency, as parents were
responsible for the courses preparation and its organisation, and thus would provide a greater support
for the athletes. Iglezias-Gutiérrez et al. [38] observed that food preferences might not influence an
adolescent athletes dietary intake. This might be due to the influence of the family environment
on the purchase and selection of meals, which may reduce the chances of ingesting foods that were
considered “preferred”.

4.5. Nutritional Knowledge

Both groups had an increase in their nutritional knowledge, especially with regard to the topics
that related to the Brazilian Food Guide Pyramid. This finding is of a great importance, as athletes
receive nutritional information from various sources, mainly from coaches and trainers, who have
shown a lack of nutritional knowledge. In addition, unreliable information sources, such as the Internet,
magazines, friends, relatives, and media, are widely used for information [6].

In addition to the dissemination of nutritional information topics, specific orientations to the needs
and difficulties of each athlete were provided in the present study by a sports nutritionist, which has
been considered the most qualified professional to give nutritional advices to athletes. This approach
may have been responsible for the better results being found in relation to the researchers that have
only used nutritional educational strategies, such as seminars and lectures [11].
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Despite the fact that the nutritional intervention strategy has promoted beneficial changes in
body composition, dietary intake, and athlete’s nutritional knowledge, it is worth noting that the
participants had a low adherence to the protocol adopted. Only 50% of the participants who started
the protocol finished the four consultations. Due to the high number of bookings for each athlete,
we hypothesized that they had difficulties in making time for the consultations during their daily
routine. Future research should focus on the main barriers faced by athletes to adopt healthy eating,
and factors such as boredom and tedious teachings may influence the adherence to different types
of nutritional intervention. As family and coaches may possibly influence athlete’s food habits,
the research protocols should also include these particular populations.

4.6. Practical Applications

When consulting athletes it is important for nutritionists to take into account the time for meal
preparation, as well as its possibility of storage time, especially in the case of snacks. A minimum of
five meals/day is recommended, however, these meals should be gradually inserted to facilitate an
athlete’s adaptation, especially in the pre- and post-training period.

The development of practical strategies to increase water availability might be useful, especially in
places where it is done through drinking fountains or sports that are practiced in open spaces
such as beaches and fields. Even with the existence of general hydration recommendations
(500 mL/h of training), it is important, to first of all, respect an athlete's tolerance to the prescribed
amount of liquid. The prescription of high-water-content food (e.g., Fruits) may also enhance hydration
during the day.

4.7. Limitations

Despite the relevance of the results of this study, some methodological limitations must be taken
into consideration. The analysis of food intake using a single 24-h recall is a limiting factor on the basis
of the intra-individual variability provided by the instrument. However, it was necessary the use of
this method due to the operational difficulty in accessing the same participant more than one time,
as the athletes trained in different places and had to move to the place of data collection. According to
Magkos and Yannankolia [39], the use of a single 24-h recall might be an alternative when you cannot
use the instrument more than one time. Other works also used this method [40,41].

5. Conclusions

The present study has shown that the nutritional intervention was effective in promoting
beneficial changes in athletes’ body composition, eating behaviour, and nutritional knowledge.
However, some healthy changes were only experienced by adolescents, especially in the frequency of
meals and the intake of sweets.
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Abstract: Objectives: The aims of the current study were to comprehensively assess the dietary
intakes and diet quality of a sample of Australian competitive adolescent rugby union players and
compare these intakes with National and Sports Dietitians Association (SDA) Recommendations for
adolescent athletes. A secondary aim investigated applying different physical activity level (PAL)
coefficients to determine total energy expenditure (TEE) in order to more effectively evaluate the
adequacy of energy intakes. Design: Cross-sectional. Methods: Anthropometrics and dietary intakes
were assessed in 25 competitive adolescent male rugby union players (14 to 18 years old). Diet was
assessed using the validated Australian Eating Survey (AES) food frequency questionnaire and diet
quality was assessed through the Australian Recommended Food Score. Results: The median dietary
intakes of participants met national recommendations for percent energy (% E) from carbohydrate,
protein and total fat, but not carbohydrate intake when evaluated as g/day as proposed in SDA
guidelines. Median intakes of fibre and micronutrients including calcium and iron also met national
recommendations. Overall diet quality was classified as ‘good’ with a median diet quality score
of 34 (out of a possible 73); however, there was a lack of variety within key food groups including
carbohydrates and proteins. Non-core food consumption exceeded recommended levels at 38% of
the daily total energy intake, with substantial contributions from takeaway foods and sweetened
beverages. A PAL coefficient of 1.2–1.4 was found to best balance the energy intakes of these players
in their pre-season. Conclusions: Adolescent rugby players met the percent energy recommendations
for macronutrients and attained an overall ‘good’ diet quality score. However, it was identified
that when compared to specific recommendations for athletes, carbohydrate intakes were below
recommendations and these players in their pre-season reported high consumption of non-core foods,
particularly sugar sweetened drinks and low intakes of vegetables.

Keywords: nutrients; food frequency questionnaire; rugby; adolescents

1. Introduction

Adolescence is a life stage where dietary requirements for energy, protein, carbohydrates and
other nutrients such as iron, zinc, and calcium are increased [1]. Meeting these dietary needs is
important for adolescent growth, development and overall health, including protection against chronic
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disease [1]. This life stage is of interest from a dietary perspective as ambiguity often exists for
calculating an adolescent’s requirements, as this stage covers a diverse age range and requirements can
be highly variable. Adolescents who participate in regular exercise training and sports competition
may have additional nutrient needs to meet their increased energy expenditure, muscle development
and maintenance, as well as performance and recovery requirements [2]. In recognition of these
unique needs Sports Dietitians Australia (SDA) published a Position Statement, “Sports Nutrition
for the Adolescent Athlete” [2], which provides nutrition recommendations for this population.
These recommendations reinforce the importance of eating for long-term health, as well as meeting
specific diet and hydration needs related to exercise. SDA guidelines specifically recommend adequate
intakes of calcium and iron due to an elevated risk of deficiency of these nutrients, and that these
nutrient needs should be met by food rather than supplement sources [2]. The SDA statement is
directed at two groups of athletes: Active adolescent athletes and competitive adolescent athletes, but
not elite athletes. The competitive group are those with demonstrated sports talent who are engaged
in higher volumes of training and competition. The Australian Institute of Sport, which is the leading
sports training facility in Australia, also provides dietary recommendations suggesting athletes should
consume a regular spread of high quality protein foods to supply the body with appropriate quantities
of essential amino acids, and high quality carbohydrate foods defined as those that are nutrient dense
with consideration given to glycaemic index [3].

Rugby union is an intermittent field-based team sport, involving repeated short bursts of high
intensity activity interspersed with longer periods of low intensity activity [4]. Rugby union players
require high levels of strength and power to perform activities such as running, sprinting, tackling,
and pushing or competing for the ball. Some positions, for example rugby forwards, require a larger
body mass, with higher levels of muscle mass, but these players generally have a higher percentage
of body fat. Elite rugby union players are taller, heavier and have lower body fat levels than their
sub-elite counterparts [4].

The nutritional demands of rugby players vary across the game’s seasons (pre-season, competitive,
and off-season) [5] and likely differ depending on playing position [6]. In addition to the variations in
energy needs of adolescents due to age, gender, growth and maturation, the varying levels of energy
expenditure across a year make it challenging to estimate the physical activity levels (PAL) for use in
estimating daily total energy expenditure (TEE) to determine the adequacy of dietary energy intake.
Few studies have specifically investigated dietary intakes in adolescent rugby players. Existing studies
do not comprehensively report dietary intakes; studies have examined short-term dietary intake
such as single-meal consumption after training [7], reported on major or selective food groups or
nutrients [8,9], and identified poor nutritional knowledge relating to sports performance [10]. Both the
Australian Dietary Guidelines (ADG) and the SDA position statement recommend variety in the daily
diet of adolescent athletes; however, to date no studies have investigated overall diet quality in this
population group.

The aims of the current study were to comprehensively assess the dietary intakes and diet quality
of a sample of Australian competitive adolescent rugby union players and compare these intakes with
National and SDA recommendations for adolescent athletes. A secondary aim investigated applying
different PAL coefficients to determine total energy expenditure (TEE) in order to more effectively
evaluate the adequacy of energy intakes.

2. Participants and Methods

2.1. Participants

Competitive adolescent male rugby players (aged 14 to 18 years) were recruited from two sub-elite
representative rugby union squads from the Hunter region, NSW, Australia. Sample size was based
on the power to detect differences between groups for changes in box squat performance, which was
the primary outcome measure of this study [11]. Data collection took place at the beginning of the
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pre-season period in February 2012. Ethics approval for this study was obtained from the University of
Newcastle Human Research Ethics Committee and all participants provided written informed consent;
parental consent was also provided. The study was registered with the Australia and New Zealand
Clinical Trials registry (ACTRN12612000278831).

2.2. Anthropometric Assessments

These were conducted by trained research assistants between 9:00 a.m. and 10:30 a.m. during a
morning assessment session at the University of Newcastle. Participants were advised with consistent
information to eat a light breakfast and to perform no exercise training on the day before assessments.
Height was recorded using a calibrated stadiometer (Harpenden portable stadiometer with high speed
Veeder-Root counter, Holtain Ltd., Pembrokeshire, UK) and bodyweight determined using calibrated
scales (CH-150kp, A&D Mercury Pty Ltd., Seven Hills, NSW, Australia). Repeat assessments were
performed to ensure accuracy of measures. If there was a difference of 0.3 cm or 0.1 kg between
the two measurements, a third measure was taken. Body Mass Index (BMI) was calculated using
standardised equations and BMI z score calculated using Lambda, Mu, Sigma (LMS) methods [12].
Body composition was determined via bio-impedance analysis using the INBODY720 Body Comp
analyser (InBody720, Biospace Co., Ltd., Seoul, Korea) with body fat (kg and %), fat free mass (FFM)
(kg) and skeletal muscle mass (SMM) (kg) determined. The InBody720 has been shown to display a
high level of agreement with dual energy X-ray absorption spectroscopy (DEXA), the gold standard
for body composition analysis, in the measurement of body fat mass (ICC males = 0.93, p < 0.001 [13]),
and compared to computed tomography when measuring visceral fat area (r = 0.76) [14].

2.3. Dietary Intakes

This was assessed using the Australian Eating Survey (AES), a 120-item semi-quantitative food
frequency questionnaire (FFQ) validated for use in Australian children for energy and nutrient intakes,
as well as fat profiles and fruit and vegetable intakes through a range of objective biomarkers [15–17].
This dietary assessment method was chosen over alternate methods as it has a longer reporting period
and is more likely to capture usual/habitual dietary intakes. An individual response for each food
is required, with consumption frequency options ranging from ‘Never’ to ‘4 or more times per day’
and for some beverages up to ‘7 or more glasses per day’, but varied depending on the item. The AES
groups items according to their food group as follows: Core foods which include breads and cereals,
fruit, vegetables (including potatoes), dairy, meat and meat alternatives (legumes, nuts, eggs, tofu), and
non-core foods which include those foods characterised as high in sugar, salt or fat, such as sweetened
drinks, packaged snacks, confectionary and takeaway foods. Fifteen supplementary questions assessed
dietary behaviours including use of vitamin supplements (dosage and length of use) and frequency of
take-out food.

2.4. Diet Quality

The quality of diet was assessed through the Australian Recommended Food Score (ARFS),
which is a validated food-based diet quality index modelled on the Recommended Food Score by
Kant and Thompson [18,19] and the Australian Child and Adolescent Recommended Food Score
(ACARFS) [20,21]. The ARFS focuses on dietary quality and variety within food groups recommended
in the Australian Dietary Guidelines (ADG) [1]. It is calculated by using a subset of 70 AES FFQ
questions. The ARFS has sub-scales of food groups including fruits, vegetables, grains, protein
sources, vegetarian protein sources, dairy and condiments. Most foods are awarded one point for
a consumption frequency of ≥once per week, but varies based on national dietary guidelines [1,22]
with bonus points for grained varieties of breads and cereals and low fat dairy. The ARFS score was
calculated by summing the points for each item, the total score ranges from zero to 73.

Nutrient intakes were computed using the Australian AusNut 1999 database (All Foods) Revision
17 primarily, and AusFoods (Brands) Revision 5 (Australian Government Publishing Service, Canberra,
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Australia). The estimated mean individual daily intakes for macro- and micro-nutrients were
calculated using FoodWorks (version 3.02.581, Xyris Software, Highgate Hill, Queensland, Australia).
The computed data was then compared to standardized national data [23]. To standardise the
assessment of fibre intakes for participants with differing energy intakes, grams of fibre/1000 kJ were
calculated. Servings of fruits and vegetables were calculated by summing the weight or energy of food
items in the AES coded as fruits or vegetables and dividing by the serve size dictated in the Australian
Guide to Healthy Eating (AGHE) (fruits, 150 g and vegetables, 75 g, grains, meat/alternatives and
dairy 500–600 kJ/serve). All other foods were quantified using multiples of standard child portions
from the 1995 Australian National Nutrition Survey of children and adolescents, which are suitable for
use in this population group.

2.5. Physical Activity Level (PAL) Calculations

In order to determine whether energy intakes met energy needs, equations were used to predict
exercise and total energy expenditure (TEE) and from this calculate energy availability. The Schofield
equation using both height and weight values is the preferred equation for estimating resting energy
expenditure (REE) in children and adolescents [24]. To better estimate TEE, a PAL coefficient can be
applied to account for exercise related increases in EE. PAL recommendations are available for adult
athletes however there is a lack of consensus of PAL levels to use in adolescent athletes [25–27]. For the
purpose of this study, a range of coefficient values were applied to calculated REE to reflect a range of
activity levels. These included: No PAL, and PAL 1.2, 1.4, 1.6 and 1.8.

2.6. Data Analysis

Participant demographics and data from the food frequency questionnaires were analyzed using
SPSS. Data were not normally distributed so non-parametric tests were used and data are presented
as median and interquartile range. Wilcoxon rank tests were used to compare differences between
estimated energy needs and reported energy intake. Bland Altman plots were produced according
to standardised methods [28] to assess levels of agreement between reported and estimated energy
requirements. Statistical significance was set at the 5% level (p < 0.05).

3. Results

3.1. Participant Characteristics

Participant characteristics are reported in Table 1. The median (IQR) age of players was 16 (2) years
with a BMI of 23.6 (5.5) kg/m2 Body composition analysis showed body fat was 11.7 (6.2) kg, fat free
mass was 66.1 (13.7) kg and skeletal muscle mass was 37.9 (9.9) kg. Participants reported that,
on average, they were currently doing one hour or less per day of exercise.

3.2. Energy Needs and Energy Intakes

The median (IQR) BMR of the rugby players was 8379 (1254) kJ and total estimated energy
requirements ranged from 10,055 (1505) kJ to 15,083 (2258) kJ when using a PAL of 1.2 up to 1.8,
respectively. Reported dietary intakes as per the AES FFQ are summarised in Tables 2 and 3.
The median (IQR) reported energy intake was 10,372 (4974) kJ.

Applying a PAL coefficient of 1.2 or 1.4 produced the closest TEE for energy balance between
the reported intakes and calculated expenditures. Using a PAL of 1.2 or 1.4, the mean differences
between TEE and reported energy intakes were −614 kJ (p = 0.480) and +1129 kJ (p = 0.209) respectively.
Applying no PAL or the larger coefficients of 1.6 and 1.8, reflecting more extensive exercise, provided
larger discrepancies with differences of 2872 kJ (p = 0.004) and 4516 kJ (p < 0.000) for PAL 1.6
and 1.8, respectively.
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Table 1. Participant characteristics of adolescent rugby players.

Characteristic Median (IQR)

Age (year) 16 (2)
Weight (kg) 76.5 (10.0)
Height (cm) 179.6 (6.5)
Body fat (kg) 11.7 (6.2)
Body fat (%) 14.0 (6.6)
Fat free mass (kg) 66.1 (13.7)
Skeletal Muscle Mass (kg) 37.9 (9.9)
Basal Metabolic Rate (/day)
kJ 8379 (1254)
kCal 1995 (299)
Estimated Energy Requirement (kJ)
PAL 1.2 10,055 (1505)
PAL 1.4 11,731 (1756)
PAL 1.6 13,407 (2007)
PAL 1.8 15,083 (2258)
Estimated Exercise Expenditure (kJ)
PAL 1.2 1676 (251)
PAL 1.4 3352 (502)
PAL 1.6 5028 (753)
PAL 1.8 6704 (1003)

3.3. Macronutrients: Fats, Protein and Carbohydrates

The median intake of all participants met the recommended percentage of daily total energy intake
for Australians (% TE) from macronutrients for energy derived from carbohydrate (45%–65% TE),
total fat (20%–35% TE) and protein intakes (15%–25% TE) (Table 2). Reported intakes of saturated fats
(15% E) exceeded the national recommended intake of <10% TE, with the median intake of 15% TE
with 4% of total energy intake from poly-unsaturated fat and 12% from monounsaturated.

Protein intakes in this study were found to be similar when compared to the Australian Health
Survey (AHS) data of 14- to 18-year-old males in the general population and were within 4% of each
other [24]. When intakes for this study were compared directly to SDA recommendations, protein
requirements in g/kg were also met with the median intake of 1.5 g/kg/day.

Carbohydrate intakes in this study were within 7% of those averages found for adolescent males
in the AHS [23]. When expressed as g/kg, as recommended by the SDA for carbohydrates, the median
intake of this population was below that suggested with a median intake of 3.6 g/kg compared to the
recommended 5–7 g/kg/day for those following a moderate exercise program [2,3].

3.4. Micronutrients

Intakes of iron and calcium met both National Dietary Recommendations (Table 2) and SDA
recommendations. Intakes of calcium and iron were higher in rugby players in this study than in
adolescent males of the same age in the general Australian population (AHS data) [23] with a calcium
intake approximately 200 mg higher (approximately 0.8 serve/day) and iron intake 2 mg higher.
The fibre intake met recommendations assessed both as grams per day (RDI 28 g/day) and when
adjusted for energy intake as g/1000 kJ. The fibre intake of these males was on average 5 g/day higher
than that of the general population who had an intake of 23 g/day [29].
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Table 2. Energy and nutrient intakes of adolescent male rugby players and comparison with National
Dietary Recommendations and SDA recommendations.

Nutrient
Median
(IQR)

% Total Daily
Energy

Health
Recommendations [1]

SDA
Recommendations [2]

Energy (kJ) 10,372 (4974) X X
Protein (total g) 108.1 (75.9) 19 (5) 15%–25% of energy
g/kg/day 1.53 (0.86) X 0.8 g/kg 1.3–1.8 g/kg
Fat (g) 88.5 (54.9) 34 (8) 20%–35% energy
Saturated fat (g) 39.8 (21.5) 15 (4) 8%–10% of energy
Polyunsaturated fats (g) 9.4 (6.6) 4(1)
Monounsaturated fats (g) 29.9 (16.4) 12 (3)
Carbohydrates (g) 317 (153) 48 (12) 45%–65% of energy
g/kg/day 3.59 (2.40) X X 5–7 g/kg
Sugars (g) 149.4 (117.4) X X
Fibre (g) 33.4 (15.1) X 28 g/day
Fibre/1000 kJ 2.6 (0.6) X X
Calcium (mg) 1124 (713) X 1050 mg/day
Iron (mg) 15.9 (7.9) X 8 mg/day

EAR—Estimated average requirements, ARFS—Australian Recommended Food Score: A measure of diet
quality, X no specific recommendations/NA.

3.5. Fluid Intake

Only 23% of adolescents reported consuming >seven glasses of water/day. Consumption of
sugar-sweetened beverages was deemed high with soft drinks (not diet), fruit juice-based drinks
and cordial (make up) consumed at intakes >two glasses/day by 26%, 44% and 23% of participants,
respectively. Fruit juice-based drinks were the most commonly consumed sweetened drink in these
players. Vitamin supplements were reported as being consumed by only 8% (n = 2) of the participants,
at a dose of three to five vitamin tablets per week.

3.6. Food Groups and Diet Quality

Table 3 presents the dietary intakes from major food groups and food subgroups as well as
the total diet quality score for both rugby players in this study and males of the same age in the
general population. The median % TE derived from core foods for males in this study (breads
and cereals, vegetables, fruits, meat and meat alternatives, milk and dairy) was 62% (IQR 19)
and for males in the general population it was 59%. The reported number of servings of fruit
(which excludes juice) was 4.7 servings/day for males in this study, which exceeded the AGHE
recommendation of two servings/day. Only 46% of male children and adolescents in the general
population consume the recommended two servings/day, consuming a mean of 1.5 servings and
median 1.1 servings [30]. Intakes of vegetables in these adolescent rugby players were well below
recommendations at 1.1 servings/day compared to the recommendation of five servings/day. Males
of the same age in the general population also had suboptimal intakes of vegetables consuming a
mean of 2.2 (median 2.1) servings/day. Intakes of grains were 3.7 servings/day in this study and a
mean of 5.7 (5.5 median) servings/day in males in the general population, with both well short of the
recommended seven servings/day. Meat/alternatives in the rugby players at 3.4 servings/day was
higher than in the general population (1.7 servings/day). Neither the males in this study nor in the
general population met the 3.5 servings/day recommendation for dairy intake, consuming 2.1 and
1.6 servings/day, respectively.

The median % TE derived from non-core foods in this study was 38% (IQR 19) and that of males
in the general population was 40.7%, both of which exceed the recommendation of 5%–10% of the
total energy intake. The main sources of non-core food energy in these rugby players were 4.4% TE
from sweetened drinks (soft drinks/cordials/sports drinks/juice), 5.4% TE from packaged snacks
(muesli/snack bars), 3.8% TE from confectionary (chocolates/candy), and 8.1% TE from takeout meals,
which includes hamburgers, fries, pies and sausage rolls.
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3.7. Diet Quality Scores

The median ARFS score was 34 out of a possible 73 points, which is classified as ‘good’ (range 32
or above) diet quality [28]. A breakdown into the ARFS subgroups identified a lack of variety within
subgroups, with median scores for vegetables at 12 out of a possible score of 21, fruit at six out of 12,
dairy at 4.5 out of 11, meat at three out of seven and meat/alternatives at two out of six.

Table 3. Food group intakes of adolescent male rugby players.

Food Sub Groups

Population

Health Recommendations
(Servings/Day) [1]

14–18 Years Old Rugby Players 14–18 Years Old Males—AHS

Median (IQR)
(Servings/Day)

% Total
Daily Energy

Mean
(Servings/Day)

% Total
Daily Energy

Fruit 4.7 (5.0) X 1.5 X 2
Vegetables 1.1 (0.5) X 2.2 X 5 1/2

Grains 3.7 (2.8) X 5.7 X 7
Meat/alternatives 3.4 (2.5) X 1.7 X 2 1/2

Dairy 2.1 (2.1) X 1.6 X 3 1/2

Discretionary foods 7.5 (3.7) 38.4 X 40.7 0–5 *
Energy (kJ):
sweetened drinks

508 (616) 4.4 (8.2) X

Energy (kJ):
packaged snacks

549 (780) 5.4 (7.8) X

Energy (kJ):
confectionary

376 (516) 3.8 (4.8) X

Energy (kJ): takeaway 913 (521) 8.1 (4.8) X

Diet Quality
Score

14–18 Years Old Rugby Players Adults (18+ Years)

Total ARFS (out of 73) 34 (13) X 36 (10.5) [21] X

AHS—Australian Health survey; % TE—percentage of total energy; * Approximate number of additional
servings from the five food groups or unsaturated spreads and oils or discretionary choices.

4. Discussion

This study investigated the dietary intakes and diet quality of competitive adolescent male rugby
players using a validated FFQ. These players had adequate macronutrient profiles for carbohydrate,
total fat and protein intakes but exceeded national recommendations for saturated fat. Micronutrient
intakes, including calcium and iron, were also adequate. Excess energy was derived from non-core
foods, particularly fruit juices and other sweetened drinks, and there was inadequate vegetable
consumption when compared to national recommendations. Overall diet quality was classified as
‘good’, although the results indicate a substantial scope to improve diet variety, particularly within the
fruit, vegetable and dairy food groups.

The energy requirements of the adolescent athletes were met by their dietary intakes when a
PAL coefficient of 1.2 or 1.4 was used. It is important to recognise that these players were assessed
immediately prior to the commencement of pre-season training. The period over which they reported
their diet was the off-season. Players reported less than one hour of physical activity a day during
this period. This suggests that they may need to increase their energy intake once training and then
playing commence, and that the PAL required to calculate energy needs would likely approach 1.6 for
this period of the year.

Macronutrients: Protein intakes were found to be meeting and/or exceeding SDA
recommendations in competitive adolescent rugby players, for both percentage of total energy intake
and g/kg. For carbohydrate intakes, this population group was found to have adequate intakes
compared to national dietary recommendations for percentage of total energy intake. However, when
compared to SDA recommendations for carbohydrate intake expressed as g/kg, their intakes were
found to be inadequate for those undertaking moderate exercise training. Given these players were
just commencing their pre-season, their physical activity levels were likely lower than they would
become during pre-season training and the competition season where their estimated requirements
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for carbohydrate could increase to as much 6–10 g/kg [3]. Total fat intakes were found to be within
recommended ranges for this age group; however, saturated fats exceeded recommendations. This is
likely to have been largely derived from non-core foods which also exceeded recommendations.

Micronutrients: Recommended intakes were met for calcium and iron, which were a focus in this
study as they are specifically mentioned in the SDA position statement as important to adolescent
health. Although the players did not meet the recommended servings of dairy foods per day, which are
recognised as excellent sources of calcium, these players still met their calcium requirements, indicating
they are likely deriving calcium from alternate food sources including nuts and beans. These athletes
did not rely on vitamin supplements to meet these nutrient needs, with few participants reporting
regular intake. Dietary intakes of fibre were met, which provides some indication of the quality of
the carbohydrate intake of these rugby players. In this study, fibre intake was adjusted for energy
intake and reported per 1000 kJ so it is not simply reflective of higher energy intake. Fibre intake is
likely to be derived from carbohydrate-based sources from whole grains including breakfast cereals
often containing moderate amounts of fibre which are more nutrient dense than refined flour sources.
Servings of fruit were adequate but not vegetable intakes. Increased intakes of vegetables are associated
increased intakes of nutrients. It is recommended that intakes of vegetables be increased in these
adolescent athletes to ensure intakes of other vitamins and minerals such as magnesium for muscle
function [31] and antioxidants for inflammation [32].

The consumption of non-core foods was higher than desirable, with energy from takeout and
sugar-sweetened beverages being the major contributors. Participants consumed low quantities of
water compared with fluid intakes from other sources. Sweetened drinks including soft drinks and
cordial but particularly fruit juice-based drinks were commonly consumed; sports drinks were not
directly assessed in this study. This finding may be reflective of the broader food environment where
current food trends such as smoothies and juice bars increase the availability and perception that
these drinks are healthy [33]. It is acknowledged that increased consumption of high-energy-density
items such as sweetened drinks may help in achieving the energy needs of adolescent athletes;
however, this may also have implications for excess energy intake and oral health [34]. Energy-dense
items may also be considered convenient for adolescents and might characterise adolescent diets,
which are increasingly influenced by peers and the media, as they start to assert independence
and control of their food intakes and preferences [35,36]. This is consistent with other research
where adolescents consume intakes of energy-dense nutrient-poor foods well above the national
recommendation of 5% of energy. In this study, non-core foods were found to contribute approximately
38% of daily energy, which is consistent with national dietary surveys where reported intakes constitute
up to 41% of daily energy [37]. Elite rugby athletes are required to have speed, agility, strength and
power; this high consumption of non-core foods may compromise the players’ body composition,
fitness, and performance [38].

Both the Australian Dietary Guidelines (ADG) and the SDA position statement recommend variety
in daily diet. The SDA recommendations particularly emphasise the quality of carbohydrate and
protein foods for adolescent athletes [2]. This is consistent with the broader ADG, which recommend
variety in daily diet in addition to variety within food groups, as this is more likely to produce a diet
with a more comprehensive and complete range of nutrients. Quality carbohydrate foods generally
include those that are not highly processed and are made from whole grains with adequate quantities
of fibre. The quality of foods in this study was assessed through the ARFS, which values both food
quality and variety among food groups and within groups; for example, the meat and alternatives
group includes a range of foods such as meat, eggs, and fish, all of which differ in their nutrient profiles.
Although the overall ARFS score for the players’ diets was considered good, the scores of important
food subgroups such as fruit, vegetables, dairy and protein foods were less than 50% of the available
points, which reflects a lack of variety within these food groups [28]. Improvements in consumption of
these foods could be targeted in future interventions.
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Studies suggest adolescents consume supplements for health benefits, energy and enhancement
of sports performance [39–41]. Common supplements used by athletes include sports drinks, protein
powders and creatine; however, there was very little use of supplements in this study. Less than 10% of
players reported consuming vitamin supplements, which was less than expected [39]. Recent studies
which used a four-day food diary to assess dietary intake reported that 74% of 14- to 19-year-old
rugby players consumed dietary supplements [9]. Details on the assessment of supplements used by
participants in this study were limited to consumption patterns and frequency of intake; the types of
supplements (i.e., protein or antioxidants) and reasons for use were not assessed. These should be
investigated more thoroughly in future studies.

Nutrition education has been identified as an area of need for adolescent athletes previously in the
literature [10], especially for adolescent rugby players. While previous studies did not describe areas
for nutrition education, the results from this study provide a starting point for areas which require
improvement to improve overall health and performance. These include education on food groups,
particularly non-core foods (sweetened drinks, takeaways), as a strategy to decrease overall saturated
fat and optimise fat profiles, and the importance of overall diet quality and diet variety within food
groups to ensure adequacy of diet.

The AES FFQ used in this study has been validated against a number of objective dietary standards
including double-labelled water, plasma carotenoids and red blood cell membrane fatty acids; however,
it is acknowledged that FFQs, like most dietary assessment tools, are prone to bias, being a self-report
measure [42]. The FFQ used assesses the usual dietary intake with a reporting period of the previous
six months; there is no assessment of the timing of intake. Studies in athletes [40] demonstrate that
timing of dietary intake is an important factor to maximise performance and should be assessed
in future studies through use of a diet history, a food and training diary or direct observations.
Timing of meals and snacks may be particularly important for nutrients such as protein and should
be investigated in future studies, as an amount of approximately 20 g of protein throughout or
immediately following strength training enhances acute protein synthetic responses to the training
stimulus [43]. Body composition in this study was measured using an INBODY720 Body Composition
Analyzer and not the recognised gold standard DEXA method for assessing body composition.
Other limitations to the study include the small sample size, estimation of energy expenditure through a
standardised equation rather than measurement of resting energy expenditure, and that the population
studied was from one country and two squads from the same region; while all participants were
advised to have light breakfast before assessments, there may have been some variation in intake prior
to assessments. Future studies investigating dietary habits in competitive adolescents should consider
a multi-centre trial and assessing diet during different stages of the training and competitive seasons.

5. Conclusions

This study examined the nutrient profiles and diet quality of competitive adolescent rugby
players. The key findings were that these players met the percent energy recommendations for
macronutrients and attained an overall ‘good’ diet quality score. However, it was identified
that when compared to specific recommendations for athletes, carbohydrate intakes were below
recommendations and these players in their pre-season reported high consumption of non-core foods,
particularly sugar-sweetened drinks, and low intakes of vegetables, highlighting particular areas for
dietary education. During the off-season, a PAL of 1.2 or 1.4 appears appropriate for determining
energy balance; however, further research should investigate the use of PALs at different training loads.
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Abstract: The effects of protein supplementation on cycling performance, skeletal muscle function,
and heart rate responses to exercise were examined following intensified (ICT) and reduced-volume
training (RVT). Seven cyclists performed consecutive periods of normal training (NT), ICT (10 days;
average training duration 220% of NT), and RVT (10 days; training duration 66% of NT). In a crossover
design, subjects consumed supplemental carbohydrate (CHO) or an equal amount of carbohydrate
with added protein (CP) during and following each exercise session (CP = +0.94 g/kg/day protein
during ICT; +0.39 g/kg/day during RVT). A 30-kilometer time trial performance (following 120 min
at 50% Wmax) was modestly impaired following ICT (+2.4 ± 6.4% versus NT) and returned to baseline
levels following RVT (−0.7 ± 4.5% versus NT), with similar responses between CHO and CP. Skeletal
muscle torque at 120 deg/s benefited from CP, compared to CHO, following ICT. However, this effect
was no longer present at RVT. Following ICT, muscle fiber cross-sectional area was increased with CP,
while there were no clear changes with CHO. Reductions in constant-load heart rates (at 50% Wmax)
following RVT were likely greater with CP than CHO (−9 ± 9 bpm). Overall it appears that CP
supplementation impacted skeletal muscle and heart rate responses during a period of heavy training
and recovery, but this did not result in meaningful changes in time trial performance.

Keywords: carbohydrate; protein; chocolate milk; muscle repair; sports nutrition

1. Introduction

Athletes perform condensed periods of overload training to elicit compensatory adaptations and
performance gains. These planned periods of heavy training often lead to transient decrements in
physiological function and performance capacity [1–3]. Numerous reports suggest that co-ingestion of
carbohydrate and protein (CP) proximal to a single session of heavy exercise can enhance subsequent
performance compared to carbohydrate (CHO) treatments matched for carbohydrate content [4],
or total calories [5–8]. CP supplementation may therefore be a feasible strategy to promote recovery,
minimize performance decrements, and maximize compensatory adaptations during periods of
heavy training and recovery. However, comparatively few studies have assessed the efficacy of
CP supplementation over multiple days of training, and although there are some reports that CP
can enhance subsequent performance under these conditions [9–11], the effects of CP on functional
recovery across multiple days of training remains unclear [12–14].

An important feature shared by the aforementioned multi-day studies is that performance levels
were sustained over multiple days of heavy training, even in the CHO control conditions. Very little is
known about the value of CP supplementation during an extended period of rigorous training that
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leads to impaired physical function and performance. One related study examined the effects of a
protein-enriched diet (3.0 vs. 1.5 g/kg/day) during seven days of intensified training followed by
seven days of reduced-volume training [15]. Higher protein intake resulted in ‘possible attenuation’ of
performance decrements following the intensified training period, as well as a ‘possible benefit’ on
performance restoration after the reduced-training period. By contrast, a recent study supplemented
CP during exercise throughout six days of strenuous training that elicited decrements in performance,
and reported no differences in performance versus an isocaloric CHO supplement (with CP provided
post-exercise in both conditions) [16]. However, neither of these studies specifically examined the
impact of CP when provided immediately post-exercise, which is potentially significant because
relatively modest increases in protein intake provided post-exercise (i.e., 0.4 g/kg/h) have been shown
to positively impact next-day exercise performance versus CHO [8]. Therefore, a primary purpose of
the present investigation was to investigate the effects of CP provided during and post-exercise on
exercise performance following multiple days of strenuous cycling training, and a subsequent period
of recovery.

The ostensible benefit of CP supplementation during heavy periods of endurance training
could be mediated through the effects of protein on skeletal muscle. There is evidence that skeletal
muscle undergoes a markedly different global transcriptional response to endurance exercise when
protein is added to a supplement containing carbohydrate and fat [17]. Among other pathways, gene
expression related to immune and inflammatory processes and extracellular matrix and cytoskeletal
remodeling appeared to be favorably influenced by the presence of exogenous protein. In support
of these molecular alterations, CP supplementation close to acute heavy endurance exercise can
better preserve subsequent whole muscle function and reduce indices of post-exercise muscle damage
(i.e., muscle soreness and biomarkers of sarcolemma permeability) compared to CHO alone [18,19].
Several reports also indicate that CP can continue to attenuate markers of muscle damage across
multiple days of exercise [9,12,20,21]. However, very little is known about how this may impact
whole muscle function and performance during periods of heavy training and subsequent recovery.
Thus, the present study was also designed to examine the effects of CP supplementation on changes
in muscle fiber cross-sectional area (CSA), muscle function, and markers of muscle damage during
consecutive periods of strenuous cycling training and recovery.

CP intake may also impact endurance performance via changes in cardiovascular responses during
exercise. For instance, cycling performance was enhanced during the latter stages of an 8-day stage
race in those consuming CP versus CHO alone [22]. The CP group also had attenuated changes in body
temperature during exercise, and tended to have lower exercise heart rates, suggesting performance
benefits were related to altered cardiovascular responses with CP. This view is strengthened by
observations in untrained individuals that CP ingestion was associated with increased plasma albumin
content and plasma volume expansion [23–25], resulting in increased stroke volume and decreased
heart rate during exercise versus placebo [24,25]. So, there is emerging evidence that CP may influence
cardiovascular responses during repeated days of heavy cycling, but these effects have not yet
been systematically investigated in endurance athletes. Therefore, the present study also examined
the effects of CP supplementation on heart rate responses during constant-load cycling following
consecutive periods of strenuous cycling training and recovery.

2. Materials and Methods

2.1. Subjects

Ten endurance-trained cyclists from James Madison University and the Harrisonburg area
volunteered for this study. All subjects were experienced cyclists who reported ≥7 h·week−1 of
cycling training for ≥2 months prior to the investigation (including at least one ride ≥3 h every
14 days), and demonstrated VO2peak values ≥50 mL·kg−1·min−1. One subject failed to complete
the study due to time demands and another was unable to adhere to dietary and training controls.
An additional subject completed all trials, but exhibited substantial variations in exercise performance
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between baseline trials conducted at the onset of each experimental condition (i.e., variability in
time trial performance >3 SD larger than those from all other subjects). Thus, performance data for
this subject was removed, and data are reported for 7 subjects (5 males, 2 females; age, 25 ± 8 year;
height, 173 ± 12 cm; weight, 71 ± 12 kg; VO2peak, 63 ± 9 mL·kg−1·min−1). Subjects gave consent
to participate after receiving written and oral information regarding experimental procedures and
potential risks. All procedures were approved by James Madison University’s Institutional Review
Board (Protocol #12-0487).

2.2. Preliminary Testing

An incremental-load cycling test was conducted on a computerized ergometer (Velotron,
Racermate Inc., Seattle, WA, USA) to determine VO2peak, as described previously [26]. Oxygen
uptake was assessed throughout the test using indirect calorimetry via an automated Moxus Modular
Metabolic System (AEI Technologies, Bostrop, TX, USA). VO2peak was recorded as the highest 30-s
mean VO2 value, and was used to determine if subjects met the inclusion criteria. Power output at
VO2peak (Wmax) was used to prescribe workloads for subsequent testing.

2.3. Experimental Design

The general study design is illustrated in Figure 1. Briefly, following a baseline period of normal
training (NT), subjects completed two 20-day training blocks separated by a washout period (WO).
Each training block was divided into 10 days of intensified cycling training (ICT) followed by 10 days of
reduced volume training (RVT). Nutritional supplementation (CHO or CP) was provided throughout
the ICT and RVT periods. A double-blind crossover design was utilized such that each subject received
both nutrition interventions, with order of nutritional treatments randomly counterbalanced. Due to
uneven subject retention, two subjects completed the CP trial first, and five subjects completed the
CHO trial first. Details regarding training and nutritional interventions are provided below.

Figure 1. General Study Design. NT = normal training; ICT = intensified cycle training
(daily training duration = ~220% NT); RVT = reduced volume training (~65% of NT);
WO = washout; CHO = carbohydrate supplementation; CP = carbohydrate + protein supplementation;
MBx = Muscle function and biopsy; VO2 = VO2peak; TT = Cycling time trial, constant-load exercise,
and blood biomarkers.

2.3.1. Normal Training

The first 7 days of NT were used to quantify normal training volumes to prescribe training
volumes and intensities for the remainder of the study. The second 7 days were used to conduct
familiarization trials and preliminary testing for exercise protocols while maintaining total training
duration and intensity at normal training levels. Subjects utilized bicycle wheels equipped with a
PowerTap system (Saris Cycling Group Inc., Madison, WI, USA) to quantify power output, heart rate,
cycling duration and distance during all training sessions conducted outside the laboratory. Power
output and heart rate during cycling were used as indices of training intensity, whereas training
duration (min) was used to quantify training volume.
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2.3.2. Intensified Cycling Training

ICT consisted of 10 days in which average daily training duration was increased to ~220%
of NT levels. This overload was comparable to previous training protocols that resulted in
impaired performance following ICT [2,27]. Preloaded time trials (120 min at 50% Wmax + 30-km
maximal effort, described below) and VO2peak tests were completed on the days shown in Figure 1
(additional preloaded time trials were conducted on days 4 and 7 to contribute to total training loads).
Additional training was conducted outside of the laboratory; subjects followed individualized training
guidelines to achieve 220% of NT training duration. Training was quantified with a PowerTap system,
as described above. During the second treatment phase, subjects were provided with specific durations
and intensities to match the training stimulus with the first treatment phase.

2.3.3. Reduced Volume Training

Average daily training duration was reduced to ~65% of NT levels during RVT, with the intent
of restoring or improving cycling performance following ICT [15,28]. Preloaded 30-kilometer time
trials and VO2peak tests were completed on the days shown in Figure 1. Otherwise, all training during
RVT was completed outside the laboratory, quantified as described above to verify compliance with
the training guidelines. During the second treatment phase, subjects were provided with specific
durations and intensities to match the training stimulus with the first treatment phase.

2.3.4. Washout (WO) Period

WO consisted of individualized periods of recovery to accommodate schedules, with the intent of
restoring NT loads prior to the second phase of the study. A minimum of 10 days of WO was provided,
resulting in ≥27 days between the two periods of ICT (i.e., 10 days RVT + 10 days WO + 7 days NT).
In female subjects, the washout period was timed to ensure that each treatment phase (CHO or CP)
began on the same day of the menstrual cycle, to offset any potential influences of menstrual phase on
study outcomes.

2.4. Treatment Beverages

Treatment beverages were administered during (750 mL·h−1) and immediately following
(11.8 mL·kg·BW−1) all training sessions throughout ICT and RVT. Recovery beverages were consumed
within 30 min of terminating exercise. Participants avoided any other beverage or food intake for 2 h
following each exercise session, with the exception of ad libitum water consumption.

The treatment beverages consumed during exercise were either a commercially available
carbohydrate-electrolyte beverage (CHO), providing 45 g·h−1 carbohydrate (sucrose/dextrose),
423 mg·h−1 sodium, and 97 mg·h−1 potassium (Gatorade®, PepsiCo, Inc., Purchase, NY,
USA); or an identical beverage plus 17.7 g·h−1 of hydrolyzed whey protein isolate powder
(American Casein Company, AMCO, Burlington, NJ, USA), providing 15 g Pro·h−1 (CP).
The post-exercise treatment beverages were either a chocolate-flavored carbohydrate beverage
(CHO), containing 1.2 g CHO kg·BW−1 (maltodextrin/sucrose), 0.09 g fat kg·BW−1, 3.3 mg·kg·BW−1

sodium, and 4.4 mg·kg·BW−1 potassium (Clif Shots, Clif Bar and Co., Emeryville, CA, USA);
or commercially-available low-fat chocolate milk (TruMoo®, Dean Foods, El Paso, TX, USA), containing
1.2 g CHO·kg·BW−1 (lactose/sucrose), 0.4 g protein·kg·BW−1, 0.11 g fat·kg·BW−1, 9.0 mg·kg·BW−1

sodium, and 21.0 mg·kg·BW−1 potassium (CP).

2.5. Dietary Controls

Participants were provided detailed instructions on dietary procedures and recording techniques
by a Registered Dietician Nutritionist (RD/RDN). All subjects were provided with a digital food
scale for food measurement, and completed a food intake record (FIR) during NT (4 days) and
ICT (10 days for each treatment) and RVT (10 days for each treatment). The FIR were analyzed
using the Nutrition Data System for Research (University of Minnesota, Minneapolis, MN, USA)
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and evaluated by the RD/RDN for quality assurance. FIR from NT were analyzed to ensure that
baseline carbohydrate intake was >6.5 g/kg/day (all subjects exceeded this level). The FIR obtained
from the first treatment phase (ICT and RVT) were used to develop replicable menus for the second
treatment phase, which included three alternative choices for each food item that matched calories and
macronutrients. Participants were instructed to use these menus to replicate their dietary habits during
the second phase of the crossover design. During this second treatment phase participants submitted
their FIR each day by 4:00 p.m. and researchers analyzed dietary intakes immediately upon receipt.
Researchers responded to participants via text message or e-mail with specific dietary prescriptions for
the remainder of the day to ensure that daily calories and macronutrient intakes remained consistent
with the previous treatment period.

During all exercise trials conducted in the laboratory, subjects received 250 mL of beverage every
20 min until exercise completion. For all rides performed outside the laboratory, participants received
bottles of treatment beverage measured to achieve 750 mL/h of fluid ingestion for the duration of
each training ride. Subjects returned empty bottles to the investigators (including any remaining
solution, to ensure compliance) following each ride. Following each exercise session, participants
received recovery beverages and were instructed to finish the beverage within 30 min of terminating
exercise. Participants avoided any other beverage/food intake for 2 h following each exercise session,
with the exception of ad libitum water consumption. During the time period between the onset
of each training session and two hours following each training session, participants received no
nutrients other than the CHO or CP treatment beverages. All laboratory testing was performed after
an 8–10 h overnight fast (ad libitum water consumption). In addition, participants were provided
with standardized boxed-lunches on all days they reported to the laboratory (8/20 days per treatment
period), which standardized dietary intake for approximately 6 h after each exercise session.

2.6. Dependent Measurements

2.6.1. Cycling Performance and Responses to Constant-Load Exercise

Cycling tests were conducted on a computerized cycle ergometer (VeloTron, Racermate Inc.,
Seattle, WA, USA) at the completion of NT, ICT and RVT (see Figure 1). Trials began with 120 min
of cycling at 50% Wmax (from VO2peak test during NT of the first treatment phase). This provided a
period of constant-load exercise in which physiological measurements (described below) could be
compared between training periods and treatments at the same absolute intensity. It also provided
a prolonged, metabolically demanding duration of exercise prior to the second portion of the trial;
a self-paced, simulated 30-kilometer time trial (TT), which was used to quantify cycling performance.
Measurements obtained during the cycling tests are described below:

Cardiorespiratory Responses to Constant-Load Exercise

Oxygen uptake (VO2) and respiratory exchange ratio (RER) were assessed using a Moxus Modular
Metabolic System (AEI Technologies, Pittsburgh, PA, USA) at 25–30 min of constant-load cycling at
50% Wmax. Values were averaged over the final three min of data collection, following two minutes of
breathing equilibration.

Heart rate (Suunto, Vaanta, Finland) and ratings of perceived exertion (RPE; 6–20 Borg Scale)
were recorded at 30 min of cycling at 50% Wmax. Finger-stick blood samples (~0.5 mL) were obtained
at the same time; glucose and lactate levels were determined immediately from whole blood using
automated instrumentation (YSI 2300 STAT glucose/lactate analyzer, Yellow Springs, OH, USA).

Cycling Performance

The 30-kilometer TT finishing times and average power output were used as measures of cycling
performance. Subjects were encouraged to treat the TT portion of each trial as a competitive event
and provide a maximal effort. Subjects received no performance feedback during the TT other than
elapsed distance, and no verbal encouragement was provided. A pedestal fan was placed ~2 m from
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the handlebars and utilized on high speed setting for consistency across trials. This protocol has
been utilized previously in our laboratory with good reproducibility (coefficient of variation between
repeated trials of 3.6%).

2.6.2. VO2peak and Body Weight

Subjects completed graded exercise tests to obtain VO2peak values following NT, ICT and RVT
(see Figure 1), using protocols described above. Body weight was measured prior to the onset of these
trials, following an overnight fast and voiding of the bladder, and while wearing only cycling shorts
(all subjects) and sports bra (females).

2.6.3. Peak Isokinetic Torque

Torque of the knee extensors from a single, randomly selected leg was assessed using an isokinetic
dynamometer (Biodex Medical System Inc., Shirley, NY, USA) following NT, ICT and RVT (Figure 1).
Following 5 min of standardized warm-up on a cycle ergometer, peak isokinetic torque was assessed
at 240 deg·s−1 and 120 deg·s−1. Four maximal trials were completed at each velocity, with the highest
value recorded as the peak value. Trials were separated by 30 s of rest. Furthermore, opposite legs
were used for peak torque assessments between CHO and CP training phases.

2.6.4. Muscle Soreness

Subjects rated their perceived muscle soreness using a 100 mm visual analog scale,
with 0 indicating no muscle soreness and 100 indicating extreme soreness, as described previously [13].
Scores were obtained at the end of each training period (Figure 1).

2.6.5. Muscle Fiber Cross-Sectional Area

Muscle biopsies were obtained from the vastus lateralis (VL) following each training phase
(Figure 1). Biopsy samples were processed, stored, and mounted onto microscope slides as previously
described [29]. Briefly, slides were incubated in primary antibodies directed against laminin, myosin
heavy chain (MHC) I and IIa (Developmental Studies Hybridoma Bank, Iowa City, IA, USA).
Following a series of washes, slides were then incubated in appropriate fluorescently labeled secondary
antibodies (Invitrogen, Molecular Probes, Carlsbad, CA, USA) and visualized on an upright fluorescent
microscope (Nikon Eclipse TE2000-E, Tokyo, Japan). Fiber CSA was measured using ImageJ software
(National Institutes of Health, Bethesda, MD, USA). Due to insufficient tissue yields for two subjects
during RVT (with CP supplementation), this time point was excluded from statistical analysis.

2.6.6. Biomarkers

Fasting venous blood samples were obtained from an antecubital vein following 10 min of
supine rest following NT, ICT and RVT (prior to each TT). After 30 min of coagulation, samples were
centrifuged at 3000 rpm for 10 min at 4 ◦C. Serum was separated and stored at −80 ◦C for later analysis.

Serum albumin was assessed via the bromocresol green method using spectrophotometry at
an optical density of 620 nm, according to standardized procedures provided by the manufacturer
(KA1612, Abnova, Walnut, CA, USA). Serum creatine kinase was analyzed by an enzymatic kinetic
assay (Pointe Scientific, Canton, MI, USA) on an automated biochemical analyzer (ChemWell-T 4600,
Awareness Technology Inc., Palm City, FL, USA). Serum cortisol concentrations were measured using
a Quantikine® high sensitivity enzyme-linked immunoassay (KGE008, R&D Systems, Minneapolis,
MN, USA). The minimal detectable concentrations were 0.01 g·dL−1 for albumin, 1.0 U/L for creatine
kinase, and 0.156 ng·mL−1 for cortisol.

2.6.7. Statistical Analyses

For each measurement variable, magnitude-based inferences about the data were derived
using methods described by Hopkins [30]. All data was log transformed to diminish the effects
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of non-uniformity. The threshold for the smallest meaningful treatment effect was quantified as 0.2*SD
(obtained from NT in the CHO condition) for all variables other than cycling performance (see below).
A published spreadsheet was used to determine the likelihoods of the true treatment effect (of the
population) reaching the meaningful change threshold [31]. Likelihoods were classified as: <1% almost
certainly no chance, 1%–5% = very unlikely, 5%–25% = unlikely, 25%–75% = possible, 75%–95% = likely,
95%–99% = very likely, and >99% = most likely. If the likelihood of the effect reaching the threshold was
<25% and the effect was clear, it was classified as a ‘trivial’ effect. If 90% confidence intervals included
values that exceeded the threshold for both a positive and negative effect, effects were classified
as unclear.

As recommended by Paton and Hopkins [32], the smallest worthwhile change in performance was
defined as 0.3 × the within-subject variation of competitive cyclists across repeated trials (CV = 1.3%
for time and estimated 3.25% for power), which translated to an effect of 0.22 min or 2.0 watts in the
current study. Clinical inference criteria were used from published spreadsheets to classify the effects
of treatment on performance time [31]. The statistical power of our research design was calculated
using a publicly available spreadsheet created for studies using magnitude-based inferences [33].
Based on a minimum sample size of seven subjects (and estimating within-subject variability based
on prior studies in our laboratory using the same measurement protocol), the present design and
statistical approach possessed the statistical power to detect changes in time trial performance of 3%
(1.7 min) with a power of 0.9; effects on time trial performance of 2% (1.1 min) could be detected with
an estimated power of 0.54.

For ease of interpretation, data are displayed as raw means ± SD and/or mean difference between
treatments ± CL (90% confidence limit). Effects of treatment order were examined using the same
statistical approach described above. No meaningful effects of treatment order were observed for any
variables (i.e., order effects unclear or trivial), other than VO2peak (likely) and skeletal muscle function
measurements (Peak Torque 120 (NT vs. RVT) = very likely; Peak Torque 240 (ICT and NT vs. RVT)
= very likely). Therefore, order-adjusted outcomes are reported where appropriate in addition to
raw values.

3. Results

3.1. Training Loads and Nutrient Intake

Training duration, power output, and heart rate during NT, ICT, and RVT are reported in Table 1.
These data were used to quantify compliance with the prescribed training program, and assess the
consistency of training completed between the CHO and CP treatment phases. Average daily training
duration during ICT was increased to 222% of NT levels (most likely increased versus NT in both CHO
and CP). Duration during RVT was 66% of NT levels (most likely decreased versus NT in both CHO and
CP). Average training intensity decreased slightly but consistently during ICT. Specifically, average
power output and heart rates during ICT training were lower versus NT and RVT in both CHO and
CP (all semantic inferences = likely/very likely/most likely). Thus, training during ICT represented a
substantial increase in average daily training duration, at a slightly lower average exercise intensity.
The RVT training represented a substantial decrease in training duration, at the same average intensity
as NT. As intended, overall training demands between CHO and CP were very similar within each
training period.

Macronutrient intake during ICT and RVT are reported in Table 2. Differences in macronutrient
intake between CHO and CP are shown independent of treatment beverages (Dietary Macronutrients)
and including the treatments (Total Macronutrient Intake). During ICT, dietary macronutrients were
virtually identical between CHO and CP phases, and the increased protein/calories from the CP
treatment beverages resulted in higher total protein/calories in CP. During RVT, subjects tended
to consume slightly less dietary carbohydrate and fat (and thus calories) in CP. Due to the higher
protein/calories from the CP treatment beverages, this resulted in similar total caloric intake between
CHO and CP.
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3.2. Dependent Measurements

3.2.1. Cycling Time Trial (TT) Performance

Pre-loaded 30-km TT times are shown in Figure 2, and tended to get slower from NT
(CHO: 56.0 ± 5.3 min; CP: 55.6 ± 6.2 min) to ICT (CHO: 57.3 ± 8.3 min; CP: 57.2 ± 7.8 min) and return
to baseline levels following RVT (CHO: 55.3 ± 5.3; CP: 55.7 ± 7.8 min), with no between-treatment
effects. Similarly, all treatment differences in power output between CHO (NT: 191 ± 48; ICT: 188 ± 53;
RVT: 198 ± 41 W) and CP (NT: 201 ± 54; ICT: 187 ± 47; RVT: 201 ± 61 W) were unclear.

Figure 2. Cycling Performance (Mean ± SD) during Normal, Intensified, and Reduced-Volume
Training. Within-treatment effects: P-N = Possibly different than NT; L-N = Likely different than
NT; L-I = Likely different than ICT. No between-treatment effects were observed. NT = normal
training; ICT = intensified cycle training; RVT = reduced volume training; CHO = carbohydrate
supplementation; CP = carbohydrate + protein supplementation.

3.2.2. Responses during Constant-Load Exercise

Physiological responses during constant-load cycling were examined at 50% Wmax,
corresponding to 57%–62% VO2peak. Heart rate responses are shown in Figure 3. Briefly, heart rate
was possibly decreased following ICT with CP, but not altered in CHO. Following RVT, heart rates
possibly increased in the CHO condition (versus ICT and NT), while heart rate remained attenuated
with CP (versus NT). As a result of these combined effects, reductions in heart rate between NT-RVT
with CP were likely greater than CHO.

Figure 3. Heart Rate Responses (Mean ± SD) during Constant-Load Cycling (50% Wmax).
Within-treatment effects: P-N = Possibly different than NT; L-I = Likely different than ICT.
Between-treatment effects: NT-ICT = Unclear (% chance of larger/trivial/smaller attenuation in
heart rate with CP, compared to CHO = 51/39/10), ICT-RVT = Possible (74/24/2), NT-RVT = Likely
(85/12/2). NT = normal training; ICT = intensified cycle training; RVT = reduced volume training;
CHO = carbohydrate supplementation; CP = carbohydrate + protein supplementation.

Constant-load exercise data for VO2, RER, glucose, lactate, and RPE are reported in Table 3.
Treatment differences between training periods for most variables were unclear. However, RER responses

217



Nutrients 2016, 8, 550

exhibited differences between treatments. In general, RER tended to decrease from NT-ICT with CP, and
return to baseline levels following RVT. By contrast, RER values trended upwards throughout the course
of the study in the CHO condition.

3.2.3. VO2peak and Body Weight

VO2peak possibly increased in the CHO condition from NT-ICT and from NT-RVT
(NT: 4457 ± 833 mL/min; ICT: 4592 ± 736 mL/min; RVT: 4675 ± 887 mL/min) but not CP
(NT: 4337 ± 973 mL/min; ICT: 4335 ± 1032 mL/min; RVT: 4433 ± 1107 mL/min). As a result,
changes in VO2peak from NT-ICT and NT-RVT were possibly greater with CHO versus CP
(an order-adjusted analysis to account for effects of treatment order provided the same semantic
inference). All treatment differences in body weight between CHO (NT: 70.7 ± 11.7; ICT: 70.1 ± 11.3;
RVT: 70.6 ± 11.3 kg) and CP (NT: 70.9 ± 11.7; ICT: 71.0 ± 11.4; RVT: 70.9 ± 11.6 kg) were most
likely trivial.

3.2.4. Muscle Function, Size and Soreness

Peak torque values for each training period and nutritional treatment are shown in Figure 4.
In general, declines in peak torque from NT to ICT tended to be greater with CHO than with CP.
However, treatment differences did not persist following RVT (this interpretation is consistent with
order-adjusted analyses to account for effects of treatment order from NT-RVT, as all treatment effects
at that time point were unclear).

Figure 4. Effects of Training Periods and Nutritional Supplementation on Peak Knee Extensor
Torque. Within-treatment effects: P-N = Possibly different than NT; L-N = Likely different than
NT; P-I = Possibly different than ICT. Between-treatment effects at 120 deg/s: NT-ICT = Likely
(% chance of smaller/trivial/larger decrease in torque with CP, compared to CHO = 95/5/1),
ICT-RVT = Unclear (32/35/33), NT-RVT = Unclear (59/31/10). Between-treatment effects at 240 deg/s:
NT-ICT = Unclear (64/25/11), ICT-RVT = Likely (2/14/84), NT-RVT = Unclear (16/29/55). NT = normal
training; ICT = intensified cycle training; RVT = reduced volume training; CHO = carbohydrate
supplementation; CP = carbohydrate + protein supplementation.

Changes in muscle fiber cross-sectional area are shown in Table 4. There were no clear changes
amongst fiber CSA throughout the CHO treatment. However, with CP supplementation, MHC I
CSA very likely increased (13.6% ± 8.0%) and MHC IIa likely increased (16.4% ± 19.4%) from NT
to ICT. This resulted in a likely treatment difference in MHC I fiber CSA response from NT to ICT
(comparisons to the RVT time point are not available due to insufficient tissue yields for 2 subjects
in CP). Muscle soreness values for each training period are shown in Figure 5. Soreness very likely
increased from NT to ICT (with both CHO and CP) and very likely decreased to baseline levels following
RVT, with no clear treatment differences.
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Figure 5. Effects of Training Periods and Nutritional Supplementation on Muscle Soreness
(Mean ± SD). Within-treatment effects: VL-N = Very likely different than NT; VL-I = Very likely different
than ICT; No between-treatment effects were observed. NT = normal training; ICT = intensified cycle
training; RVT = reduced volume training; CHO = carbohydrate supplementation; CP = carbohydrate +
protein supplementation.

3.2.5. Serum Biomarkers: Albumin, Creatine Kinase, and Cortisol

Serum albumin levels tended to increase from NT to ICT to a similar extent between CHO
(likely, 0.5 ± 0.5 g·dL−1) and CP (unclear, 0.4 ± 0.6 g·dL−1). There were no clear treatment effects on
albumin levels. Serum albumin levels were as follows for CHO (NT: 5.73 ± 1.07; ICT: 6.23 ± 0.67;
RVT: 6.05 ± 1.03 g·dL−1) and CP (NT: 5.48 ± 0.76; ICT: 5.91 ± 0.54; RVT: 6.03 ± 0.64 g·dL−1).
Reported values are from 6 subjects, as one subject was unable to provide serum samples for all
time points.

Creatine kinase levels possibly decreased from NT to ICT (−25 ± 28 U/L) with CHO but not PRO
(1 ± 20 U/L; unclear), leading to likely treatment differences at these time points. All other treatment
comparisons in creatine kinase between CHO (NT: 157 ± 82; ICT: 135 ± 61; RVT: 94 ± 42 U/L) and CP
(NT: 127 ± 47; ICT: 128 ± 34; RVT: 137 ± 79 U/L) were unclear.

There were no clear differences in serum cortisol levels between any time points, and no treatment
effects. Serum cortisol levels were: CHO = NT: 103 ± 37; ICT: 97 ± 32; RVT: 94 ± 42 ng/mL and
CP = NT: 125 ± 47; ICT: 114 ± 26; RVT: 107 ± 33 ng/mL.

4. Discussion

The central objective of this study was to assess the effects of CP supplementation on time trial
performance, skeletal muscle function and morphology, and heart rate responses following a prolonged
period of heavy training and recovery. Cycling performance was modestly impaired following ICT
(2.4% slower versus NT) and restored with RVT, with no apparent performance differences between
CP and CHO. Peak isokinetic torque of the knee extensors was diminished following ICT in the CHO
condition, but was better preserved with CP. Similarly, both MHC I and MHC IIa cross-sectional
areas were unchanged following ICT with CHO, but were increased with CP. In addition, reductions
in constant-load heart rate between NT-RVT tended to be greater with CP than CHO. Altogether it
appears that CP supplementation impacted select physiological parameters during heavy training and
recovery, but not on a magnitude that influenced time trial performance.

The current result that repeated days of CP supplementation had no effect on performance versus
CHO is supported by previous data from our laboratory [12,13]. However, the distance runners
studied by Luden et al. [12] tapered their training volumes slightly during a six-day intervention
period, and the subjects of Gilson and colleagues [13] completed a 4-day period of soccer training with
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only minimal increases in training volume (+12% versus normal training). Consequently, we designed
the current study to deliver a rigorous training stimulus in an attempt to maximize the potential value
of CP supplementation. Along with elevated muscle soreness, and impaired skeletal muscle function,
the 10-day ICT intervention impaired cycling time trial performance by 2.4%. This was comparable to a
recent study which reported that power output during a 5-min time trial was reduced by 3.8% following
a rigorous 6-day training camp in cyclists [16]. Similar to the present study, these investigators reported
that supplemental protein during intensified training did not affect changes in performance versus
supplemental CHO alone. By contrast, Witard and associates [15] reported that increased dietary
protein intake (3.0 vs. 1.5 g/kg/day) modestly attenuated performance declines following a week
of intensified training that elicited large declines in performance in the control condition (>10%).
However, it should be noted that the protocols for protein supplementation during heavy training
also varied considerably between these studies. Witard and colleagues [15] provided a relatively large
amount of additional protein (+104 g/day) throughout the day, whereas Hansen [16] provided ~65 g
of supplemental protein only during exercise, and the present study supplemented ~67 g of protein
during/following exercise. Thus, based on the limited studies in this area, it could be speculated that
CP supplementation may elicit performance benefits when larger amounts of protein are provided
during heavy training that results in sizeable decreases in performance, while smaller amounts of
supplemental protein do not appear to impact performance during heavy training that elicits only
modest impairments in performance.

Discrepancies between prior studies regarding the influence of CP on performance following
periods of heavy training may also be affected by dietary protein intake and the resulting protein
balance. For instance, Rowlands and colleagues noted that positive effects on performance
were observed when CP supplementation was compared to a relatively low-protein control diet
(0.92 g/kg/day; [9]), or versus a moderate-protein diet which elicited a mildly negative protein balance
(1.6 g/kg/day; [10]). Yet when CP supplementation was compared to a moderate-protein control
diet which produced positive daily nitrogen balance, no effects of CP on performance were observed
(1.5 g/kg/day; [14]). Protein balance status could also possibly explain the differences between our
findings and the aforementioned results from Witard and colleagues [15]. It is possible that the protein
intake in the control diet (described above) resulted in negative protein balance during heavy training.
By contrast, the slightly higher dietary protein intake in the control condition of the present study
(1.7 g/kg during ICT, 1.6 g/kg during RVT) could have been sufficient to elicit positive protein balance,
minimizing the potential effects of CP on performance. This is consistent with aforesaid findings
from Hansen and associates [16], who reported no effects of protein supplementation versus CHO
when protein intake was controlled between groups at 1.7 g/kg/day. However, another study from
this group reported that orienteers who received protein supplementation before and after exercise
improved 4-kilometers run performance at the end of a one-week training camp, versus those who
received a control diet containing 1.8 g/kg/day of protein [11]. However, nitrogen balance was not
assessed in any of these studies, and numerous methodological differences make it difficult to directly
compare results between studies (i.e., Hansen’s study of orienteers utilized a between-subject design,
weight-bearing exercise mode, and two training sessions per day).

Though cycling performance was not influenced by treatment, both skeletal muscle function and
morphology were favorably influenced by CP. Muscle function was likely affected by treatment at a
contractile velocity of 120 deg·s−1. Following ICT, peak knee extensor torque was possibly enhanced
with CP, but likely impaired with CHO. Interestingly, the treatment effect was unclear at 240 deg·s−1,
despite peak torque likely being lower after ICT with CHO but not CP. The more apparent benefit of
CP on whole muscle function at 120 deg·s−1 suggests that the slower contractile velocity (and higher
torque output) is a more sensitive measure of peak muscle function. This notion is supported by
the findings of Coutts et al. who observed clear effects of heavy training on peak isokinetic torque
at 60 deg·s−1, but not at 300 deg·s−1 [34]. Regardless, this is the first evidence that peak skeletal
muscle force is better preserved with CP supplementation during an extended period of heavy training.
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The practical advantage of this outcome is questionable though, as the treatment effect on muscle
function neither persisted through RVT nor did it translate to better cycling performance. The latter
may be attributable to the fact that the angular velocity during cycling exercise is much closer to
240- than 120 deg·s−1 [35]. The apparent benefit of CP throughout ICT on muscle function may in part
be due to increased muscle fiber CSA observed with CP but not CHO. Contrary to earlier reports that
fiber CSA decreases following heavy training [36–38], MHC I (very likely) and MHC IIa CSA (likely)
increased following ICT with CP, but not CHO. The mechanisms mediating this response are beyond
the scope of the current investigation, but CP may have increased muscle fiber size by augmenting
protein synthesis rates in the early hours following exercise [39–41], resulting in a potentially greater
net protein balance compared to CHO [39,40]. Because our CP treatment provided additional protein
and calories, we cannot conclude definitively that the effects of CP on muscle function and morphology
were the result of protein per se. However, augmented protein synthesis rates have been reported
with CP versus isocaloric CHO treatments in prior studies [39]. Further research is needed to delineate
how potential effects of protein intake on peak muscle function and fiber size translate to cycling
specific performance.

CK levels and perceived muscle soreness together offer insight into the possible effects of muscle
damage on changes in muscle function with training and nutrition. Muscle soreness increased as a
result of ICT and decreased following RVT, as expected [3]. However, CP had no apparent influence on
muscle soreness responses, which differs from a number of prior studies that have reported attenuated
post-exercise soreness with CP ingestion [12,18,20,21]. CHO was associated with possibly reduced CK
levels following ICT compared to CP, which is contrary to earlier findings showing CP-attenuated CK
levels after heavy training [9,12,21]. However, the magnitude of all changes in CK in the present study
(i.e., across time points and between treatments) were very small, suggesting that the effects of training
and diet on CK were negligible.

Another purpose of this investigation was to assess the effects of CP supplementation on
submaximal heart rate responses. During CP, constant-load heart rates possibly decreased following
ICT, and remained possibly suppressed following RVT. By contrast, constant-load heart rates during
CHO did not change to a meaningful degree following ICT, and possibly increased from ICT-RVT.
As a result, reductions in heart rate during constant-load cycling were likely greater with CP than
CHO between NT-RVT (−9 ± 9 bpm). This apparent effect of CP on heart rate is also supported by
data obtained from the training sessions (Table 1). Despite exercising at an identical average power
output (between treatments) during RVT, average heart rates during training were possibly lower in
CP versus CHO (−4 ± 5 bpm). These observations are generally consistent with findings from Goto
and colleagues, who reported that protein supplementation magnified training-induced reductions in
heart rate following 5 days of aerobic training in previously untrained subjects [25]. Attenuated heart
rate responses during exercise could be viewed as a positive adaptation to CP ingestion as they
may reflect protein-mediated increases in plasma volume and stroke volume, suggesting possible
reductions in cardiovascular and heat strain during exercise [23–25]. However, this interpretation
should be made cautiously since plasma volume and stroke volume were not measured in the
present study. Additionally, prior studies reported that increased plasma and/or stroke volume
were related to increased plasma albumin levels with protein supplementation [23–25] and though
plasma albumin levels tended to increase from NT-ICT, no differences were observed between CHO
and CP. The extended training periods in the study precluded a careful examination of the time course
of albumin changes, and the predicted influences of CP on plasma volume potentially confounds
measurements of albumin concentration in the existing model, so it is unclear whether total albumin
levels were affected by CP. Meaningful increases in plasma and/or stroke volume would also be
expected to increase VO2peak values, even in previously trained athletes [42]. However, there was
no evidence that CP improved VO2peak values versus CHO (conversely, there were possible increases
in VO2peak with CHO, but not CP). Lastly, we cannot exclude the possibility that the decreased
exercise heart rates with CP were associated with overtraining-induced central nervous system
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dysfunction [43], rather than a positive adaptation to training. Therefore, despite potentially reduced
heart rate responses during constant-load cycling, the overall effects of CP ingestion on cardiovascular
adaptations following ICT/RVT training were equivocal.

5. Conclusions

The present study extends prior findings regarding the effects of carbohydrate and protein (CP)
supplementation during periods of intensified training and recovery. We observed novel findings that
CP (provided during and immediately post-exercise) was associated with: (1) favorable influences on
skeletal muscle function and morphology following intensified cycling training; and (2) differences
in constant-load heart rates versus supplemental carbohydrate (CHO), after intensified training
and recovery. Despite these potentially beneficial outcomes, CP supplementation did not
attenuate the modest decreases in time trial performance observed following intensified training.
Future investigators are encouraged to examine the effects of differing doses and timing of CP
administration during intensified training on performance outcomes. Multi-site collaborative studies
assessing the effects of CP on performance should also be considered. This approach would allow
the recruitment of large sample sizes, increasing the potential to detect small but athletically relevant
effects on performance.
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Abstract: Context: Nutrition knowledge can influence dietary choices and impact on athletic
performance. Valid and reliable measures are needed to assess the nutrition knowledge of athletes
and coaches. Objectives: (1) To systematically review the published literature on nutrition knowledge
of adult athletes and coaches and (2) to assess the quality of measures used to assess nutrition
knowledge. Data Sources: MEDLINE, CINAHL, SPORTDiscuss, Web of Science, and SCOPUS.
Study Selection: 36 studies that provided a quantitative measure of nutrition knowledge and
described the measurement tool that was used were included. Data extraction: Participant description,
questionnaire description, results (mean correct and responses to individual items), study quality,
and questionnaire quality. Data synthesis: All studies were of neutral quality. Tools used to
measure knowledge did not consider health literacy, were outdated with regards to consensus
recommendations, and lacked appropriate and adequate validation. The current status of nutrition
knowledge in athletes and coaches is difficult to ascertain. Gaps in knowledge also remain unclear,
but it is likely that energy density, the need for supplementation, and the role of protein are frequently
misunderstood. Conclusions: Previous reports of nutrition knowledge need to be interpreted with
caution. A new, universal, up-to-date, validated measure of general and sports nutrition knowledge
is required to allow for assessment of nutrition knowledge.

Keywords: nutritional knowledge; dietary knowledge; athlete; coach; sport; questionnaire; survey;
measure; valid; sports nutrition

1. Introduction

A carefully planned nutrition program has significant positive effects on athletic performance [1–3].
There has recently been an increase in internationally endorsed dietary guidelines for athletes,
reflected by the publication of several consensus statements on optimal intake and timing of food,
fluid, and supplements [4,5]. Despite this, research indicates that many athletes have sub-optimal
dietary intakes [6,7], which may be due to lack of time, finances, cooking skills, and access to cooking
equipment when attempting to select and prepare appropriate meals and snacks [8]. Food choices may
also be driven by factors such as cultural background, taste preferences, appetite, attitude towards
nutrition, and nutrition knowledge [8–10].

Nutrition knowledge is one of the few modifiable determinants of dietary behaviors.
Sports dietitians often center their dietary interventions on nutrition education to improve awareness
of and compliance with expert dietary guidelines [10,11]. Nutrition education programs are rarely
evaluated. There are a number of cross-sectional studies reporting on the nutrition knowledge of both
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athletes and coaches [12–14]. In a 2011 systematic review of the nutrition knowledge of recreational and
elite athletes, scores across various nutrition knowledge questionnaires assessing general and sports
specific nutrition were mediocre, with mean scores of approximately 45%–65% [7]. There appeared
to be a weak, positive correlation between nutrition knowledge and good quality dietary intake.
The review concluded that in order to confirm the nutrition knowledge of athletes, and the relationship
between nutrition knowledge and dietary intake, further high-quality research was required [7].
A 2014 review on the relationship between nutrition knowledge and dietary intake in adults also
suggested that while the relationship between nutrition knowledge and dietary behavior appears to
be moderate at best, results may be affected by the quality of measures used to assess knowledge [6].
Several studies assessing nutrition knowledge in athletes, not included in either of the aforementioned
reviews, have been published in recent years [12,15–23].

Despite researchers having raised concerns regarding the validity of current nutrition knowledge
measures [6,7,22], a detailed review of their limitations has not been undertaken to date. It is important
to consider the comprehensiveness of the tools used. That is, the extent to which they have assessed
all the relevant topics of nutrition knowledge, such as knowledge of macronutrients, micronutrients,
supplementation, and hydration. In nutrition knowledge measures, questions on each of these
topics are often grouped together and referred to as nutrition “sub-sections”. Previous reviews have
identified concerns with drawing comparison between studies due to the heterogeneity of measures
used; however, analysis of related nutrition sub-sections and responses to congruent questions
across studies has not been performed. Several reports [9,11] and cross-sectional studies in elite
Australian athletes and American College athletes have established that coaches are often a key source
of nutrition information for athletes [16,24,25] but there has not been a systematic review of their
nutrition knowledge.

Considering the importance of nutrition knowledge as a modifiable determinant of dietary
behavior, the aims of the present review are to determine whether:

1. Athletes (aged 17 years and over) and coaches of adult athletes are aware of expert
nutrition recommendations

2. There are gaps in particular topics (nutrition sub-sections) of nutrition knowledge
3. The quality (validity, reliability, and comprehensiveness) of measures that have been used to

assess nutrition knowledge is acceptable.

2. Methods

2.1. Protocol and Registration

Methods for the review were in accordance with PRISMA guidelines and were registered with
PROSEPERO [26].

2.2. Search Terms

A systematic search using the strategy nutrition knowledge or diet knowledge and athlete or
sports people or sportsman and questionnaire or tool or measure or survey and valid or reliable,
was conducted by one researcher (GT) from the earliest record until November 2015. A second search
using the terms nutrition knowledge or diet knowledge and coach or questionnaire or tool or measure
or survey was also conducted. Searched databases included MEDLINE, CINAHL, SPORTDiscuss,
Web of Science, and SCOPUS. To ensure all related texts were captured, the reference lists of included
articles were hand-searched.

2.3. Eligibility Criteria

Original research (cross-sectional, observational, randomized controlled trials) conducted in
adult athletes (17 years and older) or coaches/athletic trainers of adult athletes, and published
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in peer-reviewed journals were included for review. Abstracts, conference posters, reviews, and
unpublished theses were excluded. Athletes were defined as individuals involved in training
and playing competitive sport. All ‘levels’ of athletic competition, for example, recreational,
college, national, and international were accepted. Only English language studies were included.
Studies needed to report an aspect of nutrition knowledge (general, overall sports, or specific sports
nutrition e.g., hydration) using a measure that produced a numerical score. Studies that provided
qualitative data only, or stated how many participants answered questions correctly/incorrectly,
but failed to report overall quantitative results were excluded. The questionnaires could be in any
format including self-administered, researcher-administered, online, or handwritten. To be included,
studies also needed to provide a description of the tool used to assess knowledge including number of
items, content, and question response categories (Table 1).

Table 1. Eligibility criteria.

Included Excluded

1. Original research (cross-sectional, observational,
randomized controlled trials)

1. Abstracts, conference posters, reviews, and
unpublished theses

2. Athletes (aged 17 years and older) and coaches
of adult athletes (recreational, elite)

2. Adolescent athletes, all non-athletes other
than coaches

3. English language studies 3. Non-English language studies

4. Studies reporting a quantitative measures of
nutrition knowledge that could be converted
into a single ‘score’ (% total correct)

4. Studies on nutrition attitudes, behavior, habits,
or intake; studies where a mean nutrition
knowledge score could not be determined

5. Studies that described the tool used to assess
knowledge including number of items, content
and question response-categories

5. Studies where it was unclear what (and how)
the tool used actually measured
nutrition knowledge

2.4. Selection Process

Duplicate and irrelevant articles were excluded on the basis of abstract and title by two authors
(GT and AF). Articles deemed eligible for full-text review were retrieved and screened against the
inclusion criteria by two authors (GT and AF) (Figure 1).

 

Figure 1. Flowchart of review process. * Secondary search using the term coach did not yield any
additional relevant articles. NK = nutrition knowledge.
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2.5. Data Extraction and Tool Quality

Data from eligible studies were extracted by one author (GT). Information retrieved included:
country of study, participant description (age, gender, sport played/coached, athletic level),
questionnaire description (item generation, number of questions, question-response format),
and results (mean nutrition knowledge scores, as well as nutrition sub-sections where participants
scored above and below the study’s overall mean). All scores were converted into percentage correct
for consistency. Athletic level was based on descriptions provided in the paper; if athletic level was
not adequately described, judgments on athletic level were based on other available information
such as participant recruitment. Where reported, responses to individual items were also extracted
then collated and summarized based on congruent themes. If questionnaires were not available,
authors were contacted and permission to review a copy of the tool that was used was requested.

Detailed data on the quality of the measures reported in the studies reviewed were recorded
and used to calculate two separate quality scores: one for validity and reliability and another for
questionnaire comprehensiveness. The validity and reliability score was based on a set of guidelines
developed by Parmenter and Wardle [27]. Their recommendations are based upon psychometric
validation techniques within the classical test theory (CTT) framework and are in line with leaders in
the field of scale development, such as Kline [28] and Nunnally [29]. They outline several methods
for the development and evaluation of questionnaires, including: item analysis (item difficulty/item
discrimination); homogeneity/”internal consistency” assessed using Cronbach’s alpha; face validity
assessed using a cohort similar to the target audience; content validity assessed using a panel of experts;
construct validity assessed using known-group comparisons; and test–retest reliability using Pearson’s
correlation. In accordance with these guidelines, a validity score out of six was given. The decision
was made to assess face validity, as, although it is similar to content validity, it utilizes different
focus groups (target audience, not experts) and has different aims (ensuring readability/tool assesses
what it intends to, not ensuring the entire content of the domain is covered). Scales developed under
CTT apply only to the group of people who took the test; therefore, it is necessary to re-run internal
consistency calculations for new samples [30]. Accordingly, in instances where an existing measure or
modified version of an existing tool was used, a point was not awarded for internal consistency unless
Cronbach’s alpha was reassessed. If this test had been performed in the original sample, a partial
point was given (denoted by P). If a tool had been modified from a previous tool, or was a composite
of various previous questionnaires, validation points were not awarded unless the new version had
undergone psychometric testing.

For the comprehensiveness score, a point was awarded for each of the following nutrition
sub-sections covered: general nutrition knowledge, carbohydrates, proteins, fats, micronutrients,
hydration, pre-exercise nutrition, nutrition during competition, recovery nutrition, supplementation,
and alcohol. A maximum of 11 points could be awarded. Decisions on whether a questionnaire
included adequate coverage on each topic to be included as a nutrition sub-section were made by one
author (GT), based on a combination of review of the actual tool (when available) and the description
of the measure provided in the article.

2.6. Study Quality

The methodological quality of studies was assessed by two reviewers (GT and AF),
using the “Academy of Nutrition and Dietetics” “Quality Criteria Checklist for Primary
Research” [31]. Disagreements were resolved by a third reviewer (BD). The checklist rates studies
as positive, neutral, or negative (poor) on 10 criteria. The criteria addressing study group
comparisons (3), methods for handling withdrawals (4), use of blinding (5), and description of
interventions/comparisons/description of intervening factors (6) could not be logically applied
to cross-sectional or observational studies. All studies awarded positive quality ratings needed
to adequately address selection bias, make appropriate study group comparisons, clearly describe
any interventions, and use valid and reliable measurements. To receive a “Yes” for criterion (7),
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“Were outcomes clearly defined and the measurements valid and reliable?”, the questionnaire needed
to undergo a least three different types of expected psychometric validation, outlined by Parmenter
and Wardle [27], as above. Meta-analysis was not possible due to heterogeneity in measures used to
assess nutrition knowledge.

3. Results

3.1. Study Selection

The original search yielded 331 results. After removal of duplicate and irrelevant records,
42 studies were retained for full-text review. An additional 11 records were identified through hand
searching reference lists. Thus, a total of 53 full-text articles were screened for inclusion in the final
review. Thirty-six of these met the inclusion criteria. The reasons for excluding the other articles
included: the age of the participants being less than 17 years old (n = 5), inability to extract a mean score
(n = 9), lack of adequate questionnaire description (n = 2), or failure to assess nutrition knowledge (n = 1)
(Figure 1). A secondary search using the term ‘coach’ did not yield any additional relevant articles.

3.2. Study Characteristics

The majority of the studies (n = 34) employed a cross-sectional design, with the remaining
two [32,33] using a questionnaire to assess the effectiveness of an education program at two
time points. Of the 36 included studies, 15 assessed nutrition knowledge in American college
athletes [13,23–25,32–42]; two of these also collected data on coaches and athletic trainers, stratifying
the results [23,24]. There were an additional four studies [38,43–45] that assessed the knowledge
of coaches alone. Six studies assessed college athletes outside of the USA (three in Iran [15,20,46];
one each in India [17], Malaysia [21], and Nigeria [18]). Five studies [12,14,16,22,47] were
conducted with elite athletes and three studies [48–50] assessed knowledge in recreational athletes.
Five studies [15,24,33,34,45] did not report what sport the athletes played. Across the remaining
studies, the other sports that were represented included: Australian football (AFL) [16],
basketball [13,20,23,35,37–40,42,44], baseball [23,25,37,38,42], cross-country [13,35,41,42,44],
cycling [50], football [13,20,23,35,37,38,44], golf [13,23,35,37,40], gymnastics [13,35,40,49],
hockey [35,40,47], lacrosse [23,35,39], soccer [13,23,32,38,42], softball [13,19,35,37,40,42,44], running
and/or track and field [14,23,25,35,37,42,44,48], rugby [12,22,47,51], swimming [13,18,32,35,37,52],
tennis [35,37,38,42,43], and triathlon [50]. Participant numbers ranged from five [17] to 595 [46].
Most studies were mixed-gender (n = 19) [13–15,18,20–24,35–37,39,44,46,47,50,53]. There were a total
of 5231 participants: 2307 males, 2170 females, and 754 where gender was not reported. The mean age
ranges of coaches and athletes were 33.0 to 43.2 years and 19.0 to 35.2 years, respectively. No studies
reported the nutrition knowledge of older athletes (master’s level) (Table 2).

3.3. Nutrition Knowledge Results

3.3.1. Demographic Factors Related to Nutrition Knowledge Scores

Seven out of 11 studies that reported on prior nutrition knowledge found that higher levels of
(general) education, previously undertaking a nutrition course, or currently majoring in nutrition
studies correlated with higher nutrition knowledge scores [14,20,40,41,46,48,50]. Fifteen studies
reported on male versus female scores, and 10 of these studies reported no significant difference [14,15,
21,35,36,39,42,44,49,53]. All studies that assessed for differences between athletes from varying sports
reported no significant differences in nutrition knowledge scores based on sport played [21,25,39,40].
Where reported, there was no significant difference in nutrition knowledge scores across National
College Athletic Association (NCAA) divisions I, II, and III (ranked according to level of support and
participation) [41,52].
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3.3.2. Nutrition Knowledge Scores of Athletes versus Comparison Group (within Studies)

Five studies included a non-athlete comparison group [21,22,34,48,50]. A study of American
college athletes found that athletes had lower nutrition knowledge scores than a non-athlete
comparison group consisting of 28% nutrition majors [34]; however, a study of college athletes in
Malaysia found athletes had similar levels of knowledge when compared to non-athlete controls whose
prior exposure to nutrition education was not reported [21]. Recreational athletes scored better than
matched fitness class participants [48] and a matched community sample [50]. In contrast, a sample
of elite athletes scored lower than both a matched community sample and a cohort of dietitians [22]
(Table 2).

Four studies also included athletes of various levels and/or both athletes and coaches [15,23,24,47].
University athletes in Iran were found to score better than non-university athletes [15] and elite athletes
in New Zealand achieved higher scores than non-elite athletes [47]. Coaches scored better than athletes
in the two studies that included both groups [23,24]. However, in all of these studies except the
one comparing Iranian athletes [15], it was unclear whether the participants in various groups were
comparable in terms of factors such as age, gender, and education (Table 2).

3.3.3. Comparison across Questionnaires (between Studies)

While a comparison of nutrition knowledge scores cannot be made across all studies due to
the heterogeneity in measures and participants, some of the studies did use either the same tools or
modified versions of such tools. The tool that Werblow et al. [40] developed for use in American
college athletes was later modified and used in two other studies assessing similar groups [33,34].
Results in these studies were reasonably consistent at 68%, 68%, and 67%, respectively. The sports
questionnaire developed by Zinn et al. [54], was used in three of the studies that assessed knowledge
of coaches [44,45,51]. Scores observed in these studies were very similar, at 55%, 56%, and 56%
respectively. The questionnaire developed by Zawila et al. [41] (for use in college runners) was
based on a composite of two previous measures [40,48]. It was utilized by two other researchers
assessing knowledge in American college athletes [36,52]. Three of the studies in non-USA college
athletes [15,17,18] also used the tool by Zawila et al. [41] or one of the two original tools it was based
upon. The results reported in the studies using these tools in American college athletes were 57%, 58%,
and 72% and in Non-American college athletes were 54%, 39%, and 64%, respectively. Three of the five
studies in elite athletes used a version of the “general nutrition knowledge questionnaire” [12,16,22];
scores in these studies were moderately disparate at 60.5%, 72.8%, and 65.3% respectively (Table 2).

3.4. Responses to Specific Nutrition Sub-Sections and Nutrition Questions

Given that there is a large degree of discrepancy in the question type and format across measures,
scores reported as percentages provide little information regarding the actual knowledge (and gaps in
knowledge) of participants. Therefore, in addition to reporting on the scores (% total correct) obtained
in specific nutrition sub-sections (Table 2), we have provided a summary of nutrition sub-sections
that were tested in each questionnaire (Table 3) and included a summary of responses to individual
questions (Sections 3.4.1–3.4.10).

3.4.1. General versus Sports Nutrition Knowledge

The majority of studies assessed both general and sports nutrition knowledge. Four studies
directly compared these nutrition sub-sections; scores were better in the sports nutrition knowledge
compared to general nutrition knowledge section in two studies [16,33]; however, the opposite was
true for the other two [47,48] (Table 2).
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3.4.2. Weight Management and Energy Balance

Eight studies reported on weight management and energy balance nutrition sub-section
scores [14,17,20,23,38,39,45,51] (Table 2). Several authors also described responses to specific questions
related to this topic. In many of the studies, athletes had a sound understanding of safe weight loss
practices based on current recommendations. For example, in a study of recreational athletes, 92% of
participants [48] disagreed that fasting is a good way to decrease fat and increase muscle. Similarly,
100% of swimmers in the study by Hoogenboom et al. [52] felt that skipping meals was not an
acceptable way to lose weight. About 75% of college athletes in the study by Rosenbloom et al. [37] knew
that eating carbohydrate would not “make them fat”. Nevertheless, misconceptions were evident; for
example, 84% of female college athletes in the study by Collison et al. [34] and 92% of male and female
college athletes in the study by Weeden et al. [39] agreed that “acidic foods such a grapefruit could
assist with weight loss”. Likewise, Harrison et al. [47] found that 84% of elite and 63% of non-elite
athletes disagreed with the statement “you can lose weight by decreasing your food intake”.

3.4.3. Macronutrients

All studies but one assessed knowledge of carbohydrates [46]. Protein was not assessed in
five studies [18,35,46,48,50]. Fat was not assessed in seven studies [18,33,35,40,42,46,48] (Table 3).
Across these studies, there was no discernible pattern regarding related nutrition sub-section scores
(% total correct) being above or below the overall mean nutrition score (% total correct) (Table 2).
Several studies also reported on responses to individual items related to the energy density, role,
sources, and requirements of macronutrients.

Energy density: Devlin and Belski [16] found that only 22% of elite Australian Rules Football
players were aware that fat is the most energy-dense macronutrient. Likewise, only 22% of U.S.
college swimmers surveyed by Hoogenboom et al. [52], 28% of American college athletes surveyed by
Collison et al. [34], and 18% of American college coaches in the study by Corley et al. [53] knew that
carbohydrates and protein have the same amount of energy per gram.

Role: Sixty-nine per cent of Nigerian athletes in the study by Folasire et al. [18], 98% of elite athletes
surveyed by Hamilton et al. [14], and 64% of college athletes in the study by Rosenbloom et al. [37]
agreed with a statement indicating that that foods rich in carbohydrate should be the main source of
energy. Rosenbloom et al. [37] and Rash et al. [36] also reported that about 46% and 40% of College
American college athletes thought that protein was a source of fuel for muscles or believed protein
was a good source of “immediate” energy. However, none of the coaches surveyed by Corley et al. [53]
subscribed to similar beliefs.

Sources: Only 42% of elite athletes surveyed by Hamilton et al. [14] correctly answered questions
on sources of saturated and unsaturated fat. Similarly, less than one-quarter of elite Australian Rules
Football players in the study by Devlin and Belski [16] selected dairy as a source of saturated fat and
less than one-fifth were aware of the saturated fat content of margarine and red meat. On the other
hand, many of the elite Australian Rules Football players were able to identify foods that were low in
both protein and carbohydrates [16], and 100% of coaches surveyed by Corley et al. [53] knew that
sources of dietary carbohydrates include breads, crackers, and pastas.

Requirements: In the studies by Shifflett et al. [24] and Hoogenboom et al. [52] only 21% and 25%
of college athletes, respectively, knew what proportion of energy should come from fat; slightly more,
41%, knew the proportion of energy that should come from protein [24,52]. Similarly, in the study
by Weeden et al. [39], when asked what carbohydrate range was endorsed by experts, 53% of college
athletes selected a value below the current recommendations.
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Quality: Only 50% of elite and 26% of non-elite athletes surveyed by Harrison et al. [47] disagreed
that “athletes who are vegetarians perform as well as non-vegetarian athletes”. This belief was also
reported by Rash et al. [36], where 82% of American college athletes believed that vegetarian athletes
needed protein supplementation. Devlin and Belski [16] and Hamilton et al. [14] found that 80% of
elite Australian Rules Football players [16] and 55% of elite athletes in New Zealand, respectively were
aware that most of the fats in our diet should be unsaturated. In relation, all college coaches surveyed
by Corley et al. [53] agreed that plant oils are healthier than animal fats.

3.4.4. Micronutrients

All studies except five [33,35,37,40,42] assessed knowledge of micronutrients (Table 3) and eight
studies reported on micronutrient sub-section scores [14,15,17,23,36,38,47,51] (Table 2). Arazi and
Hosseini [15] reported that the mean scores for the sections covering knowledge of “Vitamins” and
“Calcium and Iron” were 61% and 56%, respectively. These scores were higher than the overall
mean of 54%. These results were echoed in the study by Zawila et al. [41], where questions on iron
were answered correctly by more than 70% of runners, and in the study by Hamilton et al. [14],
where most swimmers answered questions on vitamin C (85%–100%) and iron deficiency (98%)
correctly. In contrast, Rash et al. [36] reported that college athletes’ scores on both vitamin C and
vitamin E questions were below the overall mean scores. Information on responses to specific questions
on the role, sources, and requirements of micronutrients was also included in some studies.

Role: Only 17% of college athletes surveyed by Weeden et al. [39] could identify the differences
between fat and water soluble vitamins. Sixty-seven percent of college males [37] and 72% of college
females [34] surveyed knew that vitamins do not provide extra energy, but 56% of a different sample
of college athletes [36] and 56% of a sample of Nigerian college athletes [18] thought this statement
was true. Just 19% of elite and 9% of non-elite athletes surveyed by Harrison et al. [47] selected “false”
to the statement, “vitamin B-complex helps you to recover faster”.

Sources: Ninety-six percent of recreational runners in the study by Barr [48] knew that bananas
and avocados are good sources of potassium, 89% knew that bread is not a good source of calcium,
and 56% knew “apples are a good source of vitamin C”. On the contrary, many male college athletes
in the study by Shoaf et al. [25] thought that milk was high in iron, and many triathletes in the study
by Worme et al. [50] believed that iron was the main nutrient found in spinach.

Requirements: In the study by Zawila et al. [41], 60% of female athletes thought that calcium
needs could be met by having just two glasses of milk. On the other hand, all female recreational
marathon runners surveyed by Barr [48] knew that women need more iron than men and 69% of
coaches surveyed by Corley et al. [53] correctly selected “false” for the statement “female athletes need
more B vitamins than any other athlete”.

3.4.5. Supplementation

Twenty-one studies included questions on supplementation [14,16,17,20,21,23–25,34,36–39,41,43–45,
47,51–53] (Table 3). Five studies reported on supplementation sub-section scores [14,20,23,38,45]; correct
responses to this section were high in some studies, but low in others (Table 2). Many authors also
provided information on how individual items pertaining to ergogenic aids, vitamins, and minerals, as
well as protein supplementation, were answered.

Ergogenic aids: Shoaf et al. [25] found that supplement questions were answered correctly by 87% of
male college athletes; items on creatine were answered correctly more than 70% of the time. Eighty-two
percent of elite athletes surveyed by Hamilton et al. [14] knew that steroids are not safe, but only 26%
were aware that caffeine can help extend performance.
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Vitamins and Minerals: In the paper by Hamilton et al. [14] only 29% of elite athletes thought
vitamin C supplements help fight colds. However, in other studies misconceptions were common:
72% of college coaches surveyed by Corley et al. [53] thought all vegetarian athletes required zinc
supplementation; 50% of elite athletes surveyed by Hamilton et al. [14] believed multivitamins would
increase energy levels and 45% though they were ‘vital for topping up performance’. In relation,
76% of college athletes surveyed by Rash et al. [36] felt a general vitamin and mineral supplement
was needed daily, 53% believed that they needed vitamin C supplements to boost immune function,
and 56% believed that vitamin E supplementation was needed to protect red blood cells (RBC) from
oxidative damage and to promote oxygen transport to RBC. In contrast, 89% of coaches in the study by
Corley et al. [53] disagreed with the statement that vitamin pills could be taken in unlimited amounts
and 72% knew that vitamin pills are not needed if a well-balanced diet is consumed.

Protein: Jessri et al. [20] reported that 43% of female and 47% male Iranian college athletes
believed all athletes needed protein supplementation; and, while only 34% of elite athletes in the
study by Hamilton [14] disagreed that “protein supplements build larger muscles and make you
stronger”, 79% of college coaches surveyed by Corley et al. [53] selected “false” for a similar statement.
One-third of coaches surveyed by Zinn et al. [51] felt that protein powder was essential for weight loss.

3.4.6. Fluids

Twenty-three studies asked questions about fluids [14,16–21,23,24,36,37,39,41–45,47,48,51,53]
(Table 3). Six studies reported on fluid (or hydration) sub-section scores [17,20,23,38,39,51]. In some
studies, the scores (% total correct) in this section were above the overall mean; however, in others
they were below the overall mean (Table 2). Several studies also reported on the frequency with which
individual items related to the need for fluid, fluid timing, and fluid type were answered correctly.

Need for fluid: Weeden et al. [39] found that 92% of USA college respondents were able to
identify the importance of water in body temperature regulation, and 97% knew the best sources
of electrolytes. Rosenbloom et al. [37] found that 93% of college athletes agreed that dehydration
decreases performance. Similarly, Corley et al. [53] found that 89% of coaches were aware that fluids
are required to prepare for sweat losses.

Timing of fluid ingestion: Harrison et al. [47] reported that 79% of elite and 68% of non-elite athletes
knew that you should drink during exercise lasting over one hour, and that 65% of elite 45% of non-elite
athletes knew you should drink before exercise. Likewise, about 95% of college athletes in the study
by Rosenbloom et al. [37] and 94% of college coaches in the study by Corley et al. [53] agreed ingestion
of water was important before, during, and after exercise.

Type of fluid: Jessri et al. [20] stated that only 1.3% of female and 0.6% of male Iranian college
athletes could identify the amount of carbohydrate a sports drink should contain. While Folasire et al. [18]
reported that 59% of Nigerian university athletes knew that sports drinks were best to replace fluids,
only 22% of American college athletes in the study by Rosenbloom et al. [37] agreed that they are better
than water.

3.4.7. Pre-Competition Meal

Seventeen studies included questions on the pre-competition meal [14,16,18–21,23,25,35,37,43–45,
47,48,51,53] (Table 3). Only one author [45] reported on a pre-competition sub-score, indicating that
scores in this section were above the overall mean scores (Table 2). Two studies [34,37] also reported
on responses to individual items relevant to pre-competition nutrition. In the study by Collison et al. [34],
72% of athletes selected “false” for “carbohydrate loading will enhance performance in all events
of 1 h or less”, 95% agreed that “high carbohydrate meals require 2 to 3 h to be emptied from the
stomach”, and 66% agreed that “high-fat meals should not be eaten 2–3 h before competition”.
Conversely, Rosenbloom et al. [37] found that 63% of male and 71% of female college athletes thought
sugar eaten before an event will adversely affect performance.
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3.4.8. Nutrition during Competition

Only one paper included questions on nutrition during competition [48] (Table 3). There was no
specific information on how these questions were answered.

3.4.9. Recovery Meal

Seven studies included questions on the recovery meal [16,20,24,44,45,48,51] (Table 3). No studies
provided a summary of specific questions on recovery. However, both Danaher and Curley [45] and
Zinn et al. [51] reported on recovery as a nutrition sub-section. Coaches performed poorly in the
former study, but well in the latter (Table 2).

3.4.10. Alcohol

Only one paper assessed knowledge of alcohol [16] (Table 3). While 89% of elite Australian Rules
Football players in this study were able to identify safe alcohol consumption guidelines, only 33%
selected the correct alcoholic beverage when asked which was an example of a “standard drink”,
and just 38% correctly answered a question regarding grams of ethanol in a “standard drink” [16].

3.5. Quality Assessment of Included Articles/Risk of Bias

Quality analysis was performed for all studies that met inclusion criteria, and results of quality
analysis did not alter decisions about inclusion. Only one of the studies received a positive (“Yes”)
rating [49]. All of the other included studies received a neutral rating indicating moderate study quality.
Ratings were mostly affected by the lack of inclusion of a comparison group, and use of tools that had
not undergone adequate validation. In many cases, participant characteristics were not well described.

3.6. Quality Assessment of Tools Used

The comprehensiveness scores ranged from one to 10 (Table 3). None of the studies used a
questionnaire that covered all 11 nutrition sub-sections that were deemed relevant. Three studies
received scores of less than or equal to two; however two of these [35,42] only aimed to test a
single nutrition sub-section of nutrition knowledge—carbohydrates and hydration respectively.
The third [15] received the very low score because it was unclear what was and was not tested.
Thirteen studies [14,16,20,21,23,24,39,41,44,45,47,51,52] covered eight or more (that is, more than 75%)
of the relevant nutrition sub-sections.

The validation scores ranged from zero to six out of six (Table 4). Four studies made no mention of
validation [21,35,37,44], scoring zero. Two authors [16,41] used a combination of two previously
validated questionnaires but did not perform any assessment of the composite tool, also scoring zero.
Eight studies used questionnaires that underwent just one type of psychometric analysis [23,36,
41,42,47,48,50,53]. Two authors [36,52] used the questionnaire by Zawila et al. [41] with minor
modification, assessing the tool for face and content validity, scoring two. Three studies [13,15,49]
used questionnaires that had undergone five out of the six possible validation procedures. Just one
study [22] scored 6, the maximum amount of available points. All of the studies that scored five to six
for the validation score utilized the “general nutrition knowledge questionnaire” [55].
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4. Discussion

4.1. Study Selection and Study Characteristics

The aim of this review was to summarize current levels of knowledge in athletes (aged 17
years and older) and coaches, and to provide a detailed assessment of the quality of the tools used
to assess nutrition knowledge. Our search yielded 36 studies that met the inclusion criteria;
10 [15–19,21,22,32,39,56] of the studies on athletes were published after 2010, when a
previous complementary review on athletes was conducted [7]; there were also an additional
seven [35,42–45,51,53] relevant studies that had been not included in the aforementioned review
due to differing inclusion criteria. Males and females tended to be equally represented. The majority
of research has been conducted with American college athletes [13,19,23,24,32–37,40–42,52],
presumably because they are easy to recruit. Our search did not retrieve a single paper on the
knowledge of elite athletes in North America; this is surprising considering the scope of elite
athlete leagues in this region. Likewise, while a broad range of sports are covered across the
literature, there was only one study in netball players [47], and athletes from many other popular
Commonwealth sports, such as cricket, were underrepresented. There is a need for research that is
representative of various types of athletes. A better understanding of specific athletes who may have
poor knowledge will allow professionals working with these populations to advocate for increased
education and support.

4.2. Quality Assessment of Included Articles and Quality Assessment of Tools Used

Akin to previous complimentary reviews [7,56], a key finding of this review was that there were
issues with quality of the included studies, and the questionnaires used to assess nutrition knowledge
were inadequately validated. Despite recommendations made in a 2011 review by Heaney et al. [7]
that studies assessing nutrition knowledge should collect and report demographic data, include
comparison groups, and use validated tools, the quality ratings of newer studies (i.e., those published
since 2010) do not appear to be higher than the ratings of older studies. In relation, even though the
validity of tools used to assess nutrition knowledge have been questioned in previous reviews [7,56],
no new tool has been developed and validated. This is likely because the time and resources required
for tool development can be prohibitive [27]. Most studies that did receive a high validation
score (for the measurement instrument) used the “general nutrition knowledge questionnaire” [55],
and since this does not assess sports nutrition knowledge, these studies received low scores on the
comprehensiveness rating. There were a number of issues related to the content included in the
tools. Only one of the questionnaires asked questions on alcohol, which is an important topic given
the drinking culture among sports people [57,58]. There are also several important considerations
in regards to the relevance/accuracy of some of the items. All of the questions on carbohydrate
recommendations state requirements as percent total macronutrient contribution, however more
recent consensus statements provide recommendations in grams per kilogram of body weight per
day [2]. Furthermore, experts may no longer agree with the “correct” answers to some questions,
for instance, Collison et al. [34] indicated that tea, cola, and coffee were NOT the best pre-athletic
event beverages but it could be argued that these may be beneficial due to their caffeine content,
which is a known ergogenic aid for some athletes [59]. Several other examples of outdated questions
exist. Many of these are in relation to hydration, specifically with regards to thirst as an indicator
for fluid needs [60]. It is axiomatic that the strong consensus regarding dietary strategies for optimal
athletic performance should be reflected in questionnaires designed to assess nutrition knowledge [7].
Researchers developing tools to assess the nutritional knowledge of sports people should ensure they
address the aforementioned limitations.

Another important factor to consider is whether tools are validated for the population they
are being used with [7,61]. The questionnaire developed by Zinn, et al. [54] was used in two other
studies in coaches [20,44], with just a 1.5% difference in scores between them [54,55], indicating it may
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have good validity in this cohort. On the other hand, the range of scores on the “general nutrition
knowledge questionnaire” [12,13,16,22,49] was quite large (51.5%–74.2%), even when comparing
across similar athletic levels (e.g., scores across studies in elite athletes using this tool ranged from
60.5% to 72.8%). This tool was developed for a British audience and has been modified for several
other population groups including the Australian population. Interestingly, the highest scores on
the “general nutrition knowledge” tool were achieved in British cohorts of elite and recreational
athletes [12,49], middle scores in an Australian sample of elite athletes [22] and the lowest scores in a
sample of college athletes in the USA [13]. While it is certainly possible that this variation was due
to factors such as athletic level or age [7,22] it is worth considering that this tool was not culturally
appropriate for North American athletes.

4.3. Nutrition Knowledge Results

Given that all studies received a neutral quality rating and that many of the measurement tools
used were inadequately validated, it is difficult to definitively comment on the both the current status
of nutrition knowledge of athletes and coaches, and the factors that may influence nutrition knowledge.
One consistent finding was that education impacts nutrition knowledge; it is therefore important that
questionnaires cater to various literacy levels (e.g., by including pictures) so that scores are reflective of
actual nutrition knowledge, rather than literacy in general. It appears nutritional knowledge may also
be affected by athletic level, and that coaches’ knowledge is better than athletes’. Theoretically, it is
plausible that elite athletes have greater access to resources and therefore higher levels of knowledge;
likewise, it is likely that American college athletes have more support and funding than non-USA
college athletes. In contrast to previous findings [7], our review did not suggest that gender or the
type of sport played affects nutrition knowledge. Likewise, findings comparing athletes to non-athlete
comprising groups were inconsistent. More quality research is needed to ascertain whether these
associations are confounded by demographic factors, study quality, and questionnaire quality.

4.4. Responses to Specific Nutrition Sub-Sections

Scores reported as a percentage are fairly arbitrary unless they are being used to compare
different groups within the same study, or changes to the same group over time. While several
authors have suggested various “cutoff” points that signify adequate levels of knowledge
(e.g., Torres-McGehee et al. [23] stated that >75% was indicative of adequate knowledge), these values
add little meaning. It cannot be assumed that a questionnaire with 11 items covering a few relevant
nutrition sub-sections is equivalent to a 76-item questionnaire that addresses multiple topics of general
and sports nutrition knowledge. Therefore, we synthesized responses to nutrition sub-sections and
individual questions. It is clear that there is considerable discrepancy between studies. In many
cases, participants scored poorly in a section in one study, and well in the same section in another
study. The lack of consistency makes drawing conclusions about gaps in knowledge difficult.
Overall, however, it appears that understanding of the following topics was poor: energy density,
the need for vitamin and mineral supplementation amongst athletes, the role of protein in muscle
synthesis, sources of fat, and the need for protein supplementation among athletes trying to lose
weight and athletes who follow a vegetarian diet. Awareness of areas of knowledge that require
improvement is an important consideration when designing interventions (one-on-one) and education
programs aimed at improving nutrition knowledge of athletes. Specific gaps in knowledge cannot be
ascertained from nutrition knowledge results that are reported as percentage total correct responses.
Researchers should consider the ways in which knowledge results are reported. It should be clear
what topics (nutrition sub-sections) of knowledge were tested and whether the tool used was able to
identify particular nutrition concepts that were not well understood.
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5. Limitations

A major limitation of this review is that meta-analysis of scores across studies was not possible.
This was due to the relatively small amount of included studies, the under-representation of various
sporting disciplines and levels, the lack of representativeness within studies, the heterogeneity of
participants across studies, and the heterogeneity of the measures used to assess nutrition knowledge.

There are also limitations related to how the tools have been rated (Table 4). It was often unclear
how information collected during “pre-testing” was actually used to modify the questionnaire being
piloted. Firstly, judgements were hindered by the vague description provided of the type and extent
of validation that has been performed. For example, Sedek and Yih [21] stated that they used a
questionnaire that has been validated by Paugh [62]. In fact, this was an unpublished thesis that
only assessed Cronbach’s alpha (α = 0.56). Secondly, validation scores were based on the steps
outlined by Parmenter and Wardle [27], but their protocol does not describe factor analysis or Rasch
analysis. Factor analysis assesses a scale’s dimensionality, and therefore can be used to decide whether
Cronbach’s alpha is appropriate [30,63]. Rasch analysis is an Item Response Theory (IRT) technique,
which allows for shorter scales, with multiple response formats to be developed [64]. Finally, although a
point was awarded if a topic was deemed to be covered in adequate detail (Table 4), there was still
a large variety in the depth and detail in which nutrition sub-sections were covered. For instance,
while the questionnaires used by Collison et al. [34] and Zinn et al. [54] both covered supplements,
the former only included two questions on the use of diuretics and multivitamins and the latter
tested knowledge of creatine, hydroxy-beta-methlybutyrate (HBM), micronutrient supplementation,
and appetite suppressants. The quality of individual items was not taken into account when designing
the comprehensiveness score. The issues with individual items are beyond the scope of this review.
They include, but are not limited to, ambiguous wording and reference to outdated recommendations
as described in Section 4.2.

6. Conclusions

The quality and heterogeneous nature of the included studies and of current measures used to
assess nutrition knowledge make assessment of general and sports nutrition knowledge in athletes
and coaches difficult to ascertain. Specific gaps in knowledge also remain largely unclear, although
analysis of individual items indicates that it is likely that energy density, supplementation, and the
role of protein are commonly misunderstood topics. It is possible that there is a relationship between
gender, athletic level (e.g., elite) and nutrition knowledge; however, more high-quality research is
needed to confirm these assertions.

Nutrition knowledge is a modifiable determinant of dietary behavior, and therefore has the
potential to have a significant impact on athletic performance. Accordingly, there is a need for
additional high-quality research on this topic. However, the low quality of current measures of
nutrition knowledge means that none of the currently available tools can confidently be endorsed
for use in future studies. It is therefore the recommendation of the authors that a new, universal,
up-to-date, validated measure of general and sports nutrition knowledge be developed. Such a tool
should consider health literacy, cultural appropriation, and current consensus recommendations
regarding nutrition for optimal athletic performance, and should undergo rigorous validation that
includes techniques from within an item response theory framework. Moreover, the questionnaire
should have the capacity to report a knowledge “profile”, outlining gaps in knowledge and areas where
knowledge is well understood. A quality tool would allow more robust assessment of knowledge
of both athletes and coaches, having utility in clinical practice, the development and evaluation of
education programs, and research in the field. Over time this new tool would allow more robust
comparisons across various groups to be made.
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Abstract: There is good evidence that mouth rinsing with carbohydrate (CHO) solutions can enhance
endurance performance (≥30 min). The impact of a CHO mouth rinse on sprint performance has
been less consistent, suggesting that CHO may confer benefits in conditions of ‘metabolic strain’.
To test this hypothesis, the current study examined the impact of late-exercise mouth rinsing on sprint
performance. Secondly, we investigated the effects of a protein mouth rinse (PRO) on performance.
Eight trained male cyclists participated in three trials consisting of 120 min of constant-load cycling
(55% Wmax) followed by a 30 km computer-simulated time trial, during which only water was
provided. Following 15 min of muscle function assessment, 10 min of constant-load cycling (3 min
at 35% Wmax, 7 min at 55% Wmax) was performed. This was immediately followed by a 2 km time
trial. Subjects rinsed with 25 mL of CHO, PRO, or placebo (PLA) at min 5:00 and 14:30 of the 15 min
muscle function phase, and min 8:00 of the 10-min constant-load cycling. Magnitude-based inferential
statistics were used to analyze the effects of the mouth rinse on 2-km time trial performance and
the following physiological parameters: Maximum Voluntary Contract (MVC), Rating of Perceived
Exertion (RPE), Heart Rate (HR), and blood glucose levels. The primary finding was that CHO ‘likely’
enhanced performance vs. PLA (3.8%), whereas differences between PRO and PLA were unclear
(0.4%). These data demonstrate that late-race performance is enhanced by a CHO rinse, but not
PRO, under challenging metabolic conditions. More data should be acquired before this strategy is
recommended for the later stages of cycling competition under more practical conditions, such as
when carbohydrates are supplemented throughout the preceding minutes/hours of exercise.

Keywords: cycling; endurance performance; maltodextrin; mouth wash; oralpharyngeal receptor;
whey protein

1. Introduction

Carbohydrate (CHO) ingestion during exercise has been widely reported to enhance exercise
performance, particularly during prolonged exercise when endogenous carbohydrates are limited.
A large share of the CHO-induced performance gains during prolonged exercise are thought to
be due to elevated carbohydrate oxidation rates late in exercise [1–4] and/or muscle/liver glycogen
sparing [3,5,6]. Additionally, there is some evidence that CHO ingestion can also better shorter-duration
(<1 h or intensity >75% VO2max) exercise performance [4,7–9]; this is despite the lack of a clear metabolic
advantage during these shorter exercise trials. An explanation for how CHO supplementation can
improve high-intensity performance was provided by Carter and colleagues whereby CHO mouth
rinsing (MR) (without swallowing) enhanced a time trial performance lasting ~1 h [10]. The authors
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speculated that the CHO MR affected the central nervous system by activating oropharangeal receptors.
This was confirmed by subsequent work demonstrating that CHO mouth rinsing activates areas of the
brain associated with reward and motor control, consequently accentuating excitatory/motor output
and muscular performance [11].

The ergogenic value of CHO rinsing has now been examined in a variety of conditions and
there is good evidence that CHO MR can enhance physical performance in certain scenarios.
Interestingly, most data has indicated that the performance value of CHO MR is less prominent [12,13],
and in many cases non-existent, when exercise is performed in a post-prandial/carbohydrate-fed
state [12,14–17]. However, CHO MR has repeatedly been shown to elicit higher power output and
faster race times in events lasting between 30 and 75 min when performed in a post-absorptive/fasted
state [10–12,18–20], with three exceptions [16,21,22]. Though only examined on a few occasions,
CHO MR does not typically benefit high-intensity/sprint performance [20,23,24]. The only deviation
from this has been when repeated sprints were performed in a glycogen-depleted state [25],
suggesting that high-intensity performance may be improved when CHO MR is delivered under
conditions of fatigue or metabolic strain. Nothing is known about the potential for CHO MR to
enhance short-duration trial performance at the end of prolonged exercise, analogous to a typical
‘final surge’ to the finish line late in the endurance competition. Therefore, we designed this project
to test the hypotheses that mouth rinsing with CHO can enhance 2 km time trial performance when
preceded by ~3 h of cycling.

We were also interested in providing initial insight into the effects of a mouth rinse comprised
of protein on late-exercise sprint performance. Though controversial, there is some evidence that
adding protein to a carbohydrate supplement confers greater performance gains than carbohydrate
alone [26–30], but the underlying physiology responsible for this observation has not been determined.
Although we are not aware of general protein receptors in the oropharangeal cavity, whey protein
possesses a bitter taste, and mouth rinsing with a bitter solution (quinine) can lead to higher
power outputs than a placebo rinse [31]. It has also been speculated that oropharangeal receptors
may be sensitive to caloric content, as ‘sweetness’ is not what confers performance gains [11].
Thus, it is conceivable that a protein mouth rinse can alter performance but this possibility has not yet
been investigated.

2. Materials and Methods

2.1. Subjects

Eight male endurance-trained cyclists (24 ± 6 years; height, 176 ± 5 cm; weight, 74 ± 7 kg;
VO2max, 63.8 ± 5.7 mL·kg−1·min−1) participated in this project. All subjects performed ≥3 days of
cycling per week for ≥2 months prior to study enrollment. All participants were informed about study
procedures and potential risks prior to consent. All procedures were approved by the James Madison
University Institutional Review Board (IRB #14-0119).

2.2. Cardiorespiratory Fitness

Subjects performed an incremental exercise test to exhaustion on a bicycle ergometer
(Velotron; Racermate, Seattle, WA, USA) to determine maximum oxygen uptake (VO2max) and power
output at VO2max (Wmax). Subjects began the protocol at a self-selected power output that would be
“a manageable workload during a 60 min ride”. Power was then increased by 25 watts (W) every 2 min
until volitional exhaustion. Breath samples were continuously monitored with a calibrated Moxus
Modular Metabolic System (AEI Technologies, Pittsburgh, PA, USA) and data were aggregated in 30 s
increments. Peak power (Wmax) in the final completed stage was used to prescribe exercise intensity
for subsequent exercise trials.
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2.3. Experimental Design

The study was carried out in a counterbalanced, double-blinded fashion, with trials separated by
seven to 10 days each. Following cardiorespiratory fitness testing, subjects completed 1 familiarization
trial and three experimental trials on the aforementioned cycle ergometer. Each trial consisted of:
120 min of constant-load cycling at 55% Wmax, a simulated 30 km time trial (TT) (~57 min), 15 min of
rest that included peak isometric force testing, 10 min of constant-load cycling (3 min at 35% Wmax

and 7 min at 55% Wmax), and a computer simulated 2 km time trial (~4 min) (Figure 1). The inclusion
of a variable and self-selected intensity 30 km time trial prior to the mouth rinse intervention instead
of continuing constant-load cycling allowed us to assess 30 km TT reliability under placebo (water)
conditions, as we have reported elsewhere [32]. This decision may have introduced additional
variability for subsequent measures, though data gathered during the 30 km TT and finishing times
indicate that subjects experienced similar physiological stimuli prior to each of the three MR treatments.

Figure 1. Experimental trial design with dependent measures. Water intake bracket indicates when
only water was provided; HR+ with short arrow indicates heart rate (HR), rating of perceived exertion
(RPE), and glucose measurements taken midway through the 30 km time trial (TT) prior to the mouth
rinse (MR) intervention; HR+ with tall arrow indicates HR, RPE, and glucose measurements taken to
determine the effects of the MR intervention; MVC, maximum voluntary.

Subjects were provided with 600 mL of water immediately prior to each trial, after which 150 mL
of water was provided every 15 min during the 120 min steady-state ride and at three points during
the 30 km TT (7.5 km, 15 km, and 22.5 km). Subjects were asked to void their bladders prior to all
trials. A fan was placed ~2 m from the handlebars on high speed setting for uniform cooling during
each trial and trials were conducted under thermoneutral conditions. All trials were performed in
the morning, with no more than one hour separating start times for a given subject, two hours after
consumption of a standardized breakfast (Section 2.6).

2.4. Mouth Rinse Solutions

The MR treatments contained 100 mL of deionized water (PLA) with the addition of either 6.4 g
of maltodextrin (NOW Foods, Bloomingdale, IL, USA) or 6.4 g of hydrolyzed whey protein isolate
(AMCO, Burlington, NJ, USA). Commercially available stevia was used to minimize differences in
taste and smell.

During the three experimental trials (T1, T2, T3), subjects received 25 mL of each respective mouth
rinse. Rinses were administered at three time points during the exercise trial: minutes 5:00 and 14:30 of
the rest phase and at minute 8:00 of the 10 min constant-load segment (see Figure 1). Subjects swirled
each rinse in their mouth for 5 s after which it was expectorated.
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2.5. Dependent Measures

2.5.1. Cycling Performance

Finishing time from each 2 km cycling time trial was used as the performance measure.

2.5.2. Skeletal Muscle Function

Isosometric peak torque (Maximum Voluntary Contraction, MVC) of the knee extensors was
assessed at minutes 1:00 and 10:00 of the 15-min rest phase prior to the 2 km TT, as previously
described [33]. Subjects performed three maximal attempts per test, each lasting 3 s, with one minute
of rest between attempts. Peak force (N) was determined by the highest value from the three attempts,
without visual feedback. While the 15 min rest period detracts from the ecological validity of
the experimental design, it was necessary to facilitate muscle function testing before and after the
MR intervention.

2.5.3. Heart Rate (HR), Rating of Perceived Exertion (RPE), and Blood Glucose

Heart rate was monitored throughout the duration of each exercise session using a chest-worn
heart rate monitor (Suunto, Vantaa, Finland). Finger-stick blood samples were obtained at minute 8 of
the 10 min constant-load phase. Glucose levels were determined immediately from whole blood
using an automated analyzer (YSI 2300 STAT glucose, Yellow Springs, OH, USA). Subjective ratings of
exertion using the Borg RPE scale were obtained simultaneous with blood sampling. Heart rate, RPE,
and glucose were also assessed midway through the 30-km TT prior to the MR intervention.

2.6. Dietary and Physical Activity Controls

Subjects were instructed to maintain normal dietary habits throughout the study and were also
provided with a standardized breakfast that was consumed 2 h prior to each trial (500 kcal; 90–100 g
carbohydrate; 8–12 g protein, and 4–8 g of fat). Subjects completed a diet record for 24 h preceding
the first experimental trial. Using a copy of the initial diet record, subjects were instructed to replicate
their diet for the 24 h prior to each subsequent experimental trial. Subjects were instructed to refrain
from heavy exercise for 48 h preceding each treatment trial, and were instructed to maintain consistent
exercise habits between each of these trials. Subjects were also instructed to abstain from alcohol and
caffeine for 24 and 12 h prior to each trial, respectively.

2.7. Statistical Analysis

All data were log transformed to diminish the effects of non-uniformity. Magnitude-based inferences
about the data were derived using methods described by Hopkins and colleagues [34]. For performance,
a previously established “smallest worthwhile change” in performance was used as the threshold
value for a substantial treatment effect (CHO and PRO vs. PLA) [35]. The smallest worthwhile change
in performance was defined as 0.3% of the within-subject variability of select groups of elite cyclists
across repeated time trials (Coefficient of Variation = 1.3% for time), which translates to 0.8 s for
the current project [36]. Published spreadsheets [37] were then used to determine the likelihood
of the true treatment effect (of the population) reaching the substantial change threshold (0.8 s);
these percent likelihoods were classified as <1% almost certainly no chance, 1%–5% = very unlikely,
5%–25% = unlikely, 25%–75% = possible, 75%–95% = likely, 95%–99% = very likely, and >99% = almost
certain. Clinical inference criteria were used to classify the effects of treatment on performance.
Specifically, if the percent chance of the effect reaching the substantial change threshold was <25%
and the effect was clear, it was classified as “trivial.” If the percent chance of the effect reaching
the substantial change threshold for benefit exceeded 25% but the chance for harm was >0.5% the
effect was classified as unclear. An exception to the 0.5% chance of harm criterion was made if the
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benefit/harm odds ratio was >66, in which case the effect was interpreted as clear and an inference
was assigned.

For all other variables, the classification system detailed above was applied.
However, the “smallest worthwhile change” was determined for each variable by multiplying the
within-subject standard deviation under PLA conditions by 0.2. Further, mechanistic criteria were
used such that if 90% confidence intervals included values that exceeded the substantial change
threshold for both a positive and negative effect, effects were classified as unclear (>5% chance of
reaching the substantial threshold for both a positive and negative effect), with no exceptions. For ease
of interpretation, p-values derived from simple contrasts between treatments are included alongside
the magnitude-based inferential outcomes.

3. Results

3.1. Cycling Pre-Load

As previously described, prior to MR intervention, subjects performed 120 min of constant-load
cycling at 55% Wmax (190 ± 22 Watts) followed by a 30 km TT. Data obtained midway (15 km) through
the 30 km TT and finishing times are displayed in Table 1.

Table 1. The 30 km time trial prior to mouth rinse intervention.

Condition Heart Rate (bpm) RPE Blood Glucose (mg/dL) Finishing Time (min)

Placebo 150 ± 14 16 ± 1 68 ± 80 57.02 ± 5.21
Carbohydrate 148 ± 14 16 ± 1 68 ± 70 57.04 ± 2.75

Protein 144 ± 15 16 ± 1 66 ± 10 57.89 ± 7.38

Values are expressed as means ± SD. Data were obtained midway (15 km) through the 30 km TT.
RPE = rating of perceived exertion. Data demonstrates that similar workloads were performed prior to the
mouth rinse intervention.

3.2. Mouth Rinse Effects

3.2.1. Performance

CHO MR ‘likely’ enhanced the 2 km TT performance by 3.8% ± 4.7% (p = 0.11) compared to PLA,
whereas the comparison between PRO vs. PLA was ‘unclear’ (0.4% ± 5.6%; p = 0.91). The 2 km TT
data are displayed in Table 2 and Figure 2.
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Figure 2. Effect of CHO and PRO mouth rinses on 2 km time trial (TT) Performance. Circles represent
mean treatment difference compared to placebo. Bars depict 90% confidence interval. Shaded area
notates threshold value for smallest meaningful effect. * ‘Likely’ faster than PLA.
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Table 2. The 2 km performance, peak strength, and heart rate, rating of perceived exertion, and glucose.

Condition Δ MVC (N)
Constant-Load—55% Wmax 2 km TT Finishing

Time (s)Heart Rate (bpm) RPE Blood Glucose (mg/dL)

PLA 34 ± 40 150 ± 13 14 ± 20 59 ± 8 200.1 ± 10.8
CHO 25 ± 25 156 ± 10 * 14 ± 20 63 ± 7 ** 192.4 ± 8.2 ††

PRO 10 ± 26 ‡ 152 ± 60 14 ± 3 56 ± 10 † 199.9 ± 18.4

Values are expressed as means ± SD. Δ MVC, change in MVC from beginning to end of 15 min muscle function
phase. RPE = rating of perceived exertion, MVC = maximum voluntary contraction. Statistics were used to
separately compare PLA to CHO and PRO. Magnitude-based inferences for treatment comparisons are notated
as follows: ‡ PRO vs. PLA, Possible (57%); * CHO vs. PLA, Likely (77%); ** CHO vs. PLA, Likely (92%);
† PRO vs. PLA, Likely (77%); †† CHO vs. PLA, Likely (89%).

3.2.2. Skeletal Muscle Function

The MVC ‘likely’ increased from 456 ± 108 N to 490 ± 106 N during the 15 min muscle function
period with PLA (7.9% ± 5.8%; p = 0.03), ‘possibly’ increased from 445 ± 61 N to 470 ± 70 N with CHO
(5.3% ± 3.8%; p = 0.03), but had only a ‘likely trivial’ increase from 466 ± 84 N to 475 ± 75 N with PRO
(2.5% ± 4.2%; p = 0.78). There was a ‘possibly trivial’ (68% likelihood; p = 0.49) difference between the
change in MVC with PLA compared to CHO, whereas PRO had a ‘possibly’ smaller increase in MVC
compared to PLA (57% likelihood; p = 0.09). Changes in MVC during the 15 min period are displayed
in Table 2.

3.2.3. Heart Rate, RPE, and Blood Glucose

Heart rate during the 10 min constant-load phase was ‘likely’ higher with CHO compared to PLA
(3.8% ± 5.3%; p = 0.19). The comparison between PRO and PLA was ‘unclear’ (p = 0.73). Differences in
RPE between MR treatments were ‘unclear’. Blood glucose levels during the 10 min constant-load
phase were ‘likely’ higher with CHO relative to PLA (5.8% ± 4.1%; p = 0.02), and likely lower with PRO
(−5.3% ± 7.0%; p = 0.20) compared to PLA. Mean HR, RPE, and blood glucose levels are displayed in
Table 2.

4. Discussion

This project was primarily designed to examine the potential for a carbohydrate (CHO) mouth
rinse to enhance high-intensity performance towards the end of prolonged exercise. We also included
a separate experimental trial to investigate the possible benefit of mouth rinsing with a protein solution
(PRO). The CHO mouth rinse ‘likely’ improved the 2 km TT performance (vs. PLA), whereas there
were no systematic differences in the TT performance between PRO and PLA. This is the first evidence
that late-exercise cycling TT performance can be improved by a CHO rinse, suggesting that endurance
cyclists should consider CHO mouth rinsing to optimize performance during the late stages of
competition, particularly when CHO supplementation is limited throughout exercise. The PRO MR
data infers that previously reported benefits of adding PRO to a CHO supplement during prolonged
exercise were not facilitated by detection of PRO in the mouth [26–30]. The ineffectiveness of the PRO
rinse also indicates that physical gains from the CHO MR are specific to the presence of CHO.

The unique observation in this study is that the CHO MR enhanced short-duration TT performance
lasting only ~3 min. Most previous work has demonstrated that CHO MR has little impact on
short-duration, high-intensity ‘performance’ [20,23,24]. The only exception to this is the recent report
that a repeated run-sprint performance was moderately enhanced by CHO MR, on the morning
after a glycogen-depleting protocol [25]. Collectively, it now appears that MR can be effective for
high-intensity exercise performance under difficult glycometabolic conditions. This is generally
consistent with what is known about the efficacy of CHO rinsing during performances lasting longer
than 30 min. The most pronounced improvements with CHO MR have been observed when exercise
is commenced in a fasted state and when carbohydrate supplementation is withheld throughout
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exercise [12,13,38]. Further, the evidence supporting the performance advantages of CHO rinsing is
much more consistent when the exercise is performed in a fasted state [10–12,18–20], in contrast to the
null findings typically observed when the exercise is conducted in a fed state [12,14–17]. This indicates
that the degree to which the presence of the carbohydrate in the mouth activates the reward/pleasure
centers of the central nervous system (CNS) is related to carbohydrate availability or feeding latency
time; specifically, that the CNS response to the presence of carbohydrate in the mouth is magnified
under conditions of substantial energetic stress and/or when more time has elapsed since the most
recent carbohydrate feeding. The current data would seem to support this hypothesis, though we did
not directly examine CNS activity.

As mentioned earlier, CHO MR is believed to enhance physical performance by activating
areas of the brain associated with reward/pleasure, thereby increasing excitatory/motor output and
muscular performance. One criterion measure of this response is peak muscle strength, and though
not unanimous [39], mouth rinsing with CHO can partially restore peak strength following fatiguing
contractions [40], following 60 min of cycling [41], as well as attenuate force diminution during
sustained muscle contractions [42]. We evaluated peak torque during a maximum voluntary
contraction before and after the MR treatment, following the prolonged cycling stimulus. In contrast to
our hypothesis, the CHO MR (+25 N) did not increase knee extensor torque more so than PLA (+34 N).
The discrepancy between this and previous reports may be due to treatment dosing, specifically that
the mouth rinse dose that separated pre- and post-strength measurements here may not have been
enough to elicit a treatment effect. Strength measurements obtained in the current project were assessed
before and after a single dose swirled in the mouth for 5 s, which is much shorter than the 10 s [40]
and 60 s [42] rinses provided in the studies documenting strength improvements. This explanation
is strengthened by a previous report that endurance performance is enhanced to a greater extent
following 10 s compared to 5 s rinses [43]. Additionally, the decline in skeletal muscle force following
60 min of cycling was attenuated with a 5 s CHO MR, but the rinse was delivered seven times
throughout the exercise session [41]. Therefore, additional mouth rinses or longer swill time may have
been required to elicit strength gains. The obvious disconnect in the current dataset is that despite the
absence of a CHO treatment effect on MVC, the CHO rinse did improve the 2 km TT performance.
However, while the strength measurements were obtained after a single mouth rinse, two subsequent
doses were administered prior to the 2 km TT.

Somewhat unexpectedly, the CHO MR was also associated with slightly elevated blood glucose
levels and heart rate during constant-load cycling prior to the 2 km TT. Blood glucose following
a CHO MR has been assessed during variable intensity exercise on a number of occasions and it has
consistently been unaffected [12,38,44]. Though this possibly suggests that the rise in blood glucose
resulted from the digestion of the MR constituents, we are inclined to believe that it was a centrally
mediated response to the MR. The primary ingredient in the CHO MR, maltodextrin, cannot be
digested into glucose residues in the oral cavity [45]. Further, investigators were present to administer
the MR treatments and to ensure that the rinse was expectorated and not swallowed. In addition,
while we did not measure the volume of the expectorate, any small amount of solution that may
have been ingested was likely insufficient to significantly raise blood glucose levels. In support of
a centrally mediated MR effect on blood glucose, the only other paper that measured blood glucose
during constant-load exercise also noted elevated blood glucose levels [17]. The authors speculated
that the increase in blood glucose following the CHO MR might have been due to an increase in hepatic
glucose output facilitated by activation of hepatic and/or pancreatic sympathetic nerve activity [46].
Regardless of the mechanisms, much like the previous authors, we doubt the physiological relevance
of the small differences in blood glucose levels (~3 mg/dL). There is good evidence that even larger
discrepancies in blood glucose do not necessarily translate to a faster cycling performance [10,47,48].
Furthermore, the difference in blood glucose levels between PRO and PLA MR trials in the current
study was also ~3 mg/dL, and the TT performances were virtually identical. Like blood glucose,
heart rate was also slightly elevated during constant-load exercise following the CHO MR. There is no
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precedent for this response but it could also be related to an increase in sympathetic nerve activation
mentioned earlier. It is also possible that the CHO MR led to an increase in cycling cadence, which has
been shown to increase heart rate even when power output is clamped [49]. Unfortunately we do not
have cadence data to test this hypothesis.

5. Conclusions

Here we present the first evidence that cyclists may want to consider mouth rinsing with a CHO
solution prior to the closing kilometers of a competitive event. The practical relevance of this finding
should be further established, as the mouth rinse solution was administered after approximately
three hours of cycling without carbohydrate supplementation.
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Abstract: Recent years have witnessed significant research interest surrounding the interaction among
exercise, appetite and energy balance, which has important implications for health. The majority of
exercise and appetite regulation studies have been conducted in males. Consequently, opportunities
to examine sex-based differences have been limited, but represent an interesting avenue of inquiry
considering postulations that men experience greater weight loss after exercise interventions than
women. This article reviews the scientific literature relating to the acute and chronic effects of exercise
on appetite control in men and women. The consensus of evidence demonstrates that appetite,
appetite-regulatory hormone and energy intake responses to acute exercise do not differ between
the sexes, and there is little evidence indicating compensatory changes occur after acute exercise
in either sex. Limited evidence suggests women respond to the initiation of exercise training with
more robust compensatory alterations in appetite-regulatory hormones than men, but whether
this translates to long-term differences is unknown. Current exercise training investigations do
not support sex-based differences in appetite or objectively assessed energy intake, and increasing
exercise energy expenditure elicits at most a partial energy intake compensation in both sexes.
Future well-controlled acute and chronic exercise studies directly comparing men and women are
required to expand this evidence base.

Keywords: appetite; appetite-regulatory hormones; compensation; energy balance; energy intake;
exercise; sex-based differences; weight control

1. Introduction

Obesity is a major risk factor for several chronic diseases, including type 2 diabetes mellitus and
cardiovascular disease, and remains a significant global burden from a public health and economic
standpoint [1,2]. Weight loss as little as 3% of initial body mass is sufficient to promote favourable
changes in several chronic disease risk markers and can be accomplished by increasing energy
expenditure through exercise and/or reducing energy intake to achieve a sustained negative energy
balance [3]. Recent years have witnessed significant research interest surrounding the interaction
between exercise, appetite and energy balance, which has direct implications for the implementation
of exercise as a weight management strategy [4].

Similar to many scientific fields, the majority of exercise and appetite regulation studies have
traditionally focused research efforts on men. Consequently, much less is known about the interaction
between exercise and appetite in women, and the opportunity to examine potential sex-based
differences has been limited. A handful of exercise training studies have demonstrated that men
experience greater reductions in body mass and body fat than women [5–7], although this is not
a universal finding [8,9]. Authors supporting the concept of divergent weight loss outcomes have
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suggested that women demonstrate greater compensatory responses to exercise by more accurately
balancing energy intake and expenditure in order to defend body fat stores and preserve reproductive
function [10–12].

Exercise-induced changes in hormones implicated in appetite control and energy balance (e.g.,
acylated ghrelin, peptide YY (PYY), glucagon-like peptide-1 (GLP-1), insulin, and leptin) may
contribute to sex-based differences in body fat loss after exercise [13]. Although based on a limited
number of studies, a previous review concluded that women exhibit compensatory changes in appetite
ratings and hormones conducive to appetite stimulation; a response that is not seen in men [11].
However, this conclusion has not been supported by more recent experimental studies, which have
documented similar appetite, appetite-regulatory hormone and energy intake responses to acute and
chronic exercise-induced energy deficits in men and women [8,14,15].

The purpose of this article is to review recent developments regarding appetite,
appetite-regulatory hormone and energy intake responses to single bouts of exercise (acute responses)
and exercise training (chronic responses) in men and women. Furthermore, this review will consider
the potential implications of these findings for health and highlight important areas for future research.

2. Appetite-Regulatory Hormones

Appetite and energy intake are regulated at the physiological level by the neuroendocrine system,
which involves complex interactions between central and peripheral mediated pathways [16,17].
Appetite-regulatory hormones include episodic gut signals that are sensitive to short-term fluctuations
in feeding behaviour and control hunger and satiety on a meal-to-meal basis (e.g., acylated ghrelin,
PYY, and GLP-1), and tonic hormonal signals that regulate long-term changes in energy balance and
body fat (e.g., insulin, and leptin). A brief introduction to these hormones is presented here, but the
interested reader is directed to a number of comprehensive reviews documenting the precise role of
these hormones in the homeostatic regulation of appetite and energy balance [16–19].

Of the short-acting appetite regulatory signals, ghrelin is unique as the only known gut peptide
that is orexigenic, and is predominantly secreted into the circulation by the oxyntic glands of the
stomach. Ghrelin exists in the circulation in two forms (acylated and unacylated) and, although
only 10%–20% of circulating ghrelin is acylated ghrelin, this form is believed to be solely responsible
for appetite stimulation [20]. Circulating ghrelin concentrations increase preprandially and are rapidly
suppressed postprandially on a meal-to-meal basis. This temporal pattern of fluctuation is indicative
of an important role in coordinating meal initiation [21].

Working in opposition to ghrelin, on a meal-to-meal basis, several appetite-inhibiting
hormones serve to promote post-meal satiation and satiety (e.g., PYY, GLP-1, cholecystokinin,
pancreatic polypeptide, and amylin). Of primary relevance to this review, PYY is predominantly
synthesised and secreted from the intestinal L-cells and is present peripherally in two forms
(PYY1–36 and PYY3–36), with PYY3–36 representing the most abundant and biologically active form.
Concentrations of PYY are low in the fasted state and increase rapidly after meal intake, which
highlights a potential role in meal termination and sensations of fullness between meals. Glucagon-like
peptide-1 is also secreted from the intestinal L-cells in response to nutrient intake and similarly
contributes to meal termination and satiety. It exists as an active (GLP7–36) and inactive (GLP9–37)
form, with the active form rapidly degraded to its inactive form upon secretion into the circulation.
The appetite-inhibiting effect of these hormones is further supported by studies demonstrating that
peripheral administration of PYY3–36 [22] and GLP-1 [23] stimulates satiety and reduces ad libitum
food intake in lean and obese individuals.

Leptin, secreted primarily from adipocytes, and insulin, released by the beta cells of the pancreas,
are important regulators of energy balance, which are implicated in the long-term control of food
intake and energy expenditure. Leptin and insulin are secreted in concentrations proportional to
body fat mass, and act directly on the hypothalamus and other brain regions to exert anorexigenic
effects. Circulating leptin and insulin concentrations are elevated in obese individuals, suggesting that
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a degree of resistance to the anorexigenic effects of these hormones may occur with obesity. This is
further supported by evidence that the accumulation of adipose tissue weakens the inhibitory effect of
fat mass on energy intake [24,25].

3. Exercise and Weight Loss

Exercise is an important component of weight management [3], and promotes a myriad of health
benefits independent of weight loss [26]. It is well documented that exercise typically results in
modest weight loss that can be enhanced when exercise is combined with dietary modifications [27,28].
However, the efficacy of exercise as a successful strategy for weight management varies markedly
between individuals [29]. Interestingly, it has been suggested that sex may be a primary factor
that affects the ability of structured exercise to promote weight loss and/or facilitate weight
management [30].

The strongest evidence of a sex-based difference in the weight loss response to exercise was
provided in the Midwest Exercise Trial by Donnelly and colleagues [6]. This study involved a 16-month
supervised exercise training program at a set intensity and duration (five days per week, 20–45 min
per session at 55%–70% peak oxygen uptake (

.
VO2peak)) with ad libitum diet in previously sedentary

men and women. After the exercise intervention, men lost an average of 5.2 kg in body weight
and 4.9 kg in fat mass, whereas women maintained body weight and fat mass. Other studies have
also demonstrated that men experience greater weight loss than women in response to a supervised
program of exercise when exercise is prescribed at a similar duration and relative exercise intensity
across the sexes [5,31,32].

However, in many of these studies, the exercise-induced energy expenditure was substantially
greater in men than women. This has been suggested as a potential reason for the reported sex-based
differences in exercise-induced weight loss [33], in accordance with evidence that the energy
expenditure of exercise is the strongest predictor of fat loss during an exercise program [34,35].
Exercise training studies prescribing exercise based on energy expenditure have reported comparable
body composition changes in response to the training stimulus in men and women [8,9,36].
Specifically, Donnelly and colleagues [9] have published findings from a subsequent randomised
controlled trial as a follow-up to the Midwest Exercise Trial in which the exercise-induced energy
expenditure was matched between men and women over a 10-month supervised aerobic exercise
training intervention. In contrast to their earlier study [6], when the energy expenditure was equivalent
between the sexes, similar reductions in body weight and body fat were seen between men and
women [9].

A common finding in the literature is the degree of individual variation in the weight loss response
to exercise training in both sexes [8,9,29,35,37,38]. It has been suggested that individual differences
in compensatory behaviours that negate the exercise-induced energy deficit may be responsible
for this variability [29]. Specifically, evidence of increased hunger and energy intake have been
reported in individuals who experience a lower than expected weight loss after a period of exercise
training [29,37,38]. Consequently, studies investigating the effect of exercise on appetite regulation
(appetite perceptions, appetite-regulatory hormones, energy intake) in men and women are important
and will be discussed in the following sections of this review.

4. Acute Effects of Exercise on Appetite, Appetite-Regulatory Hormones and Energy Intake

A plethora of studies have been conducted examining the appetite, appetite-regulatory hormone
and energy intake responses to acute exercise in men, and to a much lesser extent, women. This research
has been reviewed in detail elsewhere [4,39–43], but a brief synopsis of the most pertinent studies is
presented in this article to frame the research literature which has examined sex-based differences.
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4.1. Appetite and Appetite-Regulatory Hormones

The consensus of evidence in healthy, normal weight men suggests that acylated ghrelin
concentrations are transiently suppressed, and satiety hormones, most notably PYY and GLP-1,
are elevated during and immediately after an acute bout of exercise. Such hormonal changes often coincide
with a transient reduction in subjective appetite responses, which has been described as “exercise-induced
anorexia” [44]. These responses become apparent when acute exercise is performed ≥60% of

.
VO2peak

typically [45–49], and have been replicated during a variety of exercise modes including running [45,46,48],
cycling [47,50–53], swimming [54], resistance exercise [46,55] and high-intensity interval exercise [52,53,56].
Circulating appetite-regulatory hormones and appetite ratings typically return to control values within
30 to 60 min of exercise completion [39,46,48]; however, compensatory increases in appetite have been
reported in some studies [52,54,57]. Furthermore, current evidence suggests that acute exercise elicits
similar appetite and appetite-regulatory hormone responses in lean and overweight men [47], and does
not stimulate compensatory changes in those who are overweight or obese [47,58].

Despite postulations that sex-based differences in appetite regulation may exist to enable women
to preserve energy balance and reproductive function [10–12], several acute studies conducted in
women suggest that they respond similarly to men. Specifically, transient alterations in appetite and
appetite-regulatory hormone concentrations (acylated ghrelin, PYY3–36, and GLP-1) have been reported
in a direction expected to suppress appetite in healthy, recreationally active [15], endurance-trained [59]
and overweight and obese [60] women. Furthermore, the majority of studies report no evidence of
compensatory increases in appetite perceptions and appetite-regulatory hormones up to 7.5 h after a
single bout of exercise in women [15,59–62].

However, exceptions have been observed in the literature with some studies demonstrating
that women do not exhibit an acute exercise-induced suppression of appetite [62–64] or changes
in appetite-regulatory hormones [61,62]. Furthermore, in contrast to the aforementioned studies
in men and women, Larson-Meyer and colleagues [64] reported an increase in acylated ghrelin
concentrations during the 2 h period after 60 min running at 70%

.
VO2peak. Such discrepancies are

likely related to differences in the exercise intensity, training status of participants, completion of
exercise in the fasted or postprandial state, timing of meal intake and analytical methods used to
quantify hormone concentrations.

Sex-based differences in the regulation of appetite in response to acute exercise have been
examined directly in four studies [14,15,65,66]. The first acute exercise and appetite study that
compared men and women was published by Kawano and colleagues [65]. The authors reported
that 20 min of rope skipping exercise increased ratings of subjective hunger 30 min after exercise in
women but not men; however, the absence of a control condition in this study and the somewhat
unusual mode of exercise make this finding difficult to interpret. Furthermore, this study did not
control for the potential confounding effects of the menstrual cycle, which represents an important
consideration for acute exercise studies comparing men and women. In this regard, recent evidence
suggests that compared with untailored programs, synchronising diet and exercise training
interventions around the hormonal changes that occur during the menstrual cycle elicits greater weight
loss [67] and improvements in muscle strength [68]. In addition, cyclical fluctuations in sex hormones
(estrogen and progesterone) have been shown to alter appetite-regulatory hormone concentrations and
energy intake in women across the menstrual cycle [69,70]. However, whether appetite responses to
exercise in women are influenced by the menstrual cycle phase is not known and represents a research
avenue to consider in the future.

Subsequent studies directly comparing men and women have also incorporated measures of
appetite-regulatory hormones and energy intake (discussed below) alongside subjective appetite
perceptions to provide a more comprehensive picture of potential sex-based differences in appetite
regulation. In this regard, Hagobian and colleagues [14] examined the appetite and hormonal responses
to a single bout of cycling performed at 70%

.
VO2peak until 30% of total daily energy expenditure was

expended in healthy men and women matched for age and cardiorespiratory fitness. Importantly,

263



Nutrients 2016, 8, 583

the female participants were all studied during the early follicular phase of the menstrual cycle.
The authors reported that appetite perceptions and appetite-regulatory hormone concentrations
(acylated ghrelin and PYY3–36) were not different during the 40 min after exercise in either sex.
Similarly, in another acute study, breaking up prolonged sitting with light- or moderate-intensity
walking did not alter appetite or concentrations of acylated ghrelin and total PYY over the 5 h
observation period in either sex [66]. The walking interventions adopted in this study comprised
a total of 28 min walking performed in 2 min bouts every 20 min. This intermittent pattern of
exercise contrasts with the vast majority of acute exercise and appetite studies, which have reported
transient perturbations in appetite and appetite-regulatory hormones in response to continuous,
moderate- to high-intensity exercise protocols. Indeed, the authors recognise that the exercise stimulus
may have been insufficient (in intensity and duration) to provoke transient changes in appetite and
appetite-regulatory hormones.

Recently, Alajmi and colleagues [15] examined the effect of 60 min treadmill running at 70%
.

VO2peak on appetite and acylated ghrelin concentrations over 7 h in healthy men and women
(studied during the follicular phase of the menstrual cycle). Despite the greater net energy expenditure
during exercise in the men (3971 vs. 2536 kJ in men and women, respectively), both men and women
exhibited an equivalent suppression in appetite and acylated ghrelin concentrations in response to
acute exercise (Figure 1), with no evidence of compensatory responses to exercise in the 7 h observation
period in either sex. Interestingly, the female participants in this study exhibited significantly greater
acylated ghrelin concentrations compared with men. However, the relevance of this difference is
unclear given subjective appetite ratings were greater in men than women. Furthermore, despite the
greater appetite and lower acylated ghrelin concentrations in men than women, the appetite and
acylated ghrelin responses to exercise were similar between the sexes.

Figure 1. Time averaged total area under the curve (AUC) for appetite ratings (a); and plasma acylated
ghrelin concentrations (b) in the control (�) and exercise (�) conditions. Each condition was 7 h
and a single bout of exercise was performed between 0 to 1 h in the exercise condition (60 min
running at 70% peak oxygen uptake). † Significant difference between exercise and control p ≤ 0.05;
* Significant difference between women and men p ≤ 0.05. Values are mean (SEM), appetite ratings:
n = 10 men, n = 10 women; acylated ghrelin: n = 8 men, n = 8 women. Data reproduced from
reference [15]. © Wolters Kluwer Health, Inc. Reproduced with permission.
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4.2. Energy Intake

Many of the studies highlighted above included an ad libitum meal in the post-exercise period
to assess potential changes in energy intake after a single exercise stimulus. The majority of studies
in men report no change in absolute energy intake after acute exercise when a single or multiple
ad libitum meals are provided 30 min to 7.5 h after the cessation of exercise [48,49,52,53,55,71–73];
however, some studies have reported increases [50,74] or decreases [47,58,75] in energy intake after
acute exercise. Nevertheless, two studies have demonstrated that 24 h energy intake is unchanged
after acute exercise in healthy men quantified from laboratory-based ad libitum meals and overnight
food bags [48,52].

Similarly, evidence suggests that ad libitum energy intake remains unchanged in response to acute
exercise in healthy women [64,76–78] and overweight and obese women [61,62,76]. As an exception,
Larson-Meyer and colleagues [64] reported that absolute energy intake (ad libitum meal provided
120 min after exercise) was unchanged after 60 min running at 70%

.
VO2peak, but was increased after

60 min walking performed at the same relative intensity in a different group of women. The strength
of this evidence is limited however by the between-measures design and the stark differences in body
composition and cardiorespiratory fitness between the two groups. In another study, Pomerleau and
colleagues [79] reported that ad libitum energy intake was increased 1 h after brisk walking at 70%
.

VO2peak in healthy, young women. However, this change did not translate to altered energy intake
over the remainder of the day after the provision of an ad libitum meal 6.5 h after exercise and an
overnight snack bag. This highlights the importance of monitoring feeding behaviour over longer
time periods.

Regardless of whether absolute energy intake remained unchanged, increased or decreased in
response to acute exercise in the studies cited thus far, relative energy intake (total energy intake
minus net energy expenditure of exercise) is invariably lower after exercise compared with control
in men and women. Whilst this suggests that the exercise-induced energy deficit is maintained after
exercise, which may have significant implications for weight management, it should be noted that the
short-term follow up in these studies prevents us from drawing conclusions about behavioural and
physiological responses over a greater period of time.

Studies directly comparing men and women have demonstrated that total energy intake is greater
in men compared with women [14,15], but this difference disappears after adjustment for lean body
mass [15]. These findings coupled with the higher appetite ratings reported in men in the study
conducted by Alajmi and colleagues [15] lend support to the theory that lean body mass, as the
largest contributor to resting metabolic rate, is a primary determinant of appetite control and energy
intake [24,25].

In addition to the appetite and hormone responses discussed in the previous section,
Hagobian and colleagues [14] reported that absolute energy intake was unchanged in response to a
single bout of cycling inducing a similar energy expenditure (30% of total daily energy expenditure)
in men and women (energy expenditure: men, 975 kcal; women, 713 kcal) (Figure 2). The authors
observed large variability in the energy intake responses (note large SDs on Figure 2 especially for men)
with evidence of both higher and lower energy intake after exercise compared with a resting control
condition in both men and women, which supports previous acute exercise and appetite regulation
studies in healthy weight [78] and overweight and obese [62] women. Although the authors reported
no significant change in energy intake after acute exercise in men or women, it is worth noting that
mean ad libitum energy intake was higher in men after exercise (Figure 2) [14]. A closer examination
of the mean differences and estimated standardised effect sizes revealed that energy intake after the
exercise bout was 432 kcal higher than control in men (effect size = 0.68 indicating a moderate to large
effect) compared with a 1 kcal increase after exercise in women (effect size = 0.004 indicating a trivial
effect) (Figure 2). While this opposes the hypothesis that women are more likely to compensate for
acute exercise-induced energy deficits by increasing energy intake, the conclusion that energy intake
was unchanged in men should perhaps be interpreted with caution.
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Figure 2. Total ad libitum energy intake during a single laboratory-based buffet meal in the control
(�) and exercise (�) conditions in 11 men and 10 women. Exercise involved a single bout of
cycling performed at 70% peak oxygen uptake until 30% of total daily energy expenditure was
expended. * Significant difference between women and men p ≤ 0.05. Values are mean (SD). Data from
reference [14]. © 2008 Canadian Science Publishing or its licensors. Reproduced with permission.

Subsequent studies investigating potential sex-based differences have reported no change in
absolute energy intake in response to a single bout of running [15] and accumulating short bouts of
walking to break up sedentary time [66]. Furthermore, these studies have consistently reported a lower
relative energy intake after acute exercise compared with control in both sexes, suggesting that acute
exercise suppressed relative energy intake independent of sex [14,15,66].

5. Chronic Effects of Exercise on Appetite, Appetite-Regulatory Hormones and Energy Intake

Although acute exercise studies provide important information regarding appetite regulation,
exercise training studies are required to discern the long-term effects of exercise on energy balance
and weight control. Exercise training studies are now reviewed with continued focus on appetite
sensations, appetite-regulatory hormones and energy intake responses between men and women.
It should be noted that few well-controlled exercise training studies have been conducted with many
studies inherently limited by methodological constraints such as unsupervised exercise, self-reported
energy intake, low exercise-induced energy expenditure and a lack of objective measures to quantify
exercise energy expenditure.

5.1. Appetite and Appetite-Regulatory Hormones

Alterations in ghrelin concentrations after chronic exercise have been reported in conjunction with
favourable changes in body weight. Specifically, weight loss in response to an exercise intervention
has been shown to elevate total ghrelin concentrations in healthy weight and overweight and obese
women in the fasted state and postprandially (reviewed by [40]). In contrast, Guelfi and colleagues [80]
reported no effect of 12 weeks of aerobic or resistance exercise on fasting and postprandial hunger and
concentrations of acylated ghrelin and PYY in overweight and obese men, despite a reduction in body
fat mass in both exercise interventions. However, the authors reported lower fasting and postprandial
leptin concentrations after exercise, which has been observed in other studies with men and women
after exercise-induced weight loss [81,82]. Furthermore, chronic exercise studies resulting in weight
loss in women appear to reduce fasting insulin concentrations [83,84], but have little effect on fasting
total PYY and GLP-17–36 concentrations [84,85].

Several exercise and appetite training studies recruiting both men and women have presented
findings with the data for men and women combined [36,86,87]. Although these studies are informative,
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it is not possible to elucidate the direct effect of sex on the observed responses. Nevertheless, short-term
exercise training without weight loss (1 h of daily walking at 70%

.
VO2peak for 15 days) resulted in

no changes in appetite or circulating concentrations of total PYY and insulin in obese men and
women [87]. Martins and colleagues [36,86] have performed two studies investigating appetite and
appetite-regulatory hormone responses to standardised meals in overweight and obese men and
women undertaking 12 weeks of supervised aerobic exercise resulting in weight loss. The exercise
intervention reduced fasting insulin concentrations but resulted in an increase in fasting acylated
ghrelin concentrations and hunger perceptions [36]. In the postprandial state, circulating insulin was
reduced along with a greater suppression in acylated ghrelin and a tendency for increased PYY and
GLP-1 concentrations compared with levels before the intervention [36]. Furthermore, fasting and
postprandial concentrations of leptin were reduced after the exercise intervention [86]. These findings
led the authors to conclude that in response to chronic exercise, overweight individuals may balance
the increased drive to eat with a concomitant increase in the satiety response to a meal, which supports
previous findings in overweight and obese men [38].

In many of the studies discussed thus far, participants maintained their usual diet and
subsequently lost body mass and fat mass by the end of the chronic exercise intervention. Therefore,
it is difficult to determine whether the reported exercise-induced changes in appetite control are
attributable to weight loss or to exercise training per se. In this regard, the study by Kanaley
and colleagues [87] discussed previously did not report changes in appetite or appetite-regulatory
hormones (total PYY, and insulin) in response to short-term exercise training without weight loss.
Furthermore, total ghrelin concentrations were unchanged after exercise training in women who
did not experience weight loss [85,88], and a study conducted in overweight adolescents observed
no changes in fasting acylated ghrelin when body weight remained stable during the eight-month
supervised exercise intervention [89]. Therefore, it is likely that alterations in appetite-regulatory
hormones arise as a secondary consequence to changes in body mass.

Early evidence of exercise-induced sex differences in appetite hormones was provided by Hickey
and colleagues [90]. In this study, 12 weeks of aerobic exercise training, without a change in body
mass or body fat, significantly reduced fasting insulin and leptin concentrations in women but not
in men. Subsequently, Hagobian and colleagues [13] examined appetite hormone responses to meal
intake before and after four consecutive days of exercise in previously sedentary overweight and obese
men and women. Daily aerobic exercise was performed on a treadmill at 50%–65%

.
VO2peak resulting

in an energy expenditure equivalent to ~30% of total daily energy expenditure and was completed
with and without dietary replacement of the exercise-induced energy deficit. The authors reported
that acylated ghrelin concentrations were higher and insulin concentrations were lower after both
exercise interventions in women (Figure 3). In contrast, although men demonstrated lower insulin
concentrations in the energy deficit condition, this effect was eliminated with energy replacement and
acylated ghrelin was not different after exercise regardless of energy status (Figure 3). These findings
suggest that women experience perturbations in appetite-regulatory hormones conducive to appetite
stimulation in response to the initiation of exercise training. This is consistent with the hypothesis that
the mechanisms governing energy balance are more tightly regulated in women than men.

However, in the Midwest Exercise Trial, lower insulin concentrations were observed in men
but not women after the 16-month exercise training intervention [32]. This was accompanied by a
divergent weight loss response to exercise training (discussed previously) which, coupled with the
greater exercise energy expenditure in men, is likely to explain the differential insulin findings between
this investigation and that of Hagobian and colleagues [13].

Although replacing the exercise-induced energy deficit suppressed appetite perceptions in men
but not women, appetite was not altered when the energy deficit was maintained in either sex [13].
This supports a previous study reporting no change in postprandial appetite in response to 14 days
of moderate- or high-intensity exercise training in lean men and women [91]. In another study,
sex-based differences in body weight and appetite were examined in response to a 12-week supervised
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aerobic exercise intervention in overweight and obese men and women [8]. The 12-week exercise
program resulted in similar reductions in body mass and body fat in the male and female participants.
Furthermore, although fasting hunger ratings were elevated after the exercise training intervention,
the magnitude of change was similar between the sexes and this difference did not translate to altered
hunger responses in the postprandial period.

Figure 3. Total area under the curve (AUC) for plasma acylated ghrelin (a) and insulin (b)
concentrations in the control (�), exercise with energy deficit (�) and exercise with energy balance
(�) conditions in nine men and nine women. Exercise involved four consecutive days of treadmill
exercise at 50%–65% peak oxygen uptake until 30% of total daily energy expenditure was expended.
* Significant difference between exercise intervention and control; † Significant difference between
exercise with energy deficit and exercise with energy balance. Values are mean (error bars not stated
in original article). Data reproduced from reference [13]. © The American Physiological Society.
Reproduced with permission.

5.2. Energy Intake

Current evidence suggests that increasing energy expenditure during short-term exercise training
(3 to 14 days) elicits partial compensations in energy intake [91–94]. Furthermore, a recent systematic
review concluded that longer term exercise training studies (>2 weeks to 18 months) typically observe
no change in energy intake across the training intervention [95]. However, the authors recognised that
the available literature is prone to various methodological shortcomings as highlighted previously
(e.g., unsupervised exercise, self-reported energy intake) which makes it difficult to interpret the
findings with confidence.

A recent study directly comparing isoenergetic three-day energy deficits imposed by diet or
exercise reported that dietary restriction stimulated a compensatory increase in ad libitum energy
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intake that was not observed in response to exercise [96]. This supports the findings from acute studies
demonstrating rapid compensatory changes (appetite, appetite-regulatory hormones, energy intake) in
response to diet-, but not exercise-induced energy deficits in men [71] and women [15]. These findings
suggest that dietary restriction may represent a greater challenge to appetite regulation and energy
balance than exercise, highlighting the importance of exercise to facilitate weight management in men
and women [3].

A potential sex difference in energy intake responses during short-term exercise training was
uncovered in two separate studies by Stubbs and colleagues [93,97]. Specifically, the authors reported
that increasing energy expenditure through exercise training (seven days daily moderate- or
high-intensity exercise) resulted in a partial compensation in energy intake in healthy women that
equated to ~33% of the additional exercise-induced energy expenditure [93]. In contrast, there was
no compensation in the energy intake response to an identical training stimulus in healthy men [97].
However, it is worth noting that energy intake was self-recorded in these studies through subjective
dietary records and self-weighed intakes. This method of recording energy intake is particularly
susceptible to participant bias, which makes it challenging to reconcile self-reported food intake with
actual intake [98].

In a subsequent study adopting objective measures of both energy intake and energy expenditure,
evidence of partial compensations in energy intake emerged after 14 days of supervised daily exercise
which was equivalent to ~30% of the exercise-induced energy deficit [91]. This response was observed
when energy intake data were combined for men and women, but only reached significance in men
when analysed independently by sex [91]. This is consistent with an early study demonstrating that
men, but not women, increase energy intake in response to five days of daily exercise, yet neither sex
fully compensated for the imposed exercise energy expenditure [92]. Consequently, these findings
refute the hypothesis that women compensate for chronic exercise-induced energy deficits by increasing
energy intake.

When data is combined for men and women, studies investigating the effect of 12 weeks
of supervised exercise (five days·week−1, 500 kcal·session−1) on body composition and appetite
control have reported no exercise-induced change in energy intake assessed using self-reported food
diaries [36] or laboratory-based test meals [99]. Furthermore, Westerterp and colleagues [5] reported
no significant change in energy intake assessed using a self-reported seven-day weighed diary in
men or women after 40 weeks of endurance training. In the Midwest Exercise Trials, energy intake
was assessed using a combination of ad libitum meals in the University cafeteria and 24 h recall in
overweight and obese men and women undergoing a supervised aerobic exercise program for 10 [9]
or 16 months [6]. Similarly, no difference in energy intake was reported after the exercise training
interventions in either sex [6,9].

When exercise is supervised and energy intake is quantified objectively using laboratory-based
ad libitum meals, no changes in daily energy intake were observed in overweight and obese men or
women after a 12-week aerobic exercise intervention (Figure 4) [8]. The authors of this study also
highlighted the large variability in individual weight loss responses, both in magnitude and direction,
which may afford some insight into why many individuals do not achieve their predicted changes in
body composition with chronic exercise. Such heterogeneity in response to alterations in energy balance
has been recognised previously [8,9,29,35,37,38]. Interestingly and pertinent to this review, overweight
and obese men and women typically demonstrate a similar degree of individual variability when the
exercise-induced energy expenditure is equivalent between the sexes [8,38]. For example, Caudwell
and colleagues [8] reported body mass changes ranging from −14.7 to 2.0 kg in men and −10.0 to
4 kg in women. Furthermore, when participants are retrospectively classified as “responders” or
“non-responders” (based on their actual weight loss relative to their predicted weight loss), there is
some evidence supporting higher ad libitum energy intake in individuals experiencing lower than
their predicted weight loss [29,37,38].
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Figure 4. Total daily energy intake before (�) and after (�) a 12-week aerobic exercise training
intervention in overweight and obese men (n = 35) and women (n = 72). Total daily energy intake
was quantified objectively using laboratory-based test meal days at Weeks 0 and 12. On each day,
participants were provided with an individualised fixed-energy breakfast (ad libitum at Week 0),
fixed-energy lunch, ad libitum dinner and evening snack box. * Significant difference between women
and men p ≤ 0.05. Values are mean (SD). Data from reference [8]. © Wolters Kluwer Health, Inc.
Reproduced with permission.

6. Implications and Future Directions

Scientific interest in potential sex-based differences in appetite regulation stems from initial
evidence suggesting that men experience greater body mass and body fat reductions after exercise
training than women [5,6]. Furthermore, evidence from an evolutionary biology perspective suggesting
that women have evolved to store body fat to preserve energy balance and reproductive function
has also driven research endeavour in this regard [10,12]. However, more recent experimental work
has questioned the prevailing view that exercise is less effective for inducing weight loss in women,
with several studies showing equivalent effects of exercise training on body composition in both sexes
when the exercise-induced energy expenditure is matched [8,9]. Collectively, the balance of findings’
presented in this review suggest that men and women do not exhibit different responses (appetite,
appetite-regulatory hormones, energy intake) to acute or chronic exercise-induced energy deficits.
This has important implications for men and women engaging in exercise for health, and supports
the promotion of exercise as a weight management tool for all. However, it is likely that women will
need to exercise for a longer duration and/or at a higher intensity to achieve a similar exercise energy
expenditure as men.

The findings provided within the current literature from experiments focussing on weight loss
can be useful in informing individuals about exercise and dietary approaches for health. In this regard,
it has been established that exercise-induced energy deficits stimulate smaller changes in appetite,
appetite-regulatory hormones and energy intake compared with dietary restriction in both men [71,96]
and women [15]. This may assist in informing an individuals’ decision regarding their preferred
method of inducing an energy deficit for weight loss and also provide information regarding the
anticipated homeostatic responses (i.e., greater appetite stimulation with food restriction).

Considering that exercise training appears to elicit at most a partial, but incomplete, compensation
in energy intake in both sexes, it seems that men and women can endure prolonged periods in an
exercise-induced energy deficit which may facilitate the development of a negative energy balance.
Such incomplete compensation also supports evidence that larger exercise-induced energy deficits
promote greater weight loss during an exercise intervention [34,35]. However, it is worth reiterating
the considerable variability in responses (albeit to a similar degree in men and women), with some
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individuals appearing susceptible to increased hunger and energy intake with exercise training
that attenuates the degree of weight loss [29,37,38]. Nevertheless, exercise training triggers marked
improvements in other important outcomes in the absence of weight loss (e.g., cardiorespiratory
fitness, body composition, insulin sensitivity) [26], which is important for those undertaking exercise
for health benefits.

Although a considerable body of literature has developed understanding of the relationship
between exercise, appetite and weight control, there are only a few studies which have directly
focused on sex-based differences. Additional research is required to expand the evidence base
before definitive conclusions can be drawn. This should include different types of exercise and
insights into the mechanisms governing appetite control, both of which appear sparse in the current
literature. Studies investigating a wider array of appetite parameters, particularly appetite hormones
beyond the initiation of exercise training, between men and women would also be welcomed.
Furthermore, considering potential sex-based differences in non-homeostatic factors governing energy
balance (e.g., neuronal responses [100], and cognitive/behavioural cues [101]) is another important
line of scientific inquiry and will provide a more holistic insight into appetite regulation in men and
women. Future research into the appetite, appetite-regulatory hormone and energy intake responses
of elite athletes to exercise and dietary interventions also represents an important future research
direction to better understand energy balance and the consequences of energy manipulation in this
population. It is imperative that acute and chronic investigations adopt mixed-measures designs and
utilise objective measures of energy balance components when examining interactions among appetite,
appetite-regulatory hormones and energy intake between men and women.

7. Conclusions

This review has demonstrated that appetite, appetite-regulatory hormone and energy intake
responses to acute exercise-induced energy deficits are similar between men and women.
Specifically, the consensus of evidence suggests that acute exercise transiently suppresses appetite,
and does not stimulate compensatory changes in appetite, appetite-regulatory hormones or energy
intake in the hours after acute exercise in either sex. Evidence derived from exercise training studies
appear less conclusive, with limited evidence that women, but not men, respond to the initiation of
exercise training with compensatory changes in appetite-regulatory hormones conducive to appetite
stimulation. However, it is not known whether this change translates into long-term differences after a
more sustained period of exercise training. Furthermore, evidence does not support a sex dimorphism
in appetite or energy intake when assessed objectively, and increasing energy expenditure through
exercise elicits at most a partial energy compensation in both sexes. Few studies have directly compared
appetite, appetite-regulatory hormone and energy intake responses to acute and chronic exercise
interventions between men and women. Therefore, these conclusions are supported by evidence
drawn from the limited studies directly comparing the sexes and supplemented by those conducted in
men and women separately. A better understanding of whether appetite, appetite-regulatory hormone
and energy intake responses to exercise-induced energy deficits differ by sex may contribute to the
development of more effective weight management strategies.

Acknowledgments: This work is supported by the National Institute for Health Research (NIHR) Diet, Lifestyle &
Physical Activity Biomedical Research Unit based at University Hospitals of Leicester and Loughborough
University. The views expressed are those of the authors and not necessarily those of the NHS, the NIHR
or the Department of Health.

Author Contributions: A.E.T. and D.J.S. conceived and designed the review content. A.E.T. wrote the manuscript.
K.D., J.A.K. and D.J.S. provided critical revisions to the manuscript. All authors approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

271



Nutrients 2016, 8, 583

References

1. Wang, Y.C.; McPherson, K.; Marsh, T.; Gortmaker, S.L.; Brown, M. Health and economic burden of the
projected obesity trends in the USA and the UK. Lancet 2011, 378, 815–825. [CrossRef]

2. Ng, M.; Fleming, T.; Robinson, M.; Thomson, B.; Graetz, N.; Margono, C.; Mullany, E.C.; Biryukov, S.;
Abbafati, C.; Abera, S.F.; et al. Global, regional, and national prevalence of overweight and obesity in
children and adults during 1980–2013: A systematic analysis for the Global Burden of Disease Study 2013.
Lancet 2014, 384, 766–781. [CrossRef]

3. Donnelly, J.E.; Blair, S.N.; Jakicic, J.M.; Manore, M.M.; Rankin, J.W.; Smith, B.K. American College of Sports
Medicine Position Stand. Appropriate physical activity intervention strategies for weight loss and prevention
of weight regain for adults. Med. Sci. Sports Exerc. 2009, 41, 459–471. [CrossRef] [PubMed]

4. Schubert, M.M.; Sabapathy, S.; Leveritt, M.; Desbrow, B. Acute exercise and hormones related to appetite
regulation: A meta-analysis. Sports Med. 2014, 44, 387–403. [CrossRef] [PubMed]

5. Westerterp, K.R.; Meijer, G.A.L.; Janssen, E.M.E.; Saris, W.H.M.; Ten Hoor, F. Long-term effect of physical
activity on energy balance and body composition. Br. J. Nutr. 1992, 68, 21–30. [CrossRef] [PubMed]

6. Donnelly, J.E.; Hill, J.O.; Jacobsen, D.J.; Potteiger, J.; Sullivan, D.K.; Johnson, S.L.; Heelan, K.; Hise, M.;
Fennessey, P.V.; Sonko, B.; et al. Effects of a 16-month randomized controlled exercise trial on body weight
and composition in young, overweight men and women: The Midwest Exercise Trial. Arch. Intern. Med.
2003, 163, 1343–1350. [CrossRef] [PubMed]

7. Irving, B.A.; Weltman, J.Y.; Patrie, J.T.; Davis, C.K.; Brock, D.W.; Swift, D.; Barrett, E.J.; Gaesser, G.A.;
Weltman, A. Effects of exercise training intensity on nocturnal growth hormone secretion in obese adults
with the metabolic syndrome. J. Clin. Endocrinol. Metab. 2009, 94, 1979–1986. [CrossRef] [PubMed]

8. Caudwell, P.; Gibbons, C.; Hopkins, M.; King, N.; Finlayson, G.; Blundell, J. No sex difference in body fat
in response to supervised and measured exercise. Med. Sci. Sports Exerc. 2013, 45, 351–358. [CrossRef]
[PubMed]

9. Donnelly, J.E.; Honas, J.J.; Smith, B.K.; Mayo, M.; Gibson, C.A.; Sullivan, D.K.; Lee, J.; Herrmann, S.D.;
Lambourne, K.; Washburn, R.A. Aerobic exercise alone results in clinically significant weight loss for men
and women: Midwest Exercise Trial 2. Obesity 2013, 21, E219–E228. [CrossRef] [PubMed]

10. Wade, G.N.; Jones, J.E. Neuroendocrinology of nutritional infertility. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2004, 287, R1277–R1296. [CrossRef] [PubMed]

11. Hagobian, T.A.; Braun, B. Physical activity and hormonal regulation of appetite: Sex differences and weight
control. Exerc. Sport Sci. Rev. 2010, 38, 25–30. [CrossRef] [PubMed]

12. Lieberman, D.E. Is exercise really medicine? An evolutionary perspective. Curr. Sports Med. Rep. 2015, 14,
313–319. [CrossRef] [PubMed]

13. Hagobian, T.A.; Sharoff, C.G.; Stephens, B.R.; Wade, G.N.; Silva, J.E.; Chipkin, S.R.; Braun, B. Effects of
exercise on energy-regulating hormones and appetite in men and women. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2009, 296, R233–R242. [CrossRef] [PubMed]

14. Hagobian, T.A.; Yamashiro, M.; Hinkel-Lipsker, J.; Streder, K.; Evero, N.; Hackney, T. Effects of acute exercise
on appetite hormones and ad libitum energy intake in men and women. Appl. Physiol. Nutr. Metab. 2013, 38,
66–72. [CrossRef] [PubMed]

15. Alajmi, N.; Deighton, K.; King, J.A.; Reischak-Oliveira, A.; Wasse, L.K.; Jones, J.; Batterham, R.L.; Stensel, D.J.
Appetite and energy intake responses to acute energy deficits in females versus males. Med. Sci. Sports Exerc.
2016, 48, 412–420. [CrossRef] [PubMed]

16. Karra, E.; Batterham, R.L. The role of gut hormones in the regulation of body weight and energy homeostasis.
Mol. Cell. Endocrinol. 2010, 316, 120–128. [CrossRef] [PubMed]

17. Hussain, S.S.; Bloom, S.R. The regulation of food intake by the gut-brain axis: Implications for obesity.
Int. J. Obes. 2013, 37, 625–633. [CrossRef] [PubMed]

18. Wynne, K.; Stanley, S.; McGowan, B.; Bloom, S. Appetite control. J. Endocrinol. 2005, 184, 291–318. [CrossRef]
[PubMed]

19. Cummings, D.E.; Overduin, J. Gastrointestinal regulation of food intake. J. Clin. Investig. 2007, 117, 13–23.
[CrossRef] [PubMed]

272



Nutrients 2016, 8, 583

20. Ghigo, E.; Broglio, F.; Arvat, E.; Maccario, M.; Papotti, M.; Muccioli, G. Ghrelin: More than a natural GH
secretagogue and/or an orexigenic factor. Clin. Endocrinol. 2005, 62, 1–17. [CrossRef] [PubMed]

21. Cummings, D.E.; Frayo, R.S.; Marmonier, C.; Aubert, R.; Chapelot, D. Plasma ghrelin levels and
hunger scores in humans initiating meals voluntarily without time- and food-related cues. Am. J. Physiol.
Endocrinol. Metab. 2004, 287, E297–E304. [CrossRef] [PubMed]

22. Batterham, R.L.; Cohen, M.A.; Ellis, S.M.; Le Roux, C.W.; Withers, D.J.; Frost, G.S.; Ghatei, M.A.; Bloom, S.R.
Inhibition of food intake in obese subjects by peptide YY3–36. N. Engl. J. Med. 2003, 349, 941–948. [CrossRef]
[PubMed]

23. Verdich, C.; Flint, A.; Gutzwiller, J.P.; Näslund, E.; Beglinger, C.; Hellström, P.M.; Long, S.J.; Morgan, L.M.;
Holst, J.J.; Astrup, A. A meta-analysis of the effect of glucagon-like peptide-1 (7–36) amide on ad libitum
energy intake in humans. J. Clin. Endocrinol. Metab. 2001, 86, 4382–4389. [CrossRef] [PubMed]

24. Blundell, J.E.; Caudwell, P.; Gibbons, C.; Hopkins, M.; Naslund, E.; King, N.; Finlayson, G. Role of resting
metabolic rate and energy expenditure in hunger and appetite control: A new formulation. Dis. Model. Mech.
2012, 5, 608–613. [CrossRef] [PubMed]

25. Blundell, J.E.; Gibbons, C.; Caudwell, P.; Finlayson, G.; Hopkins, M. Appetite control and energy balance:
Impact of exercise. Obes. Rev. 2015, 16, 67–76. [CrossRef] [PubMed]

26. King, N.A.; Hopkins, M.; Caudwell, P.; Stubbs, R.J.; Blundell, J.E. Beneficial effects of exercise: Shifting the
focus from body weight to other markers of health. Br. J. Sports Med. 2009, 43, 924–927. [CrossRef] [PubMed]

27. Shaw, K.A.; Gennat, H.C.; O’Rourke, P.; Del Mar, C. Exercise for overweight or obesity. Cochrane Database
Syst. Rev. 2006, 18. [CrossRef]

28. Catenacci, V.A.; Wyatt, H.R. The role of physical activity in producing and maintaining weight loss.
Nat. Clin. Pract. Endocrinol. Metab. 2007, 3, 518–529. [CrossRef] [PubMed]

29. King, N.A.; Hopkins, M.; Caudwell, P.; Stubbs, R.J.; Blundell, J.E. Individual variability following 12-weeks
of supervised exercise: Identification and characterization of compensation for exercise-induced weight loss.
Int. J. Obes. 2008, 32, 177–184. [CrossRef] [PubMed]

30. Donnelly, J.E.; Smith, B.K. Is exercise effective for weight loss with ad libitum diet? Energy balance,
compensation, and gender differences. Exerc. Sport Sci. Rev. 2005, 33, 169–174. [CrossRef] [PubMed]

31. Després, J.P.; Bouchard, C.; Savard, R.; Tremblay, A.; Marcotte, M.; Thériault, G. The effect of a 20-week
endurance training program on adipose-tissue morphology and lipolysis in men and women. Metabolism
1984, 33, 235–239. [CrossRef]

32. Potteiger, J.A.; Jacobsen, D.J.; Donnelly, J.E.; Hill, J.O. Glucose and insulin responses following 16 months
of exercise training in overweight adults: The Midwest Exercise Trial. Metabolism 2003, 52, 1175–1181.
[CrossRef]

33. Caudwell, P.; Gibbons, C.; Finlayson, G.; Näslund, E.; Blundell, J. Exercise and weight loss: No sex differences
in body weight response to exercise. Exerc. Sport Sci. Rev. 2014, 42, 92–101. [CrossRef] [PubMed]

34. Jakicic, J.M.; Marcus, B.H.; Lang, W.; Janney, C. Effect of exercise on 24-month weight loss maintenance in
overweight women. Arch. Intern. Med. 2008, 168, 1550–1559. [CrossRef] [PubMed]

35. Barwell, N.D.; Malkova, D.; Leggate, M.; Gill, J.M.R. Individual responsiveness to exercise-induced fat loss is
associated with change in resting substrate utilization. Metabolism 2009, 58, 1320–1328. [CrossRef] [PubMed]

36. Martins, C.; Kulseng, B.; King, N.A.; Holst, J.J.; Blundell, J.E. The effects of exercise-induced weight loss on
appetite-related peptides and motivation to eat. J. Clin. Endocrinol. Metab. 2010, 95, 1609–1616. [CrossRef]
[PubMed]

37. Caudwell, P.; Hopkins, M.; King, N.A.; Stubbs, R.J.; Blundell, J.E. Exercise alone is not enough: Weight loss
also needs a healthy (Mediterranean) diet? Public Health Nutr. 2009, 12, 1663–1666. [CrossRef] [PubMed]

38. King, N.A.; Caudwell, P.P.; Hopkins, M.; Stubbs, J.R.; Naslund, E.; Blundell, J.E. Dual-process action of
exercise on appetite control: Increase in orexigenic drive but improvement in meal-induced satiety. Am. J.
Clin. Nutr. 2009, 90, 921–927. [CrossRef] [PubMed]

39. Stensel, D. Exercise, appetite and appetite-regulating hormones: Implications for food intake and weight
control. Ann. Nutr. Metab. 2010, 57, 36–42. [CrossRef] [PubMed]

40. King, J.A.; Wasse, L.K.; Stensel, D.J.; Nimmo, M.A. Exercise and ghrelin. A narrative overview of research.
Appetite 2013, 68, 83–91. [CrossRef] [PubMed]

273



Nutrients 2016, 8, 583

41. Schubert, M.M.; Desbrow, B.; Sabapathy, S.; Leveritt, M. Acute exercise and subsequent energy intake.
A meta-analysis. Appetite 2013, 63, 92–104. [CrossRef] [PubMed]

42. Deighton, K.; Stensel, D.J. Creating an acute energy deficit without stimulating compensatory increases in
appetite: Is there an optimal exercise protocol? Proc. Nutr. Soc. 2014, 73, 352–358. [CrossRef] [PubMed]

43. Hazell, T.J.; Islam, H.; Townsend, L.K.; Schmale, M.S.; Copeland, J.L. Effects of exercise intensity on plasma
concentrations of appetite-regulating hormones: Potential mechanisms. Appetite 2016, 98, 80–88. [CrossRef]
[PubMed]

44. King, N.A.; Burley, V.J.; Blundell, J.E. Exercise-induced suppression of appetite: Effects on food intake and
implications for energy balance. Eur. J. Clin. Nutr. 1994, 48, 715–724. [PubMed]

45. Broom, D.R.; Stensel, D.J.; Bishop, N.C.; Burns, S.F.; Miyashita, M. Exercise-induced suppression of acylated
ghrelin in humans. J. Appl. Physiol. 2007, 102, 2165–2171. [CrossRef] [PubMed]

46. Broom, D.R.; Batterham, R.L.; King, J.A.; Stensel, D.J. Influence of resistance and aerobic exercise on hunger,
circulating levels of acylated ghrelin, and peptide YY in healthy males. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2009, 296, R29–R35. [CrossRef] [PubMed]

47. Ueda, S.; Yoshikawa, T.; Katsura, Y.; Usui, T.; Nakao, H.; Fujimoto, S. Changes in gut hormone levels and
negative energy balance during aerobic exercise in obese young males. J. Endocrinol. 2009, 201, 151–159.
[CrossRef] [PubMed]

48. King, J.A.; Miyashita, M.; Wasse, L.K.; Stensel, D.J. Influence of prolonged treadmill running on appetite,
energy intake and circulating concentrations of acylated ghrelin. Appetite 2010, 54, 492–498. [CrossRef]
[PubMed]

49. King, J.A.; Wasse, L.K.; Broom, D.R.; Stensel, D.J. Influence of brisk walking on appetite, energy intake, and
plasma acylated ghrelin. Med. Sci. Sports Exerc. 2010, 42, 485–492. [CrossRef] [PubMed]

50. Martins, C.; Morgan, L.M.; Bloom, S.R.; Robertson, M.D. Effects of exercise on gut peptides, energy intake
and appetite. J. Endocrinol. 2007, 193, 251–258. [CrossRef] [PubMed]

51. Becker, G.F.; Macedo, R.C.O.; Cunha, G.S.; Martins, J.B.; Laitano, O.; Reischak-Oliveira, A. Combined effects
of aerobic exercise and high-carbohydrate meal on plasma acylated ghrelin and levels of hunger.
Appl. Physiol. Nutr. Metab. 2012, 37, 184–192. [CrossRef] [PubMed]

52. Deighton, K.; Barry, R.; Connon, C.E.; Stensel, D.J. Appetite, gut hormone and energy intake responses to
low volume sprint interval and traditional endurance exercise. Eur. J. Appl. Physiol. 2013, 113, 1147–1156.
[CrossRef] [PubMed]

53. Deighton, K.; Karra, E.; Batterham, R.L.; Stensel, D.J. Appetite, energy intake, and PYY3–36 responses to
energy-matched continuous exercise and submaximal high-intensity exercise. Appl. Physiol. Nutr. Metab.
2013, 38, 947–952. [CrossRef] [PubMed]

54. King, J.A.; Wasse, L.K.; Stensel, D.J. The acute effects of swimming on appetite, food intake, and plasma
acylated ghrelin. J. Obes. 2010, 2011. [CrossRef] [PubMed]

55. Balaguera-Cortes, L.; Wallman, K.E.; Fairchild, T.J.; Guelfi, K.J. Energy intake and appetite-related hormones
following acute aerobic and resistance exercise. Appl. Physiol. Nutr. Metab. 2011, 36, 958–966. [CrossRef]
[PubMed]

56. Metcalfe, R.S.; Koumanov, F.; Ruffino, J.S.; Stokes, K.A.; Holman, G.D.; Thompson, D.; Vollaard, N.B.J.
Physiological and molecular responses to an acute bout of reduced-exertion high-intensity interval training
(REHIT). Eur. J. Appl. Physiol. 2015, 115, 2321–2334. [CrossRef] [PubMed]

57. Malkova, D.; McLaughlin, R.; Manthou, E.; Wallace, A.M.; Nimmo, M.A. Effect of moderate-intensity exercise
session on preprandial and postprandial responses of circulating ghrelin and appetite. Horm. Metab. Res.
2008, 40, 410–415. [CrossRef] [PubMed]

58. Sim, A.Y.; Wallman, K.E.; Fairchild, T.J.; Guelfi, K.J. High-intensity intermittent exercise attenuates ad-libitum
energy intake. Int. J. Obes. 2014, 38, 417–422. [CrossRef] [PubMed]

59. Howe, S.M.; Hand, T.M.; Larson-Meyer, D.E.; Austin, K.J.; Alexander, B.M.; Manore, M.M. No effect of
exercise intensity on appetite in highly-trained endurance women. Nutrients 2016, 8, 223. [CrossRef]
[PubMed]

60. Tiryaki-Sonmez, G.; Ozen, S.; Bugdayci, G.; Karli, U.; Ozen, G.; Cogalgil, S.; Schoenfeld, B.; Sozbir, K.;
Aydin, K. Effect of exercise on appetite-regulating hormones in overweight women. Biol. Sport 2013, 30,
75–80. [CrossRef] [PubMed]

274



Nutrients 2016, 8, 583

61. Tsofliou, F.; Pitsiladis, Y.P.; Malkova, D.; Wallace, A.M.; Lean, M.E.J. Moderate physical activity permits
acute coupling between serum leptin and appetite-satiety measures in obese women. Int. J. Obes. Relat.
Metab. Disord. 2003, 27, 1332–1339. [CrossRef] [PubMed]

62. Unick, J.L.; Otto, A.D.; Goodpaster, B.H.; Helsel, D.L.; Pellegrini, C.A.; Jakicic, J.M. Acute effect of walking
on energy intake in overweight/obese women. Appetite 2010, 55, 413–419. [CrossRef] [PubMed]

63. King, N.A.; Snell, L.; Smith, R.D.; Blundell, J.E. Effects of short-term exercise on appetite responses in
unrestrained females. Eur. J. Clin. Nutr. 1996, 50, 663–667. [PubMed]

64. Larson-Meyer, D.E.; Palm, S.; Bansal, A.; Austin, K.J.; Hart, A.M.; Alexander, B.M. Influence of running and
walking on hormonal regulators of appetite in women. J. Obes. 2011, 2012. [CrossRef] [PubMed]

65. Kawano, H.; Motegi, F.; Ando, T.; Gando, Y.; Mineta, M.; Numao, S.; Miyashita, M.; Sakamoto, S.; Higuchi, M.
Appetite after rope skipping may differ between males and females. Obes. Res. Clin. Pract. 2012, 6, e121–e127.
[CrossRef] [PubMed]

66. Bailey, D.P.; Broom, D.R.; Chrismas, B.C.R.; Taylor, L.; Flynn, E.; Hough, J. Breaking up prolonged sitting
time with walking does not affect appetite or gut hormone concentrations but does induce an energy deficit
and suppresses postprandial glycaemia in sedentary adults. Appl. Physiol. Nutr. Metab. 2016, 41, 324–331.
[CrossRef] [PubMed]

67. Geiker, N.R.; Ritz, C.; Pedersen, S.D.; Larsen, T.M.; Hill, J.O.; Astrup, A. A weight-loss program adapted to the
menstrual cycle increases weight loss in healthy, overweight, premenopausal women: A 6-mo randomized
controlled trial. Am. J. Clin. Nutr. 2016, 104, 15–20. [CrossRef] [PubMed]

68. Sung, E.; Han, A.; Hinrichs, T.; Vorgerd, M.; Manchado, C.; Platen, P. Effects of follicular versus luteal
phase-based strength training in young women. Springerplus 2014, 3, 668. [CrossRef] [PubMed]

69. Buffenstein, R.; Poppitt, S.D.; McDevitt, R.M.; Prentice, A.M. Food intake and the menstrual cycle:
A retrospective analysis, with implications for appetite research. Physiol. Behav. 1995, 58, 1067–1077.
[CrossRef]

70. Brennan, I.M.; Feltrin, K.L.; Nair, N.S.; Hausken, T.; Little, T.J.; Gentilcore, D.; Wishart, J.M.; Jones, K.L.;
Horowitz, M.; Feinle-Bisset, C. Effects of the phases of the menstrual cycle on gastric emptying,
glycemia, plasma GLP-1 and insulin, and energy intake in healthy lean women. Am. J. Physiol. Gastrointest.
Liver Physiol. 2009, 297, G602–G610. [CrossRef] [PubMed]

71. King, J.A.; Wasse, L.K.; Ewens, J.; Crystallis, K.; Emmanuel, J.; Batterham, R.L.; Stensel, D.J.
Differential acylated ghrelin, peptide YY3–36, appetite, and food intake responses to equivalent energy
deficits created by exercise and food restriction. J. Clin. Endocrinol. Metab. 2011, 96, 1114–1121. [CrossRef]
[PubMed]

72. Kelly, P.J.; Guelfi, K.J.; Wallman, K.E.; Fairchild, T.J. Mild dehydration does not reduce postexercise appetite
or energy intake. Med. Sci. Sports Exerc. 2012, 44, 516–524. [CrossRef] [PubMed]

73. Wasse, L.K.; Sunderland, C.; King, J.A.; Batterham, R.L.; Stensel, D.J. Influence of rest and exercise at a
simulated altitude of 4000 m on appetite, energy intake, and plasma concentrations of acylated ghrelin and
peptide YY. J. Appl. Physiol. 2012, 112, 552–559. [CrossRef] [PubMed]
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Abstract: (1) Background: studies with able-bodied athletes showed that performance might possibly
be influenced by vitamin D status. Vitamin D seems to have a direct impact on neuromuscular
function by docking on vitamin D receptors in the muscle tissue. Additionally, a high prevalence
of vitamin D deficiency was shown not only in infants and in the elderly but also in healthy adults
and spinal cord injured individuals. Therefore, the aim of our study was to investigate whether a
vitamin D dose of 6000 IU daily over 12 weeks would be sufficient to increase vitamin D status in
indoor wheelchair athletes to a normal or optimal vitamin D level and whether vitamin D deficiency
is associated with an impairment in muscle performance in these individuals; (2) Methods: vitamin D
status was assessed in indoor elite wheelchair athletes in order to have a baseline measurement.
If vitamin D status was below 75 nmol/L, athletes were supplemented with 6000 IU of vitamin D daily
over 12 weeks. A vitamin D status over 75 nmol/L was supplemented with a placebo supplement.
Vitamin D status, as well as a Wingate test and an isokinetic dynamometer test, were performed at
baseline and after six and 12 weeks; (3) Results: 20 indoor elite wheelchair athletes participated in
this double-blind study. All of these athletes showed an insufficient vitamin D status at baseline and
were, therefore, supplemented with vitamin D. All athletes increased vitamin D status significantly
over 12 weeks and reached an optimal level. Wingate performance was not significantly increased.
Isokinetic dynamometer strength was significantly increased but only in the non-dominant arm in
isometric and concentric elbow flexion; (4) Conclusion: a dose of 6000 IU of vitamin D daily over a
duration of 12 weeks seems to be sufficient to increase vitamin D status to an optimal level in indoor
wheelchair athletes. It remains unclear, whether upper body performance or muscle strength and
vitamin D status are associated with each other.

Keywords: 25[OH]D; spinal cord injuries; anaerobic performance test; dynamometer test

1. Introduction

A high prevalence of vitamin D deficiency was shown not only in infants [1,2] and in the
elderly [3], but also in young and healthy adults [4,5]. As vitamin D is primarily produced by
ultraviolet radiation through sunlight exposure, a deficiency can possibly develop in healthy people as
well. Such a deficiency may not only increase the risk for several different diseases, such as cancer [6,7],
cardiovascular disease [8,9], and dementia [10], but also decrease neuromuscular function [11]. Such a
neuromuscular impairment might be explained by the existence of vitamin D receptors (VDR) in
human muscle tissue [12]. Thus, vitamin D deficiency might also lead to muscle weakness and
pain. Further, vitamin D seems to influence not only muscle growth and cell differentiation, but also
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increase sarcoplasmic calcium uptake resulting in a higher muscle contractility [13]. Therefore, it is not
surprising that positive effects of vitamin D supplementation on muscle function were found [14–18].
Studies showed a reduction in falls and a beneficial effects on muscle strength, balance, and gait
performance in the elderly [19]. Other studies found an increase in upper and lower body muscle
strength after vitamin D supplementation [18]. Nonetheless, the impact of vitamin D supplementation
on muscular performance in athletes remains controversial. Some studies found no effect on
performance [20,21], whereas others found a significantly increased isometric quadriceps strength,
vertical jump, and sprint time after vitamin D supplementation [22,23].

Similar to the studies with able-bodied individuals, a high prevalence of vitamin D deficiency
or insufficiency was found in patients [24] and athletes [25,26] with a spinal cord injury. Due to
the impairment of the spinal cord, muscle strength might already be decreased and an additional
impairment through vitamin D deficiency needs to be avoided. Only one study investigated the effect
of vitamin D supplementation in athletes with a spinal cord injury on vitamin D status [27]. In this
study, a vitamin D supplementation with 5000 IU daily increased vitamin D status over wintertime.

Therefore, the aim of our study was to investigate the effect of vitamin D supplementation on
muscle strength and performance in indoor wheelchair athletes. Firstly, the objective was to detect
whether a dose of 6000 IU daily is sufficient to increase vitamin D status to a normal level over
12 weeks in athletes suffering from a deficiency. Another goal was to investigate the relationship
between vitamin D status and muscle strength.

2. Materials and Methods

2.1. Study Participants

Swiss male elite wheelchair indoor athletes, 18 to 60 years old and physically active for at least
45 min twice a week were recruited for this study. They had to perform their sport for more than
two years and suffer from a chronic spinal cord injury or from cerebral palsy. The intervention
study took place during the winter months (November–April) and the follow-up during spring
(April–June) in Nottwil, Switzerland (47◦ north latitude). Any participant being abroad below the
37th parallel during the study phase or shortly before the start of the study was withdrawn from
participating. Participants already supplementing with a vitamin D dose higher than 400 IU daily
were also excluded from the study. Other exclusion criteria were suffering from a respiratory or
cardiovascular disease, kidney insufficiency, or parathyroid gland ailment. All participants were asked
to sign written informed consent and had to maintain their regular training schedule as well as to
refrain from taking any additional supplements. The study was approved by the local ethics committee
(Ethikkommission Nordwest-und Zentralschweiz (EKNZ), Basel, Switzerland) (Project #2015-344,
clinicaltrials.gov NCT02621320).

2.2. Study Design

The double-blind, non-randomized intervention study took place at the Institute of Sports
Medicine in Nottwil, Switzerland. Participants visited the institute on five different occasions during
the intervention phase and on two additional occasions for those participating in the follow up.
On the first visit, the screening questionnaire was completed and the medical history was checked
to ensure that all criteria were fulfilled. The second visit was conducted in order to familiarize the
participants with the performance tests. All participants performed and isokinetic dynamometer test
(see Section 2.4) followed by a fifteen minute recovery break. Subsequently, a 30 s Wingate test on an
arm crank ergometer (see Section 2.5) was performed.

Each participant replicated this test procedure on three occasions during the intervention phase
and on two additional occasions during the follow up phase (only vitamin D concentration and the
Wingate test). The tests took place at the same time of the day and were separated by six weeks. Before
each session, the fulfillment of the test requirements was checked (i.e., no exercise twelve hours and no
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intense exercise 48 h before testing, at least seven hours of sleep during the previous night, no caffeine
intake and replicated food intake prior to each session). After completion of this checklist, two venous
blood samples were drawn in order to analyze the vitamin D and the calcium status. All participants
with an insufficient vitamin D status (<75 nmol/L) received a vitamin D supplement during the
intervention phase and all participants with a sufficient vitamin D status (>75 nmol/L) received a
placebo supplement during the intervention phase (see Section 2.3). After the blood withdrawal,
a Disabilities of the Arm, Shoulder and Hand (DASH) questionnaire [28] was completed.

2.3. Vitamin D Supplementation

Vitamin D3 (cholecalciferol) supplement (Vi-De 3®, Wild and Co. AG, Muttenz, Switzerland) was
given in a dose of 6000 IU daily over twelve weeks (intervention phase). The tolerable upper limit
intake level of the Endocrine Practice Guidelines Committee of 10,000 IU daily was not exceeded and,
therefore, no side effects were expected [29]. The placebo supplement was based on the same alcohol
solution (65% ethanol, Dr. Wild and Co. AG, Muttenz, Switzerland). The supplements were handed
over in identical bottles and were ingested dropwise (either 60 drops or 1.3 mL daily). Bottles and
solutions were not distinguishable for the participants in smell and color.

Self-reported compliance was assessed by regularly asking the frequency of taking vitamin D
or placebo supplementation over the last two weeks. To achieve a high compliance, each participant
installed a mobile app (Medisafe, Medisafe Inc., Boston, MA, USA) and set a daily reminder.

To assess tolerance, participants were asked every two weeks how they tolerate the supplement.

2.4. The Isokinetic Dynamometer Test

An isokinetic dynamometer (Cybex Norm II, Lumex Inc., Ronkomkoma, NY, USA) was used to
measure peak torque of elbow flexion strength at different velocities for isometric (0◦/s) and concentric
(60◦/s and 180◦/s) exercise. The device was connected to the software (Humac 2015, CSMi, Stroughton,
MA, USA) and calibration was performed in monthly intervals as proposed by the manufacturer.
Participants were placed in a supine position fixed with straps and with a pillow under their knees.
The shoulder joint was abducted in 45◦ and the wrist was strapped proximal with the hand in a
neutral position to the lever arm of the dynamometer. The axis of rotation was aligned with the lateral
epicondyle. Testing was limited between 20◦ and 120◦ of elbow flexion. Strong verbal encouragement
was used during maximal effort.

A standardized warm-up with 10 repetitions at 120◦/s was performed before the data collection.
Subsequently, data collection started with the measurement of concentric work at 60 and 180◦/s
followed by isometric work.

Test-re-test reliability was checked prior to the start of the study in 10 able-bodied participants.
Isometric, as well as both concentric measurements, showed “high” to “very high” reliability according
to Munro’s classification of the intra-class correlation coefficient (ICC) [30]. The ICC ranged between
0.843 and 0.925 for the different test settings (Table S1).

2.5. The Wingate Test

Participants performed a Wingate test using a rotational speed-dependent arm crank ergometer
(Angio V2, Lode B.V., Groningen, The Netherlands) which was connected to the software (Wingate,
Lode B.V., Groningen, The Netherlands). This Wingate test on the arm crank ergometer was shown to
be highly reliable in individuals with a paraplegia [31] and tetraplegia [32]. Participants were seated in
an adapted office chair, which was positioned to allow a slight bend of the elbows. The height of the
crank and the distance between the chair and the crank were recorded to replicate the conditions in
the next test session. In some participants hand fixations and chest straps were needed to fix them to
the crank or the chair. A resistance load of 1%–3% was applied in individuals with a tetraplegia [32].
In individuals with paraplegia, a resistance load of 4% was used. These settings were tested during
the familiarization trials and adjusted for the intervention sessions where needed.
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Five minutes of a standardized warm-up at 20 W and 60 rpm was performed before the start of
the test. Subsequently, the resistance load was applied and the Wingate test was started. After the
test, participants stopped to crank immediately and blood lactate concentrations were measured at 0,
2, 4, 6, 8, and 10 min after the end of the test using an enzymatic amperometric chip sensor system
(Biosen C-Line Clinic, EKF diagnostic GmbH, Cardiff, UK). Blood samples were taken from the earlobe.
A heart rate monitor (S610i, Polar Electro Oy, Kempele, Finland) was used to measure maximal heart
rate during the test. These data were analyzed with the Polar Pro Trainer 5 software (Polar Electro Oy,
Kempele, Finland). Rated perceived exertion (RPE) was assessed during warm-up and at the end of
the test by using a Borg scale ranging from 6 to 20 [33]. Maximal power (Ppeak), average power (Pmean)
and fatigue index (FI) during the Wingate test were analyzed.

2.6. Blood Parameters

Blood samples were drawn from the antecubital vein using a blood collection system
(S-Monovette® 4.9 mL Z, Sarestedt, Nümbrecht, Germany). Samples were immediately packed into an
opaque plastic tube to protect them from any ultraviolet radiation. The samples were then immediately
centrifuged at 20 ◦C at 3000 rpm for 10 min (Rotina 380, Hettich GmbH, Tuttlingen, Germany) in
the in-house laboratory of the Swiss Paraplegic Centre, Nottwil, Switzerland. After centrifugation,
the samples were stored at −25 ◦C for later analysis.

Serum 25-hydroxyvitamin D (25[OH]D) was analyzed with an automated benchtop
immunoanalyzer (Vidas®, bioMérieux, Marcy l’Etoile, France) using enzyme-linked fluorescent assay
(ELFA). Serum calcium concentration was assayed with a photometric technique method (Cobas c501,
Roche Diagnostic GmbH, Mannheim, Germany).

2.7. DASH Questionnaire

The Disabilities of the Arm, Shoulder and Hand (DASH) questionnaire was used to assess upper
extremity function and symptoms (non-specific for wheelchair users) [28]. The DASH questionnaire
was completed at the laboratory previously to the start of the Wingate test.

2.8. Data Analysis

Statistical analysis was performed using the software IBM SPSS Statistics Version 23.0 for Windows
(IBM, Armonk, NY, USA). Statistical significance was set at an α-level of 0.05. Distribution of our data
was tested by using the Kolmogorov-Smirnov, the Shapiro-Wilk test and the Q-Q plot. The results
indicated, that all of your data was normally distributed except for the isokinetic dynamometer
test and for the analysis of the follow up phase. For normally distributed data mean ± standard
deviation (SD) was used. Not normally distributed data is presented as median [minimum; maximum].
To analyze differences in the mean of the outcome parameters between different time points, a one-way
repeated-measurement ANOVA was performed for normally distributed data and the Brunner
model [34] was applied for nonparametric data. Pairwise t-tests and Wilcoxon post hoc test were
performed as post hoc analysis in normal and nonparametric data, respectively. In the case of multiple
testing, Bonferroni corrections were applied. Tests six weeks after supplementation were called
“intermediate” whereas tests after 12 weeks were called “post”. The first measurement during the
follow up after six weeks is called “follow up 1” and the second follow up tests after 12-week placebo
supplementation are called “follow up 2”. Spearman correlation was used to correlate the increase
in vitamin D with the difference of peak elbow flexion at baseline and post. Pearson correlation was
used to correlate the increase in vitamin D with the difference in peak power and mean power from
baseline to post.
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3. Results

Twenty-one healthy, male Swiss elite wheelchair indoor athletes participated in this study.
Athletes were competing in wheelchair rugby (n = 15), basketball (n = 4), or table tennis (n = 2).
One participant had to be excluded from data analysis due to non-compliancy. Therefore, twenty
participants were included into data analysis. Ten out of these twenty participants agreed to take part
in the follow up study (Table 1).

Table 1. Participants’ characteristics.

Participant
Training
(h/Week)

Age
(Years)

Height
(cm)

Weight
(kg)

Lesion
Level

AIS Sport Classification Follow up

1 3.5 37 185 103 C7 D WR 2.0 Yes
2 11.0 20 170 54 C6 A WR 1.5 No
3 4.0 24 179 58 C6 B WR 0.5 Yes
4 3.5 35 187 97 T4 A WB 1.0 No
5 4.0 47 185 63 T1 A WR 2.5 No
6 2.5 27 180 70 T4 A WB 1.0 Yes
7 3.5 27 181 61 C6 B WR 2.5 No
8 5.0 48 186 67 C6 B WR 1.0 Yes
9 5.0 44 176 80 C6 A WR 0.5 Yes
10 12.0 35 193 92 T1 C WB 2.5 Yes
11 8.0 38 172 70 C7 D WR 2.0 Yes
12 4.0 26 188 90 C6 A WR 0.5 No
13 5.0 30 182 65 C6 B WR 0.5 No
14 8.0 34 180 85 C5 C WR 1.5 No
15 6.5 50 185 83 L3 A WB 3.0 Yes
16 13.5 21 184 63 C7 D WR 2.5 Yes
17 3.5 65 175 65 C6 C WR 1.5 No
18 15.0 33 180 60 C6 A PT class 1 No
19 4.0 26 155 52 CP - WR 1.5 Yes
20 5.0 57 170 72 T5 D PT class 4 No
Mean ± SD 6.3 ± 3.7 36 ± 12 180 ± 8 72 ± 15 - - - - -

AIS = American Spinal Injury Association Impairment Scale; T = thoracic; L, lumbar; C = cervical, CP = cerebral
palsy, WB = wheelchair basketball, WR = wheelchair rugby, PT = para table tennis.

3.1. Vitamin D and Calcium Status

All participants enrolled into the study showed an insufficient or deficient vitamin D status at
the baseline measurement (Figure 1). Therefore, no placebo group could be formed. Nineteen out
of twenty athletes reached an optimal vitamin D status (100 to 220 nmol/L) after six weeks, and no
one showed a toxic level (>375 nmol/L). Vitamin D status for the participants taking part in the
follow up is shown in Figure 2. Significant differences were found between all different time points
(p < 0.05). Calcium concentration was not significantly different between the three time points in
the intervention study (p = 0.16) nor in the five time points, including the follow up data (p = 0.39).
All calcium concentrations were within the normal physiological range (2.15 to 2.55 mmol/L).
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* * 
* 

Figure 1. Serum vitamin D concentration at baseline, after six (intermediate) and 12 (post) weeks
following vitamin D supplementation. * = significant difference (p < 0.05), data presented as mean and
standard deviation, grey lines represent individual data.

Figure 2. Serum vitamin D concentrations during the intervention and the follow up in 10 participants.
Grey lines represents individuals’ data, data presented as median with interquartile range.

3.2. Performance Tests

Significant improvements in the non-dominant arm were shown in isometric and 180◦/s
concentric exercise (Table 2).
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Table 2. Peak elbow flexion [Nm] reached during isokinetic dynamometer measurements.

Mode Arm Baseline Intermediate Post p-Value

isometric
dominant 65 [46; 96] 71 [46; 98] 72 [50; 100] 0.071

non-dominant 64 [49; 104] 68 [46; 106] * 71 [49; 106] * 0.019

concentric 60◦/s
dominant 46 [30; 77] 47 [35; 71] 47 [37; 73] 0.197

non-dominant 47 [30; 73] 50 [33; 71] 49 [37; 75] 0.078

concentric 180◦/s
dominant 34 [24; 61] 31 [24; 58] 33 [27; 61] 0.269

non-dominant 34 [24; 53] 37 [24; 54] ** 35 [26; 53] ** 0.001

Data presented as median [minimum; maximum] from 20 participants. Significant differences compared to
baseline measurement * p < 0.05 and ** p < 0.01.

No significant differences in peak power were found over the three measurements during the
intervention study (p = 0.09), nor during the follow-up study (p = 0.53). The same findings were shown
for average power in the intervention (p = 0.13) and in the follow-up (p = 0.71) study. No significant
differences were found in fatigue index (p = 0.15), maximal heart rate (p = 0.92), RPE (p = 0.76),
and maximal lactate concentrations (p = 0.58) for the intervention study at the different time points
(Table S2). Individual absolute and relative changes in peak power from baseline to post measurement
in the intervention study are shown in Figure 3. The data for peak power in the follow up study is
shown in Figure 4. Spearman correlation showed a significant correlation between the difference
in the non-dominant arm at 60◦/s and the increase of vitamin D from baseline to post (p = 0.01;
rs = 0.564). This correlation coefficient (rs) reflects only “moderate” correlation. No other correlation
for the dominant arm or the other exercise velocities showed any significant correlation. The increase
in vitamin D status was significantly correlated with the difference in peak power from baseline to post
(p = 0.044, r = 0.455). Again Pearson’s r reflects medium correlation. No significant correlation between
the increase of vitamin D and mean power from baseline to post was found (p = 0.27; r = 0.258).

Figure 3. Individual changes in absolute (white bars in [W]) and relative (grey bars in [%]) of peak
power from baseline to post measurement in the intervention study.
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Figure 4. Peak power in 10 participants during the five measurements including the follow up study.

3.3. Other Outcome Parameters

No significant changes over time were found in the DASH score (p = 0.20) nor in the DASH
sport score (p = 0.94) during the intervention phase. The participants reported a compliance of
97.3% over twelve weeks of vitamin D supplementation. Three out of twenty participants reported
gastrointestinal side effects, such as a higher frequency of bowel movement and loose stool during
vitamin D supplementation. Two out of the three showed the lowest compliance (75% and 82.1%) of
all participants, and only one had a positive change in peak power from baseline to post measurement.

4. Discussion

A daily supplementation dosage of 6000 IU vitamin D seems to be sufficient to reach an optimal
vitamin D status after 12 weeks in indoor athletes with an insufficient vitamin D status at baseline
(Figure 1). After a 12 weeks follow up period with placebo supplementation, vitamin D status still
was over 75 nmol/L but decreased significantly compared to the value at the end of the 12-week
vitamin D supplementation period (Figure 2). The real effect of vitamin D supplementation on upper
body exercise performance in athletes with a spinal cord injury still remains unclear due to a lack of a
placebo group in our study.

4.1. Vitamin D Status

It is already well-known that a high amount of able-bodied and disabled Swiss athletes suffer
from vitamin D deficiency or insufficiency during winter months [25,35]. The prevalence of vitamin
D deficiency was even higher in indoor wheelchair athletes compared to outdoor athletes [25].
Nevertheless, it was surprising that all recruited athletes in the present study showed a deficient
vitamin D status at baseline (44 ± 18 nmol/L). Oral vitamin D supplementation of 6000 IU daily over a
12-week time period was sufficient to increase vitamin D status to an optimal level (167 ± 24 nmol/L).
The calculated slope of the relation between the vitamin D change and the supplementation was
2.05 nmol/L per 100 IU in the present study. This is slightly higher than the proposed slopes of
1.48 nmol/L per 100 IU [36] or 1.75 nmol/L per 100 IU [37]. The lower baseline vitamin D status in our
study might explain this slight discrepancy.
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Only a few other studies investigated the effect of vitamin D supplementation on vitamin D
status in individuals with a spinal cord injury [27,38,39]. Most of these studies failed to achieve a
sufficient vitamin D status after the supplementation period [39,40]. In one study [39], over 80% of
the participants remained insufficient after vitamin D supplementation with 2000 IU daily over a
two-week period. Similar findings were shown with a supplementation of 800 IU daily over a duration
of one year [39], and in a study where the compliance for taking vitamin D supplements was only at
72% [40]. Our study showed not only a high compliance but also that a dosage of 6000 IU vitamin D
daily over six weeks would be sufficient to increase vitamin D status to a normal level. Nevertheless, an
individual approach needs to be applied, as a large individual variability occurred in the intermediate
and post measurement of vitamin D status. Concerns whether such a high dose of vitamin D might
be problematic were eliminated by the fact that calcium concentration remained in the normal range
in our study. In addition, Heaney, Davies, Chen, Holick, and Barger-Lux [37] showed that a dose of
10,000 IU daily over five months was a safe intervention. Therefore, the Endocrine Society set their
tolerable upper limit of 10,000 IU daily [29].

The dose of 6000 IU daily over 12 weeks seems to be sufficient and safe for its application in
athletes with a spinal cord injury. Due to the fact that vitamin D status decreased during the 12-week
follow up under placebo supplementation, we recommend to re-evaluate vitamin D status after a
certain time period (e.g., 18 week after the end of the supplementation period).

4.2. Vitamin D and Muscle Performance

The present study did not find any significant increase in anaerobic Wingate test performance,
although vitamin D status significantly increased over these 12 weeks. Fifteen out of twenty
athletes showed an increase in peak power over this period (Figure 3). A significant increase in
isokinetic strength in the non-dominant arm was found comparing baseline and post supplementation
measurement (Table 2). Even though this increase was significant, it is not obvious, whether it was
due to a training adaptation or due to the increased vitamin D status. The lack of a placebo or control
group prevents drawing further conclusions. Similar results were shown by Pritchett, Pritchett, Ogan,
Bishop, Broad, and LaCroix [26], whereas vitamin D status did not correlate with 20 m sprint or
handgrip strength in wheelchair athletes. A recent meta-analysis [18] found a significant increase
in upper limb strength in able-bodied participants favoring the supplementation compared to the
placebo intervention. Two of these studies applied a relatively high dose (60,000 and 14,000 IU
vitamin D per week) over four to six months [23,41]. A single bolus of 150,000 IU vitamin D increased
quadriceps muscle strength of elite judokas significantly after eight days [42]. In contrast, a dose of
2000 IU vitamin D daily over 12 weeks did not significantly increase swimming performance as well
as arm-grip strength and one-legged balance in adolescent swimmers [20]. Thus, no conclusive results
were found for upper body muscle strength after vitamin D supplementation.

Similar to our results, Hamilton, et al. [43] found a significantly increased peak torque
in the non-dominant leg in professional soccer players, but no increase in the dominant leg.
Overall, no consistent association between vitamin D and isokinetic strength was found in this study.
It remains unclear why, in the non-dominant leg in this study, and the non-dominant arm in our
study, muscle strength improved in contrast to the dominant one. Further studies are needed to
elucidate this issue as well as to investigate the effects of vitamin D on upper body muscle strength
and handgrip function.

In addition, it is known that vitamin D binds to vitamin D receptors in the muscle tissue in
order to turn up gene expression of type II muscle fibers [13]. A study performed with an elderly
vitamin D deficient population showed a decreased atrophy of type II muscle fibers under vitamin D
supplementation [44]. The relative number and size of type II muscle fibers was increased and
muscle strength was improved. In addition, a reduction of falls and hip fractures occurred in the
intervention group. This study showed, that the type II muscle fibers are possibly more affected
compared to type I fibers. Knowing that, in individuals with a spinal cord injury type I muscle fibers
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are more predominant in the upper body [45], a smaller impact of vitamin D supplementation on
these muscles might be expected. Again, such a speculation has to be further investigated in the future
by means of muscle biopsies in order to determine the change in muscle fiber size and number after
vitamin D supplementation.

4.3. Other Parameters

Our study did not find any significant change in the DASH score outcome over the
supplementation period. This result suggests that the upper body impairment did not change over time
and no additional injury occurred. Of course, due to the lack of a placebo group, this finding cannot be
compared. A recent systematic review performed in healthy adults [46] revealed a small, but positive,
effect on reducing the incidence of injuries when supplemented with vitamin D. Wyon, Koutedakis,
Wolman, Nevill, and Allen [23] found a similar result in elite ballet dancers, who sustained significantly
fewer injuries compared to the placebo group. Much more data is needed to finally conclude the
impact of vitamin D supplementation on injury rate and severity of the injury. It is yet not clear
whether there exists a positive association in general.

4.4. Limitations

The aim was to conduct a placebo-controlled intervention study. Unfortunately, all recruited
participants showed an insufficient vitamin D status and were enrolled into the vitamin D
supplementation group. The number of participants was limited due to the lack of further elite
wheelchair athletes and due to the stringent inclusion or exclusion criteria. Even though an a priori
power analysis showed a high power with 10 participants, this study might have been slightly
underpowered due to a high variability in muscle force in athletes with a paraplegia or a tetraplegia.
Therefore, it seems very difficult to draw final conclusions on how an insufficient vitamin D status
impairs upper body performance or how a vitamin D supplementation might help to improve
neuromuscular function. Nevertheless, this study showed clearly how vitamin D status increased over
12 weeks after supplementation and to which extent it decreased during the follow up. Further research
is needed to investigate the relationship of vitamin D deficiency and neuromuscular performance in
athletes with a spinal cord injury.

5. Conclusions

The present finding show, that a dose of 6000 IU vitamin D daily over 12 weeks is safe and
sufficient to reach an optimal vitamin D level in indoor wheelchair athletes. Due to the lack of
a placebo group, no final conclusion can be drawn whether vitamin D influences neuromuscular
performance in athletes with a spinal cord injury. Isokinetic strength seems to have improved in the
non-dominant arm over 12 weeks, but this finding might also result from continuous training.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/8/10/586/s1,
Table S1: Test-retest reliability of the isokinetic dynamometer test in 10 able-bodied participants, Table S2:
Parameters measured during the Wingate test at baseline, intermediate and post supplementation.
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Abstract: International travel and short-term residence overseas is now a common feature of an elite
athlete’s competition schedule, however, food choice away from home may be challenging and
potentially impact on performance. Guidelines for dietary intake specific to competition exist for
athletes, however, there is little evidence available to ascertain if athletes meet these recommendations
during competition periods, particularly when food is provided in-house. During the Delhi 2010
Commonwealth Games, dietitians based in the dining hall recorded 24 h dietary recalls with
all athletes who visited the nutrition kiosk. Analysis of dietary intake was conducted with
FoodWorks (Xyris Pty Ltd., Brisbane, Australia). Overall, athletes reported consuming a median
total daily energy intake of 8674 kJ (range 2384–18,009 kJ), with carbohydrate within the range of
1.0–9.0 g per kg of bodyweight (g/kg) (median = 3.8) and contributing to 50% total energy (TE)
(range 14%–79%). Protein and fat intake ranged from 0.3–4.0 g/kg (median = 1.7) to 10–138 g (median
= 67 g), and contributed to 21% TE (range 8%–48%) and 24% TE (range 8%–44%), respectively.
Athletes reported consuming between 4 and 29 different food items (median = 15) in the previous
24 h period, with predominately discretionary, grains/cereals, meats, poultry, fish, eggs, and meat
alternative items. This suggests that dairy, fruit, and vegetable intake may be suboptimal and intake
of the micronutrients iron, zinc, calcium, and vitamins A and C may be of concern for a number
of athletes.

Keywords: dietary intake; athlete; international competition

1. Introduction

International travel and short-term residence overseas is now a common feature of an athlete’s
competition schedule, however, differing eating arrangements and food options when away from
home may influence an athlete’s food choice, and potentially their performance. An athlete needs
to consume suitable food and fluid prior to, during, and after competition in order to maximise
performance [1,2]. While sport-specific recommendations exist for athletes to ensure that they consume
sufficient total energy (TE) to meet requirements, carbohydrate (CHO) to replenish glycogen stores,
protein to aid in muscle repair and growth, as well as fluid to stay adequately hydrated [1,3–9],
very little evidence is available to ascertain if athletes meet these recommendations in residence during
major international competitions.

While appropriate nutrition is important for performance, investigation into the dietary intake of
high performance athletes is limited. Although there appears to be considerable individual variability
in dietary intake, the majority of studies to date show that athletes tend on average to meet current
evidence-based recommendations for protein, but not CHO [10–14]. This is particularly evident
in females [15]. A number of studies have reported that TE intake may also be below expected
requirements [14,16,17]. However, these studies are limited by the difficulties experienced when
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attempting to accurately measure dietary intake. Discrepancies exist between methods of data collection
(for example a 24 h recall vs. 7 days weighed food diaries), whether the athlete is in a competition
or training phase (or a combination of both), if the athlete is living at home or in a training camp,
differing physiological requirements (e.g., strength and power athletes vs. endurance athletes), level of
competition, and specific behaviours that may be associated with a particular sport (e.g., methods to
make weight in weight-category sports). Assessing dietary intake is further made difficult by the
practice of underreporting, where individuals report consuming less food than actual intake [18].

Additionally, the majority of research on dietary intake in athletic populations primarily focuses
on quantifying dietary intake in regards to energy and macronutrient content; however, this does
not guarantee that the athlete is selecting foods that contribute to a high quality diet. Diet quality is
a concept based on the variety and type of foods in an entire diet, the relationship between health
status and food groups, and is usually assessed by comparison to national dietary guidelines or
similar, and the diversity of choices apparent within the diet [19]. To date, very little research on diet
quality within the athletic population exists, with the exception of a comparison of the diets of a select
group of Polish athletes to the Swiss Food Pyramid. This study found that athletes did not meet the
recommendations for a number of food groups within the food pyramid guide [20]. Sufficient variety
of foods from all core food groups is not only important for sports performance; it is often indicative
of micronutrient intake and thus linked to prevention of deficiency and decreased risk of chronic
disease [21], and therefore warrants investigation.

While literature to date provides some information on dietary intake of athletes during both
training and competition phases, limited data is available regarding intake while in residence at
international competition events. At major events such as the Olympic (OG) and Commonwealth
Games (CG), the majority of athletes and their support team live in a village residence and dine in
a large communal dining hall. An extensive range of food is provided free of charge, 24 h a day, for the
duration of the competition. While recent data shows that athletes attending these events are generally
satisfied with the food provided [22,23], data on actual dietary intake is limited. Only one study has
investigated the types of diets (regimens) that are followed by these athletes [24]. Apart from records
collected in 1949 [25] and 1964 [26], the most recent and relevant data on dietary intake in this type of
environment was collected at the Sydney 2000 OG [23]. This data on apparent consumption within the
dining hall suggested that athletes were consuming on average 592 g of carbohydrate (46% TE and
on average 7–10 g/kg BM), 202 g (16% TE) of protein and 197 g (35% TE) of fat daily [23], however,
no data on individual consumption was collected. Additionally, no data is available on the variety of
foods consumed. Therefore, the aim of this research was to describe the self-reported food and dietary
intake of athletes who sought professional guidance in regards to their competition diet immediately
prior to or during competition at a major international competition.

2. Materials and Methods

2.1. Data Collection

Australian dietitians (n = 4) based at the main dining hall nutrition kiosk at the Delhi 2010
Commonwealth Games recorded consultations with athletes who requested assistance with their
competition dietary intake from 23 September to 14 October 2010. Athletes were asked to provide
demographic details including gender, sport (and event if appropriate), country representing, country
of birth, and highest level of education (no schooling, primary/middle school, senior school,
or University or other tertiary institution). Information about past experience at similar events,
stage of competition (more than 2 days before event, day before event, day of event, between events,
or event completed) and previous nutrition support was also collected. Athletes were asked to report
if they had a nutrition competition plan to follow specifically for this event. Dietitians also recorded
the purpose of the athletes visit to the kiosk (e.g., weight loss/making weight, weight gain, training or
performance nutrition, and clinical issues such as food intolerance/allergy).
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The dietitian then collected a recall of quantity and timing of all food, fluids and supplements
consumed by the athlete over the previous 24 h period on a standard proforma, and verified intake
of all food groups from a provided checklist as per the USDA five-step multiple pass method [27].
General questions about usual intake as per standard diet history were collected. The 24 h recall
template was piloted and reviewed by a panel of expert dietitians prior to use at this competition.
This was based on a similar template used in other settings [28]. Upon completion of the interview,
dietitians were asked to subjectively rate the athlete regarding their expert opinion of the athletes’
dietary intake and nutrition knowledge on a Likert scale of 1 (very poor) to 5 (very good).

2.2. Data Analysis

Participants were classified into a sport category (power/sprint, weight category, endurance,
racquet, skill, and team) based on the physiological requirements of their sport, and a region/country
(western: Including Australia and the British Isles, and non-western: Africa, Caribbean, India and
Sri Lanka, and Southeast Asia and the Pacific Islands) based on location and cultural style of eating [22].
Athletes were also grouped based on the reason for requesting advice at the kiosk including: General
weight loss and making weight, weight gain, performance/training nutrition, and clinical issues (for
example, food allergy/intolerance, gastrointestinal issues).

The 24 h recall data was coded and input into FoodWorks Premium Edition (Version 7,
Xyris software, Brisbane, Australia 2013) (FoodWorks) by the primary researcher. Foods consumed
within the dining hall were matched to the nutritional analysis for the specific menu items that had
previously been coded in FoodWorks. If not consumed from the menu, the item was coded against
the most appropriate matching food. As FoodWorks is a database of Australian and New Zealand
foods, items were coded into the 2013 Australian Dietary Guidelines (ADG) five core food groups
(1) Grains—grain and cereal based foods; (2) Vegetables—vegetables and legumes/beans; (3) Fruit;
(4) Dairy—milk, yoghurt, cheese and/or alternatives; (5) Meat and alternatives—lean meats, poultry,
fish, eggs, tofu, nuts and seeds) and discretionary foods [21] for the analysis of diet variety (number
of choices from each group). Discretionary foods were defined as per the ADG as containing high
amounts of saturated fat, added sugars and/or salt, and alcohol (for example, potato chips, biscuits,
pizza and fried foods) [21]. Some items were coded as both discretionary and a core food due to the
contribution of macro- and micronutrients to the athlete’s diet. For example, a number of discretionary
foods were included in the calculation of the main food groups. Cakes/biscuits (n = 11), pizza (n = 6),
Coco-pops™ (n = 2), and a muffin (n = 1) were included in the calculation of the grains group, as the
predominant ingredient is a cereal grain and thus are a source of CHO. All data were cross-checked to
ensure consistency and accuracy of coding.

Data were further coded and input into IBM SPSS Statistics (Version 21, IBM Corp.,
Armonk, NY, USA, 2012) for analysis. Data associations were calculated with the Kruskal–Wallis
test, Mann–Whitney U test, independent t test or ANOVA, depending on normality of data.
Statistical significance was considered to be p ≤ 0.05 a priori. Results on nutrient intake are presented as
median and range of g per kg of bodyweight (g/kg) and as a percentage of total energy intake (% TE).
Micronutrient results were compared to the estimated average requirement (EAR), which is the “daily
nutrient level estimated to meet the requirements of half the healthy individuals in a particular life
stage and gender group” [29] or adequate intake (AI) which is the average daily nutrient intake level
based on observed or experimentally-determined approximations or estimates of nutrient intake by a
group (or groups) of apparently healthy people that are assumed to be adequate [29]. Each athlete’s
24 h recall data was also compared to recommendations [3–7,9,30] for CHO, protein, and fat intake,
specific to type of sport and demographic information (for example, height, weight, age, and gender).
Diet variety and dietitians’ rating of dietary intake and nutrition knowledge is presented as a median
score and range.
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2.3. Ethical Approval

Ethical approval was granted by the University of the Sunshine Coast Human Ethics Committee
(A/10/253). Participation was voluntary and participants were considered to have given consent to
participate by taking part in a consultation.

3. Results

3.1. Participant Characteristics

A total of 44 athletes completed a 24 h dietary recall at the nutrition kiosk, representing 1% of the
total number of athletes who competed at this event (n = 4352). However, not all athletes reside in the
village, eat within the dining hall, and thus have access to the nutrition kiosk. This cohort was the
entire sample of athletes that sought dietary advice. Athletes were predominately from non-western
regions and reported competing in 13 specific sports (Table 1). Over half of the athletes reported being
in a precompetition stage (n = 30, 68%), with the majority of these athletes greater than 2 days away
from competition (n = 28, 82%). The mean self-reported body weight of the male and female athletes
was 74 kg (range 56–113 kg) and 65 kg (range 49–101 kg), respectively. Six athletes (14%) reported that
they had received nutrition education prior to attending this event. While four athletes (10%) reported
having a competition plan to follow, only two of these reported nutrition education prior to this event.

3.2. Dietary Intake and Eating Behaviours

Overall, athletes reported consuming a median total daily energy intake of 8674 kJ
(range 2384–18,009 kJ), with CHO within the range of 1.0–9.0 g/kg (median = 3.8 g/kg)
and contributing to 50% TE (range 14%–79%). Protein intake ranged from 0.3 to 4.0 g/kg
(median = 1.7 g/kg) and contributed to 21% TE (range 8%–48%), while total fat intake
ranged from 10 to 138 g (median = 67 g) and contributed to 24% TE (range 8%–44%).
Dietary intake varied according to reason for requesting assistance at the kiosk and
gender of athletes (Table 2). Those competing in racquet (n = 6) and power/sprint sports
(n = 9) reported consuming the greatest energy (median = 11,298 kJ, range 7032–13,485 kJ and 10,149 kJ,
range 2472–18,009 kJ, respectively). Athletes competing in skill and power/sprint sports reported
consuming the highest protein intake (median = 1.8 g/kg, range 1–3 g/kg, and median = 1.7 g/kg,
range 0.5–4 g/kg, respectively), while athletes in team sports (n = 2) reported the lowest energy intake
(median = 7274 kJ, range 5953–8596 kJ). Athletes in team (n = 2) and weight category sports (n = 13)
reported the lowest contribution of energy from CHO (median = 2.5 g/kg, range 1.7–3.3 g/kg, 39% TE,
and median = 3.0 g/kg, range 1.0–6.0 g/kg, 46% TE), while athletes competing in endurance sports
(n = 4) reported consuming the lowest amount of fat (median = 51 g, range 35–72 g, 21% TE). There was
no significant difference in nutrient intake between those in the pre-versus postcompetition phases.
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Three main meals were consumed by the majority of athletes (n = 23, 77%). Overall, the greatest
median contribution to total energy intake was from breakfast (29%) to lunch (31%). Carbohydrate
contributed a greater proportion to total energy at breakfast (56%) and to snacks (69%) than lunch
and dinner. Protein contribution was predominately from meals consumed at lunch and dinner.
Fourteen athletes reported consuming sports drinks as a snack, with these drinks contributing to
over half of the TE consumed between meals. Five athletes reported not consuming any snacks in
the precompetition period. The average contribution of macronutrients to the total daily intake was
similar between genders (Table 3).

Dietary analysis showed that 80% of all athletes did not meet the estimated average requirement
(EAR) for at least one micronutrient in the previous 24 h, with 25% not meeting the EAR/AI for 5 or
more nutrients. Greater than 80% of both genders did not meet the EAR for iron and phosphorus,
and vitamin B1–B3 and vitamin C. A greater proportion of women and men did not meet the EAR
for vitamin A and magnesium, and zinc respectively (Figure 1). Over two-thirds (n = 39, 90.5%) did
not meet the EAR for iron (female M = 13.66 mg, range 3.8–28; male M = 12.32 mg, range 4.2–25 mg).
Overall, n = 22 (50%) reported using at least one type of supplement, with almost half (n = 19, 43%) of
all athletes reporting the use of a vitamin or multivitamin supplement. Multivitamin supplements
were not disclosed in the 24 h recall by any athletes, and therefore were not included in the calculation
of dietary intake. Five athletes (11%) reported that they had been previously diagnosed with a nutrient
deficiency (one from each of team, skill, power/sprint, weight, and endurance), of which 4 of these
reported as iron deficiency anaemia (n = 1, unknown).
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3.3. Food Variety

3.3.1. Number of Total Food Items Consumed

Overall, athletes reported consuming between 4 and 29 different food items (median = 15,
range 4–29) in the previous 24 h period, with a broad range of items chosen from the discretionary
(median = 4, range 0–10), grain (median = 3.5, range 0–7), and meat (median = 3, range 0–7) groups.
Athletes from racquet (median = 20, range 15–24) and team sports (median = 18, range 16–20) reported
consuming a greater number of food items than other sports in the previous 24 h (Kruskal–Wallis test,
p = 0.034).

3.3.2. Number and Variety of Items from Each Food Group

Females reported consuming a greater number (median 3.5 vs. 2.0) and variety (3 vs. 1.5) of
fruit choices than males (p = 0.005 and p = 0.001, respectively). Athletes requesting advice for weight
gain reported consuming significantly less variety of fruit items than athletes requesting advice for
clinical issues (p = 0.038) (Table 4). In addition, athletes competing in weight category sports reported
consuming less items from the grains group (median 1.0, range 0–5, p = 0.028), as well as a lower
variety of grains (median 1.0, range 0–3, Kruskal–Wallis test, p = 0.017) compared to other sports.
There was no significant difference between athletes from western and non–western regions.

Table 4. Variety of items consumed from each food group and dietitians rating of diet and nutrition
knowledge based on gender and reason for requesting assistance.

Variety of Items from
Each Food Group &

TOTAL
Median (Range)

Gender Median (Range) Reason for Consultation Median (Range)

Female
(n = 18)

Male
(n = 26)

Making Weight or
Weight Loss

(n = 26)

Weight Gain
(n = 4)

Performance
(n = 9)

Clinical #

(n = 5)

Grains 2 (0–6) 2 (0–5) 2 (0–6) 2 (0–5) 2.5 (2–5) 3 (1–6) 2 (0–3)

Vegetables 2 (0–9) 2 (0–9) 2 (0–8) 2 (0–9) 4 (2–8) 4 (0–5) 2 (0–8)
Fruit * 3 (0–8) 3 (0–8) 1.5 (0–4) 2 (0–7) 1.5 (0–2) 2 (0–8) 4 (3–7)
Dairy 1 (0–2) 1 (0–2) 1 (0–2) 1 (0–2) 1 (1–2) 1 (0–2) 1 (0–2)
Meats 2 (0–7) 2 (0–6) 2 (0–7) 2 (0–7) 2.5 (2–4) 3 (1–6) 2 (1–2)

Discretionary ˆ 3 (0–7) 3 (1–7) 3 (0–6) 3 (0–7) 4.5 (3–6) 2 (0–6) 3 (1–3)
TOTAL 15 (4–49) 16.5 (7–29) 13.5 (4–24) 13 (4–21) 15 .5 (14–24) 16 (8–29) 15 (9–22)

# Clinical consultations included coeliac disease, corn allergy, nut allergy, and reflux; ˆ Discretionary foods
included: cakes/biscuits/muffin/pastries, pizza, coco-pops™, soft drinks, ice cream, desserts, and chocolate
spread; * Significant difference in fruit variety between genders (Mann–Whitney U test p = 0.001) and reason for
consultation (Kruskal–Wallis test, p = 0.038).

3.3.3. Dietitians Rating of Dietary Intake and Nutrition Knowledge

Overall, dietitians rated the dietary intake and nutrition knowledge of athletes as “average”
(median 3, range “very poor–good”) and “poor” (median 2, range “very poor–good”),
respectively (Table 4). There were no significant differences in international regions or gender.
Differences in rating were observed depending on reason for requesting assistance (Table 4).
Athletes who requested assistance for weight gain and making weight/weight loss (both median 3
“average”, range “very poor–good”) were rated as having a significantly poorer dietary intake than
those requesting performance nutrition (median 3.5 “average–good”, range “poor–good”) and clinical
advice (median 3 “average”, range “very poor–good”) (Kruskal–Wallis test, p = 0.03).

4. Discussion

This research provides a unique insight into the food selection and dietary intake of athletes at
a major competition. Although this is based on the results of a small selection of athletes, this is the
entire sample of those who actively sought expert advice from dietitians at this event. Our results
indicate that there is considerable variability in the dietary intake of these athletes, and despite
representing a single day of intake, many report consuming inadequate total energy and CHO for both
basic health requirements and athletic performance. The large variation in intake seen in our results
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may have to do with differing cultural background, sport category, gender, stage of competition and
previous professional advice on dietary intake. In addition, our results indicate that many athletes did
not consume a varied diet, with some athletes consuming as little as four or five different items in the
previous 24 h period, with many not eating items from a range of food groups. While an athlete can
appear to meet macronutrient recommendations based on quantifying intake, the variety of food that
is consumed may not provide adequate intake of the micronutrients, fibre, and other food components.
Inadequate dietary intake was conferred by the dietitians’ general subjective perception of the nutrition
knowledge of athletes as poor and dietary intake as average.

In general, we found that the CHO intake of athletes in this study was similar to that
observed previously in similar samples [10,11,31], and supports other literature reporting that
athletes from varying sports may not consume enough CHO to meet current recommendations for
performance [10–14]. While our results are based on one 24 h recall, and we recognise that this
may not be indicative of actual habitual intake, there are a number of potential implications on
an athlete’s performance, as inadequate CHO may compromise storage of muscle and liver glycogen,
and may in turn affect physical and/or mental performance. Athletes in this study appeared to
consume an adequate amount of protein based on a g/kg BW measure, however as we did not
investigate the quantity and timing of protein intake in relation to competition, and this would be
worth further investigation. The average contribution of fat to dietary intake varied considerably,
but can be considered acceptable for general health [1]. It is also similar to that seen in other
athletic populations [10,15,31–33]. The high consumption of discretionary food items appears to have
contributed to fat intake, with foods such as pizza, ice cream, biscuits, cake, and muffin commonly
consumed by these athletes. The main gender differences appeared to be around the consumption of
a variety of fruit, which is not surprising as it is recognised that males typically consume less servings
of fruits and vegetables per day than females [34].

We found those athletes that were attempting to make or lose weight were the predominant group
to seek advice on their dietary intake. These athletes reported the lowest TE intake of all sports groups
and, while not significantly different, appeared to consume less variety of foods with some individuals
reporting no foods consumed from a range of food groups. These athletes are required to weigh
in at a certain weight in order to participate in their event, and have been reported to reduce their
CHO, protein, and fluid intake before competition in a similar environment [23]. A number of these
athletes specifically requested assistance for making weight, suggesting that they were under pressure
to lose weight within a short time period, and may therefore have already limited their consumption of
food. Athletes, particularly those attempting to make weight, may also have inadequate intramuscular
stores of CHO after restricting intake, and an insufficient time period in which to try and restore
these before competition for maximal performance. It is possible that this may be linked to a lack of
professional guidance on dietary intake, as we found that only 5 of the 26 athletes requesting assistance
for making weight had reported having dietary advice prior to this event and a nutrition plan to follow.
Furthermore, nutrition knowledge of these athletes was rated as poor by the dietitians.

Given the varied intake of TE and macronutrients, and the poor variety of foods consumed in
our sample, it is not surprising that a large number of athletes did not meet the EAR/AI for various
micronutrients based on their intake in the previous 24 h period. Previous research suggests that
athletes generally tend to consume sufficient food to have an adequate intake of most micronutrients
with some exceptions in specific athletic groups for vitamin E [11,33], zinc [14], vitamin A, and iron [17].
Interestingly, we found that iron, phosphorus, vitamin C, and the B vitamins were below the EAR
in most athletes in this sample. It is likely that our sample had a poorer intake than the rest of
the athlete population, as suggested by their reason for seeking a consultation and the dietitians’
subjective assessment of their intake. No athlete reported consuming supplements in the previous 24 h,
however, half of the athletes reported generally consuming a multivitamin (MV) supplement as part of
their normal routine. Clearly, some athletes had poor dietary intake and nutrition knowledge, and a
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lack of variety in their diet. This may place the athletes at increased risk of illness, particularly when
combined with the stress of travel and competition in a foreign country.

While we did not detect any differences in athletes’ diet pre- and postcompetition, the phase of
competition may actually change eating behaviours. It is plausible that an athlete will be more focused
on meeting nutritional goals prior to, as compared to after, competition [35]. Anecdotally, athletes
have been known to “relax” their attitude to eating for performance once their event is over, and have
been seen to indulge, or consume foods that they may have avoided prior to competition. While this
was not apparent in our sample, this may be due to the characteristics of the athletes who participated
in this study.

The unique environment of the athlete’s village and the location of training/competition venues
at this event may have also influenced our results. The majority of athletes must leave the village and
travel to different locations to train or compete. Anecdotally, we noted that a number of comments
were made about unsuitable food and snack items being available at various training and competition
venues. This may have also led athletes to consume more food before travelling away from the village.
There may also be differences in the TE consumed at the dinner meal, as a number of competition
events were held at night and this may have influenced when, or if, an athlete could eat this meal.

Additionally, while we asked athletes about stage of competition, we did not ask how long the
athlete had been based in the athlete’s village. If the athlete had recently arrived in the athlete’s village,
they may have been experiencing jet lag or a loss of appetite on arrival [36]. Conversely, an athlete
who has been based in the athlete’s village for a longer period of time may be experiencing menu
boredom [22] which may influence food choice. Athletes may also vary from their usual intake as the
novelty of attending an elite competition event and living in an athlete’s village may distract them
from focusing on nutritional goals [36]. A large proportion of athletes (79%) reported that this was
their first experience at this type of event. It is possible that athletes with previous experience in this
environment may find it easier to locate appropriate items and deal with the challenges of eating
in a communal setting. Another important characteristic of the dining hall is the influence of other
individuals on the athletes food choice [35,37,38]. Research shows individuals who are dining with
strangers will consume less food than usual, while those who dine with familiar individuals tend
to consume more [38]. Further research on the influences on food choice in this environment would
provide valuable information to those who work with athletes competing at these events.

It is important to note that this sample of athletes were recruited when they approached the
nutrition kiosk for assistance, thus may not have known how to choose appropriate foods for their
particular sport. A large proportion of the athletes who took part in this study were from less
westernised countries. Previous research at this [39,40], and similar events [23,41] has demonstrated
that athletes from these regions are more likely to seek nutritional support in this environment.
We noted that only six athletes had received professional nutrition advice prior to this event, so a lack
of sports-specific nutrition knowledge may also be a reason for the variability in dietary intake.
Interestingly, the dietitians did not rate the dietary intake of athletes from western and non-western
regions differently.

There are a number of limitations in this research that need to be acknowledged. Our results
are specifically focused on athletes who approached the kiosk for a consultation and therefore do not
represent every athlete present at this event. While the dietitians used a predesigned form to conduct
the 24 h recall, there may have been differences in recording methods, and the subjective rating given
for both the assessment of dietary intake and nutrition knowledge. As with any collection of dietary
intake data, there are limitations with the use of the 24 h recall method. While this method is quick
and can provide in-depth information about dietary intake [42], it is only a measure of a single day,
and does not represent usual intake [18,43]. There is also the potential for underreporting, as some
individuals may report consuming less than their actual intake [18]. It is also feasible that the menu
items did not reflect the original recipe, resulting in inaccurate nutritional analysis. Due to the nature
of the data that was collected, we were not able to score diet quality nor determine exact servings
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of each food group, but were able to provide an indication of variety of items consumed in the diet,
and variety of items from within each food group.

Future Directions

Based on the results of this study, further research on the dietary intake of athletes in this type
of environment is warranted. It would be of interest to investigate what athletes consume over
a longer period (both before and during competition) with more detailed methods of data collection.
Further research with a larger sample would be beneficial, particularly regarding dietary intake and
eating behaviours (e.g., snacking, use of sports drinks, diet quality). As food choice is complex,
further research on the factors which influence food choice in this environment would provide insight
for caterers and dietitians working with individual athlete.

5. Conclusions

Athletes who requested assistance at the nutrition kiosk at a major international competition
generally had a poor variety of foods, distribution of, and in some cases inadequate intake of, energy,
macro-, and micronutrients. Of particular concern was the dietary intake of athletes who were
attempting to make weight or lose weight in the days prior to competition. While this data is limited
in that it is only a measure of one day’s intake and is based on the athletes recall, this highlights that
these athletes may not be consuming a diet that will assist with maximising performance, and if the
same dietary habits are followed over a prolonged period of time, health may also be compromised.
Further research is required to examine the dietary habits of athletes in this unique environment.
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Abstract: This project was designed to assess the effects of time of day and training status on the
benefits of caffeine supplementation for cycling performance. Twenty male subjects (Age, 25 years;
Peak oxygen consumption, 57 mL·kg−1·min−1) were divided into tertiles based on training levels,
with top and bottom tertiles designated as ‘trained’ (n = 7) and ‘untrained’ (n = 7). Subjects completed
two familiarization trials and four experimental trials consisting of a computer-simulated 3-km cycling
time trial (TT). The trials were performed in randomized order for each combination of time of day
(morning and evening) and treatment (6mg/kg of caffeine or placebo). Magnitude-based inferences
were used to evaluate all treatment effects. For all subjects, caffeine enhanced TT performance in
the morning (2.3% ± 1.7%, ‘very likely’) and evening (1.4% ± 1.1%, ‘likely’). Both untrained and
trained subjects improved performance with caffeine supplementation in the morning (5.5% ± 4.3%,
‘likely’; 1.0% ± 1.7%, ‘likely’, respectively), but only untrained subjects rode faster in the evening
(2.9% ± 2.6%, ‘likely’). Altogether, our observations indicate that trained athletes are more likely to
derive ergogenic effects from caffeine in the morning than the evening. Further, untrained individuals
appear to receive larger gains from caffeine in the evening than their trained counterparts.

Keywords: exercise time of day; caffeine supplementation; training history; diurnal; training status

1. Introduction

Caffeine use in sport is widespread due to its reputed performance benefits. There is consistent
evidence that caffeine enhances cycling performance in events lasting longer than a few minutes [1–5].
While not unanimous [6–8], caffeine intake can also improve peak anaerobic power and speed [9–11]
as well as peak muscle function (strength, power, and endurance) under certain conditions [6,7,12,13].
Although caffeine has the capacity to improve physical performance, there are a number of unresolved
factors that may impact the magnitude of the effect of caffeine, such as time of day and training status.

Only two studies have investigated the potential interaction between time of day and caffeine
on performance outcomes, and both suggest that the value of caffeine is heightened in the morning.
In the first study, caffeine increased peak squat power in the morning but not in the evening [13].
Caffeine appeared to compensate for underperformance in the morning placebo trial such that squat
power was elevated to levels observed in both evening trials (caffeine and placebo). We recently
investigated whether time of day influenced the effects of caffeine on cycling performance, using a
post-hoc analysis in which cyclists who completed trials early in the day (prior to 10 a.m.) were
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compared to those who performed later in the day (after 10 a.m.) [5]. In line with Mora-Rodríguez et al.,
caffeine ingestion improved performance among subjects that completed their trials early in the day but
had an unclear effect on performance in those who performed later trials. Based on these preliminary
results, the primary purpose of the present study was to use a crossover design to test the hypothesis
that caffeine would elicit larger improvements in 3-km time trial (TT) performance in the morning
compared to the evening.

Like time of day, training status may also mediate the magnitude of caffeine’s ergogenic effect.
A 2010 meta-analysis indicated that caffeine tended (p = 0.08) to enhance muscle endurance in untrained
more so than trained subjects [14]. However, this conclusion was largely reached by comparing
effect sizes derived from studies with trained subjects to other studies with untrained individuals.
Regardless of the performance measure, we are aware of only four investigations that included
both trained and untrained subjects in the same experimental design, the first of which reported
that caffeine improved 100 m swim performance more so in trained than untrained swimmers [10].
Though this is in contrast to the meta-analysis, it may not be fair to use swimming as a model to
determine the effects of training status, as the technical nature of swimming mechanics likely made it
difficult for the untrained swimmers to take full advantage of potential improvements in whole muscle
function. The only other study to compare trained and untrained subjects in the same design, that also
observed caffeine-induced improvements in performance, reported that untrained and trained subjects
experienced similar improvements in 10-km cycling performance [15], which again is in contrast to the
prior mentioned meta analysis. The other two studies concluded that training status had no effect on
time-to-fatigue [16] or peak strength [17], although there was no main effect of caffeine in either study.
The lack of a significant ergogenic effect of caffeine in these studies (i.e., experimental models that did
not detect a beneficial effect of caffeine) makes it impossible to tease out the impact of training levels.
We recruited participants that were accustomed to cycling exercise and ultimately enrolled subjects
that had a wide range of cycling experience and fitness levels. This allowed us to examine a separate
factor (other than time of day) that may alter the magnitude of benefit conferred by caffeine ingestion.
Specifically, in addition to time of day, we tested the hypothesis that untrained cyclists would receive
more of a performance benefit from caffeine compared to their trained counterparts.

The outcomes of this investigation have marked practical relevance. Athletes and coaches make
training/competition decisions based on risk and reward. It is therefore worthwhile to establish
whether or not time trial performance is differentially impacted by time of day and/or training status,
as this will instruct best practices for caffeine use as an ergogenic aid. There can be downsides to
caffeine consumption, particularly in the evening. For instance, caffeine intake later in the day can
interfere with quantity and quality of sleep [18], thereby possibly impairing recovery from heavy
exercise [19] and subsequent performance [20]. Our collective hypothesis was that trained subjects
supplementing with caffeine in the evening will experience the least improvement in performance and
therefore should reconsider caffeine as an ergogenic aid late in the day.

2. Materials and Methods

2.1. Subjects

Twenty-two healthy male subjects from James Madison University and the surrounding area
volunteered for the study. Two subjects withdrew for reasons unrelated to the study, resulting in
complete data from eleven trained and nine untrained cyclists. Descriptive data are shown in
Table 1. Subjects were required to have performed, at minimum, either “occasional” cycling
(one day/month) for the untrained cyclists or “consistent” cycling (four days/week) in their weekly
exercise routine over the past three months for trained cyclists. Cycling frequency and duration were
self-reported. Trained and untrained cyclists were determined by the number of hours cycling per
week, with comparison based on the top (trained) vs. bottom (untrained) tertiles. The categorization
of untrained and trained subjects is generally supported by individual peak oxygen consumption
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(VO2peak) values (Table 1). The notable exception is that one ‘untrained’ subject possessed a VO2peak
of 61.3 mL·kg−1·min−1. However, this subject was only performing 1.5 h of weekly cycling.
Subjects provided information about their resistance training routines and this information was used
as a covariate for all analyses (data reported in Table 1). Subjects were informed of the experimental
procedures and risks prior to giving written consent. The study was approved by the James Madison
University Institutional Review Board (IRB #15-0559). We also implemented a questionnaire asking
about caffeine habits (coffee, tea, soda, chocolate, etc.); daily caffeine intake was calculated by assigning
typical caffeine values to each respective item. Caffeine levels are reported in Table 1. Only one subject
regularly consumed >300 mg/day, the previously established benchmark for ‘high’ caffeine intake
(400 mg/day). Therefore, any differences in caffeine intake between subjects likely had a negligible
impact on our performance outcomes.

Table 1. Descriptive Data for All Subjects and the Upper and Lower Cycle Training Tertiles.

All Subjects (n = 20) Trained (n = 7) Untrained (n = 7)

Height (m) 1.75 ± 0.07 1.75 ± 0.07 1.76 ± 0.08
Body Mass (kg) 73.6 ± 10.9 70.2 ± 10.7 76.0 ± 10.6

Age (year) 22 [18–44] 22 [18–39] 21 [19–44]
V̇O2peak (mL·kg−1·min−1) 57.2 ± 9.3 64.8 ± 7.9 49.2 ± 5.6
Caffeine Intake (mg/day) 32 [0–407] 100 [8–407] 2 [0–204]
Cycle Training (h/week) 4.0 [1.5–10.0] 8.0 [5.0–10.0] 2.3 [1.5–3.5]

Resistance Training (h/week) 1.0 [0–22.5] 1.5 [0–22.5] 3.5 [0–9]

Age, caffeine intake, cycle training, and resistance training are expressed as medians [range] because data did
not display a normal distribution. All other variables are expressed as means ± SD. VO2peak and cycling volume
were higher in Trained vs. Untrained (p < 0.05).

2.2. Cardiovascular Fitness Testing

Following height and body weight measurements, subjects performed an incremental exercise
test to exhaustion on a bicycle ergometer (Velotron, Racermate, Inc., Seattle, WA, USA) to determine
peak oxygen consumption (VO2peak). The test began at a workload of 100 W (untrained) or 150 W
(trained), and was increased by 25 W every minute until volitional fatigue. Metabolic measurements
were assessed using a Moxus Modular Metabolic System (AEI Technologies, Pittsburgh, PA, USA)
throughout the test and VO2peak was determined by the highest 30-s mean oxygen uptake.

2.3. Experimental Design

A randomly counterbalanced, double blind, placebo controlled design was implemented to
compare the effects of the four different treatment conditions. Subjects performed four trials:
two morning trials starting between 6:00 a.m. and 10:00 a.m. (but with consistent starting times within
each subject), and two evening trials starting between 4:00 p.m. and 8:00 p.m., with an eight-hour
minimum separation between morning and evening start times for each subject. During the
experimental trials, subjects ingested a capsule one hour prior to exercise containing either 6 mg/kg
body weight anhydrous caffeine or all-purpose flour (placebo). Only ad libitum water consumption
was permitted following capsule consumption. The four treatment conditions were designated as:
1 Morning placebo (AMPLA); 2 Morning caffeine (AMCAF); 3 Evening placebo (PMPLA); and 4 Evening
caffeine (PMCAF).

2.4. Performance Trials

Each subject performed six exercise trials (two familiarization trials followed by four experimental
trials) on both an isokinetic dynamometer (Biodex Multi-Joint System—PRO, Biodex Medical Systems,
Inc., Shirley, NY, USA), and cycle ergometer, with 6 (2.5–17) days between each experimental
trial. Venous blood samples were obtained immediately upon arrival to the laboratory and again
prior to exercise (one-hour following capsule consumption). Subjects then began each trial with
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a 5-min treadmill warm-up at 3.5 mph. Following the warm-up, subjects completed two sets of
four leg extension repetitions on an isokinetic dynamometer (two warm up repetitions followed
by two peak torque measurements) at 30 degrees/s with the right leg. Each set was separated by
60 s. This protocol was repeated at 120 degrees/s and 240 degrees/s, respectively (grand total of
24 repetitions; 12 total warm-up repetitions (4 at each speed) and 12 total maximum repetitions
(4 at each speed)). After a ~3 min transition, subjects performed a flat 3-km time trial on the cycle
ergometer. The familiarization trials were identical to the experimental trials, with the exception
of the supplementation protocol. Cycling power output (and consequently cycling velocity) was
self-controlled by adjusting both resistance on the flywheel using a simulated gear shifter and pedaling
cadence. Subjects were instructed to treat each trial as a competition prior to the beginning of each
trial, but subjects did not receive verbal feedback or encouragement from the investigators during
testing. Further, no visual feedback from the time trial was provided, with the exception of elapsed
distance. 3-km time trial time was used as the performance measure.

2.5. Serum Caffeine Levels

Blood samples were obtained from the antecubital vein. After 30 min of coagulations,
samples were centrifuged at 2500 rpm for 15 min. Serum was stored at −80 ◦C until analysis.
Serum caffeine levels were subsequently determined via mass spectrometry.

2.5.1. Sample Preparation for Liquid Chromatography/Mass Spectrometry Analysis

Serum samples were stored at −80 ◦C prior to extraction. 200 μL of serum was extracted by
vortexing with 5 mL of ethyl acetate for 5 min. The extract was then centrifuged for 10 min at 4000× g
to separate the organic and aqueous layers. The top ethyl acetate layer was transferred to a tube,
the extraction repeated and the organic fractions combined. The extract was then lyophilized in a
CentriVap (Labconco, Kansas City, MO, USA) and reconstituted in 200 μL of 96:4 water:methanol for
quantitation by LC/MS.

2.5.2. LC/MS Analysis

An Agilent 1290 ultra-high performance liquid chromatograph (UHPLC) coupled to a 6224 time of
flight mass spectrometer (TOF MS) (Agilent Technologies, Santa Clara, CA, USA) was used to separate
caffeine from other metabolites and measure its concentration in the serum extracts. Gradient elution
with an Agilent Zorbax Eclipse Plus C18 column (2.1 mm × 150 mm, 1.8 μm particles) held at 35 ◦C
was performed with mobile phase A (water, 0.1% v/v formic acid) and B (acetonitrile, 0.1% v/v) at
0.45 mL/min. as follows: B was held at 4% for 7 min and increased to 70% by 12 min. At 14.5 min
the gradient was returned to the initial conditions. Five microliters of serum extract were injected
in duplicate. Caffeine was ionized by positive ion electrospray (ESI) as follows: capillary, +3500 V;
drying gas, 350 ◦C and 10 L/min; nebulizer 30 psig. Mass spectral data was acquired in profile and
centroid mode at 3 specta/s over 100–1700 m/z. TOF ion optics were: fragmentor, 115 V; skimmer,
65 V and octopole retardation factor Vp-p, 750 V. An internal reference mass (IRM) solution (purine and
HP-921, Agilent Technologies, Santa Clara, CA, USA) was delivered to the ESI source to ensure high
mass accuracy (<15 ppm).

A caffeine stock solution (1000 ppm, water) was serially diluted to yield a minimum of seven
calibration levels that ranged from 0.01 to 20 ppm. Agilent’s Mass Hunter Quantitative Analysis
software (B.06) (Agilent, Santa Clara, CA, USA) was used to generate external calibration curves and
calculate the concentrations of caffeine in ppm.

2.6. Dietary and Exercise Control

Subjects were provided with instructions for recording food intake so dietary intake could be
replicated across trials. All subjects recorded food intake for 24 h prior to all experimental trials.
Subjects were provided with a copy of food records from the 24 h preceding the initial experimental
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trials to be used to facilitate dietary replication for the 24-h time period preceding subsequent trials.
Subjects were also instructed to abstain from any alcohol (24 h), caffeine (12 h), and food intake
(4 h; post-absorptive state) prior to each experimental trial. Our intent was to collect performance data
in the morning and evening under similar feeding conditions. The most feasible way to accomplish
this was to study subjects in a post-absorptive state, so as to avoid early waking and feeding prior to
the morning trial. However, this leads to discrepancies in fasting duration prior to the morning and
evening trials; the morning trials were conducted after an overnight fast (~7–10 h of fasting) whereas
the evening trials were performed after a 4-h fast. While it is conceivable that this variance could impact
performance, performance (both strength and 3-km TT) was virtually identical between the morning
and evening under placebo conditions, suggesting that any error variance due to different fasting
durations was likely negligible. Subjects were instructed to maintain consistent exercise habits between
trials and to abstain from any heavy and/or unaccustomed exercise 48 h prior to each experimental
trial. Subjects submitted physical activity logs for verification.

2.7. Statistical Analysis

All data were log transformed to diminish the effects of nonuniformity. Magnitude-based
inferences about the data were derived using methods described by Hopkins and colleagues [21].
A previously established ‘smallest worthwhile change’ in performance was used as the threshold
value for a substantial treatment effect (separate treatment conditions vs. placebo) [22]. The smallest
worthwhile change in performance was defined as 0.3 × the within-subject variability of a similar group
of cyclists previously studied in our laboratory [5] (Coefficient of Variation = 2.7% for time) which
translates to a difference of 0.8% or 2.4 s in the current project [23]. As recommended by Hopkins, for the
isokinetic data, 0.2 × SD of the AMPLA trial was used to determine smallest worthwhile change [22].
The coefficient of variation for peak strength measurements (derived from placebo conditions) was:
3.9% at 30 degrees/s, 3.2% at 120 degrees/s, and 4.6% at 240 degrees/s. The coefficient of variation for
3-km TT performance was: 1.1% for all subjects, 1.1% for trained, and 0.8% for untrained.

A published spreadsheet [24] was then used to determine the likelihood of the true treatment
effect (of the population) reaching the substantial change threshold (0.3 × CV); these were classified
as <1% almost certainly no chance, 1%–5% = very unlikely, 5%–25% = unlikely, 25%–75% = possible,
75%–95% = likely, 95%–99% = very likely, and >99% = almost certain. If the percent chance of the effect
reaching the substantial change threshold was <25% and the effect was clear, it was classified as a
‘trivial’ effect. If 90% confidence intervals included values exceeding the substantial change threshold
for both a positive and negative effect, effects were classified as unclear (>5% chance of reaching
the substantial threshold for both a positive and negative effect). To test the effects of time of day,
the outcomes derived for each group using the spreadsheet mentioned above [24] were compared
using a second spreadsheet [25]. Likewise, the effects of training status were compared using this same
method. All data reported as mean ± 90% Confidence Interval unless noted otherwise.

We estimated the statistical power of our experimental design using a publicly available
spreadsheet created for magnitude-based inferences [26]. Data derived from a subset of male
subjects (n = 24) using a similar measurement protocol in our laboratory was used to estimate
within-subject variability [5]. With a sample size of 20, the current design and statistical methods had
the statistical power of 0.99 to detect changes in time trial performance of 1.5% and 0.7 to detect a
performance change of 0.8%. For leg extension an effect of 4.05% (smallest meaningful effect derived
from 0.2 × within subject standard deviation under placebo conditions) could be detected with a power
of 0.96. The between subject comparisons (trained vs. untrained) were associated with low power
thereby increasing the likelihood of making a type II error. However, we detected magnitude-based
differences in 3-km TT performance (caffeine vs. placebo) between trained and untrained subjects and
these data are reported; peak strength data specific to each training group are omitted because of the
lack of power and lack of clear statistical outcomes.
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3. Results

3.1. Serum Caffeine Levels

Serum caffeine levels in AM were: All Subjects—Pre 0.7 ± 1.3 ppm, Post 13.8 ± 2.4 ppm;
Trained—Pre 0.6 ± 0.9 ppm, Post 13.1 ± 2.0; Untrained—Pre 0.2 ± 0.3 ppm, Post 13.6 ± 2.3 ppm.
Caffeine levels in PM were: All Subjects—Pre 0.7 ± 0.8, Post 14.7 ± 3.1 PPM; Trained—Pre
0.6 ± 0.7 ppm, Post 13.1 ± 3.9 ppm; Untrained—Pre 0.6 ± 0.5 ppm, Post 15.0 ± 2.8 ppm. There were
no differences between trained and untrained subjects, nor were there any differences between AM
and PM caffeine levels following caffeine ingestion.

3.2. The 3-km Time Trial Performance

3.2.1. All Subjects

All 3-km performance data are displayed in Figure 1. Individual performance data are displayed
in Figure 2. In all subjects, AMCAF 3-km time trial performance (3-km TT) was ‘very likely’ better
than AMPLA (2.9% ± 1.7%), while PMCAF ‘possibly’ improved performance vs. PMPLA (1.1% ± 1.1%).
AMCAF ‘likely’ improved 3-km TT performance to a greater extent than PMCAF (1.7% ± 2.0%) when
compared to the respective placebo condition (PLA).

Figure 1. The 3-km Time Trial Performance. Bars depict mean finishing time in seconds (±SD).
AM, morning; PM, afternoon; (a) ‘very likely’ faster than PLA; (b) ‘possibly’ faster than PLA; (c) ‘likely’
faster than PLA; (d) ‘likely’ different response to caffeine between AM and PM; (e) ‘likely’ different
response to caffeine between Trained and Untrained in PM. p-values derived from pairwise comparisons
are displayed in parentheses.

3.2.2. Trained Subjects

AMCAF performance was ‘likely’ faster than AMPLA (1.8% ± 1.9%), whereas caffeine’s effect was
‘unclear’ in the evening (PMCAF vs. PMPLA: −1.0% ± 3.1%). Additionally, AMCAF ‘likely’ improved
performance more than PMCAF (AMCAF vs. PMCAF: 2.8% ± 3.4%), when compared to PLA.

3.2.3. Untrained Subjects

AMCAF and PMCAF ‘likely’ improved time trial performance vs. AMPLA (5.5% ± 8.0%) and
PMPLA (3.2% ± 3.8%), respectively. The time of day (AM vs. PM) comparison was ‘unclear’.
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3.2.4. Training Status

It was ‘unclear’ whether trained or untrained benefited more from caffeine in the AM condition,
but untrained subjects ‘likely’ benefited more from caffeine supplementation than trained in the PM
condition (trained: −1.0% ± 3.2%, untrained: 3.2% ± 3.8%, AMCAF vs. PMCAF: 4.2% ± 4.5%).

3.3. Peak Muscle Torque

All peak skeletal muscle torque data are presented in Table 2. Knee extension torque at
30 degrees/s (30EXT) was ‘possibly’ improved by caffeine in PM when compared to PMPLA, but all
other PM measures were ‘likely’ trivial. PM Caffeine ‘possibly’ increased PMCAF torque more than
AMCAF torque in the 30EXT condition when compared to PLA. All other time of day comparisons
were ‘trivial’ or ‘unclear’.

Bars depict mean finishing time in seconds (±SD). (a) ‘Very likely’ faster than PLA; (b) ‘possibly’
faster than PLA; (c) ‘likely’ faster than PLA; (d) ‘Likely’ different response to caffeine between AM and
PM; (e) ‘Likely’ different response to caffeine between Trained and Untrained in PM. p-Values derived
from pairwise comparisons are displayed in parentheses.

Data are reported as individual 3-km finishing times under all four experimental conditions,
grouped by training tertiles. Numbers below the horizontal axis (x-axis) represent each
individual subject.

Figure 2. Individual 3-km Time Trial Performances. AM, morning; PM, afternoon; PLA, placebo;
CAF, caffeine.

Table 2. Peak Muscle Strength Data.

Velocity 30 Degrees/s 120 Degrees/s 240 Degrees/s

Time AM PM AM PM AM PM

PLA 192.7 ± 39.1 190.7 ± 38.7 171.3 ± 31.7 171.7 ± 29.5 154.6 ± 28.6 157.9 ± 29.9

CAF 194.1 ± 47.5 202.3 ± 41.8 171.3 ± 33.0 174.7 ± 29.2 158.4 ± 33.6 160.0 ± 26.1

PLA vs. CAF

0.9 ± 4.4 5.2 ± 3.6 −0.3 ± 3.5 1.3 ± 3.1 2.0 ± 3.1 0.8 ± 3.6
(−0.3 ± 4.3) (5.94 ± 3.5) (−0.1 ± 3.3) (1.9 ± 2.9) (2.0 ± 2.9) (1.8 ± 3.6)

12/85/3 72/28/0 4/91/6 10/90/1 18/81/0 9/89/2
Likely Trivial Possible; p = 0.07 Likely Trivial Likely Trivial Likely Trivial Likely Trivial

AM vs. PM
−4.3 ± 5.5 (−6.19 ± 5.4) −1.6 ± 4.6 (−2.0 ± 4.3) 1.3 ± 4.6 (0.2 ± 4.5)

1/46/53; Possible; p = 0.06 3/75/22; Likely Trivial 19/77/4; Likely Trivial

Values for Placebo (PLA) and Caffeine (CAF) reported as Mean ± SD. AM, morning; PM, afternoon.
Comparison values reported as adjusted (actual in parenthesis). Mean ± 90% CI for differences between change
scores (i.e., AM vs. PM), % likelihoods of positive effect/trivial effect/negative effect and semantic inferences.
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4. Discussion

The purpose of the current study was to investigate how the benefit of caffeine for 3-km
cycling TT performance was influenced by time of day and training status. Caffeine enhanced
3-km TT performance more in the morning than in the evening (all subjects and trained subjects).
Caffeine also improved cycling performance among untrained subjects in the morning and evening,
whereas the benefit for trained subjects was ‘likely’ in the morning and ‘unclear’ in the evening.
Further, caffeine intake enhanced 3-km performance more among untrained- than trained subjects,
in the evening. Secondarily, we assessed peak muscle strength at three separate angular velocities
prior to the time trials. Caffeine has been shown to increase peak strength [6,7,12,13,27] and there
is some evidence that strength may contribute to the ergogenic properties of caffeine for cycling
performance [28]. Therefore, we measured peak strength in an attempt to provide some physiological
insight into the time trial outcomes. However, caffeine only increased strength at the slowest velocity
(30 degrees/s) in the evening, which does not align with the TT performance results. This suggests
that the gains in time trial performance were not mediated by improvements in strength.

Consistent with our general hypothesis, caffeine enhanced 3-km TT performance among
trained subjects in the morning but not the evening. This supports results from a recent
study, in which we reported that caffeine supplementation elicited the largest improvements
in 3-km cycling TT performance among subjects that completed trials prior to 10:00 a.m. [5].
Importantly, prior observations made in strength-trained participants that caffeine elevates
performance in the morning but not the evening [13] can now be extended to include longer sustained
efforts. To our knowledge there are no other data from which to directly compare our findings.

The scant information on this topic also makes it difficult to provide a well-founded explanation
for why caffeine appears to deliver a more pronounced benefit in the morning. We suspected that
the time of day differences in performance could be related to varying rates of caffeine metabolism
throughout the day. Cytochrome P450 1A2, the enzyme responsible for caffeine metabolism, has been
shown to have higher activity levels during sleeping hours and directly after waking, when compared
to the rest of day [29]. Considering that caffeine metabolites appear to be more potent than caffeine itself,
faster caffeine metabolism could lead to a higher concentration of metabolites in the morning thereby
delivering a stronger effect [30]. However, this was not the case in the current study. Caffeine levels
were virtually identical between AM and PM trials (reported in Section 3.1). An alternative hypothesis
is that the greater gains with caffeine in the morning are related to slower time trial performances
in the morning compared to the evening, in the absence of caffeine. Though the physiology is
largely unknown, there is good evidence that somatic control and physical performance (peak muscle
strength, power, and swimming) can be impaired in the morning compared to the evening [20,31–33],
perhaps providing an opportune time to utilize performance enhancing agents. This idea is supported
by Mora-Rodriguez et al. where physical performance was worse in the morning compared to the
evening, and caffeine raised morning performance to the levels achieved in the afternoon trials.
The current data does not seem to support systematic somatic deficits in the morning, as only 9 of
20 subjects (2 of 7 trained tertile and 5 of 7 untrained tertile) performed slower in the AMPLA than
the PMPLA. However, 5 of these 9 subjects (1 trained; 4 untrained) had much slower times under
AMPLA conditions, which had a large effect on the overall outcomes (i.e., larger gains in AM vs. PM).
These slower times may represent a true time of day effect or may reflect individual circadian rhythms.
Unfortunately, we do not have chronotype data from which to test this possibility.

While training status did not affect the response to caffeine in the morning, the untrained
tertile did experience a more favorable response to caffeine than trained subjects in the evening.
This aligns with a recent meta-analysis on this topic that concluded that caffeine tended to improve
muscle endurance more in untrained than in trained subjects [14]. The current data are an important
addition to our understanding since, as highlighted in the introduction, this conclusion was largely
deduced by comparing effect sizes derived from separate studies conducted on trained vs. untrained
cohorts. The differential impact that training status had on the caffeine benefits in the evening is a
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function of both the lack of improvement among the trained subjects and a ‘likely’ beneficial effect
among untrained subjects. The physiological mechanisms responsible for this result are unknown
and beyond the scope of this investigation. However, the concentration of adenosine receptors
(the presumed primary target of caffeine) do appear to be higher in trained compared to untrained
individuals [34]. And though highly speculative, the higher concentration of adenosine receptors may
increase tissue sensitivity to any given concentration of adenosine, thereby requiring larger doses of
caffeine to elicit a desirable effect. This may especially be an issue when the effects of caffeine are
expected to be relatively small (i.e., the evening).

The current project revealed that caffeine’s effect on 3-km TT performance was partially mediated
by time of day and training status. However, peak muscle torque was largely unaffected by caffeine
except ‘possibly’ at the slowest speed of contraction (30 degrees/s). There is some precedent for
null strength findings [35–37], but most of the literature suggests that peak muscle function is
heightened with caffeine [6,7,12,13,27]. Interestingly, as angular velocity increases, so do the number
of trivial outcomes, indicating that movement velocity may impact the effects of caffeine. This could
possibly be related to caffeine’s role as an adenosine antagonist, a mechanism responsible for its
ergogenic effects [38]. Adenosine receptor density has been shown to be greater in slow-twitch
muscle fibers [39]. However, higher movement velocities require a greater reliance on force output
(and power) from fast twitch fibers due to reductions in slow twitch fiber power production secondary
to shifting the velocity × power curve to the right [40]. Therefore, at the higher movement velocities,
it is possible that the fiber type most responsive to caffeine supplementation (slow twitch fibers) would
contribute a smaller proportion to whole muscle power output, resulting in a smaller measurable
effect of caffeine. This would explain why no ergogenic effects of caffeine were observed for peak
strength at speeds greater than 30 degrees/s. In support of this idea, Jacobson et al. [41] reported
improvements in isokinetic knee extension strength with caffeine consumption which were greater at
slower movement speeds.

5. Conclusions

The primary weaknesses of the current study include the relatively small sample size, the lack of
mechanistic insight (RPE, muscle pain, etc.), and as discussed in Section 2.6, the markedly different
fasting durations preceding the morning and evening trials. Specific to the latter, it seems possible
that the different fasting durations preceding the morning and evening trials could have influenced
performance in both placebo and caffeine conditions. However, performance was virtually identical
across placebo trials (morning vs. evening). Further, despite evidence that feeding status can influence
the pharmacokinetics of caffeine ingestion [42], caffeine levels were similar in both caffeine conditions,
suggesting that the 4 h of fasting, regardless of duration, likely leads to similar rates of caffeine
absorption/metabolism. Notwithstanding these potential issues, the findings of this study support
the idea that time of day and training status influence caffeine ergogenics and that these are probably
not mediated by peak strength. This suggests that caffeine may be a suitable supplement for use
during morning competition, but with less noticeable results in the evening. The current results
also indicate that trained subjects supplementing with caffeine in the evening did not benefit from
caffeine. Because of the potential detrimental effects that evening caffeine consumption has on sleep,
we recommend that athletes confirm that caffeine is effective on an individual basis before using in the
evening. The research on external factors that may alter how an individual performs with caffeine
supplementation is still sparse, and more information is needed before personalized prescription for
optimal performance outcomes can be provided.
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Abstract: The purpose of the present study was to investigate appetite-related hormonal responses
and energy intake after a 20 km run in trained long distance runners. Twenty-three male long-distance
runners completed two trials: either an exercise trial consisting of a 20 km outdoor run (EX) or a
control trial with an identical period of rest (CON). Blood samples were collected to determine plasma
acylated ghrelin, peptide YY3-36 (PYY3-36) and other hormonal and metabolite concentrations. Energy
intake during a buffet test meal was also measured 30 min after the exercise or rest periods. Although
plasma acylated ghrelin concentrations were significantly decreased after the 20 km run (p < 0.05),
plasma PYY3-36 did not change significantly following exercise. Absolute energy intake during the
buffet test meal in EX (1325 ± 55 kcal) was significantly lower than that in CON (1529 ± 55 kcal),
and there was a relatively large degree of individual variability for exercise-induced changes in
energy intake (−40.2% to 12.8%). However, exercise-induced changes in energy intake were not
associated with plasma acylated ghrelin or PYY3-36 responses. The results demonstrated that a 20 km
run significantly decreased plasma acylated ghrelin concentrations and absolute energy intake among
well-trained long distance runners.

Keywords: appetite-related hormones; energy intake; long distance run; athletes

1. Introduction

Appetite regulation is closely associated with circulating hormones secreted from digestive organs.
Plasma ghrelin, secreted from the stomach, is known to be the only hormone that promotes hunger
and food intake [1]. In contrast, peptide YY3-36 (PYY3-36) and glucagon-like peptide-1 (GLP-1) are
produced in the gastrointestinal tract. These hormones have the opposite role of ghrelin, resulting
in attenuation of appetite [2–5]. Recently, attention to the influence of acute exercise on feeding
behavior and its related endocrine regulations has increased. King et al. [6] showed that plasma
ghrelin concentrations and subjective feelings of hunger were significantly impaired by 90 min of
running at 70% of maximal oxygen uptake (

.
VO2max). Moreover, Martins et al. [7] demonstrated

that plasma GLP-1 and PYY3-36 concentrations were significantly increased by 60 min of endurance
exercise at 65% of

.
VO2max. Jokisch et al. [8] suggested that energy intake during a buffet test meal was

reduced significantly after exercise compared with rest conditions for sedentary males. Although some
inconsistent results still exist [9,10], the attenuating effect of exercise on hunger and energy intake
is well established [6,7,11,12]. These findings could contribute to the design of optimal exercise
prescriptions for health promotion and protection against obesity.

In contrast to the abundant studies on untrained individuals, appetite regulation after high-intensity
(above 80% of

.
VO2max) and prolonged (>60 min) exercise, which is commonly incorporated into the

daily training program of trained athletes, remains under exploration. Sim et al. [13] showed that
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high-intensity interval training (HIIT, 15 s sprint at 170% of
.

VO2max with 60 s active recovery at 32%
of

.
VO2max) suppressed subsequent ad libitum energy intake and ghrelin concentrations in obese

individuals. Deighton et al. [14] investigated the influence of HIIT (30 s all-out sprint with 4 min
active recovery at 30 W) on appetite regulation in young untrained males, with the results suggesting
that subjective feelings of appetite, as well as ghrelin concentrations, were markedly suppressed
following HIIT. However, previous studies which investigated the effects of prolonged exercise (>60
min) on appetite regulation are limited. In particular, the majority of previous studies were conducted
in a laboratory setting. To our knowledge, no study found any influence from prolonged exercise
among well-trained athletes during actual training in the field. Since trained athletes experience
greater exercise-induced metabolic and endocrine responses compared with individuals with lower
fitness levels [15], their levels of exercise-induced appetite suppression may be more profound.
Reduction of energy intake by exercise (exercise-induced anorexia) may be beneficial for weight
management. However, athletes are commonly required to facilitate recovery of energy substrates
(e.g., muscle glycogen, intramyocellular lipid) and promote muscle protein synthesis after training.
Impaired energy intake after strenuous exercise is thought to delay recovery of exercise capacity and to
promote accumulated fatigue. Levenhagent et al. [16] demonstrated that nutrient intake immediately
after exercise enhanced glucose uptake and protein synthesis in the leg and whole body muscles when
compared with consuming the same meal 3 h after exercise. Considering the importance of nutrient
intake during the early phase of the post-exercise period, elucidation of appetite regulation during the
early phase of prolonged high-intensity exercise in athletes is valuable.

In the present study, we investigated the time course of changes in appetite-related hormonal
responses and spontaneous energy intake after a 20 km outdoor run (approximately 78 min in duration)
in trained long distance runners. We hypothesized that the run would result in decreased spontaneous
energy intake during a subsequent meal, with lowered plasma acylated ghrelin concentrations and
elevated plasma PYY3-36 concentrations.

2. Materials and Methods

2.1. Subjects

Twenty-three male, college endurance runners (age, 20.0 ± 0.3 (mean ± standard error)
years; height, 171.2 ± 1.9 cm; weight, 56.3 ± 1.0 kg; BMI, 19.3 ± 0.4 kg/m2; and

.
VO2max,

67.1 ± 1.0 mL/kg/min) participated in this study. All subjects belonged to the same running team,
which specialized in long-distance running and maintained regular practice (2.5 h/day) 6 times a week.
Subjects were informed of the purpose, experimental procedures, and risks of the study, and written
informed consent was obtained from all participants. The study was approved by the Ethics Committee
for Human Experiments of Ritsumeikan University (BKC-IRB-2014-015), Japan.

2.2. Experimental Design

Prior to conducting experiments,
.

VO2max was determined using incremental running test.
Subjects started running at 14 km/h and running velocity was increased by 2 km/h every 4 min
until 18 km/h. Once the running velocity reached 18 km/h, it was increased by 0.6 km/h every 1 min
until exhaustion. Respiratory gases were collected and analyzed using an automatic gas analyzer
(AE310S, Minato Medical Science Co., Ltd., Tokyo, Japan). The collected data were averaged every 30 s.

All subjects completed two trials on different days. The first visit was designed as an exercise
trial (EX), and the second visit consisted of a trial without exercise (CON). Each trial was separated
by 1 week. Due to experimental setting with performing 20 km outdoor run, the present study was
conducted without crossover-design to match environmental factor within subjects during a 20 km run.
We selected a 20 km run because it was actually incorporated into the training program in long distance
runners. Exercise-induced metabolic and hormonal responses, subjective appetite, and energy intake
after exercise or rest were compared between the two trials. On the day prior to the trials, the content
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of regular practice and calories consumed during dinner were matched to avoid any influence on
metabolic and appetitive responses on the following day. Dinner was provided between 8:00 p.m. and
9:00 p.m. and consisted of regular Japanese food. The total calories consumed (1331 ± 50 kcal) were
identical in each trial. Subjects stayed in accommodations at the university, and their scheduled sleep
time was set from 11:00 p.m. to 6:30 a.m.

On the measurement days, the subjects arrived at the laboratory at 7:00 a.m. following an
overnight fast, and they rested for at least 20 min before blood collection. On the EX day, all subjects
completed a 20 km outdoor run between 7:30 a.m. and 10:30 a.m. They were instructed to run at a
prescribed pace and their elapsed time was monitored. Heart rate was recorded continuously every
15 s during exercise using a heart rate monitor (Polar RCX5, Polar Electro Oy, Kempele, Finland).
Subjects were allowed to consume a total of 400 mL of water during the exercise period. The ambient
temperature during the run was 12.1 ◦C. On the CON day, the subjects did not engage in exercise,
and instead rested in the laboratory for a period of time identical to that taken to complete the run.
During this period, they were allowed to read books and were required to consume the same amount
of water (400 mL) they had consumed on the day of EX. The room temperature was set at 19 ◦C.

Blood sampling, evaluation of subjective feelings of appetite using a visual analog scale (VAS),
and respiratory gas sampling were conducted several times before and after exercise or rest, and 30 min
following the 20 km outdoor run or rest period. Thirty min after the run or the rest period, energy and
macronutrient intake during a buffet test meal were evaluated.

2.3. Blood Parameters

On the experimental trial days, subjects arrived at the laboratory at 7:00 a.m. following an
overnight fast. After resting for 20 min, a baseline blood sample was obtained. A series of blood
samples were subsequently collected immediately after exercise or rest, and 30 min following the
exercise or rest period. Serum and plasma samples were obtained by centrifugation (10 min, 4 ◦C)
and stored at −80 ◦C until analysis. From the obtained samples, plasma acylated ghrelin and PYY3-36,
serum growth hormone (GH), free fatty acids (FFA), creatine kinase (CK), and myoglobin (Mb)
concentrations were measured. Blood glucose and lactate concentrations were measured immediately
after blood collection using a glucose analyzer (Free Style, Nipro Co., Osaka, Japan) and a lactate
analyzer (Lactate Pro, ARKRAY Co., Kyoto, Japan), respectively. Blood glucose measurements
were performed in duplicate and the average values were used. Serum GH concentration was
measured using electrochemiluminescence immunoassay. Serum FFA concentration was measured
using enzymatic methods. Serum CK and Mb concentrations were measured at a clinical laboratory
(SRL Inc., Tokyo, Japan). The intra-assay coefficients of variation (CV) were 1.9% for GH, 1.3% for FFA,
2.8% for CK, and 2.4% for Mb.

For the measurement of plasma acylated ghrelin and PYY3-36 concentrations, blood was drawn
into a chilled tube containing EDTA, dipeptidyl peptidase-4 (DPP-IV), protease, and esterase inhibitors.
After obtaining plasma by centrifugation at 4 ◦C, hydrochloric acid (1 mmol/L) was immediately
added to the micro tube for acylated ghrelin analysis, following the manufacturer’s instructions.
Plasma acylated ghrelin concentration was measured using an enzyme-linked immunosorbent assay
(ELISA) kit (Mitsubishi Chemical Medicine Corp., Tokyo, Japan). The intra-assay CV was 4.6%.
The plasma PYY3-36 concentration was measured using an ELISA kit (Phoenix Pharmaceuticals, Inc.,
Burlingame, CA, USA) and the intra-assay CV was 6.1%. All ELISAs were performed in duplicate.

2.4. Subjective Feelings of Hunger, Appetite, Perceived Food Consumption, Satiety, and Fatigue

Ratings of subjective hunger, appetite, perceived food consumption, satiety, and fatigue were
evaluated using a 100 mm VAS [17] before exercise (or rest), immediately after exercise (or rest),
at 15 and 30 min after exercise (or rest), and after the buffet test meal.
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2.5. Respiratory Parameters

A resting expired gas sample was collected 20 min after completing the 20 km run or rest.
The subjects sat on a comfortable chair, and a respiratory gas sample was collected for 3 min and
analyzed using an automatic gas analyzer (AE310S, Minato Medical Science Co., Ltd., Tokyo, Japan)
to evaluate oxygen uptake (

.
VO2), carbon dioxide output (

.
VCO2), ventilatory volume (

.
VE), and the

respiratory exchange ratio (RER). The values were averaged every 30 s. Appropriate calibrations of O2

and CO2 sensors and the volume transducer were performed using calibration gases and a 2 L syringe
immediately before measurements were taken.

2.6. Ad Libitum Buffet Meal

A buffet test meal was started 30 min after the 20 km run or rest to evaluate energy and
macronutrient intake. The meal lasted 30 min; however, the participants were not informed of
the elapsed time during the test. All subjects were instructed to “eat until they felt comfortable
satiety” in a separate environment from other subjects. The buffet meal consisted of abundant food
items eaten regularly in standard Japanese breakfasts and included rice balls, bread, jam, grilled
salmon, boiled beef, ham, sausages, boiled eggs, potato salad, natto (fermented soybean), boiled
spinach, miso soup, milk, yogurt, cheese, oranges, apples, bananas, green tea, orange juice, and
vegetable juice. The energy intake was determined by counting number of plates (calorie for each
plate is already known) and by weighting remaining foods after eating. A dietary analysis program
(Excel Eiyou-kun version 6.0, Kenpakusha, Tokyo, Japan) was also used to calculate energy intake and
macronutrient content.

2.7. Statistical Analysis

Data are expressed as means ± SE. For all variables, normal distribution was confirmed using
Kolmogorov-Smirnov test. Time courses of changes in blood parameters and subjective feelings
of appetite were compared using a two-way repeated-measures analysis of variance (ANOVA)
to determine interaction (trial × time) and main effects (trial, time). When ANOVA revealed a
significant interaction or main effect, a Tukey-Kramer post hoc test was performed. Energy intake
and respiratory gas parameters were compared between the two conditions using a paired t-test.
The relationship between the exercise-induced relative change in energy intake and each blood
parameter was determined using Pearson correlation coefficients. Statistical significance was accepted
as a p-value < 0.05.

3. Results

3.1. Exercise Duration and Heart Rate Response during the 20 km Run

The average time taken to complete the 20 km run was 77.9 ± 0.3 min. The average heart rate (HR)
during exercise was 157 ± 3 beats/min. The estimated percentage for maximum HR was 78.0% ± 1.3%.

3.2. Scores for Subjective Appetite and Fatigue

Table 1 shows the time-course changes in subjective scores for appetite and fatigue. A significant
interaction (trial × time), as well as main effects of trial and time, were observed for hunger and
appetite (p < 0.05). Hunger scores were significantly lower in EX than in CON immediately and
15 min after exercise (p < 0.05); however, this significant difference was not observed between the
trials 30 min after exercise. Similarly, scores of appetite were significantly lower in EX compared with
CON immediately and 15 min after exercise (p < 0.05). A two-way ANOVA revealed a significant
interaction (trial × time) effect, and a main effect of time for perceived food consumption (p < 0.05).
Perceived food consumption was significantly lower in EX compared with CON immediately after
exercise (p < 0.05). Significant main effects of trial and time for satiety were observed (p < 0.05). Satiety
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scores were significantly higher in EX than in CON immediately, 15 min and 30 min after the exercise
period (p < 0.05). Two-way ANOVA revealed a significant interaction effect (trial × time), as well
as main effects of trial and time, for fatigue. In EX, scores for fatigue were significantly increased
immediately and 15 min after exercise (p < 0.05). In addition, fatigue scores were significantly higher
in EX than in CON at all time points after the exercise period (p < 0.05).

Table 1. Change in scores of subjective feeling of appetite and fatigue.

Pre
Post

After Meal
0 min 15 min 30 min

Hunger (mm) EX 57 ± 4 51 ± 6 † 60 ± 5 † 68 ± 4 11 ± 1 *
CON 60 ± 3 70 ± 3 * 71 ± 3 * 72 ± 3 * 16 ± 3 *

Appetite (mm) EX 59 ± 5 52 ± 7 † 62 ± 5 † 68 ± 5 18 ± 4 *
CON 58 ± 4 70 ± 3 * 72 ± 3 * 72 ± 3 * 23 ± 4 *

Prospective food consumption (mm) EX 63 ± 4 54 ± 6 † 61 ± 5 69 ± 4 * 20 ± 4 *
CON 58 ± 4 67 ± 3 * 70 ± 2 * 68 ± 3 22 ±3 *

Satiety (mm) EX 30 ± 4 29 ± 5 † 32 ± 5 † 31 ± 5 † 82 ± 4 *,†

CON 26 ± 3 20 ± 3 18 ± 5 18 ± 3 70 ± 5 *

Fatigue (mm) EX 43 ± 4 † 58 ± 4 *,† 55 ± 4 *,† 52 ± 4 † 41 ± 4 †

CON 29 ± 3 26 ± 3 23 ± 3 * 24 ± 4 26 ± 4

Values are means ± SE. *: p < 0.05 vs. pre, †: p < 0.05 vs. CON.

3.3. Blood Parameters

Table 2 shows the time-course of changes in blood glucose, lactate, serum GH, FFA, Mb, and CK
concentrations. No significant differences between the trials were observed at baseline (before exercise
or rest) for any blood parameters, expect for blood glucose concentrations. A significant interaction
(trial × time) and a main effect of time were observed. Blood glucose concentrations were significantly
increased immediately after the exercise period compared with CON (p < 0.05). However, blood
glucose concentrations were significantly lower in EX compared with those in CON 30 min after
exercise (p < 0.05). No significant interaction (trial × time), or main effects of time or trial were
observed for blood lactate concentrations (p < 0.05). Blood lactate concentrations did not significantly
change from baseline values in either trial. Two-way ANOVA revealed a significant interaction
(trial × time), as well as main effects of time and trial, for serum GH, FFA, and Mb concentrations.
Serum GH concentrations were significantly increased after exercise in EX (p < 0.05). Thirty min
after exercise, serum GH concentrations remained significantly higher in EX compared with CON
(p < 0.05). Serum FFA concentrations were markedly increased after exercise (p < 0.05), and were
significantly different to those in CON (p < 0.05). Serum Mb concentrations were significantly increased
immediately and 30 min after exercise (p < 0.05), and were also significantly different between EX and
CON (p < 0.05). Lastly, a significant interaction (trial × time) as well as main effects of time for serum
CK concentrations were observed. Although serum CK increased significantly with exercise (p < 0.05),
there was no significant difference between the trials at any point (main effect of trial; p > 0.05).

Figure 1 shows the changes in plasma acylated ghrelin concentrations. Significant main effects
of time and trial were observed for plasma acylated ghrelin (p < 0.05). Plasma acylated ghrelin
concentrations at baseline were significantly lower in EX compared with CON (p < 0.05) and exercise
significantly decreased plasma acylated ghrelin concentrations immediately after the exercise period
(before exercise, 20.2 ± 1.4 fmol/mL; immediately after exercise, 17.3 ± 1.7 fmol/mL, p < 0.05) with a
significant reduction relative to CON (p < 0.05). Thirty minutes after exercise, plasma acylated ghrelin
concentrations remained significantly lower in EX than in CON (p < 0.05). In contrast, the CON trial
did not show significant change in acylated ghrelin concentration over time.

Figure 2 shows the time-course change of plasma PYY3-36 concentrations. Two-way ANOVA
revealed a significant main effect of the trial for plasma PYY3-36 concentration. Although plasma
PYY3-36 concentrations at baseline were significantly lower in EX than in CON (p < 0.05), there was no
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significant difference between the trials after exercise. Furthermore, plasma PYY3-36 concentration did
not change significantly from baseline values in either EX or CON.

Table 2. Change in blood variables.

Pre
Post

0 min 30 min

Glucose (mmol/L)
EX 4.92 ± 0.05 † 5.30 ± 0.12 *,† 4.64 ± 0.08 *,†

CON 4.78 ± 0.05 4.84 ± 0.05 4.93 ± 0.04 *

Lactate (mmol/L)
EX 1.6 ± 0.2 1.6 ± 0.2 1.6 ± 0.1

CON 1.4 ± 0.1 1.5 ± 0.1 1.4 ± 0.1

GH (ng/mL) EX 1.8 ± 0.5 8.9 ± 1.8 *,† 4.1 ± 0.8 †

CON 2.5 ± 0.6 2.1 ± 0.4 1.3 ± 0.3

FFA (mmol/L)
EX 0.42 ± 0.05 1.22 ± 0.08 *,† 0.90 ± 0.08 *,†

CON 0.38 ± 0.03 0.35 ± 0.03 0.55 ± 0.04 *

Mb (ng/mL) EX 36 ± 2 136 ± 26 *,† 140 ± 22 *,†

CON 37 ± 3 36 ± 2 35 ± 2

CK EX 349 ± 27 457 ± 30 * 436 ± 29 *

(U/L) CON 402 ± 74 389 ± 68 * 385 ± 70 *

Values are means ± SE. *: p < 0.05 vs. pre, †: p < 0.05 vs. CON.
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Figure 1. Change in plasma acylated ghrelin concentrations. Values are means ± SE. * p < 0.05 vs. pre,
† p < 0.05 vs. CON.
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Figure 2. Change in plasma PYY3-36 concentrations. Values are means ± SE. † p < 0.05 vs. CON.

3.4. Respiratory Parameters

Resting
.

VO2 and
.

VCO2 after exercise were significantly higher in EX than in CON (
.

VO2,
271 ± 5 mL/min in EX vs. 233 ± 8 mL/min in CON;

.
VCO2, 202 ± 6 mL/min in EX vs. 182 ± 6 mL/min

in CON, p < 0.05). Moreover, there was a trend toward lower RER in EX than in CON (0.75 ± 0.02 in
EX vs. 0.78 ± 0.02 in CON, p = 0.056) and toward higher

.
VE in EX than in CON (8.7 ± 0.4 L/min in EX

vs. 7.9 ± 0.3 L/min in CON, p = 0.057).

3.5. Energy and Macronutrient Intake

Table 3 shows the energy intake, macronutrient intake ratios, and types of menu selected during the
buffet test meal. The time required to finish eating was not significantly different between EX and CON.
Energy intake was significantly lower in EX (1325 ± 55 kcal) compared to CON (1529 ± 55 kcal, p < 0.05);
the exercise-induced relative change in energy intake was −12.9% ± 2.8%. With regard to macronutrient
distribution, fat intake was significantly lower in EX than in CON (p < 0.05), while carbohydrate
intake was significantly higher in EX than in CON (p < 0.05). Moreover, comparing the caloric intake
within four categories of food (staple foods, others, fruits, and drinks) among the 21 different menus
indicated that calories consumed from staple foods, including carbohydrates (e.g., rice, bread) and
others (e.g., fish, meat) were significantly lower in EX (p < 0.05). In contrast, calories consumed from
drinks including tea, juice, milk, and soups were slightly but significantly greater in EX (p < 0.05).
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Table 3. Energy intake, macronutrient intake ratio and categories of selected menus.

EX CON

General information

Duration of eating (min) 22 ± 1 23 ± 1
Energy intake (kcal) 1325 ± 55 † 1529 ± 55

Detailed information

Macronutrient intake

Protein
(%) 14.6 ± 0.5 15.3 ± 0.5
(g) 49 ± 3 † 58 ± 2

Fat
(%) 26.2 ± 1.4 † 29.8 ± 1.2
(g) 39 ± 3 51 ± 3

Carbohydrate (%) 59.2 ± 1.9 † 54.9 ± 1.5
(g) 190 ± 9 202 ± 10

Categories of selected menus
Staple food (rice and bread) (kcal) 545 ± 34 † 659 ± 45

Others (kcal) 553 ± 38 † 694 ± 28
Fruits (kcal) 101 ± 15 75 ± 12

Drinks (tea, juice milk and soup) (kcal) 126 ± 11 † 101 ± 16

Values are means ± SE. †: p < 0.05 vs. CON.

3.6. Inter-Individual Variability in Exercise-Induced Changes in Energy Intake

Figure 3 shows the individual data of exercise-induced relative changes in energy intake
[(energy intake in EX − energy intake in CON)/energy intake in CON × 100]. A relatively large
individual difference in energy intake was observed (ranging from −40.2% to 12.8%). In total, 3 of
23 subjects (13.0%) had increased energy intake after the exercise period compared with rest, while there
were no differences in intake between the trials in 2 subjects (8.7%). However, 18 subjects (78.3%) had
reduced energy intake after exercise compared with rest.
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Figure 3. Individual data of exercise-induced relative change in energy intake. The line indicates the
average value of relative change in exercise-induced energy intake (−12.9% ± 2.8%).

3.7. Correlation between Exercise-Induced Relative Changes in Energy Intake and Blood Variables

When the relationship between the exercise-induced relative change in energy intake and blood
variables was determined, changes in energy intake showed a significant inverse correlation with serum
Mb concentrations 30 min (r = −0.477, p < 0.05) after exercise. Moreover, there was an inverse trend of
correlation between exercise-induced relative change in energy intake and serum Mb concentrations
immediately after exercise (r = −0.372, p = 0.08). Exercise-induced absolute change in energy intake
showed an inverse trend of correlation with that in area under the curve (AUC) of serum Mb (r = −0.393,
p = 0.06). However, plasma acylated ghrelin concentrations immediately (r = 0.11, p = 0.61) and 30 min
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(r = 0.20, p = 0.37) after exercise did not correlate significantly with exercise-induced relative changes
in energy intake. Similarly, plasma PYY3-36 concentrations immediately (r = 0.12, p = 0.58) and 30 min
(r = 0.03, p = 0.90) after exercise were not correlated with exercise-induced relative changes in energy
intake. No significant relationship was observed between exercise-induced absolute change in energy
intake and AUCs of ghrelin (r = −0.05, p = 0.81) or PYY3-36 (r = −0.34, p = 0.11).

4. Discussion

The present study was designed to determine the impact of a 20 km run on appetite regulation in
well-trained long distance runners. We found that absolute energy intake during a buffet test meal
after the exercise period was significantly reduced compared with that after a rest period of identical
duration. However, this reduction in energy intake was not associated with exercise-induced acylated
ghrelin or PYY3-36 responses.

4.1. Exercise-Induced Ghrelin and PYY3-36 Responses

Plasma acylated ghrelin concentrations were significantly decreased after exercise, in agreement
with previous studies [6,18,19]; however, the magnitude of the reduction in plasma acylated ghrelin
concentrations (14% reduction) was smaller compared to previously reported values [14,18,20].
A relatively small reduction in plasma acylated ghrelin could be due to a moderate GH response,
as exercise-induced GH elevations suppress ghrelin [21–23]. In the present study, because the
magnitude of the exercise-induced GH response was modest (pre-exercise, 1.8 ± 0.5 ng/mL;
immediately after exercise, 8.9 ± 1.8 ng/mL), it may have resulted in a relatively small ghrelin response.
Furthermore, plasma PYY3-36 concentrations were not significantly elevated after the exercise period.
There have been inconsistencies in the reported effect of acute exercise on PYY3-36 response [12–14,24].
These inconsistencies may be due to whether breakfast was consumed prior to exercising or not. In fact,
two studies that demonstrated exercise-induced PYY3-36 elevations provided a standard breakfast
before the exercise period [12,14], while exercise in the present study was completed following an
overnight fast.

4.2. Energy Intake Following 20 km Run

The most important finding in the present study was a significant reduction in energy intake after
a 20 km run in well-trained long distance runners. In addition, a detailed analysis of the selected menus
during the buffet test meal indicated that lowered energy intake in EX was due to a reduction in calories
consumed from staple foods (e.g., rice and bread) and other foods (e.g., fish or meat), and not from
fruits or drinks. Previous reports investigating the effect of acute exercise on appetite regulation among
well-trained athletes (

.
VO2max above 65 mL/kg/min) are quite limited. Moreover, this is the first study,

to our knowledge, demonstrating that acute exercise decreased absolute energy intake in well-trained
athletes. Exercise-induced decreases in appetite have been generally accepted to be dependent on
exercise intensity [25]. However, the average HR (157 ± 3 bpm) during the 20 km run did not reach a
maximal level (78.0% ± 1.3% of estimated maximal HR). Moreover, blood lactate concentrations did
not change significantly from baseline, suggesting that exercise intensity was moderate. Resting

.
VO2,

which was determined after the 20 km run, was significantly elevated 20 min after the exercise period,
and resting energy expenditure was increased during the post-exercise period. Therefore, reduction of
absolute energy intake with a concomitant increase in resting energy expenditure might promote a
negative energy balance. However, caution is necessary since energy expenditure during a 20 km run
was not evaluated in the present study. Further investigations need to determine energy expenditure
during exercise and post-exercise for confirming energy availability. In addition, the influence of low
energy availability on post-exercise recovery and training adaptations is required to explore.
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4.3. Inter-Individual Variability of Exercise-Induced Reduction of Energy Intake

The relatively larger sample size of this study (n = 23) enabled us to perform additional statistical
analyses. Although energy intake in EX was significantly lower than in CON, a relatively large
degree of individual variability was observed (−40.2% to 12.8%); a similar trend was also reported in
previous studies [24,26–28]. To clarify the association between appetite-related hormonal responses
and exercise-induced reductions in energy intake, we divided all subjects into two groups (a group with
greater reductions in energy intake and a group with smaller reductions in energy intake) based on the
average value of the exercise-induced relative change in energy intake (−12.9% ± 2.8%). There were
no significant differences between the two groups for acylated ghrelin (p = 0.78) or PYY3-36 (p = 0.53)
concentrations 30 min after the exercise period (immediately before the buffet test meal), suggesting
that reduced energy intake after a 20 km run was not associated with exercise-induced acylated
ghrelin or PYY3-36 responses. Thus, a plausible factor contributing to the reduction in energy intake
after the 20 km run may be an exercise-induced elevation of GLP-1, as GLP-1 has anorexigenic effects.
Ellingsgaard et al. [29] suggested that GLP-1 secretion was stimulated by exercise-induced interleukin-6
(IL-6) production in skeletal muscle in rats. IL-6 is an inflammatory cytokine, and long distance running
markedly increases IL-6 production in skeletal muscle, as well as in the blood [30]. Ueda et al. [12] also
observed a significant inverse correlation between the decrease in energy intake after exercise and an
incremental GLP-1 response. Therefore, the impact of GLP-1 concentration mediated by IL-6 elevation
after a 20 km run on reduced energy intake should be considered. Furthermore, we found that
exercise-induced elevations of Mb concentrations were significantly correlated with exercise-induced
relative changes in energy intake. Currently, we are unsure whether increased Mb concentrations
directly affected exercise-induced reductions in energy intake. However, future investigations to
study the influence of muscle damage and the inflammatory response on appetite regulation would
be informative. Another possible factor contributing to the reduction of energy intake might be an
exercise-induced elevation of core temperature, since this has been demonstrated to lower energy
intake after exercise [31]. However, it is unlikely that an elevation of core temperature had a strong
impact in our study, since the 20 km run was completed in a cold environment during winter (ambient
temperature: 12.1 ◦C).

4.4. Macronutrient Intake Following a 20 km Run

The influence of exercise on macronutrient intake distribution remains unclear [10,32,33].
Blundell et al. [34] suggested that acute exercise may alter food preference, which is associated
with replenishment of short-term energy stores. In the present study, carbohydrate intake during the
buffet test meal was significantly higher in EX than in CON. Considering that fat oxidation (evaluated
by RER) was significantly enhanced during the post-exercise period in EX, replenishment of muscle
glycogen appeared to be augmented after the 20 km run. Therefore, the increased proportion of
carbohydrate is reasonable. Dehydration and thirst may have also contributed to altered macronutrient
intake [33]. However, it is unlikely that dehydration occurred since the run was performed in a cold
outdoor environment, and a total of 400 mL of water was provided to each participant. Furthermore,
body weight did not change significantly after the exercise period (pre: 56.3 ± 1.0 kg, post: 55.8 ± 1.0 kg,
p > 0.05).

4.5. Limitations

Several limitations should be considered in the present study. First, there were slight,
but significant differences in baseline acylated ghrelin and PYY3-36 concentrations between the two
trials. The reason for this difference is unclear as training volume, dinner before the testing day,
and accommodations the night prior to the trial were controlled and matched between the two
trials. However, there was no significant correlation between energy intake and acylated ghrelin or
PYY3-36 concentrations at baseline (acylated ghrelin, EX: r = −0.16, p = 0.47, CON: r = −0.16, p = 0.47;
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PYY3-36, EX: r = −0.35, p = 0.10, CON: r = −0.17, p = 0.45). In addition, in the EX trial, the lower
acylated ghrelin concentration (anorexigenic effect) might be offset by the lower PYY3-36 concentration
(orexigenic effect). Therefore, the influence of different acylated ghrelin and PYY3-36 concentrations
at baseline would have been negligible; Second, the present study was conducted without using
randomized counter-balanced design to match environmental condition during 20 km outdoor run,
and all subjects completed firstly EX. Unick et al. [35] revealed that energy intake during the meal was
similar in spite of the order of exercise trial and rest trial (exercise trial followed by rest trial or rest
trial followed by exercise trial). Therefore, it is assumed that the present experimental design without
crossover design had little influence on energy intake during buffet test meal; Third, exercise intensity
during the 20 km run may have been lower than during a competition. Therefore, the reduction of
energy intake after exercise may have been underestimated. Finally, information on energy intake
during the rest of the trial day, and on following day, was not recorded. Previous studies reported that
a compensatory increase in energy intake after an ad libitum meal was not observed over such a time
period [6,13,36]. However, caution is necessary because subjects of above studies [6,13,36] were not
competitive endurance athletes. Further investigations are needed to confirm whether compensatory
increase in energy intake will happen.

5. Conclusions

A 20 km run significantly decreased subjective hunger, plasma acylated ghrelin concentrations,
and absolute energy intake in well-trained long distance runners. However, the exercise-induced
reduction of energy intake was not associated with acylated ghrelin or PYY3-36 responses.

Acknowledgments: We wish to thank the all of athletes and coach for commitment to the research. We thank
laboratory members for help the excellent technical support during the experiment. Especially, we would like to
thank nutritionists Aya Kaizaki, Aoi Ikedo, Saori Matsumiya and Ai Sato for preparation and production of the
buffet meal in the experiment.

Author Contributions: The present study was designed by C.K., and K.G.; data were collected and analyzed by
C.K., A.I., and K.G.; data interpretation and manuscript preparation were undertaken by C.K., K.E., and K.G.
All authors approved the final version of the paper. The present study was partially supported by a research grant
form Ritsumeikan University and Grant-in-Aid for Scientific Research from the Japan Society for the Promotion
of Science.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

PYY peptide YY
GLP-1 glucagon-like peptide-1
.

VO2max maximal oxygen uptake
HIIT high-intensity interval training
VAS visual analog scale
GH growth hormone
FFA free fatty acid
Mb myoglobin
CK creatine kinase
CV coefficients of variation
IL-6 interleukin-6

References

1. Kojima, M.; Kanagawa, K. Ghrelin: Structure and function. Physiol. Rev. 2005, 85, 495–522. [CrossRef]
[PubMed]

2. Batterham, R.L.; Broom, S.R. The gut hormone peptide YY regulates appetite. Ann. N. Y. Acad. Sci. 2003, 994,
162–168. [CrossRef] [PubMed]

327



Nutrients 2016, 8, 672

3. Battrerham, R.L.; Cowley, M.A.; Small, C.J.; Herzog, H.; Cohen, M.A.; Dakin, C.L.; Wren, A.M.; Brynes, A.E.;
Low, M.J.; Ghatei, M.A.; et al. Gut hormone PYY3-36 physiologically inhibits food intake. Nature 2002, 418,
650–654. [CrossRef]

4. Batterham, R.L.; Cohen, M.A.; Ellis, S.M.; Le Roux, C.W.; Withers, D.J.; Frost, G.S.; Ghatei, M.A.; Bloom, S.R.
Inhibition of food intake in obese subjects by peptide YY3-36. N. Engl. J. Med. 2003, 349, 941–948. [CrossRef]
[PubMed]

5. Kreymann, B.; Williams, G.; Ghatei, M.A.; Bloom, S.R. Glucagon-like peptide-1 7-36: A physiological incretin
in man. Lancet 1987, 2, 1300–1304. [CrossRef]

6. King, J.A.; Miyashita, M.; Wasse, L.K.; Stensel, D.J. Influence of prolonged treadmill running on appetite,
energy intake and circulating concentrations of acylated ghrelin. Appetite 2010, 54, 492–498. [CrossRef]
[PubMed]

7. Martins, C.; Morgan, L.M.; Bloom, S.R.; Robertson, M.D. Effect of exercise on gut peptides, energy intake
and appetite. J. Endocrinol. 2007, 193, 251–258. [CrossRef] [PubMed]

8. Jokisch, E.; Coletta, A.; Raynor, H.A. Acute energy compensation and macronutrient intake following exercise
in active and inactive males who are normal weight. Appetite 2012, 58, 722–729. [CrossRef] [PubMed]

9. Hubert, P.; King, N.A.; Blundell, J.E. Uncoupling the effects of energy expenditure and energy intake:
Appetite pesponse to short-term energy deficit induced by meal omission and physical activity. Appetite
1998, 31, 9–19. [CrossRef] [PubMed]

10. Pomerleau, M.; Imbeault, P.; Parker, T.; Doucet, E. Effects of exercise intensity on food intake and appetite in
women. Am. J. Clin. Nutr. 2004, 80, 1230–1236. [PubMed]

11. Broom, D.R.; Batterham, R.L.; King, J.A.; Stensel, D.J. Influence of resistance and aerobic exercise on hunger,
circulating levels of acylated ghrelin, and peptide YY in healthy males. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2009, 269, R29–R35. [CrossRef] [PubMed]

12. Ueda, S.; Yoshikawa, T.; Katsura, Y.; Usui, T.; Fujimoto, S. Comparable effects of moderate intensity exercise
on changes in anorectic gut hormone levels and energy intake to high intensity exercise. J. Endocrinol. 2009,
203, 357–364. [CrossRef] [PubMed]

13. Sim, A.K.; Wallman, K.E.; Fairchild, T.J.; Guelfi, K.J. High-intensity intermittent exercise attenuates ad-libitum
energy intake. Int. J. Obes. (Lond.) 2014, 38, 417–422. [CrossRef] [PubMed]

14. Deighton, K.; Barry, R.; Connon, C.E.; Stensel, D.J. Appetite, gut hormone and energy intake response to
low volume sprint interval and traditional endurance exercise. Eur. J. Appl. Physiol. 2013, 113, 1147–1156.
[CrossRef] [PubMed]

15. Schubert, M.M.; Desbrow, B.; Sabapathy, S.; Leveritt, M. Acute exercise and subsequent energy intake.
A meta-analysis. Appetite 2013, 63, 92–104. [CrossRef] [PubMed]

16. Levenhagen, D.K.; Gresham, J.D.; Carlson, M.G.; Maron, D.J.; Borel, M.J.; Flakoll, O.J. Postexersie nutrient
intake timing in humans is critical to recovery of leg glucose and protein homeostasis. Am. J. Physiol.
Endocrinol. Metab. 2001, 280, E982–E993. [PubMed]

17. Flint, A.; Raben, A.; Blundell, J.E.; Astrup, A. Reproducibility, power and validity of visual analogue scales
in assessment of appetite sensations in single test meal studies. Int. J. Obes. Relat. Metab. Disord. 2000, 24,
38–48. [CrossRef] [PubMed]

18. Broom, D.R.; Stensel, D.J.; Bishop, N.C.; Bruns, S.F.; Miyashita, M. Exercise-induced suppression of acylated
ghrelin in humans. J. Appl. Physiol. 2007, 102, 2165–2171. [CrossRef] [PubMed]

19. Kawano, H.; Mineta, M.; Asaka, M.; Miyashita, M.; Numao, S.; Gando, Y.; Ando, T.; Sakamoto, S.; Higuchi, M.
Effects of different modes of exercise on appetite and appetite-regulating hormones. Appetite 2013, 66, 26–33.
[CrossRef] [PubMed]

20. Shiiya, T.; Ueno, H.; Toshinai, K.; Kawagoe, T.; Naito, S.; Tobina, T.; Nishida, Y.; Shindo, M.; Kangawa, K.;
Tanaka, H.; et al. Significant lowering of plasma ghrelin but not des-acyl ghrelin in response to acute exercise
in men. Endocr. J. 2011, 58, 335–342. [CrossRef] [PubMed]

21. Dall, R.; Kanaley, J.; Hansen, T.K.; Møller, N.; Christiansen, J.S.; Hosoda, H.; Kangawa, K.; Jørgensen, J.O.
Plasma ghrelin levels during exercise in healthy subjects and in growth hormone-deficient patients.
Eur. J. Endocrinol. 2002, 147, 65–70. [CrossRef] [PubMed]

22. Gholipour, M.; Kordi, M.R.; Taghikhani, M.; Ravasi, A.A.; Gaeini, A.A.; Tabrizi, A. Possible role for growth
hormone in suppressing acylated ghrelin and hunger ratings during and after intermittent exercise of
different intensities in obese individuals. Acta Med. Iran. 2014, 52, 29–37. [PubMed]

328



Nutrients 2016, 8, 672

23. Vestergaad, E.T.; Dall, R.; Lange, K.H.; Kjaer, M.; Christiansen, J.S.; Jorgensen, J.O. The ghrelin responses
to exercise before and after growth hormone administration. J. Clin. Endocrinol. Metab. 2007, 92, 297–303.
[CrossRef] [PubMed]

24. Hagobian, T.A.; Yamashiro, M.; Hinkel-Lipsker, J.; Streder, K.; Evero, N.; Hackney, T. Effects of acute exercise
on appetite hormones and ad libitum energy intake in men and women. Appl. Physiol. Nutr. Metab. 2013, 38,
66–72. [CrossRef] [PubMed]

25. Deighton, K.; Stensel, D.J. Creating an acute energy intake deficient without stimulating compensatory
increases in appetite: Is there an optimal exercise protocol? Proc. Nutr. Soc. 2014, 73, 352–358. [CrossRef]
[PubMed]

26. Finlayson, G.; Bryant, E.; Blundell, J.E.; King, N.A. Acute compensatory eating following exercise is associated
with implicit hedonic wanting for food. Physiol. Behav. 2009, 97, 62–67. [CrossRef] [PubMed]

27. Hopkins, M.; Blundel, J.E.; King, N.A. Individual variability in compensatory eating following acute exercise
in overweight and obese women. Br. J. Sports Med. 2014, 48, 1472–1476. [CrossRef] [PubMed]

28. Unick, J.L.; Otto, A.D.; Goodpaster, B.H.; Helsel, D.L.; Pellegrini, C.A.; Jakicic, J.M. Acute effects of walking
on energy intake in overweight/obese women. Appetite 2010, 55, 413–419. [CrossRef] [PubMed]

29. Eliingsgaard, H.; Hauselmann, I.; Schuler, B.; Habib, A.M.; Baggio, L.L.; Meier, D.T.; Eppler, E.; Bouzakri, K.;
Wueest, S.; Muller, Y.D.; et al. Interleukin-6 enhance insulin secretion by increasing glucagon-like peptide-1
secretion from L cells and alpha cell. Nat. Med. 2011, 17, 1481–1489. [CrossRef] [PubMed]

30. Fischer, C.P. Interleukin-6 in acute exercise and training: What is the biological relevance? Exerc. Immunol. Rev.
2009, 12, 6–33.

31. Shorten, A.L.; Wallman, K.E.; Guelfi, K.J. Acute effect of environment temperature during exercise on
subsequent energy in active men. Am. J. Clin. Nutr. 2009, 90, 1215–1221. [CrossRef] [PubMed]

32. Elder, S.J.; Roberts, S.B. The effects of exercise on food intake and body fatness: A summary of published
studies. Nutr. Rev. 2007, 65, 1–19. [CrossRef] [PubMed]

33. Westerterp-plantenga, M.S.; Verwegen, C.R.; Ijedema, M.J.; Wijckmans, N.E.; Saris, W.H. Acute effects of
exercise or sauna on appetite in obese and nonobese men. Physiol. Behav. 1997, 62, 1345–1354. [CrossRef]

34. Blundell, J.E.; Stubbs, R.J.; Hughes, D.A.; Whybrow, S.; King, N.A. Cross talk between physical activity and
appetite control: does physical activity stimulate appetite? Proc. Nutr. Soc. 2003, 62, 651–661. [CrossRef]
[PubMed]

35. Unick, J.L.; O’Leary, K.C.; Dorfman, L.; Thomas, J.G.; Strohacker, K.; Wing, R.R. Consistency in compensatory
eating responses following acute exercise in inactive, overweight and obese women. Br. J. Nutr. 2015, 113,
1170–1177. [CrossRef] [PubMed]

36. Beaulieu, K.; Olver, T.D.; Abbott, K.C.; Lemon, P.W. Energy intake over 2 days is unaffected by acute sprint
interval exercise despite increased appetite and energy expenditure. Appl. Physiol. Nutr. Metab. 2014, 40,
79–86. [CrossRef] [PubMed]

© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

329



nutrients

Article

Investigating the Cellular and Metabolic
Responses of World-Class Canoeists Training:
A Sportomics Approach

Wagner Santos Coelho 1,2, Luis Viveiros de Castro 1, Elizabeth Deane 1,

Alexandre Magno-França 1, Adriana Bassini 1,2 and Luiz-Claudio Cameron 1,2,*

1 Laboratory of Protein Biochemistry, Federal University of State of Rio de Janeiro, Rio de Janeiro 22290-240,
Brazil; wagscoelho@hotmail.com (W.S.C.); luisviveirosdecastro@gmail.com (L.V.d.C.);
bethcataldi@gmail.com (E.D.); amvfranca@gmail.com (A.M.-F.); abassini@me.com (A.B.)

2 Department of Biochemistry and Sportomics, Olympic Laboratory, Brazil Olympic Committee,
Rio de Janeiro 22631-910, Brazil

* Correspondence: cameron@unirio.br; Tel.: +552-198-225-2007

Received: 26 August 2016; Accepted: 29 October 2016; Published: 11 November 2016

Abstract: (1) Background: We have been using the Sportomics approach to evaluate biochemical and
hematological changes in response to exercise. The aim of this study was to evaluate the metabolic and
hematologic responses of world-class canoeists during a training session; (2) Methods: Blood samples
were taken at different points and analyzed for their hematological properties, activities of selected
enzymes, hormones, and metabolites; (3) Results: Muscle stress biomarkers were elevated in response
to exercise which correlated with modifications in the profile of white blood cells, where a leukocyte
rise was observed after the canoe session. These results were accompanied by an increase in other
exercise intensity parameters such as lactatemia and ammonemia. Adrenocorticotropic hormone
and cortisol increased during the exercise sessions. The acute rise in both erythrocytes and white
blood profile were probably due to muscle cell damage, rather than hepatocyte integrity impairment;
(4) Conclusion: The cellular and metabolic responses found here, together with effective nutrition
support, are crucial to understanding the effects of exercise in order to assist in the creation of
new training and recovery planning. Also we show that Sportomics is a primal tool for training
management and performance improvement, as well as to the understanding of metabolic response
to exercise.

Keywords: metabolism; biochemistry of exercise; ammonia; urate; exercise intensity biomarkers;
physical stress response

1. Introduction

Physical stress response due to a sport challenge is implicated in many metabolic modifications
which affect the equilibrium of the biochemical internal environment [1,2]. This includes changes
in the amount and kinetics of diverse biomarkers that are correlated with exercise intensity and
muscle damage [3,4]. Some of these changes in metabolism can be assessed using blood as a
biological matrix. For more than one decade, our group has dedicated research efforts towards
understanding changes in metabolism using exercise as an induced-stress metabolic model [3,5–16].
The Sportomics approach targets metabolic and signaling molecule evaluations during either mimicked
or real conditions faced in sports situations; it combines “-omics” technique with classic clinical
laboratory analyses in order to understand sport-induced modifications [16]. These approaches
represent a powerful tool to understand changes in physical and metabolic stress [17–19] and allow
researchers to propose interventions in order to optimize athletes’ performance [5,20,21]. The approach
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is also a useful investigation tool for studying the effects of nutrition supplementation on physical
training in different physiological or clinical conditions, such as type 2 diabetes mellitus [22].
Therefore, the analysis of world-class athletes in a field perspective allows us the possibility
of understanding metabolic and signaling responses during high metabolic stress. Similar to a
personalized-medicine approach, the Sportomics method allows us to better understand individual
changes and to propose individualized interventions.

Several recent investigations have focused on the ammonemia changes resulting from a physical
effort, which may be modified due to different causes [23–25]. Amino acids play a central metabolic
role as an energetic source during exercise, which requires their deamination in order to be transduced
into chemical energy. Increased muscle contraction rate also can contribute to changes in ammonemia,
through adenosine monophosphate (AMP) deamination [26–29]. During intense or prolonged
exercise, the reduced ability to resynthesize ATP promotes accumulation of ammonia and inosine
monophosphate (IMP) which is metabolized to urate [30]. An intensity relationship has been proposed
between ammonemia and exercise, as ammonia rapidly increases at intensities greater than 50%–60% of
VO2max [31,32]. However, ammonia production and release is not solely restricted to intense exercise.
During prolonged (>1 h) submaximal exercise (60%–75% VO2max), ammonia could be produced
through the breakdown of branched chain amino acid (BCAA) for additional energy provision [33–35].

Ammonia may cross the blood brain barrier causing neurotoxic effects including neuropsychiatric
disorders, convulsion, and death [36], and may be implicated in central fatigue [25].
Therefore, ammonia accumulation may be avoided through a detoxification system. Humans convert
ammonia to urea mainly in hepatocytes, and different cells can decrease ammonemia by synthesizing
amino acids as a mechanism for further excretion of urea [9,11,37]. Therefore, an increase in urea levels
reflects both AMP and amino acid deamination. On the other hand, urate is the final metabolite of the
purine metabolism; hence, its measure can be stoichiometrically related to IMP deamination. Since urea
and urate are, respectively, the final products of ammonia and purine metabolism, the study of the
kinetics of those blood analytes leads to a better understanding of the metabolic pathways of ammonia
origin and the response to exercise [37]. For this reason, our group has proposed nutritional and
training interventions to promote metabolic adaptations in elite athletes to enhance their performance
in training and competitions [3,10].

Canoeing has been featured as an Olympic sport since the Summer Olympic Games of 1936 in
Berlin. Currently, men´s and women’s competitions cover distances of 200 m, 500 m, and 1000 m
either solo, in pairs, or in crews of four. Canoeing contests are sprint events requiring sustained
bursts of speed and power, leading to intense mechanical and metabolic stress. Little is known about
these athletes’ metabolic responses during training sessions or competitions, therefore, the aim of
this study was to evaluate four world-class canoeists during a training session through a Sportomics
approach. As far as we know, this is the first metabolic investigation in the field, coming from our
unique opportunity to investigate world-class athletes. This investigation will help enlighten us about
the metabolism behavior in elite athletes.

2. Materials and Methods

This study assessed the metabolic response of four male world-class canoeists during a combined
training session. All athletes were currently engaged in international elite competitions (including world
championships, Pan-American, and Olympic games). During the trials, the athletes were instructed
to maintain their typical hydration and food ingestion habits. Additionally, clinical evaluation,
anthropometric measurements, and laboratory tests of collected blood samples were performed to
assess health status. A Sportomics evaluation and analysis was performed to understand the metabolic
effects of a training session. Subjects were fully instructed about the testing procedures and each signed
a written informed consent. This study was conducted according to all procedures involving human
subjects approved by the Ethics Committee for Human Research at the Federal University of the State
of Rio de Janeiro (117/2007, renewed in 2011, 2013 and 2016) and met the requirements regulating
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research on human subjects (Health National Council, Brazil, 1996) the proper written informed consent
was read and signed by the athletes.

2.1. Experimental Designs

After a regular warm up, the athletes were subjected to a training protocol that consisted of
several canoe sprint bouts, with three minute intervals between each bout, covering different distances
and intensities. The total distance totaled 16 kilometers. This first part of the protocol had a duration
of 210 min followed by a rest period of 20 min during which they ingested a 500 mL beverage consisting
of about 20% carbohydrate (short and medium absorption); 2% lipids; 5% proteins (casein and whey
proteins). Next, they performed a weight lifting training session for 50 min focusing on exercises that
recruit large muscle groups for both upper and lower body, followed by a 70 min of recovery. See the
experimental trial depicted (Figure 1).

Figure 1. Experimental trial. Blood samples of the athletes were collected at the time points indicted in
the Figure and as described in materials and methods.

2.2. Blood Collection

Blood samples were collected following an antecubital vein puncture before (T1) and after (T2)
the 16 km canoe training session; before (T3) and after (T4) the resistance training; and after the
recovery period (T5) (Figure 1). Samples for hematological analysis assays were collected into tubes
with K2-EDTA (Vacuette, Greiner Bio-One, Frickenhausen, Germany). White blood cell (total and
differential), erythrocyte, and thrombocyte counts were measured in whole blood within a two-hour
time frame after collection. Blood was immediately centrifuged to obtain either plasma or serum that
was aliquoted, centrifuged (3000× g; 10 min; 4 ◦C), and stored in liquid nitrogen for later analysis
(never more than eight hours). Samples were analyzed in duplicate or triplicate, when necessary,
and measured against a standard curve with no less than five points.

2.3. Blood Analysis

A range of hematological and biochemical analyses was carried out totalizing around 100 analytes.
The large amount of data generated was used in a non-target analysis linked to an ex-post facto
study design. We chose near 20 analytes that could be relevant for our study of the athlete’s
performance. Among others, our data set included a broad spectrum of metabolites and biomarkers
related to different cellular and systemic signaling processes like inflammation and both muscle and
hepatic injury.

Alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP),
lactate dehydrogenase (LDH), γ-glutamyltransferase (γGT), creatine phosphokinase muscle-brain
fraction (CKMB), creatine phosphokinase (CK), ammonia, urea, blood urea nitrogen (BUN), creatinine,
urate, glucose, lactate, and 2-hydroxybutyrate were measured by the enzymatic kinetic method [38]
in an automatic analyzer (ADVIA 1200—SIEMENS, Erlangen, Germany/Autolab 18 Boehringer
Mannheim, Ingelheim am Rhein, Germany). Myoglobin was evaluated by the Hybridization Signal
Amplification Method [39]. Albumin and total protein were assessed by electrophoretic analysis [40].
High-density lipoprotein (HDL), low-density lipoprotein (LDL), very-low-density lipoprotein (VLDL),
total lipids, triacylglycerols (TG), and total cholesterol were assessed by the Chabrol & Charonnat
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method [41]. Amino acids were measured by high performance liquid chromatography (HPLC) [42].
CKMB-mass, insulin, adrenocorticotropic hormone (ACTH), and cortisol levels were assessed by
chemiluminescence (Immulite 2000 Siemens, Erlangen, Germany) [43].

2.4. Statistical Analysis

Statistical analyses were performed using the software SigmaPlot 11.0 integrated with SigmaStat
3.5 packages (Systat, Santa Clara, CA, USA). Due to the nature of the experiment, including the
similarity of subjects and the controlled experimental conditions (diet, sleep, training and major
physical condition variables), the data were expressed as mean ± standard error (SEM). Data were
normalized to pre-training results (T1) for clarity and analyzed by Analysis of Variance (ANOVA)
using the condition and time as the repeated measured variables, which were confirmed using Tukey’s
post hoc test. p < 0.05 was defined as the limit for statistically different mean values.

3. Results

Anthropometric characteristics of the individuals are presented on Table 1. Approximate averages
of the values measured were as follows: 1.77 m of height, 82.9 kg of weight, 9.8 kg of fat weight,
73 kg of fat-free mass, 11.5% of body fat percentage, indicating that all tested individuals presented
typical body composition, fat distribution, and weight profiles. We assessed the lipid profiles and
serum protein levels of the individuals to characterize their nutritional status. As observed in Table 2,
the assessed lipid profiles were in accordance with the healthy status of the general population. Table 3
presents the results regarding serum protein levels. Despite the fact that these data are considered
normal values for the general population, it is worth noting that the assessed albuminemia was low
considering a world-class team of athletes. Due to the lack of knowledge of world-class biomarker
levels we chose to show all the data as a reference for future studies [3,5,10,21].

Table 1. Anthropometric parameters of the athletes were measured and are shown here as
mean ± standard error.

Anthropometry

Height (m) 1.77 ± 0.02
Weight (Kg) 82.9 ± 5.0

Fat weight (Kg) 9.8 ± 2.4
Fat-free mass (Kg) 73.0 ± 2.6
Fat percentage (%) 11.5 ± 2.0

BMI (Kg/m2) 26.2 ± 1.2

Table 2. Lipid panel values–high-density lipoprotein (HDL); low-density lipoprotein (LDL);
very low-density lipoprotein (VLDL)-were assessed as described in materials and methods and are
shown here as mean ± standard error.

Lipid Panel (mg/dL)

Serum cholesterol 173.6 ± 24.2
Serum triacylglycerol 83.3 ± 20.0

HDL 55.3 ± 5.0
LDL 95.0 ± 26.5

VLDL 16.6 ± 3.8
Cholesterol/HDL ratio 3.2 ± 0.7

LDL/HDL ratio 1.9 ± 0.6
Non cholesterol lipids 118.3 ± 28.9
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Table 3. Protein fractions were assessed as described in materials and methods and are shown here as
mean ± standard error.

Protein Fractions (g/dL)

Total proteins 6.7 ± 0.12
Albumin 2.7 ± 1.23

α-1 globulin 0.4 ± 0.14
α-2 globulin 0.5 ± 0.05
β-1 globulin 0.4 ± 0.02
β-2 globulin 0.2 ± 0.003
γ globulin 1.2 ± 0.12

3.1. Muscle Stress Biomarkers

Well-established metabolic stress biomarkers were assessed in order to characterize the training
intensity of the proposed trial. Compared to basal levels, AST showed a statistically significant increase
after the resistance training (T4) by 30%, and continued to increase by up to 40% after the recovery
period. Other biomarkers, such as ALT, ALP, and γGT, did not change throughout the trial (Figure 2,
panels A and B). CK activity in blood samples, a classic muscle injury marker, was significantly higher
by approximately 60% at T4. Compared to the pre-exercise state, it kept increasing to nearly two-fold
at T5 (Figure 3, panel A). Despite the fact that no significant change was observed in CKMB and
LDH blood activity, the CKMB mass activity, a very specific muscle injury parameter, reached an
increment of 170% at T4 and was up regulated by three-fold at T5 (Figure 3, panel A). Blood levels
of myoglobin were significantly increased after the first session of exercise, with an increment of
170%, and kept increasing throughout the trial to reach six-fold values at T5 when compared to basal
(Figure 3, panel B).

Figure 2. Hepatic injury biomarker. Aspartate aminotransferase (AST), alanine aminotransferase
(ALT), γ-glutamyltransferase (γGT), and alkaline phosphatase (ALP) were measured as described in
materials and methods and are represented as mean ± standard error of percentage values against
control. * Indicates statistical difference against control values (p < 0.05). (Panel A) shows AST results
and ALT, γGT, and ALP results are presented in (Panel B).
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Figure 3. Cellular membrane integrity markers. Creatine phosphokinase (CK), creatine phosphokinase
muscle-brain fraction (CKMB) activity and mass, lactate dehydrogenase (LDH) (A); and myoglobin
(B) were measured as described in materials and methods and are represented as mean ± standard error
of percentage values against control. * Indicates statistical difference against control values (p < 0.05).

3.2. White Blood Cells

During the trial, blood leukocytes rose by 40.0% ± 16.1% and 62.1% ± 26.8% after the canoe
(T2) and weight lifting (T4) sessions, respectively, showing a discrete decrease after recovery and
reaching levels of 43.2% ± 21.5% higher than basal. These results were mainly due to the increment
in the neutrophil count, which showed a significant increase by 54.3% ± 22.3% and 166.2% ± 71.4%
after T2 and T4, respectively, and was still 136.0 ± 58.2 higher than basal levels after the recovery.
Despite the slight increase after the canoe training, the levels of lymphocytes showed a significant
decrease of approximately 40% after the 20 min rest between the training sessions and remained
significantly lower until the end of the protocol (Figure 4). Eosinophils measurements tended to
accompany the lymphocytes pattern, presenting an increment of approximately 30% at T2 followed
by an acute reduction that remained until the trial was terminated. Monocytes acutely responded to
exercise stress and the recovery periods, increasing by about 30% after both exercise sessions with a
rapid restoration of the original values. Thrombocyte levels responded positively and significantly to
the canoe training sessions; they increased 30% compared to the control at T2, acutely returned to basal
levels after the 20 min rest prior following resistance training, and remained similar to the original
value for the rest of the trial (Figure 5).

Figure 4. White blood cells. Leukocytes, segmented neuthrophils, and lymphocytes were measured
as described in materials and methods and are represented as mean ± standard error of percentage
values against control. * Indicates statistical difference against control values (p < 0.05).
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Figure 5. Thrombocytes. Thrombocyte levels were measured as described in materials and methods
and are represented as mean ± standard error of percentage values against control. * Indicates statistical
difference against any other condition (p < 0.05).

3.3. Branched Chain Amino Acids

Plasma branched chain amino acids (BCAA), which are important substrates either as metabolic
fuel or as protein synthesis precursors, decreased right after both physical stimuli. Leucine showed the
most prominent, significant decrease after the canoe training, reaching almost 50% of the basal value,
and continued to decrease by approximately 22% after the resistance training. These decreases did
not return to the original values, even after the recovery period. Both isoleucine and valine plasma
concentrations seemed to be down regulated after canoe training, however, this decrease was not
significantly different. After the 20 min rest between training sessions their levels returned to original
values (Figure 6, panel A).

Figure 6. Branched chain (A) and aromatic (B) amino acids. Amino acid parameters were assessed
as described in materials and methods and are represented as mean ± standard error of percentage
values against control. * Indicates statistical difference against control values (p < 0.05).

3.4. Aromatic Amino Acids

The three amino acids comprising the aromatic amino acids (AAA), phenylalanine, tryptophan
and tyrosine, are ketoglucogenic amino acids that may be deviated to the gluconeogenic pathway in
hepatocytes. Our results showed that these amino acids decreased in the range of 15%–25% after both
the canoe and the weight lifting exercises (Figure 6, panel B).
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3.5. Gluconeogenic Amino Acids

Many amino acids may serve as both substrates in anaplerotic reactions replenishing intermediates
of the tricarboxylic cycle and as gluconeogenic substrates. Hence, many amino acids serve as energy
sources in metabolic pathways. Interestingly, the plasma concentration of some of these amino acids
increased right after the first exercise bout. Alanine showed a two-fold increment after the canoe
training and also showed a slighter increment of approximately 20% at T4, after resistance training.
Glutamate was up regulated by 63% at T2, but regained the original levels at T4. Ornithine plasma
levels were enhanced by approximately 20% at T2. Methionine was elevated by approximately 86%
after the canoe training session and decreased for the remainder of the trial. Taurine followed the
methionine response, which is one of its precursors, rising 56% at T2. Glycine showed a later increase,
with levels elevated by about 35% at T3 and with measurements similar to control at all other time
points. On the other hand, arginine blood levels were down regulated to 60% of control values at T2
and 69% at T4. Glutamine presented a similar but slighter response, reaching 85% of basal values at T2
and returning to control levels thereafter. Lysine showed an approximately 30% decremented level at
T2 when compared to control. Other assessed amino acids, such as asparagine, aspartate, serine, and
threonine, did not fluctuate throughout the trial.

3.6. Metabolic Pathway Substrates, Intermediates, and Products

The metabolism of amino acids results in the production of nitrogen compounds,
including ammonia; the increase in the levels of these compounds in the blood is tightly related
to exercise intensity and duration. Ammonemia was significantly up regulated after the canoe training
session by 78% and remained significantly enhanced (by about 71%) even after the recovery period.
Urea blood level was slightly higher by about 21% at T4 and tended to reach normal values after
the recovery period. Urea concentration may reflect total ammonia excretion. IMP production
is correlated to urate appearance in the blood, which is the final product of purine catabolism.
Urate blood concentration rose significantly in blood by 24% and 20% at T4 and T5, respectively,
when compared to the control. Blood levels of creatinine, a muscle damage indicator that may
also suggest hemoconcentration alteration, responded acutely to both exercise sessions, augmenting
significantly by 24% at T2. This was followed by a restoration of control values at T3, then a significant
enhancement right after resistance training by 20% when compared to the control, and then a return to
normal values at the end of the recovery period (Figure 7). BUN concentration remained unchanged
throughout the trial.

Figure 7. Nitrogenous compounds. Ammonia and uric acid are shown in (Panel A). Urea and
creatinine fluctuations are presented in (Panel B). Nitrogenous compounds were evaluated as reported
in materials and methods and are shown as mean ± standard error of percentage values against control.
* Indicates statistical difference against control values (p < 0.05).
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Serum glucose, insulin, ACTH, and cortisol fluctuations during exercise are also related to the
destinations of amino acid metabolites and, therefore, were measured. Due to the stress caused by
the canoe training session, the hypothalamus activated the production of Corticotropin Releasing
Hormone (CRH), which in turn stimulated the anterior pituitary gland to produce ACTH, and then
the adrenal gland to produce cortisol. While ACTH serum levels increased by 82% at T2, cortisol rose
only 12% in comparison to initial levels. After exercise, the HPA axis was suppressed, and blood levels
of both hormones diminished significantly when ACTH reached values of 36% at T4, and measured
cortisol was 39% at T5 when compared to T2 (Figure 8).

Figure 8. Hypothalamic-pituitary adrenal axis hormones. Adrenocorticotropic hormone (ACTH) and
cortisol were measured as described in materials and methods and are represented as mean ± standard
error of percentage values against control. * Indicates statistical difference against control values
(p < 0.05). ** Indicates statistical significance when compared to T5 values (p < 0.05).

Insulin presented a slight decrease in response to the canoe exercise by about 10% and a significant
increase of 137% after the 20 min of rest due to the food and hydro-electrolyte reposition; it returned to
the approximate basal levels after the resistance training session and presented a drop by 50% of the
original concentration. Glycemia was significantly enhanced by 78% after the canoe bout and tended
to decrease progressively throughout the trial while maintaining its blood level slightly higher than
basal. The ketone body 2-hydroxybutyrate blood levels were also significantly augmented after the
canoe bout by 29%, followed by a slighter increment of 11% after the second exercise training session
(Figure 9, panels A and B). It is well known that the lactate blood levels increase according to the
exercise intensity. Our results showed a significant increment of 360% and 255% after the canoe and
resistance training sessions, respectively (Figure 9, panel A).

338



Nutrients 2016, 8, 719

Figure 9. Metabolic intermediates and Insulin. Glucose, lactate, 2-hidroxybutirate (A), and insulin (B)
were assessed as described in materials and methods and are represented as mean ± standard error
of percentage values against control. * Indicates statistical difference against control values (p < 0.05).
** Indicates statistical significance when compared to all conditions (p < 0.05).

4. Discussion

Canoeing competitions are sprint events requiring sustained bursts of speed and power, leading to
intense biochemical and metabolic stress. Many metabolites produced due to physical effort may be
implicated in fatigue and impairment of physical performance, hence, the understanding of these
responses is crucial to upgrade training sessions and optimize athlete performance. Here, we applied a
Sportomics approach to study and evaluate different metabolic and cellular responses during a training
session of world-class canoe athletes. Sportomics can help us in the understanding of the metabolism
and signaling events that occur in response to exercise and allow us to perform interventions increasing
both metabolic and sportive performances [10,16,19].

We measured serum levels of known exercise intensity biomarkers to characterize the applied
training protocol magnitude and assure the possibility of correlating exercise intensity to the metabolic
responses. Exercise intensity can be inferred by increases in plasma levels of CK, CKMB mass,
CKMB, and LDH [3,44–46]. Several studies have investigated the increase in CK in response to
exercise [3,5,10,21]. In this study, CK and CKMB mass blood levels increased continuously throughout
the exercise trial, rising significantly at T4 and T5 when compared to basal levels. This suggests
that the exercise stress and duration represented enough stimuli to cause such changes; a similar
result was described by Siegel et al. [47]. Despite these observations, CKMB levels did not elevate
significantly at any time point throughout the exercise session. However, it is worth noting that the
blood basal levels of this enzyme were higher than expected due to exercise accumulation along
the regular training season of the athletes, and this fact may have limited the furthest increment
along the executed protocol. Additionally, immune assays show more analytical sensitivity when
compared to enzymatic activity measurements. Therefore, it is necessary to separate immune assays
from enzymatic assays. It is important to emphasize that most protocols measure the enzymatic
activity of CK (also LDH and others) as a way to understand its increase or decline in response to
exercise. These enzymes are also being subjected to blood environment changes that can lead to an
increase in the specific activity (i.e., the ability to an enzyme to catalyze a reaction in a given unit of
time), so it is our understanding that the preferable way to measure muscle cellular injury is to use a
direct measurement of the enzyme content using immunological quantitative methods (such as ELISA
or Western blot or mass spectrometry). For us, this is an important statement because we believe that
researchers should carefully analyze the results of any increase of enzymes during exercise by the way
of enzymatic activity.

Blood levels of LDH also remained constant throughout the exercise trial, and this result is in
accordance with other studies which have shown a classic delayed response of LDH blood levels to
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strenuous exercise [48–50]. Myoglobin release from muscle to blood is a well-known biochemical
marker of muscle injury [51]. In our study, myoglobin significantly increased due to the exercise stress,
confirming skeletal muscle damage induced by the exercise protocol. This confirms the CK findings
and corroborates our interpretation concerning the difference in the CK and CKMB increase.

Classical biochemical hepatic damage markers such as AST, ALT, ALP, and γGT can be increased
as a result of liver and/or muscle injury after strenuous exercise [52,53]. In the present study, the only
enzyme that presented a significant increase throughout the protocol was AST, while the serum level
of the other enzymes remained unchanged throughout the exercise. Since these enzymes are also
present in muscles, the origin of this increase could not be differentiated between muscle or liver
cell disruption. However, we have recently proposed that muscle damage can be distinguished from
liver damage by using the more specific liver biomarkers such as ALT and γGT [5], which remained
constant in the present study. These data together suggest that the increases of these proteins are more
likely from muscle rather than liver cellular injury.

White blood cell counts increase after many types of exercise and the release of neutrophils
is directly correlated with exercise intensity and duration [3,17,18]. In this study, we reported an
increment in total leukocytes in response to both exercise sessions, which can be attributed to the
release of neutrophils. Interestingly, after a discrete increment in lymphocyte levels at T2, it returned to
basal values and continued decreasing reaching a significant reduction between the training sessions.
Previous studies indicated that the response of white blood cells to exercise is dependent on both
cytokine and myokines modulation [54–56]. Taken together these results may suggest that white blood
cell mobilization is due not to a non-specific exercise-induced spleen release, but rather to a specific
signal. Additionally, we reported an increase in platelet count without any change in erythrocyte
count, indicating that this effect occurs in a spleen-independent manner. As previously suggested,
these results may indicate that both thrombocytosis and leucocytosis observed during the exercise
bout are induced by either muscle cell damage or differential cell signaling [3,18].

Muscle cell damage is known to stimulate immune cell mobilization to the bloodstream and
migration to muscle tissue [5]. Exercise has been proposed to be a physiological way to modulate
immunity; while acute severe exercise usually impedes immunity, chronic moderate exercise improves
it [57,58]. Although the evidence to support these concepts is inconclusive, it supports the idea that
exercise-induced immune suppression increases susceptibility to symptoms of infection, particularly
around time of competition [59]. Moreover, metabolic stress is correlated with exercise induced
white blood cell response, as carbohydrate supplementation and availability have been proposed to
affect neutrophil count after intense exercise [60–62]. We previously described that a combination of
training, rest and nutritional intervention could have an important impact in amino acid availability,
muscle cellular injury, and immune response in another world-class athlete [10]. Therefore, the immune
responses reported here may be directly correlated with the alterations in the nutritional status and
metabolic availability as observed during the present experimental trial.

In this sense, it is important to maintain plasma level amino acids during training sessions, since
many amino acids serve both as anabolic and energetic precursors. In addition, it has been proposed
that blood fluctuations in the concentration of BCAAs may affect its ratio in the brain [63]. In our
study, the levels of many amino acids presented a blood concentration decrease during the sport
trial. Leucine showed the most important decrease after the canoe training session. Isoleucine and
valine concentration also decreased in a smaller range. Aromatic amino acids, which are generally
metabolized in the liver, were slightly consumed during the canoe exercise session; similar results
were described before [10]. Glutamine levels presented a similar response; they decreased after the
canoe trial and were restored after the recovery period. This could be the result of two processes:
glutamine exportation from muscle to decrease its ammonia levels; and the use of glutamine as
both a gluconeogenic substrate and a urea cycle feeder in the liver. On the other hand, alanine was
up regulated after the first exercise bout, showing a two-fold increment at T2. This response may
be attributed to a metabolic attempt to offer gluconeogenic substrates for further oxidation. The
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depletion of glycogen storage is related to exercise intensity, duration, and nutritional status, which
in turn may increase the use of amino acids as energy substrates, thereby increasing ammonia and
the production of other nitrogen compounds [64]. Both glutamine and alanine are anaplerotic and
gluconeogenic substrates and contribute to ATP and glucose synthesis. The ergogenic properties of
glutamine have been extensively studied [6,62,65], and we have recently reported the metabolic effects
of alanine in comparison to long-term glutamine supplementation during an intermittent exercise
protocol. Long term administration of glutamine is capable of reducing ammonia production during
intermittent exercise, hence, it is postulated to be a protector against an increase in blood ammonia in
an exercise intensity-dependent manner [21].

Many studies have indicated that ammonia is a useful physiological marker of prolonged
intense exercise, and its appearance in blood is positively correlated with exercise intensity [1,10,30].
High ammonemia can be toxic to both muscles and the central nervous system (CNS). Such changes
are believed to contribute to the disturbances in neuropsychological function and motor control
deficits and are also observed in patients with cirrhosis and, therefore, could induce central and
peripheral fatigue [25,60,66]. Therefore, measuring ammonia production during a sport session may
represent an important tool to control exercise intensity and to understand the metabolic response
of a given athlete. The canoe athletes experienced an increase in their blood ammonia levels during
the exercise trial due to both stimuli, which remained up regulated even after the recovery period.
This effect was followed by an increase in other measured nitrogenous compounds, such as urea,
urate and creatinine. These responses may have occurred as a result of an increased demand for ATP
by muscle contraction, leading to adenosine monophosphate (AMP) deamination and, subsequently,
the production of ammonia and urate [26–29]. Many studies have shown that ammonia production and
release represents the exercise effort intensity, rapidly increasing in intensities greater than 50%–60%
of VO2max up to maximal exhaustion [31,32]. Ammonia plasma concentration is also up regulated
during prolonged (greater than one hour) submaximal exercise (60%–75% VO2max). In these conditions,
ammonia could be produced in increasing amounts through the breakdown of branched chain amino
acid (BCAA) prior to oxidation for additional energy provision [33–35].

The response of the other nitrogen metabolites may shed light on understanding the protein
and amino acid oxidation response during exercise. Urea and urate blood concentration is indirectly
correlated with the myokinase (adenylate kinase, ADK) contribution to ATP synthesis. Under a
resting physiological state, approximately 90% of the skeletal muscle adenosine monophosphate
deaminase (AMPD) is in a sarcoplasmic position and in an inactive form. However, a significant
change occurs as intense muscle contraction begin, when approximately 50%–60% of AMPD becomes
bound to the myofibrils [28]. Binding of the enzyme increases its activity causing an increased rate
of degradation of AMP to IMP. This is correlated with the appearance of urate in the blood which
is a final metabolite of purine metabolism [30]. This increased breakdown of AMP will affect the
equilibrium of the ADK reaction by creating additional ATP from ADP to increase the cellular energy
charge and maintain contractions under conditions of increasing stress [29]. During intense exercise,
when AMP production and deamination are high, ADP levels also increase as utilization of ATP exceeds
re-phosphorylation [67]. Therefore, any strategies, such as diet adequacies and supplementations,
to protect against hyperammonemia or an increment of any nitrogenous compound could enhance
physical performance or prevent CNS injuries, as previously reported by our group [6,10,21].

During the canoe trial, glycemia rose significantly, which may be a result of the HPA axis
activation. Exercise is known to be a potent activator of this endocrine system, resulting in the release
of ACTH, as confirmed here. This ultimately culminates with glucocorticoids production and release
into blood circulation, which may lead to gluconeogenesis activation and promotion of an adrenergic
stimulus, providing glucose to blood from hepatic glycogenolysis [68–70]. Nevertheless, afferent neural
feedback signals from contracting muscle and feedback signals mediated via the blood stream can
stimulate glucose production to maintain glycemia. Therefore, central mechanisms coupled with the
degree of motor center activity can be responsible for part of the increase in glucose mobilization,
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especially during intense exercise where hepatic glucose release exceeds peripheral glucose uptake,
and plasma glucose rises [71]. Furthermore, cortisol is implicated in exercise induced lymphocyte
apoptosis, via glucocorticoid dependent-pathways [72], which might affect immune function and
protect the organism from an overreaction of the immune system in the face of exercise-induced muscle
damage [73].

Hepatic glucose production increases during exercise, to cope with the augmented demand, as a
product of liver glycogenolysis and gluconeogenesis. Whereas the former predominates during high
intensity exercise, the latter contributes substantially with prolonged exercise and the concomitant
decline in liver glycogen stores and with increased gluconeogenic precursor supply. In fact, it has been
postulated that the increase in glucose production with exercise intensity in healthy subjects can be
entirely attributed to increases in net hepatic glycogenolysis [74]. This pathway is also supported by
our data. On the other hand, a decline in plasma insulin is important for the rise in glucose production
during exercise [71], due to the fact that insulinemia tends to decrease in response to prolonged exercise,
with a more pronounced effect on athletes than untrained individuals [75], which is in agreement with
the results reported here.

5. Conclusions

The data presented here allow us to consider hormonal, metabolic, and signaling response together
with the knowledge of nutrition and training environment. This combined information permits a
better understanding of the individual responses of exercise and sport stress. Our group developed
the concept of Sportomics with a focus on bridging the same existent gap between translational and
personalized medicine [76]. As stated by Liebman et al. [77], the workflow bench to bedside approach
is being refined in the face of a new bedside-bench-bedside approach. Sportomics is useful to evaluate
the unprecedented kinetics of some metabolites [3,5,10,11,13,14,16,37,78] and to shed light on the
importance of in-field metabolic analyses to the understanding of the inter-individual response to
exercise. Besides an effective nutritional support, collecting physiological data during training and
competition can provide important information about an athlete’s clinical condition, bringing strategies
to modify metabolism during exercise as well as supporting coaches to prescribe their sessions and
recovery time. Therefore, and due to the uniqueness of this study, we believe Sportomics is a primal
tool for training management and performance improvement, as well as for preserving health and
increasing the quality of life of athletes.
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Abstract: In spite of well-documented health benefits of vegetarian diets, less is known regarding
the effects of these diets on athletic performance. In this cross-sectional study, we compared elite
vegetarian and omnivore adult endurance athletes for maximal oxygen uptake (VO2 max) and
strength. Twenty-seven vegetarian (VEG) and 43 omnivore (OMN) athletes were evaluated using VO2
max testing on the treadmill, and strength assessment using a dynamometer to determine peak torque
for leg extensions. Dietary data were assessed using detailed seven-day food logs. Although total
protein intake was lower among vegetarians in comparison to omnivores, protein intake as a
function of body mass did not differ by group (1.2 ± 0.3 and 1.4 ± 0.5 g/kg body mass for VEG
and OMN respectively, p = 0.220). VO2 max differed for females by diet group (53.0 ± 6.9 and
47.1 ± 8.6 mL/kg/min for VEG and OMN respectively, p < 0.05) but not for males (62.6 ± 15.4 and
55.7 ± 8.4 mL/kg/min respectively). Peak torque did not differ significantly between diet groups.
Results from this study indicate that vegetarian endurance athletes’ cardiorespiratory fitness was
greater than that for their omnivorous counterparts, but that peak torque did not differ between diet
groups. These data suggest that vegetarian diets do not compromise performance outcomes and may
facilitate aerobic capacity in athletes.

Keywords: vegetarian; endurance; VO2 max; dynamometer; protein; sustainability; torque;
body composition; Dual X-ray Absorptiometry (DXA)

1. Introduction

Vegetarian diets are increasingly being adopted for a variety of reasons including health,
sustainability, and ethics-related concerns. Adherence to a vegetarian diet has been associated with
a reduced risk of developing coronary heart disease [1], breast cancer [2], colorectal cancers [3],
prostate cancer [4], type 2 diabetes [5], insulin resistance [6], hypertension [7], cataracts [8] and
dementia [9]. Vegetarians also typically have a lower body mass index (BMI) [10] and an improved
lipid profile [11]. In addition to promoting physical health, reducing or eliminating meat from the
diet is environmentally advantageous since producing meat requires more land, water, and energy
resources than growing plants for food [12], and producing meat creates more greenhouse gases
compared to a plant-based diet [13,14].

In spite of the many health aspects of vegetarian diets some concern has been raised pertaining to
the nutrient adequacy of vegetarian diets for supporting athletic performance. Vegetarian diets are
typically lower in vitamin B12, protein, creatine, and carnitine [15,16], and iron and zinc from plant
sources are less bioavailable than from meat sources [17]. However, vegetarian diets are typically
higher in carbohydrate and antioxidants [18,19], which may be advantageous for athletic performance,
particularly for endurance activities [20].
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Despite these issues, little research directly examining vegetarian diets and athletic performance is
available. There have been mixed results regarding hypertrophic potential when comparing vegetarian
diets with omnivore diets during resistive exercise training; however, in all cases these differences
did not translate to differential strength gains at the completion of the trials [21–24]. Adoption of
a lacto-ovo vegetarian (LOV) diet for six weeks did not significantly affect endurance performance
among a group of trained, male endurance athletes, in spite of a decrease in total testosterone while on
the vegetarian diet [25]. There were also no group differences between 20 participants adopting an
LOV diet compared to maintaining their usual omnivorous diet in terms of muscle buffering capacity
in conjunction with sprint training for five weeks [26]. These studies provide some insight into the
effect of a vegetarian diet on athletic performance. However, a considerable limitation in many of
these studies is the inclusion of participants who typically consume meat but subsequently adopt
a vegetarian diet only for the duration of the study rather than comparing participants who have
adhered to a vegetarian or meat-containing diet long-term.

In a 1986 observational trial, Hanne and colleagues compared athletes who had maintained either
an LOV or omnivore diet for at least two years and found no group differences for aerobic or anaerobic
capacity [27]. However, aerobic capacity was estimated using cycle ergometry and predicted VO2
max, and strength or torque were not measured. Moreover, body adiposity was estimated using
skinfold thickness. Given the current interest in vegetarian diets, in terms of both long-term health
and environmental benefits, it is important to reaffirm, using leading-edge technology, that high-level
athletic performance is supported by these diets.

The purpose of the present cross-sectional study was to examine body composition and
performance measures in vegetarian and omnivore adult endurance athletes who had adhered to
their respective diet plans for at least three months. Body composition, including visceral adiposity,
was measured using dual-energy X-ray absorptiometry (DXA), leg strength was measured using a
dynamometer, and aerobic capacity was determined using the Bruce protocol treadmill test. It was
hypothesized that there would be no differences between groups on any parameters.

2. Materials and Methods

2.1. Participant Recruitment

Healthy men and women, both vegetarians and omnivores, were recruited through
advertisements on Stevebay.org (a popular website for endurance athletes), Facebook, and through
word of mouth. Participants were either on a competitive club sports team at a National Collegiate
Athletic Association (NCAA) Division 1 university or training for a major endurance race (such as
a marathon, triathlon, cycling race, or other ultra-endurance event). An equal number of omnivore
and vegetarian athletes were enrolled in the study between the ages of 21–58 years (35 per group);
however, answers to diet questions indicated that eight of the vegetarians ate meat on occasion, and
these subjects were reclassified as omnivores. Participants completed a health history questionnaire
and were excluded if they had any chronic disease. All participants had the study verbally explained to
them and provided their written consent; this study was approved by the Institutional Review Board
at Arizona State University, number HS1211008557. Study recruitment and all study measurements
took place between August and November 2015.

2.2. Experimental Approach

In this cross-sectional investigation participants completed all study measurements in a single visit.
Prior to the visit, participants completed a seven-day food log. Fifty-seven out of seventy participants
returned completed food logs, all of which were used in dietary analysis using Food Processor
SQL Nutrition and Fitness Software by ESHA Research, Inc. (version 10.11.0, Salem, OR, USA).
Height and body mass were measured using a SECA directprint 284 digital measuring station when
participants were wearing light clothing and no shoes. Participants also completed a full-body DXA
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scan (Lunar iDXA, General Electric Company, East Cleavland, OH, USA), which was conducted by a
certified radiology technologist.

Maximal oxygen uptake was determined by following the Bruce protocol [28] on a Trackmaster
TMX425C treadmill using the Parvo Medics TrueOne 2400 (Sandy, UT, USA) metabolic measurement
system. Prior to beginning the test, participants were instructed how to report their fatigue level
using the Borg rating of perceived exertion (RPE) scale [29]. When asked by a research assistant,
they reported their RPE at the end of each minute of the test by pointing to a printed Borg RPE chart
being held by a research assistant. Participants were verbally encouraged by the research team to push
as long as they could and to try to reach a true maximal effort. Handrail support was not allowed
during the test. Maximal respiratory exchange ratio (RER) was recorded to help determine whether
subjects had reached a “true” maximal effort during the test. Maximal RER values of ≥1.1 were
considered indicative of true maximal oxygen uptake [30,31]. Peak oxygen uptake reported is the
highest oxygen uptake measured during the test.

Finally, participants completed a series of leg extensions and flexions on the HumacNorm
isokinetic dynamometer (Computer Sports Medicine Inc. (CSMi, Stoughton, MA, USA) at 60 degrees
per second (d/s), 180 d/s, and 240 d/s. Participants were familiarized with the protocol and conducted
one practice repetition at each speed prior to performing three maximal effort repetitions at each speed.
All sets, including practice repetitions, were performed on both legs, and self-reported dominant side
was recorded. Participants moved from the VO2 max test immediately into the dynamometer testing,
and there were 30 s of rest between sets on the dynamometer.

2.3. Statistical Analyses

Based on the data of Hanne et al. [27], at 80% power and an alpha level of 5%, 15 participants per
group would be needed to detect a 10% difference in strength and 80 participants per group would be
needed to detect a 10% change in aerobic capacity between groups. Data were analyzed for normality
and log transformed if necessary, and outliers (values > 3 standard deviations (SD) from the mean)
were removed prior to data analyses. Data reported are the mean ± SD, and participant characteristics
are displayed by gender and diet group. A 2-way analysis of variance (ANOVA) analysis was used to
determine differences between diet groups for participant characteristics followed by an independent
t-test for post-hoc examination by diet within gender if indicated. Dietary data are reported by group,
and a general linear model analysis was used to examine differences between groups controlling
for gender. Data were analyzed using the Statistical Package for Social Sciences (SPSS) 23.0 for Mac
(SPSS, Inc., Chicago, IL, USA).

3. Results

In the vegetarian group, 24 of the 27 participants (89%) had adhered to a vegetarian diet
for >2 years. Of the remaining three participants, the diet had been followed for three, six, or eleven
months. Fifteen of the vegetarians were vegans (nine men and six women), and twelve were lacto-ovo
vegetarians (five men and seven women).

There were no significant age or gender differences between groups (Table 1).
Significant differences were noted between diet groups for body mass and for lean body mass
(LBM): female vegetarians tended to have a lower total body mass and LBM compared to the female
omnivores (−11% and −7% respectively). Adiposity, however, did not differ between diet groups.
Physical activity levels, recorded as kcal·kg−1·week−1, were 20% higher for vegetarians compared to
omnivores (p = 0.018) (Table 1). Maximal oxygen uptake (mL/kg/min) differed significantly between
diet groups, and post-hoc analyses revealed a significantly greater aerobic capacity in the female
vegetarians in comparison to the female omnivores (+13%, p < 0.05) (Table 1); however, absolute
maximal oxygen uptake (L/min) did not differ between diet groups. Peak torque when doing leg
extensions was not different between diet groups. The 7-day diet records revealed several differences
in nutrient intake between diet groups. Although total energy intakes were similar between the diet
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groups, the vegetarians consumed more carbohydrate, fiber, and iron daily compared to omnivores
(Table 2). However, daily intakes for protein, saturated fat, cholesterol, vitamin B12, and selenium
were lower among the vegetarians in comparison to the omnivores.

Table 1. Participant characteristics by diet group (vegetarian, VEG; omnivorous, OMN) 1.

VEG OMN p

Measure Male (14) Female (13) Male (26) Female (17)

Age, year 36.1 ± 10.2 36.7 ± 7.7 38.0 ± 10.0 37.1 ± 8.7 0.608
Body mass, kg 73.3 ± 14.8 58.3 ± 7.6 ** 78.0 ± 11.0 65.4 ± 11.6 0.043

BMI, kg/m2 24.0 ± 4.4 21.8 ± 2.5 24.8 ± 2.6 23.5 ± 3.8 0.123
Lean mass, kg 56.3 ± 7.4 42.0 ± 4.9 ** 60.2 ± 7.3 45.4 ± 5.1 0.026

Waist, cm 81.6 ± 10.7 69.0 ± 14.8 85.2 ± 7.4 73.8 ± 8.2 0.093
Body fat, % 19.2 ± 6.5 25.5 ± 4.2 19.2 ± 6.4 26.9 ± 8.1 0.659

Visceral fat, cm3 447.4 ± 419.8 110.4 ± 123.0 538.5 ± 404.3 206.4 ± 254.6 0.656
METS,

kcal·kg−1·week−1 108.8 ± 32.9 106.1 ± 36.6 ** 91.7 ± 33.2 85.6 ± 20.8 0.018

VO2 max, mL/kg/min 62.6 ± 15.4 53.0 ± 6.9 * 55.7 ± 8.4 47.1 ± 8.6 0.011
VO2 max, L/min 4.44 ± 0.81 3.21 ± 0.67 4.29 ± 0.59 3.03 ± 0.49 0.295
Peak torque, ft-lbs 114.4 ± 26.2 65.5 ± 12.8 124.2 ± 24.5 73.6 ± 18.6 0.104

1 Data are the mean ± SD; n in parentheses; gender distribution did not differ by diet group (p = 0.460;
Chi Square analysis). p for 2-way ANOVA analyses by diet (non-normal data transformed prior to analysis
(visceral fat)). The single asterisk (*) indicates significant difference within gender by diet group (p < 0.05);
the double asterisk (**) indicates a trend for difference within gender by diet group (0.05 < p < 0.10).

Table 2. Nutrient differences by diet group (vegetarian, VEG; omnivorous, OMN) 1.

VEG (22) OMN (35) p Reference Range 2

Total kilocalories (kcal) 2443 ± 535 2266 ± 612 0.072 -
Carbohydrate (CHO) (g) 328 ± 70 248 ± 101 0.001 -
CHO (% energy) 53 ± 6 48 ± 7 0.010 45%–65%
Fiber (g) 38 ± 13 24 ± 9 <0.001 38/25 g [M/F]
Protein (g) 78 ± 19 101 ± 35 0.006 -
Protein (% energy) 12 ± 2 17 ± 4 <0.001 10%–35%
Protein (g/kg body mass) 1.2 ± 0.3 1.4 ± 0.5 0.220 0.8 g/kg
Fat (g) 90 ± 26 83 ± 33 0.901 -
Fat (% energy) 32 ± 5 32 ± 6 0.952 20%–35%
Saturated fat (g) 22.8 ± 11.2 25.7 ± 10.1 0.207 -
Saturated fat (% energy) 8.3 ± 3.1 11.6 ± 6.3 0.002 <10%
Cholesterol (mg) 102.8 ± 119.5 301.2 ± 165.6 <0.001 -
Vitamin C (mg) 117.0 ± 64.0 83.0 ± 46.5 0.076 90/75 mg [M/F]
Vitamin D (IU) 115.4 ± 111.4 129.0 ± 115.5 0.201 600 IU
Vitamin B12 (mcg) 3.0 ± 3 4.8 ± 4.6 0.006 2.4 mcg
Selenium (mcg) 41.8 ± 36.0 62.6 ± 33.6 0.002 55 mcg
Sodium (mg) 2931.2 ± 783.1 2972.8 ± 887.5 0.794 <2300 mg
Iron (mg) 19.4 ± 7.8 15.4 ± 5.4 0.017 8/18 mg [M/F]
Zinc (mg) 8.5 ± 9.1 8.9 ± 4.9 0.149 11/8 mg [M/F]
Calcium (mg) 971.0 ± 401.6 878.1 ± 314.9 0.378 1000 mg
Phosphorus (mg) 782.0 ± 378.0 831.2 ± 336.4 0.507 700 mg
Omega-3 fatty acid (g) 1.6 ± 2.5 0.9 ± 0.7 0.326 -
Omega-3 fatty acid (%
energy) 0.004 ± 0.005 0.004 ± 0.003 0.613 0.6%–1.2%

Omega-6 fatty acid (g) 7.7 ± 5.4 6.1 ± 4.4 0.145 -
Omega-6 fatty acid (%
energy) 2.8 ± 1.6 2.4 ± 1.3 0.358 5%–10%

1 Data are the mean ± SD; sample size in parentheses. p for general linear model analyses (non-normal data
transformed prior to analysis (all variables except carbohydrate variables and fat percentage) and 2 outliers
(VEG group) removed prior to analysis for saturated fat); 2 Reference ranges are the Recommended Dietary
Allowance or the Acceptable Macronutrient Distribution Range; note the American College of Sports Medicine
recommends that athletes consume 1.2–2.0 g protein/kg body mass.
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4. Discussion

Results from this study indicate that compared to their omnivore counterparts,
vegetarian endurance athletes have comparable strength as indicated by leg extension peak
torque, and possibly a greater degree of aerobic capacity, particularly in females, as indicted by a
progressive maximal treadmill test to exhaustion. Dietary intake on several key nutrients differed
considerably between groups. Some, but not all, results are consistent with previous reports.

Our study is significant for its increased rigor in measurement assessments compared to previous
comparisons of vegetarian and omnivore athletes. We determined maximal oxygen uptake by a
graded test to exhaustion on a treadmill instead of predicting VO2 max using a cycle ergometer,
as recommended by Shepard and colleagues [32]. Additionally, we measured body composition
using a DXA scan, currently regarded as the clinical gold standard for body composition assessment,
instead of skinfolds [33]. Finally, we assessed both athletic performance and nutrient intake differences
between vegetarians and omnivores, whereas most previously published studies focus exclusively on
one of these areas.

4.1. Body Mass and BMI

Like other studies of vegetarians in the general population, vegetarian participants in the present
study had significantly lower body mass compared to omnivores [10,34]. This is in spite of the fact
that our study included participants engaged in considerable endurance activities, which could be
very different in multiple ways from the general population. One prior study in athletes, conducted
by Hanne et al. compared vegetarians and omnivores anthropometrically and found no significant
differences between groups for weight [27]. It is noteworthy that the athletes in the Hanne et al. study
included football, basketball, and water polo players in addition to endurance athletes.

4.2. Lean Body Mass

LBM was significantly lower for the vegetarian athletes compared to their omnivore counterparts,
a difference which was most prominent among the female participants with female vegetarian athletes
possessing 7% less LBM as compared to the female omnivore athletes. In spite of this, there were no
significant differences in body fat percentage or BMI between groups. To our knowledge, this is the
first study to examine lean body mass differences between vegetarian and omnivore athletes. It is
important to note, however, that this difference in lean body mass did not translate into differential
peak torque on the leg extension.

Although other studies have not assessed lean body mass of vegetarian athletes specifically,
Campbell and colleagues compared resistance-training induced changes in lean body mass and
strength between groups assigned to either an omnivorous diet or a lacto-ovo-vegetarian diet for the
duration of the study and found that, in spite of differential lean body mass gains, the two groups
increased strength similarly [21]. Conversely, a 12-week training study by Haub and colleagues showed
no significant differences in strength, body composition, or muscle cross-sectional area between groups
assigned to either a lacto-ovo-vegetarian or beef-containing diet.

4.3. Body Fat Percent and Visceral Adipose Tissue (VAT)

Contrary to the female vegetarian athletes in Hanne’s group, no significant differences
in body fat percentage were found between vegetarian and omnivore athletes in this study.
Additionally, there were no significant differences between groups for visceral adipose tissue (VAT).
Participants in the present study had VAT values above those reported for similar aged healthy lean
sedentary adults (~250 cm3), both omnivores and vegetarians [35,36], but lower than those noted
for older adults (1000–1560 cm3) [37]. Although there are no standard reference ranges for VAT,
values near 1000 cm3 were associated with BMI values near 25 kg/m2 and values > 300 cm3 have
been suggested as predictive of risk for metabolic syndrome in young adults [36,37]. As technology
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permitting quantification of visceral adipose tissue is relatively new for research purposes, this study
contributes to the emerging literature by providing VAT values for athletes. VAT and BMI is strongly
correlated in this study (p = 0.742), a factor that may be important for estimating VAT inexpensively
without a DXA scan.

4.4. VO2 Max

Unlike athletes in Hanne’s study, vegetarians in the present study had significantly higher
maximal oxygen uptake than their omnivore counterparts [27]. This difference was most predominant
in the female participants with a 13% greater VO2 max score for the female vegetarians as compared
to the female omnivores, but this difference was not observed for absolute VO2 max (L/min),
which suggests that body weight factored into this difference. This gender difference is intriguing and
merits further investigation in future studies. One potential reason that athletes in the present study
had higher VO2 max values than those in Hanne’s study may be due to the difference between cycle
ergometry and treadmill testing methods. However, it is possible that the athletes in our study simply
were more trained and that diet effects on differences in VO2 potential emerge only at higher levels
of fitness.

Other work that contributes to our understanding of aerobic and anaerobic performance
differences by diet include the study of Hietavala et al. that found no significant difference in time
to exhaustion (albeit a higher oxygen uptake at a given percent of maximal oxygen consumption)
between participants following a low-protein vegetarian diet compared to a mixed diet [38]. Subjects in
this study adhered to the low protein vegetarian diet (0.80 ± 0.11 g of protein per kilogram of body
mass (g/kg) vs. 1.59 ± 0.28 g/kg on their normal diet) for four days before being tested on a cycle
ergometer. As this study did not use participants who practiced vegetarianism outside of the study,
and the amount of protein that subjects were allowed to consume on the vegetarian diet was restricted,
true differences between vegetarians and omnivores may not be evident. Baguet et al. found no
differences in repeated sprint ability between participants following a vegetarian or mixed diet for five
weeks; again, these subjects were not following a vegetarian diet long-term [26]. Raben et al. found no
differences in maximal oxygen uptake among subjects after adoption of a lacto-ovo vegetarian diet for
six weeks [25]. However, the major disadvantage of interpreting results of these studies for vegetarian
athletes is that participants in these studies only adhered to a vegetarian diet briefly for the duration of
the study.

4.5. Peak Torque

Similar to the Hanne et al. study that compared the power output of vegetarian and omnivore
athletes [27], we found no significant differences by diet in terms of peak torque using leg extensions.
Other studies in untrained older men that have examined strength development over time in response
to a training program have found mixed results when comparing participants following a vegetarian
or mixed diet [21,24]. This is noteworthy, particularly since strength and lean body mass were strongly
correlated (r = 0.764) in the present study, as well as the fact that omnivores had significantly more lean
body mass vs. the vegetarians. A nonsignificant trend for omnivores to produce higher peak torque
is observed, however. It is conceivable that the omnivore diet pattern may be preferred for sports
that rely on greater lean mass, and subsequently peak torque. To further investigate this, future work
ought to examine if strength can be increased similarly by vegetarian and omnivore athletes engaged
in strength training (not just by participants following a vegetarian diet for a few weeks).

4.6. Nutrient Intake

Nutrient intake was calculated from food and beverage intakes only and did not include any
supplements. There were no significant differences in caloric intake or total fat intake between
vegetarians and omnivores. However, vegetarians reported significantly more dietary carbohydrate
(both in terms of absolute intake and as a percent of daily calories), fiber, and iron intake.
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Omnivores consumed more dietary protein (both in terms of absolute intake and as a percent of
daily calories), saturated fat, cholesterol, and vitamin B12. However, when expressed relative to body
mass, there were no differences in dietary protein intake.

That vegetarians and omnivores in the present study did not differ in terms of caloric intake is
consistent with findings by Janelle and Barr from their comparison of 45 vegetarian and omnivore
women [16], yet it is in contrast to results from Calkins and colleagues who compared 50 vegetarian,
vegan, and omnivores. They found vegetarians consumed about 200 fewer kcal than omnivores [19].
These studies were both in the general population, not specifically with athletes. Calkins et al. also
reported that omnivores consumed more fat than vegetarians, a fact that partially contributed to the
higher caloric intake. This too is in contrast to the findings in the present study which found no
significant difference either in grams of fat consumed or the percent contribution of fat to the daily
calorie intake, even though saturated fat was significantly higher in omnivorous diets. Other studies
involving the general population have also reported omnivores eating more energy and total fat than
vegetarians [10,39–41].

Higher carbohydrate (when expressed either as an absolute amount or as a percent of total daily
calories) and fiber intake among vegetarians in comparison to omnivores in the present study is
consistent with findings in other studies [10,39,41–44]. As these studies have been conducted in the
general population, the present study contributes to the literature by demonstrating that this dietary
pattern can be extended to endurance athletes as well. One study by Janelle and Barr stands in contrast
to these findings, as they did not find significant differences in carbohydrate or fiber intake between
vegetarian and omnivore women; those participants were not athletes [16]. That vegetarians in the
present study consumed more carbohydrates than omnivores is notable since they are all athletes,
and the importance of carbohydrates for exercise is well-established [45–47].

Like the present study, other studies have also reported that vegetarians consume less protein
(both absolute intake and as a percent of the daily calories) [10,16,39,42] and vitamin B12 [40,48]
than omnivores. Our study contributes to the literature since other reports have been in the general
population instead of within athletic groups. Of note, though, differences in dietary protein intake
are not significant when expressed relative to body mass, which is typically the preferred method for
recommending protein for athletes [47]. Nonetheless, dietary protein intake was weakly correlated
with peak torque (r = 0.359, p = 0.006) in the present study, and dietary protein intake was moderately
correlated with lean body mass (r = 0.415, p = 0.001). Expectantly, lean body mass was strongly
correlated with peak torque (r = 0.764, p < 0.001). Hence, it is conceivable that protein intake could
influence strength if intakes had been inadequate. In the present evaluation, protein intakes in the
vegetarian participants averaged 1.2 g/kg body mass, which falls in the recommended range for
athletes [47,49].

There are conflicting findings in the rest of the literature regarding whether omnivores or
vegetarians consume more iron. The Wilson et al. study of vegetarian men found that vegetarians
consumed more iron [41], but Ball and Bartlett reported no difference in dietary iron intake
between female vegetarian and omnivores [50]. Clary et al. compared 1475 vegans, vegetarians,
semi-vegetarians, pescetarians, and omnivores and also showed that vegetarians consume more iron
than omnivores [39]. Although vegetarians consumed more iron than omnivores in the present study,
iron bioavailability was likely reduced as has been shown in other trials [17]. Dietary intakes of zinc
did not vary by diet group herein, but generally the literature suggests that vegetarians consume
somewhat less dietary zinc than omnivores [16,51–53]. The lower intakes of selenium by vegetarians
in comparison to omnivores has also been reported by others and reflects the low levels of selenium in
plant foods relative to flesh foods [54,55].

4.7. Limitations

In addition to the small sample size, limitations to the study include the variable level of
experience of the athletes for their respective sports, and related fitness levels. Although most
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participants were training for and competing in races such as marathons, Ironman-distance triathlons,
and competitive cycling, there were a few participants who were training for shorter distance races.
However, this variation makes results more generalizable to athletes of various fitness levels.

4.8. Future Directions

Future work is needed to compare vegetarian and omnivore endurance athletes’ performance on
events more similar to actual sporting events (such as time trials or peak power on a cycle ergometer)
and probe differences by type of vegetarian diet (lacto-ovo vegetarian or vegan). Additional work is
needed to explore the adequacy of long-term adherence to vegetarian and vegan diets for supporting
development of lean body mass.

5. Conclusions

Our cross-sectional comparison of vegetarian and omnivore adult endurance athletes shows
higher maximal oxygen uptake values among vegetarians and comparable strength, in spite
of anthropometric and dietary differences. This study suggests that following a vegetarian diet
may adequately support strength and cardiorespiratory fitness development, and may even be
advantageous for supporting cardiorespiratory fitness. Certainly many factors affect an athlete’s
sports performance, and there is no dietary substitute for quality training. However, our study
contributes to the literature about cardiorespiratory and strength comparisons between vegetarian
and omnivore endurance athletes, and may provide a rationale about the adequacy of vegetarian
diets for sport performance. As this was a small cross-sectional study using endurance athletes,
larger intervention trials are necessary to bolster conclusions about adequacy of vegetarian diets to
support performance in strength and power-focused sports.
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Abstract: Gastrointestinal (GI) ischemia during exercise is associated with luminal permeability
and increased systemic lipopolysaccharides (LPS). This study aimed to assess the impact of a
multistrain pro/prebiotic/antioxidant intervention on endotoxin unit levels and GI permeability in
recreational athletes. Thirty healthy participants (25 males, 5 females) were randomly assigned
either a multistrain pro/prebiotic/antioxidant (LAB4

ANTI; 30 billion CFU·day−1 containing
10 billion CFU·day−1 Lactobacillus acidophilus CUL-60 (NCIMB 30157), 10 billion CFU·day−1

Lactobacillus acidophillus CUL-21 (NCIMB 30156), 9.5 billion CFU·day−1 Bifidobacterium bifidum
CUL-20 (NCIMB 30172) and 0.5 billion CFU·day−1 Bifidobacterium animalis subspecies lactis CUL-34
(NCIMB 30153)/55.8 mg·day−1 fructooligosaccharides/ 400 mg·day−1 α-lipoic acid, 600 mg·day−1

N-acetyl-carnitine); matched pro/prebiotic (LAB4) or placebo (PL) for 12 weeks preceding a
long-distance triathlon. Plasma endotoxin units (via Limulus amebocyte lysate chromogenic
quantification) and GI permeability (via 5 h urinary lactulose (L): mannitol (M) recovery) were
assessed at baseline, pre-race and six days post-race. Endotoxin unit levels were not significantly
different between groups at baseline (LAB4

ANTI: 8.20 ± 1.60 pg·mL−1; LAB4: 8.92 ± 1.20 pg·mL−1;
PL: 9.72 ± 2.42 pg·mL−1). The use of a 12-week LAB4

ANTI intervention significantly reduced
endotoxin units both pre-race (4.37 ± 0.51 pg·mL−1) and six days post-race (5.18 ± 0.57 pg·mL−1;
p = 0.03, ηp2 = 0.35), but only six days post-race with LAB4 (5.01 ± 0.28 pg·mL−1; p = 0.01,
ηp2 = 0.43). In contrast, endotoxin units remained unchanged with PL. L:M significantly increased
from 0.01 ± 0.01 at baseline to 0.06 ± 0.01 with PL only (p = 0.004, ηp2 = 0.51). Mean race times
(h:min:s) were not statistically different between groups despite faster times with both pro/prebiotoic
groups (LAB4

ANTI: 13:17:07 ± 0:34:48; LAB4: 12:47:13 ± 0:25:06; PL: 14:12:51 ± 0:29:54; p > 0.05).
Combined multistrain pro/prebiotic use may reduce endotoxin unit levels, with LAB4

ANTI potentially
conferring an additive effect via combined GI modulation and antioxidant protection.

Keywords: endotoxemia; probiotics; prebiotics; antioxidants; triathlon
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1. Introduction

Participation trends, including “recreational athletes”, in multi-sport and ultra-endurance
events have increased in recent years [1,2]. Symptoms associated with gastrointestinal (GI) distress
(e.g., cramping, diarrhoea, nausea, and abdominal pain) are estimated to occur in 25%–90% of
endurance athletes, and are often cited as reasons for non-completion [3–5]. In preparation for such
events, exercise-related GI symptoms may go unreported, which could impact on training efficiency
and race completion. It has been shown that exercise induced GI hypoperfusion may provoke transient
damage to the gut epithelium [6], with one study demonstrating that 30 min of running at 80% of peak
oxygen uptake (VO2peak) significantly increased luminal permeability in healthy volunteers [7].

Mechanistically, prolonged or strenuous exercise may increase key phosphorylation enzymes [8],
disrupting the tight junction proteins claudin (influenced by protein kinase A) and occludin (influenced
by both protein kinase C and tyrosine kinase). Acute changes in tight junction permeability and
paracellular transport may lead to a greater prevalence of systemic lipopolysaccharides (LPS). LPS from
gram-negative intestinal bacteria may provoke immune responses and endotoxin-associated symptoms
characteristic of GI complaints often experienced in runners [8]. Despite this, research is relatively
sparse on whether prolonged training or ultra-endurance events actually result in elevated LPS,
particularly in more “recreationally active” athletes; or whether targeted nutrition strategies offer
beneficial support.

In one study, 68% of highly trained athletes taking part in a long-distance triathlon reported with
endotoxin levels of 5–15 pg·mL−1 in the first 16 h post-event, corresponding with elevated cytokine
responses in the same period [9]. In contrast, 81% of runners requiring medical attention at the end
of an ultra-marathon were found to have LPS concentrations >100 pg·mL−1 [10], with 80.6% of these
athletes reporting GI symptoms (nausea, diarrhoea, and vomiting). LPS concentrations at or above
these levels have been more commonly associated in patients with Crohn’s disease [11] and sepsis [12].

The term “mild endotoxemia” has been used to depict an acute elevation in LPS from endurance
exercise by several authors [9,13,14], but may well reflect normal or transient levels of circulatory LPS.
It has also been shown that LPS responses to exertional heat stress may be significantly higher in less
trained individuals [13], but still within normal limits. Conversely, one study reported an average
increase in resting LPS levels of 60 pg·mL−1 across a five-stage ultra-run, with daily (pre–post stage)
average LPS changes of 30 pg·mL−1 [15]. Despite such diversity, the potential for exercise related
endotoxin-mediated cytokinemia may explain individual susceptibility to GI symptoms and recovery
from endurance exercise. If prevalent, the presence of, and repeated exposure to, “low grade” LPS
(ranging from ~10 to 50 pg·mL−1 or higher [16]) may promote a mild inflammatory state which could
be detrimental to the longer term health of recreational athletes who regularly engage in exercise.

Probiotic bacteria, particularly the gram-positive genera Lactobacillus and Bifidobacterium species,
are known to modify GI microbiota [17–19], and have been shown to reduce GI episode severity [20]
and respiratory tract infections commonly associated with training [21]. However, therapeutic benefits
of probiotics are highly strain specific. As example, the use of Lactobacillus casei strain Shirota in
one study, significantly increased natural killer cell cytolytic activity in healthy volunteers [22],
whereas combined Streptococcus thermophilus FP4/Bifidobacterium breve BR03 was recently shown
to reduce circulating IL-6 in response to muscle damaging exercise [23] elsewhere. In clinical
trials, a multistrain high dose probiotic (LAB4—containing Lactobacillus acidophilus CUL60 and
CUL21, Bifidobacterium lactis CUL34 and Bifidobacterium bifidum CUL20), resulted in significant
improvements in irritable bowel syndrome responses [24] and prevented an increase in antibiotic
resistant enterococci [25]. Chronic multistrain interventions have also been shown to reduce faecal
zonulin levels by ~25% in endurance trained athletes, demonstrating improved GI barrier integrity [26].
The inclusion of Bifidobacterium species and prebiotics (e.g., fructo-oligosaccharides, inulin, pectin) in
such formulas may also play an important role in short-chain fatty acid production, which may also
support epithelial integrity [27].
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Antioxidants nutrients such as α-lipoic acid, N-acetyl-carnitine, vitamin C, quercetin, resveratrol,
and curcumin may also provide important roles in minimizing epithelial disruption [28–31],
associated with elevated oxidative stress from GI hypoperfusion. Alpha lipoic acid in particular
is proposed to act as a multi-functional antioxidant, regenerating endogenous glutathione,
and minimising GI mucosal injury [31–33]. The aims of this exploratory study were therefore:
(i) to assess endotoxin levels and GI permeability in recreational athletes training for and taking
part in their first long distance triathlon; and (ii) to assess the potential benefits of a 12-week multistrain
pro/prebiotic/antioxidant strategy on GI symptoms, endotoxin levels and race time compared to a
control group.

2. Materials and Methods

2.1. Participants

Following study approval from the University of Hertfordshire Life and Medical Sciences Ethics
Committee (LMS/SF/UH/00011), and power calculation assessment for sample size (G*power3,
Dusseldorf [34]; using α = 0.05; 1 − β = 0.80; based on observed data [9,14]), thirty recreationally active
participants (25 males, 5 females; M ± SE: age 35 ± 1 years; weight: 76.52 ± 2.20 kg; initial VO2max:
48.93 ± 0.99 mL·kg−1·min−1) were randomly invited to take part in an intervention study which took
place in the final 12 weeks of a nine month progressive training programme. All participants provided
written, informed consent, and satisfactorily completed a general health screen prior to study inclusion.
Participant characteristics are displayed in Table 1, with no observed differences between intervention
groups for age, height, weight, bodyfat or VO2max.

Table 1. Pre-screening (Month 0) and baseline (Month 6) characteristics for intervention groups.

Variable LAB4
ANTI LAB4 PL

Distribution (n = 10; 7 male, 3 female) (n = 10; 9 male, 1 female) (n = 10; 9 male, 1 female)
Age (years) 33 ± 2 35 ± 2 35 ± 3
Height (m) 1.74 ± 0.34 1.79 ± 0.27 1.76 ± 0.16

Pre-screening Baseline Pre-screening Baseline Pre-screening Baseline
Weight (kg) 75.21 ± 4.12 73.61 ± 3.96 * 83.77 ± 4.71 81.94 ± 4.44 * 77.42 ± 3.03 74.56 ± 2.76
Body fat (%) 22.56 ± 1.67 19.36 ± 2.23 * 21.88 ± 1.68 20.93 ± 1.52 21.28 ± 2.38 18.64 ± 1.93 *

VO2max (L·min−1) 3.26 ± 0.20 3.57 ± 0.19 * 3.78 ± 0.28 3.94 ± 0.27 3.30 ± 0.14 3.70 ± 0.10 *

VO2max (mL·kg−1·min−1) 42.90 ± 1.59 48.60 ± 1.80 * 43.89 ± 1.75 47.56 ± 1.69 * 43.40 ± 2.53 50.50 ± 1.71 *

Data presented as mean ± SE No significant differences reported between groups. * denotes significant
difference (p < 0.05) to pre-screening only within group.

Pre-screening: At the start of the nine month training programme, all participants underwent full
screening including suitability assessment from their General Practitioner, a 12-lead electrocardiogram
to assess for potential underlying cardiac abnormalities, and completion of a standard incremental
maximal stress test (using a Computrainer erogometer system, RaceMate Inc., Seattle, WC, USA)
for the assessment of maximal oxygen consumption (using a Metalyser 3B automated gas-analyser;
Cortex Biophysik, Leipzig, Germany). In addition, routine assessment of height (Seca 200 stadiometer,
Hamburg, Germany), body mass (Seca 780, Hamburg, Germany) and body composition (Tanita Body
Segmental Analyser 418-BC, Tokyo, Japan) was undertaken. Participants were required to have no
previous experience of long distance triathlons, be recreationally active (defined as general exercise
activity 1–3 times per week) and have basic proficiency in swimming, cycling and running disciplines.
As a means to further quantify “recreationally active”, participants were required to have a relative
maximum oxygen uptake of 30–50 mL·kg−1·min−1 for women, and 35–55 mL·kg−1·min−1 for men
during pre-screening testing. Participants were excluded if there was any history (including familial)
of cardiovascular abnormalities (including coronary heart disease) and diabetes; or any known blood
related disorders.
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2.2. Experimental Design and Procedures

In a randomized, repeated-measures, double-blind, placebo controlled study design, participants
attended the Human Physiology Laboratory, University of Hertfordshire 12 weeks prior to undertaking
a long distance triathlon (Barcelona Challenge Triathlon) comprising a 3.8 km sea swim, 180.0 km
road cycle course and a 42.2 km marathon run. Although participants had no prior experience
to this triathlon distance, they had all adhered to a standardized training programme for the
previous six months as part of a larger training cohort. General training progression (“recreationally
trained”) from the previous six months was assessed prior to the intervention study using the
same incremental test procedure and equipment (including anthropometrical measures) as for
pre-screening (see Table 1). Thereafter, participants attended the laboratory on three occasions: baseline
(Week 0), pre-race (Week 12) and post-race (six days post) for blood and urine sampling as described
below. Due to constraints with field based sampling, and varying participant travel arrangements,
the post-race timepoint (six days) was selected for consistency and to assess whether any previous
patterns were still evident during the longer term recovery period.

Blood sampling: Participants were requested to rest the day before all test sessions. Upon arrival,
a fasted, venous wholeblood sample was collected from participants by a qualified phlebotomist into
duplicate 4 mL K3EDTA vacutainers (Greiner Bio-One GmbH, Kremsmunster, Austria). Samples were
centrifuged for 10 min at 3000 rpm, with aliquotted plasma pipetted into sterile, nonpyrogenic,
polypropylene cyrovials (Fisherbrand, Fisher Scientific, Loughborough, UK) and immediately frozen
at −80 ◦C for later assessment of resting endotoxin units and IgG endotoxin-core antibodies.

Urine sampling: Assessment of GI permeability was assessed via 5 h recovery of urinary lactulose
and mannitol via a standard sugar absorption test [35]. Briefly, upon arrival, participants provided
a urine sample with total volume assessed, and then (following blood sampling) consumed a
standardized 100 mL test drink containing 5 g lactulose solution (Sandoz Ltd., Camberley, Surrey, UK),
2 g mannitol (Mannitol powder: 99.86% pure certified, Blackburn Distributions Ltd., Nelson,
Lancashire, UK) and 40 g of sucrose (Tate and Lyle, London, UK). For the first two hours post
consumption, participants were not allowed to eat or drink, and thereafter could eat/ drink as normal
(with the exception of refined/sugary products or drinks). Over a five hour period, participants
collected total urine output into 3 L polyethylene opaque beakers (Sarstedt, Numbrecht, Germany).
With total sample volume assessed, duplicate urine samples were aliquotted into sterile cryovials and
immediately frozen at −80 ◦C for later assessment of saccharide recovery.

2.3. Biochemical Assays

Endotoxin unit assessment: Quantification of endotoxin units was derived from plasma samples
using an established endpoint chromogenic assay method (Pierce® LAL Chromogenic Endotoxin
Quantitation Kit, Thermo Fisher Scientific, Waltham, MA, US). After thawing to room temperature and
sample preparation, 50 μL aliquots were added to an endotoxin-free microtitre plate and incubated
at 37 ◦C for 5 min. Following this, 50 μL aliquots of Limulus amoebocyte lysate (LAL) were added to
each well, the plate gently shaken for 10 s, and re-incubated at 37 ◦C for 10 min. At exactly 10 min,
100 μL aliquots of chromogenic substrate solution was added to each well, the plate gently shaken
for 10 s, and then further re-incubated at 37 ◦C for 6 min. At this point, 50 μL aliquots of stop reagent
(25% acetic acid) was added to each well, and the plate gently shaken for 10 s. Samples were read on
a spectrophotometer at an absorbance of 405 nm (Victor 3 multilabel plate reader, PerkinElmer Inc.,
Llantrisant, UK) and referenced against a calibration curve based on dilutions of an Escherichia coli
(E. coli) endotoxin standard (011:B4; vial concentration 26 EU·mL−1) with non-incubated mock reaction
controls taken into consideration. Values of quantified endotoxin units (EU·mL−1) were then converted
to pg·mL−1.

IgG Endotoxin-core Antibody Assessment: IgG endotoxin-core antibodies (IgG anti-EU) were
measured from plasma samples via solid-phase ELISA (EndoCab® IgG, Hycult Biotech, Uden,
The Netherlands). Reagents were prepared in accordance with the manufacturer’s instructions at
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room temperature. Plasma samples were thawed to room temperature and diluted 200-fold using the
supplied dilution buffer. Following this, 100 μL aliquots of the standard or prepared sample were
carefully pipetted into microtitre wells coated with endotoxin rough-lipopolysaccharides, the microtitre
plate then covered and incubated at 37 ◦C for 60 min. The plate was then washed four times
manually, with 200 μL of supplied washer buffer added to each microtitre well during each wash
cycle. Following this, 100 μL of diluted conjugate (streptavidin-peroxidase) was added to each well to
bind the captured endotoxin core-antibodies. The plate was then covered and incubated at 37 ◦C for
60 min, before being manually washed a further four times with washer buffer. Then, 100 μL aliquots
of tetramethylbenzidine (TMB) were added to each microtitre well, the plate covered and incubated
at room temperature for 30 min avoiding exposure to sunlight. The reaction was then stopped by
addition of 100 μL aliquots of oxalic acid to each well. Samples were read on a spectrophotometer
at an absorbance of 450 nm (Victor 3 multilabel plate reader, PerkinElmer Inc., Llantrisant, UK) and
referenced against a calibration curve (logarithmic scale) based on dilutions of a reconstituted human
EndoCab IgG standard. Values are presented in standard median units (MU·mL−1).

GI Permeability Assessment: Following sample thawing and preparation, assessment of saccharide
recovery was performed via enzymatic method assays for lactulose and mannitol using a Randox RX
Monza semi-automated, flow cell based clinical chemistry analyser (Randox Ltd., Country Antrim,
UK). Briefly, for lactulose, reagents were prepared in accordance with the manufacturer’s instructions
at room temperature (INstruchemie BV, Delfzil, Netherlands). Sample preparation involved 50 μL
urine aliquots being mixed with 50 μL dissociation buffer and 5 μL galactosidase reagent, incubated at
37 ◦C overnight, and centrifuged at 2000 rpm for 5 min. Additionally, a non-incubated control was also
prepared to account for NADPH already present in the sample. Thereafter, 200 μL of lactulose buffer
reagent was carefully pipetted into centrifuge tubes and mixed with 5 μL sample, incubated at 37 ◦C
for 5 min, and read at an absorbance of 340 nm (reading A1). Following this, 50 μL start reagent was
added to the sample, mixed and incubated at 37 ◦C for 10 min and read at an absorbance of 340 nm
(reading A2). Recovered lactulose (mmol·L−1) was calculated taking into consideration pre-incubated
and non-incubated samples against standard, blank and quality control samples.

For mannitol assessment, reagents were prepared in accordance with the manufacturer’s
instructions at room temperature (INstruchemie BV, Delfzil, The Netherlands); and a reference curve
generated from dilutions of a 20 mmol·L−1 mannitol standard. Samples were prepared by mixing 3 μL
urine aliquots with 200 μL NAD buffer reagent and incubating at 37 ◦C for 5 min. From this 60 μL
diluted start reagent was added to the sample, mixed and incubated for a further 37 ◦C for 10 min.
Samples were read at an absorbance of 340 nm, and recovered mannitol (mmol·L−1) calculated against
a standard reference taking into consideration blank and quality control samples.

2.4. Nutritional Interventions and Diaries

Nutritional interventions: Following baseline assessment, participants were allocated, in a
double-blinded manner, to one of three intervention groups using a random number generator
approach. Participants were provided with a 90-day supply of either: capsulated (hydroxypropyl
methylcellulose) multistrain probiotic/prebiotic/antioxidant (LAB4

ANTI), matched pro/prebiotic
(LAB4) or placebo (PL) in opaque, sealed pots with instructions for daily ingestion timing.
This allocation covered the 12-week pre-race period and the six-day post-race period. Intervention
supplementation was provided by Biocare Ltd. (Birmingham, UK) for commercial use, with products
pre-capsulated by the manufacturer. Placebo supplements were prepared within our laboratory using
the same size hydroxypropyl methylcellulose capsules.

For both LAB4 and LAB4
ANTI, participants were instructed to consume one multistrain

pro/prebiotic capsule daily in the evening with food. Each multistrain capsule contained 150 mg·day−1

Lactobacillus acidophilus (10 billion CFU·day−1, Lactobacillus acidophilus CUL-60 [NCIMB 30157]
and 10 billion CFU·day−1 Lactobacillus acidophillus CUL-21 [NCIMB 30156]), 16.8 mg·day−1

Bifidobacterium bifidum and lactis (9.5 billion CFU·day−1, Bifidobacterium bifidum CUL-20 [NCIMB
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30172] and 0.5 billion CFU·day−1 Bifidobacterium animalis subspecies lactis CUL-34 [NCIMB 30153]),
and 55.8 mg·day−1 fructooligosaccharides (Bio-Acidophilus Forte, Biocare Ltd., Birmingham, UK).
For those assigned to PL, participants were instructed to consume one placebo capsule daily in the
evening with food, containing 200 mg cornflour.

For LAB4
ANTI, participants additionally consumed two capsules in the morning with breakfast

(each capsule contained 200 mg α-lipoic-acid and 300 mg of N-acetyl-carnitine hydrochloride;
Acetyl Carnitine and Alpha Lipoic Acid formulation, Biocare Ltd., Birmingham, UK). For control
consistency between groups, those assigned to LAB4 and PL were instructed to additionally consume
matched cornflour placebo capsules with breakfast. Throughout the study, participants were required
to not be consuming any other nutritional supplements other than glucose drinks/gels as part
of endurance training. Adherence was checked via nutrition diaries and monthly briefings with
all participants.

Nutrition diaries: Participants were requested to maintain habitual dietary intake throughout the
intervention and record via weekly food diaries at the beginning and end of each month. Participants
were provided with example diaries and individually instructed in diary completion, with emphasis on
meal breakdown, portion size and weight, fluid intake and consumption of prescribed supplementation.
Dietary analyses were undertaken using Dietplan 6.50 (Forestfield Software Ltd., West Sussex, UK)
based on a seven-day representation from each month.

2.5. Training Monitoring, GI Questionnaires and Assessment of Race Times

Training programme: Over the course of the 12-week intervention, participants continued with a
triathlon training programme, prescribed by an accredited Sport and Exercise Physiologist, focusing on
swimming, cycling and running disciplines, as well as functional training. Training was designed to
be flexible around daily activities with a requirement to achieve a minimum of 80% of the total
training volume set. Training was monitored via weekly training diaries in which participants
recorded exercise duration and overall session rating of perceived exertion (sRPE). Training load,
training monotony and training strain were determined from a modified training method previously
described (duration × sRPE [36,37]).

GI response questionnaire: Participants completed an overall monthly training GI response
questionnaire, adapted from symptoms previously reported [4,9,38]. Participants were asked to
subjectively rate their responses across four subsections (general training, endurance training (>3 h),
acute (<24 h) and longer term (<72 h) recovery periods). For the training subsections the following
symptoms were evaluated: urge to urinate, urge to defecate, bloating, belching, flatulence, nausea,
stomach/intestinal pain or discomfort, stomach/intestinal cramping, headaches, and dizziness.
For the recovery subsections, the following symptoms were evaluated: constipation and/or diarrhoea,
stomach/intestinal pain or discomfort, bloating, flatulence, nausea, stomach/intestinal cramping,
headaches, dizziness, mental fatigue, excessive and sweating. Collectively, this resulted in a maximum
symptom count of 40. Symptoms were graded for severity according to a category scale (0 = none;
1 = low severity; 2 = moderate severity; 3 = high severity). From this, mean symptom count and
symptom severity scores were assessed to evaluate the subjective impact of each intervention.

Race times: All participants, as entrants of the Barcelona Challenge Triathlon, were required to
wear official timing chips throughout the race. Overall race times, including triathlon specific stage
times (swim, bike, and run) were provided by the race director following confirmation of official
final times.

2.6. Statistical Analyses

Statistical analyses were performed using SPSS (v22, IBM, Armonk, NY, USA).
Following assessment of normality via a Shapiro–Wilk test, a 3 × 3 factorial design analysis
of variance (Anova) was employed to assess treatment and time interactions, using least significant
difference (LSD) post hoc evaluation. Where pertinent, within group assessment was undertaken
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using a general linear repeated measures Anova, with LSD post hoc evaluation. For assessment of race
times between groups only, a between-group Anova was performed, with LSD post hoc analysis. GI
questionnaires were assessed via chi-squared analysis. An alpha level of ≤0.05 was employed for
statistical significance. Data are reported as means ± SE.

3. Results

3.1. Nutrition and Training Data

Dietary analysis comparisons for each month are shown in Table 2. No significant differences were
reported between or within groups across the 12-week intervention period for energy, carbohydrate,
fat or protein intake (p > 0.05). On average across the 12-week intervention, daily energy intake
for LAB4

ANTI was 35.10 ± 1.31 kcal·kg−1·day−1 compared with 33.97 ± 1.73 kcal·kg−1·day−1 for
LAB4 and 35.53 ± 1.66 kcal·kg−1·day−1 for PL. Macronutrient intake was also comparable, with an
average fat intake of 1.45 ± 0.08 g·kg−1·day−1 for LAB4

ANTI compared 1.27 ± 0.08 g·kg−1·day−1

for LAB4 and 1.30 ± 0.07 g·kg−1·day−1 for PL. Likewise, average carbohydrate intake was
4.06 ± 0.22 g·kg−1·day−1 for LAB4

ANTI compared with 4.02 ± 0.24 g·kg−1·day−1 for LAB4 and
4.37 ± 0.31 g·kg−1·day−1 for PL. Similarly, average protein intake was comparable between
pro/prebiotic groups at 1.55 ± 0.07 g·kg−1·day−1 for LAB4

ANTI, 1.50 ± 0.11 g·kg−1·day−1 for LAB4,
and non-significantly higher for PL at 1.72 ± 0.10 g·kg−1·day−1.

Table 2. Dietary analysis comparisons between groups.

Variable LAB4
ANTI LAB4 PL

Energy intake (kcal·kg−1·day−1)

T1 35.96 ± 2.16 33.13 ± 1.16 35.57 ± 2.88
T2 33.88 ± 2.06 33.03 ± 4.66 34.57 ± 2.98
T3 35.42 ± 2.57 35.76 ± 2.43 36.60 ± 2.85

Fat (g·kg−1·day−1)

T1 1.45 ± 0.13 1.28 ± 0.10 1.24 ± 0.14
T2 1.37 ± 0.12 1.27 ± 0.21 1.19 ± 0.08
T3 1.52 ± 0.18 1.26 ± 0.12 1.47 ± 0.11

Carbohydrate (g·kg−1·day−1)

T1 4.29 ± 0.33 3.80 ± 0.30 4.46 ± 0.47
T2 3.95 ± 0.43 3.90 ± 0.59 4.32 ± 0.58
T3 3.93 ± 0.39 4.36 ± 0.36 4.34 ± 0.57

Protein (g·kg−1·day−1)

T1 1.51 ± 0.12 1.43 ± 0.14 1.81 ± 0.18
T2 1.56 ± 0.07 1.39 ± 0.17 1.70 ± 0.14
T3 1.57 ± 0.15 1.68 ± 0.28 1.67 ± 0.19

Data represent average daily intake (mean ± SE). T1–3 represent Months 1–3 respectively. No significant
differences reported between or within groups (p > 0.05).

Training load comparisons are shown in Table 3. No significant differences were reported
between groups across the intervention for training load, monotony or strain (p > 0.05). There was,
however, a significant time interaction effect for training load (F = 16.30, p < 0.0001, ηp2 = 0.38) and
training strain (F = 4.88, p = 0.011, ηp2 = 0.16). The training programme was designed to progressively
build over the 12 weeks, with a peak training load in Month 2, and an increased training strain in
Month 3 leading to a final taper period prior to the race. The target range (particular for training load)
represents the generic range set for all participants i.e., to meet a minimum of 80% training load.

Across the intervention, all groups satisfactorily met the minimum training load. Average training
loads at Month 2 were all significantly higher than Months 1 and 3, as expected (p < 0.0001).
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Interestingly, however, peak training loads at Month 2 were all greater than the high end target set at
3278 AU (arbitrary units). For LAB4 in particular, training load was noted at 4311 ± 348 AU (F = 8.21,
p = 0.006, ηp2 = 0.58 compared to Month 1), further reflecting the increased strain (4065 ± 381 AU) in
this month (F = 6.79, p = 0.011, ηp2 = 0.53). Training strain in Month 3 was noted as being lower in all
groups (p = 0.003) compared to Month 2 and in direct comparison to the target range.

Table 3. Training load comparisons.

Variable Target Range LAB4
ANTI LAB4 PL

Weekly training load (AU)
T1 2173–2716 2410 ± 242 2851 ± 279 2807 ± 368
T2 2622–3278 3885 ± 558 # 4311 ± 348 *# 3915 ± 516 #
T3 2231–2789 2232 ± 148 2768 ± 498 2263 ± 180

Training monotony (AU)
T1 1.07–1.33 0.94 ± 0.11 0.98 ± 0.08 1.11 ± 0.08
T2 0.97–1.21 0.88 ± 0.07 0.96 ± 0.08 0.88 ± 0.08
T3 1.27–1.58 0.90 ± 0.12 0.87 ± 0.09 0.72 ± 0.05

Training strain (AU)
T1 2951–3688 2755 ± 562 2945 ± 450 3224 ± 566
T2 3350–4187 3430 ± 620 4065 ± 381 *# 3293 ± 552
T3 3352–4440 2281 ± 370 2681 ± 650 1946 ± 186

Data represent arbitrary units (AU) and presented as mean ± SE Target range indicates 80%–100% of training
programme. No significant differences reported between groups (p > 0.05). * denotes significant difference from
T1 within group (p ≤ 0.006). # denotes significant difference from T3 within group (p ≤ 0.04).

3.2. Endotoxin Unit (EU) Assessment

Data for endotoxin units (EU) and IgG endotoxin-core antibody assessment are shown in
Figure 1a–c for LAB4

ANTI, LAB4 and PL respectively. A significant interaction effect was reported for
endotoxin units over time (F = 4.21, p = 0.019, ηp2 = 0.11) and group (F = 3.50, p = 0.036, ηp2 = 0.09)
only. At baseline, whilst EU levels were highest with PL (9.72 ± 2.42 pg·mL−1), no significance
was found in comparison to either LAB4

ANTI (8.20 ± 1.60 pg·mL−1) or LAB4 (8.92 ± 1.20 pg·mL−1,
p > 0.05). EU concentrations ranged from 3.03 to 27.75 pg·mL−1. Within group, LAB4

ANTI resulted in a
significant reduction in endotoxin units both pre-race (4.37 ± 0.51 pg·mL−1) and six days post-race
(5.18 ± 0.57 pg·mL−1; F = 4.27, p = 0.033, ηp2 = 0.35). For LAB4, there was a significant reduction
in endotoxin units over time (F = 6.04, p = 0.011, ηp2 = 0.43), with post-hoc analysis indicating EU
levels of 5.01 ± 0.28 pg·mL−1 six days post-race being significantly lower than baseline (p = 0.047)
only. Endotoxin unit levels for PL did not significantly differ across the intervention period or six days
post-race (p > 0.05).

3.3. IgG Endotoxin-Core Antibody (Anti-EU) Assessment

Overall, a significant group interaction effect was reported for IgG anti-EU, with LAB4
ANTI

demonstrating lower concentrations of IgG endotoxin core-antibodies in comparison to both LAB4

and PL (F = 10.82, p < 0.0001, ηp2 = 0.25) at baseline. Whilst IgG anti-EU levels remained significantly
lower pre-race with LAB4

ANTI compared to LAB4 (p = 0.003), there was no statistical difference in
comparison to PL. By post-race, no significant differences were reported between groups (p > 0.05).
Within group, IgG anti-EU levels for LAB4

ANTI increased from 40.42 ± 12.39 MU·mL−1 at baseline,
to 58.83 ± 22.94 MU·mL−1 pre-race in contrast to the decrease in endotoxin unit levels observed.
However, the overall increase in IgG anti-EU to 77.93 ± 26.03 MU·mL−1 post-race was not deemed
significant (F = 1.01, p = 0.387, ηp2 = 0.11) overall.

For LAB4, IgG anti-EU also increased from 209.23 ± 59.73 MU·mL−1 at baseline to
251.73 ± 60.72 MU·mL−1 pre-race in relative contrast to the decrease in endotoxin unit levels observed
for this group. Post-race IgG anti-EU concentrations decreased to 161.61 ± 50.16 MU·mL−1, but overall
changes were not deemed statistically significant (F = 1.95, p = 0.174, ηp2 = 0.20) for LAB4. In a converse

365



Nutrients 2016, 8, 733

manner, average plasma IgG anti-EU concentrations decreased from 223.98 ± 51.46 MU·mL−1 at
baseline to 181.56 ± 58.19 MU·mL−1 pre-race with PL, returning to 207.94 ± 31.96 MU·mL−1 six days
post-race; however, overall changes in IgG anti-EU for PL were not statistically significant (F = 0.30,
p = 0.746, ηp2 = 0.04).

(a)

(b)

(c)

Figure 1. (a) Plasma endotoxin unit (EU) concentrations (pg·mL−1) and IgG endotoxin antibodies
(anti-EU; MU·mL−1) for LAB4

ANTI group (Mean ± SE). * denotes lower IgG anti-EU values overall
than both LAB4 and PL conditions (p < 0.001); # denotes significant reduction in endotoxin units
over time within group (p = 0.03); (b) Plasma endotoxin unit (EU) concentrations (pg·mL−1) and
IgG endotoxin antibodies (anti-EU; MU·mL−1) for LAB4 group (Mean ± SE). * denotes significant
difference from baseline for endotoxin units within group (p = 0.047); (c) Plasma endotoxin unit
(EU) concentrations (pg·mL−1) and IgG endotoxin antibodies (anti-LPS; MU·mL−1) for PL group
(Mean ± SE). No significant differences reported (p > 0.05).
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3.4. Intestinal Permeability

Assessment of intestinal permeability from urinary lactulose:mannitol (L:M) ratio measurement is
shown in Figure 2. GI permeability generally increased in all groups from baseline to six days post-race
(F = 9.66, p < 0.0001, ηp2 = 0.21). No significant differences were reported between groups (p > 0.05).
Within group, L:M increased marginally from 0.032 ± 0.006 at baseline, to 0.037 ± 0.010 pre-race and
0.054 ± 0.007 six days post-race with LAB4

ANTI (p > 0.05) Similarly, there was a non-significant increase
in L:M with LAB4 from 0.028 ± 0.005 at baseline, to 0.039 ± 0.007 and 0.044 ± 0.012 both pre- and six
days post-race respectively (p > 0.05).

Figure 2. Assessment of intestinal permeability via urinary lactulose:mannitol ratio (Mean ± SE).
Values measured in mmol·L−1. # denotes significant increase from baseline for PL only (p = 0.05);
* denotes significant increase from baseline for PL only (p = 0.002).

However, for PL, L:M significantly increased over the intervention (F = 8.16, p = 0.004, ηp2 = 0.51)
from 0.012 ± 0.008 at baseline to 0.041 ± 0.010 pre-race (p ≤ 0.05). L:M further increased in
PL to 0.061 ± 0.011 six days post-race (p = 0.002). A similar interaction effect for time was also
observed with the per cent recovery of lactulose (F = 5.66, p = 0.005, ηp2 = 0.14), as shown in Table 4.
Within group, for PL only, the per cent recovery of lactulose increased from 0.35% ± 0.18% at baseline
to 0.94% ± 0.12% six days post-race (p = 0.01). No significant differences were found for per cent
recovery of mannitol either between or within groups (p > 0.05).

Table 4. Recovery of urinary lactulose and mannitol (%).

Variable LAB4
ANTI LAB4 PL

% recovery of lactulose

Baseline 0.71 ± 0.13 0.52 ± 0.07 0.35 ± 0.18
Pre-race 0.55 ± 0.14 0.74 ± 0.10 0.72 ± 0.17

6 days Post-race 0.83 ± 0.11 0.90 ± 0.24 0.94 ± 0.12 *

% recovery of mannitol

Baseline 29.99 ± 2.87 25.57 ± 2.22 30.61 ± 3.96
Pre-race 23.31 ± 3.60 27.42 ± 3.33 23.51 ± 2.18

6 days Post-race 22.42 ± 3.27 25.01 ± 1.89 23.48 ± 2.64

Data presented as mean ± SE. * denotes significant difference to baseline within group only (p = 0.01).

3.5. GI Questionnaire

Overall symptom counts for training related GI issues were significantly lower in both LAB4

groups at the end of Month 1 (7.80 ± 2.20 for LAB4
ANTI and 6.78 ± 1.31 for LAB4) compared with PL
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(11.90 ± 2.02; p ≤ 0.013). However, by Month 2, only symptom counts for LAB4 were significantly
lower (8.11 ± 2.18) than PL (13.20 ± 2.72; p < 0.001). At Month 2, there was a significant increase in
symptom counts for LAB4

ANTI (10.70 ± 2.88, p = 0.015 within group), which was also greater than
LAB4 (p = 0.036). By the end of the intervention, there was a similar pattern to Month 1, with both
LAB4 groups reporting lower symptom counts to training GI issues (8.80 ± 2.70 for LAB4

ANTI and
7.00 ± 2.16 for LAB4) compared with PL (13.90 ± 2.42; p < 0.001).

Average symptom severity was significantly lower with both LAB4 groups at Month 1 (9.80 ± 3.05
for LAB4

ANTI and 7.56 ± 1.56 for LAB4) compared to PL (15.50 ± 2.97; p < 0.001). This pattern
continued throughout the intervention, with severity scores for LAB4 groups remaining lower than PL
(16.70 ± 3.64) at Month 3 (10.10 ± 3.27 for LAB4

ANTI and 8.00 ± 2.50 for LAB4; p < 0.001). No differences
were reported for average symptom severity within group across the intervention (p > 0.05) or between
LAB4 groups (p > 0.05).

3.6. Race Times

Mean race finishing times are shown in Figure 3. Overall, no significant differences were found
between groups for overall finishing times (F = 2.12, p = 0.149), despite faster completion times for both
LAB4

ANTI (13 h 17 min 07 s ± 34 min 48 s) and LAB4 (12 h 47 min 13 s ± 25 min 06 s) compared with PL
(14 h 12 min 51 s ± 29 min 54 s). Faster swim and cycle stage times were also recorded on average for
LAB4 (93.7 ± 4.4 min and 370.7 ± 10.4 min respectively) compared with both LAB4

ANTI (99.8 ± 6.5 min
and 392.5 ± 16.9 min) and PL (103.6 ± 9.9 min and 405.1 ± 14.3 min). However, average stage times
were not significantly different between groups for either swim (F = 0.45, p = 0.642) or cycle (F = 2.30, p
= 0.129) stages.

This was further reflected in the marathon stage, despite both LAB4 groups completing the
marathon course in similar times (285.8 ± 13.1 min for LAB4

ANTI vs. 287.41 ± 16.04 min for LAB4) in
contrast to PL (320.8 ± 21.1 min; F = 1.06, p = 0.368). It was however noted that despite a non-significant
interaction effect, post-hoc comparisons indicated a significant difference for the bike stage between
LAB4 and PL groups only (p = 0.046), and a strong trend for a significant differences in overall finishing
times between these two groups (p = 0.058).

Figure 3. Race time comparisons in minutes (Mean ± SE), including triathlon stage disciplines.
No significant differences reported between groups (p > 0.05). Converted overall times:
LAB4

ANTI = 13 h 17 min 07 s (±34 min 48 s); LAB4 = 12 h 47 min 47 s (±25 min 31 s); PL= 14 h
01 min 40 s (±31 min 32 s).
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4. Discussion

The concept of exercise-mediated endotoxemia remains contentious, with varying terminology
reported in the literature, including methodologies used to assess endotoxin units. Whereas some
authors have referred to the term “mild” endotoxemia to reflect relatively small changes in endotoxin
levels (5–15 pg·mL−1) along with acute cytokinemia following sustained endurance exercise [9],
others have suggested that values ranging from 10 to 50 pg·mL−1 are indicative of normal, yet sustained
“low grade” endotoxin levels which may modulate a systemic inflammatory response [13,16].
Clinical states of endotoxemia reflect much higher endotoxin concentrations (>80–300 pg·mL−1 [11,12]),
with only a handful of studies demonstrating that strenuous ultra-endurance exercise actually elicits
these levels at the point of exhaustion or during acute recovery [10,15]. Less is known whether
repetitive GI provocation from repeated training elevates resting endotoxin levels, and what impact
this may have on individuals preparing for, or recovering from, long distance events.

Average resting endotoxin units in the current study remained within normal limits
(<10 pg·mL−1), and were comparable to values observed (~11.0 ± 5.0 pg·mL−1) for healthy volunteers
with similar fitness levels [14,39,40]. This is in contrast to our hypothesis that plasma endotoxin
units would be raised following repetitive endurance exercise as evidenced elsewhere [13,15].
However, the range for endotoxin units was 3.03–27.75 pg·mL−1, indicating that if “low grade
endotoxemia” does occur at values >10–50 pg·mL−1, then some individuals may be susceptible
to repeated exposure.

LPS translocation across the GI tract is known to provoke systemic immune reactions with varied
consequences [41]. Specifically, LPS attachment to LPS-binding protein and its transference to an
MD-2/toll-like receptor (TLR) 4/CD14 complex activates NF-kappa-B and various inflammatory
modulators (TNF-α, IL-1β, IL-6 and CRP). This is considered a protective mechanism acting to
minimise bacterial entry across the GI tract. Under normal physiological conditions, endotoxins from
gram negative bacteria are usually contained locally, with only relatively small quantities entering
the systemic circulation. However, when GI defences are either disrupted (i.e., luminal damage from
exercise) or LPS “sensing” is “overloaded” a heightened inflammatory response may result which
could, in part, relate to GI symptoms associated with exercise [42]. This could have implications
to daily recovery mechanisms throughout prolonged training periods, and in the days following
ultra-endurance events.

The use of a 12-week LAB4 strategy reduced average endotoxin units by 26.0%, but was not
statistically significant. In contrast, the LAB4

ANTI intervention resulted in a significant 46.6% reduction
in endotoxin units, with pre-race levels in this group reducing to 4.37± 0.51 pg·mL−1. These levels are
comparable to resting values observed in trained athletes elsewhere at ~3.8 ± 2.0 pg·mL−1 [13],
and could have important implications for those individuals with previously raised endotoxin
levels (e.g., >20 pg·mL−1) or who are more susceptible to training related GI symptoms. Whilst the
general trend in IgG anti-EU supported these findings, the inter-individual variability observed
resulted in non-significant findings. It was noted that average IgG anti-EU levels for LAB4

ANTI were,
however, significantly lower than both LAB4 and PL. Although this possibly indicates an adaptive
response in this group, IgG anti-EU ranges observed were comparable to those reported elsewhere [43]
and most likely reflect variance in relation to individual gut microbiota profiles.

Altered GI permeability was only observed in the PL condition, which whilst not reaching clinical
significance (i.e., L:M ≥ 0.09; [44,45]), represented a 4.2 fold increase over the intervention and recovery
periods (compared to a 0.7 fold increase in the L:M ratio for LAB4

ANTI and 0.6 fold increase for
LAB4). Additionally, both GI symptom count and severity were significantly lower in both LAB4

interventions compared with PL by the end of the training period, observations similar to those
reported elsewhere employing probiotic strategies [21,46,47]. Collectively, these results support the
contention that a multistrain pro/prebiotic intervention maintains tight junction stability, potentially
through interference with phosphorylation processes. Although this supports previous findings [26,48],
such strategies may only apply to chronic interventions, as recent research has demonstrated no impact
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of acute (7 days) probiotic use on endotoxin levels following endurance exercise at 60%VO2max under
ambient or heat-stressed conditions [49].

Studies have demonstrated that regular use of probiotics can improve epithelial resistance
by establishing competitive “biofilm” activity. Indeed, as LPS types vary across gram-negative
bacteria species, some LPS are poorly sensed by TLR4 and may have more direct impact on NF-κ-B
activation [50]. Therefore, direct exclusion of LPS translocation through maintained epithelial integrity
and/or increased preponderance of gram-positive genera may offer potential therapeutic benefit [51].
Specifically, the provision of Lactobacillus genus may work by activating TLR2 and hence more
favourable innate immune responses [52–54]. Additionally the use of a 14 week multistrain probiotic
strategy significantly decreased faecal zonulin levels elsewhere, supporting improved tight junction
stability [26].

However, effects of probiotics are strain specific. The product used in the current study does not
appear to have been used in a training context previously. Clinical trials, however, have demonstrated
that the inclusion of the Lactobacillus strains CUL-60 and CUL-21 modulated the facultative anaerobes
(Enterobacteriaceae, Enteroccus/Streptococcus and Staphylococcus species) during antibiotic therapy [24,55].
Two other papers utilizing similar dosages to the current study also indicate that the CUL-60 and
CUL-21 strains prevented an increase in antibiotic resistant Enterococci and reduced the incidence
of Clostridium difficle toxins [25,56]. Future research should address strain specific colonization and
impact on gut microbiota, which may explain inter-individual differences particularly in athletes.

The inclusion of Bifidobacterium and prebiotics (e.g., inulin, galacto- or fructo-oligosaccharides
[FOS]) in such formulas may also provide additional benefits. Studies have demonstrated a
significant increase in short-chain fatty acids (SCFA), with prebiotic use additionally supporting
increased Bifidobacteria growth, and decreased levels of bacteriodes and Fermicutes phyla [57–61].
Additionally, prebiotic use has been shown to improve mucosal dendritic cell function associated with
TLR2 activity [62], and increase the expression of glucagon-like peptide 2, associated with GI barrier
regulation [59]. Although low dose FOS was employed in the current study, the “synbiotic” effect with
a multistrain probiotic formula has been shown to confer improvements in gastrointestinal well-being
elsewhere [63].

In the current study, a combined antioxidant in conjunction with a multistrain pro/prebiotic
strategy appeared to confer an additive effect through reduced endotoxin unit levels at the end of
the 12-week training period, as well as six days post-race. Specifically, alpha lipoic acid acts as a
multi-functional antioxidant through rapid regeneration of glutathione [64,65]. GI epithelial damage
may be directly associated with oxidative stress from GI ischemia (particularly hydrogen peroxide),
and in extreme cases may lead to ischemic colitis or infarct tissue [66]. Endogenous glutathione
peroxidase may be a crucial enzyme in the protection of the intestinal lumen from repetitive
damage [67]. Alpha lipoic acid, along with N-acetyl-carnitine, may therefore act in a local antioxidant
manner, and via phosphoinositide 3-kinase/Akt signalling may down-regulate LPS stimulation of
NF-κ-B [68–70]. Other dietary antioxidants such as ascorbic acid have been shown to blunt the
endotoxin response to exercise, but with secondary effects on ascorbate radical production [28].
Various flavonoids (e.g., quercetin found in onions) and isoflavones (e.g., genistein found in soybeans)
have been shown to inhibit protein kinase C and protein tyrosine kinases respectively, although the
use of 2 g·day−1 quercetin for seven days was also shown to block the rise in heat shock protein 70,
potentially restricting thermotolerant adaptation [71].

To date, only two studies appear to have assessed endotoxin levels in the hours/days following
ultra-endurance events. Subclinical symptoms associated with exercise-mediated endotoxemia
may vary in both severity and duration (possibly lasting several days). One study demonstrated
raised (but effectively normal) endotoxin levels at 16 h following an ironman triathlon, but did
not assess return to baseline levels [9]. A further study demonstrated that endotoxin levels had
returned to baseline 1–3 weeks post event, reflecting the exhaustive nature of the event [10]. A
limitation of the current study was the logistical difficulty of collecting samples immediately or 24
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h post event. With varying individual travel plans, participants were instructed to rest in the 5 days
post-race. At six days post-race, endotoxin units remained unchanged with PL (8.02 ± 1.14 pg·mL−1),
but were significantly lower for both intervention groups (5.18 ± 0.57 pg·mL−1 for LAB4

ANTI,
and 5.01 ± 0.28 pg·mL−1 for LAB4). This represented an overall reduction in endotoxin units from
baseline of 36.8% for LAB4

ANTI and 43.9% for LAB4 strategies. Although cytokine profiles were not
assessed in the current study, a general reduction in endotoxin levels via pro/prebiotic/antioxidant
combinations may have important benefits in minimizing low grade cytokinemia from endurance
exercise [72,73].

The use of LAB4
ANTI or LAB4 did not significantly improve times within-race only in direct

comparison to PL. This is despite a 6.5% (~56 min) faster overall time for LAB4
ANTI compared to PL,

and 10.0% (~86 min) faster for LAB4 compared to PL. This did not reflect our original hypothesis,
and likely reflects the wider variance in capabilities observed with “recreationally trained” individuals.
However, it was noted that faster times were reported for LAB4 during both swim and cycle stages,
with a trend towards an overall difference compared to PL (p = 0.058). It is acknowledged that
exercise performance was not assessed in the current study as baseline measures could not be
ascertained. As participants were entering their first long distance triathlon, comparison between
groups only provided an insight into whether either intervention strategy offered potential race
benefits. Future research should focus on whether combined pro/prebiotic/antioxidant strategies
offer direct performance benefits in controlled settings, particularly in individuals more susceptible to
GI related issues.

5. Conclusions

Chronic multistrain pro/prebiotic supplementation during periods of endurance training may
provide individual support to minimise GI symptoms through maintenance of intestinal permeability.
The inclusion of an antioxidant strategy (e.g., α-lipoic acid/N-acetyl carnitine) may confer additive
benefits via reductions in training-related endotoxin unit levels. In a recreationally trained cohort,
LAB4

ANTI or LAB4 strategies did not influence race times in direct comparison to a control group also
undertaking their first long distance triathlon. Combined pro/prebiotic/antioxidant strategies may
have important implications for individuals undertaking endurance training, particularly those more
susceptible to GI symptoms.
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Abstract: Physique competitions are events in which competitors are judged on muscular appearance
and symmetry. The purpose of this retrospective case study was to describe changes in dietary
intake, body mass/composition, and the menstrual cycle during the 20-week competition preparation
(PREP) and 20-week post competition recovery (REC) periods of a drug-free amateur female figure
competitor (age = 26–27, BMI = 19.5 kg/m2). Dietary intake (via weighed food records) and body mass
were assessed daily and averaged weekly. Body composition was estimated via Dual-energy X-ray
absorptiometry (DXA) and 7-site skinfold measurements. Energy intake, body mass and composition,
and energy availability decreased during the 20-week PREP period (changes of ~298 kcals, 5.1 kg,
6.5% body fat, and 5.4 kcal/kg fat free mass, respectively) and returned to baseline values by end of
the 20-week REC period. Menstrual cycle irregularity was reported within the first month of PREP
and the last menstruation was reported at week 11 of PREP. Given the potentially adverse health
outcomes associated with caloric restriction, future, prospective cohort studies on the physiological
response to PREP and REC are warranted in drug-free, female physique competitors.

Keywords: bodybuilders; physique athletes; competition preparation; competition recovery; dieting;
energy availability; amenorrhea

1. Introduction

Physique competitions (bodybuilding, figure, and bikini) are unique athletic events in which
competitors are judged on muscular appearance and symmetry rather than physical performance.
In preparation for these contests competitors aim to decrease fat mass while maintaining lean mass
through a combination of prolonged (≥12 weeks) caloric restriction, resistance training, and aerobic
exercise [1,2]. Currently, no evidence-based dietary guidelines exist for physique athletes to achieve
body mass/composition goals for competition, or to re-gain appropriate levels of fat mass following
competition, particularly in a manner that preserves (or at least minimizes risks to) overall health [1,3].
This may contribute to the large number of preparation strategies implemented by coaches and athletes,
some of which may be dangerous (extremely low caloric intakes, reliance on un-tested supplements,
extreme dehydration, etc.) [4–9]. Healthcare professionals working with these understudied athletes
will need to understand the culture and associated constraints of the sport in order to assist competitors
in developing nutrition strategies to support their training and competition goals.
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Previous research on physique athletes is limited and has mainly focused on male competitors,
female competitors using anabolic steroids, and/or the competition preparation (PREP) phase
only [1,3,10–17]. Furthermore, the published literature on female physique competitors is limited by:
(1) low methodological quality; (2) inadequate description of competition phase; and (3) being dated
(e.g., published in the 1980s and 1990s when top-level competitors had lower body masses, and fewer
competition categories existed [1,3]. Thus the data may be less applicable to current day physique
competitors). Recent case studies of male physique competitors [11,18–20] have provided empirical
evidence on the nutritional and exercise regimens, and the associated metabolic and physiological
responses of these athletes. To our knowledge, no studies have provided a detailed account of both the
PREP and competition recovery (REC) phases in drug-free female competitors. Given the potential
health implications (e.g., female athlete triad) of obtaining a low level of fat mass through caloric
restriction and exercise [21,22], evaluation of these athletes is warranted. To address gaps in the
literature, the purpose of this case study was to describe changes in dietary intake, body mass and
composition, and the menstrual cycle in a drug-free, female, figure competitor during both the PREP
and REC periods.

2. Materials and Methods

This case study was considered exempt from Institutional Review Board review and
approval. It was conducted and prepared in accordance with the Health Insurance Portability and
Accountability Act.

2.1. Subject and Timeline Overview

The subject (26–27 years; BMI: 19.4 kg/m2; body fat: 15%) was a Caucasian, drug-free, amateur
figure competitor preparing for her first competition. The subject did not take any medications,
including oral contraceptives, during the PREP or REC periods. The 20-week competition PREP
and 20-week REC timeline for this competitor, including nutrition and exercise training programs
were developed in collaboration with a contest preparation coach who is a certified personal trainer
and professional male natural bodybuilder with 20 years of competition and coaching experience.
Alterations to the program were determined based on body composition changes and subjective
assessment of physique during posing practices. An overview of the timeline for study measurements
is presented in Figure 1. In addition, the subject returned for assessment of body mass and composition
(DXA) 32 weeks after the competition (i.e., 1 year since the initiation of PREP) and when menses
resumed, 71 weeks post competition.

2.2. Dietary Intake

The subject electronically tracked dietary intake via weighed food records, using a commercially
available digital food scale (Soehnle Optica®) to the nearest gram throughout PREP. Following the
competition, the subject was less motivated to maintain a rigid diet and track intake as diligently.
Thus, the 20-week REC period contains estimates of weekly macronutrient and caloric intake from a
combination of weighed records and food diary estimates. Nutrient information was obtained from
the USDA National Nutrient Database [23] or product-specific nutrition facts panels. Daily nutrient
intake information (total kcals, macronutrient (g and %), and fiber (g)) was averaged each week.
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Figure 1. Timeline of Study Measurements (A) PREP and (B) REC phases. PREP: Competition
preparation; REC: Competition recovery; DXA: Dual-energy X-ray absorptiometry; SF: Skinfolds.

2.3. Body Mass and Composition

The subject electronically tracked body mass daily on a commercially-available home scale
(Health O Meter Professional®) throughout PREP and REC. Daily body masses were averaged each
week. Body composition was assessed just before the PREP period began, the week of the competition
(week 20 PREP), and at week 20 of the REC period via dual-energy X-ray absorptiometry (DXA;
pre-PREP using Lunar Prodigy Advance, GE Medical Systems, software version 8.10e, Madison, WI,
USA; and remainder of scans using Lunar iDXA, GE Medical Systems, software version enCORE
15, Madison, WI, USA model due to equipment upgrading in our laboratory) performed by a
trained research technician licensed as a Radiologic Technologist-Limited in the state of Virginia.
Skinfold thickness was measured 8 times during the 20-week PREP period and 4 times during the
20-week REC period via 7-site skinfold measurements according to ACSM guidelines [24] and using
Jackson-Pollock generalized skinfold equation for body density [25] and the Siri equation for estimating
body fat [24] by the subject’s contest preparation coach.

2.4. Exercise Training

The subject recorded (paper/pen) exercise training daily for the duration of PREP and REC
periods. Exercise Energy Expenditure (EEE) was estimated using the 2011 Compendium on Physical
Activity [26].

2.5. Energy Availability

Before and at weeks, 1, 10, and 20 of PREP and weeks 10 and 20 of REC energy availability (EA)
((energy intake (kcals)-EEE (kcals))/fat-free mass (FFM) (kg)) [27] was calculated from the dietary
intake record, exercise training record, and estimated FFM of the corresponding week. The established
threshold of 30 kcal/kg was used as the reference level for comparing this subject’s EA to the level
below which adverse health outcomes have been detected [21].

2.6. Menstrual Cycle

Menses was tracked (paper/pen calendar) and reported by the subject for PREP and REC phases.
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3. Results

3.1. Dietary Intake

The subject’s diet during PREP and REC consisted of 2 days of high carbohydrate intake
(~180–230 g/day), 3 days of moderate carbohydrate intake (~150–180 g/day), and 2 days of low
carbohydrate intake (~100–150 g/day) each week. High carbohydrate intake days occurred on lower
body resistance training days and low carbohydrate intake days occurred on off or low-intensity cardio
training days. A sample daily weighed food record is presented in Table 1, representing typical food
choices and portions consumed during both PREP and REC. Dietary supplement intake included:
whey and casein protein powders, which were calculated into daily caloric and protein intake totals;
and 5 g/day of creatine monohydrate from weeks 11 to 20 of PREP.

Table 1. Sample Weighed Food Record Representative of a Typical Day During both PREP and REC.

Food 1 Preparation and/or Description
Weight (g)

(Approximate Volume)

Breakfast:

Oatmeal With water
40 (dry)

(1/2 cup, dry)

Whey Protein Isolate (De Novo Nutrition) N/A
20

(2/3 scoop)

Blueberries Frozen, no sugar added
70

(1/3 cup)

Peanut Butter
Natural, no added oil, sugar,

or salt
15

(1 Tbsp)

Morning Snacks:

Greek Yogurt (Chobani) Plain, non-fat
150

(1 single-serve container)

Apple Raw, with peel
180

(1 medium, 3-inch diameter)

Almonds Raw, unsalted
12

(12 almonds)

Lunch:

Broccoli Steamed from fresh or frozen
142

(1 small stalk)

Black Beans Canned, drained and rinsed
120

(1/2 cup)

Brown Rice, Jasmine With water, no added oil or salt
98 (prepared)

(1/2 cup, prepared)

Hummus (Sabra) Classic flavor
28

(2 Tbsp)

Whey Protein Isolate (De Novo Nutrition) N/A
20

(2/3 scoop)
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Table 1. Cont.

Food 1 Preparation and/or Description
Weight (g)

(Approximate Volume)

Afternoon Snacks:

Greek Yogurt (Chobani) Plain, non-fat
150

(1 single-serve container)

Blueberries Frozen, no sugar added
70

(1/3 cup)

Oatmeal With water
40 (dry)

(1/2 cup, dry)

Whey Protein Isolate (De Novo Nutrition) N/A
20

(2/3 scoop)

Green Bell Pepper Raw
164

(1 large, 3-inch diameter)

Dinner:

Tilapia fillet Baked, from frozen
114

(1.3 fillets)

Green Bell Pepper Raw
164

(1 large, 3-inch diameter)

Kale Raw
100

(6 cups, loosely packed)

Carrot Raw
100

(0.9 cups, grated)

Red Cabbage Raw
100

(1.1 cups, chopped)

Extra Virgin Olive Oil Dressing for kale salad
10

(2 tsp)

Sesame Seed Oil Dressing for kale salad
5

(1 tsp)

Rice Vinegar Dressing for kale salad
15

(1 Tbsp)

Sesame Seeds Whole, dry, dressing for kale salad
5

(1/2 Tbsp)

Brown Rice, Jasmine With water, no added oil or salt
80 (prepared)

(2/5 cup, prepared)

Evening Snacks:

Almond Butter Natural, no added oils, sugar,
or salt

18

(1 Tbsp)

Beverage Intake 2:

Water N/A 24–48 fl. oz.

Diet Soda N/A 24–36 fl. oz.

Coffee/tea Black, unsweetened 24–48 fl. oz.

PREP: Competition Preparation; REC: Competition recovery; Tbsp: Tablespoon. 1 Use of seasonings (e.g.,
salt) was not weighed or tracked; 2 Beverage intake was not weighed or rigidly tracked. It was reported by
participant as typical consumption.

Changes in averaged weekly caloric intake are presented in Figure 2 for PREP and REC.
Habitual energy and macronutrient intake at baseline (i.e., before PREP), weeks 1, 10, and 20 of
PREP, and weeks 10 and 20 of REC are listed in Table 2.
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Figure 2. Changes in Energy Intake and Body Mass during Competition Preparation and Recovery.
PREP: Competition preparation; REC: Competition recovery.

Table 2. Energy and Macronutrient Intake.

Energy
(kcals/Day)

CHO (g) Protein (g) Fat (g) Fiber (g)

(% Total kcals) (% Total kcals) (% Total kcals)

(g/kg BM) (g/kg BM)

Baseline 2010
225 120 70 48
45% 24% 31%

(4.1 g/kg) (2.2 g/kg)

Week 1 PREP 1798
187 150 50 40
42% 33% 25%

(3.4 g/kg) (2.7 g/kg)

Week 10 PREP 1541
143 150 41 24
37% 39% 24%

(2.7 g/kg) (2.9 g/kg)

Week 20 PREP 1712
188 150 40 34
44% 35% 21%

(3.8 g/kg) (3.0g/kg)

Week 10 REC 2032
219 146 63 49
43% 29% 28%

(4.2 g/kg) (2.8 g/kg)

Week 20 REC 2023
233 133 62 47
46% 26% 28%

(4.2g/kg) (2.4 g/kg)

PREP: Competition preparation; REC: Competition recovery; CHO: carbohydrate; BM: body mass.

3.2. Body Mass and Composition

Changes in average weekly body mass are presented in Figure 2 for PREP and REC. Body mass
decreased from 54.9 kg at Week 1 of PREP to 49.8 kg by Week 20 of PREP, and then increased to 55.1 kg
by Week 20 REC. Body fat (assessed via DXA) decreased from 15.1% (8.3 kg) at baseline to 8.6% (4.3 kg)
by Week 20 of PREP. Lean mass was maintained at 44.3 kg pre and post PREP (80.7% and 89% lean
mass, respectively). By Week 20 REC, percent body fat had returned to baseline at 14.8%. By Week 32
of REC (e.g., 1 year since initiation of PREP), body mass had increased to 57.3 kg and body fat to 20%.
By Week 71 REC (when menses resumed) body mass was 56.1 kg and body fat had been maintained
at 20%.

Total and site-specific skinfold thickness changes during PREP and REC are presented in Figure 3.
Total skinfold thickness decreased from 66.5 mm at Baseline to 30 mm by the week of competition
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(Week 20 PREP) (corresponding to a decrease from 14.8% to 8.3% body fat, indicating concordance
with the DXA results). Skinfold thickness steadily increased in the REC period and returned to baseline
(64 mm) by Week 20 REC.

3.3. Exercise Training

Exercise training during PREP consisted of a high-volume resistance training program
4–5 days/ week (training all major muscle groups of the upper and lower body 2–3 days/week),
brief (e.g., 10–30 min) high-intensity interval training 1–2 day(s)/week, and longer (e.g., 45–120 min)
aerobic exercise session 1 day/week. This training regimen resulted in an EEE of 484, 459, and
440 kcal/day at weeks 1, 10, and 20 of PREP, respectively. Exercise training during REC consisted of a
high-volume resistance training program 3–4 days/week, brief (10–30 min) high-intensity interval
training 1–2 day(s)/week, and a longer (45–60 min) aerobic exercise session 1 day/week. This training
regimen resulted in an EEE of 355 and 378 kcal/day at weeks 10 and 20 of REC, respectively.

3.4. Energy Availability and Menstrual Cycle

Prior to PREP and at weeks 1, 10, and 20 of PREP, EA was 32.7, 28.2, 23.2, and 27.3 kcal/kg FFM,
respectively. At weeks 10 and 20 of REC, EA was estimated to have increased to 36.5 kcal/kg and
35.1 kcal/kg FFM, respectively. Our subject reported a habitual cycle length of ~42 days without use of
hormonal birth control for several years prior to engaging in competition preparation. Menstrual cycle
irregularity (spotting between typical menses) was reported within the first month of PREP and the
last menstruation was reported at week 11 of PREP. Menses did not resume until 71 weeks following
the competition.
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Figure 3. Total and Site-Specific Skinfold Thickness Changes. Wk: Week; PREP: Competition
Preparation; REC: Competition recovery.

4. Discussion

This case study provides a detailed and comprehensive examination of the dietary and exercise
habits, and the associated alterations in body mass, body composition, EA, and menses during both
the PREP and REC phases for a drug free, female figure competitor. The major finding from this
investigation was that caloric restriction, low EA, and decreased fat mass led to loss of menses early
in the PREP phase. Despite a return to baseline levels of energy intake, EA, and fat mass during the
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REC phase, resumption of menses was delayed. In addition, this investigation provides insight on the
diet-related culture of the sport which is vital for healthcare professionals working with these clients
to be familiar with.

4.1. Dietary Intake

4.1.1. Energy Intake

Competition PREP for our subject consisted of a gradual decrease in energy intake for the initial
10-weeks and then a gradual increase back to week 1 PREP energy intake by week 20 PREP (i.e., week of
competition). Our subject’s habitual (2010 kcals/day) and PREP energy intake (low of 1541 kcals/day
at week 10) were greater than those previously reported in female physique competitors (average of
1636 and 1214 kcals/day, respectively) [1]. Energy intake at competition was similar for our subject
and previous reports (1712 vs. 1739 kcals/day) [1]. However, prior investigations only monitored
dietary intake for short periods of time, and many did not include information on dietary supplement
use [1], thus limiting our ability to compare our more detailed analysis to previous reports.

Following the competition, our subject slowly increased energy intake. This was in an effort
to limit a rapid increase in fat mass due to the known propensity for fat accumulation following
energy restriction [28]. To our knowledge only one previous study assessed dietary intake following
competition in female physique athletes. Walberg-Rankin et al. instructed female bodybuilders to
keep 3-day food records the day of until 2 days following the competition and 19 to 21 days following
the competition [14]. Compared with their participants’ energy intakes in the 1 month prior to the
competition (1536–1839 kcals/day), energy intake immediately post competition (3237 kcals) and
3 weeks post was significantly greater (2790 kcals). This was associated with a rapid increase in
body mass that was 1.2 kg above their initially reported body mass 1 month before the competition.
Our subject was more cautious in the REC period than the athletes previously studied by diligently
increasing energy intake slowly and limiting days ‘off’ the diet.

4.1.2. Macronutrient Intake

During PREP, carbohydrate and fat intake decreased and protein intake increased compared to
the subject’s baseline dietary habits. Carbohydrate intake fell below the Acceptable Macronutrient
Distribution Range (AMDR) of 45%–65% of total caloric intake and protein intake rose above the
AMDR of 10%–35%. Our subject’s macronutrient intake is consistent with previous reports in
male and female physique competitors [1,11,14,20] which show carbohydrate intake below sports
nutrition recommendations (e.g., 3–12 g/kg/day depending on training volume/intensity and body
composition goals) [29] and protein intake above recommendations for strength training athletes
(e.g., 1.2–2.0 g/kg/day) [29]. The elevated protein intake is presumably in an effort to maintain
muscle mass (which our subject was successful at doing) during a period of weight loss, and is in
line with recent findings demonstrating the efficacy of an increased protein intake during periods of
energy restriction [30–32]. Following the competition, increases in energy intake were due to higher
carbohydrate and fat intake. Protein intake decreased slightly, but still remained above 2.0 g/kg.

4.1.3. Fiber Intake

Fiber intake decreased during PREP, but remained above the Dietary Reference Intake of
14 g/1000 kcals [33], and increased during REC. This was due to a reliance on nutrient-dense,
low-energy foods such as fruits and vegetables [34]. High intake of fibrous foods likely promoted
feelings of fullness and enabled this competitor to adhere to the energy restriction [35–39]. In addition,
high fruit and vegetable intake is beneficial in ensuring that micronutrient needs are met while energy
intake is reduced, and therefore should be included in the development of nutrition recommendations
for competition PREP [34,36]. Prior studies in physique competitors have not quantified fiber
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consumption or tracked dietary intake as accurately so it is unknown if this is typical practice amongst
physique competitors.

4.2. Exercise Training and Body Mass and Composition

Exercise training consisted of a high-volume resistance training regimen and modest amounts of
aerobic exercise. Contrary to previous reports from the 1990s [14,16,40], but in agreement with more
recent data [1,11] alterations in body mass and composition occurred mainly by reduced energy intake
and not increased aerobic exercise. This may be indicative of an overall shift in preparation strategy
over time. However, anecdotally we have observed that some current day physique athletes do rely
on high levels of aerobic exercise to decrease fat mass before competitions.

Unsurprisingly, 20-weeks of caloric restriction during PREP resulted in reduced body mass
and fat mass, which was reversed when caloric intake increased during the 20-week REC phase.
Lean mass was maintained during the PREP phase, likely due to a combination of high protein
intake and the intensive resistance training program [30,31]. Our subject was lean (~15% body fat)
at the start of competition preparation and achieved a body composition (~8%) similar to female
bodybuilders previously studied [1,14,16]. While these reported body composition values are less than
recommendations for essential fat for women [24], it is likely necessary in order to be competitive in
this sport. As noted in the dietary intake section, the REC period has not been well studied in female
physique competitors. Given the rapid increase in body mass (which overshot initial body mass)
seen in the Walberg-Rankin et al. study [14], and an even more pronounced increase of 8.6 kg gain in
body mass by 4 weeks post competition detected by Lamar-Hildebrand et al. in college-aged female
bodybuilders [41] compared with the more controlled return to habitual body mass and composition in
our subject, the REC period is deserving of additional investigation and likely requires unique dietary
intake recommendations.

4.3. Energy Availability and Menstrual Cycle

The EA of our subject fell below recommended levels of 30 kcal/kg of FFM [27] upon initiation
of PREP and remained below this level for the entire 20 weeks. In addition, disruption to normal
menstruation was reported early and amenorrhea occurred by the end of PREP. Due to an increase in
energy intake and a decline in exercise energy expenditure during REC, EA increased to >35 kcal/kg
FFM by week 10 of REC. Despite the return of caloric intake and body composition and mass to
baseline levels during the 20-week REC period, menses did not resume until 71 weeks following
the competition. Interestingly, the subject had returned to our laboratory for assessment of body
composition (via DXA) 32 weeks post competition (i.e., 1 year since the initiation of PREP) and at week
71 post competition when menses resumed. Body composition and mass at those two assessment time
points (20% body fat, 57.3 kg and 20% body fat, 56.1 kg, respectively) were higher than the habitual
body composition and mass (~15% body fat, 54.9 kg) our subject had maintained for years leading up
to the competition.

This finding suggest that the reductions to EA and body composition which occur with
preparation for physique competitions may have prolonged, detrimental effects on normal
reproductive hormonal profiles. Resumption of menses may require that EA and body composition
exceed baseline values for a prolonged period of time. Since our subject was concerned about the
health implications of amenorrhea, she did not have plans to compete again. However, for competitors
who plan to complete yearly, they may not have adequate time in between PREP cycles for menstrual
cycle recovery. Prior investigations have noted that both resistance training and energy restriction
are associated with alterations to reproductive hormones [14,42–44] leading to menstrual disruption
(e.g., increases in estradiol and beta-endorphin which then reduce gonadotropin releasing hormone
and luteinizing hormone pulsatility). Therefore, since physique athletes subject themselves to both
intensive resistance training regimens and prolonged caloric restriction, they are at greater risk for
menstrual disturbance and the associated insults to bone and metabolic health [21,22]. This has
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important ethical implications for the advice and treatment provided by coaches and health care
professionals who work with these athletes.

Previous research on female athletes has established that those in lean build sports are more likely
to have menstrual dysfunction than those in non-lean build sports [45]. However, while more common
in this group of athletes than non-athletes, participation in physique competitions does not always
lead to menstrual dysfunction [14,46]. Therefore, investigation of individual factors contributing to
disruptions of normal menses, as well as analysis of alterations in reproductive hormones during
PREP and REC warrant investigation in this at-risk group of athletes.

4.4. Strengths and Limitations

The current study has several strengths. Most notably this is the first to provide detailed, weighed
dietary intake analysis over an extended time period (e.g., 40 weeks). This overcomes limitations
of previous reports that rely solely on 1–3-day food records or food frequency questionnaires kept
for a limited duration leading up to competitions [1]. Second, we accounted for intake of dietary
supplementation, which has not been consistently reported in many earlier papers describing the
dietary habits of physique competitors [1]. Third, we utilized DXA technology to evaluate changes in
body composition. While we did rely on two separate DXA machines due to unavoidable equipment
upgrades in our laboratory, the estimates tracked similarly with skinfold estimates, giving us greater
confidence in our measurements. Fourth, this study is the first to estimate EA and track menses
during PREP and REC. These are important considerations for the development of sports nutrition
recommendations that will also support the long-term health of physique athletes. Finally, the case
study approach is also a strength since longer-term, detailed information was obtained which would
be challenging with a larger cohort [47]. These findings can be utilized to inform future studies in this
athletic population.

Despite these strengths, we acknowledge limitations of this study. First, we did not collect
biochemical or clinical data (aside from body composition). Future investigations should be done
prospectively and plan to obtain blood and urine samples to evaluate alterations in hormonal
and metabolite values related to weight loss/gain and menstrual function as well as relevant
clinical outcomes (e.g., metabolic rate, blood pressure, heart rate, etc.). Second, we did not include
psychological measures. Questionnaires related to dietary restraint, disinhibition, and disordered
eating would be valuable to include in future longitudinal research on physique competitors.
Third, our participant did not track timing of dietary intake and supplement use throughout the
day, or in relation to workouts. While nutrient timing is an important and interesting sports nutrition
consideration, this level of detail would likely be unrealistic in investigations of similar duration.
Nonetheless, future trials and interventions focusing on this topic may provide important information
on nutrient timing strategies to assist physique athletes in achieving their body composition and/or
strength goals before and after competitions.

4.5. Future Directions

The popularity of physique competitions is increasing, with a greater number of organizations
created and competitions held each year [48]. Therefore, research is needed in order to establish evidence-
based nutrition and exercise recommendations related to improving performance, while minimizing
potential adverse health outcomes of caloric restriction in these athletes. Randomized- controlled
trials will likely be unfeasible in this population. Instead, long-term observational trials which track
competitors during PREP and REC phases will be needed. Specific questions to answer include: What is
the typical degree of caloric restriction competitors subject themselves to? What is the prevalence
of the female athlete triad? What best predicts both performance and maintenance of health in
these athletes (e.g., baseline caloric intake, degree of restriction employed, age, dietary composition,
exercise energy expenditure, etc.)? What is the time course for recovery of physiological, metabolic,
and menstrual responses to competition preparation? What is the long-term impact of several cycles of
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competition preparation and recovery on health outcomes? What are the psychological ramifications
(e.g., eating attitudes, mood disturbance, and sleep habits) of physique competition participation?
Overall, these competitors are a unique and understudied group of athletes whom much can be learned
from in regards to the metabolic adaptations to caloric restriction during competition preparation and
metabolic recovery during refeeding following competitions.

5. Conclusions

This case study provides the first long-term assessment of dietary intake, body mass/composition,
and menstrual cycle changes associated with competition PREP and REC in a drug-free, female figure
competitor. As expected caloric restriction and decreased EA led to a decline in fat and body mass
and cessation of menses. Energy intake, body mass and fat mass returned to baseline levels by the
end of the 20-week REC period. However, return of menstruation was delayed, not resuming until
over a year following the competition. Our case study adds long-term, detailed information to the
limited literature available on this population. Future studies should build upon this approach in order
to lead to the creation of evidence-based dietary intake and exercise recommendations for physique
competitors across the competitive cycle that aims to increase ‘performance’ (e.g., subjectively rated
appearance) while maintaining the health of the competitors.
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Abstract: Background: Prolonged intense exercise has been associated with transient suppression of
immune function and an increased risk of infections. In this context, the catabolism of amino acid
tryptophan via kynurenine may play an important role. The present study examined the effect of
a probiotic supplement on the incidence of upper respiratory tract infections (URTI) and the metabolism
of aromatic amino acids after exhaustive aerobic exercise in trained athletes during three months of
winter training. Methods: Thirty-three highly trained individuals were randomly assigned to probiotic
(PRO, n = 17) or placebo (PLA, n = 16) groups using double blind procedures, receiving either
1 × 1010 colony forming units (CFU) of a multi-species probiotic (Bifidobacterium bifidum W23,
Bifidobacterium lactis W51, Enterococcus faecium W54, Lactobacillus acidophilus W22, Lactobacillus brevis
W63, and Lactococcus lactis W58) or placebo once per day for 12 weeks. The serum concentrations
of tryptophan, phenylalanine and their primary catabolites kynurenine and tyrosine, as well as the
concentration of the immune activation marker neopterin were determined at baseline and after
12 weeks, both at rest and immediately after exercise. Participants completed a daily diary to identify
any infectious symptoms. Results: After 12 weeks of treatment, post-exercise tryptophan levels were
lowered by 11% (a significant change) in the PLA group compared to the concentrations measured
before the intervention (p = 0.02), but remained unchanged in the PRO group. The ratio of subjects
taking the placebo who experienced one or more URTI symptoms was increased 2.2-fold compared to
those on probiotics (PLA 0.79, PRO 0.35; p = 0.02). Conclusion: Data indicate reduced exercise-induced
tryptophan degradation rates in the PRO group. Daily supplementation with probiotics limited
exercise-induced drops in tryptophan levels and reduced the incidence of URTI, however, did not
benefit athletic performance.

Keywords: intense exercise; kynurenine; tryptophan; probiotics; upper respiratory tract infections

1. Introduction

Numerous studies have shown that prolonged intense physical exercise is associated with
a transient depression of immune function in athletes. While moderate exercise beneficially influences
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the immune system [1], a heavy schedule of training and competition can lead to immune impairment
associated with an increased risk of upper respiratory tract infections (URTIs) due to altered immune
function [2,3]. It has been suggested that exhaustive exercise creates a potential ‘open window’ of
decreased host protection, during which viruses and bacteria can gain a foothold, increasing the risk
of developing an infection [4]. During major competitions of 2–3 weeks duration, typically about
7% of athletes experience at least one episode of illness and about half of these are respiratory [5].
Exercise immunological studies reported that infection episodes were preceded by declines in
immunoglobulin A (IgA) in saliva [6–8]. Furthermore, results suggest a possible mechanism for
the increased incidence of infection during intensified training via modulation of type 1/type 2 T
lymphocyte distributions [9].

Physical exercise and sports influence immunoregulatory circuits which, as a primary
response, involve the production of forward regulatory cytokines is followed by counter-regulation
leading to an immunosuppressed state [3,10,11]. Downstream biochemical events include changes
in tryptophan (Trp) metabolism when T helper cell type 1 (Th1-type) cytokine interferon-γ
(IFN-γ) is released and induces tryptophan-degrading enzyme indoleamine 2,3-dioxygenase
(IDO-1). In turn, blood concentrations of Trp become reduced, leading to various potential
consequences [12]. The essential amino acid Trp is not only a precursor of the serotonin biosynthesis
pathway but is also the key element for the formation of the energy carrier and coenzyme
nicotinamide-adenine-dinucleotide NAD and its reduced form NADH via the so-called kynurenine
(Kyn) pathway [13,14]. Recently, exhaustive aerobic exercise in athletes was reported to significantly
impact on Trp–Kyn metabolism [15]. Results indicate an involvement of IDO-1 activation in enhanced
Trp catabolism and Kyn production following demanding exercise [15]. The close association of Trp
metabolites with neuropsychopharmacologically relevant metabolites may have special consequences
for athletes since it influences immunosurveillance and the development of infections as well training
adherence because of disturbed neurotransmitter biochemistry [16].

Trp is also an important target for the gut and brain interaction [17]. In addition to its
resorption from dietary components, the composition of gut bacteria—the microbiome—is of enormous
importance in the regulation of Trp. Available data suggest a role for the gut microbiota in actually
modulating Trp and hence having control over serotonin levels in the host [18]. Recently, an inverse
correlation of serum levels of Trp, tyrosine, and phenylalanine with concentration of fecal calprotectin,
a marker for gut leakiness, has been reported in patients suffering from Alzheimer’s disease,
thus indicating a close relationship between the intestinal barrier function and aromatic amino acid
concentration in the blood [19]. Furthermore, there is growing body of evidence indicating that
the microbiota is sensitive to physiological changes associated with exercise [20,21]. For example,
acute aerobic exercise reduces the expression of toll-like receptors (TLRs) in the monocyte cell-surface,
contributing to post-exercise immunodepression, while over the long-term, a decrease in TLR
expression may represent a beneficial effect because it decreases the inflammatory capacity of
leukocytes, thus altering whole body chronic inflammation [22]. TLRs can activate dendritic cells,
which are associated with the attenuation of immune activation and inflammation protection [20].
Notably, IDO-1 has been identified in mucosal Cluster of Differentiation 103 -expressing dendritic cells
and has already been claimed to be a possible therapeutic target for gut disorders [23].

Dietary supplements containing probiotics can modify the population of the gut microflora
and may provide a practical means of enhancing gut and systemic immune function, which was
shown to be beneficial by reducing the infection frequency in sensible groups, e.g., elderly in
group homes or children [24,25]. However, studies in these subject groups might not be reflective
of athletes who have different gut microbiota [26]. Exercise and associated dietary extremes were
shown to increase gut microbial diversity in comparison to sedentary people [27]. Some studies
have established that probiotic intake can improve low-grade inflammation [28,29] and enhance
resistance to URTI in athletes [30–32]. In a previous study, Lamprecht and colleagues found that
adequate probiotic supplementation composed of six strains consisting of Bifidobacterium bifidum W23,

390



Nutrients 2016, 8, 752

Bifidobacterium lactis W51, Enterococcus faecium W54, Lactobacillus acidophilus W22, Lactobacillus brevis
W63, and Lactococcus lactis W58 could improve redox hemostasis and low-grade inflammation in men
under sustained exercise stress [29]. The mechanisms behind these observations have not been widely
investigated but may include direct interaction with gut microbiota, interaction with mucosal immune
system and modulation of lung macrophage and T cell functions [33]. For example, one study observed
that the IFN-γ response (a potent stimulus for IDO-1) was moderately higher with probiotic treatment
than with placebo, associated with a significant reduction in the number of days of respiratory illness
symptoms in highly trained distance runners [30]. Since Trp availability is primarily regulated via the
Kyn pathway, the catabolism of amino acid Trp via Kyn may play an important role on the risk of
developing an infection.

The aim of the present study was to examine the effect of a probiotic supplement on the incidence
of URTI and Trp metabolism after exhaustive aerobic exercise in trained athletes during three months
of winter training We hypothesized that daily supplementation with probiotics is beneficial in reducing
the incidence of URTI in athletes during training periods in winter and is associated with modulation
of the Trp—Kyn metabolic pathways.

2. Materials and Methods

2.1. Subjects

Thirty-three healthy and trained volunteer athletes (mean age 26.7 years; average body mass
index 22 kg/m2; average peak oxygen uptake 51.4 mL/kg/min) participated in this study that was
conducted at the Department of Sport Science at the Leopold Franzens University of Innsbruck, Austria.
Individuals were invited to participate if they were 20–35 years of age, non-smokers, had no previous
history of muscle disorders and were free of heart, kidney, lung, neurologic, and psychiatric diseases.
Athletes with a cardiorespiratory response and fitness of ≥150% of reference values during maximal
exercise [34] were included. A questionnaire about medical history and previous training was filled
out by each participant. In total, 33 individuals were enrolled with 29 participants (13 men 16 women)
completing the study. Baseline characteristics of the subjects are presented in Table 1.

Table 1. Baseline characteristics, nutrition and performance data of the participants.

Variable Unit Probiotics (n = 14) Mean ± SD Placebo (n = 15) Mean ± SD

Gender male/female 8/6 5/10
Age year 25.7 ± 3.5 26.6 ± 3.5
BMI kg/m2 22.2 ± 1.5 21.2 ± 2.7

Weight kg 67.4 ± 9.6 62.9 ± 11.1
Body cell mass kg 31.2 ± 6.6 28.7 ± 7.4
Total body fat % 20.1 ± 5.7 19.5 ± 4.4

VO2max mL/kg/min 55.1 ± 6.4 47.5 ± 7.1 **
Pmax watt 325 ± 54.2 274 ± 51.6 *
Prel watt/kg 4.8 ± 0.3 4.3 ± 0.4 **
PTT watt 222 ± 41.9 181 ± 38.3 *

Energy intake kcal/day 2821 ± 1374 2840 ± 1161
REE kcal/day 1602 ± 206 1519 ± 2031

Protein % 14.9 ± 3.3 15.0 ± 3.5
Carbohydrates % 49.5 ± 12.4 49.3 ± 12.7

Fat % 32.5 ± 10.8 33.0 ± 12.1
Fibers g 33.0 ± 10.1 32.0 ± 14.2

Alcohol g 11.1 ± 10.7 9.4 ± 9.5
Water L 3.38 ± 0.58 3.37 ± 0.84

Values are means ± SD; Significant difference between the groups: * p < 0.05; ** p < 0.01; BMI: body mass index;
VO2max = peak oxygen uptake; Pmax = peak power output; Prel = peak power output related to body weight;
PTT = Time-trial power output; REE = resting energy expenditure.
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Subjects who met the inclusion criteria of the study were randomly assigned to the treatment
or placebo group. The randomization code was held by a third party and handed over for statistical
analyses after collection of all data. All of the participants were informed of the risks and potential
discomforts associated with the investigation and signed a written consent to participate. The study
was approved by the Board for Ethical Questions in Science Ethics at the Leopold Franzens University
of Innsbruck according to the principles expressed in the Declaration of Helsinki.

2.2. Study Intervention

Subjects randomized to probiotics (PRO, n = 17) received boxes with sachets containing
multi-species probiotics composed of six strains consisting of Bifidobacterium bifidum W23,
Bifidobacterium lactis W51, Enterococcus faecium W54, Lactobacillus acidophilus W22, Lactobacillus brevis
W63, and Lactococcus lactis W58 (Ecologic® Performance, Winclove B.V., Amsterdam, The Netherlands).
The total cell count was adjusted to 2.5 × 109 colony forming units (CFU) per gram. The candidate
strains were selected upon their survival in the gastrointestinal tract, activity, intestinal barrier
function, and anti-inflammatory properties and were used in a previous study on immune health
in athletes [29]. The matrix consisting of cornstarch, maltodextrin, vegetable protein, MgSO4,
MnSO4 and KCl. Subjects were instructed to take 1 sachet of 4 g per day, which is equivalent to
1 × 1010 CFU/day, with 100–125 mL of plain water, one hour prior to breakfast and throughout the
12 weeks. Those subjects assigned to the placebo group (PLA, n = 16) received identical boxes and
sachets with the same instructions for use.

2.3. Study Protocol

During the three-month intervention period (January 2015 to March 2015) subjects were asked
to maintain their normal diet and to continue with their normal training programs. In addition,
participants agreed to avoid taking medicine including anti-inflammatory drugs (e.g., aspirin,
ibuprofen, voltaren) and antibiotics, additional probiotics and dietary supplements such as fish
oil, vitamins (vitamin C, vitamin E) and minerals (selenium). Consumption of alcohol (>10 and 20 g
for women and men, respectively, per day), or any fermented dairy products (e.g., yoghurt) was
not permitted during this period. During the first visit to the laboratory, measures of participants’
weight and height were obtained using standardized methods and used to calculate body mass
index (BMI, kg/m2). Prior to and at the end of the study, all subjects were tested for body fat
(in percent of body weight), body cell mass (kg), and resting energy expenditure (kcal/day) using the
bioelectrical impedance analysis (BIA) method (BIA-2000-M, Data Input, Pöcking, Germany). Prior to
the first blood draw and after 12 weeks of supplementation, participants were asked to complete
a three-day food record to evaluate energy and nutrient intake. Diet records were analyzed for total
calories, protein, carbohydrate, fat, alcohol, and water intake using “nut.s science” nutritional software
(dato Denkwerkzeuge, Vienna, Austria). Weekly training (modality, frequency, intensity, volume) and
illness (URTI symptoms and gastrointestinal GI complaints symptoms) logs were kept.

The illness symptoms listed on the self-constructed questionnaire, modified according to
Gleeson et al. (2011) [31] were sore throat, runny nose, cough, fever, and weakness. Subjects were
asked to rate the severity of their symptoms (very light, light, moderate, severe, very severe). The GI
discomfort symptoms listed on the questionnaire were abdominal pain, diarrhea, loss of appetite,
vomiting, and others. The incidence score relates to the number of participants who reported symptoms
in each arm of the study. One or more symptoms on at least two consecutive days were defined as
an episode of illness. Symptoms with an interval of only one day were counted as the same episode.

2.4. Exercise Tests

In the morning of the exercise test a standardized breakfast was provided 2 h prior to strenuous
exercise tests (379 kcal; 88 energy percent carbohydrates, 11 energy percent proteins, and 1 energy
percent fat). The composition of this standardized breakfast is shown in Table 2.

392



Nutrients 2016, 8, 752

Table 2. Composition of the standardized breakfast 2 h prior to strenuous exercise tests.

Food Energy (kcal) Protein (g) Carbohydrates (g) Fat (g)

2 wheat rolls 100 g 260 8.70 52.7 0.90
Marmalade/jam 50 g 114 0.30 28.0 0.00

250 mL tea 5 0.75 0.25 0.25
250 mL water - - - -

Total 379 9.75 80.95 1.15
Meal energy (%) 11 88 1

For eligibility testing all subjects performed an incremental cycle ergometer exercise test until
exhaustion. Cycle ergometry was performed on an electronically braked ergometer (Ergometrics 900,
Ergoline, Germany) and started at a workload of 50/75 W (women/men) for 5 min (warm up) with
a following increase in workload of 25 W per minute until exhaustion. Exhaustion was defined as
the state when the pedaling rate dropped below 60 rpm. Heart rate and ventilatory parameters were
monitored continuously (Oxycon mobile, Jaeger, Germany). Peak power output (Pmax) was defined as
the last completed workload rate plus the fraction of time spent in the final uncompleted work rate
multiplied by 25 W [35]. Peak oxygen uptake (VO2max) was defined as the highest 30-s average during
the test.

After a 20 min resting period, athletes performed a 20-min maximal time-trial on a cycle ergometer
(RBM Cyclus 2, Leipzig, Germany) as described by Faulhaber and colleagues [35]. Briefly, the cycle
ergometer was shifted to a fixed pedal force in which power output was dependent on the pedaling
rate. Pedal force for each participant was set so that pedaling at 100 rpm would produce about 70%
(rounded to 5 W) of peak power output, which was determined by the incremental cycle ergometry.
During the test, cyclists were strongly encouraged to choose a maximal pedaling rate that could
be maintained for the respective test duration. The main outcome measurement was mean power
output during the 20-min test, which was automatically calculated by the software of the ergometer.
The participants were allowed to drink water ad libitum. Three months later this procedure was
repeated on the same cycle ergometer and with the same investigator.

2.5. Blood Measurements

We conducted blood collections from the participants in the supine position from a medial cubital
vein at baseline and after 12 weeks at rest and within 5 min after exercise (four blood draws per study
participant). After centrifugation for 10 min cells were removed and plasma samples were frozen at
−20 ◦C until analysis. Serum concentrations of Trp and Kyn as well as concentrations of phenylalanine
(Phe) and tyrosine (Tyr) were determined by high-performance liquid chromatography (HPLC),
as previously described [36,37]. The ratios of Kyn/Trp and Phe/Tyr were calculated as indexes of Trp
degradation and phenylalanine 4-hydroxylase (PAH) activity, respectively. Pro-inflammatory cascades
were found to be associated with disturbed PAH activity [37]. Serum neopterin concentrations were
measured by ELISA (BRAHMS Diagnostics, Hennigsdorf, Germany) following the manufacturer’s
instructions [38].

2.6. Statistical Analysis

Per protocol analyses were performed using SPSS (IBM SPSS Statistics Version 22, IBM Corp.,
Armonk, NY, USA). Normality in the distribution of data was tested using the Kolmogorov-Smirnov’s
test and Boxplots. In the case of Gaussian distribution, baseline characteristics, performance data,
nutrient and biological markers were compared by unpaired Student’s t-test or Mann-Whitney-U-Test.
Changes in variables during the study were analyzed by univariate analysis of variance (ANOVA) for
parametric variables. The Wilcoxon-signed rank and Friedman test were applied to non-parametric
data. Spearman’s rank correlation was used to assess the association between two variables.
Partial eta-squared values were calculated to estimate the effect of any statistically significant
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differences found. Using the guidelines of Cohen [39], 0.01 = small effect, 0.06 = moderate
effect, and 0.14 = large effect. A p-value of less than 0.05 (two-tailed) was considered to indicate
statistical significance. Data are presented as mean values ± standard deviation (SD) or by mean
values ± standard error of the mean (SEM).

Sample size calculation was based on changes in exercise-induced Trp levels [40] from baseline to
the end of the 12-week intervention between the PRO group and the control. We estimated between
10 and 12 subjects per group—depending on SD and effect size—to reach a probability of error (alpha/2)
of 5% and 80% power. Allowing for a drop-out rate of 30%, 16 subjects per group were recruited.

3. Results

3.1. Study Population

Twenty-nine of the 33 randomized subjects completed the full program and entered statistical
analyses. Three withdrew because of injury or persistent illness with antibiotic medications,
one because of a longer training interruption. Returned sachet count after the treatment period
revealed a compliance rate >95% in both groups (97.6% in the probiotics group, 98.8% in the control
group). The lowest level of compliance for a subject was 86.9%. A CONSORT (Consolidated Standards
of Reporting Trials) diagram outlining participant recruitment is depicted Figure 1.

Figure 1. Flow of participations through each stage of the trial.

At baseline, a significant gender-dependent difference (females were overrepresented in the
control group), VO2max and Trp was observed between groups (p < 0.05). Females had a lower BMI,
VO2max, and mean power output during the 20-min test (PTT) compared to male athletes, as Kyn levels
were lower in females (p = 0.019). None of the other parameters were influenced by gender.
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3.2. Training Loads

Analysis of training loads indicated that the weekly training of the aerobic system,
mainly continuous endurance training at moderate intensity (60% to 80% VO2max), varied significantly
between the groups over the 12-week treatment period (Figure 2). The means were significantly higher
in the probiotics group as compared to the placebo group: 8.0 ± 2.3 and 6.6 ± 4.3 h per week endurance
training, respectively (U = 2.597, p < 0.001).

Figure 2. Training loads for endurance training (h/week) over the study period for the participants who
completed the study. Graph shows mean ± standard error of the mean (SEM); * p < 0.05 (Mann-Whitney
U test). Asterisks depict weeks with significant differences between PRO (—) and PLA (···) groups.
PRO: probiotics-supplemented group; PLA: placebo group.

3.3. Body Composition, Nutrition, and Performance

After 12 weeks of treatment, there was no significant difference between probiotic
supplementation groups and placebo groups in anthropometric characteristics, body composition,
and food intake (p > 0.05). Performance (VO2max) remained unchanged over time and still differed
significantly between groups in week 12 (p < 0.05). Resting energy expenditure (REE, kcal/day) was
significantly different between groups after 12-weeks of the study (mean ± SEM: 1617 ± 57 kcal/day
and 1518 ± 56 kcal/day for PRO and PLA, respectively; p < 0.05, η2 = 0.13; Figure 3).

Figure 3. Resting energy expenditure (REE; (kcal/day)) in trained athletes before and after 12 weeks of
treatment. PRO: probiotics-supplemented group (n = 14); PLA: placebo group (n = 15). Graph shows
mean + SEM; * p < 0.05 (ANOVA).
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3.4. Amino Acids

At the beginning of the study, exhaustive exercise induced a decrease in Trp levels in both the
probiotic and the placebo group (Table 3). At the end of the experimental protocol, the exercise-induced
Trp shift was comparable to the shift in week 0 in subjects who ingested probiotics but was more
pronounced in in the placebo group (approximately 10% lower than in week 0, p < 0.05) (Figure 4).

Figure 4. Tryptophan concentrations before and after exhaustive exercise in the probiotic (n = 14) and
placebo (n = 15) group of trained athletes before and after 12 weeks of treatment (four blood draws
per athlete). Graph shows mean ± SEM; * p < 0.05: Wilcoxon, # p < 0.05: week 0, before exercise
placebo vs. probiotics: Mann-Whitney-U, n.s. = not statistically significant.

These data indicate reduced Trp degradation rates in subjects supplemented with probiotics,
although this effect was not significant (p = 0.13, η2 = 0.08). It should be mentioned that baseline Trp
concentrations were slightly but significantly lower in the placebo group compared to the probiotics
group, most probably due do the different percentage of female athletes in the groups. In parallel to
Trp decrease, Kyn/Trp and neopterin levels were increased after exercise in both study groups at both
time points.

Further, at the beginning of the study, VO2max correlated significantly with baseline concentrations
of Trp (rs = 0.562, p = 0.001) and this relation remained significant after 12 weeks of treatment (r = 0.497,
p = 0.006) but was no longer present after intense exercise.

Tyrosine levels significantly increased and Phe/Tyr significantly decreased with exhaustive
exercise (p = 0.018 and p < 0.001, respectively), but there were no significant time-dependent differences
between groups. Serum concentrations of Phe were not significantly affected, either by exercise or by
supplementation (Table 3).

3.5. Immune System Biomarkers

Exhausting exercise was associated with a strong increase in neopterin levels up to +61%
(U = 4.420, p < 0.001) and +63% of pre-exercise values (U = 4.660, p < 0.001), before and after 12 weeks
of treatment, respectively, with no significant differences between and within groups over time.
However, this increase was significantly influenced by endurance training volume with a strong inverse
correlation between the athletes’ training status and the concentrations of neopterin at exhaustion
(rs = −0.502, p < 0.01).

Kyn concentrations were slightly increased with exercise by 7% (U = 2.671, p < 0.01) before and
by 3% (U = 0.923, n.s.) after 12 weeks of intervention, contributing to the elevation of the Kyn/Trp
ratios by 22% (U = 4.544, p < 0.001) and by 21% (U = 4.433, p < 0.001), respectively. Exercise induced
a change in Kyn levels with time (ΔKyn), with a significant decline being overserved in the PLA
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group (p = 0.04), whereas an increase was seen in the PRO group, but this effect was not significant
between groups (p = 0.05, η2 = 0.13). At baseline, neopterin and Kyn/Trp ratios correlated significantly
(rs = 0.490, p < 0.01), with the association even becoming slightly stronger upon exercise (rs = 0.512,
p < 0.01). After 12 weeks there was no longer a significant relationship between pre-exercise neopterin
and Kyn/Trp levels (rs = 0.280, n.s.), but it became again significant after exercise (rs = 0.583, p = 0.001).
At the same time, higher neopterin levels correlated with lower Trp concentrations (rs = −0.384, p < 0.05).

Table 3. Amino acids and immune biomarkers in 29 athletes before and after 12 weeks of treatment
either supplemented with probiotics or placebo measured before (PRE) and after exercise (POST).

Probiotics (n = 14) Baseline PRE Baseline POST Week 12 PRE Week 12 POST

Tryptophan (μmol/L) 70.07 ± 3.20 a,e 57.99 ± 2.47 b 68.64 ± 2.12 c,k 58.76 ± 2.11 d

Kynurenine (μmol/L) 1.98 ± 0.11 1.97 ± 0.07 1.83 ± 0.10 1.92 ± 0.11
Kyn/Trp (μmol/mmol) 28.35 ± 1.16 f 34.50 ± 1.46 26.94 ± 1.51 l 33.32 ± 2.19

Neopterin (nmol/L) 5.19 ± 0.23 g 8.43 ± 1.00 4.92 ± 0.31 m 7.74 ± 0.86
Tyrosine (μmol/L) 138.58 ± 29.96 h 145.06 ± 6.23 147.25 ± 24.01 n 149.22 ± 5.60

Phenylalanine (μmol/L) 69.59 ± 8.27 i 68.72 ± 2.06 72.16 ± 1.99 o 71.76 ± 1.90
Phe/Tyr (mol/mol) 0.52 ± 0.08 j 0.48 ± 0.01 0.50 ± 0.03 p 0.49 ± 0.02

Placebo (n = 15) Baseline PRE Baseline POST Week 12 PRE Week 12 POST

Tryptophan (μmol/L) 62.27 ± 1.72 58.27 ± 2.37 61.50 ± 1.84 52.26 ± 1.86
Kynurenine (μmol/L) 1.77 ± 0.13 2.02 ± 0.07 1.75 ± 0.08 1.77 ± 0.09

Kyn/Trp (μmol/mmol) 28.38 ± 1.81 34.49 ± 2.17 28.49 ± 1.03 34.03 ± 1.51
Neopterin (nmol/L) 6.63 ± 0.95 10.48 ± 1.56 5.65 ± 0.70 9.55 ± 2.06
Tyrosine (μmol/L) 131.15 ± 5.28 137.40 ± 5.42 126.41 ± 6.29 129.28 ± 5.76

Phenylalanine (μmol/L) 69.23 ± 2.45 68.55 ± 1.87 72.53 ± 1.67 70.09 ± 2.71
Phe/Tyr (mol/mol) 0.53 ± 0.02 0.50 ± 0.02 0.59 ± 0.03 0.55 ± 0.02

Values are means ± SEM. a U = 2.095, p = 0.036 (baseline PRE placebo vs. probiotics), b U = 0.284, p = 0.777
(baseline POST placebo vs. probiotics), c U = 2.706, p = 0.007 (week 12 PRE placebo vs. probiotics), d U = 2.139,
p = 0.032 (week 12 POST placebo vs. probiotics), e U = 3.384, p = 0.001 (all athletes baseline PRE vs. POST),
f U = 4.660, p < 0.001 (all athletes baseline PRE vs. POST), g U = 4.420, p < 0.001 (all athletes baseline PRE
vs. POST), h U = 2.011, p = 0.044 (all athletes week 12 PRE vs. POST), i U = 0.270, p = 0.787 (all athletes week
12 PRE vs. post), j U = 3.357, p = 0.001 (all athletes week 12 PRE vs. post), k U = 4.703, p < 0.001 (all athletes week
12 PRE vs. POST), l U = 4.433, p < 0.001 (all athletes week 12 PRE vs. post), m U = 4.544, p < 0.001 (all athletes
week 12 PRE vs. post), n U = 0.443, p = 0.658 (all athletes week 12 PRE vs. post), o U = 0.660, p = 0.510 (all athletes
week 12 PRE vs. post), p U = 1.208, p = 0.227 (all athletes week 12 PRE vs. post).

3.6. Infection Incidence

Only one participant on the placebo experienced GI-discomfort symptoms during the study
period. Analysis of the URTI-symptom questionnaires indicated that 55% (16 subjects) of the cohort
experienced an URTI episode during the 12-week study period. Thirteen subjects did not experience
any URTI episode during the study period. Before supplementation, 10 subjects on placebo and
12 subjects on probiotics experienced one or more URTI symptoms over the prior three months.
After 12 weeks of treatment, 11 subjects on placebo and 5 subjects on probiotics experienced one or
more URTI symptoms during the study period (Figure 5). The proportion of subjects who experienced
one or more URTI symptoms during the study period was 2.2-fold higher in the placebo group than in
the probiotics group (PLA 0.79, PRO 0.35; p = 0.016).
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Figure 5. Incidence of upper respiratory tract infections (URTIs) in trained athletes before and after
12 weeks of treatment. The share of subjects on placebo (gray columns, 0.79) who experienced 1 or
more URTI symptoms was 2.2-fold greater than those on probiotics (black columns, 0.35; * p = 0.016).

Individuals who developed URTI had higher degradation rates of Trp before exercise compared
to those without URTI (Table 4). Additionally, a running nose, but not cough was associated with
higher Kyn/Trp ratios compared to those individuals without such symptoms.

Table 4. Association between upper respiratory tract infection (URTI) incidence at week 12 and degree
of tryptophan breakdown as indicated by Kyn/Trp (mean ± SEM). Bold text indicates a statistically
significant correlation with a p-value less than 0.05.

URTI Baseline PRE Baseline POST Week 12 PRE Week 12 POST

yes 28.9 ± 1.7 34.9 ± 6.0 31.1 ± 5.1 38.9 ± 7.3
no 28.2 ± 6.5 34.4 ± 7.2 26.7 ± 4.3 32.0 ± 6.0

U/p-value 0.535/0.592 0.102/0.919 2.039/0.041 2.090/0.037

4. Discussion

This study illustrates a significant influence of probiotic supplementation on athletes who
performed intense exercise. On the one hand, increased training load was measured and on the
other hand, the rate of infectious complications was markedly reduced. However, whether this is
based on the actual probiotic supplementation or due to other cofounding factors (baseline fitness,
gender) is currently unknown. In addition, some of these influences appeared to be connected with
alterations in Trp metabolism, e.g., Trp breakdown rates at the end of the study were significantly
higher in individuals who developed infections as compared to those who did not. However, it was
not determined whether higher Kyn/Trp ratios were observed, particularly in those individuals who
experienced an infection close to the end of the study and it still remains to be elucidated whether
there is a more direct association between probiotic supplementation and reduced Trp breakdown.
Alternatively, different training loads between groups may have affected Trp metabolism, rather than
the actions of the probiotic, since regular endurance exercise causes adaptations in Kyn metabolism [41].

4.1. Training Adherence

Supplementation with probiotics was associated with higher training loads vs. placebo.
One explanation for these findings could be that probiotics may enable better performance capabilities
and training adherence when the risk of URTI development is reduced, as individuals with fewer
episodes of infections such as common colds and runny noses are able to train more often and harder
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than others. However, it could also be possible that existing URTI symptoms influenced training
performance to a lesser extent in athletes on probiotics [31]. In any case, performance was not increased
even with the higher training load in the probiotics group as compared to the placebo group, even if
the training load was indeed an effect of the supplementation.

A potential role of Trp metabolism could be of relevance for the effects of probiotics on training
adherence because individuals on probiotics showed higher serum Trp levels than those without
such supplements. Higher serum Trp levels may improve the Trp transport into brain and support
serotonin metabolism, which can influence an individual’s sensation of fatigue and thus potentially
affect training adherence and performance [42]. Interestingly, VO2max correlated with pre-exercise
Trp levels supporting a role of Trp metabolism in training performance. It could further relate to the
recent findings of Kyn metabolism in skeletal muscle mediating resilience to stress-induced depression
with endurance training, whereas less energetically demanding exercise protocols, such as high-force
eccentric exercise, did not lead to adaptations in Kyn metabolism [41,43].

4.2. Tryptophan and the Gut Microbiome

Post exercise serum Trp levels declined but this was only true in the placebo group whereas
serum Trp levels did not change but remained stable in individuals supplemented with probiotics.
This difference could be due to an effect of probiotics on the microbiome composition in the gut,
which may affect downstream immunoregulatory pathways. Alterations in the gut milieu influence
Trp metabolism and the absorption and availability of the essential amino acids [17]. In addition,
the altered composition of the microbiome may increase the biosynthesis of Trp by specific bacteria.
Research in rats has shown that administration of the probiotic Bifidobacteria infantis attenuated
pro-inflammatory immune responses following mitogen stimulation and, furthermore, there was
a marked increase in plasma concentrations of Trp in the Bifidobacteria-treated rats when compared to
controls [44], suggesting that bacteria can improve the available serotonin pool and ultimately elicit
communication between the gut and the brain via serotonin [17,18]. In the present study, probiotics
were able to selectively modulate Trp concentrations since no influence on the metabolism of Phe,
another essential amino acid, was observed. Interestingly, no detectable effect of supplementation was
found on concentrations of immune system biomarker neopterin and also Kyn/Trp ratios were not
modulated. Further studies will be necessary to address these open questions.

4.3. Probiotics to Prevent URTIs

Some well-controlled studies in athletes have shown that daily probiotic ingestion results in
fewer days of respiratory illness and lower severity of URTI symptoms [30–32]. A meta-analysis using
data from both athlete and non-athlete studies concluded that there is a likely benefit of reducing
URTI incidence [45]. The likely mechanisms of action for probiotics include direct interaction with the
gut microbiota, interaction with the mucosal immune system and immune signaling to a variety of
organs and systems [46]. A recent report by He and colleagues noted gender differences in the number
and duration of respiratory-tract illness symptoms in endurance athletes during a winter training
period indicating that females may be more susceptible to URTI than their male counterparts [5].
Furthermore, supplementation with Lactobacillus fermentum was associated with a reduction of the
symptoms in clinical indices of URTI at high training loads in well-trained male cyclists but not in
females, for whom there was some evidence of an increase in symptoms [47]. Thus, females may
benefit from higher doses of probiotics. In the present study, females were overrepresented in the
control group who experienced more than double the URTI symptoms, accompanied by higher Trp
breakdown rates compared to those on probiotics. However, gender is not the basis for the observed
effect on URTI incidence in this study. The interaction between gender and URTI was not statistically
significant in either group before and after 12 weeks of treatment (Table 5). It remains unclear whether
these findings are related to the influence of gender on Trp catabolism and further work is required to
address this issue.
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Table 5. Interaction between gender and illness symptoms in 29 athletes before and after 12 weeks of
treatment either supplemented with probiotics (PRO) or placebo (PLA).

Illness Symptoms Baseline U p Week 12 U p

URTI
PRO 0.212 0.832 0.155 0.877
PLA 0.748 0.454 0.399 0.690

Runny nose PRO 0.212 0.832 0.329 0.742
PLA 0 1 1.080 0.280

Cough PRO 0.931 0.352 0.362 0.717
PLA 1.497 0.134 1.497 0.134

Sore throat
PRO 1.041 0.298 0.866 0.386
PLA 0.374 0.708 1.497 0.134

Fever
PRO 0.823 0.411 0 1
PLA 0 1 0 1

Weakness
PRO 0.866 0.386 0 1
PLA 0.519 0.604 0.519 0.604

Taken together, probiotic supplements on a daily basis enhance resistance to URTI in athletes
and offer thus a potential intervention strategy during heavy exercise training periods, especially in
the winter months. A prerequisite for robust immune function during intense exercise is, however,
to avoid a long-term energy deficit, deficiencies of macronutrients and essential micronutrients, and to
ingest carbohydrate during exercise [48].

4.4. Study Strengths and Limitations

This study has several strengths and limitations. A major strength was the randomized controlled,
double-blinded, placebo-controlled study design and the use of an objective and standardized
test for assessment of peak oxygen uptake and peak power output. The study was conducted
with a multi-species probiotic consisting of Bifidobacterium bifidum W23, Bifidobacterium lactis W51,
Enterococcus faecium W54, Lactobacillus acidophilus W22, Lactobacillus brevis W63, and Lactococcus lactis
W58 at a total dose of 1 billion CFU. Total probiotic cell count varied between 11 × 109 CFU/g at
the beginning of the study and 7 × 109 CFU/g at the end of the study. The individual amount
of each strain is unknown. Returned sachet count after the treatment period revealed a high level
of compliance in both groups (>95%). The 80% cutoff has been used for a majority of studies on
medication adherence, especially for cardiovascular medications, since adherence based on this cutoff
point has been associated with both intermediate and strong outcomes [49]. Although the 80% cutoff
appears reasonable, the optimal level of adherence for dietary supplements may be higher than current
cutoffs (e.g., 80% to 100%). Limitations of the study are the relatively small sample size and significant
differences in gender composition of the subpopulations, which may have contributed to differences
in illness symptoms and physiological parameters, e.g., VO2max and weekly training logs between
males and females. We did not randomize by body weight, performance, or any other variable that
might have given us a better chance to catch differences in outcomes since women—overrepresented
in the control group—generally show a lower VO2max. Indeed, West et al. (2011) showed gender
difference with probiotic supplementation in athletes with a significant reduction in respiratory
infections (duration and severity) in males, but no effect in females [47]. Therefore, we analyzed the
influence of gender on URTI. No significant effect of gender was observed for either group, before or
after 12 weeks of treatment. However, Trp metabolism can be influenced to some extend by gender
differences [50]. This aspect is mainly relevant for the results obtained at the baseline when Kyn levels
were found to differ between groups. Another limitation of the study is that we were not able to
calculate the severity of illness symptoms because of the high number of no replies. Furthermore,
infections were only symptomatically monitored, but not serologically proven. It is assumed that
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common pathogens either of bacterial or viral origin have been involved in and could contribute to
alterations of, e.g., Trp metabolism, which, because of its immunoregulatory influence, could increase
the risk of such infections. Longitudinal research will be needed to clarify causal ordering.

5. Conclusions and Future Research

Daily supplementation with probiotics was found to be associated with a lower frequency of
URTIs in athletes who underwent endurance training and seems to be beneficial in increasing training
efficacy during training periods, however, no benefits to athletic performance were observed. Some of
these effects appeared to be connected with alterations in Trp metabolism. Still, these findings are
of a preliminary nature and warrant further investigation into the precise mechanisms involved.
In addition, more research is required to clarify issues of strains, dose–response, mechanisms and
best practice models for probiotic implementation in various sports disciplines. It should be further
investigated as to whether regular exercise per se affects human microbiota characteristics, for how
long and how much exercise is needed.
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Abstract: Background: “Sleep-low” consists of a sequential periodization of carbohydrate (CHO)
availability—low glycogen recovery after “train high” glycogen-depleting interval training, followed
by an overnight-fast and light intensity training (“train low”) the following day. This strategy
leads to an upregulation of several exercise-responsive signaling proteins, but the chronic effect
on performance has received less attention. We investigated the effects of short-term exposure to
this strategy on endurance performance. Methods: Following training familiarization, 11 trained
cyclists were divided into two groups for a one-week intervention—one group implemented
three cycles of periodized CHO intake to achieve the sleep-low strategy over six training sessions
(SL, CHO intake: 6 g·kg−1·day−1), whereas the control group consumed an even distribution of CHO
over the day (CON). Tests were a 2 h submaximal ride and a 20 km time trial. Results: SL improved
their performance (mean: +3.2%; p < 0.05) compared to CON. The improvement was associated
with a change in pacing strategy with higher power output during the second part of the
test. No change in substrate utilization was observed after the training period for either group.
Conclusion: Implementing the “sleep-low” strategy for one week improved performance by the same
magnitude previously seen in a three-week intervention, without any significant changes in selected
markers of metabolism.

Keywords: carbohydrate; performance; training; cycling time trial; trained athletes; lipid oxidation;
perception of effort

1. Introduction

Carbohydrate-based fuels (CHO) are the main substrates used by the brain and skeletal muscle
during exercise. Thus, nutritional recommendations for competition performance promote strategies
to achieve “high CHO availability”, in the form of adequate pre-exercise glycogen concentrations
and additional CHO intake during competition to meet the specific fuel needs of the event [1,2].
However, recent research has provided new insight into the interactions of exercise with “low CHO
availability”, whereby the adaptive responses to training or recovery are enhanced in an environment
of low exogenous and endogenous CHO stores [3]. Within this framework, glycogen is not only
considered as an energetic substrate, but more as a regulator of metabolic signaling responses [4].
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Nutrients 2016, 8, 755

The aim of training is to act as a chronic stimulus leading to physiological adaptations and
an improvement in performance. The acute and chronic effect of endurance exercise on metabolic
responses have already been widely described and include mitochondrial biogenesis, shifts in fiber
composition toward type I fibers, and enhanced oxidative metabolism [5,6]. Substrate availability
interacts with the contractile stimulus to modulate these physiological responses to training [7]
Specifically, muscle glycogen content can modulate physiological adaptations induced by endurance
training by upregulating transcription factors and regulators of gene expression such as PGC-1α [8] and
p53 [9]. Based on these observations, a growing interest in training under conditions of low glycogen
availability and/or low exogenous glucose availability has developed [3].

Several studies have reported that commencing a training session with low glycogen availability
enhances expression of genes involved in mitochondrial biogenesis and substrate metabolism [10–13].
However, these studies have typically failed to show improvements in performance, likely because the
beneficial “molecular” effects are negated by a decreased ability to sustain high intensity exercise under
the conditions of low CHO availability [12,13]. This has led to interest in a “periodized” approach
to CHO availability in the training program, where sessions undertaken to promote adaptation are
carefully integrated with others focused on high quality performance outcomes. The “sleep-low”
(SL) strategy represents one such sequence of periodized CHO availability, which allows athletes
to perform high intensity training sessions supported by high CHO availability while enhancing
metabolic adaptation associated with low glycogen availability [14–17].

Specifically, this strategy consists of a cycling of (1) late afternoon scheduling of a high intensity
training (HIT) session undertaken with high glycogen stores; (2) withholding of the ingestion of CHO
after the session to maintain glycogen depletion during the overnight recovery period; and (3) a
low–moderate intensity steady-state exercise session (LIT) in the following morning completed after
an overnight fast. Previous studies have reported that this strategy leads to increased activity of
several proteins with putative roles in training adaptation (AMPK, p38 MAPK, p53) [9,14] and
higher rates of fat oxidation during submaximal exercise [14]. However, the effects on endurance
performance are equivocal. Recently, we [15] reported that integrating SL strategy, three times a
week, during a three-week training intervention (i.e., nine occurrences of the sequence) was associated
with an improved endurance performance in well-trained subjects (+3% during a 10 km running
trial), coupled with an increase in submaximal cycling efficiency. A control group, who undertook
the same training program with a similar total intake of energy and CHO, but normally distributed
over the day, failed to improve performance. Furthermore, the performance improvements achieved
by the SL program were associated with a decrease in body fat (−1.05%) [15] without any negative
impact on immune function or sleep quality [16]. The original concept underlying this strategy is the
periodization of the CHO intake: instead of a chronically low CHO intake, which has been shown
to alter glycogen metabolism [18], high-intensity training sessions are performed under conditions
of high glycogen availability. The recovery period, which plays a central role in the development
of training adaptation [19], is non optimal for prolonging the period of optimized response to the
training stimulus [20]. Lower-intensity training (LIT) is performed while fasted to maximize cellular
adaptations and enhance rates of lipid oxidation.

Although the intervention in our three-week study was successful in improving performance
and body composition [15], we note challenges to the feasibility of free-living athletes achieving
the required dietary manipulations and/or having the commitment to undertake the low CHO
recovery and subsequent training [21]. It is therefore of interest to see if a shorter exposure to this
CHO periodization strategy would be successful in inducing metabolic adaptations and performance
improvement. Accordingly, the aim of the current study was to investigate the effect of an abbreviated
program of the “sleep-low” strategy on endurance performance in well-trained athletes. We also
examined whether any observed effects on performance are related to an enhancement of metabolic
adaptations to training as previously suggested [3].
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2. Materials and Methods

2.1. Study Population

Eleven endurance-trained male cyclists volunteered to participate in the study. They were healthy,
aged between 18 and 40 years, and training at least 12 h/week, having at least 3 years of prior
training. Their mean (±SD) age was 31.2 ± 7.1 years, their mean body mass was 71.1 ± 5.6 kg,
their mean maximal oxygen consumption (

.
VO2max) was 64.2 ± 6.0 mL·min−1·kg−1, and their mean

maximal aerobic power (MAP, W) was 342 ± 38.3 W. Before entering the study, all participants were
examined by a cardiologist to ensure they did not present with abnormal electrocardiograph pattern
or contraindications to physical activity. The study’s protocol was approved by local Ethic Committee
2015-AO1136-43 (Paris IDF X, France). After written and verbal explanation, all participants provided
their written informed consent to participate.

2.2. Study Design

An overview of the study design is depicted in the Figure 1. Subjects were first assigned to a
familiarization session to the testing protocol. Then, during the following two weeks, they trained
according to their habitual training program. During the first week, they ate according to their usual
dietary habits, documenting their food intake via a daily food diary. In the second week, they followed
specific nutritional guidelines, which set their CHO intake at 6 g·kg−1·day−1, while continuing to keep
their daily food diary. After the two weeks of habitual training load, subjects were assigned to the
PRE test session. Then, they were randomly assigned to two different groups undertaking the same
one-week training program but following different nutritional guidelines, according to the “sleep-low”
strategy, previously described [14,15]. CHO intake was similar between groups (6 g·kg−1·day−1) but
periodized differently over the day, according to the demands of the training sessions. Specifically,
one group trained with a high CHO availability (control group, CON group, n = 9) with an even spread
of CHO intake over the day and between training sessions. Meanwhile, the intervention group trained
with a CHO intake that was periodized within the various days (“sleep-low” group, SL group, n = 12)
such that no CHO was consumed between the high intensity interval training sessions (HIT) held
late in the day and the end of the following morning’s low–moderate intensity (LIT) training session.
The protocol ended with a POST test session.

Figure 1. Overview of the experimental protocol; CHO: carbohydrates; HIT: high-intensity training
session; LIT: light intensity training session; SL: Sleep-Low; CON: Control; MAP: Maximal
aerobic power.
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Since it was not possible to disguise the differences in dietary intake between the groups, this study
could not be performed as a blinded intervention. In order to limit this bias, participants were not
informed of the aim of the study (periodization of the CHO intake). They were neither aware of the
number of groups in the study, the group to which they had been assigned, nor the program of the
other group.

2.3. Preliminary Measurement of Maximal Oxygen Consumption

Before entering the study, all participants had to perform a
.

VO2max test, which was determined
by an incremental test until exhaustion, on an electrically braked cycle ergometer (Excalibur Sport,
Lode, Groningen, The Netherlands). Saddle and handlebar heights were set to match the usual
positions used by participants, and these were standardized between sessions. The cycle ergometer
was equipped with individual racing pedals, allowing participants to wear their own shoes. Subjects
warmed up for 6 min at 100 W, then power output was increased by 25 W each successive 2 min until
volitional exhaustion. Participants wore a face mask covering their mouth and nose to collect breath
(Hans Rudolph, Kansas City, MO, USA). During the test, oxygen uptake (

.
VO2), carbon dioxide uptake

(
.

VCO2), minute ventilation (
.

VE) and the respiratory exchange ratio (RER) were continuously recorded
and monitored as breath-by-breath values (Quark, Cosmed, Rome, Italy). The gas and flow analyzers
were calibrated prior to each test using ambient air, known-concentration gas (O2 = 16%, CO2 = 5%),
and a 3 L syringe. The

.
VO2max was determined based on the highest 30 s average value. The MAP (W)

was calculated as MAP = W completed + 25 × (t/120), where W is the last completed workload and t
is the number of seconds in the last workload [22]. The MAP was used to adjust the workload in the
testing session and the training program.

2.4. Training Protocol

The training program was divided in two phases. The first phase, lasting two weeks,
was composed of the participants’ habitual training programs. The second phase lasted one week
and was similar for all participants, regardless of the nutritional group to which they were assigned.
The training program (Figure 1) was based on our previous studies [15,16] and consisted of six
training sessions over six consecutive days, including a HIT session in the afternoon (after 1700 h) and
low–moderate intensity training session in the following morning (before 1000 h). The HIT session
comprised a 10 min warm-up followed by eight repetitions lasting 5 min at 85% of MAP interspersed
with 1 min of recovery (100 W). The cycling LIT sessions consisted of a steady-state 1 h session at 65%
of MAP.

2.5. Nutritional Protocol

During the first week of the protocol of the habitual training load, participants were not assigned
to specific nutritional guidelines. They were asked to complete a food diary in order to record
their nutritional habits and examine how they differed from the nutritional interventions applied
in the study. The second week of this first phase of the protocol, all participants were given dietary
prescriptions, setting CHO intake at 6 g·kg−1·day−1 in anticipation of the nutritional strategy of the
second phase. Participants were given precise instructions for the weighed food allowances for each
meal (breakfast, lunch, dinner, and during training) according to their body mass. During the week
of modified training program, participants were separated into two groups: the CON group (n = 9)
and the SL group (n = 12). They were instructed to ingest the same amount of CHO during the day
(6 g·kg−1) but spread differently over the day (Table 1). A full description of the dietary program can
be found elsewhere [16]. Briefly, for the SL group, no CHO was consumed from the commencement
of the HIT session on the evening of one day until after the completion of the LIT session on the
following morning. Thereafter, CHO intake was resumed to meet daily targets. In this way, the HIT
session was undertaken with high muscle glycogen concentrations (“train-high”), while recovery from
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this session and the completion of the LIT session was undertaken with low CHO availability due to
depleted glycogen concentrations and an overnight fast (“sleep-low” and “train-low”, respectively).
Meanwhile, high glycogen availability was maintained in the CON group with regular intake of
CHO at all meals throughout the day, and the intake of a sports drink (6% CHO, Gatorade, PepsiCo,
Purchase, NY, USA) during training sessions. CHO was ingested at every meal. Each participant
received written nutritional recommendations for each meal with quantities according to their group
and weight. To prevent an unwanted loss of fat-free mass, a high-protein sugar-free drink (High Protein
15 g, UHS, Bruno, France) was prescribed before going to bed. To check compliance to the dietary
protocols, participants were required to complete a daily food diary. They were instructed to give as
many details as possible (food weights, pictures of dishes, descriptions of fat used to cook or flavor
dishes, and the brand names of commercial food products). The diaries were inspected by the same
researcher and analyzed using a self-made database of food composition.

Table 1. Total energy and macronutrient intake for sleep-low (SL) and control (CON) groups before
starting the training program (BASELINE) and during the training/diet intervention (TRAINING)
(mean ± SD).

Total Energy Intake Carbohydrate Intake Lipid Intake Protein Intake

(kcal·Day−1) (g·kg−1·Day−1) (g·kg−1·Day−1) (g·kg−1·Day−1)

SL group BASELINE 2658 ± 726 4.9 ± 1.3 1.2 ± 0.4 1.4 ± 0.4
n = 12 TRAINING 3079 ± 874 6.5 ± 2.2 0.9 ± 0.3 1.9 ± 0.2 *

CON group BASELINE 2924 ± 967 5.2 ± 1.9 1.4 ± 0.5 1.4 ± 0.5
n = 9 TRAINING 2610 ± 488 5.0 ± 1.3 0.9 ± 0.3 * 1.6 ± 0.4

*: p < 0.05 as compared to PRE values.

Meals during the 24 h prior to the testing sessions (lunch, dinner, and breakfast) were identically
prescribed for both groups to ensure that the same amount of CHO (total intake of 6 g·kg−1·day−1)
was consumed.

2.6. Testing Protocol

Three sessions of testing were planned: familiarization, PRE, and POST tests. They were composed
of two exercise sessions on the same day. The day after the last training session of the week,
subjects reported to the laboratory at a standardized time. The first test was a 2 h submaximal
cycling test at 60% of MAP at a self-selected cadence. The test started with 10 min at 100 W followed
by 110 min at 60% of MAP. Participants wore a cardio belt to monitor heart rate (HR) constantly
throughout the test, as well as a face mask to measure gas exchange. They wore the mask for the first
20 min and then the mask was removed for 10 min every 10 min, allowing the subjects to drink only
water. Respiratory gases were collected and analyzed to assess cycling efficiency, substrate oxidation,
and respiratory quotient. Specifically, whole body rates of CHO and fat oxidation (in g·min−1) were
calculated from

.
VO2 and

.
VCO2 values measured during the submaximal cycling test; calculations

were made from gases collected during the last 60 s of each work interval of interest with nonprotein
respiratory exchange ratio (RER) values being assessed according to standard equations [23]:

CHO oxidation = 4.210
.

VCO2 − 2.962
.

VO2 (1)

Fat oxidation = 1.695
.

VO2 − 1.701
.

VCO2 (2)

Three blood samples were collected during the submaximal test—immediately before, at 1 h,
and at 2 h of the test—from a superficial forearm using venipuncture techniques. Four 33 mL
samples of blood were collected into EDTA and Z Serum Clot Activator tubes (Greiner Bio-One,
Frickenhausen, Germany).
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The submaximal test was immediately followed by a 20 km time-trial (TT) performed on the
participants’ own bike mounted on a braked Cyclus2 ergometer (RBM GmbH, Leipzig, Germany).
We tried to reproduce realistic conditions of a cycling race, within a laboratory environment. Ingestion
of sports drink (6% CHO, Gatorade, PepsiCo, Purchase, NY, USA) was allowed during the time-trial,
with the volume ingested during the familiarization being recorded and replicated during the ensuing
testing sessions. No feedback was provided to the subjects during TT except for their gear ratio
and the distance remaining. Rating perception of effort (RPE) was assessed verbally using the Borg
6–20 scale [24] every 5 km. Heart rate (HR) was continuously sampled every 5 s (Polar, Kempele,
Finland) during the TT. The time, the mean power, and the mean speed were collected at the end of
the TT. Pacing strategy was reported per kilometer during the TT. Participants were not informed of
their results until the end of the study.

2.7. Blood Analysis

To avoid interassay variation, all blood samples were analyzed in a single batch at the end
of the study. Blood samples were collected to measure plasma concentrations of markers of
lipid metabolism (glycerol and free fatty acid) and markers of metabolic stress (adrenaline and
noradrenaline). After collection, blood samples were immediately centrifuged at 4000 rev·min−1

for 10 min at 4 ◦C to separate plasma from red blood cells. Plasma was then stored in multiple
aliquots (Eppendorf type, 1500 μL) at −80 ◦C until analysis. Catecholamine concentrations were
determined with commercially available ELISA kits (Demeditec Diagnostics GmbH, Kiel, Germany).
The assay for (adrenaline) had an intra-assay coefficient of variation (CV) of 24.7%–11.0% over a
concentration range of 64.7–948 pg·mL−1 and an interassay CV of 14.5%–13.1% over a concentration
range of 76.4–771 pg·mL−1. The assay for noradrenaline had intra-assay CV of 12.8%–11.1% over a
concentration range of 510–3363 pg·mL−1 and an interassay CV of 9.2%–9.2% over a concentration
range of 445–3283 pg·mL−1. All blood samples were analyzed in duplicate in respective wavelengths
on a spectrophotometer Dynex MRXe (Legalla Biosciences, Chelmsford, MA, USA).

Plasma non-esterified fatty acids (NEFA) were determined with an enzymatic method
(Wako Chemical, Neuss, Germany) and glycerol concentrations were measured with enzymatic
colorimetric method Randox (Crumnil, Antrin, UK) on PENTRA 400 Horiba (ABX, Montpellier, France).

2.8. Body Composition

Measurement of whole body composition was undertaken on all subjects using dual-energy X-ray
absorptiometry (Lunar IDXA, General Electric, Madison, WI, USA) at PRE and POST test sessions, the
day after the performance tests. All measurements were taken early in the morning and in a fasted
state [25].

2.9. Statistical Analysis

All statistical analyses were conducted using Statistica 7.1 software (StatSoft). All data are
expressed as mean ± SD. Normality of data was tested using a Shapiro–Wilk normality test. Data which
were not normally distributed were log-transformed. A repeated-measures analysis of variance
(ANOVA) was used to calculate the effect of the dietary strategy (SL vs. CON) and the period
(PRE and POST) on performance, blood parameters, and body composition. When a significant
effect was found, post hoc tests were performed using Newman–Keuls procedures. Effect sizes for
comparison were then calculated Cohen’s d values. Values of 0.1, 0.3, and over 0.5 were respectively
considered as small, medium, and large effect [26]. For all tests, the significance level was set at p < 0.05.
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3. Results

3.1. Dietary Intervention

Analyses of food diaries revealed that participants complied with the nutritional guidelines of
their prescribed diet (Table 1). There was no significant difference in the CHO intake between both
groups before and after the training/diet intervention week, despite a slightly difference in the effective
CHO intake. Total protein intake increased between the baseline training period and the training diet
week (+36.3% and +20.4%, p < 0.05, d = 3.48 and d = 1.07, for SL and CON groups, respectively) but
without any difference between groups. In both groups, there was also a reduction in reported intake
of fat during the training/diet intervention period compared with baseline (−17.8% and −20.9%,
p < 0.01, d = 2.13 and d = 2.81 for SL and CON groups, respectively).

3.2. Performance Tests

3.2.1. Twenty Kilometer Time-Trial Cycling Test Performance

Time to complete the 20 km cycling time-trial was reduced after the training period for all the
subjects in SL (−3.23% ± 2.99%, p < 0.05, d = 1.58), whereas no change was recorded for CON
(−1.04% ± 3.46%) (Figure 2). This improvement was due to a significantly higher mean power output
(from 229 ± 36 to 250 ± 32 W, p < 0.05, d = 1.48) in SL.

Figure 2. Individual 20 km cycling time-trial performance for SL and CON groups in PRE and POST
tests. * Significantly different from PRE values, p < 0.05.

• Pacing strategy

The change in mean power over the duration of the time-trial is depicted in Figure 3. The SL
strategy induced a significantly higher mean power at the 11th (+13.2% ± 15%, p < 0.05, d = 1.58),
13th (+18.1% ± 23.4%, p < 0.01, d = 1.95), 14th (+14.3% ± 14.6%, p < 0.05, d = 1.58), 15th (21.2% ± 12.8%,
p < 0.01, d = 2.95), 16th (+11.8% ± 8.4%, p < 0.05, d = 1.92), and 17th kilometers (+12.4% ± 9.4%,
p < 0.05, d = 1.74) (Figure 3a), whereas no change was observed after the training week for the CON
group (Figure 3b). Both groups developed higher mean power at the 20th kilometer after the training
week (+7.7% ± 14%, p < 0.05, d = 0.85 for SL group; +11.2% ± 20%, p < 0.01, d = 2.31 for CON group).

410



Nutrients 2016, 8, 755

(a)

(b)

Figure 3. Pacing strategy (absolute change in power output per kilometer) during the 20 km cycling
time-trial in PRE and POST tests for (a) SL group; and (b) CON group. * Significantly different from
PRE values, p < 0.05. $ Significantly different from PRE values, p < 0.01.

• RPE

No difference in RPE values during the time trial was observed between PRE and POST tests for
both groups (Table 2), despite the higher outputs of the SL group in the POST test trial.

Table 2. Rating perception of effort (RPE) during the 20 km cycling time-trial every 5 km for SL and
CON groups in PRE and POST tests.

RPE

0 5 km 10 km 15 km 20 km

SL group
PRE 9 ± 1.2 14.7 ± 2.3 16.2 ± 1.6 17.3 ± 1.7 19 ± 1.2

POST 10 ± 2.5 15 ± 2 16 ± 1.6 17.2 ± 1.3 19 ± 1

CON group
PRE 10.9 ± 2 14.7 ± 1.7 15.3 ± 2.3 16.2 ± 2 17.7 ± 1.9

POST 13.1 ± 2.8 14.3 ± 1.7 15 ± 2.4 16 ± 1.7 18 ± 1.7
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3.2.2. Submaximal Cycling Test

• Substrate oxidation

No significant differences between group and pre and post tests was observed for rates of
CHO oxidation (mean values during the whole test: respectively for pre and post test for the
SL group 2.0 ± 0.2 g·min−1 vs. 2.1 ± 0.2 g·min−1; and for the CON group: 1.9 ±0.5 g·min−1 vs.
2.1 ± 0.5 g·min−1) or fat oxidation (respectively for pre and post test for the SL group 0.6 ± 0.3 g·min−1

vs. 0.9 ± 0.2 g·min−1; and for the CON group: 0.7 ± 0.2 g·min−1 vs. 0.6 ± 0.2 g·min−1).

• Blood analysis

Markers of lipid metabolism. Plasma concentrations of glycerol increased during the
submaximal cycling test (p < 0.001) but differences between groups or between PRE and POST tests
were not significant (Table 3). Similarly, there was an increase in plasma concentrations of free fatty
acids during the test (p < 0.001) but without any difference between groups or between PRE and
POST tests.

Markers of stress. Plasma catecholamine concentrations increased during the submaximal cycling
test: the concentrations at 1 h and at 2 h were higher than resting concentrations for both groups
(p < 0.01 for both markers). No significant difference in plasma catecholamine concentrations were
observed before and after the training/diet intervention or between groups (Table 3).

Table 3. Blood analysis sampled before, during (at 1 h) and immediately after (at 2 h) the
submaximal test for markers of lipid metabolism (glycerol, non-esterified fatty acid (NEFA)) and
catecholamine concentrations.

Glycerol (mmol·L−1) NEFA (μmol·L−1)

Blood Sampling Before During After Before During After

SL group
PRE 0.02 ± 0.01 0.11 ± 0.06 0.25 ± 0.13 185 ± 115 308 ± 135 610 ± 209

POST 0.02 ± 0.01 0.07 ± 0.04 0.22 ± 0.1 168 ± 79 229 ± 90 589 ± 213

CON group
PRE 0.03 ± 0.01 0.08 ± 0.03 0.21 ± 0.08 153 ± 60 241 ± 148 604 ± 284

POST 0.03 ± 0.03 0.10 ± 0.05 0.22 ± 0.11 134 ± 59 341 ± 222 699 ± 457

Adrenaline (ng·mL−1) Noradrenaline (ng·mL−1)

Blood Sampling Before During After Before During After

SL group
PRE 0.10 ± 0.13 0.31 ± 0.25 1.1 ± 0.79 0.93 ± 0.92 4.17 ± 2.1 $ 4.6 ± 3.8 $

POST 0.07 ± 0.10 0.16 ± 0.17 0.73 ± 0.67 * 0.9 ± 0.6 3.8 ± 3.6 * 2.9 ± 2.2 *

CON group
PRE 0.18 ± 0.25 0.36 ± 0.1 $ 0.27 ± 1.64 $ 1.68 ± 1.0 4.13 ± 4.5 7.6 ± 4.4

POST 0.04 ± 0.04 0.30 ± 0.13 0.48 ± 0.20 5.1 ± 7.2 10.1 ± 7.9 7.3 ± 6.9
$ significantly different from PRE before values, p < 0.01; * significantly different from POST before values,
p < 0.05.

3.3. Training Period

The perception of effort for the LIT training session during the intervention was significantly
different between groups. Subjects who trained in a fasted state (SL group) perceived the LIT training
sessions as harder (15.2 ± 1.9) than the subjects of the CON group (13.5 ± 2) (p < 0.05, d = 0.87).

3.4. Body Composition

There were no differences in body mass and fat-free mass for either group after the intervention
week. However, there was a significant reduction in fat mass in the SL group only (−395 ± 491 g,
p < 0.05, d = 0.34), whereas the change observed in the CON group was not significant (−151 ± 363 g).
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4. Discussion

This study investigated the effect of a short-term exposure to a periodized “sleep-low”
training/diet strategy on metabolism and performance of well-trained cyclists. The program involved
exposure to three cycles of a sequence involving “train high, sleep low, and train low” based on
periodizing CHO intake to achieve different levels of CHO availability for specific training sessions
within a week of training. The main finding was a significant improvement in performance during
a cycling time-trial after only one week of training under the “sleep-low” strategy (+3.2% ± 2.99%).
This improvement is similar in magnitude to that observed previously after three weeks of SL
training [15]. No significant effect was observed for any other physiological parameter. This enhanced
performance was related to differences in pacing strategy, and higher levels of self-chosen power
outputs in the athletes who undertook the periodized CHO intake protocol. These findings show the
importance of pacing in the determination of performance, and suggest factors other than physiological
or metabolic characteristics that have been previously reported in studies focusing on the effect of low
glycogen availability during training [7].

Strategies that promote training adaptation with low CHO availability (overnight-fasted training,
low-glycogen training, low glycogen recovery periods) are commonly observed among athletes, but are
often implemented unintentionally or without strategy. The lack of efficacy of these protocols in some
studies [12,13] suggests that unless they are implemented in a strategic way, the outcomes may not
integrate with other aspects of the training program towards a clear performance improvement.
A case study describing the real-life training program of three elite marathoners during a 16-week
training program [21] illustrated a sophisticated approach to mixing and matching specific training
sessions with varying CHO availability, with the frequency of low CHO training varying from 1.3 to
2.6 sessions/week of training at different times of the season. Our protocol involves a specific sequence
of three different training/nutrient stimuli, and this study brings new information regarding how they
might achieve benefits in a shorter period or be scheduled at a strategic time before competition [27],
at least in athletes of this well-trained but sub-elite caliber.

The improvement in performance in the current study was associated with change in the pacing
strategy. Among the participants in our group who undertook the “sleep-low” exposure, self-chosen
power outputs in the second half of the time-trial (11th–17th kilometer) were higher despite the same
perceived exertion. Factors affecting pacing strategies have been widely investigated during the last
decade and several models have been proposed [28–31].

It has been suggested that endurance performance is centrally regulated by both intrinsic
(cognitive, mental fatigue, physiological) and extrinsic (environmental) signals to preserve
physiological limits [32]. In the psychobiological model of Marcora [31], pacing regulation could
be explained using an effort-based decision-making model based on motivational intensity theory.
This model states that the conscious regulation of pace is determined by five cognitive factors:
(1) perception of effort; (2) potential motivation; (3) knowledge of the distance/time to cover;
(4) knowledge of the distance/time remaining; and (5) previous experience of perception of effort
during exercise of varying intensity and duration. In most of the cases, perception of effort is the key
determinant of these models. In any event, the pacing strategy is adopted very rapidly, meaning that it
is not only a function of metabolic changes [30].

One hypothesis to explain the impact of the periodization of CHO intake on the improvement of
performance could reside in changes in resting muscle glycogen concentration. In a twice-daily training
model in which the second session was undertaken with low glycogen availability, Hansen et al. and
Yeo et al. [11,12] found a higher resting glycogen content in muscle that had received this exposure. It is
possible that the participants in the SL group achieved an enhancement of glycogen storage leading to
higher muscle glycogen concentration at the start of the 20 km time-trial. Muscle glycogen depletion,
when the athlete is fed, is correlated to the development of fatigue [33]. The lower values of RPE after
the training period can also be explained by higher muscle glycogen concentration. Rauch et al. [34]
proposed that the power output developed is dependent on the brain, which anticipates the rate
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of muscle glycogen utilization leading to individual “critical” levels of endpoint muscle glycogen.
In their study, eight subjects followed three days of carbohydrate loading or a normal diet with an
exercise protocol in which they completed 2 h cycling at 65% of MAP interspersed with five 60 s
sprints after 20, 40, 60, 80, and 100 min. This bout was followed immediately by a time-trial of 1 h.
Although the power outputs developed in the trial following the normal diet were lower than those
in the carbohydrate loading trial, endpoint muscle glycogen concentrations were similar in both
conditions, despite different starting concentrations. Although we were unable to measure muscle
glycogen in our study, it is possible that higher pre-exercise muscle glycogen concentrations in the
SL group may “signal” to the brain to allow higher power output. Future studies should investigate
this hypothesis.

One limitation of our study which could also explain the possibly higher muscular glycogen
content is the trend for an increase in energy and CHO intake for the SL group between PRE and
POST testing sessions, while it was slightly reduced for the CON group. We note that although we
provided precise nutritional guidelines to participants, they were free-living and prepared their own
meals. Therefore, slight deviations from the desired dietary control could have possibly induced a
bias in the outcomes. It should be noted, however, that despite these trends in reported energy intake,
the SL group reported a small decrease in fat mass over the intervention period.

Another interesting finding of our study is that the performance improvement seen in the SL
group was not associated with the metabolic changes classically reported after training with low
CHO availability [14]. No changes in fat oxidation were observed during the submaximal cycling
bout in the SL participants, while blood analyses also failed to record any change in metabolites or
catecholamine levels after one week of “sleep-low” training strategy. The lack of any effect of the
SL strategy on substrate oxidation is similar to the findings of our first study using a three-week SL
strategy [15], but contrasts with the observations from previous studies on training with low glycogen
availability. Typically, these studies report higher activity of enzymes involved in fat metabolism [12,13],
and changes in transcription for adaptive genes [14] or factors involved in mitochondrial biogenesis [17].
However, a difference between our study and others is that our performance tests were undertaken pre-
and post- intervention with subjects following strategies of high CHO availability (i.e., high CHO diet
in the preceding day, pre-exercise CHO intake, CHO intake during the exercise). Thus, previous studies
reported the effect of exercise in fasted conditions [10,35] as well as the effect of training with low CHO
availability. In terms of effects on catecholamine concentrations, the lack of changes in the current study
are consistent with the findings of our longer study, in which an increase in resting catecholamine
concentrations was observed in the second and the third week of the training/diet intervention.
This indicates that a longer period of exposure is needed to achieve measurable modifications in
plasma catecholamine concentration.

5. Conclusions

One week of training with sequential periodization of CHO availability for selected periods of
training (recovery, light intensity training session) seems sufficient to improve performance in trained
endurance athletes. This strategy could be implemented during the weeks preceding a competition
before the taper period.
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Abstract: Protein ingestion following resistance-type exercise stimulates muscle protein synthesis
rates, and enhances the skeletal muscle adaptive response to prolonged resistance-type exercise
training. As the adaptive response to a single bout of resistance exercise extends well beyond
the first couple of hours of post-exercise recovery, recent studies have begun to investigate the
impact of the timing and distribution of protein ingestion during more prolonged recovery periods.
Recent work has shown that overnight muscle protein synthesis rates are restricted by the level of
amino acid availability. Protein ingested prior to sleep is effectively digested and absorbed, and
thereby stimulates muscle protein synthesis rates during overnight recovery. When applied during
a prolonged period of resistance-type exercise training, protein supplementation prior to sleep can
further augment gains in muscle mass and strength. Recent studies investigating the impact of
pre-sleep protein ingestion suggest that at least 40 g of protein is required to display a robust increase
in muscle protein synthesis rates throughout overnight sleep. Furthermore, prior exercise allows
more of the pre-sleep protein-derived amino acids to be utilized for de novo muscle protein synthesis
during sleep. In short, pre-sleep protein ingestion represents an effective dietary strategy to improve
overnight muscle protein synthesis, thereby improving the skeletal muscle adaptive response to
exercise training.

Keywords: sleep; recovery; exercise; hypertrophy; casein

1. Introduction

A single session of exercise stimulates muscle protein synthesis rates, and to a lesser extent,
muscle protein breakdown rates [1,2]. However, the muscle protein net balance will remain negative
in the absence of food intake [2]. Protein ingestion stimulates muscle protein synthesis and inhibits
muscle protein breakdown rates, resulting in net muscle protein accretion during the acute stages of
post-exercise recovery [3]. Therefore, post-exercise protein ingestion is widely applied as a strategy
to augment post-exercise muscle protein synthesis rates and, as such, to facilitate the skeletal muscle
adaptive response to exercise training. Various factors have been identified which can modulate the
post-exercise muscle protein synthetic response to exercise including the amount [4,5], type [6,7],
timing [8], and distribution [9] of protein ingestion.

Only few studies have investigated the dose-response relationship between protein ingestion and
post-exercise muscle protein synthesis rates in young [4,5] and older adults [10–12]. Ingestion of 20 g
egg or whey protein has been shown sufficient to maximize muscle protein synthesis rates during
recovery from lower-body resistance-type exercise in young males [4,5]. More recent evidence indicates
that this dose-response relationship may depend on the amount of muscle tissue that was recruited
during exercise, with the ingestion of 40 g protein further increasing muscle protein synthesis rates
during recovery from whole-body resistance-type exercise [13].
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A large variety of dietary protein sources have been shown to stimulate post-exercise muscle
protein synthesis rates, including egg protein [4], whey and casein protein [14], milk and beef
protein [15], and soy protein [6]. However, dietary protein sources can differ in their capacity to
stimulate muscle protein synthesis rates, which appears to be largely dependent on differences in
protein digestion and absorption kinetics [14,16] and amino acid composition [6,17], with the leucine
content being of particular relevance [18,19].

Besides the amount and type of ingested protein, the timing and distribution of protein ingestion
throughout the day can modulate post-exercise muscle protein synthesis rates. An even distribution
of total protein intake over the three main meals stimulates 24 h muscle protein synthesis rates more
effectively than an unbalanced distribution in which the majority (>60%) of total daily protein intake is
consumed at the evening meal [20]. During 12 h of post-exercise recovery, an intermediate pattern of
protein ingestion (20 g every 3 h) seems to increase muscle protein synthesis rates to a greater extent
than the same amount of protein provided in less frequent but larger amounts (40 g every 6 h), or in
more frequent, smaller amounts (10 g every 6 h) [9]. Therefore, an effective pattern of daily protein
intake distribution to support muscle protein synthesis is to provide at least 20 g of protein with each
main meal with no more than 4–5 h between meals.

As overnight sleep is typically the longest post-absorptive period during the day, we have
recently introduced the concept of protein ingestion prior to sleep as a means to augment post-exercise
overnight muscle protein synthesis. The aim of this review is to discuss the current state of evidence
regarding the efficacy of pre-sleep protein ingestion to stimulate overnight muscle reconditioning.

2. Overnight Protein Metabolism

In general, most studies assess the effects of food intake on the muscle protein synthetic response
to exercise performed in an overnight fasted state. Such post-absorptive conditions differ from normal
everyday practice in which recreational sports activities are often performed in the late afternoon
or evening after a full day of habitual physical activity and food intake. Therefore, we evaluated
the impact of exercise performed in a fed state in the evening and the efficacy of protein ingestion
immediately after exercise on muscle protein synthesis during prolonged overnight recovery [21].
The ingestion of 20–25 g of protein during exercise increased muscle protein synthesis rates during
exercise, but we observed no increase in muscle protein synthesis rates during the prolonged overnight
recovery period. Muscle protein synthesis rates during overnight sleep were unexpectedly low, with
values being even lower than those typically observed in the in the morning following an overnight
fast. Thus, a day of habitual food intake and the ingestion of 20–25 g of protein during and/or
immediately after an exercise bout performed in the evening does not suffice to augment overnight
muscle protein reconditioning.

3. Does the Gut Function at Night?

As overnight muscle protein synthesis rates are surprisingly low [21], we questioned whether
they are limited by overnight plasma amino acid availability. Therefore, we hypothesized that
protein provision during sleep increases overnight plasma amino acid availability and stimulates
overnight muscle protein synthesis rates. As human intestinal motility follows a circadian rhythm
with reduced activity during the night [22], we first assessed whether dietary protein provision during
sleep leads to proper dietary protein digestion and amino acid absorption. In a proof-of-principle
study, we first administrated specifically produced intrinsically L-[1-13C]-phenylalanine-labeled casein
protein via a nasogastric tube while subjects were asleep and assessed the subsequent protein digestion
and absorption kinetics [23]. We observed that administration of 40 g casein via a nasogastric tube
during overnight sleep is followed by proper dietary protein digestion and absorption kinetics, thereby
increasing overnight plasma amino acid availability and increasing muscle protein synthesis rates.
Clearly, these data demonstrated that the gut functions properly at night and that protein provided
during sleep strongly increases overnight muscle protein synthesis rates.
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4. Pre-Sleep Protein Feeding as a Strategy to Increase Overnight Muscle Protein Synthesis

Our observation that protein administered during sleep is effectively digested and absorbed
provided proof-of-principle that the gut functions properly during sleep [23]. However, nasogastric
tube feeding does not represent a feasible feeding strategy for athletes. Therefore, our next step was to
assess if protein ingestion prior to sleep would represent an effective dietary strategy to increase muscle
protein synthesis rates during overnight post-exercise recovery [24]. Therefore, we studied recreational
athletes during overnight recovery from a single bout of resistance-type exercise performed in the
evening after a full day of dietary standardization. Immediately after exercise, all athletes ingested
a recovery drink containing 20 g protein to maximize muscle protein synthesis rates during the acute
stages of post-exercise recovery [4,24]. As explained above, this prescribed recovery strategy does not
suffice to maintain elevated muscle protein synthesis rates during more prolonged overnight sleep [21].
Therefore, we provided subjects with either 40 g casein protein or a placebo drink immediately prior to
sleep. In line with intragastric protein administration during sleep [23], the bolus of protein ingested
prior to sleep was properly digested and absorbed throughout overnight sleep. The greater plasma
amino acid availability following pre-sleep protein ingestion improved the overnight whole-body
protein balance, allowing the net protein balance to become positive. In line, muscle protein synthesis
rates were approximately 22% higher during overnight recovery when protein was ingested prior to
sleep when compared to the placebo treatment. From these data we concluded that pre-sleep protein
ingestion represents an effective dietary strategy to further augment the skeletal muscle adaptive
response to resistance-type exercise training (Figure 1).

Figure 1. Schematic representation of the process of muscle protein synthesis (MPS) and muscle protein
breakdown (MPB) throughout the day. Protein ingestion stimulates MPS rates and allows for net
muscle protein accretion (green areas). During post-absorptive conditions, MPB rates exceed MPS rates,
resulting in a net loss of muscle protein (red areas). Overnight sleep is the longest post-absorptive
period of the day (A). Pre-sleep protein ingestion stimulates overnight muscle protein synthesis rates
(B), thereby improving muscle reconditioning during overnight sleep.
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To test this hypothesis, we assessed the impact of pre-sleep protein feeding to facilitate the skeletal
muscle adaptive response to prolonged resistance-type exercise training [25]. Specifically, we selected
healthy young men to participate in a 12-week resistance-type exercise training program (three exercise
sessions per week) during which they ingested either 27.5 g of protein prior to sleep, or a non-caloric
placebo. Muscle mass and strength increased to a greater extent in the group that ingested protein
prior to sleep. These results indicate that protein supplementation prior to sleep represents an effective
dietary strategy to augment the gains in muscle mass and strength during resistance-type exercise
training. It remains to be established what dose and type of pre-sleep protein should be used to further
optimize overnight muscle protein synthesis rates and, as such, can support greater gains in muscle
mass and strength.

It should be noted that the ingestion of the pre-sleep protein supplement in both our acute
and long-term studies was compared with a non-protein placebo, and not compared with protein
supplementation provided at other time points. Therefore, we can only speculate on the surplus
benefits of pre-sleep protein provision when compared to other time points. It can be speculated that
the greater gains in muscle mass and strength are, at least partly, attributed to the pre-sleep timing
of the protein supplement, as the vast majority of studies in which protein has been supplemented
immediately before and/or after exercise do not show an increase in muscle mass gains when compared
to a placebo [26]. However, it has been suggested that protein supplementation increases muscle mass
gains mainly as a function of increased total protein intake, rather than the specific timing of a protein
supplement [27,28]. As a meta-analysis was required to demonstrate that additional protein intake
augments training-induced muscle hypertrophy [26], it seems unlikely that a possible positive effect of
protein timing (i.e., protein supplementation at a time point compared to protein supplementation at
different time point) on muscle mass gains can be detected in a longitudinal study. While it is currently
unclear whether pre-sleep protein ingestion is superior to protein ingestion at a different time point,
we propose that a more relevant question is whether pre-sleep protein ingestion is additive to protein
intake earlier in the day. We suggest that athletes should aim to ingest sufficient protein intake at
every meal to maximize muscle protein synthesis until the next meal. We have recently shown that the
ingestion of large amounts of protein in the early post-exercise recovery phase does not compromise
the muscle protein synthetic response to protein ingestion at a later stage [29]. This suggests that
every meal moment represents a unique opportunity to stimulate muscle protein synthesis and that
the muscle protein synthetic response to each meal may be additive. In addition, we have recently
shown that athletes typically consume well above 1.2 g protein/kg/day, with the majority of protein
consumed during the three main meals, and only a small amount of protein eaten as an evening snack
(~7 g) [30]. As such, additional pre-sleep protein ingestion represents a practical strategy to increase
the total daily protein intake, add another meal moment, and increase the overnight muscle protein
synthesis rates; this effect is likely additive to muscle protein synthesis rates observed throughout
the day.

5. Pre-Sleep Protein Feeding Characteristics

While we have identified the overnight sleeping period as a new window of opportunity to
augment post-exercise training adaptations, it remains to be established how we can maximize the
impact of pre-sleep protein feeding on overnight muscle protein synthesis rates. Previously we have
shown that the ingestion of 40 g protein prior to sleep stimulates overnight muscle protein rates [24],
which is considerably more than the 20 g of protein that is supposed to maximize muscle protein
synthesis rates during the first few hours of post-exercise recovery [4,5]. Therefore, we questioned if
a more moderate amount of protein would suffice to augment overnight muscle protein synthesis rates.
To address this issue, we performed a follow-up study similar in design to our previous pre-sleep
protein work, with the main difference that we provided 30 g of highly enriched intrinsically labeled
protein prior to sleep, with or without an additional 2 g of free leucine. In contrast to our previous
findings with 40 g protein, the ingestion of 30 g protein prior to sleep did not significantly increase
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overnight muscle protein synthesis rates (preliminary observations). This suggests that a pre-sleep
protein dose-response relationship exists, which differs from the immediate post-exercise recovery
period during which the ingestion of merely 20 g protein seems to maximize post-exercise muscle
protein synthesis rates in young adults.

The ingestion of highly enriched, intrinsically L-[1-13C]-phenylalanine-labeled protein allowed
us to also directly assess the metabolic fate of the pre-sleep dietary protein-derived amino acids.
Pre-sleep protein-derived L-[1-13C]-phenylalanine was incorporated in de novo muscle protein as
evidenced by the increase in muscle protein–bound L-[1-13C]-phenylalanine following overnight
recovery, demonstrating that the pre-sleep protein provided amino acids as precursors for de novo
myofibrillar protein accretion during overnight sleep. This provides mechanistic evidence to support
our observation that the ingestion of 30 g protein prior to sleep augments muscle mass during three
months of resistance-type exercise training [25]. However, our data suggest that at least 40 g of
pre-sleep protein is required to induce a more substantial, detectable increase in muscle protein
synthesis rates when assessed acutely over a 7.5 h overnight period.

As we anticipated that 30 g of pre-sleep protein might not be sufficient to adequately increase
overnight muscle protein synthesis rates, we included a third treatment in which 2 g crystalline leucine
was added to the 30 g bolus of protein. The addition of supplemental free leucine to a suboptimal
amount of protein has been shown to enhance post-exercise muscle protein synthesis rates [18,19,31,32].
Despite these previous observations, co-ingesting free leucine with 30 g of casein prior to sleep did
not augment the overnight muscle protein synthetic response. Given the extended duration of
overnight sleep compared to a typical postprandial period (8 vs. 4–5 h), it is tempting to speculate
that larger amounts of protein (≥40 g) are required to maximize muscle protein synthesis rates during
overnight sleep.

6. Prior Exercise

It has been well established that the muscle protein synthetic response to protein ingestion is
enhanced following exercise when exercise is performed in the morning following an overnight
fast [12,33]. Recently, we evaluated the effect of resistance-type exercise performed in the evening
on the muscle protein synthetic response to pre-sleep protein ingestion [34]. Postprandial overnight
muscle protein synthesis rates were higher when exercise had been performed earlier that evening
and more of the ingested protein-derived amino acids were directed towards de novo myofibrillar
protein synthesis during overnight sleep. Therefore, protein ingestion prior to sleep represents an
effective strategy to enhance overnight muscle reconditioning and is likely of even more relevance
on exercise training days. In line, we have shown that physical activity performed in the evening
increases the overnight muscle protein synthetic response to pre-sleep protein ingestion in older
adults [35]. Clearly, combing pre-sleep protein ingestion with resistance-type exercise represents
a more effective strategy to further enhance overnight skeletal muscle protein synthesis rates and
increases the efficiency by which dietary protein is used for muscle protein accretion (Figure 2).

Figure 2. Conceptual framework of the overnight muscle protein synthetic response to 40 g of pre-sleep
protein feeding at rest or following prior exercise.
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7. Type of Pre-Sleep Protein

As protein sources differ in their capacity to stimulate muscle protein synthesis, the type of protein
ingested prior to sleep may modulate the overnight muscle protein synthetic response. So far, all studies
assessing the efficacy of pre-sleep protein ingestion on exercise reconditioning have provided casein
protein. Casein is a more slowly digestible protein source, allowing a more moderate but prolonged
rise in plasma amino acid concentrations [17]. Given the extended nature of overnight sleep, it could be
speculated that such a more sustained postprandial aminoacidemia during overnight sleep is preferred
as it will provide precursors to support muscle protein synthesis rates throughout the entire night.
In contrast, whey protein is a more rapidly digestible protein, resulting in a pronounced but transient
rise in plasma amino acid concentrations [17]. Ingestion of a single bolus of whey protein has been
shown to stimulate muscle protein synthesis rates to a greater degree than casein protein when assessed
over periods up to 6 h [6,17,36]. This has been attributed to the more rapid protein digestion and amino
acid absorption kinetics as well as the higher leucine content in whey versus casein protein, resulting
in a more rapid rise in postprandial plasma leucine concentrations [37]. It remains to be established if
whey is superior to casein protein when ingested prior to sleep and muscle protein synthesis rates are
assessed over a more prolonged overnight period of 7.5 h. The plasma levels of leucine do not seem to
be the only factor in this regard, as we recently did not observe any differences in overnight muscle
protein synthesis rates following the ingestion of 30 g casein with or without 2 g crystalline leucine
(preliminary observations). Snijders et al. [25] provided a casein protein supplement that consisted of
50% micellar casein and 50% casein hydrolysate. When casein protein is hydrolyzed, its digestion and
absorption properties resemble a more rapid digestible protein [38]. Therefore, pre-sleep ingestion
of a mixture of a slow and more rapidly digestible protein source appears to be effective to augment
muscle mass and strength gains during a prolonged resistance-type exercise program. We speculate
that a variety of high-quality animal-based protein sources can augment overnight muscle protein
synthesis rates when provided in sufficient amounts (≥40 g; Table 1), with relatively minor differences
in efficacy between sources.

Table 1. Quantity of protein sources to provide 40 g pre-sleep protein.

Food Item Quantity

Cooked eggs 7 eggs
Low fat milk 5 cups (1025 mL)

Low fat yogurt 5 cups (1176 mL)
Chicken breast 2 breasts (176 g)

Steak 2 steaks (168 g)
Protein concentrate in water 3 scoops (60 g)

Protein concentrate in low-fat milk 2 scoops in 300 mL

8. Applications

Overnight sleep has emerged as a novel window of opportunity to modulate muscle protein
metabolism. Pre-sleep protein ingestion represents an effective dietary strategy to stimulate
both the acute and long-term skeletal muscle adaptive response to resistance-type exercise
training [24,25]. There are numerous other potential applications of protein ingestion prior to sleep.
Protein ingestion prior to sleep may also enhance exercise training adaptations to other exercise
modalities. However, research on the impact of protein supplementation on other modes of exercise
such as concurrent training [39] or endurance-type exercise training [40] is surprisingly scarce. While
protein ingested immediately after endurance-type exercise does not appear to further augment
mitochondrial protein synthesis rates [40], amino acid administration at rest stimulates mitochondrial
protein synthesis rates [41]. It remains to be established if pre-sleep protein can augment the adaptive
response to endurance-type exercise training with greater increases in skeletal muscle oxidative
capacity, vascular density and/or endurance performance capacity.
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Protein administration during sleep has been shown to stimulate overnight muscle protein
synthesis rates in older adults [23]. Consequently, pre-sleep protein feeding may also represent an
effective interventional strategy to support muscle mass maintenance in the older population or
possibly even in patients in more clinically compromised conditions characterized by accelerated
muscle loss such as acute sickness, systematic inflammation, and muscle disuse [42,43].

9. Conclusions

Muscle protein synthesis rates are particularly low during sleep, even when 20 g protein is
ingested immediately after exercise performed in the evening. Protein ingested immediately prior to
sleep is effectively digested and absorbed, thereby increasing amino acid availability during overnight
sleep. Greater amino acid availability during sleep stimulates muscle protein synthesis rates and
improves whole-body protein net balance during overnight recovery. At least 40 g of dietary protein
should be ingested prior to sleep to elicit a robust stimulation of muscle protein synthesis rates
throughout the night. Resistance-type exercise performed during the day augments the overnight
muscle protein synthetic response to pre-sleep protein ingestion and allows more of the protein-derived
amino acids to be used as precursors for de novo muscle protein synthesis. When applied during
prolonged resistance-type exercise, pre-sleep protein supplementation can be used effectively to further
increase gains in muscle mass and strength.
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Abstract: This study explored the link between vitamin D status and frequency of skin
infections, inflammation, and injury in college wrestlers during an academic year. Methods:
Serum 25-hydroxyvitamin D (25(OH)D) (n = 19), plasma cytokine (TNF-α, IL-6, IL-10) (n = 18)
concentrations, and body weight/composition were measured and injury/illness/skin infection
data were collected in fall, winter, and spring. Results: In the fall, 74% of wrestlers had vitamin D
concentrations <32 ng/mL which increased to 94% in winter and spring. Wrestlers lost an average of
3.4 ± 3.9 kg (p < 0.001) during the season with corresponding decreases in fat mass and increases in
lean mass (p < 0.01). An inverse association between 25(OH)D concentrations and total body mass
and body fat percentage was observed at all-time points (p < 0.01). Concentrations of cytokines were
highly variable among individuals and did not change across time (p > 0.05). Correlations between
vitamin D status, cytokines, or frequency of illness, injury, or skin infections were not observed.
Conclusions: A high prevalence of vitamin D insufficiency (<32 ng/mL) and deficiency (<20 ng/mL)
was observed in wrestlers and was associated with higher adiposity. It remains unclear if higher
vitamin D status would reduce injury, illness, and skin infection risk.

Keywords: vitamin D; wrestling; exercise; athletes; inflammation

1. Introduction

Increasing evidence has linked low vitamin D status to a variety of health conditions including
osteoporosis, cardiovascular disease, diabetes, depression, multiple sclerosis, rheumatoid arthritis
and certain types of cancer [1–3]. Research has also observed a link between low vitamin D status
and increased susceptibility of upper respiratory tract infections (URTI) [4] including influenza and
the common cold [4,5]. Even though vitamin D is considered a vitamin, it is unique in that it both
acts as a hormone, assisting in regulation of serum calcium, and may be obtained from dietary and
endogenously synthesized sources. Endogenous synthesis occurs in the skin with exposure to sufficient
ultra violet B (UVB) light [1,6] during peak hours (10 a.m. to 2 p.m.). Vitamin D cannot be made
in the winter months at distances greater than 37 degrees north or south [2]. Natural or fortified
dietary sources include fatty fish, whole milk, and some brands of yogurt, margarine, fruit juice, and
ready-to-eat cereals [2]. Although vitamin D deficiency has been considered a nutritional problem
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of the past, it has re-emerged as a public health concern. In fact, some researchers believe it is an
unrecognized epidemic in adults lacking exposure to adequate sunlight [1].

In athletic populations, vitamin D may be important for optimal health and performance.
Vitamin D deficiency has been associated with reduced strength [7], prolonged recovery from
surgery [8], altered inflammatory markers [9,10], and increased risk for injury and illness [11–13]
in both athletes and non-athletes. In athletes, the prevalence of vitamin D deficiency and insufficiency
varies by sport, training location, skin color [13], adequate sunlight exposure between 10 a.m. and
2 p.m., is more prevalent among athletes who train indoors versus outdoors [11,14,15], and who
have higher body fat percentages [16]. A summary of vitamin D status documented in athletes and
active individuals is outlined in Table S1. Vitamin D status is generally lower in the winter and
among athletes who train predominantly indoors versus outdoors and who live at higher latitudes
(i.e., >37 degrees North or South). In addition, serum concentrations tend to decline between fall
and spring, and supplementation may or may not be effective for reaching optimum concentrations
depending on dosage [17]. Current studies are inconsistent as to whether or not having higher vitamin
D status translates to improved performance measures [18].

Wrestlers, particularly at the college level, are at risk for skin infections from mat and skin-to-skin
contact and may be more prone to both compromised immune function and poor vitamin D status
due to nutrient restriction from cutting weight [19–21], indoor training, and competing during a
season of limited sun exposure (October-March) when URTI risk is elevated [11,22]. Although the
vitamin D status of collegiate athletes has previously been evaluated, little is known about the status
of wrestlers who may be at increased risk for deficiency/insufficiency due to indoor training and
chronic dietary restriction and weight cycling. Therefore, the purpose of this study was to assess
vitamin D status of male college wrestlers during the academic year and determine if low vitamin D
status (i.e., low circulating concentrations of 25-hydroxy vitamin D) was associated with documented
incidence of acute illness, including skin infections, and with circulating pro-inflammatory cytokines
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α) and the anti-inflammatory cytokine
interleukin-10 (IL-10). A secondary purpose was to explore whether weight and body composition
changes further impacted seasonal changes in vitamin D concentration and cytokine concentrations.
We hypothesized that wrestlers with suboptimal vitamin D status (25(OH)D <32 ng/mL) would have a
higher incidence of acute illness including URTI and skin infections, higher pro-inflammatory markers,
and lower anti-inflammatory markers compared to wrestlers with optimal vitamin D status (25(OH)D
>40 ng/mL).

2. Materials and Methods

2.1. Study Design

This study took place during the 2014–2015 college academic year. All University of Wyoming
(UW) athletes ≥18 years on UW’s National Collegiate Athletic Association (NCAA) Division I wrestling
team (n = 25) were invited to participate. Participation, however, was not required and the coaching
staff received no information on which wrestlers participated in the study so as to avoid potential
bias during training or competition. The study was approved by the UW Institutional Review
Board (approval code #20140703JB00477, 3 July 2014) with written, informed consent obtained prior
to participation.

2.2. Study Overview

Blood was drawn three times during the academic year (September, January, and April) in
accordance with seasonal training and typically occurred in the morning after an overnight fast.
Athletes were instructed to avoid exercise for at least 12 h prior to the draw. Height and weight were
measured and a short questionnaire, administered at these same time points was used to assess vitamin
D intake and lifestyle factors which may impact vitamin D status (i.e., estimated time spent outdoors,
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sunscreen use, use of tanning beds, etc.) [11]. The vitamin D questionnaire was administered in a
private setting and took approximately 10 min to complete [11]. Body composition was analyzed by
dual energy X-ray absorptiometry (DXA) and occurred no more than 7 days away from the blood draw.
Selected information contained within the athletes’ medical charts, including illness and infection
history (i.e., upper respiratory tract infections, gastritis, skin infection, etc.), illness progression,
prescribed medications, and supplement use was obtained from medical records documented by the
Sports Medicine staff as part of routine care.

2.3. Blood Analysis

Blood samples were appropriately post-processed and kept frozen at −20 degrees Celsius until
analysis. 25(OH)D concentration was evaluated by Diasorin 25(OH)D radioimmunoassay (Bruce Hollis’
Laboratory, the Medical University of South Carolina, Charleston, SC, USA). Inflammatory markers
(TNF-α, IL-6, IL-10) were analyzed via enzyme-linked immunosorbent assay (ELISA) (QIAGEN,
Santa Clarita, CA, USA) according to manufacturer’s instructions. For cytokine analysis, plasma
samples were thawed immediately before being assayed and vortexed for approximately 5 s to ensure
adequate mixing. Absorbance was read at 450 nm using a standard ELISA microplate reader. Standards
were diluted using a 1:2 dilution series. The eight standards of known cytokine concentrations
included in each assay ranged from 15–2000 pg/mL. All samples were analyzed in duplicate. A log
transformation was used to generate a regression equation to predict cytokine concentrations, reported
as pg/mL.

2.4. Body Composition

Body composition was assessed via DXA. Subjects were instructed to avoid food and exercise
at least two hours prior to testing. When possible, testing was done first thing in the morning
(6:00–9:00 a.m.) after an overnight fast and abstaining from training for at least 12 h. Body mass (kg),
fat mass (kg), fat free mass (kg), and body fat percentage were utilized for statistical analysis.

2.5. Weight Collection

Weekly weights were obtained from coaching staff from 3 September to 28 February.
Wrestlers were weighed on the same scale, with minimal clothing, in their locker room prior to
afternoon practice on each Monday by one of the wrestling coaches. In order to calculate the amount
of weight lost each week to “make weight” for competition, each athlete’s weight class was subtracted
from his recorded Monday weight with the assumption that he would have to lose that amount in
order to compete at the end of the week (Friday/Saturday). Because heavyweights are less likely to
partake in traditional weight cutting practices, heavyweights were omitted from statistical analyses
addressing weekly and seasonal weight changes. These weights were also utilized to calculate average
weekly weight changes (Monday to Monday).

2.6. Injury, Illness, and Skin Infection

As part of routine medical care, injury, illness, and skin infection data were collected by the team
physician and documented in student-athlete medical charts. In addition to documentation done by
the physician, a certified athletic trainer (ATC) assigned to the sport performed daily skin checks and
was present at each training session. The daily skin check allowed wrestlers to report any unusual
formations on the skin.

2.7. Statistical Procedures

A sample size calculation for a descriptive study of a continuous variable (i.e., 25(OH)D
concentration) was conducted using the average standard deviation for college athletes participating
in indoor sports during the fall (8.2 ng/mL) and winter (5.6 ng/mL) from pervious data [11].
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Using a 95% confidence interval (CI), an n = 19 to 41 was estimated for a total desired CI width
of 5 and a sample of 10 to 21 was needed for a total CI width of 7 [23]. Correlation sample calculations
for previously identified associations between 25(OH)D and fat mass (r = −0.42) [16], frequency of
URTI (r = −0.40) [11] and TNF-α concentration (r = −0.63) [24] using previous coefficients as the
expected correlation coefficient (one-tailed α = 0.05 and β = 0.20) estimated that a sample size of n = 14
to 37 would be needed to determine whether correlation coefficients differed from zero. Given these
calculations, efforts were placed on recruitment and longitudinal retention of as many of our total
population of wrestlers of n = 25.

Data were analyzed using IBM SPSS Statistics 23 software. Repeated measures analysis of variance
(ANOVA) was utilized to assess the change in body weight/body composition, serum 25(OH)D, and
plasma cytokine concentrations over time. Correlation coefficients (Pearson’s) were used to evaluate
the associations among 25(OH)D and body weight/adiposity, weight change during the season,
dietary and supplemental vitamin D intake (including vitamin D and calcium), frequency of infection
and illness, and cytokine concentrations. Additional multilinear regression modeling was used to
evaluate the association between vitamin D status and body weight/body composition adjusting
for weight cycling pattern, weight class, age, athletic eligibility year, and other significant predictors
(based on analysis of simple correlation coefficients). Spearman’s rank correlations were used to
identify intra-cytokine association and association with vitamin D, body composition, illness, injury,
and skin infection prevalence.

3. Results

Twenty male wrestlers initially volunteered to participate in the study; nineteen wrestlers reported
to baseline testing. All 19 initial participants completed baseline vitamin D testing (September),
but body composition data could not be obtained on one athlete due to scheduling conflicts.
Baseline characteristics for the 18 wrestlers for which body composition was available are summarized
in Table 1.

Table 1. Baseline characteristics of 18 male wrestlers 1.

Age (years) Height (cm) Weight (kg) BMI (kg/m2) Body Fat (%)

20.9 ± 2.0 171.8 ± 15.3 87.4 ± 18.6 27.3 ± 4.0 19.0 ± 7.0
19–23 162.6–193.0 62.0–121.7 22.6–35.4 12.5–37.7

1 Data reported as mean ± SD with range listed beneath; Caucasian (n = 15); Spanish Italian (n = 1); Asian
(n = 2). Abbreviations: BMI, body mass index.

By the winter data collection point (January), three participants discontinued participation for
undisclosed reasons. Complete longitudinal data for vitamin D was therefore available on 16 wrestlers
for winter and spring collection and logitudinal body composition and cytokine data were only
available on 15 due to difficulty with a blood draw in the fall (n = 1) and scheduling conflicts with the
DXA measurement (n = 1).

During the 2014–2015 academic season, the team as a whole participated in 5 tournaments, 15 dual
meets, and six wrestlers competed in the NCAA Division I Wrestling Championships. Starters wrestled
an average of 31 matches. Among the athletes who completed the study, there was representation
from each of the ten weight classes and each class weight class included a conference dual starter with
the exception of the 141 lb weight class in which only fall data was available.

3.1. Vitamin D Status

As shown in Figure 1 below, serum 25(OH)D changed across time (p < 0.001) and was highest in
the fall and lowest in the winter. In the fall (n = 19), five athletes (26.3%) had sufficient vitamin D status
whereas twelve (63.2%) and two (10.5%) presented with insufficient (20–32 ng/mL) and deficient
status (<20 ng/mL), respectively. In the winter and spring (n = 16), one athlete (6%) had sufficient
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status, and eleven (69%) and four (25%) had insufficient and deficient status, respectively. None of the
athletes experienced optimal 25(OH)D status (>40 ng/mL) [5,11] at any time point across the season.

Figure 1. Box plots illustrating the distribution of 25(OH)D concentration (ng/mL) in the fall (n = 19),
winter (n = 16), and spring (n = 16). Box extents indicate the 25th and 75th percentile, with the median
indicated by a solid dark line and the mean indicated by a dashed line. Central vertical lines (whiskers)
extend up to 1.5 interquartile ranges from the end of the box. A circle marks individual points outside
of the whiskers indicating a value between 1.5 and 3.0 interquartile ranges of the box. 25(OH)D
concentrations <20 ng/mL are considered deficient, concentrations between 20 and 32 ng/mL are
considered insufficient (solid horizontal lines), and concentrations >40 ng/mL are considered optimal.
* Significant decrease in 25(OH)D observed between fall and winter (p < 0.001), reported as mean ± SD.

3.2. Body Weight and Body Composition

Body weight changes over the course of the training season/academic year (September–May)
ranged from −12.0 kg to +4.5 kg with an average season weight change of −3.4 ± 3.8 kg (n = 16,
p = 0.003). Most of the weight loss, averaging 4.1 ± 2.4 kg (−1.0 kg to −9.5 kg), occurred between the
fall and winter. This was followed by an average weight gain of 0.21 ± 2.4 kg (−6.0 ± 4.1 kg) per
wrestler in between winter and spring. The trend for weight gain between winter and spring remained
when omitting the four heavy weight wrestlers in the group (0.06 ± 0.12 kg), but was not apparent
when accounting for the nine conference season starters (0.003 ± 0.171 kg). Among the entire group for
which weekly weight changes were available (n = 19), mean week-to-week weight change (Monday to
Monday) averaged −0.19 ± 0.10 kg (−0.37 kg to −0.06) over the course of the study. This minimal
change in weekly weight became even smaller when accounting for season starters only (n = 10) and
also when omitting heavyweights (n = 15). Despite minimal changes in weight between team weekly
weigh-ins, the amount of weight lost each week to make competition weight, not including heavy
weights (n = 15), averaged 4.6 ± 1.0 kg (6.3% ± 1.5%). Similar results were observed when accounting
for starters. Average weekly weight change did not change across any time point (fall to winter, winter
to spring, or fall to spring, p > 0.05).

As summarized in Table 2, body composition changed across the training season/academic year
(n = 15, p < 0.01) despite the minimal week-to-week variability in body weight. Absolute total body
mass, body mass index (BMI), fat mass, and body fat percentage decreased whereas lean body mass
and bone mineral density (BMD) increased.

3.3. Cytokine Concentrations and Inter-Cytokine Relationship

As shown in Table 3, there was considerable variability in the concentrations of the various
cytokines among individuals and across the academic year (n = 15). Concentrations of IL-6 and TNF-α
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were numerically higher in the fall and spring and lowest in winter whereas concentrations of IL-10
demonstrated the opposite pattern. These slight alterations, however, were not different across time
(p > 0.05).

Table 2. Body composition across the academic year 1.

Measurement Fall Winter Spring Sig. (p) 2

Weight (kg) 90.6 ± 18.0 86.5 ± 17.0 86.7 ± 16.0 <0.001
BMI (kg/m2) 27.6 ± 3.9 26.4 ± 3.6 26.7 ± 3.4 0.001

Lean Mass (kg) 69.0 ± 10.4 70.8 ± 9.8 70.5 ± 9.8 0.003
Fat Mass (kg) 17.6 ± 10.2 11.8 ± 9.4 12.1 ± 9.1 <0.001
Body Fat (%) 19.4 ± 7.1 13.2 ± 7.4 12.8 ± 5.0 <0.001
BMD (g/cm2) 1.42 ± 0.1 1.45 ± 0.1 1.47 ± 0.1 0.001

1 Data reported as mean ± SD; 2 Repeated measures ANOVA of body composition changes across time (n = 15)
(statistic × time effect).

Table 3. Cytokine concentrations across the academic year 1.

Cytokine Fall Winter Spring Sig. (p) 2

IL-6 (pg/dL) 110 ± 229 73 ± 144 120 ± 306 0.335
IL-10 (pg/dL) 254 ± 469 362 ± 938 246 ± 559 0.270

TNF-α (pg/dL) 1549 ± 2361 886 ± 1117 1293 ± 2197 0.287
1 Data reported as mean ± SD. 2 Repeated measures ANOVA of body composition changes across time (n = 15)
(statistic × time effect).

In addition, cytokine concentrations were highly inter-correlated at all time points (Pearson’s).
IL-6 was positively correlated with both IL-10 and TNF-α during the fall (n = 18), winter (n = 15),
and spring (n = 15) (IL-10: r = 0.924, r = 0.856, and r = 0.846, p < 0.001, respectively; TNF-α: r = 0.950,
r = 0.837, and r = 0.945, p < 0.001, respectively). IL-10 also positively correlated with TNF-α at all time
points (r = 0.897, r = 0.767, and r = 0.969, p < 0.001, respectively).

3.4. Illness, Injury, and Skin Infection

Skin infection occurrence over the course of the season (September–May) averaged 1.8 ± 1.3 per
participant with fifteen (79%) subjects experiencing at least one skin infection by the end of fall with
four (11%) new infections being documented between winter and spring. A total of 35 skin infections
were reported over the course of the season with a majority (n = 31, 89%) being reported between
the fall and winter. Herpes (n = 19), ringworm (n = 4), and impetigo (n = 2) were the most common
diagnoses between fall and winter while only herpes (n = 4) was reported between the winter and
spring. The forehead was the most common skin infection site (n = 8) followed by the ear, back,
arm/wrist, and lip being the second most frequent location (n = 4).

Eight subjects experienced a documented illness over the course of the study with one subject
contracting two illnesses. Six of these were reported between the fall and winter and three were
reported between winter and spring. The primary diagnosis was URTI (n = 8) which included cough,
congestion, and sinus infection.

There were a total of nine injuries reported in seven different athletes over the year with an
average of 0.5 ± 0.7 injuries per wrestler. Collectively, there were 50 total skin infections, illnesses, and
injuries reported over the year averaging 2.6 ± 1.5 per wrestler (n = 19).
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3.5. Vitamin D

3.5.1. Vitamin D Intake and Relation to Vitamin D Status

Intake of vitamin D from food alone or food plus supplements is summarized in Table 4.
Athletes did not meet the recommended dietary allowance (RDA) for vitamin D intake from food
alone (600 IU) at any time point during the year. When supplements were included, seven athletes met
the RDA in the fall, five in the winter, and four in the spring. There were no significant changes in
dietary vitamin D intake from food alone or food plus supplements across time (n = 16, p = 0.25 and
p = 0.707, respectively).

Table 4. Vitamin D intake from food and supplements across the academic year 1.

Vitamin D Source Fall Winter Spring

Dietary Intake 257 ± 212 211 ± 135 250 ± 191
Intake from Supplements 443 ± 996 370 ± 569 296 ± 758

Combined Vitamin D Intake 1549 ± 2361 886 ± 1117 1293 ± 2197
1 Reported as International Units (IU), mean ± SD (n = 16).

Vitamin D intake from food alone or food plus supplements was not associated with serum
25(OH)D concentrations at any time point (p ≥ 0.05). However, in the spring there was a positive
association between both total vitamin D intake and vitamin D intake from supplements and vitamin
D category (i.e., deficient, insufficient, etc.) such that those with higher overall vitamin D intake had
higher categorical status (n = 16, r = 0.563, p = 0.02 and r = 0.556, p = 0.02, respectively).

3.5.2. Relation between Vitamin D Status and Body Composition

25(OH)D was negatively correlated with body fat percentage in the fall (n = 18, r = −0.481,
p = 0.043), winter (n = 16, r = −0.521, p = 0.038), and spring (n = 16, r = −0.565, p = 0.18). 25(OH)D was
correlated with fat mass in the spring only (n = 16, r = −0.652, p = 0.005) as shown in Figure 2, with
a trend for a similar association in the winter (n = 16, r = −0.446, p = 0.083), but not the fall (n = 18,
r = −0.385, p = 0.115). 25(OH)D, however, was not associated with total body mass, lean mass, or BMI
at any time point (p > 0.05). There was an interaction with vitamin D category (sufficient, insufficient,
and deficient) and total body mass (p = 0.012), fat mass (p = 0.001), and body fat percentage (p = 0.001)
such that those with higher weight and adiposity had lower status. The change in vitamin D status
from fall to winter and from winter to spring, however, did not appear to be associated with the
change in total body mass or fat mass over these same time points (p > 0.05). However, average weekly
weight fluctuations (Monday to Monday) from fall to spring positively correlated with spring 25(OH)D
(n = 16, r = 0.663, p = 0.005,) such that those with larger average weekly weight changes had higher
vitamin D status in the spring.
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Figure 2. Linear regression model illustrating the association between 25(OH)D and fat mass (kg) in
the spring (n = 16). Negative associations between these two variables were also observed in the fall
and winter.

3.5.3. Relation between Vitamin D Status and Cytokines

Neither 25(OH)D or vitamin D category (sufficient, insufficient, and deficient) correlated with
IL-6, IL-10, or TNF-α at any time point (n = 15, p > 0.05, Pearson’s correlation).

3.5.4. Relation between Vitamin D Status and Illness, Injury, and Skin Infections

Neither 25(OH)D or vitamin D category (sufficient, insufficient, and deficient) was associated with
number of illnesses or skin infections at any time point or over the course of the academic year (n = 15,
p > 0.05), however, winter vitamin D category was positively associated with number of injuries
incurred from fall to winter such that those with higher status experienced more injuries (r = 0.550,
p = 0.020).

3.6. Cytokines

3.6.1. Relation between Body Composition and Cytokines

At no time point did body composition (total body mass, body fat percentage, fat mass, lean
mass, or BMD) influence IL-6, IL-10, or TNF-α over time (p > 0.05). Fall and winter fat mass influenced
the change in TNF-α over time that approached statistical significance (n = 15, p = 0.62 × time effect,
p = 0.73 × time effect).

3.6.2. Relation between Weight Loss and Cytokines

Average weekly weight fluctuations over the course of the year (fall to spring) and cytokine
concentrations were not correlated at any time point (p > 0.05). Significant correlations were found
between weight change from fall to winter and winter cytokine concentrations (n = 15, Table 5).
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Table 5. Association between cytokine concentrations in the winter and total body mass change
between fall and winter (n = 15).

Spearman’s Rank Correlation (r) Sig. (p)

IL-6 0.497 0.060
IL-10 0.561 0.029

TNF-α 0.540 0.038

3.6.3. Relation between Cytokine Concentrations and Prevalence of Illness, Injury, and Skin Infection

Cytokine concentrations were not associated with the prevalence of illness, injury, or skin
infections at any time point during the study (n = 15, p > 0.05).

4. Discussion

This study evaluated the vitamin D status of male collegiate wrestlers over the course of an
academic year and aimed to determine whether vitamin D status was influenced by vitamin D intake
and body composition. We also aimed to determine whether vitamin D status influenced cytokine
concentrations, injury, illness, and skin infection incidence. Furthermore, it was evaluated whether
wrestlers who “cut” more weight over the course of the season, experienced greater season-induced
changes in vitamin D status and/or cytokine concentrations. We found a high prevalence of vitamin D
insufficiency and deficiency in wrestlers throughout the academic year, which ranged from 74% in the
fall to 94% in the winter and spring, that was inversely associated with body fat percentage and was
influenced by week-to-week weight fluctuations, but was not impacted by intake or overall weight
loss throughout the season. An association between serum 25(OH)D concentration and risk of injury,
infection or illness was not observed.

Despite an initially high prevalence of vitamin D insufficiency and deficiency in the fall, the status
of college wrestlers declined significantly across the academic year as has been previously shown in
other athlete groups [11,25–30]. The majority of the decline occurred between the fall (September) and
winter (January) with the incidence of insufficiency/deficiency reaching 94% in the winter and spring.
The overall prevalence of suboptimal status was higher than previously reported in our laboratory in
college athletes from mixed sports [11,24] and those of other indoor athletes [26,27] and sportsmen
training near the equator where suspected sun avoidance was the culture [31]. Although it was not
surprising that wrestlers had low vitamin D status in the winter and spring due to their exclusive
indoor training regimen, it was somewhat surprising that status was so low in the fall when wrestlers
engaged in close to eight weeks of outdoor training typically between 2:00 and 5:00 p.m. in mostly
sunny conditions at an elevation of between ~7200 and 8400 feet [25]. The higher than expected
prevalence of insufficiency and deficiency may be a combination of late afternoon training, which
misses peak hours of 10:00 a.m.–2:00 p.m., clothing worn, or the higher body fat percentage of some
of the athletes [16] when weekly weigh-ins are not required. In agreement with previous studies in
both athletes and non-athletes [16,30,32–34], body adiposity was negatively associated with serum
25(OH)D concentration across the academic year. Although the specific mechanism for this association
is not fully understood, the lipophilic properties of vitamin D are thought to allow sequestration in
adipose tissue, which thereby decreases circulating 25(OH)D concentrations [30,35].

The overall low vitamin D intake may have also contributed to low status. Vitamin D intake was,
on average, less than 50% of the RDA across the season, which is consistent with research in other
athletic populations [11,25,26,36]. Vitamin D supplementation was also low. For instance, depending
on the time of the year, only two to three wrestlers reported taking a vitamin D supplement and only
five to six reported taking a multi-vitamin. In agreement with previous studies [11,32], vitamin D
intake from food or supplements was not directly associated with vitamin D status. Ironically, in the
current study the wrestler with the lowest serum 25(OH)D concentration had the highest body mass,
the third highest body fat percentage, and reported taking a vitamin D supplement during the entire
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academic year. He also experienced a significant decline in body fat percentage (37.7% in the fall to
19.6% in the spring). This suggests that the supplemental dose taken (not reported) was not sufficient
to counteract the negative influence of adiposity on status across the season despite a significant
reduction in body adiposity.

Unique to this study was our evaluation of whether vitamin D status impacted cytokine
concentrations over the course of the year. Our initial hypothesis was that athletes with lower vitamin
D status would have higher pro-inflammatory cytokines and lower anti-inflammatory cytokines
than those with higher status. Our lack of an association between serum 25(OH)D and cytokine
concentrations during the season, however, may be explained by the overall low vitamin D status of
our wrestlers and/or the high variability in cytokine concentrations throughout the year. Although all
blood cytokine concentrations were obtained after at least 12 h of physical inactivity, approximately
eight weeks (August–September) of conditioning (6 days/week) and strength training (3 days/week)
occurred before the initial data collection in September. Thus, preseason training may have elevated
cytokines in some or all athletes. It is not well established how a single bout of exercise or regular
training influences cytokine concentrations, or how long athletes should refrain from exercise to reveal
cytokine samples reflective of overall health. For example, some research has shown that after a
single bout of intense physical activity, cytokine concentrations return to baseline within 2–3 h after
exercise terminates [9,37] while others suggest that cytokines remain elevated even 24 h following
exercise [38,39].

In the present study, IL-6 and TNF-α concentrations decreased between fall and winter. This was
followed by an increase back toward the fall baseline between winter and spring. IL-10 concentration,
in contrast, increased between the fall and winter also returning toward baseline in the spring.
The decrease in TNF-α concentration between the fall and winter was somewhat unexpected due
to intense practices and weight training sessions 5–6 days per week, which would be expected to
induce a low level inflammatory response. Perhaps, TNF-α was not elevated due to a concurrent rise
in IL-10 concentrations. IL-10 is a potent anti-inflammatory cytokine that has been shown to assist
in the down-regulation of TNF-α during exercise [37,40]. In agreement with our findings, previous
research has also shown a lack of correlation between 25(OH)D and TNF-α [32,41–45]. Our lack
of a relationship between vitamin D status and TNF-α concentration, however, is contradictory to
Willis et al. [24], and others who have found a significant inverse relationship between 25(OH)D and
TNF-α concentrations in both humans and mice [45–48].

In the current study, the majority of skin infections were reported between the fall and winter
(n = 31) as compared to between winter to spring (n = 4). This was somewhat expected, as wrestlers
transition from summer conditioning and strength training to training in the wrestling room where
skin-to-skin and skin-to-mat contact are more frequent. This time period also coincides with the
suspected reduction in cutaneous vitamin D synthesis (from limited sun exposure and reduced
synthesis capacity) and frequent dietary restriction as wrestlers work to maintain competition weight
on a week-to-week basis. As previously noted, the majority of the decrease in serum 25(OH)D
concentration occurred between fall and winter (28.2 ± 5.2 vs. 22.8 ± 4.6 ng/mL), however, vitamin
D intake remained unchanged despite the suspected intentional energy restriction, at least in some
wrestlers. We had hypothesized, however, that the increased skin infection risk would be associated
with low serum 25(OH)D. The hormonally active form of vitamin D, 1,25(OH)2D3, has been shown to
up-regulate expression of anti-microbial peptides (AMP’s) and assist in the defense against bacterial
infection [49]. Our lack of association between vitamin D status and frequency of both skin and other
documented illnesses, nevertheless, may be due to the overall high frequency of vitamin D insufficiency
and deficiency. This precluded maintenance of 25(OH)D concentrations in a range not high enough to
experience a beneficial effect. For example, when Halliday et al. evaluated the relationship between
vitamin D status and illness in collegiate athletes from our same university, athletes with higher
25(OH)D concentration in the winter and spring were found to experience fewer illnesses over the
course of the year [11]. Reduction in illness frequency, however, was not apparent until serum 25(OH)D
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concentrations approached approximately 40 ng/mL [11]. In the current study, only one wrestler
maintained vitamin D status in the sufficient category (>32 ng/mL) in both winter and spring and
none maintained 25(OH)D concentration greater than 40 ng/mL. Future research should include a
vitamin D supplementation trial that elevates concentrations of 25(OH)D above 40 ng/mL to allow
for a better analysis of the impact of maintaining optimal vitamin D status on inflammation, illness,
and skin infection in wrestlers.

The present study did not reveal a consistent relationship between vitamin D status and
number of injuries sustained. This may be partially explained by our low injury rate, injury
underreporting, or small sample size. In the present study, our injury frequency averaged
approximately 0.5 injuries per wrestler which was lower than previous reports in male ballet dancers
(1.9 injuries/dancer) [50], Taiwanese elite wrestlers (4.2 injuries/wrestler) [51], and high school
wrestlers (5.2 injuries/wrestler) [52]. With the identification of vitamin D receptors in skeletal
muscle cells [53], it is not surprising that several previous studies have found associations between
higher vitamin D status and fewer incidences of injuries, including in professional American football
athletes [54,55]. Furthermore, vitamin D supplementation in ballet dancers has been shown to reduce
injuries over a 4-month period when compared to no supplementation [7]. Other research has indicated
that while maintaining higher vitamin D concentrations may not prevent injury, it may assist in
expediting recovery [56]. One unexpected result of the current study was the positive correlation
between vitamin D status in the winter and the number of injuries that occurred between the fall
and winter. It is likely that this association is coincidental due to the small number of injuries and
small sample size. Overuse, over-training, and/or poor wrestling technique may also confound our
findings. Unfortunately, duration of injury or injury rehabilitation response was not evaluated in the
present study.

Collectively, the reported total number of skin infections, illnesses, and injuries averaged
2.7 ± 1.5 per wrestler (n = 20), however, actual rates may be higher due to underreporting by the
athlete to avoid restrictions from practice and/or competition. The five injuries that occurred in the
four wrestlers between fall and winter included a concussion, wrist fracture, meniscus tear, foot sprain,
and a shoulder pain complaint due to surgery that occurred at the beginning of the semester.

We found that fat mass at all three time points (fall, winter, and spring) influenced the change in
TNF-α across time. This finding is in agreement with previous reports indicating a positive association
between adiposity and inflammation [36]. This may warrant special attention to those athletes with
higher adiposity, as they may be more prone to injury and illness. Interestingly, a non-significant
inverse relationship between all winter cytokine concentrations and the total number of illnesses,
injuries, and skin infections was observed, implying that between September and January, a period
when training is at its peak, lower cytokine concentrations were associated with increased risk for
illness, skin infection or injury.

In the current study it is important to note that over the course of the season wrestlers lost
an average of 3.5 kg (−12.0 to +4.5 kg), which is lower than the 7.9 ± 0.8 kg loss reported by
Melby et al. [57]. On average, wrestlers started the training week (Monday) 4.6 ± 1.0 kg (6.3% ± 1.5%)
over their weight class suggesting an approximate 5 kg weight loss each week (Monday–Friday) to
“make weight” for competition. The weight loss observed in this study is on the lower end of the
previously reported weekly loss of 5.0–9.1 kg reported by Steen and Brownell [19], but higher than
the 2.3 and 3.4 kg deficits observed by Lakin, Steen, and Oppliger [20] and Lingor and Olson [21],
respectively. Furthermore, average weekly weight loss, Monday to Monday, averaged <0.5 kg which is
significantly lower than the suggested weight loss between Monday to Friday and lower than any of
the aforementioned studies [19–21]. No significant differences in average weekly weight loss between
starters and non-starters were observed. This may be due to non-starters competing in non-conference
dual meets on the weekends requiring them to engage in similar weight management behaviors as
starters. Culturally, coaches also implemented a “maximum weight over” policy that prohibited
wrestlers from participating in normal practice activities if they reported to Monday training more
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than 4.6 kg over their weight class. The positive association between average weekly weight change
(Monday to Monday) over the course of the season and spring 25(OH)D concentration and status
implies that those who had larger weekly weight fluctuations tended to have higher vitamin D by the
spring, which is in contrast to our hypothesis. While unexpected, this observation may reflect a release
of vitamin D from adipose tissue by those wrestlers who lost more weight each week.

Limitations

Although our study captured a unique group of athletes potentially at increased risk for poor
vitamin D status, it has several limitations. This includes the small sample size, limited racial
differences, and the limited variability in 25(OH)D among individual wrestlers at all-time points.
For example, a majority of wrestlers in fall, winter, and spring had serum 25 (OH)D concentrations in
the deficient and insufficient range with only a few athletes (n = 5 in the fall and n = 1 in the winter)
with concentrations in the sufficient range and none in the optimal range. This precludes comparisons
between those with deficient/insufficient status and those sufficient or optimal status, and also limits
statistical power. In addition, participants in the current study were closely monitored by a registered
dietitian (J.N.B.) which may have positively influenced dietary habits (resulting in better fueling choices,
healthier weight loss practices, and lowered post-exercise cytokine responses). The “maximum weight
over” policy established by the sport coaches to prevent wrestlers from reporting to Monday practice
more than 4.6 kg over their weight class, may have reduced week-to-week weight fluctuations. The low
number of skin infections, illnesses, and injuries reported in the current study between the winter
and spring may be the result of under-reporting, under-recording, or season-to-season variability
of which made detection of relations with vitamin D status difficult. In addition, data collection,
particularly for cytokine concentrations, began after approximately eight weeks of fall conditioning
(August-September) which may have altered the true picture of how vitamin D status influences such
concentrations during training and competition, however, they are a reality for the in-season college
athletes. Finally, vitamin D binding protein (VDBP) and gene polymorphisms were not addressed in
this study which may have influenced 25(OH)D concentrations [58,59].

5. Conclusions

This study is the first, to our knowledge, to directly analyze the relationship between vitamin D
status’ and weight cycling’s impact on inflammation, skin infection, illness, and injury in wrestlers.
Overall, there was a lack of association between vitamin D and prevalence of illness, injury, and skin
infection which was in partial contrast to our hypothesis and supports the need for further research in
wrestlers. Future research should attempt to analyze a larger sample size, include a supplementation
group, and also include wrestlers from varying latitudes. Although we were not able to shed light on
the ability of vitamin D to influence cytokines or reduce risk of illness, injury, or infection, our study
revealed that despite the stereotypical extreme weight making practices of wrestlers, this group
experienced minimal weekly weight fluctuations to reach their goal weight and this likely contributed
to their ability to maintain or gain lean body mass while decreasing body fat over the course of the
year. Although most of the wrestlers did not utilize vitamin D supplements, exploring the potential
benefits of vitamin D supplementation for reducing frequency of illness, injury, and skin infections
should be explored in future research especially in a group that appears to have a high prevalence of
insufficiency and deficiency.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/8/12/775/s1,
Table S1: Summary of Vitamin D Status in Athletes and Active Individuals.
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Abstract: We aimed to compare site-specific bone mineral densities (BMDs) between adolescent
endurance runners and sprinters and examine the relationship of fat-free mass (FFM) and nutrient
intake on BMD. In this cross-sectional study, 37 adolescent female endurance runners and sprinters
(16.1 ± 0.8 years) were recruited. BMD and FFM were assessed by dual-energy X-ray absorptiometry.
Nutrient intake and menstrual state were evaluated by questionnaires. After adjusting for covariates,
spine and total bone less head (TBLH) BMDs were significantly higher in sprinters than endurance
runners (TBLH, 1.02 ± 0.05 vs. 0.98 ± 0.06 g/cm2; spine, 0.99 ± 0.06 vs. 0.94 ± 0.06 g/cm2; p < 0.05).
There was no significant difference between groups in other sites. The rate of menstrual abnormality
was higher in endurance runners compared with sprinters (56.3% vs. 23.8%; p < 0.05). FFM was
a significant covariate for BMD on all sites except the spine (p < 0.05). Dietary intake of vitamin D
was identified as a significant covariate only for pelvic BMD (p < 0.05). The BMDs of different sites
among endurance runners and sprinters were strongly related to FFM. However, the association of
FFM with spine BMD cannot be explained by FFM alone. Other factors, including nutrition and/or
mechanical loading, may affect the spine BMD.

Keywords: adolescent; sprinters; endurance runners; bone mineral density; fat-free mass; nutrition

1. Introduction

Weight-bearing exercise has positive effects on bone metabolism across the age spectrum [1].
Adolescence is a critical time for bone mineral accrual [2]. Exercises that generate relatively high
intensity loading forces enhance bone mineral accretion in adolescents [1]. Thus, adolescent athletes
typically have higher bone mass compared with their nonathletic peers [3].

Endurance running has been associated with reduced risks for hypertension, hyperlipidemia,
and diabetes [4]. Furthermore, regular running has been reported to reduce proportions of all-cause
mortality and disability [5]. However, a subset of adolescent athletes may have impaired bone
health [6,7]. Although endurance running is weight-bearing exercise, it has been associated with
negative effects on bone in some populations, as indicated by reduced spine bone mineral density
(BMD) in endurance runners [8,9]. In contrast, although both sprinters and endurance runners mainly
use the lower limbs during exercise, sprinters demonstrate a higher BMD than endurance runners.

Nutrients 2016, 8, 781 442 www.mdpi.com/journal/nutrients
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The reason for a lower BMD in adolescent female endurance runners may be that this subject group
has a greater running distance to cover, higher rate of menstrual irregularities, lower body mass index
(BMI), and lower lean tissue mass [6] than sprinters of the same age group. Kusy et al. reported that
sprinters in the masters age category have a higher BMD as well as bone mineral content (BMC) at
the leg, hip, lumbar spine, and trunk than endurance athletes [10], whereas Bennell et al. reported
that differences in the BMD between sprinters and endurance runners (17–26 years) exist only in the
lumbar spine [11].

So far, the effect of the ground reaction force has been considered the most significant contributing
factor for bone formation [11,12]. However, based on previous studies [10,11], the differences in
BMD between sprinters and endurance runners could not be explained solely by the effect of the
ground reaction force. Furthermore, although generally higher muscle mass and optimal nutrition
is related with increased BMD, the effects of muscle mass and nutrition on BMD among endurance
runners and sprinters have not been explored. Recent studies have only focused on BMD in endurance
runners [6–9,13]. Clarifying the differences in site-specific BMDs between sprinters and endurance
runners may reveal specific factors contributing to BMD gain in sprinters and endurance runners.

The aim of the present study was to compare site-specific BMDs between female adolescent
endurance runners and sprinters, and to examine the relationship of fat-free mass (FFM) and nutrient
intake with the BMD of different sites.

2. Materials and Methods

2.1. Study Design and Recruitment

In this cross-sectional study, we recruited 37 high school track and field female athletes
(16.1 ± 0.8 years old; competition history of 3.4 ± 1.9 years), including endurance runners (>800 m,
n = 16) and sprinters (100–400 m, n = 21). Study investigators recruited participants from five high
schools in the Kansai district of Japan. The study protocol was approved by the Ethics Committee for
Human Experiments at Ritsumeikan University (BKC-IRB-2013-031), and was conducted in accordance
with the Declaration of Helsinki. All subjects and legal guardians of subjects provided informed consent
for participation in this study.

2.2. BMD and Body Composition

We measured the height, body weight, and BMI of each subject. The body mass, fat mass,
percent body fat, FFM, and bone mass were evaluated by a dual-energy X-ray absorptiometry
(DXA, Lunar Prodigy; GE Healthcare, Tokyo, Japan). During DXA measurements, subjects maintained
a supine position. From total body scans, we used enCORE version 15 software (GE Medical Systems
Lunar, Madison, WI, USA), which automated measurements of FFM and fat mass (arms, legs, torso,
gynoid (gluteal area), and total body), BMD (total bone less head (TBLH), arms, spine, pelvis, and legs),
and percent body fat. For screening of at-risk athletes at younger than 20 years for low BMD,
TBLH BMD measurement is recommended [14].

2.3. Menstrual State and Stress Fracture History

Menstrual state and stress fracture history were evaluated using questionnaires. For the menstrual
state, the age of menarche and characteristics of the menstrual cycle were evaluated. Cycle lengths
longer than 45 or shorter than 21 days were considered abnormal [15]. Stress fracture history was
defined as having received a diagnosis of stress fracture in a medical institution.

2.4. Food Frequency Questionnaire

A food frequency questionnaire based on the food group (FFQg) was used to estimate usual
energy and nutrient intake in athletes. The FFQg estimated nutrient intake from the ingestion frequency
and food intake during one week from the most recent 1–2 months [16].
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2.5. Physical Activity and Running Distance

Physical activity was estimated from three-day physical activity records. Subjects were instructed
to estimate the practice time in minutes.

Running distance was estimated as the mean running distance per one-week from two-week
running distance records. Physical activity and running distance were analyzed from the recovered
questionnaires (33/37 questionnaires were recovered).

2.6. Statistical Analysis

Statistical analyses were performed with SPSS software version 19.0 (IBM, Tokyo, Japan).
All values are expressed as mean ± SD. The independent t-test was used to determine differences in
physical characteristics, FFM, and BMD between endurance runners and sprinters. An analysis of
covariance (ANCOVA) was performed to compare BMD between endurance runners and sprinters,
adjusted for age, height, FFM, and fat mass (of total body, arms, torso, gynoid (the gluteal area),
and legs), menstrual abnormality, menarche, stress fracture history, and nutrient intake. Those variables
that have been reported as important determinant of BMD in previous studies were selected as
independent variables [3,6,17,18]. In addition, in a previous study, calcium and vitamin D were chosen
as nutrients important for bone health [3]. Of those two nutrients, vitamin D was chosen as covariate,
since there was a significant correlation with BMD in the current study. A p value < 0.05 was considered
statistically significant.

3. Results

3.1. Subject Characteristics

Table 1 shows the subject characteristics. Endurance runners had a significantly higher running
volume than sprinters (p < 0.01). Endurance runners also demonstrated a higher incidence of menstrual
abnormality (p < 0.01) than sprinters. Table 2 shows the physical activities of subjects. Duration of
practice was not different between two groups. However, running distance was significantly higher
in endurance runners compared with sprinters. Table 3 shows the daily energy and nutrient intake.
There was no significant difference between any parameters among the two groups.

Table 1. Subjects characteristics.

Endurance Runners (n = 16) Sprinters (n = 21)

Age 16.3 ± 0.8 16.0 ± 0.7
Menstrual abnormality (%) 56.3 23.8 **

Height (cm) 156.7 ±3.7 158.8 ± 4.5
Weight (kg) 47.6 ± 4.6 50.7 ± 5.3

BMI (kg/m2) 19.4 ± 1.5 20.1 ± 1.9
Fat mass (%) 19.9 ±4.6 19.5 ± 4.4

All values are mean ± SD; **: p < 0.01 vs. endurance runners.

Table 2. Physical activity.

Endurance Runners (n = 14) Sprinters (n = 21)

Practice time (min/day) 99.6 ± 38.7 109.7 ± 33.1
Running distance (km/week) 58.5 ± 27.1 10.4 ± 5.3 **

All values are mean ± SD; **: p < 0.01 vs. endurance runners.
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Table 3. Energy and nutrient intake.

Endurance Runners (n = 16) Sprinters (n = 21)

Energy (kcal/day) 1927 ± 336 2099 ± 625
Protein (g/day) 70.0 ± 15.1 70.2 ± 20.5

Fat (g/day) 65.1 ± 18.1 78.1 ± 30.3
Carbohydrate (g/day) 258.5 ± 55.6 271.8 ± 78.8

Calcium (mg/day) 582 ± 205 595 ± 270
Magnesium (mg/day) 242 ± 52 232 ± 92
Phosphorus (mg/day) 1052 ± 251 1059 ± 345

Iron (mg/day) 7.5 ± 1.6 7.4 ± 3.1
Vitamin A (μg/day) 578 ± 161 553 ± 210
Vitamin D (μg/day) 6.4 ± 2.9 5.2 ± 2.9
Vitamin K (μg/day) 216 ± 65 182 ± 84

Vitamin B1 (mg/day) 0.97 ± 0.21 1.00 ± 0.35
Vitamin B2 (mg/day) 1.14 ± 0.32 1.21 ± 0.41
Vitamin B6 (mg/day) 1.09 ± 0.22 1.03 ± 0.40
Vitamin B12 (μg/day) 6.0 ± 2.3 5.4 ± 2.6
Vitamin C (mg/day) 104 ± 25 88 ± 43

All values are mean ± SD.

3.2. Comparison between Endurance Runners and Sprinters

Table 4 shows subject FFM and BMD values. Endurance runners had a significantly lower FFM in
all sites—except for the torso—compared to sprinters. Endurance runners had significantly lower arm,
pelvic, spine, and TBLH BMDs than sprinters. However, the leg BMD was not significantly different
between endurance runners and sprinters.

In ANCOVA with adjustment for covariates such as age, height, FFM, fat mass, menstrual
abnormality, menarche, stress fracture history, and vitamin D intake, the spine and TBLH BMDs
remained significantly higher in sprinters than endurance runners (p < 0.05) (Figure 1). In contrast,
there were no significant between-group differences in other sites.

Table 4. FFM and BMD value among endurance runners and sprinters.

Endurance Runners (n = 16) Sprinters (n = 21)

FFM

Arms (kg) 3.2 ± 0.3 3.6 ± 0.4 **
Legs (kg) 12.5 ± 1.3 13.7 ± 1.1 **
Torso (kg) 17.0 ±1.7 17.8 ± 1.3

Gynoid (kg) 5.4 ± 0.5 5.9 ± 0.5 **
Total body (kg) 36.0 ± 3.2 38.3 ± 2.6 *

BMD

Arms (g/cm2) 0.767 ± 0.039 0.805 ± 0.038 **
Legs (g/cm2) 1.211 ± 0.091 1.262 ± 0.077

Pelvic (g/cm2) 1.097 ± 0.086 1.163 ± 0.099 *
Spine (g/cm2) 0.942 ± 0.064 0.985 ± 0.062 *
TBLH (g/cm2) 0.981 ± 0.061 1.023 ± 0.050 *

All values are mean ± SD; FFM: fat-free mass, BMD: bone mineral density, Gynoid: the gluteal area, TBLH: Total
Bone Less Head; **: p < 0.01, *: p < 0.05 vs. endurance runners.
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Figure 1. Comparison of adjusted BMD between endurance runners and sprinters. Endurance runners
vs. sprinters; Spine: 0.94 ± 0.06 vs. 0.98 ± 0.06 g/cm2, TBLH: 0.98 ± 0.06 vs. 1.02 ± 0.05; *: p < 0.05,
†: p = 0.06.

3.3. Effect of Covariates on the BMD of Different Sites

In ANCOVA, FFM was a significant covariate for arms (p < 0.01), legs (p < 0.05), and pelvic
(p < 0.05) BMD, and tended to be a covariate for TBLH BMD (p = 0.05) (Table 5). Additionally, vitamin D
intake was identified as a significant covariate for arms (p < 0.05), pelvic (p < 0.01), and spine (p < 0.05)
BMD, and tended to be a covariate for TBLH BMD (p = 0.05). Moreover, menarche was a significant
covariate for arms BMD (p < 0.05).

Table 5. Multivariable linear regression model on BMD of all subjects.

Arms Legs Pelvic Spine TBLH

Age 0.48 1.74 2.61 0.06 0.48
Height 0.34 0.06 0.01 0.00 0.06

FFM (each site) 11.37 ** 4.83 * 7.49 * 0.05 4.13 †

Fat-mass (each site) 0.86 0.10 3.45 0.21 0.25
Menstrual abnormality 0.40 2.05 0.14 1.31 0.86

Menarche 6.13 * 1.78 0.17 1.04 1.61
Stress fracture history 2.00 0.97 0.18 0.88 1.29

Vitamin D intake 4.82 * 1.49 8.08 ** 4.31 * 4.04 †

All values are F values; **: p < 0.01, *: p < 0.05, †: p = 0.05.

4. Discussion

The purpose of this cross-sectional study was to compare BMDs of various sites and examine
the association with different factors on the BMD among female high school track and field athletes.
The main finding of our results was that endurance runners had significantly lower BMD in spine and
TBLH as compared with sprinters, even after adjusting for covariates. In addition, vitamin D intake
seems to have a site-specific association with arms, pelvic, and spine BMD. Furthermore, FFM was
a significant covariate for most BMDs, with the exception of the spine.

4.1. The Difference between the BMD of Sprinters and Endurance Runners

When comparing the BMD of sprinters and endurance runners using a t-test, the BMDs of the
arms, pelvis, spine, and TBLH in sprinters were significantly higher than those in endurance runners.
However, after adjusting for covariates, between-group differences remained significant only for spine
and TBLH BMDs.
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In a previous study, ground reaction force with foot-strike during running was reported
to be 1–2 times the body weight for low intensity forms of running (e.g., endurance) while
it becomes 2–4 times the body weight for high intensity forms of running (e.g., sprint) [19].
According to the mechanostat theory, an increase in the bone mass is caused by larger bone
deformation (e.g., high ground reaction force) which exceeds the normal strain for modeling [20].
However, the ground reaction force decreases as it is transmitted upward to the pelvis and spine
from legs [13]. Since endurance runners experience smaller ground reaction force than sprinters,
endurance runners may have less loading and deformation to spine bone when compared with
sprinters with higher ground reaction forces. Additionally, in a previous study, weekly running
volume was inversely correlated with lumbar spine BMD [21,22]. Greater running distance results
in large energy expenditures, and one possible explanation for its effect on bone is via a potential
catabolism when energy intake was insufficient, leading to low energy availability. Low energy
availability has been shown to increase bone resorption and decrease bone formation, potentially
mediated by reduced levels of insulin-like growth factor 1 or estradiol, resulting in low BMD [23,24].
Trabecular bone such as spine has been shown to be easily influenced by low energy availability [13].
Average running volumes of previously reported studies were 68.4 ± 12.1 km/week [21] and 32 ± 8
km/week [22] for endurance runners. Our current study participants exercised 58.5 ± 27.1 km/week
among endurance runners and only 10.4 ± 5.3 km/week among sprinters, while their energy intake
was identical between groups. Therefore, the low BMD of endurance runners may have been caused
by both smaller mechanical loading as well as less energy availability as compared with sprinters.

Previous studies comparing the BMD of endurance runners and sprinters have often shown
a difference in the leg BMD between the two groups [11,25]. However, this difference was not observed
in the present study. The reason for this difference may be related to the subjects’ age and competition
history. In a previous study, the subjects were over 17 years of age, and they had a competition history
of over a decade [25]. In addition, in a previous study comparing the BMD of 13- to 18-year-old runners
and non-runners, when separated by age, runners had significantly lower total body BMD compared
with non-runners in the 17- to 18-year-old age group, but no difference was observed among groups of
13- to 16-years old [13]. The subjects in the present study had a mean age of 16.1 ± 0.8 years and mean
competition history of 3.4 ± 1.9 years. Therefore, the lack of observed difference in leg BMD among
long distance runners and sprinters may be caused by their age (bones being still in the growth stage)
and relatively short competition history.

4.2. Relationship between Muscle Mass and BMD

After adjusting for age, height, FFM, fat-mass, menstrual abnormality, menarche, stress fracture
history, and vitamin D intake, there were no significant group differences in the BMDs of the
arms, legs, and pelvis. Among these confounding factors, FFM had the greater F value at each
site. Thus, the FFM could have a strong influence on the BMDs among all sites. However, FFM was not
found to be a significant covariate for spine BMD, while vitamin D intake was a significant covariate.
Therefore, these results suggest that the spine might be more affected by nutrient factors such as
vitamin D.

The close relationship between muscle mass and bone mass has been known for a long time [26].
In a previous study, sprinters were shown to have a higher FFM than endurance runners. Kusy and
Zielinski [10] demonstrated that greater skeletal size allows exertion of larger muscle forces, supporting
engagement in sprint disciplines, or forces exerted during sprinting induce skeletal adaptation and
augment BMD. In addition, in a longitudinal study of 68 children (8 to 14 years), the maximal
increase in lean body mass (LBM) occurred a several months before the maximal increase in BMC,
indicating a close relationship between muscle and bone development [27]. These findings suggest that
among adolescent female track and field athletes in their growth period, sprinters may have higher
FFM and exercise intensity than endurance runners. Thus, in accordance with mechanostat theory,
sprinters demonstrate higher BMDs than endurance runners.
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4.3. Effect of Site-Specificity in Vitamin D

Vitamin D intake seems to have a site-specific relationship with arms (p < 0.01), pelvis (p < 0.05),
and spine (p < 0.05) BMDs. A previous study using a vitamin D analogue indicated that the effect with
vitamin D differs between cortical and trabecular bone. Takahashi et al. [28] concluded that vitamin D
compounds might suppress receptor activator of nuclear factor-kappa B ligand (RANKL) activity in
superficial osteoblastic cells of the trabecular bone. RANKL is an essential cytokine for activating
osteoclast (increase in bone resorption). Therefore, habitual high vitamin D intake has a potential
positive effect on pelvic and spine BMDs of trabecular bone. On the other hand, vitamin D intake was
identified as a significant covariate for arms BMD. The bone of the arms consists mostly of cortical
bone, since it is long bone. Thus, the aforementioned explanation for vitamin D and trabecular bone
may seem inconsistent. However, FFM and menarche were demonstrated as significant covariates
for arms. Since running puts minimal mechanical stress on arms, other variables such as FFM and
nutrients may have had a larger influence. In the present study, the strongest covariate for arms BMD
was FFM (F = 11.37, p < 0.01). However, since the results of the present study cannot explain the causal
relationship, further study is warranted.

4.4. Study Limitations

This study included a relatively small sample size. Furthermore, the causal relationship cannot be
determined by the current cross-sectional study without an inactive control group. Several parameters
were not evaluated, such as bone metabolism markers, sex hormones (e.g., estrogen and progesterone),
and reproductive maturation (such as tanner breast stage). Moreover, a previous study reported that
subclinical ovulatory disturbance provides negative effect on bone [29]; however, the present study
did not assess that. Low-dose oral contraceptives may impair the attainment of peak bone mass [30].
It should be noted, however, that the subjects of the present study were not taking oral contraceptives.
In addition, FFQs for dietary assessment have been validated on collegiate woman, and not with
the same age group of subjects in the current study. Accordingly, the dietitians used food samples
to demonstrate the correct portion of specific foods. Future prospective studies are needed in other
populations to determine variations, and intervention studies are warranted to determine the effects of
FFM and vitamin D on site-specific BMDs.

5. Conclusions

We conclude that differences in the BMDs of different sites among endurance runners and
sprinters were strongly affected by FFM. Furthermore, vitamin D intake also seems to have site-specific
associations with BMDs. However, the relationship of FFM on spine BMD cannot be explained by
FFM alone. Other variables, including nutrition (e.g., vitamin D) and/or mechanical loading may have
been associated with spine BMD.
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Abstract: Background: Female athletes and active women require adequate nutrition for optimal
health and performance. Nutrition assessments are needed to identify potential nutrients of concern.
Folate, vitamin B6, and vitamin B12 function in important pathways used during physical activity
and female athletes may be at risk for poor status of these micronutrients. This cross-sectional study
described a comprehensive nutrition assessment of the B-vitamins (folate, vitamin B6, and vitamin
B12) using both dietary (food and dietary supplements) and biochemical assessments among highly
active and sedentary women. Methods: Highly active (n = 29; age 20 ± 2 years; body mass index
(BMI) 23.8 ± 3.5 kg/m2) and sedentary (n = 29; age 24 ± 3 years; BMI 22.6 ± 3.0 kg/m2) women
were recruited for this study. Participants completed 7-day weighed food records and a fasting
blood draw. Results: Although the highly active women reported higher intakes of energy (p < 0.01),
folate (p < 0.01), vitamin B6 (p < 0.01), and vitamin B12 (p < 0.01), no significant differences were
found between the groups for biomarkers of folate, vitamin B6, and vitamin B12. All of the highly
active women had biomarkers within the desired reference ranges, suggesting good status. In general,
most participants were able to meet the 1998 Recommended Daily Allowance (RDA) from food alone.
For the women that reported using dietary supplements, micronutrient intakes met the 1998 RDA
and in some cases, exceeded the Tolerable Upper Intake Level. Conclusion: This nutrition assessment
documented good status for folate, vitamin B6, and vitamin B12 in the highly active women. Similar
assessment approaches (food, dietary supplements, and biomarkers) should to completed with other
nutrients of concern for the female athlete.

Keywords: B-vitamins; folate; vitamin B6; vitamin B12; female athlete

1. Introduction

Female athletes and active women require adequate nutrition to stay healthy and perform
optimally. Comprehensive nutrition assessments, including dietary, biochemical, anthropometric,
clinical, and environmental components, are needed to identify specific nutrition-related problems
that may impact overall health and performance. For example, the B-vitamins play important roles
in maintaining the health of female athletes and active women, serving as coenzymes in pathways
critical for physical activity [1–6]. Folate functions as a coenzyme in reactions of deoxyribonucleic
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acid (DNA) synthesis, red blood cell synthesis, and amino acid metabolism, including the conversion
of homocysteine to methionine [4,7]. Pyridoxal 5’-phosphate (PLP), the biologically active form of
vitamin B6 in the human body, serves as a coenzyme in transamination and deamination reactions of
amino acid metabolism and activates the rate-limiting step of glycogen breakdown [4,8,9]. Vitamin B12
functions as a coenzyme in methyl transfer reactions (i.e., homocysteine to methionine) and helps
recycle folate [4,10]. Vitamin B12 also assists with the breakdown of odd-numbered fatty acid chains,
DNA synthesis, and the production of red blood cells. Because folate, vitamin B6, and vitamin B12
assist with the metabolism of homocysteine, plasma homocysteine concentrations increase without
adequate supplies of folate, vitamin B6, and vitamin B12, leading to an increased risk of cardiovascular
disease [11]. Thus, these B-vitamins aid in the utilization of energy, metabolism of amino acids,
maintenance of red blood cells, and regeneration of tissue. Comprehensive nutrition assessment of
these key micronutrients is crucial to an athlete’s success.

Unfortunately, many athletes, females in particular, may be at risk of poor dietary intakes for
folate, vitamin B6, and vitamin B12 [12]. For instance, female athletes may not compensate for the
energy expenditure associated with increased physical activity [13]. This behavior puts them at risk of
low energy availability and many macronutrient and micronutrient deficits. In many sports, success is
associated with a thin physique, thus encouraging excessive training and/or suboptimal dietary
intakes [14,15]. Unfortunately, inadequate dietary intakes can impair an athlete’s performance and
lead to fatigue, injury, and/or altered concentration [12]. Additionally, female athletes and active
women may have less folate, vitamin B6, and vitamin B12 available for metabolism of homocysteine,
potentially leading to elevated plasma homocysteine concentrations compared to their physically
inactive peers.

Dietary assessment has been utilized to assess dietary intakes for folate, vitamin B6, and vitamin
B12 and determine adequacy. Recent dietary intakes for the United States (US) adult population have
been well summarized from the National Health and Examination Surveys (NHANES) [16]. For female
athletes and active women, reported dietary intakes for these micronutrients tend to come from older
studies and are challenging to interpret due to changes in the reference ranges used to define nutrient
adequacy. When completing dietary assessment for folate, time of data collection should also be
considered to account for the 1996 US mandatory fortification of enriched grain products with folic
acid [17]. In 1998, the latest reference values for these micronutrients were published as part of the
Dietary Reference Intakes (DRIs) [18]. The DRIs express nutrient adequacy as the Estimated Average
Requirement (EAR) (representing 50% of the population’s requirement) and the Recommended Dietary
Allowance (RDA) (representing 97.5% of the population’s requirement). However, the EAR may not be
sufficient for a physically active adult, adding to the difficulty to make generalizations about nutrient
adequacy. Notwithstanding these concerns, some studies report mean dietary intakes for folate in
female athletes less than the 1998 EAR (320 μg/day DFE) [19–24]. However, more recent studies
report higher dietary intakes for folate among female athletes [25,26], which may be a reflection of folic
acid fortification. For vitamin B6, most studies in female athletes document adequate intakes when
compared to the 1998 RDA (1.3 mg/day) and EAR (1.1 mg/day) [21,22,25,26]. Studies comparing
dietary intakes of vitamin B6 to the 1980 RDA (2 mg/day for adult females) or 1989 RDA (1.6 mg/day
for adult females), values much higher than the 1998 RDA, typically report inadequate mean intakes
for female athletes [4,19,22,27]. Because vitamin B6 plays a major role in the metabolic pathways
required during exercise (i.e., amino acid metabolism, gluconeogenesis, glycogenolysis), some research
suggests that female athletes may require two to three times the 1998 RDA of vitamin B6 due to their
increased physical activity patterns and protein requirements [4,8]. For vitamin B12, some studies
report adequate dietary intakes in female athletes [19–21,25,26], while other studies report inadequate
intakes [13,23].

Because of the risk of inadequate dietary intakes of folate, vitamin B6, and vitamin B12 in female
athletes, some research has included biochemical assessment in the evaluation of nutrient status.
Unfortunately, the results are quite mixed. For example, Matter et al. examined folate status in
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non-supplementing female marathon runners and reported that 33% had poor status evidenced by low
serum folate concentrations [28]. However, Beals and Manore examined serum folate concentrations
in female athletes and reported only 4% with poor folate status [29]. Approximately 50% of the
female athletes in this study reported taking a dietary supplement. Other research has reported
good folate status in female recreational athletes [26,30], runners [31], and endurance athletes [32].
Research has also examined vitamin B6 status in both male and female athletes, with equally mixed
outcomes. For instance, Raczynski and Szczepanska assessed vitamin B6 status of elite male and female
Polish athletes over 6 years using the erythrocyte alanine aminotransaminase activity coefficient, a
functional measure of vitamin B6, and reported poor status in 9% of the athletes [33]. In this study,
endurance athletes had the highest prevalence of poor status of vitamin B6 (13%). Poor vitamin B6
status was highest in the pre-Olympic years (16%) and lowest in Olympic years (3%), when athletes
may have focused more on dietary intakes and dietary supplementation. More recently, Joubert and
Manore reported good status in a study of 64 recreationally active athletes (38 female) using plasma
PLP [26]. Most studies of vitamin B12 status in female athletes suggest the risk of poor status is low,
when adequate energy and animal products are consumed. Although the research is much more
limited, good vitamin B12 status has been reported in female ultra-marathoners [34] and recreationally
active adults [26].

More research should include comprehensive nutrition assessments to examine B-vitamin status
in female athletes, especially for folate, vitamin B6, and vitamin B12. When completing dietary
assessments, previous research has not included the contribution of natural sources and synthetic
sources (fortified foods, dietary supplements) to dietary intakes. To determine nutrient status,
biochemical assessment should also be included. Unfortunately, mixed gender studies have included
more male participants than female participants, limiting information on the B-vitamin status of
the female athlete. Thus, the purpose of this study was to describe the approach and results of a
comprehensive nutrition assessment for B-vitamins (folate, vitamin B6, and vitamin B12), including
dietary (food and dietary supplements) and biochemical assessments, among highly active and
sedentary women.

2. Methods

2.1. Participant Recruitment and Study Design

This cross-sectional study completed a nutrition assessment of the B-vitamins (folate, vitamin B6,
and vitamin B12) among highly active and sedentary women. This study was approved by the
Institutional Review Board (IRB) at Arizona State University (IRB #0511000343; initial approval date
15 December 2005) and the University Committee on Activities Involving Human Subjects at New York
University (IRB #11-8778; initial approval date 9 January 2012) and was conducted according to
these guidelines.

Highly active and sedentary women between 18 and 35 years of age were recruited as the
research participants for this study. Recruitment flyers were posted at university and college campuses,
athletic training facilities, community centers, libraries, and throughout the local community. The study
investigators also sent recruitment flyers to collegiate teams. The recruitment flyers briefly described
the study and invited women to contact the study investigators for more information.

The study investigators determined eligibility over the telephone based on the following criteria:
age (between 18 and 35 years), weight stable (<10% weight loss or gain within the past 6 months),
no pregnancy or breastfeeding within the past year, nonsmoker or limited social smoker (quit smoking
at least 6 months prior to study entry or smoke a few cigarettes socially on one occasion and then
not smoke again for several days or weeks), and activity (highly active group defined as engaging
in ≥12 h per week of programmed physical activity; sedentary group defined as engaging in <2 h
of programmed physical activity per week). These activity levels must have been maintained for at
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least a year prior to study participation. Women who met the study criteria were invited to schedule a
study appointment.

2.2. Procedures

The study participants completed two study visits. During the first visit, participants received
detailed information about the study and signed an informed consent form. Height and weight were
measured and body mass index (BMI) was calculated for each study participant. Participants were
interviewed about the use of medications (prescription and over-the-counter) and dietary supplements
(i.e., protein, energy, carbohydrate, meal replacement, vitamin, mineral, or herbal) and completed a
health history questionnaire. Participants were asked to keep a 7-day weighed food record, noting all
foods, beverages, and dietary supplements consumed. The study investigators provided participants
with a food scale (Metrokane Gourmet Weigh Scale, Metrokane, New York, NY, USA) and showed
them how to weigh foods. Participants were encouraged to include food labels for packaged items
and provide measurements in teaspoons, tablespoons, or cups for foods not able to be weighed.

A second study visit was scheduled after the participants completed the food records. At this
visit, participants completed an eight-hour fasting blood draw to determine blood biomarkers of
folate, vitamin B6, and vitamin B12. The food records and study questionnaires were reviewed for
completeness and study supplies were retrieved.

2.3. Anthropometric Assessment

Height was determined using a portable stadiometer (Invicta Plastics Limited, Oadby,
Leicester, UK) to the nearest 0.1 centimeter without shoes. A Seca Bella 840 electronic flat scale
(Seca North America, Chino, CA, USA) obtained each participant’s weight to the nearest 0.1 kilogram.

2.4. Dietary and Physical Activity Assessment

Participants completed a 7-day weighed food record to examine dietary intake of energy, folate,
vitamin B6, and vitamin B12. At the end of each day, participants recorded the type and duration of
any programmed physical activity completed. The food records were analyzed using Food Processor,
version 8.5 (Esha Research, Salem, OR, USA) and the United States Department of Agriculture
(USDA) National Nutrient Database for Standard Reference, Release 20. The USDA database provided
additional micronutrient information for commercial products. Folate intakes included assessments of
dietary food folate (natural), synthetic folic acid added to fortified foods, and dietary folate equivalents
(DFE) ((synthetic folic acid × 1.7) + food folate (natural)). The intake total included both natural
and synthetic forms of vitamin B12. For vitamin B6, the intake total included vitamin B6 from food.
Dietary intakes over the 7-days were averaged to determine the reported daily intake.

Micronutrient intakes (folic acid, vitamin B6, and vitamin B12) from supplements were added to
the totals from food for those participants that reported using dietary supplements. The amount of
folic acid from supplements was multiplied by 1.7 before adding to the total from food. Intakes from
dietary supplements were summarized to reflect reported average daily intakes, considering dosage
and usage patterns (days/week or days/month).

The estimated energy requirement (EER) was calculated for each participant using the appropriate
age and gender equation [35]. For the active women, the “very active” physical activity coefficient was
used in the equation. For the sedentary women, the “sedentary” physical activity coefficient was used.
Energy intake/EER was determined for each participant.

2.5. Biochemical Assessment

Participants completed an eight-hour fasting blood draw to determine concentrations of plasma
folate, red blood cell folate, plasma vitamin B6, vitamin B12, transcobalamin II, and homocysteine.
Blood samples were immediately placed on ice and centrifuged within 30 min at 3000× g for 10 min at
4 ◦C. After centrifugation, the blood was separated and the plasma samples stored at −44 ◦C until
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analysis. Sonora Quest (Phoenix, AZ, USA), an independent laboratory, determined mean cell volume,
hemoglobin, hematocrit, and high sensitivity C-reactive protein (CRP) concentrations.

For the analysis of red blood cell folate, a whole blood dilution (1:21) was prepared by
combining 100 μL of well-suspended blood to 2 mL of newly made 0.2% ascorbic acid solution.
The diluted samples were wrapped in foil to prevent light penetration and stored at −44 ◦C until
the time of analysis. Plasma folate and red blood cell concentrations were analyzed using the
Becton Dickinson SimulTRAC®-S Solid Phase Radioassay Kit (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) for Vitamin B12 (57Co) and Folate (125I).

High performance liquid chromatography (HPLC) was used to determine vitamin B6 status of
the participants using PLP as the biomarker [36]. HPLC utilizes reverse-phase ion pairing to separate
B6 vitamers, which are chromatographically measured at an excitation wavelength of 330 nm and
fluorescent emission of 400 nm.

Vitamin B12 status was assessed using plasma vitamin B12 and holotranscobalamin II
(transcobalamin II) concentrations [37]. Transcobalamin II represents newly absorbed vitamin B12
enroute to the hematopoietic system and proliferating cells and is a more sensitive indicator of
vitamin B12 status than plasma vitamin B12. Transcobalamin II was assessed by first preparing a
slurry that contained 3 g synthetic amorphous precipitated silica in 20 mL of deionized water [38,39].
Transcobalamin II was absorbed from the samples by adding 100 μL of the prepared slurry to 500 μL of
plasma and letting the samples sit at room temperature for 10 min. The samples were then centrifuged
at 5000× g for 10 min. The supernatant was retained for further analysis. The Becton Dickinson
SimulTRAC®-S Solid Phase Radioassay Kit (Becton, Dickinson and Company, Franklin Lakes,
NJ, USA) for Vitamin B12 (57Co) and Folate (125I) was used to measure plasma vitamin B12 and
holo-haptocorrin concentrations. Transcolbalamin II concentrations were determined by subtracting
the holo-haptocorrin concentrations from the total plasma vitamin B12 concentration.

Fasting plasma homocysteine, a functional biomarker of folate, vitamin B6, and vitamin B12
status, was also measured by HPLC with fluorescence [40,41].

2.6. Statistical Analysis

Power calculations were completed using the reported vitamin B6 and folate dietary intakes for
athletes and sedentary individuals from the research literature [42,43]. Using a difference of 0.2 mg,
a sample size of 15 women per group would be sufficient to detect a difference in reported vitamin B6
intake between groups with a power of 0.80 and α = 0.05. However, a sample size of 57 women per
group would be required to detect a difference in reported folate intake (using a difference of 50 μg)
between groups with a power of 0.80 and α = 0.05, beyond the reach of this pilot study. Thus, we aimed
to have 30 women per group and recruited additional women to allow for attrition. Prior to the
statistical analysis, the data were tested for normality. Histograms of the study outcome measures
visually assessed the distribution of the data. The Kolmogorov-Smirnov statistic was also used to
assess normality of the distribution scores. Descriptive statistics (mean and standard deviation) were
determined for the demographic data for the two groups of women. Independent sample t-tests
compared the outcome measures between groups for the normally distributed variables. Because CRP
did not have a normal distribution, the Mann-Whitney U test was used to examine the differences
between groups. The median and interquartile range were used to summarize these values. Data were
analyzed using IBM Statistical Package for the Social Sciences (SPSS) Statistics for Windows, version
22.0 (IBM Corporation, Armonk, NY, USA) version 14.0 and determined to be significant if p < 0.05.

3. Results

3.1. Descriptive Characteristics

Seventy-five participants signed consent forms (41 highly active women and 34 sedentary women).
However, 11 highly active and 3 sedentary women decided not to finish the study. One highly active
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woman was eliminated because she was not as active as previously reported. Two sedentary women
were eliminated; one had a blood disorder, and one had an activity level that was greater than 2 h
per day. The present analysis includes 29 highly active women and 29 sedentary women.

Table 1 summarizes the descriptive characteristics for the 58 participants. The sedentary women
were older than the highly active women (p < 0.01). Although the highly active women were heavier
than the sedentary women, height and BMI were not significantly different between the two groups
of women. The majority of participants in both groups, 69% of the highly active women and 82%
percent of the sedentary women, reported their race/ethnicity as Caucasian (not of Hispanic origin).
The highly active women reported consuming more total energy (p < 0.01) and relative energy
(kcal/kg body weight) (p = 0.01) than the sedentary women. Although EER was significantly greater
in the highly active women compared to the sedentary women (p < 0.01), there were no differences
between groups for percent energy intake/EER.

Table 1. Descriptive characteristics of highly active and sedentary women a.

Characteristics

Activity Level

p-ValueHighly Active Sedentary

n = 29 n = 29

Descriptives
Age (years) 20 ± 2 24 ± 3 <0.01 **
Height (cm) 169 ± 7 166 ± 8 0.11
Weight (kg) 68 ± 9 62 ± 10 0.03 *
Body mass index (kg/m2) 23.8 ± 3.5 22.6 ± 3.0 0.17
Programmed physical activity (min/day) 169 ± 241 6 ± 8

Energy intake

Total energy (kcal/day) 2373 ± 616 1820 ± 403 <0.01 **
Relative energy (kcal/kg body weight) 35.2 ± 8.9 29.6 ± 7.2 0.01 *

Energy expenditure

Estimated energy requirement (EER) (kcal) 2350 ± 168 1972 ± 132 <0.01 **
Energy intake/EER (%) 101 ± 25 92 ± 19 0.15

Race/ethnicity b

African American (n (%)) 0 (0) 0 (0)
Asian/Pacific Islander (n (%)) 1 (3) 0 (0)
Native American (n (%)) 0 (0) 1 (4)
Caucasian (not of Hispanic origin) (n (%)) 20 (69) 23 (82)
Hispanic (n (%)) 8 (28) 4 (14)

Sport

Basketball (n (%)) 1 (3)
Cross country/Long distance running (n (%)) 3 (10)
Gymnastics (n (%)) 1 (3)
Ice hockey (n (%)) 1 (3)
Softball (n (%)) 3 (10)
Swimming (n (%)) 11 (38)
Tennis (n (%)) 4 (11)
Volleyball (n (%)) 5 (17)

a Values are reported as mean ± standard deviation, except where noted; b One sedentary participant did not
provide this information; * p < 0.05; ** p < 0.01.
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Table 1 also describes the highly active women by their sport. The highly active women consisted
of student athletes from Division I, Division II, and community college athletic teams.

3.2. Dietary Assessment

Tables 2–6 summarize the reported micronutrient intake of the 58 highly active and sedentary
women. Folate intakes from food (natural sources, fortified foods) and dietary supplements are
summarized in Table 2. The highly active women reported a greater intake of natural folate (μg/day)
(p < 0.01), folic acid from fortified foods (μg/day) (p = 0.03), and folate (natural + fortified foods)
(μg/day dietary folate equivalents (DFE)) (p < 0.01) than the sedentary women. There were no
differences between the two groups of women for folate density (μg/day DFE/1000 kcal). For those
participants that reported dietary supplement use (highly active = 9; sedentary = 12), the sedentary
women consumed more folic acid from dietary supplements (μg/day) (p = 0.04) than the active women.
However, there were no additional differences in folate intakes between the groups for participants
that reported using dietary supplements.

Table 2. Folate intakes (food and dietary supplements) in highly active and sedentary women a.

Intake Variable b

Activity Level

p-ValueHighly Active Sedentary

n = 29 n = 29

Folate intake from food

Folate (natural) (μg/day) 284 ± 119 190 ± 75
<0.01 **256 (175) 190 (116)

Folic acid (fortified foods) (μg/day) 345 ± 213 238 ± 140
0.03 *302 (272) 197 (155)

Folate (natural + fortified foods) (μg/day DFE) c,d 867 ± 391 595 ± 250
<0.01 **777 (520) 537 (344)

Folate density (μg DFE/1000 kcal) c,e 364 ± 135 336 ± 154
0.47325 (205) 288 (132)

Supplement contribution for those that reported supplement use

Participants that reported folate dietary supplement use (n (%)) 9 (31) 12 (41)

Folic acid (dietary supplements) (μg/day) 564 ± 272 935 ± 438
0.04 *588 (364) 680 (595)

Folate (natural) + folic acid (fortified foods + dietary supplements)
(μg/day DFE) c,d

1470 ± 672 1468 ± 473
0.991232 (941) 1447 (670)

Folate (natural) + folic acid (fortified foods + dietary supplements)
density (μg DFE/1000 kcal) c,e

621 ± 299 904 ± 365
0.07509 (358) 775 (508)

a Values expressed as mean ± standard deviation and median (interquartile range), except where noted. b Intake
variable determined by 7-day weighed food records analyzed using the United States Department of Agriculture
(USDA) National Nutrient Database for Standard Reference, Release 20. c μg/day of DFE (Dietary Folate
Equivalents) = (folic acid × 1.7) + natural food folate. d Folate Recommended Dietary Allowance (RDA) for
women ages 14–18 = 400 μg/day of DFE. Folate RDA for women ages 19–50 = 400 μg/day of DFE. e Recommended
value for DFE density: 250 μg of DFE/1000 kcals [44]. * p < 0.05. ** p < 0.01.
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Table 3. Vitamin B6 intakes (food and dietary supplements) in highly active and sedentary women a.

Intake Variable b

Activity Level
p-ValueHighly Active Sedentary

n = 29 n = 29

Vitamin B6 intake from food

Vitamin B6 (mg/day) c 3.5 ± 2.2 1.8 ± 0.7
<0.01 **2.8 (1.9) 1.6 (0.8)

Vitamin B6 density (mg/1000 kcal) d 1.6 ± 1.2 1.0 ± 0.4
0.03 *1.1 (0.8) 0.9 (0.5)

Supplement contribution for those that reported supplement use

Participants that reported vitamin B6 dietary supplement use (n (%)) 8 (28) 12 (41)

Vitamin B6 (dietary supplements) (mg/day) 7.6 ± 9.2 14.0 ± 29.4
0.562.7 (14.0) 2.3 (3.0)

Vitamin B6 (food) + vitamin B6 (dietary supplements) (mg/day) c 11.5 ± 9.8 15.8 ± 29.3
0.707.6 (15.4) 4.4 (3.2)

Vitamin B6 (food) + vitamin B6 (dietary supplements) density
(mg/1000 kcal) d

5.0 ± 4.1 9.0 ± 15.3
0.493.4 (7.9) 2.5 (3.6)

a Values expressed as mean ± standard deviation and median (interquartile range), except where noted.
b Intake variable determined by 7-day weighed food records analyzed using the United States Department of
Agriculture (USDA) National Nutrient Database for Standard Reference, Release 20. c RDA for vitamin B6 for girls
ages 14–18 = 1.2 mg/day. RDA for vitamin B6 for women ages 19–50 = 1.3 mg/day. d Recommended value for
vitamin B6 density: 1 mg/1000 kcals [44]. * p < 0.05. ** p < 0.01.

Table 4. Vitamin B12 intakes (food and dietary supplements) in highly active and sedentary women a.

Intake Variable b

Activity Level
p-ValueHighly Active Sedentary

n = 29 n = 29

Vitamin B12 intake from food

Synthetic vitamin B12 (μg/day) 3.8 ± 5.8 1.6 ± 2.2
0.052.7(1.6) 0.7(1.8)

Vitamin B12 (μg/day) c 8.1 ± 6.3 4.7 ± 2.4
<0.01 **6.1(5.4) 4.3(2.0)

Vitamin B12 density (μg/1000 kcal) d 3.6 ± 3.7 2.7 ± 1.5
0.212.9(1.3) 2.2(1.5)

Supplement contribution for those that reported supplement use

Participants that reported vitamin B12 dietary supplement use (n(%)) 9 (31) 12 (41)

Vitamin B12 (dietary supplements) (μg/day) 34.8 ± 63.5 36.4 ± 73.8
0.9610.3(33.0) 7.0(21.0)

Vitamin B12 (food) + vitamin B12 (dietary supplements) (μg/day) c 38.3 ± 66.0 37.6 ± 74.0
0.9810.4(35.6) 9.1(21.6)

Vitamin B12 (food) + vitamin B12 (dietary supplements) density
(μg/1000 kcal) d

15.9 ± 25.6 23.7 ± 48.4
0.666.5(16.2) 5.6(15.8)

a Values expressed as mean ± standard deviation and median (interquartile range), except where noted. b Intake
variable determined by 7-day weighed food records analyzed using the United States Department of Agriculture
(USDA) National Nutrient Database for Standard Reference, Release 20. c RDA for vitamin B12 for girls ages
14–18 = 2.4 μg/day. RDA for vitamin B12 for women ages 19–50 = 2.4 μg/day. Values include natural vitamin B12
and synthetic vitamin B12 added to food. d Recommended value for vitamin B12 density: 1.5 μg/1000 kcals [44].
* p < 0.05. ** p < 0.01.
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Table 5. Evaluation of nutrient adequacy from food using DRI a recommendations of highly active and
sedentary women.

Nutrient/DRI Factors

Activity Level
Reference Values:

Girls 14–18 years b
Reference Values:

Women 19–50 years bHighly Active Sedentary

n = 29 n = 29

Folate

Met EAR (n (%)) c 28 (96) 26 (90) 330 μg/day 320 μg/day
Met RDA (n (%)) d 26 (90) 23 (79) 400 μg/day 400 μg/day

Exceeded UL (n (%)) e,f 4 (14) 1 (3) 800 μg/day 1000 μg/day

Vitamin B6

Met EAR (n (%)) c 29 (100) 26 (90) 1.0 mg/day 1.1 mg/day
Met RDA (n (%)) d 27 (93) 25 (86) 1.2 mg/day 1.3 mg/day

Exceeded UL (n (%)) e 0 (0) 0 (0) 80 mg/day 100 mg/day

Vitamin B12

Met EAR (n (%)) c 29 (100) 29 (100) 2.0 μg/day 2.0 μg/day
Met RDA (n (%)) d 29 (100) 27 (93) 2.4 μg/day 2.4 μg/day

Exceeded UL (n (%)) e,g – – – –
a DRI = Dietary Reference Intakes. b Reference value from Food and Nutrition Board, Institute of Medicine [18].
c EAR = Estimated Average Requirement. d RDA = Recommended Daily Allowance. e UL = Tolerable Upper Intake
Level. f Because the UL for folate applies to synthetic forms (fortified foods, dietary supplements), this assessment
only includes the contribution from fortified foods. g A UL for vitamin B12 has not been established.

Table 6. Evaluation of nutrient adequacy from food and supplements using the DRI a recommendations
for the highly active and sedentary women that reported dietary supplement use.

Nutrient/DRI Factors
Activity Level Reference Values:

Girls 14–18 Yeras b
Reference Values:

Women 19–50 Years bHighly Active Sedentary

Folate

Participants that reported
folate dietary supplement use n = 9 n = 12

Met EAR (n (%)) c 9 (100) 12 (100) 330 μg/day 320 μg/day
Met RDA (n (%)) d 9 (100) 12 (100) 400 μg/day 400 μg/day

Exceeded UL (n (%)) e,f 5 (56) 8 (67) 800 μg/day 1000 μg/day

Vitamin B6

Participants that reported
vitamin B6 dietary

supplement use
n = 8 n = 12

Met EAR (n (%)) c 8 (100) 12 (100) 1.0 mg/day 1.1 mg/day
Met RDA (n (%)) d 8 (100) 12 (100) 1.2 mg/day 1.3 mg/day

Exceeded UL (n (%)) e 0 (0) 1 (8) 80 mg/day 100 mg/day

Vitamin B12

Participants that reported
vitamin B12 dietary

supplement use
n = 9 n = 12

Met EAR (n (%)) c 9 (100) 12 (100) 2.0 μg/day 2.0 μg/day
Met RDA (n (%)) d 9 (100) 12 (100) 2.4 μg/day 2.4 μg/day

Exceeded UL (n (%)) e,g – – – –
a DRI—Dietary Reference Intakes. b Reference value from Food and Nutrition Board, Institute of Medicine [18].
c EAR—Estimated Average Requirement. d RDA—Recommended Daily Allowance. e UL—Tolerable Upper Intake
Level. f Because the UL for folate applies to synthetic forms (fortified foods, dietary supplements), this assessment
only includes the contribution from fortified foods and dietary supplements. g A UL for vitamin B12 has not
been established.

Table 3 outlines the vitamin B6 intake from food and dietary supplements for the 58 highly active
and sedentary women. Significant differences between groups were found in vitamin B6 intake from
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food (mg/day) (p < 0.01) and vitamin B6 density from food (mg/1000 kcal) ( p = 0.03). Eight highly
active and 12 sedentary women reported the use of supplements containing vitamin B6. However,
there were no significant differences between groups for vitamin B6 intakes for those participants that
used dietary supplements.

Dietary and supplemental intake of vitamin B12 is summarized in Table 4. The highly active
women reported a significantly higher intake of vitamin B12 from food (μg/day) (p < 0.01) than
the sedentary women. No significant differences were found between groups for synthetic vitamin
B12 added to food (μg/day) and vitamin B12 density (μg/1000 kcal) from food. Nine highly active
women reported the use of supplements containing vitamin B12 compared to 12 sedentary participants.
However, there were no significant differences between groups for vitamin B12 intakes for those
participants that reported using dietary supplements.

Table 5 describes the adequacy of dietary micronutrient intake as set by the DRI recommendations
for folate, vitamin B6, and vitamin B12. Ninety-six percent of the highly active women and 90% of the
sedentary participants met the EAR for folate. Ninety percent of the highly active women and 79% of
the sedentary women met the RDA for folate. Fourteen percent of the highly active women and 3% of
the sedentary women exceeded the UL (Tolerable Upper Intake Level) for folate, a guideline that only
applies to synthetic forms of the nutrient (i.e., fortified foods, dietary supplements). Thus, folic acid
from fortified foods was the form of folate used in this estimation. For vitamin B6, 100% of the highly
active women and 90% of the sedentary women met the EAR. Ninety-three percent of the highly active
women and 86% of the sedentary women met the RDA for vitamin B6. The UL was not exceeded by
either group of women for vitamin B6. For vitamin B12, 100% of the highly active women met the EAR
and RDA. One hundred percent of the sedentary women met the EAR for vitamin B12 and 93% of the
sedentary women met the RDA. Currently, a UL for vitamin B12 has not been established.

Table 6 describes the adequacy of dietary micronutrient intake from food and dietary supplements
as set by the DRI recommendations for folate, vitamin B6, and vitamin B12 for those participants
reporting dietary supplement use. All of the highly active and sedentary participants met the EAR
and RDA for folate, vitamin B6, and vitamin B12 when including both food and dietary supplements.
However, 5 of the highly active (56% of those reporting dietary supplement use) and 8 of the sedentary
women (67% of those reporting dietary supplement use) exceeded the UL for folate, a guideline
referring to synthetic folate sources (i.e., fortified foods, dietary supplements). None of the highly
active woman exceeded the UL for vitamin B6, whereas 1 sedentary woman did.

3.3. Blood Biochemical Assessment

Table 7 summarizes biomarkers of B-vitamin status for the two groups of women. No differences
were found between groups for any of the biomarkers for folate, vitamin B6, and vitamin B12. None of
the participants had a plasma folate, red blood cell folate, or plasma vitamin B12 concentration below
the reference range. However, two (7%) of the sedentary participants had plasma transcobalamin
II concentrations below the reference range. Two (7%) of the highly active women and two (7%) of
the sedentary participants had plasma transcobalamin II concentrations above the reference range.
Additionally, two (7%) of the sedentary participants had PLP concentrations below the reference range.

Table 7 also describes the hematological data for the study participants. One athlete had a
mean corpuscular volume (MCV), hemoglobin, and hematocrit values below the reference range.
No participant was found to have an MCV value above the reference range. However, there were
no significant differences between groups for these three hematological markers and CRP.
Thirty-four percent of the athletes and 28% of the sedentary participants had CRP values above
the reference value.
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Table 7. Biochemical markers of highly active and sedentary women a,b.

Blood Parameter Reference Range

Activity Level

p-ValueHighly Active Sedentary

n = 29 n = 29

Folate c >3 ng/mL 11 ± 4 11 ± 4 0.91
Number below reference range (n (%)) 0 (0) 0 (0)
Red blood cell folate c >140 ng/mL 444 ± 83 436 ± 122 0.79
Number below reference range (n (%)) 0 (0) 0 (0)
Vitamin B12 c >170 pg/mL 647 ± 267 552 ± 168 0.11
Number below reference range (n (%)) 0 (0) 0 (0)
Transcobalamin II d 13–244 pg/mL 148 ± 115 146 ± 82 0.92
Number below reference range (n (%)) 0 (0) 2 (7)
Number above reference range (n (%)) 2 (7) 2 (7)
Pyridoxal 5′-phosphate c >20 nmol/L 53 ± 34 45 ± 26 0.33
Number below reference range (n (%)) 0 (0) 2 (7)
Homocysteine c <14 μmol/L 6 ± 2 6 ± 2 0.93
Number above reference range (n (%)) 0 (0) 0 (0)
Mean corpuscular volume e 78–100 fL 89 ± 6 89 ± 3 0.91
Participants below the reference range (n (%)) 1 (3) 0 (0)
Hemoglobin e 11.5–16.0 g/dL 13.5 ± 1.1 13.8 ± 0.7 0.23
Participants below the reference range (n (%)) 1 (3) 0 (0)
Hematocrit e 35%–48% 40 ± 3 40 ± 2 0.78
Participants below the reference range (n (%)) 1 (3) 0 (0)
High sensitivity C-reactive protein
e median (interquartile range) <1.0 mg/L 0.5 (3.2) 0.4 (1.0) 0.55

Participants above the reference range (n (%)) 10 (34) 8 (28)
a Mean ± standard deviation, except where noted. b Independent sample t-tests used to examine differences for all
parameters except C-reactive protein (Mann Whitney U test). c Reference value from Food and Nutrition Board,
Institute of Medicine [18]. d Reference value from Herzlich and Herbert [37]. e Reference value from Sonora Quest
Laboratories. * p < 0.05.

4. Discussion

This study is one of few that summarizes a comprehensive nutrition assessment of the B-vitamins
using dietary (food and dietary supplements) and biochemical assessments in highly active women
compared to a control group of sedentary women. As part of the dietary assessment, food records
were collected over 7 days (longer than other studies in the research literature) to determine nutrient
adequacy using the DRIs for folate, vitamin B6, and vitamin B12. The average micronutrient intake of
the highly active and sedentary participants not only met the 1998 DRIs, but were much higher than the
dietary intakes reported in previous studies. Additionally, four highly active women and one sedentary
participant exceeded the UL for folate with the consumption of fortified foods. Information was
collected on dietary supplement use as part of the dietary assessment. The participants that used dietary
supplements met the 1998 RDA for folate, vitamin B6, and vitamin B12. Furthermore, five highly
active and eight sedentary women exceeded the UL for folate when the intake included both food
and supplements. Dietary supplement use has not always been reported or included in previous
studies. As part of the biochemical assessment, biomarkers for folate, vitamin B6, and vitamin B12
were determined. The mean values for the biomarkers were not significantly different between the two
groups of women. All of the highly active women had biomarkers for folate, vitamin B6, and vitamin
B12 within the reference ranges, suggesting good status. However, two sedentary women had low
transcobalamin II concentrations, suggesting poor status of vitamin B12, and two different sedentary
women had low PLP concentrations, suggesting poor status of vitamin B6.

4.1. Dietary Assessment

Folate, vitamin B6, and vitamin B12 intakes from food were significantly higher in the highly active
women compared to the sedentary women. This finding may be related to the significantly higher
energy intake by the highly active women. Only vitamin B6 was significantly different between groups
for nutrient density, with a higher density in the highly active women; however, nutrient density
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recommendations were met for all three nutrients by both groups. Thus, the highly active women
were not necessarily consuming more nutrient dense foods, especially for folate and vitamin B12.
Athletes with lower energy requirements may benefit from nutrition education to help them select more
nutritious foods in the diet. The average dietary intake of vitamin B6, folate, and vitamin B12 for the
women in our study exceeded the 1998 RDAs for folate (400 μg/day of DFE), vitamin B6 (1.2 mg/day
for girls 14–18 years; 1.3 mg/day for women 19–50 years), and vitamin B12 (2.4 μg/day). The reported
dietary intakes from this study are also much higher than the intakes reported in recent NHANES data
(i.e., women 20–29 years of age: vitamin B6 = 1.91 mg, folate = 471 μg DFE, vitamin B12 = 4.23 μg) [16].

In our study, the dietary intakes for folate are higher than those reported by female athletes in
previous studies conducted after the mandatory folic acid fortification [13,14,23,26]. For example,
25 synchronized figure skaters reported average intakes for folate of 65% of the 1998 RDA [14].
In another study, pre- and post-season intakes for folate were examined in 13 intercollegiate female
soccer players [13]. Pre-season intakes were 271 ± 130 μg/day, while the post-season intake was
reported as 186 ± 113 μg/day. Similarly, Leydon and Wall examined dietary intakes among female
jockeys and reported average dietary intakes of only 132 ± 52 μg/day [23]. Among female recreational
athletes, Joubert and Manore reported higher dietary intakes for folate of 428 ± 125 μg/day for female
athletes participating primarily in low intensity activities and 511 ± 105 μg/day for female athletes
participating in high intensity activities [26].

Similarly, the reported vitamin B6 intakes in our study are higher than those reported by female
athletes in the research literature [13,14,23,26]. Among female soccer players, the mean pre-season
vitamin B6 intake met the 1998 RDA, but the mean post-season intake did not [13]. The post-season
overall energy intake was less than the pre-season intake and could account for a decreased vitamin B6
intake. Ziegler et al. examined the vitamin B6 intake of female synchronized figure skaters utilizing
3-day food records of 123 athletes and reported results by age [14]. The mean values for all participants
and the girls aged 14–18 years did not meet the 1998 RDA for vitamin B6. The lower intakes reported
in this study may be due to lower energy intakes as figure skating is seen as a weight conscious
sport. For female jockeys, another weight conscious sport, the average vitamin B6 intakes were
0.90 ± 0.49 mg/day, less than the 1998 RDA and EAR [23]. However, other research has reported
adequate vitamin B6 intakes. For instance, Joubert and Manore reported mean vitamin B6 intakes
from 2.2 ± 1.6 to 2.4 ± 0.7 mg/day in recreational athletes, above the current RDA of 1.3 mg/day for
women 19–50 years of age [26].

In the research literature, the mean intakes of vitamin B12 for female athletes are lower than those
found in our study [13,14,23,26]. For example, the average pre- and post-season vitamin B12 intakes of
female soccer players were 4.5 ± 1.9 μg/day and 2.1 ± 1.7 μg/day, respectively [13]. The pre-season
intake was also higher in dietary protein, which possibly influenced the average vitamin B12 intake.
The post-season average intake did not meet the 1998 RDA, but was adequate when compared to the
EAR, a guideline that may not be appropriate for an athlete. In female synchronized figure skaters,
the average intake met the 1998 RDA [14]. However, younger skaters (14–18 years) had average
intakes of 2.2 μg/day for vitamin B12, less than the RDA. Leydon and Wall reported dietary intakes of
vitamin B12 less than the RDA among female jockeys (2.15 ± 1.07 μg/day) [23]. Joubert and Manore
reported dietary intakes for vitamin B12 that exceeded the RDA among female recreational athletes
(5.3 ± 2.5 to 5.3 ± 4.8 μg/day) [26]. Our highly active women reported much higher vitamin B12
intakes (active = 8.1 ± 6.3 μg/day; sedentary = 4.7 ± 2.4 μg/day), which may be attributed to a more
complete dietary assessment, utilizing a dietary software database that also included synthetic food
sources of vitamin B12.

The current study reported higher intakes of vitamin B6, folate, and vitamin B12 than most
other studies. Several factors may have contributed to this finding. First, when the dietary software
program was missing micronutrient information for the B vitamins, we used the USDA nutrient
database to reanalyze the food records. The USDA nutrient database was more complete in regards
to B-vitamin content, including synthetic forms of folate and vitamin B12. Other studies may have
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used software with similar missing data, thus, leading to an underestimation of dietary intakes.
Second, our participants reported average intakes of 867 ± 391 μg/day (active) and 595 ± 250 μg/day
(sedentary) DFE for folate. Food records showed large quantities of ready-to-eat breakfast cereals
consumed by both groups of women. Some participants consumed >3 cups per sitting with multiple
sittings per day. Four (14%) of the highly-active and one (3%) of the sedentary women had folate
intakes that exceeded the UL of 1000 μg/day. Among US adults, Yang et al. reported that 2.7% of
adults consumed more than the UL of folic acid, a percentage similar to the sedentary women in our
study [45]. Thus, the consumption of ready-to-eat cereal was most likely associated with the higher
dietary intakes of folic acid.

Two studies in female athletes also included dietary supplements when completing a dietary
assessment of B-vitamins [25,34]. Singh et al. examined dietary intakes of ultra-marathon runners
and found the average intake of vitamin B6 from food was 2.6 ± 0.3 mg/day for the usual diet
and 2.3 ± 0.3 mg/day for the pre-race diet [34]. Vitamin B6 intake jumped to 7.3 ± 2.2 mg/day
(usual diet) and 7.0 ± 2.4 mg/day (pre-race diet) when food and supplement intakes were combined.
Average dietary folate intakes of the ultra-marathon runners were 391 μg/day, which only met the
1998 EAR of 320 μg/day of DFE [34]. When supplemental folic acid was included, average intakes
of dietary folate increased (629 ±102 μg/day for usual intake and 513 ± 92 μg/day for pre-race
intake). Singh et al. reported the average intake of vitamin B12 from food as 6.1 μg/day for the usual
diet and 4.5 μg/day for the pre-race diet from food. Inclusion of supplemental vitamin B12 intake
increased the total intake to 51.3 μg/day (usual diet) and 51.8 μg/day (pre-race diet), well above the
1998 RDA. Beshgetoor and Nichols also described the food and supplement intake of 25 female master
cyclists and runners [25]. The mean intake of vitamin B6 for the supplementing athletes (SA) and the
non-supplementing athletes (NSA) was 15 ± 5 mg/day and 3 ± 1 mg/day, respectively. Both groups
met the 1998 RDA. The mean intake of folate for the SA and NSA was 486 ± 55 and 402 ± 115 μg/day
DFE, respectively. The mean vitamin B12 intake for the SA and NSA was 18 ± 5 and 6 ± 2 μg/day,
respectively, well above the EAR and RDA. Similarly, our study also documented higher consumption
of folate, vitamin B6, and vitamin B12 for the highly active and sedentary women when both food and
dietary supplements were included in the nutrient totals as part of the dietary assessment.

4.2. Biochemical Assessment

As part of the biochemical assessment, we examined biomarkers for folate, vitamin B6,
and vitamin B12 in highly active and sedentary women. There were no significant differences
between groups for any of the B-vitamin biomarkers. All of the highly active women had biomarkers
within the reference ranges for plasma folate, RBC folate, plasma vitamin B6, vitamin B12,
and homocysteine. Two sedentary women had transcobalamin II concentrations below the reference
range of 13–244 pg/mL, suggesting poor vitamin B12 status from the biochemical assessment.
When examining their dietary assessment data, neither participant reported using dietary supplements
and one reported a vitamin B12 intake much lower than the group mean (2.8 μg/day). Two of
the sedentary women had PLP concentrations <20 nmol/L, suggesting poor status of vitamin B6.
Upon further examination of their dietary assessment data, one was non-supplementing and reported
an average vitamin B6 intake of 1.35 mg/day. The other sedentary participant reported using a dietary
supplement containing vitamin B6 (2 mg/day) and was consuming on average 1.54 mg/day of vitamin
B6 from food. Ten of the highly active women had elevated CRP concentrations, which may be a sign
of inflammation due to over training [46–48]. Eight of the sedentary women had elevated CRP levels
as well, which may be related to environmental factors, such as stress at home or work, pollution,
illness, or other factors. The more than adequate dietary intakes of folate, vitamin B6, and vitamin B12
certainly impacted the nutrient biomarkers.

Plasma homocysteine concentrations, a functional biomarker of B-vitamin status, were within
the normal range in our highly active and sedentary women and there were no differences between
the groups of women. The amount of training performed by our participants did not impact plasma
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homocysteine concentrations. Similarly, the adequate dietary intakes for folate, vitamin B6, and vitamin
B12 may have influenced plasma homocysteine concentrations. Some studies have documented acute
increases in homocysteine after exercise, but then a return to baseline after a recovery or resting
period. For instance, Wright et al. reported homocysteine concentrations in men increased immediately
after a 30 minute bicycle ride, but began to decrease within 30 min after exercise [49]. In another
study involving winter athletes, plasma homocysteine concentrations were higher during training
and competition compared to baseline [50]. Dehydration and decreased blood volume after strenuous
exercise may be a factor in these study results. Similarly, Gelecek and colleagues reported increases in
homocysteine concentrations from baseline after one exercise session and a 6 week exercise training
program [51]. These results can also be a factor of dehydration. Our study documented biomarkers for
folate, vitamin B6, and vitamin B12 within the reference range for the highly active women, but we did
not examine the effect of acute physical activity on these parameters.

4.3. Limitations

The first limitation is related to the self-reported food and activity logs. Participants were
instructed how to complete the forms and provided written information to use as a guide.
However, many food records needed clarification of contents, amounts consumed, and preparation.
Participants may have omitted some of their dietary intake to make it look as though they consumed
less. Examples include omitting “unhealthy” foods and reporting intake of more socially desirable
foods. The second limitation is that the results of this study are not applicable to all female athletes as we
did not have representatives from every sport discipline. Due to the small sample sizes included in our
study (basketball, n = 1; cross country/long-distance running, n = 3; gymnastics, n = 1; ice hockey, n = 1;
softball, n = 3; swimming, n = 11; tennis, n = 4; volleyball, n = 5), our results may not be generalizable
to female athletes participating in these same sports. A third limitation is the classification of activity
level using self-report of programmed physical activity. For instance, the sedentary women could
have reported engaging in <2 h of programmed physical activity but have jobs that require them
to stand, walk, and complete physical movement throughout the day (i.e., childcare, retail sales,
landscaping), thus confounding the results. Fourth, due to limited research, power calculations were
not computed for reported vitamin B12 dietary intakes and B-vitamin biomarkers. The study was
not powered to detect differences between the active and sedentary women in reported dietary folate
intakes and may not have been sufficiently powered to detect differences in the other study outcome
measures. This low statistical power reduces the chance of detecting any true differences between
the study groups and increases the likelihood of making a type II error. Thus, the study results
should be interpreted with caution and may not be generalizable to other groups of highly active and
sedentary women. Fifth, selection bias may have influenced the study results. Because the participants
volunteered for this nutrition study, they may be more interested in health and nutrition than their
peers and may not appropriately represent other highly active and sedentary young women. Another
limitation is whether the participants followed the parameters of the fasting blood draw (8-h fasting).
Participants were asked the time when food/meal was consumed before the blood draw. There is also
the possibility the participants did not refrain from physical activity or smoking (if they reported social
smoking) for 48 h prior to the blood draw. Acute bouts of strenuous exercise may have an impact on
CRP levels and smoking may alter folate status and CRP concentrations [46–48,52].

4.4. Future Studies

This study is one of few to comprehensively assess B-vitamin status (folate, vitamin B6,
and vitamin B12) using both dietary (food, dietary supplements) and biochemical assessments in highly
active and sedentary women. We did not report losses of the B-vitamins or complete a clinical exam
looking for physical signs and symptoms related to B-vitamin status. Additional biomarkers (both static
and functional) could further describe B-vitamin status of highly active women. Future studies should
also incorporate larger sample sizes representing athletes from varied sports.
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5. Conclusions

This study described a comprehensive nutrition assessment of the B-vitamins in highly active
and sedentary women. Although the highly active women had significantly higher dietary intakes
of energy, folate, vitamin B6, and vitamin B12, there were no significant differences between groups
for the biomarkers of B-vitamin status. The dietary intakes reported by the women in this study
were much higher than the dietary intakes reported in the research literature. Additionally, 5 women
(4 highly active, 1 sedentary) exceeded the UL for folate with the consumption of fortified foods.
In this study, all of the women that used dietary supplements met the 1998 RDA for folate, vitamin B6,
and vitamin B12. However, the UL for folate was exceeded by 5 highly active and 8 sedentary women
when the intake included both food and supplements. Furthermore, all of the highly active women
had biomarkers of B-vitamin status within the reference ranges, reflecting the adequate dietary intakes
(food, dietary supplements) for folate, vitamin B6, and vitamin B12.
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Abstract: Today’s industrial food production contributes significantly to environmental degradation.
Meat production accounts for the largest impact, including greenhouse gas emissions, land and
water use. While food production and consumption are important aspects when addressing climate
change, this article focuses predominantly on dietary change that promotes both health for planet
and people with focus on athletes. Healthy, sustainable eating recommendations begin to appear
in various governmental guidelines. However, there remains resistance to the suggested reductions
in meat consumption. While food citizens are likely to choose what is good for them and the
planet, others may not, unless healthy eating initiatives integrate creative food literacy approaches
with experiential learning as a potential vehicle for change. This concept paper is organized
in three sections: (1) Environmental impact of food; (2) health and sustainability connections;
and (3) application in sports and exercise. For active individuals, this article focuses on the quantity
of protein, highlighting meat and dairy, and quality of food, with topics such as organic production
and biodiversity. Finally, the timing of when to integrate sustainability principles in sport nutrition
is discussed, followed by practical applications for education and inclusion in team, institutional,
and event operations.

Keywords: sustainability; food; environment; sports nutrition; athlete; health; sustainable diet;
food literacy

1. Introduction

There is an urgent need to reduce the degradation of natural resources and limit global
warming, while providing healthy and sustainably produced food to a growing population.
Agriculture contributes greatly to climate change and resource extraction, with animal-based foods
playing a major role in greenhouse gas (GhG) emissions, loss of land, water, and biodiversity [1–4]
Further, current dietary patterns contribute to chronic disease through inadequate intakes of
plant-based foods and high consumption of red and processed meat [5,6]. In addition, climate
change itself will negatively affect food production should temperatures continue to rise, resulting
in reduced yields [7,8]—possibly as much as 30–40% loss by the turn of the century [9]. Adding to
this, the consequential sea level rise due to ice melt in the Arctic, displacing not only people but also
valuable agricultural land [10], and thus, indicating that food security will likely become the major
threat to humans on earth. While agriculture itself must assume more sustainable practices, despite
the continued need for intensification [11], strategies for adopting diets with lower environmental
impact that are healthy, economically viable, and socially and culturally acceptable are also needed.
Thus, for the first time in the history of dietary guidance, food and climate change are crossing paths,
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and promoting a sustainable, healthful diet, also fit for the athlete, is now more than ever arising as an
urgent public and planetary message.

This concept paper is organized in three sections: (1) Environmental impact of food; (2) health and
sustainability connections; and (3) application in sports and exercise. For active individuals, this article
focuses on the quantity of protein, highlighting meat and dairy, and the quality of food, with topics
such as organic production and biodiversity. Finally, the timing of when to integrate sustainability
principles in sport nutrition is discussed, followed by practical applications for education and inclusion
in team, institutional, and event operations.

1.1. Environmental Impact of Food

The environmental impact of food production affects both terrestrial and marine environments.
Agriculture uses about one third of arable land, almost three fourths of global water resources, and one
fifth of energy. Thus, agriculture is a major contributor to resource depletion [12]. Agriculture also emits
large quantities of GhGs. Agriculture accounts for 30% of total GhG emissions from pre-production,
production, to post-production [7,13,14], with direct emissions from agriculture contributing the
most [7].

Greenhouse gas emissions are quantified in terms of carbon dioxide equivalents (CO2eq),
collectively also known as global warming potential. Carbon dioxide (CO2) is the most prominent
anthropogenic GhG with a global warming potential of 1. Nitrous oxide (N2O) and methane (CH4)
are the other two major GhGs, with global warming potential of over 300 and 25 times that of CO2,
respectively, expressed over a 100-year lifespan [15]. Thus, these GhGs contribute significantly to
global warming, and therefore, are at least as important to mitigate as CO2.

Direct emissions from agriculture account for the largest fraction in agriculture-related GhG
emissions, by generating CO2, N2O, and CH4 directly on the farm [7]. Nitrous oxide arises from
fertilizer applied to soil, as part of the denitrification process. Agriculture produces 65% of all N2O [16,17].
Methane is generated in large quantities from enteric fermentation and manure from ruminants [1,17–19]
and, to a smaller extent, from rice production [14]. Further direct, on-farm emissions originate
from fossil fuel dependence to run tractors and machinery, which release CO2 [7,20]. Adding to
this the high demand for animal feed, such as corn and soy, from agriculture, animal agriculture
(especially ruminant) plays the biggest role in food-generated GhG emissions and global warming
potential [19], exceeding the production of vegetables, grains, and legumes [21,22]. While direct
emissions from agriculture contribute the greatest in global warming potential, pre-production
processes also include resource-intensive fertilizer, pesticide and herbicide production, which emit
GhGs [14]. Climate change mitigation, especially from direct emissions, is critical, as estimates indicate
an additional 35–60% rise in CH4 and N2O already by 2030 [23]. Table 1 shows GhG emissions per
kilogram of various foods.

Food production requires arable land, but there are not unlimited resources. About 33% of
Earth’s ice-free surface is used for agriculture [12]. Animal agriculture requires large amounts of
land—approximately half of all of agriculture—not only for the animals, but also to produce their
feed [1,19,24]. Agriculture has negatively affected the land, with excessive chemical input, causing
poor soil health and pollution, with potential adverse human health effects [25–32]. While meat
production has become industrial and inexpensive, its impact on animals and people have been
largely neglected [19,33,34]. To meet a rising demand for food, especially meat, ecosystems continue
to be compromised to clear more land [1,7]. This land clearing is also called deforestation and is
an indirect but large contributor to agriculture’s impact on the environment, including the loss of
biodiversity [1,2,4].

469



Nutrients 2017, 9, 412

Table 1. Greenhouse gas (GhGs) emissions in food.

Low GhGs Medium GhGs High GhGs

<1 kg CO2 eq/kg edible weight 1–4 kg CO2 eq/kg edible weight >4 kg CO2 eq/kg edible weight

Potatoes Chicken * Beef

Pasta Milk, butter, yogurt * Lamb

Bread Eggs Pork

Oats and other grain Rice Turkey

Vegetables (e.g., onions,
peas, carrots, corn, brassica) Breakfast cereals Fish

Fruits (e.g., apples,
pears, citrus, plums, grapes) Spreads Cheese

Beans/lentils Nuts/Seeds

Confectionary Biscuits, cakes, dessert

Savory Snacks Fruit (e.g., berries, banana, melons, salad)

Vegetables (e.g., salad, mushrooms,
green beans, cauliflower, broccoli, squash)

* May be as high as 20–50 kg CO2 eq/kg edible weight. Average CO2 emissions for driving car are 0.186 kg CO2
eq/km driven. Adapted from [35] (with permission).

Post-production GhG emissions include emissions from food storage, packaging, distribution,
transport, and end-consumer effects (e.g., waste). Compared to agriculture’s direct emissions,
post-production GhG emissions are considered small [14,36]. Taken together, direct (on farm) and
indirect (deforestation) effects of agriculture contribute the largest part of all food-related GhG
emissions and land use.

Although not always counted in environmental food studies, post-production includes waste.
Globally, about one third of food produced is discarded per year [36] with enormous global warming
potential [37]. Food loss can occur along the entire supply chain, from harvest to consumer-level
discards. The amount of food waste is generally higher in developed countries, although developing
nations also show food loss, especially during production and harvest [38]. In developed nations,
consumer-level food waste (e.g., households) is significant [39]. In the US, food waste from households
has increased by 50% since the 1970s [40]. On average, 40% of food in the US is wasted each year [41].
This amounts to 9 kg of food wasted per person per month or 200 kg of food per 4-person household
per year. This has been estimated to cost the American family at least $589 and the entire country
$165 billion per year [42]. Food waste is a significant contributor to resource depletion, considering
energy, water, and land are needed for production, distribution, and storage of the food that goes
uneaten. Moreover, discarding the food adds a further burden to the environment, accounting for 25%
of landfill-generated CH4 [41]. Thus, besides the energy-costly inputs and GhG emissions from food
produced that is unconsumed, wasting it contributes to environmental degradation.

Finally, a significant impact of agriculture on the environment is also its water use. About 70% of
all surface and ground water goes to agriculture, with many aquifers showing diminishing reserves [43].
As water resources are becoming equally scarce as land, it is important to consider the significantly
greater water footprint of beef production as compared with alternative meat and plant sources [19,21,
44], although there are some exceptions [13].

Studies that focus on food and the environment use Life Cycle Assessment (LCA) to quantify
global warming potential of the entire food supply chain—from cradle to grave, including all resources
used and all emissions to air, soil, and water. While GhG emissions specific to agriculture are commonly
reported, comprehensive LCA studies also include land and water use, toxicity to ecosystems and
human health, biodiversity loss, eutrophication, and ocean acidification [45]. Although beyond the
scope of this paper, the reader is encouraged to consult further literature on this topic [7,13,14,46,47].
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1.2. Dietary Change to Reduce Environmental Impact

Studies have shown that dietary change can play a significant role in reducing the impact
of agriculture on global warming potential, land and water use. Recently, scientists have also
linked environmental impact, nutrition, and health in the discourse of dietary change [13,48–50].
When considering dietary change as a realistic pathway for the reduction in GhG emissions, land and
water use, one of the simplest approaches is to follow healthy dietary guidelines, including a reduction
in calories [50,51]. This should not be underestimated since reducing calories, especially if achieved by
increasing fruit, vegetables, and dietary fiber at the expense of meat, would result in weight loss and
improved health, with enormous impacts on society, including health care cost [51–55].

Animal agriculture is the most costly for the environment [19,21,52]. Eshel et al. 2014 have
demonstrated that ruminant (beef) production requires 28 and 11 times more land and water and emits
5 times more GhG, compared with the production of non-ruminant protein sources (e.g., chicken, pork,
eggs). Converted to food and protein, beef has a 35:1 feed-to-food caloric ratio compared with a 10:1
ratio for other animal proteins and an 800:1 ratio for feed calories-to-protein ratio, which is almost
10 times lower for other animal protein sources [19]. Thus, eating less beef is becoming an important
dietary message worldwide [56]. However, there can be even greater reductions by lowering meat
consumption in general [19], and replacing meat, and especially ruminant meat, with plant-based
alternatives, which reduces land, energy, and water use, while lowering GhG emissions and waste [21].
While dairy is more efficient than beef, emitting less GhGs, dairy production exceeds egg, poultry,
and pork production in land and water use [19,53,57]. Thus, dairy production also contributes to
the expansion of cropland and resource extraction which, together with beef production, eventually
exceeds the Earth’s safe operating space [58].

Reducing beef consumption and replacing some with plant-based sources, chicken, pork, or eggs
could decrease GhG emissions by up to 35% from the food sector [35]; however, a moderate reduction
and replacing beef with dairy has a negligible effect [50]. Replacing beef with fish may provide some
benefit but this largely depends on the type of fish, its production system, and fish feed used in
aquacultures [3]. Eating less beef can reduce land use by 50% to 70% (see reviews by Hallström et al.,
2015 and Aleksandrowicz et al., 2016 [50,59]). Thus, consuming less beef (and dairy) could slow land
clearing for feed production and some of this land could be repurposed to grow food for human
consumption [53].

Eating less animal and more plant protein in general is also in line with governmental dietary
guidelines [56], since most developed nations exceed protein, and especially meat, recommendations [3].
A recent article entitled “Protein production: planet, profit, plus people?” recommends people eat one
third less protein overall, replace one further third of their protein intake by plants such as beans,
nuts, and grains, and choose the final third from free-range animals [60]. Based on annual per capita
intake data [61], if this rule were applied to meat intake, this would still give the average American
80–100 grams (3–4 ounces, oz) per day.

Considering dietary change that could contribute to climate change mitigation, shifting from a
typical Western diet to a more environmentally sustainable diet with less meat and more plants would
work [59]. Being vegetarian or vegan would be better, with over 30% and up to 70% reduction potential
in GhG emissions and land use [21,59,62] and 50% less water use [59]. However, vegetarian or vegan
lifestyles may not be preferred for many people [63]. In addition, recent advances also point toward
beneficial roles of well-managed, sustainable grazing practices that promote carbon sequestration
on rangelands [64], and some areas in the world are less suited for crop production but still provide
a great place for livestock, including ruminants. Adding more value to the consumption of meat is
necessary [60], however. Thus, in the above example by Aiking (2014), the last third of what used to
make up a meat-based dish, should contain a source that can be traced back to its origin, showing a
healthy environment where animals are part of an intact ecosystem, given a good life and an end with
dignity [60].
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2. Dietary Guidelines and Sustainability

It is quite clear that eating less meat (especially less red and processed meat), besides eating less
overall and more whole and plant-based foods (i.e., vegetables, fruit, nuts, beans, grains), would be
one of the most important dietary strategies for both planet and people. These recommendations
are also grounded in the dietary guidelines of many countries, some of which have integrated
sustainability [56].

In recent years, governmental dietary recommendations from various countries have begun
to integrate sustainability. According to a recent report by the Food and Agriculture Organization
(FAO) [56], of 83 countries that have official dietary guidelines, there are 4 reported countries that
reference environmental factors in their dietary guidelines. These include Sweden, Germany, Brazil,
and Qatar. Table 2 highlights sustainability commitments beyond those generally targeted to health
(e.g., increase plant foods).

Table 2. Sustainability commitments in Germany, Brazil, Sweden, and Qatar.

Germany Brazil Sweden Qatar

Sustainability
Highlights

Eat meat in moderation.
Use fresh ingredients.
Take your time and enjoy
eating. Eat fish once or
twice a week.

Choose seasonally and locally
grown produce. Try to restrict
the amount of red meat. Limit
the amount of processed foods.
Eat in company. Develop,
exercise and share cooking
skills. Plan your time and
make food and eating
important in your life.

Eat less red and processed
meat (no more than 500 g
of cooked meat per week).
Choose eco-labelled
seafood. Try to maintain
energy balance by eating
just the right amount.

Limit red meat to 500 g per
week. Avoid processed
meat. Eat less fast foods
and processed foods.
Build and model healthy
patterns for your family.
Eat at least one meal
together daily with family.

The first country world-wide to awaken awareness regarding sustainability and food consumption
was Sweden in 2009, calling for a reduction in meat in consumers [65], with a cohort of countries today
advising to reduce overall meat consumption to 500 g per week (16–17 oz) [56]. Current meat intake in
the US is almost 4 kg (9 pounds, lbs) of trimmed, boneless meat per week, with an annual per capita
consumption of almost 90 kg (195 lbs) [66]. However, the US is not alone, as many European and
South American countries, along with Australia are also high, but not quite as high. Calculating the
yearly per capita consumption per sustainability guidelines, with 500 g per week or a total of 26 kg
annually, this equates to about one third of the current US consumption pattern.

While inclusion of sustainability into the US Dietary Guidelines would have been highly
significant, considering (1) the high calorie and meat consumption in the US and (2) the potential
global impact of US dietary guidelines [67], it remained invisible in the official guidelines [68].
Although not part of national dietary advice, several countries have published scientific papers
that focus on mathematical modeling to derive a regional, sustainable and healthy diet alternative
to what is considered the norm. The New Nordic Diet and the Low Lands Diet are two such
examples. Both studies focused on less meat, more (Nordic Diet) or less (Low Lands Diet) fish,
and local, traditional foods, and both used the Mediterranean diet as benchmark to link health
and sustainability [69,70]. Further, there are several quasi-official guidelines, from government
agencies or government-funded entities that also include sustainability [56]. Most recently, the
Netherlands published an update through the Netherlands Nutrition Centre, calling its citizens
to action to reduce red meat intake to less than 300 g per week, while the UK’s governmental agency,
encompassing England, Wales, Scotland, and Ireland also added a 7% reduction of dairy products [71].

2.1. Are People Willing to Change Diets to Protect the Environment?

When dietary guidelines promote a change, press releases are often the next step, communicating
the governmental messages to the public. However, it is well known that dietary guidelines are
only marginally followed [72] and that eating behaviors are difficult to change [63], especially if
guidelines remain a verbal or written recommendation without the practical skill building required to
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put the guidelines into practice [73]. In addition, simply telling people what they should eat without
communicating the reason behind this recommendation or focusing too much on diet and health may
not work either. For example, Hekler and colleagues (2010) showed that a college course on society,
ethics, and food changed eating practices more favorably than in students taking courses in health
with a focus on biology, obesity, psychology, or community [74]. However, what about sustainability
and the environment? Do people (1) understand the link between eating less meat and climate change
and (2) would they make the change if it were both good for health and good for the planet?

“Eat as if there is no tomorrow” [63] studied a sample of Scottish people living in rural and urban
areas using focus groups and interviews. The purpose of the study was to examine the perceptions
of people toward eating less meat. The authors identified the following common themes, using a
qualitative analysis: there was (1) a general lack of awareness related to the link between climate change
and meat consumption and (2) little understanding that personal choice regarding meat consumption
had anything to do with climate change. Finally, the study also showed that those interviewed were
generally resistant to reducing meat intake.

Meat is a traditional menu ingredient in many cultures—meat is often the center piece of the plate.
It should be apparent that dietary behavior change will only occur if people begin to understand how
best to reduce meat intake. This requires innovative menu design, similar to what has been proposed
by the Culinary Institute of America (CIA) and Harvard School of Public Health with the Menus of
Change initiative [75], in addition to public campaigns such as Meatless Mondays [76]. This was also
the synthesis of a recent study [73], proposing that besides policy change, innovative culinary training
through reskilling to cook more balanced vegetarian meals would be necessary. In other words, food
literacy training will be needed to bring these ideas closer to consumers.

Regardless of approach taken, promoting meat reduction for personal and planetary health,
may continue to be challenging, as was shown by de Boer, de Witt, and Aiking, 2016. These authors
studied people’s perceptions as to the extent to which personal dietary change could mitigate climate
change [55]. Few recognized eating less meat as an effective way to mitigate climate change, but those
who did, showed greater willingness to eat less meat. When asked to rate personal preference of (1)
eating less meat; (2) eating more organic food; and (3) eating more local/seasonal food as a vehicle to
mitigate climate change, eating more locally/seasonally grown food appealed to more individuals
than the other two, including the message of eating less meat [55].

2.2. Duality of Sustainability and Health

As we begin to imagine how to integrate sustainability into healthy and athletic lifestyles through
the food we chose, we must define what constitutes sustainable food. Sustainability means that
“humanity has the ability to make development sustainable—to ensure that it meets the needs of the
present without compromising the ability of future generations to meet their own needs” [77] (p. 5).
The three pillars of sustainability which include equity, environment, and economics often focus on
what is currently unsustainable, for example in food production, but also tend not to challenge the
consumer in moving to sustainable development. Sustainability is a moving target, dynamic and
ever changing, as the planet is changing. Thus, adapting with the goal to mitigate climate change is
needed in all sectors of production, distribution, consumption, and resource recovery, globally as well
as locally. While there are numerous examples of sustainable agricultural advances, including organic
production [78] and perennial polycultures [79], promoting greater social equity for farmers and
welfare for animals and focusing on sustainable consumption patterns are also important. So, what is
a sustainable diet? “A sustainable diet is a diet with low environmental impacts which contributes to
food and nutrition security and to a healthy life for present and future generations. A sustainable food
system is protective and respectful of biodiversity and ecosystems, culturally acceptable, accessible,
economically fair and affordable, nutritionally adequate, safe and healthy, while optimizing natural
and human resources” [80] (p. 111).
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In 2014, Kjærgård and colleagues published a framework on how to link sustainability and health
and by doing so, dual benefits could be observed [81]. These authors referred to their concept as a
duality between sustainability and health. Considering sustainable food choices, a sustainable diet
would also be a healthy diet. To understand this duality concept a bit deeper, the example of meat
shows the duality of sustainability and health quite well. In general, livestock production, especially
beef production, is associated with resource depletion and pollution [4] and contributes significantly
to GhG emissions, biodiversity loss, and high health care costs [2]. Excessive red meat consumption
has been associated with poor health outcomes, such as cardiovascular disease, obesity, diabetes,
and cancer [5,7,82,83]. In addition, how animals are raised in some countries, in confined animal
feeding operations (CAFOs), is also of concern regarding animal and worker welfare in the context
of community prosperity, health, and quality of life near CAFOs, and human antibiotic resistance
from non-therapeutic use of antibiotics in such production systems [84]. The duality of health and
sustainability shows that addressing the “eat less meat” message has co-benefits for both sustainability
and health. From the consumer side, dietary approaches that promote high protein intakes, such as
the westernized diets and those recently termed “the diets of the healthy and wealthy” [85] fail to
consider this duality approach, and thus, slow the shift urgently needed to promote both sustainable
and healthful eating. There are other examples that provide insight into the intertwined synergies
between sustainability and health, such as the ecosystem and health services arising from urban farms
and community gardens [86] as well as reducing food waste [87].

Taken together, the inclusion of sustainability in nutrition and health is critical for current and
future generations. The science of nutrition must embrace environmental considerations similar to the
time when public health nutrition emerged from the science of nutrition for individuals and expanded
its reach to communities [54]. “The nutrition of individuals and communities can only be maintained
within an environmentally sustainable context, which is currently under serious threat.” [54] (p. 817).
Thus, we are in the center of a difficult reality—a sustainable food system needs the support of an
intact ecosystem, but the way we currently eat contributes directly to its degradation [54].

3. Eat as If You Could Save the Planet and Win!

Whether the intention is health, fitness, and/or sports performance, integrating environmental
consciousness when making dietary choices, seems no longer an option but rather a necessity.
And while global warming and climate change are often overwhelming topics, dreaming the alternative
fires up the imagination of young people, as so beautifully described in the Future of Health by Hanlon
and colleagues [88]. Thus, to end a long discourse on the unsustainability of the current food system
and its apparent lack to teach us anything about good food and healthy communities or environmental
conservation, while the alternative does, the next section will focus on how to integrate these ideas
into the daily eating practices of those who train to win.

3.1. Ecological Footprint: This Gets us Thinking

To understand one’s own impact on the environment, it is always a good exercise to calculate
the ecological footprint [89]. This is especially true with respect to dietary choices, as most people
do not make the connection between their own eating and climate change [63]. However, there are
also tradeoffs. Some might travel a lot by plane, which increases one’s footprint significantly. A good
tradeoff would be to make sustainable dietary choices to contribute to environmental protection.

3.2. Sustainability in Sports Nutrition?

The integration of environmental nutrition concepts might not be as intuitive in sports nutrition
but there are many entry points. One might also argue that due to high energy intakes to meet energy
demand, enormous use of packaged foods and bottled beverages, equipment, materials, and heavy
travel schedules athletes and their teams should integrate sustainable practices whenever possible.
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From a health perspective, athletes lead a more sustainable lifestyle than most of society.
Athletes rarely burden the health care system due to chronic disease such as obesity and diabetes.
And participating in sports should play a substantial role in making sustainable healthy lifestyle choices.
Athletes are also great icons for kids to pick up sports. Athletes are role models for society at large and
are generally represented by values of good sportsmanship [90]. Athletes are also great spokespeople,
sharing their lessons learned through sports (e.g., time management, discipline to work hard, the
importance of rituals, discerning the meaning of failure or injuries). While still dormant, athletes could
become a strong voice for planetary health, and begin to realize that success in sport depends, in
part, on an intact food system. Athlete or non-athlete, all young people should receive sustainability
literacy training, and a covert approach to nutrition education may work best, using experiential
learning through taste education, farm visits, cooking and eating together. The conversation around
the digital-free table can further the understanding of contemporary food topics and build knowledge
surrounding the current issues of the food system and what the sustainable, tasty alternative is
all about.

Finally, the sustainable diet is not only the athlete’s responsibility. As we see with other big topics
in sport nutrition such as eating disorders [91,92], if coaches, service providers, and administrators are
supporting the underlying rationale of a refreshed approach to nutrition education, using sustainability
principles, it will enable change. Athletes, coaches, service providers, and administrators all serve as
role models for societal change, thus, the adoption of sustainability principles, while coming from
the bottom up in our examples, are best diffused if top to bottom is committed and understands the
rationale behind the effort. True sport needs true food!

Therefore, let’s get athletes on board in saving the planet and winning! Because sport nutrition
is often focused on quantity, quality, and timing of food intake relative to training and competition,
below we list sustainability actions for these overall themes, add a section about food literacy and
food citizenship for athletes, and consider some final thoughts regarding the integration of sustainable
practices for teams, institutions, and international events, such as the Olympic Games.

We will focus on several areas that may apply to exercisers and fitness enthusiasts in general,
but athletes in particular, making small steps toward a more sustainable diet as the overarching goal,
and this begins with the work of the sport nutrition professional.

3.3. Quantity of Food

3.3.1. Eat Less and Better Meat

Athletes’ diets are generally high enough in protein [93,94], if not excessive [95,96]. Current protein
recommendations have increased for athletes [97], ranging from 1.2–2 g/kg body weight (BW)/day,
especially if the goal is muscle protein accretion [98]. Recently, these recommendations were translated
into practical strategies to help athletes maintain protein consumption at intervals throughout the day
in the amounts of 0.25–0.3 g/kg BW [99] or about 20 g [100] per meal, given several eating occasions
(best every 4 h) [101] per day and before sleeping [102]. This has also been summarized in the recently
released position paper on Nutrition and Athletic Performance [97]. That athletes follow guidelines
for protein intake is shown in the most recent dietary study on a sample of well-trained Dutch athletes,
with mean daily protein intakes of 108 ± 33 g (1.5 ± 04 g/kg BW/day) and 90 ± 24 g (1.4 ± 0.4 g/kg
BW/day) in men and women, respectively [94].

There have also been recent trends for even higher protein recommendations to promote
health [103], support weight loss strategies [104], to preserve lean body mass (LBM) under hypocaloric
situations [105], in resistance-type sports such as bodybuilding [106], and corporate sports performance
programs [107]. That athletes, especially in strength and power sports, accomplish higher protein
intakes has also been shown [108], with recent reports also highlighting the issue of extremely high
protein intakes in some athletes [96,109]. Even though data are limited, practitioners should be well
aware of excessive protein intakes in some athletes, aligning with current sport nutrition trends,
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including the paleo diet. Finally, practitioners may inadvertently promote high protein intakes,
considering educational tools and strategies or athletes may simply get too much by eating a lot, since
protein is a function of energy intake [110]. However, what are the concerns besides the fact that some
athletes may overdo it without proper guidance?

Because this paper is about sustainable diets, the question arises if current protein recommendations
for athletes and actual intakes are going to align with global recommendations to reduce rather than
increase protein intake in developed countries. Meeting protein recommendations in athletes per se
may not necessarily be the issue. The issue is that the continued emphasis on higher protein needs
will likely increase the demand for animal protein, including meat, dairy, and eggs. Considering the
50% rise in the world’s population since 2000 and society’s insatiable hunger for meat, the world
meat and cheese demand will double by 2050, further burdening the planet [4]. Animal proteins
are already consumed in greater quantities than plant proteins, in both the general [66,111] and
athletic population [94], and the US considerably exceeds European countries in daily animal protein
consumption [112].

Table 3 shows hypothetical amounts of meat (in this case beef) in reference to the (1) non-athlete
recommended daily allowance (RDA) for protein [113]; (2) current athlete protein recommendation
(~1.5 g/kg BW/day [97]); and (3) recently suggested athlete protein recommendations under energy
restriction for weight loss (~2.5 g/kg BW/day [104,105]). It is assumed under this example, that 50%
of dietary protein is supplied by meat. This is a rather conservative estimate based on total animal
protein intakes typically exceeding 65% in the general population [111].

Table 3. Daily protein recommendations using estimated daily meat contributions for athletes and
non-athletes.

Example Units
Non-Athlete
PRO RDA

Athlete‘s
Standard PRO

Athlete‘s
Hypocaloric PRO

60 kg female PRO (g/day) 48 90 150

Cooked Meat Contribution as
50% of total PRO (g/day) * 92 172 288

80 kg male PRO (g/day) 64 120 200

Cooked Meat Contribution as
50% of total PRO (g/day) * 123 230 387

* meat contribution at 50% of total protein recommendation, calculated for cooked ground lean beef (15% fat);
100 g edible portion equals 26 g of protein (similar for chicken, pork, lamb). Athlete's standard diet calculated at
protein recommendation of 1.5 g/kg/day [97]. Athlete’s hypocaloric diet calculated at protein recommendation of
2.5 g/kg/day [104,105]. PRO = Protein. Most sustainable and healthy dietary recommendations target 300 g of red
meat or 500 g of total meat per week [56]. RDA = Recommended Daily Allowance. Table shows how easily athletes
may exceed these weekly meat recommendations if they ate 50% meat of the total protein recommended per day.

From Table 3, we can see that meat consumption may easily exceed what is currently considered
sustainable, as a total of 500 grams (17.6 oz) of meat per week (~70 grams per day; 2.5 oz) and less or
equal to 300 grams (10.6 oz) of red meat per week (~45 grams per day; 1.6 oz/day) would be the upper
limit per person. These are also the upper limits for meat consumption of most countries’ dietary
guidelines [56], including those for Americans, to promote health [68].

If the recommendation by Aiking (2014) could be implemented it would mean to cut 1/3 of the
protein (in this case we would focus on meat, especially red meat), replace 1/3 with plant protein
(beans including soy, grain, nuts, seeds), and to choose grass-fed or pasture-raised animal protein
sources to obtain higher quality meat with greater omega 3 fatty acids and antioxidants, [114], not to
mention less agricultural chemicals and antibiotic residues [60].

Let’s look at an example integrating the recommendation by Aiking (2014) from above [60] but
with focus on meat, especially red meat. If an 80-kg heavy male athlete eats 120 grams of protein
of which 50% comes from meat, it equals approximately 240 grams of cooked meat per day. This is
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more than 3 times the 70-gram daily benchmark. Thus, if the athlete follows the recommendation for
an environmentally friendly protein intake by Aiking (2014), they would first reduce this amount by
80 grams of meat which equals approximately 20 grams of protein [60]. Second, the athlete would
creatively adapt protein intake, according to the Protein Flip Initiative (see Table 4), and replace
another 80 grams (or 20 grams of protein) by plant sources (See Table 5). The question that will arise
is whether the athlete should replace the first third of meat that was cut out, and if so, how would
this be done within sustainable boundaries? The answer may be substituting red meat with chicken,
pork, or eggs, or choosing a greater proportion of plant-based proteins (e.g., beans, peas, nuts, seeds,
and/or grains). However, plant protein may lack essential amino acids (EAA), and thus, may be
required in greater amounts to meet the RDA. A recent study compared the land use change and GhG
emissions of various animal and plant sources in amounts corresponding to the RDA for EAA [115].
Interestingly, environmental impacts were no longer as discriminatory for animal versus plant proteins,
with exception of soy, which showed the lowest GhG emissions and land use. However, we should be
cautious when interpreting these data, because people eat a variety of foods in variable amounts to meet
daily protein and EAA needs. According to the American Academy of Nutrition and Dietetics Position
Paper on Vegetarian Nutrition [116], it is not necessary to get all EAA at one meal, and especially not
from one plant or animal. Rather, EAA are accumulated over the course of a day from various foods,
and it is not uncommon to find vegetarian meals enhanced with small amounts of animal protein
(e.g., dairy, eggs), while vegan meals may include various protein-rich plant foods. Thus, the key
message for omnivores is to reduce total amount of animal sources of protein, while for vegans,
the message may be to ensure diets meet daily EAA needs by eating sufficient amounts of food, along
with a combination of protein-rich, plant-based sources. Working toward a more balanced approach
between animal and plant proteins should be the primary goal for both planetary and personal health.
Considering the higher protein needs in athletes [97], bugs may be the most suited protein to make up
the difference from non-athletic controls, however, at substantially lower environmental cost.

3.3.2. Insects

Insects may well be the next protein source with which excessive meat may need to be replaced.
Insects are nutritious, with similar amounts of protein compared to livestock and high levels of
vitamins and minerals. Insects can also be a good source of essential fatty acids. Insects emit
much lower GhG due to their highly efficient feed-to-protein conversion rates and insects have
very low water requirement [117]. Insect powder may become a viable option for post-exercise
recovery nutrition in liquid or solid food products, some of which are already on the market.
In addition, plant-protein alternatives, such as pea (pisum sativum) protein powder, may also present
a carbon-friendly source for athletes [118]. Obviously, much more research is needed to compare
various plant protein alternatives and insects to the well-researched and popularly used dairy proteins
post-exercise. So, what about dairy?

3.3.3. Dairy

Milk, yogurt, Greek yogurt, and cheese all add up quickly, and most Americans, including
athletes, may indeed meet the US dietary guidelines, recommending 700 mL of dairy products per
day [61]. While milk consumption has gradually decreased over the past decades, cheese, yogurt,
and whey intakes have dramatically increased [61]. It is estimated that milk production contributes
2.7% to total GhG emissions [119], although there is great variability based on farming systems [119],
with industrial systems generally showing lower GhG emissions due to higher feed digestibility and
milk productivity per unit of product, compared to extensive farming systems. However, if other
components of environmental degradation (e.g., pollution of waterways and biodiversity), increased
energy demand, and human and animal welfare—basically the sustainability of dairy production—are
questioned [120], the impact of intensification may well be greater [119].
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Table 5. Cooked amounts of plant and animal-based foods delivering 20 g of protein.

Food Grams Ounces Cups T Calories Limiting Amino Acids Leucine (g)

Anasazi Beans 322 11.4 1.4 23 426 Sulfur containing AA 1.2
Black Beans 295 10.4 1.3 21 295 Sulfur containing AA 1.3
Chickpeas 284 10 1.3 20 336 Sulfur containing AA 1
Soybeans 204 7.2 1 14 268 Complete plant protein 2.3

Lentils 250 8.8 1.1 18 253 Sulfur containing AA 1.3
Tofu 284 10 1.3 20 189 Complete plant protein 1.3

Tempeh 306 10.8 1.4 22 265 Complete plant protein 2.4
Edamame 318 11.2 1.4 22 265 Complete plant protein 1.2

Seitan 408 14.4 1.8 29 270 Complete plant protein no data
Buckwheat 755 26.6 3.3 53 516 Complete plant protein 0.4

Quinoa 567 20 2.5 40 555 Complete plant protein 0.5
Millet 748 26.4 3.3 53 683 Lysine, threonine 0.8

Amaranth 500 17.6 2.2 35 552 Complete plant protein no data
Einkorn 145 5.1 0.6 10 218 no data no data
Emmer 227 8 1 16 200 Lysine 0.3

Spelt 411 14.5 1.8 29 445 No data no data
Kamut 411 14.5 1.8 29 454 Lysine 0.8

Almonds 227 8 1 16 575 Methionine, Cysteine 2.1
Peanut butter 68 2.4 0.3 5 470 Methionine, Cysteine 3.9
Hemp seeds 57 2 0.3 4 160 Lysine 0.7

Pumpkin seeds 132 4.6 0.6 9 433 Complete plant protein 3
Beef 15% fat 73 2.4 0.3 5 157 Complete protein 1.7

Chicken 91 3.2 0.4 6 100 Complete protein 3.3
Pork 73 2.4 0.3 5 152 Complete protein 1.9

Milk 2% fat 567 20.0 2.5 40 284 Complete protein 0.8
Eggs 188 6.4 0.8 13 291 Complete protein 2

Fish (tuna) 141 4.8 0.6 10 179 Complete protein 3.2

T: tablespoon. Combining protein-rich, plant-based foods will be the best strategy in obtaining all amino acids if
partially or fully replacing animal-based foods.

Globally, about 45%, 20%, and 35% of milk is processed into cheese, milk powders, and fresh
or fermented dairy products, respectively [119]. In the US, 50% of raw milk is generally processed
into cheese [121]. Milk production generates about 1 kg of CO2 eq/kg of milk (or 2.4 CO2 eq/kg
ready to consume milk) at farm gate [119]. Additional processing, transport, and distribution for dairy
products, such as cheese, whey and yogurt increase GhG emissions [119]. Finished products, such as
cheese and yogurt, show greater emissions due to the fact they need more milk per unit produced
(see Table 1).

Depending on current dairy intake, a climate friendly start could be to reduce dairy products in
general, and cheese in particular, due to greater GhG emissions [35]. The UK [122] currently suggests
a 7% decrease in dairy, among reductions in meat, for all citizens to participate in consumer-driven
climate change mitigation. This is world-wide the only guideline that targets reductions in dairy.
Athletes may want to focus on milk, rich in whey, in the recovery period after an important workout,
since this is an effective protocol to promote post-exercise protein synthesis [97] and is palatable.
Whether environmental differences exist among milk-derived protein depends on what functional unit
is used to express GhG emissions. A Canadian study shows that per gram of protein, GhG emissions
are similar or slightly less for cheese and yogurt compared with milk. However, per kg product, milk
ranks significantly lower in GhG emissions than cheese and yogurt [123]. Should an athlete need to
focus on extra weight/muscle gain, casein-rich Greek yogurts appear popular before going to bed to
promote protein synthesis at night [102]; however, Greek yogurt emits more GhGs than regular yogurt,
because its production requires more milk [121].

While sweetened yogurts are often loaded with sugar and unrecognizable ingredients, a
good choice is the least processed type that contains naturally occurring beneficial bacteria from
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fermentation. These bacteria are generally known as probiotics and are thought to boost gut health [124].
Thus, for both the environment and health, less processing in yogurts may be the way to go. Because
most of the sport nutrition research has been conducted using dairy products, future studies are needed
on more environmentally conscious plant protein alternatives and insect protein. This is especially
important for athletes who, by default, likely exceed animal protein recommendations from meat and
dairy (including whey), currently deemed unsuitable to protect the environment.

3.3.4. Reinventing the Athlete’s Plate

To make the message of meat (and dairy) reduction palatable, practically engaging initiatives are
needed. Choosing less and better meat is Slow Food’s global strategy [125] for developed nations, where
meat intake is generally very high. Flipping protein on the plate and making meat the topping or side
dish is a strategy promoted through the Culinary Institute of America’s Protein Flip initiative [75,126],
which originated from the Menus of Change collaborative between the CIA and Harvard School of
Public Health. Recreating the plate using meat as a garnish and complementing this dish with whole
grain pasta, potatoes, vegetables, and protein-rich grain, legumes, nuts, and seeds is also an easy
and creative way to rebuild an athlete’s plate. This is the current topic of ongoing research at the
United States Olympic Committee’s (USOC) Food and Nutrition Services, as the Athlete’s Plate [127]
was shown to promote more protein than recommended for easy, moderate, and hard training
days [128]. Further analysis indicates that the protein dished up on the plates by trained professionals
was mostly of animal origin (more than 70%) with marginal amounts of plant protein [129]. It is
expected, as was previously shown [73], that food service organization and restaurants may lack
the experience with meat-reduced, vegan and vegetarian cuisine. Thus, while flipping proteins
of animal-based plates is becoming more popular, taking a closer look at vegan and vegetarian
menus and their composition will also help promote plant-based meals for omnivores. Once culinary
professionals, students, and nutrition professionals tackle such menus, calculating nutrient profiles
could be helpful [130,131], as the outcome of a protein flip menu should not compromise nutrient
density—in fact, it should improve it. Most athletes consume sufficient calories to meet micronutrient
needs and the majority also takes dietary supplements [132] and eats fortified foods (e.g., cereals, bars),
which makes the integration of plant-based eating less concerning. Our preliminary work with the
USOC Food and Nutrition Services shows hypothetically that (1) protein flip menus (with less meat)
and (2) improved vegetarian menus, increase rather than compromise nutrients, while protein remains
at moderate yet recommended levels for athletes [133]. The University of Colorado, Colorado Springs,
having transitioned from a corporate to a self-operated dining and hospitality system, recently adopted
the CIA’s Menus of Change initiative and serves a very popular protein flip burger at its local food
station called “Food Next Door” [134] (see Table 4 for examples).

Protein flip and vegetarian menus provide greater amounts of carbohydrate and fiber [116].
While extra carbohydrates are performance-enhancing, there may be concerns that phytates from fiber
may inhibit iron absorption, thus, making the iron from meat less available. One strategy to assist with
improving bioavailability of these changed menus is through iron enhancers, including fermented
foods. Lactic fermentation is one of the oldest methods for food preservation [135]. Research shows
that lactic fermentation of vegetables, corn, and soybeans can drastically reduce phytate content [136],
thereby reducing its effect on nutrient absorption. For iron absorption, the mechanism is thought
to be through the increase in ferric iron (Fe3+), enhancing iron bioavailability [135]. It has also been
shown that fermented sauerkraut improves iron absorption [137] and that fermented foods contribute
to enhanced nutrient bioavailability in Asian cultures [138].

3.3.5. An Omnivore’s Choice to Eat Vegan

While vegan diets may need more caution to ensure protein quantity, quality, and complementarity
as well as achieving athletes’ energy availability, it is generally accepted that these diets do not
present with adverse health [116] or performance effects [139–142]. In fact, most data show that
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plant-based diets are not only great for the environment [13,50], but also human health [13,116,142],
and they may promote performance enhancement [123,143]. While some athletes may use vegan
diets to mask an eating disorder, there is no evidence that vegan or vegetarian diets cause eating
disorders [144]. Considering that a reduction in meat, using more plant-based approaches, is effective
in decreasing environmental impact does not mean that athletes must turn vegan. However, integrating
meat-less meals and days in omnivorous athletes is not only fun and healthful but it is also educational.
Making tasty and nutritionally-balanced vegan meals can also mean a new challenge for those in the
kitchen. If proper screening and assessment of individual athlete risk precedes the introduction of
plant-based dietary approaches, and education is provided about the rationale for such an approach,
there should be no concern.

The best start into an environmentally friendlier diet for athletes is to start right here. As sport
nutrition professionals, we need to understand the impact diet has on the environment. Athletes can
simply consider the total animal and plant protein contributions in their diet and aim to reduce
(not eliminate) red meat first, followed by integration of more plant-based protein choices. A closer
look at dairy protein may also be warranted. If everyone in the United States ate no meat just one
day per week, it would account for the carbon equivalents of driving 91 billion miles less or taking
7.6 million cars off the road [145]. Reducing meat consumption, in general, can have significant
savings overall in food-related GhG emissions and land-use change, exceeding what can be achieved
from the transportation sector [50]. Recent research also highlights the individuality of diets and
that reductions in environmental impact can be achieved using various approaches, not necessarily
compromising personal, cultural, or economic factors [146]. While animal protein reductions in
athletes should be of primary importance considering environmental conservation, overall protein
intake, nutritional status and the athlete’s cultural background will determine if this is the best
approach to take. However, we should not forget to highlight athletes who have been using vegan and
vegetarian approaches and athletes who stand up for a healthier environment and restorative farming
practices [147].

3.4. Quality of Food

3.4.1. Plant Biodiversity—Diet Diversity

In the last 100 years, three quarters of plant and animal species globally have been lost,
and the majority of the world’s food supply comes from a dozen plant and a handful of animal
species [80]. At the same time, food processing has increased in a way that creates an artificial
diversity and a false sense of food security, when browsing through endless aisles in a grocery
store. Perhaps it is this level of agricultural simplification that has made the broad field of nutrition
oblivious to the topic of biodiversity. Balanced nutrition depends not only on a variety of foods
in the diet. The human diet also depends on the diversity within a food crop [148]. While largely
understudied and under-documented, fragmented data show vast differences in nutrients within the
same species; for example, in potatoes, rice, mangoes, bananas [149,150], and tomatoes [151], but also
indigenous corn grown in the American Southwest [152]. Perhaps one of the most striking results
in nutrient density comes from the potato, a staple of many countries, and often marginalized as a
processed fast food not tolerated on healthy plates. Potato biodiversity is still broad, with over 5000
known varieties remaining and vastly differing nutrient content [150], particularly for sugar, protein,
potassium and vitamin C. Similarly, wild plants, still contributing significantly to the health-promoting
properties of the Mediterranean regions, have higher amounts of vitamins A, C, and those of the
B-complex compared to their cultivated counterparts [153]. Interestingly, wild and local foods are
increasingly being recognized as an integral part of contemporary nutrition, as countries are redefining
their dietary guidelines, linking sustainable and healthful eating in a traditional context [154,155].
Unfortunately, crop biodiversity and its role in nutrition is generally neglected and this may be due
to the field’s professionals [149]. Perhaps a visual comparison as shown in a recent New York Times
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article [156] brings the message home. We simply assume that a tomato is a tomato and that nutrient
density will remain the same despite significant differences [151]. It is true that nutrition education
appears to be almost blind to biodiversity [80], although resources are available [157]. Diet biodiversity
is becoming a rapidly emerging field but has remained understudied, especially in the nutrition
sciences. However, with the return to the farm, scientists are recognizing that agricultural biodiversity
can support food and diet diversity, thereby improving nutrition and health [158]. Research is also
emerging that agricultural intensification, characteristic of high yield outputs, is associated with the
loss of rare plant species [159], but shifting to more sustainable systems, biodiversity may be conserved
and ecological functions secured [11]. Losing biodiversity means loss of diet quality, which can lead
to micronutrient deficiencies, food insecurity, more pests on farms, fragile ecosystems, and the loss
of culture and tradition. Thus, biodiversity should not only be recognized as an important player in
sustainable agriculture, but also as a necessary contributor to a healthy diet [160].

3.4.2. Nutrient Composition and Nutrient Density

Dietary choice from the farm or factory gate produces variable foods with variable consequences.
Meat and dairy from cows grazing on pastures all their lives provide a nutritionally superior [114],
healthier, and safer product [25,52,84], especially considering antibiotic use in CAFOs [161,162].
However, grassfed beef is generally more expensive and considered less sustainable because more
land is needed for animals to graze, with greater GhG emissions per kg of beef produced [18].
Unfortunately, animal welfare is not yet part of LCA studies, thus, intensive, as opposed to extensive
farming systems, usually fare better in both GhG emissions and land use [18].

Considering the topic of fish, omega-3 fatty acids, especially eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) found variably in fish, wild and farmed, have significant health
benefits [163] recognized by health organizations world-wide [164]. Fish oils are also popular in
athletes [165]. However, fish has been a topic of much debate, not only because of variable omega
3 fatty acid content but also environmental contaminants. Whether farmed fish contains lower,
comparable, or greater amounts of EPA and DHA than a wild-caught counterpart continues to
be an equivocal topic [166–169]. The type of feed (plant vs. fish-based) used in farmed fish is one
important consideration [170]. Recent trends of vegetable oils in salmon feed have shown to increase
the proportion of omega 6 fatty acids, while omega 3 fatty acids decrease [171], potentially impacting
negatively on both fish and human health [172]. Although wild fish supply is diminishing fast, if people
were to eat the wild fish that are seasonally available rather than the wild fish they desire (e.g., salmon),
there would continue to be some level of access—at least for a little while [173]. However, wild fish
supplies will not be able to meet the rising demand of a growing world population [3], nor will wild
fish necessarily be free of pollutants [168]. Already to date, more than 50% of all fish consumed globally
come from aquacultures [3]. Aquacultures generally emit lower GhG compared to wild fisheries,
although concerns exist about the feed used in aquacultures [18]. While disconnecting marine resources
from fish farming is recognized as an invaluable progress for protecting marine ecosystems, it does
not come without increasing challenges about the feed used in aquacultures, especially if produced
terrestrially [174]. Perhaps plant alternatives (e.g., microalgae) will be able to provide sustainable
solutions in the future, so humans can continue to benefit from fish-derived EPA and DHA.

What about conventional versus organic production? Organic milk provides a superior nutritional
profile than conventional milk, with organic milk containing more protein and omega 3 fatty
acids [175], and raw milk may provide potential protection against allergies, although there is a
greater risk of pathogens [176,177]. On a crop-level, nutrient composition in food has suffered in
the last sixty years, with nutrient losses of up to 30%, most likely due to depletion of soil nutrient
quality [178]. Conventional agriculture may produce food more economically and in higher quantities.
However, research is gradually emerging, showing ecological and human health repercussions of such
systems [19–21,25,26,29]. Organically grown soybeans show significantly higher nutrient composition,
including amino acids, total protein and several micronutrients, compared to conventional and
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genetically modified (GM) soybeans. While the debate continues whether organic vs. conventional
produce is superior in nutrients [78,179], organic foods contain significantly less herbicides, pesticides,
toxins, and antibiotic residues [179,180] compared with conventionally produced food. Organic systems
can also be more energy-efficient, may thrive in drought conditions, tend not to pollute waterways
with synthetic pesticides and nitrate, and typically protect ecosystem services, such as biodiversity
(see Reganold and Wachter, 2016, for an excellent review [78]). Finally, while largely understudied
considering nutrient content, local food systems provide the most direct pathway from farm to table,
with potential for greater nutrient density due to seasonality and reduced transit time from farm to
consumer [181].

Taken together, from animals to plants, we must begin to pay attention to the quality of food.
In addition, people must understand that dietary choices have the power to either protect or degrade
ecosystem and health services. This knowledge may be difficult to teach in a classroom, and it is not
nearly as fun as going to the farm. Farm field trips may be especially health-promoting for young,
active children, as recent studies show the immune benefit of growing up on the farm [182].

3.4.3. The Grain Chain

The discourse on better food for health of both planet and people, however, is not complete
without a discussion on grains. In addition, grains remain the world’s most important staple [80]
and may be a key strategy of the Menus of Change initiative. And yet, there has not been more
controversy regarding issues of modern wheat [183], including its higher amounts of triggering gluten
proteins [184]. Gluten-free eating has seen a tremendous popularity. In athletes, studies show that over
40% of athletes adhere to a gluten-free diet even if they do not have to [185], and despite the fact such
diets do not improve performance [186]. However, are all grains as evil as they sound?

First, whole grains are packed with fiber, protein, carbohydrate, and B-vitamins and studies show
whole grains reduce all-cause mortality and morbidity, with lower risk for cardiovascular disease,
cancer, and diabetes [187]. When wheat is grown organically it has been shown to contain superior
nutritional profiles compared to conventional wheat [188].

Wheat’s nutritional profile has significantly decreased since the 1960s [189–191], while the number
of new gluten proteins has increased [192], and this is reportedly not due to changes in soil, but changes
in wheat hybridization. On the other hand, ancient wheat such as einkorn, emmer, kamut, durum,
and spelt, celebrating a recent comeback, exceed nutrient composition (e.g., protein, lipids, minerals
and elements, antioxidants such as lutein) compared to modern wheat [190,193–195]. A recent study
on khorosan, also known by the name Kamut, shows greater anti-inflammatory effects through
antioxidants, blood minerals, and reduced metabolic (e.g., lipids, glucose) and oxidative stress markers
in healthy subjects consuming khorosan in bread, pasta, and crackers for 8 weeks, compared to
consuming these products made with a semi whole-wheat product [196]. Thus, these older cultivars
may contribute significantly to nutrient dense diets [195] and health promotion [196].

Such ancient wheat varieties are not only more nutritious and promote antioxidant protection,
but some also lack the highly immuno-suppressive α-gliadin peptides—the major component of gluten
that provokes gluten intolerance. These are encoded by the D-genome of wheat. Thus, species that
lack the D-genome of wheat, such as einkorn, emmer, and durum, show lower reactivity compared to
common wheat [197]. Work in Italy is currently focused on einkorn, the oldest form of wild wheat first
domesticated 12,000 years ago by hunter-gatherers in Mesopotamia. Along with wild emmer, also
known as the mother of all wheats, “einkorn is considered a catalyst of agriculture and the initiation
of wheat’s vast biodiversity” [198] (p. 22). Einkorn appears to either pose no [199] or fewer adverse
reactions in Celiac patients compared to modern wheat [200]. Athletes who have been diagnosed
with Celiac’s disease, should consult their sports dietitian before trying einkorn since it may still have
the potential to induce the Celiac’s disease syndrome [201]. For a great review see Kucek, Veenstra,
Amnuaycheewa, and Sorrells, (2015) [202].
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Understanding nutritional differences among grain varieties also opens the dialogue on bread.
While the choice of grain permits greater nutrient intake, fermentation using a sourdough starter
has also been shown to increase bioavailability of nutrients such as iron. This is most likely due to
a reduction in phytates [135]. Fermented bread decreases post-prandial glycemic response through
organic acids that delay gastric emptying [203]. This, therefore, is a great low glycemic alternative to
processed white bread for active individuals, especially at breakfast. Finally, sourdough fermented
bread also appears to retain antioxidants better due to lower pH levels [204], which if baked with an
antioxidant and protein-rich grain, such as einkorn or emmer [193], by far exceeds the nutrient density
compared to bread made with modern wheat.

Studies also show that both germination (sprouting) and fermentation (e.g., sourdough baking)
can break down gliadin, one of the gluten proteins known to increase reactivity. While still not safe
for Celiac patients [205], there are fewer immunoreactive peptides in sprouted products [202]. As for
fermentation, lactic acid bacteria degrade some of the gliadins but multiple microbes appear to be
needed to effectively degrade the majority of gliadin [206]. In a study by Greco et al., (2011), 97% of
gluten was degraded by fermentation [207]. However, there were still a few Celiac patients in the
study who showed measurable villi atrophy compared to non-gluten control treatments. Thus, wheat
sourdough fermentation, as compared to non-fermented flour, does not degrade gluten enough to
prevent adverse responses in Celiac patients [208].

Taken together, there does not seem a clear relief for Celiac patients, from ancient or heritage
wheat, whether sprouted, fermented, or not. However, research suggests that there may be wide
variability among reactivity to gluten, depending on the type of grain and level of processing.
In addition, Celiac’s disease expression, while triggered by gliadin-induced antibodies, can also
be quite variable. While Celiac’s disease has become more prevalent, with about 1% of the general
population being affected, only 10–20% of people appear to be aware of their condition and follow a
strictly gluten-free diet [209]. Mild forms of Celiac’s disease, however, have the potential to worsen
with age, thus, management through a gluten-free diet is necessary to decrease severe complications,
such as osteoporotic fractures and intestinal cancers [209].

Interestingly, there are also other clinical presentations that do not fully correspond with Celiac’s
disease but rather consist of new clinical syndromes, typically termed non-celiac gluten and/or
non-celiac wheat sensitivity. Though controversial and under-studied, it is generally accepted that
these syndromes exist, but in the absence of gluten-ingested, celiac-specific antibodies [210] or wheat
allergies [192]. What ultimately triggers these syndromes is unclear, as it may not need to be gluten but
could include other components of wheat, such as the low fermentable, poorly absorbed, short-chain
carbohydrates (FODMAPs) [211], other proteins [212], or insecticides such as glyphosate [29,30].

Regardless of exact mechanism, variability in clinical symptoms from grain or wheat ingestion
pose new opportunities for nutrition professionals, considering both, the recent changes in clinical
presentations and the modernization of many plants, including wheat [192]. While challenging, this
should provide new avenues for dietary management of those who prefer a gluten-free diet for
performance enhancement or health promotion, in the absence of Celiac’s disease, to trial various
approaches [192,207,213,214], as opposed to eating a strictly gluten-free diet. A gluten-free diet per se,
with a high amount of processed gluten-free foods, may not meet nutritional recommendations, and a
gluten-free, vegan diet could pose serious negative health and performance effects (e.g., B-vitamin
deficiency). It has also been suggested that individuals should choose grains and their processing
wisely, as this may reduce the risk of developing Celiac’s disease in those who may have hereditary
risk [202]. As ancient and heritage grain production is sweeping through the United States as a
long-awaited player in the local food movement, the grain chain, from farmer to baker to table, is filled
with food literacy opportunities for athletes such as making bread together. After all, bread has
been a staple around the world with thousands of traditional uses. Bread is also one of the primary
carbohydrate choices for athletes in training and competition, and carbohydrate is the major source of
calories for most humans [113], including athletes [215].
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While ancient and heritage grains are making their way back to the grocery stores, their production
remains relatively small. However, these grains are known to be more drought tolerant [198] and
using grains in crop rotation or as cover crop can meaningfully contribute to farm diversification and
sustainable agriculture [78]. Grain production may soon take a turn for the better and become more
sustainable as scientists at the Land Institute in Salina, Kansas [216] will likely announce that perennial
grains (long roots capture carbon, enhance soil quality, and help reduce erosion) may replace modern
wheat, not only on the field but also in people’s bread baskets.

3.5. Food Literacy and Food Citizenship in Sports and Exercise

There is much to relearn when it comes to food. Perhaps we have moved away too far from field,
farm, and the kitchen to know where food comes from and when it is in season. We also have lost
important life skills such as cooking. We have to relearn and teach these simple skills to rebuild the
knowledge needed to establish a healthy relationship with food. This brings us to the topic of food
literacy. Recently, Vidgen and Gallegos, 2014 defined food literacy as the following:

“Food literacy is the scaffolding that empowers individuals, households, communities or nations
to protect diet quality through change and strengthen dietary resilience over time. It is composed of a
collection of inter-related knowledge, skills and behaviors required to plan, manage, select, prepare and
eat food to meet needs and determine intake. This can simply be translated as the tools needed for a
healthy lifelong relationship with food” [217] (p. 54).

Academic programs that promote food literacy, through curricula that meet joint goals of
health promotion and sustainable development, especially in the health professions, may allow for
transformative experiences [74]. Such food literacy discourse has the ability to diffuse, with outcomes
that promote food citizenship in young people, and therefore, future generations [218,219].
Food citizenship is the practice of engaging in food-related behaviors (defined narrowly and broadly)
that support, rather than threaten, the democratic, socially and economically just, and environmentally
sustainable food systems [220] (p. 271).

Athletes and their support staff should be introduced to the link between daily food choices, health,
and sustainability. It is most likely the sports dietitian who will bring this topic to the table, and the
best and least confrontational approach, may be through a sustainably sourced meal cooked together
such as a “Team Dinner” or a fun food literacy event with multiple stations, competitive team work,
and food-related prizes. Shopping at local food outlets, including the farmer’s market, and cooking
together might be other options to open the dialogue pertaining to sustainable quantity and quality
of food, as discussed above. Eating practices and fueling strategies are a performance-determining
factor; however, becoming a food citizen [221] with knowledge and skill to navigate through an ever
more complex food web opens the narrow sports-performance focus of a young athlete and introduces
areas such as environmental conservation. Thus, sport nutrition education should begin to integrate
sustainable food topics and promote food citizenship and food literacy by an enabling, participatory
approach when the timing is right and where opportunities arise.

3.5.1. Athletes to Farm

While sport nutrition is a broad field and athlete performance and health issues take precedent
over sustainability efforts, the sports dietitian will need to find a good balance that allows for
sustainability integration, without feeling constrained but rather enabled in promoting awareness,
building knowledge, and enhancing skills around food, ultimately improving dietary habits of young
people. Thus, going to a local farm and/or market to buy food is only the first stop in this refreshed
sport nutrition curriculum. While athletes often crave for the latest in exotic products from far away
(e.g., Acai berries), eating some of the unfamiliar and wild foods grown close to home, may not only be
more nutritious, but will also come with a plethora of learning opportunities. To allow athletes to make
a connection with their home environment through the farmers who grow their food, training plans
may need to be flexible to allow for Community Supported Agriculture (CSA) share pick up, a farmer’s

485



Nutrients 2017, 9, 412

market visit, or a farm-field training day, as this may offer invaluable experiential nutrition education.
The opportunity for athletes to experience “local life” is short but is increasingly meaningful, as sport
teams and elite athletes are in the spotlight at home. Engaging with the local community may bring
personal and team-related benefits for farm-fresh food support that has the potential to strengthen
athletes’ community involvement and build a sense of place. Finally, investing in the community,
through food procurement from local farms, may also set the precedent for a supportive environment
should athletes get injured or to facilitate the transition from athletic to normalized life after the career
is concluded.

Eating locally grown and raised food has many benefits, but it may not automatically be more
environmentally sustainable. Nevertheless, the local food movement might ignite people’s desire for
better taste, connection to place and to the people in their community. Local food seems to attract
people also because of its economic benefit to the community, and there is a general sense, despite
the fact that local food often costs more, that it is more affordable [222]. Regardless, those having
worked and experienced the local food movement cannot let it go, and while the urgency to become
more food secure in this changing world calls for revolutionary action through more sustainable food
production [11], engaging in local food mobilizes people on a deeply emotional level, often difficult to
express for those who are in it [223], but likely the reason why people may identify it as a realistic way
to change eating behavior [55]. Recent research also shows that those buying direct from the farmer
think and act around food very differently, compared to those going to a chain grocery store to procure
their food [221]. Thus, the local food system is engaging inter-personally and economically within
a community and it also teaches about food, the seasons, biodiversity, flavors, nutrition, cooking,
culture and tradition.

While not always the most sustainable, the local food system may be a vehicle that could direct
people to healthier and more mindful eating. A recent study illustrates how the awareness of dietary
choices and eating can meet joint goals of individual health, environmental sustainability, and food
security [224]. Thus, the many facets of a local food system can act as living learning laboratory to
practice mindfulness training, even in athletes and their teams, as they cultivate both eating for sport
and eating for planet Earth.

Local food systems are defined as “collaborative effort in a particular place to build more locally
based, self-reliant food systems and economics—one in which sustainable food production, processing,
distribution and consumption is integrated to enhance the economic, environmental and social health
of a particular place.” [225] (p. 100).

If athletes receive food money, a resource factsheet with local food procurement options could
begin the collaboration with local business. A factsheet could also promote best choices when
shopping at grocery stores, how to identify what’s locally produced, what’s seasonal, which labels
to observe (e.g., USDA Organic; Buy Local; Marine Stewardship Council, MSC or Aquaculture
Stewardship Council, ASC; GMO Free Project; Humanely Raised, American Grassfed, Direct or Fair
Trade), the list of the dirty dozen [226], and how to order in bulk online, including heritage/ancient
grains. Identifying farm-team partnerships requires farm visits and direct communication with the
farmers [227]. In addition, providing some community service at the farm with 1 or 2 workouts held at
the farm per year, supporting planting, weeding, or harvesting, will facilitate access to local, farm-fresh
food because a connection is built much to the delight of the small-scale farmer who feels supported
by the local sports team. Teams may also obtain group discounts if ordering in bulk through local
buying clubs, food hubs, or food cooperatives. With CSA shares, there is great flexibility should
shares get temporarily suspended when athletes travel. It is also possible to obtain surplus food and
getting parents involved to preserve this food for later. Preservation, including fermentation, will not
only support nutrition programming, but could be applied at times of increased team stress when
athletes’ immune function is more susceptible to illness. Locally, seasonally, and organically grown
produce is more nutritious [175,179,180,188,228] and fermentation (e.g., pre- and probiotics) may add
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immune [229,230] support in times when athletes need it. Check with local University Extension
offices for safe guidelines on canning and fermentation.

3.5.2. Taste Education and Cooking

Taste education with athletes can be integrated at any time, combined with a general
team talk (locally grown fruit, vegetables, or grains as tasters), fueling or recovery workshops
(integrating seasonal fruit, yogurt, and honey), or even during a travel nutrition talk (cultural
food tasting of the travel destination). Nutrition should no longer be taught without hands-on
learning from farm to kitchen. Written or visual materials (e.g., posters) or recipes that integrate
local producers, topics of food citizenship (e.g., farmer’s market shopping), or health benefits of diet
diversity (e.g., biodiversity of greens) will keep building awareness and return home economics to
young people’s lives. Edible nutrition education is not only fun, inspiring, and tasty but it also teaches
young people important skills and it builds a lifelong healthy relationship with food—and that is food
literacy [217]. In addition, working with a farm-to-training table curriculum in sports also provides an
opportunity to highlight local producers, dairies, farmers, or bakers, the history of the place, and this
brings meaning and relational values [231]. If time is tight, University nutrition programs may partner
to support a revisited curriculum that integrates agriculture and culinary training. One such example
is the Flying Carrot Food Literacy Truck [232]. This program has been led by graduate students in
sport nutrition at UCCS for the past 5 years [233]. After initial inception, several food-related courses,
internships, and service learning experiences within the Southern Colorado regional food system,
including a campus farm with its farm-to-table café, Food Next Door [134], and local food literacy
farmhouse, are now serving a vigorous on-farm and in-kitchen curriculum for undergraduate and
graduate students at UCCS, some of whom are in sport nutrition.

3.5.3. Budgets, Planning, and Food Waste

Food literacy should also integrate the full circle of engaged eaters’ choices, including the
discussion of food waste. Athletes and their families may tap into rescued food programs if budgets
are tight. Most cities today have food rescue programs and some cities and programs, such as the one
known as P.O.W.W.O.W. by the Borderland Foodbank in Southern Arizona [234], have made it possible
to access fresh food, at affordable price, that otherwise would go to landfill. Food waste at the consumer
level originates especially due to consumers’ aesthetic preferences and arbitrary sell-by dates [36] as
well as simply by purchasing, cooking, preparing and serving too much [39]. Teaching athletes to
purchase what they can eat, cook what they purchase and promoting safe preservation and freezing
techniques, are all part of food literacy training. The sports dietitian can help with weekly planning,
providing input with shopping and cooking, so that athletes learn when, what, and how much to cook
and to plan their dietary strategies, as much as the coach plans their training schedule. Cooking and
planning ahead has been identified as a critical strategy to reducing food waste on the consumer
level [39]. When traveling, a little bit of research ahead of time will pay off. Food cooperatives often
have restaurants and there are many “Pay-What-You-Can” non-profit community restaurants in the
US that serve local and organic food, often rescued from what would have otherwise been wasted,
and sold at very low price (or what the team can pay [235]). These types of food outlets, including
food “waste” supermarkets, are becoming more available everywhere. Obviously, each such stop will
add to nutrition education and athletes learn they can eat this way everywhere they go. For good
restaurant, market, and café guides that serve local, sustainable, and organic food, see Slow Food USA
or Edible Communities [236,237].

3.6. Timing of Sustainability Integration in Exercise and Sports

In this paper, we addressed the environmental impact of food choices, easy changes that can
be made (e.g., eating less meat), and paying attention to the food value chain to obtain high quality
food with zero waste strategies. We have also integrated the local food system as a great entry way
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to connect sustainability and health, leveraging co-benefits for both planet and people. Posing the
question on when to integrate sustainability principles in sports nutrition may sound as if athletes
and sport teams have a special status concerning the food of the future. The answer is, nobody does,
and shifting to a low-carbon consumer culture is a necessity rather than a choice. However, there
needs to be careful consideration when to launch or what to initiate within the economic boundaries
of grass-root sports, where parents are the coaches and kids are running from A to Z with plastic
wrappers in their hands, squeezing out their pre-game meal. Likewise, timing considerations on
the elite level must involve everyone because the budgets will have to, at least in part, account for
increased food costs, cooking and team dinners, and time to pick up fresh food at farmers’ markets,
farm stands or neighborhood stores.

The best timing to plan any new programs within the world of sports is usually as the season is
coming to an end and early before the start of the next training cycle. This is especially true should extra
resources be needed to support the program. Farm CSA shares cost between $500–$600 for 6–8 months
or about $20–$30 weekly, with each share providing food for about 4 people. Team talks with edible
tasters will either require planning and connecting with local producers for samples or more expensive
transactions at the store or market. Thus, the more time is invested to form farm-to-sports partnerships,
the better and more economical the outcome.

All athletes spend time training at home. This is the best time to teach shopping and cooking.
Depending on the season, it is also the best time to introduce local food with farm and market visits.
Even though athletes are still on the go every day while in training, there is the potential for community
connections through the local food system. Thus, providing a platform for this to occur may create a
new sense of purpose, external to the identity of being an athlete. Participating in the community may
balance the lives of the elite and new friendships may arise with those who work the land, which may
create awareness of earth stewardship and food citizenship.

Once a program launches it is difficult to hold it back and it will evolve on its own. This is
especially true for the local food movement. It needs ignition, but once the web is being explored and
experiences are made, there is no going back. It is a paradigm shift. It’s a local food revolution [223].

Should sustainability be a topic while traveling? The answer is yes, because in many countries,
sustainable food systems are still the norm. Thus, traveling to European and Eastern European
countries is often an eye-opener. Taking athletes into the grocery stores or through a local market is
food literacy away from home, and sports dietitians also increase their knowledge and skills when
exploring foods abroad. While most travels abroad are hectic with little time, surprisingly, the Olympics
may be the perfect place for food literacy. The local volunteers are a great resource for information
and they provide access to local markets to purchase fresh food. Thus, even when traveling, there are
multiple opportunities to broaden food experiences and teach important cultural food differences.

Finally, introducing sustainability in sport nutrition may also be timely for those who are injured.
These athletes may have more time and interest to learn about whole, nutritious food and cooking
that could enhance healing. In addition, introducing athletes to other areas outside of sport, such as
agriculture or cooking, may distract the overly occupied mind, and help maintain a positive attitude
during the recovery and return-to-play period.

Taken together, while the timing of sustainability integration must be carefully considered to
bring change to nutrition programming for athletes, small steps can fit everywhere and they bring with
them deliciousness, beauty, and inspiration to participate in the food chain from farm to kitchen and
table. There should be no doubt that this is the future of how nutrition should be taught, also in sports.

3.7. Integration of Sustainability Practices as Collective Commitment in Sports

3.7.1. Team Sustainability

Integrating sustainability in the sport nutrition program benefits first the athlete.
However, coaches and other members of the sport science team, including athletic trainer,
sports medicine doctor, and psychologist all benefit. Because of the performance enhancing team
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approach and multi-disciplinary strategies, sustainability and food will also open the dialogue of
sustainable practices in general. This may mean that the team develops a vision or even a policy for
sustainable development, especially considering training venues at home, where more influence is
possible. Starting with food and drink, this may mean the team implements a recycling, re-using,
and composting strategy. It may mean the team bans bottled water and throw-away, take-out
containers. And it may mean preferred vendors for training tables or team meetings come from
local businesses, using sustainably and locally sourced food. Catering may be enhanced through
the-less-but-better meat initiative in combination with highly nutritious grains and beans, seasonal
vegetables and fresh fruit. Team commitments may also include coach and support staff’s eating
practices that are coherent with the underlying philosophy of eating for performance and health.
Finally, taking on a team vision for a sustainable future may also inspire parents and families and this
could be supported by social media and website resources. A great example of how sustainability can
be part of every sporting venue is the Green Sports Alliance [238].

3.7.2. Institutional Sustainability

Whether it is at a high school, university, or national/regional/local sport center level, integrating
sustainable food procurement into food service starts to open many opportunities. It allows for
a new seasonal menu. Reducing meat through the protein flip and boosting vegetarian offerings,
sparks creativity in chefs and curiosity in athletes. Sourcing locally brings in the story of the farmer,
unknown diet diversity, and awareness related to the link between fresh food and health on an
individual, community, and environmental level. If institutions have gardens or farms, there is
potential to integrate edible education linked to the menu served, in addition to the invaluable seed-
-to-plate menu. However, change is always more challenging than we think. Thus, to initiate a
new menu, it is crucial that athletes and coaches understand the rationale behind the change. If
resistance develops, athletes could be integrated in various educational activities that incorporate
their own food preferences, cooking competitions, or recipe contests. It is helpful for athletes to
see protein numbers of a meal and over a day to reduce fear of not getting enough. From a health
perspective, there are many opportunities when food service commits to a more sustainable menu,
with procurement gradually shifting to seasonal, organic, local, pasture-fed, free-range, and sustainably
produced, fished or farmed food.

3.7.3. Event Sustainability

Integrating sustainable food into sporting events is being done on many levels. Some
examples include London 2012 [239] and Rio 2016 [240]. Both local organizing committees published
their sustainable food visions and made procurement with sustainable agricultural standards
a priority. Especially the Rio Games were impressive as to the portrayed commitment to
environmental consciousness through sustainable sourcing, improving supply chains, managing
packaging, and reducing waste. As previously discussed, Brazil is one of the few countries whose
governmental guidelines have embraced sustainability [56]. Whether visions and guidelines are
ultimately implemented at the international events is difficult to tell, as there has been no labeling that
details sustainable sourcing. This has previously been noted and published by Pelly et al., 2014 based
on a survey conducted by sports dietitians, representing various countries at the 2012 London Olympic
Games [241]. While the international sport nutrition organization, Professionals in Nutrition for
Exercise and Sport (PINES) [242] reviews the menus for each Olympic cycle, an on-site implementation
phase could help improve both menu and labeling, with inclusion of sustainable sourcing. In addition,
the athlete dining hall and the Olympic village present an enormous challenge to sustain environmental
commitments, considering food waste, bottled beverages, and to-go meals. In the future, food service
at the Olympic Games should promote sustainability more visibly, highlighting a country’s food
culture and offering athletes experiential learning opportunities that showcase regional food traditions,
seasonality, world heritage, and the story of farmers. Tokyo 2020 would be an excellent host city
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to bring change to the athlete dining hall with greater transparency for sourcing, local food literacy,
and hands-on learning (e.g., how to make tofu or soba). The Olympics are long and many athletes
have downtime. Why not learn something about the host country’s food culture, sustainability efforts,
seasonality of food, and how traditional foods are produced? While currently implemented at the
Youth Olympic Games, integrating the host country’s food traditions could augment the cultural
experience of athletes visiting the Olympic village dining hall.

4. Conclusions

Environmental impact of food production is high, especially when considering the GhG emissions,
land, and water use of animal agriculture. Many governmental organizations are beginning to
integrate sustainability into their dietary guidelines and are calling on consumers to eat less animal
and more plant-based foods. Integrating health and sustainability creates co-benefits, as for the
most part, sustainable eating also means healthful eating. Nutrition recommendations, for active
and athletic individuals should also begin to integrate sustainability. Using innovative approaches,
including experiential learning from farm to table, renews the relationship of food by rediscovering
the broad meaning of food, building knowledge and skills in the kitchen, and sharing food around the
table. Initiating sustainable practices in sport, including sustainable food procurement, opens many
opportunities for athletes and their entourage to engage in local and regional food systems, and by
curbing the appetite for meat, individuals, teams, institutions and organizers begin to contribute to a
reduction in global warming from the food sector.
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Abstract: This study analyzed the effects of carbohydrate and glutamine supplementation on salivary
immunity after exercise at a simulated altitude of 4500 m. Fifteen volunteers performed exercise of
70% of VO2peak until exhaustion and were divided into three groups: hypoxia placebo, hypoxia 8%
maltodextrin (200 mL/20 min), and hypoxia after six days glutamine (20 g/day) and 8% maltodextrin
(200 mL/20 min). All procedures were randomized and double-blind. Saliva was collected at rest
(basal), before exercise (pre-exercise), immediately after exercise (post-exercise), and two hours
after exercise. Analysis of Variance (ANOVA) for repeated measures and Tukey post hoc test were
performed. Statistical significance was set at p < 0.05. SaO2% reduced when comparing baseline
vs. pre-exercise, post-exercise, and after recovery for all three groups. There was also a reduction
of SaO2% in pre-exercise vs. post-exercise for the hypoxia group and an increase was observed in
pre-exercise vs. recovery for both supplementation groups, and between post-exercise and for the
three groups studied. There was an increase of salivary flow in post-exercise vs. recovery in Hypoxia +
Carbohydrate group. Immunoglobulin A (IgA) decreased from baseline vs. post-exercise for Hypoxia
+ Glutamine group. Interleukin 10 (IL-10) increased from post-exercise vs. after recovery in Hypoxia
+ Carbohydrate group. Reduction of tumor necrosis factor alpha (TNF-α) was observed from baseline
vs. post-exercise and after recovery for the Hypoxia + Carbohydrate group; a lower concentration
was observed in pre-exercise vs. post-exercise and recovery. TNF-α had a reduction from baseline
vs. post-exercise for both supplementation groups, and a lower secretion between baseline vs.
recovery, and pre-exercise vs. post-exercise for Hypoxia + Carbohydrate group. Five hours of
hypoxia and exercise did not change IgA. Carbohydrates, with greater efficiency than glutamine,
induced anti-inflammatory responses.

Keywords: supplementation; carbohydrate; hypoxia; physical exercise; glutamine; high altitude;
innate immune response; oral mucosal immunity

1. Introduction

Mucosal immunity, particularly in saliva, is considered the first line of defense against pathogens,
because it contains numerous protective proteins. Some of these, such as salivary immunoglobulins
(Igs), are involved in innate and adaptive immune responses [1]. In addition to Igs, there are also
cytokines, such as interleukin (IL)-1ß, tumor necrosis factor (TNF)-α, and IL-6, that are used to assess
the response to acute stress, stimulating immune cells, and modulating local inflammation [2,3].
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Recent data suggest that exposure to hypoxia may modulate important aspects of innate immune
responses [4], inflammation [5–7], and metabolism [8,9]. However, this issue has not been fully clarified,
and only a few studies have been conducted under hypoxic conditions with the specific objective of
investigating different immune/inflammatory parameters among humans [10].

It is known that exercise influences mucosal immunity, but the nature of this effect has not
reached a consensus yet [11,12]. Some studies show that acute moderate-intensity exercise can
result in a reduction of immunoglobulin A (IgA) concentration post-exercise; some do not describe
any changes, while others report an increased concentration of IgA [13]. IgA is the most abundant
protein in the antibacterial mucosal and it is considered the best indicator of oral mucosal immunity.
Intense exercise causes a reduction in IgA levels [13] and increases inInterleukin-1 ß (IL-1ß), TNF-α,
and IL-6 concentrations [2], resulting in poor performance of the immune function of the mucous
membranes, increasing the incidence of upper respiratory tract infections (URTIs), and the emergence
of other opportunistic diseases [14].

Thus, it is observed that exercise may modulate mucosal immunity under normal atmospheric
pressure, but when exercise takes place in high altitude, it becomes a greater challenge for the body,
since hypoxia and exercise are considered stressors that can act together. Evidence suggests that this
combination may result in a more pronounced impact on the immune function of the oral mucosa and
may trigger an intense immunosuppression [15,16].

On the other hand, studies have analyzed nutritional strategies that are efficient at sea level [17–20]
to help mitigate the effects of exercise at altitude, providing better performance and prevention of
infections [21].

When considering the anti-inflammatory effect of glutamine on stress factors, like exercise,
harsh environments [21], and diseases (cancer, sepsis, burns, trauma) [22], this supplement can
regress inflammation even during long-term exercises performed at sea level. Therefore, glutamine
supplements have been shown to decrease the number of URTIs in athletes by promoting the
production of IgA [23] and maintaining the balance of pro/anti-inflammatory markers [24].

On the other hand, carbohydrate supplements are used as a strategy to reduce the effects caused
by the exercise on the immune system [25], and also contribute to improve performance. The intake
of carbohydrate can significantly alter the immune response to intense exercise by attenuating the
proliferation of lymphocytes, and by modulating cytokine pro/anti-inflammatory markers [26].

It has been shown that carbohydrate and glutamine supplements can be used isolated as a
strategy to reverse the deteriorating mucosal immunity after strenuous exercise at sea level [23,27],
however, the combined effect of both supplements is still not clarified.

In this context, we propose that the nutritional strategies used to prevent immune suppression
after strenuous exercise at sea level can also be effective in hypoxic conditions. Thus, the objective of
this study was to analyze the effect of carbohydrate and glutamine supplementation on oral mucosal
immunity after exercise at a simulated altitude of 4500 m.

2. Methods

2.1. Experimental Design

This was a randomized, double-blind, placebo controlled crossover study and the sample size
was determined using a statistics website from the Australian government [28]. After starting the
clinical study, there were no changes in the methodology.

2.2. Participants

The sample of this study included 15 healthy male volunteers (women were not included
in the sample to avoid the possible influences of female sex hormones) that were physically
active (performing physical activity at least 3x/week for 90 min each session) with the following
physiological and anthropometric characteristics: age: 26.4 ± 3.9 years old; body mass: 73.7 ± 8.7 kg;
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height: 1.76 ± 0.02 m; Body Mass Index (BMI): 23.7 ± 2.5 kg/m2; VO2peak: 50.6 ± 5.4 mL/kg/min;
maximum heart rate: 189.9 ± 8.2 beats per minute. Exclusion criteria were defined as: health problems;
alterations in the electrocardiogram (ECG) at rest, stress and clinical evaluations, smoking, use of drugs,
alcohol abuse, use of any medication that could interfere with the study results, and exposure to hypoxia
during the previous six months. Figure 1 is a CONSORT flow diagram [29], explaining the stages of the
randomized study. Initially, 60 volunteers were recruited to take part in the study, however 37 were
eliminated based on the exclusion criteria. Of the 23 volunteers remaining, only 15 completed all
the requirements.

Figure 1. CONSORT flow diagram 2010.

Data were collected at the Interdisciplinary Laboratory for Exercise Physiology (LAIFE),
Federal University of São Paulo (UNIFESP), São Paulo, between December 2014 and July 2015.
The study procedures were approved by the Research Ethics Committee of the Federal University
of São Paulo (Ethical approval code: 69 839/2014) on 4 March 2015 and are in accordance with the
guidelines established by Resolution #466 of the Ministry of Health and the International Declaration
of Helsinki.
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2.3. Intervention

The participants came to the laboratory four times, with an interval of six days between each
visit. During the first session, relevant information was presented, which consisted of objectives,
procedures, guidelines for not taking supplements, and only low-intensity exercise. The participants
were randomized into three groups [30] and were asked to sign a consent form. Next, they performed
resting ECG, stress and cardiopulmonary exercise tests. The blinding process occurred in order to
offer supplements and placebos that had the same characteristics of color, consistency, smell, taste,
and presentation. An individual, oblivious of the study, was responsible for delivering the supplements
to the participants every week, so the researches had no contact with the supplements. During the
next three visits, the participants performed three random, blinded exercise sessions:

1. Group Hypoxia (Exercise + Altitude + Placebo): Participants consumed glutamine placebo
supplements during the six days prior to the test (10 g corn starch + 10 g lactose), taken in the
evening. During test day, they performed an exercise session at 70% of VO2peak at a simulated
altitude of 4500 m and were given a carbohydrate placebo supplement (Crystal Light®—Kraft
Foods, Inc. strawberry, Chicago, IL, USA), 200 mL every 20 min during exercise and during
recovery for two hours.

2. Group Hypoxia + CHO (Exercise + Altitude + Carbohydrate): Participants consumed glutamine
placebo supplements during the six days prior to the test (10 g corn starch + 10 g lactose)
taken in the evening. During test day, they performed an exercise session at 70% of VO2peak
at a simulated altitude of 4500 m, and were given carbohydrate supplements (Maltodextrin
strawberry flavor—Probiótica®—Laboratories, Embu das Artes, São Paulo, Brazil), 200 mL at a
concentration of 8% every 20 min during exercise and during recovery for two hours.

3. Group Hypoxia + GLN (Exercise + Altitude + Carbohydrate + Glutamine): Participants consumed
20 g of glutamine (Probiótica®—Laboratories, Embu das Artes, São Paulo, Brazil) in the six days
prior to the test, between 8:00–10:00 p.m. During test day, they performed an exercise session
at 70% of VO2peak at a simulated altitude of 4500 m, and were given carbohydrate supplements
(Maltodextrin strawberry flavor—Probiótica®—Laboratories, Embu das Artes, São Paulo, Brazil),
200 mL at a concentration of 8% every 20 min during exercise and during recovery for two hours.

For all exercise sessions, water intake was ad libitum. However, there was no control of the
ingested volume.

Determination of VO2peak

To determine the VO2peak in normoxic conditions, a test was performed with progressive intensity
on a treadmill (LifeFitness®- 9700HR, Rosemont, IL, USA) with an initial speed of 7 km/h and increase
of 1 km/h every minute until exhaustion (defined as the incapacity to keep up with the speed of
the treadmill for 15 s or until the volunteer requested to stop the test after being encouraged to
continue [31]) The encouragement for the volunteers was similar in all tests and carried out by the
same person. During the test, we used a fixed inclination of 1% to simulate the physical stress of
field tests [32].

Heart rate was monitored with a Polar Vantage NV watch (Polar®, Sark Products,
Waltham, MA, USA), blood pressure was monitored by sphygmomanometer and stethoscope,
and perceived exertion by the Borg scale (6 to 20) [33]. The respiratory parameters were measured by a gas
analyzer (Cosmed Quark PFT model, Albano Laziale, Rome, Italy), pulmonary function (FRC & DLCO,
Albano Laziale, Rome, Italy) was analyzed using a facemask (Hans Rudolph Inc., Shawnee, KS, USA).
All calibration procedures were performed according to the manufacturer’s recommendations.

2.4. Altitude Simulation

A normobaric chamber was used (normobaric chamber CAT—Colorado Altitude
Training™/CAT-12 Air Unit®, Lousiville, CO, USA) to simulate an altitude of 4500 m (changing carbon
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dioxide and oxygen concentrations (equivalent to a barometric pressure of 433 mmHg and a fraction
of inspired oxygen of 13.5% O2)).

2.5. Sessions of Exercise and Recovery

The participants spent the first two hours in the hypoxic chamber at rest and then began to exercise
on a treadmill (LifeFitness®- 9700HR, Rosemont, IL, USA) with a fixed inclination of 1% and intensity
of 70% of VO2peak until exhaustion or up to one hour. After exercising, they remained in the chamber
for two more hours for recovery. Each test was followed by six days of rest, which was considered
long enough to eliminate the effects of hypoxia [34] and supplementation [24]. All exercise session
were performed after an overnight of fasting to avoid possible influences of diet and to maintain a
standardized metabolic condition. Testing began at 7:30 a.m. to avoid circadian influences.

2.6. Hemoglobin O2 Saturation (SaO2%)

During all tests, the SaO2% was monitored by a pulse oximeter on the finger (FingerPulse®,
MD300C202 model, Beijing, China) and assessed during four stages with saliva collection.

2.7. Saliva Collection

The saliva samples were collected using the Salivet method (cylindrical roller bearings that
absorb saliva during the period of a minute) during four moments: immediately before entering the
chamber (baseline), immediately before starting exercise (pre-exercise), immediately after exercise
(post-exercise), and after two hours of recovery (after 2:00). After collection, the sample was put into a
tube and centrifuged at a speed of 600× g for 20 min. Then, a clear fluid specimen was obtained and
stored frozen (−80 ◦C) for analysis.

2.8. Determinants in Saliva

IgA was determined by immunoturbidimetric method using Kits from Labtest® (Lagoa Santa,
MG, Brazil) and cytokines (TNF-α, IL-6, and IL-10) were determined using Milliplex Kits®

(Darmstadt, Germany).
The flow rates of IgA, TNF-α, IL-6, and IL-10 were calculated by multiplying the concentration of

each parameter by salivary flow (mL/min) as described by Usui et al. (2011) [2].

2.9. Statistical Analysis

Data normality was verified by the Shapiro-Wilk test. Descriptive analysis consisted of mean and
standard error. ANOVA for repeated measures followed by post hoc Tukey test verified the interactions
between groups and time, and Cohen’s d was calculated to estimate effect size: 0.20–0.30 = small
effect size; 0.40–0.70 = medium effect size, and ≥0.80 = large effect size. The software Statistics® 7.0
(StatSoft, Inc., Tulsa, OK, USA) was used for the statistical analyzes and the level of significance was
set at p < 0.05.

3. Results

The results are presented in tables and figures. There was no significant difference between
groups Hypoxia, Hypoxia + Carbohydrate, and Hypoxia + Glutamine for SaO2% (F = 2.2, p = 0.119), as
shown in Table 1. However, significant differences were observed regarding time (F = 248.5, p < 0.001).
When comparing the moment of measurement, we found reduction of SaO2% at baseline versus
pre-exercise (p < 0.001) and baseline versus post-exercise (p < 0.001). Additionally, there was reduction
at baseline in relation to after recovery for all three groups (p < 0.01). There was also a reduction of
SaO2% in pre-exercise versus post-exercise (p < 0.001) for the hypoxia group. However, an increase
was observed in pre-exercise compared to recovery for both groups with supplements (p < 0.001),
and between post-exercise and recovery for all groups (p < 0.001). There was significant difference in
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the interaction between the groups and time (F = 5.5, p < 0.001), with an increase in Hypoxia group
compared to Hypoxia + Glutamine group in recovery (p = 0.02).

Table 1. O2 saturation percent (SaO2%).

Condition

Hypoxia Hypoxia + CHO Hypoxia + GLN

SaO2%

Basal 97.13 ± 0.27 97.13 ± 0.21 96.87 ± 0.24

Pre-exercise 85.47 ± 1.35 A 82.40 ± 1.23 A 84.33 ± 1.01 A

Post-exercise 79.67 ± 1.37 AB 81.47 ± 1.02 A 81.53 ± 1.43 A

2 h after 85.40 ± 1.00 AC 89.33 ± 0.46 ABC 90.27 ± 0.55 ABC*

The results of SaO2 (%) were described by mean ± Standard Error (SE). The interactions of group versus time was
Analysis of Variance (ANOVA) for repeated measures followed by Post hoc of Tukey test. The level of significance
was set at p < 0.05. n = 15 volunteers. A statistically significant in relation to basal. B statistically significant in
relation to pre-exercise. C statistically significant in relation to post-exercise. * Statistically significant in relation to
hypoxia condition. Hypoxia + CHO = Hypoxia + carbohydrate and hypoxia + GLN = hypoxia + glutamine.

Figure 2 shows results of time to exhaustion. There were no statistical differences regarding time
to exhaustion between Hypoxia group (27.6 ± 5.46), Hypoxia + Carbohydrate group (29.2 ± 6.49),
and Hypoxia + Glutamine group (23.66 ± 4.95).

 
Figure 2. The results of time of exhaustion (min) was described by mean ± Standard Error (SE).
The interaction of group versus time was analyzed by Analysis of Variance (ANOVA) for repeated
measures followed by post hoc of Tukey test. The level of significance was set at p < 0.05. n = 15
volunteers. Hypoxia + CHO = Hypoxia + carbohydrate and hypoxia + GLN = hypoxia + glutamine.

Salivary flow (mL/min) results are presented in Table 2. No differences were observed between
groups (F = 0.78, p = 0.925), but significant difference was found regarding time (F = 7.927, p < 0.001).
There was an increase of salivary flow post-exercise versus recovery (p < 0.001) for the Hypoxia +
Carbohydrate group. In the interaction of groups versus time, there was no significant difference
(F = 0.863, p = 0.524).
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Table 2. Salivary Flow.

Condition

Hypoxia Hypoxia + CHO Hypoxia + GLN

SaO2%

Basal 0.90 ± 0.11 0.89 ± 0.12 0.89 ± 0.09

Pre-exercise 0.88 ± 0.11 0.81 ± 0.10 0.76 ± 0.08

Post-exercise 0.75 ± 0.10 0.76 ± 0.11 0.79 ± 0.13

2 h after 0.92 ± 0.11 1.04 ± 0.14 C 0.85 ± 0.10

The results of Salivary Flow (mL/min) were described by mean ± Standard Errros (SE). The interactions of
group versus time was Analays of Variance (ANOVA) for repeated measures followed by Post hoc of Tukey test.
The level of significance was set at p < 0.05. n = 15 volunteers. C statistically significant in relation to post-exercise.
Hypoxia + CHO = Hypoxia + carbohydrate and hypoxia + GLN = hypoxia + glutamine.

Regarding immunity, we measured IgA and cytokines. The salivary concentration of IgA showed
no difference between groups (F = 0.080, p = 0.923), time (F = 2.578, p = 0.057), and interaction (F = 1.133,
p = 0.347). However, Cohen’s effect size d for the concentration of salivary IgA of pre-exercise versus
post-exercise was 0.9 and pre-exercise versus recovery was 2.27 for the Hypoxia group; for the Hypoxia
+ Carbohydrate group, pre-exercise versus recovery showed effect size d = 1.06, and baseline versus
post-exercise d = 1.9. The Hypoxia + Glutamine group showed effect size d = 2.6 for baseline versus
recovery (Table 3). The Cohen’s effect size d > 0.08 is considered a high effect. IgA secretion rate
presented no differences between groups (F = 0.074, p = 0.929). However, a significant difference was
observed for time (F = 6.462, p < 0.001), and a reduction was found from baseline versus post-exercise
(p < 0.001) for the group Hypoxia + Glutamine. The Hypoxia group showed a reduction of 22.5%
post-exercise compared to baseline, with no statistical difference, but Cohen’s effect size d of 1.58.
There was no interaction of groups versus time (F = 1.262, p = 0.280) (Figure 3).

Table 3. IgA, IL-10, TNF-α e IL-6 Concentration

Condition

Hypoxia Hypoxia + CHO Hypoxia + GLN

IgA

Basal 48.40 ± 2.07 46.47 ± 1.6 49.80 ± 2.27

Pre-exercise 49.93 ± 2.21 50.47 ± 3.30 48.40 ± 1.67

Post-exercise 47.33 ± 3.34 50.80 ± 3.88 45.60 ± 2.02

2 h after 45.07 ± 1.25 46.73 ± 3.70 47.00 ± 2.60

IL-10

Basal 1.11 ± 0.15 1.22 ± 0.16 1.13 ± 0.17

Pre-exercise 1.14 ± 0.17 1.27 ± 0.19 1.25 ± 0.20

Post-exercise 1.08 ± 0.12 1.01 ± 0.13 1.02 ± 0.17

2 h after 1.11 ± 0.16 1.22 ± 0.15 1.24 ± 0.15

TNF-α

Basal 2.06 ± 0.80 2.07 ± 0.69 3.69 ± 1.79

Pre-exercise 2.18 ± 0.67 2.30 ± 0.80 2.74 ± 0.75

Post-exercise 2.02 ± 0.98 1.54 ± 0.62 AB 3.06 ± 2.25

2 h after 1.34 ± 0.44 1.12 ± 0.39 AB 2.03 ± 0.73

IL-6

Basal 1.05 ± 0.26 1.50 ± 0.68 1.42 ± 0.58

Pre-exercise 0.93 ± 0.22 1.57 ± 0.51 1.92 ± 0.63

Post-exercise 0.97 ± 0.30 1.15 ± 0.36 1.26 ± 0.48

2 h after 0.82 ± 0.22 1.12 ± 0.37 1.06 ± 0.37

The results of concentration of Immunoglobulin A (IgA) (mg/dL), Interleukin-10 (IL-10), Tumoral Necrosis Factor-α
(TNF-α) e Interleukin-6 (IL-6), in pg/mL were described by mean ± Standard Error (SE). The interactions of group
versus time was Analaysis of Variance (ANOVA) for repeated measures followed by Post hoc of Tukey test. The level
of significance was set at p < 0.05. n = 15 volunteers. A statistically significant in relation to basal. B statistically
significant in relation to pre-exercise. Hypoxia + CHO = Hypoxia + carbohydrate and hypoxia + GLN = hypoxia
+ glutamine.
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Figure 3. The results of secretory immunoglobulin A (IgA) (mg/min) was described by mean ±
Standard Error (SE). The interaction of group versus time was analyzed by Analysis of Variance
(ANOVA) for repeated measures followed by post hoc of Tukey test. The level of significance was set
at p < 0.05. n = 15 volunteers. # Statistically significant in relation to basal. Hypoxia + CHO = Hypoxia
+ carbohydrate and hypoxia + GLN = hypoxia + glutamine.

Results related to pro- and anti-inflammatory cytokines are presented in Table 3. Regarding IL-10
concentration, there was no significant differences between groups (F = 0.148, p = 0.863), time (F = 0.893,
p = 0.447), and interaction (F = 0.487, p = 0.817). Cohen’s effect size d for all comparisons related to
IL-10 was below 0.2. This is considered a small effect size.

Regarding the rate of saliva secretion with IL-10 (Figure 4), there were no significant differences
between the three groups (F = 0.170, p = 0.844), but there was a significant difference in time (F = 6.119,
p < 0.001). Among these differences, there was an increase between post-exercise versus recovery
(p < 0.001) for Hypoxia + Carbohydrate group. There was no interaction for this parameter (F = 0.589,
p = 0.739).

The salivary concentrations of TNF-α (Table 3) showed no difference between the three groups
(F = 0.48, p = 0.624). Regarding time, a reduction was observed (F = 15.88, p < 0.001) from baseline
versus post-exercise (p = 0.001) and after recovery (p < 0.001) for the Hypoxia + Carbohydrate group.
Similarly, a lower concentration was observed in pre-exercise time versus post-exercise (p < 0.001) and
recovery (p < 0.001). There was no interaction of groups versus time (F = 1.61, p = 0.148).

When considering the rate of saliva secretion of TNF-α (Figure 5), there was no significant
difference between the three groups (F = 0.33, p = 0.723). However, there were differences in time
for TNF-α secretion rate (F = 14.63, p < 0.001). Among these differences, we observed a reduction
from baseline versus post-exercise (p < 0.001) for both supplemented groups, and a lower secretion of
baseline compared to recovery (p < 0.001), and pre-exercise versus post-exercise (p < 0.001) for Hypoxia
+ Carbohydrate group. There was no interaction for this parameter (F = 3.01, p = 0.408).

Table 3 shows the salivary concentration of IL-6 and Figure 6 shows the salivary secretion rate
of IL-6. Table 3 and Figure 4 showed no significant differences between groups (F = 0.213, p = 0.809)
and (F = 0.138, p = 0.872), time (F = 3.200, p = 0.02) and (F = 2.555, p = 0.05), and interaction (F = 0.726,
p = 0.629) and (F = 0.600, p = 0.730), respectively.

The ratio of salivary secretion rate of TNF-α/IL-10 is presented in Figure 7 and showed differences
between groups (F = 5.2, p < 0.001), with an elevation of Hypoxia + Carbohydrate versus Hypoxia +
Glutamine (p = 0.01). A significant difference was observed for time (F = 608.0, p < 0.001), and the
reduction was found at baseline versus pre-exercise (p < 0.001), post-exercise (p < 0.001), and recovery
(p < 0.001) in the group Hypoxia + Carbohydrate and Hypoxia + Glutamine. There was interaction
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of groups versus time (F = 4.6, p = 0.001), including an elevation between baseline in Hypoxia group
compared to Hypoxia + Glutamine group (p = 0.01), and baseline in Hypoxia + Carbohydrate group
compared to Hypoxia and Hypoxia + Glutamine group (p = 0.01).

Figure 4. The results of interleukin (IL)-10 secretory (pg/min) was described by mean ± Standard
Error (SE). The interaction of group versus time was analyzed by Analysis of Variance (ANOVA) for
repeated measures followed by post hoc of Tukey test. The level of significance was set at p < 0.05.
n = 15 volunteers. μ statistically significant in relation to post-exercise. Hypoxia + CHO = Hypoxia +
carbohydrate and hypoxia + GLN = hypoxia + glutamine.

Figure 5. The results of tumor necrosis factor (TNF)-α secretory (pg/min) was described by mean
± Standard Error (SE). The interaction of group versus time was analyzed by Analysis of Variance
(ANOVA) for repeated measures followed by post hoc of Tukey test. The level of significance was set
at p < 0.05. n = 15 volunteers. # Different in relation toBasal. Statistically significant in relation to
pre-exercise. Hypoxia + CHO = Hypoxia + carbohydrate and hypoxia + GLN = hypoxia + glutamine.
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Figure 6. The results of IL-6 secretory (pg/min) was described by mean ± Standard Error (SE).
The interaction of group versus time was analyzed by Analysis of Variance (ANOVA) for repeated
measures followed by post hoc of Tukey test. The level of significance was set at p < 0.05. n = 15
volunteers. Hypoxia + CHO = Hypoxia + carbohydrate and hypoxia + GLN = hypoxia + glutamine.

Figure 7. The results of salivary secretion rate of Tumor necrosis factor- α/Interleukin-10 (TNF-α/IL-10)
was described by mean ± Standard Error (SE). The interaction of group versus time was analyzed
by Analysis of Variance (ANOVA) for repeated measures followed by post hoc of Tukey test.
The level of significance was set at p < 0.05. n = 15 volunteers. # Different in relation to Basal.
Hypoxia + CHO = Hypoxia + carbohydrate and hypoxia + GLN = hypoxia + glutamine.

4. Discussion

The aim of this study was to analyze the effect of carbohydrate and glutamine supplementation
on oral mucosal immunity after exercise at a simulated altitude of 4500 m. The main finding of this
study was that strenuous exercise associated with hypoxia, with or without supplementation, did not
change salivary IgA. Despite the decrease in the pro/anti-inflammatory balance, an anti-inflammatory
response was found in the group with carbohydrate supplementation because of changes in IL-10 and
TNF-α concentrations.

According to several studies conducted at sea level, carbohydrate and/or glutamine
supplementation have shown to be effective on mitigating the stress effects of vigorous exercise
on the immune system. Taking into consideration that the number of people that travel to places of
high altitudes for tourism, work, and sports increases each year, it becomes of great importance to
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elucidate the effects of carbohydrate and/or glutamine supplementation in hypoxic environments on
the oral mucosal immunity, which is considered a practical method to indicate stress. Therefore, in the
future, new interventions may be proposed and designed to minimize the effects of hypoxia among
athletes, travelers, workers, and people chronically exposed to high altitudes.

Regarding results involving SaO2%, the values at baseline were not significantly different for the
groups, since they are in normal oxygen concentration. However, a reduction in SaO2% was found
after two hours of exposure for all groups, proving the efficiency of the hypoxia model used in this
study and confirming the results found in the studies conducted by Tannheimer et al. [35], Mazzeo [14],
and Pomidori et al. [36]. However, after two hours of recovery in hypoxia, SaO2% increased almost
immediately post-exercise, suggesting recovery. However, this was not enough time to restore the
values to baseline levels.

The SaO2% results of the Hypoxia + Carbohydrate group were similar to the group with no
supplementation at baseline, but different after two hours of recovery with an increase in SaO2%
compared to pre-exercise and post-exercise. Such modifications are related to carbohydrate intake,
increasing the concentration of CO2 to a level that stimulates ventilation, thus enhancing blood
oxygenation and reducing the desaturation of hypoxia [37,38]. The Hypoxia + Glutamine group
showed similar changes compared to the Hypoxia group at baseline, although the results were different
after two hours of recovery, showing an increase at pre-exercise, post-exercise, and hypoxic condition.
The reasons for the restoration of SaO2% in the Hypoxia + Glutamine group are not known, but it is
suggested that the increased availability of plasma glutamine may interfere with the central synthesis
of glutamate, an excitatory neurotransmitter that stimulates ventilation [39], and thus contribute to
SaO2% recovery.

Despite not evaluating plasma concentration of glutamine, a previous study with a similar
protocol showed a 65.8% increase of glutamine post-exercise when compared to pre-exercise [24],
reinforcing our hypothesis. Another fact to consider in the Hypoxia + Glutamine group is the combined
action of the two supplements [40], contributing to increased ventilation in different pathways [37,39].

Pilardeau et al. [41] were the first to describe salivary flow in hypoxia; today it is known that
salivary secretion can be affected by neural control of the autonomic nervous system, which indirectly
regulates salivary flow and saliva composition [13]. The stress of intense exercise added to hypoxic
environment stimulates the sympathetic nervous system, contracting blood vessels in salivary glands,
which leads to a reduction in flow rate [27]. Our results are partly explained by these mechanisms,
showing that salivary flow in hypoxic condition reduced 17% from baseline. However, the intake of
both supplements appears to alleviate this effect, since the Hypoxia + Carbohydrate group showed
a reduction of only 14% in salivary flow post-exercise compared to baseline. Interestingly, after two
hours of recovery, supplementation with carbohydrates was able to promote a significant increase of
27% in flow compared to the end of the exercise. Bishop et al. [27] analyzed participants in normoxic
conditions after two hours of riding a bicycle at 60% of VO2max and found that consumption of
carbohydrates (60 gL) increased salivary flow one hour after exercise, probably due to a reduction of
sympathetic/parasympathetic balance [1].

The changes in salivary flow during and after exercise directly affect the concentration of salivary
IgA [13,42], however, our results showed that the stimulation of salivary flow followed by the stress
of exercise and hypoxia was not able to promote changes of total IgA concentration in any of the
conditions. These results are similar to a study by Svendsen et al. [43] that analyzed participants
exposed to hypobaric hypoxia conditions equivalent to 2000 m during 75 min of cycling at 70% VO2peak.
This finding may have occurred due to the high intensity of exercise and its immunosuppressive
function, preventing the elevation of IgA [44], or because the reduced time of exposure to hypoxia was
not enough to modify secretion of IgA [1].

The IgA secretion rate in the Hypoxic group was reduced by 22.5% post-exercise compared
to baseline; statistically this reduction was not significant, but it can be physiologically important,
since IgA is the most abundant protection protein in saliva [1]. The lower level of IgA secretion
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indicates a specific reduction in the synthesis and/or secretion of salivary IgA in response to stress
created by intense exercise [18,45] coupled with hypoxia. When supplements were taken by the
participants, this reduction was slightly smaller (i.e., 10.6% in the Hypoxia + Carbohydrate group
and 15.5% in the Hypoxia + Glutamine group). Our findings are similar to the study conducted by
Krzywkowski et al. [45], involving normoxia with glutamine supplementation (17.5 g), which showed
the same tendency of exercise (two hours of bicycle exercise at 75% VO2max) to reduce salivary IgA
during and up to two hours after exercise.

The production of IgA in saliva may be mediated by several factors, such as stress hormones,
nutritional factors, circadian cycle, hydration, alcohol intake, and also cytokines [1,2,13,46]. The effects
of exercise on the production of cytokines in saliva are not well understood [2], especially in
hypoxia [21]. Therefore, the present study was the first to investigate the effect of carbohydrate
and glutamine supplementation on concentration of cytokines after exercise in hypoxic condition.

The concentration of IL-10 and its secretion rates were not different when comparing time for
any of the groups. However, despite the secretion rate being slightly lower in post-exercise when
compared to baseline, we found that supplementation with carbohydrates was able to increase IL-10
after two hours of recovery, showing that the anti-inflammatory role of carbohydrate [46] can also be
observed in saliva, thereby contributing to the maintenance of homeostasis at this site and helping
to preserve mucosal immune responses [47]. We found similar results in the Hypoxia + Glutamine
group, suggesting that, despite the increase of IL-10 by approximately 25% post-exercise compared to
baseline, glutamine supplementation was not able to modulate the pro/anti-inflammatory balance by
modification of IL-10.

The concentration and rate of secretion of TNF-α did not change in the Hypoxia group, however,
in normoxic conditions, an increase of TNF-α was found in saliva during and after intense exercise [2],
and a reduction after one-hour of recovery [48]. When assessing the Hypoxia + Carbohydrate group,
TNF-α decreased after exercise and recovery, suggesting that the increase of IL-10 in saliva, mediated by
supplementation with carbohydrates, may be responsible for a decrease in TNF-α secretion rate,
similar to what occurs in other tissues, and enhancing the anti-inflammatory role of carbohydrates.
In fact, supplementation with carbohydrates was able to attenuate the inflammatory process promoted
by exercise and hypoxia, and modulated the balance between pro- and anti-inflammatory cytokines in
saliva, as in normoxic conditions [49].

Regarding glutamine supplementation, we observed a decrease in TNF-α secretion rate
immediately after exercise, and the reduction was more evident at the end of the second hour of
recovery. These results demonstrated the anti-inflammatory role of glutamine in saliva, which has
been observed in other tissues, directing the pro-inflammatory/anti-inflammatory balance toward an
anti-inflammatory response [21,22].

The salivary concentration and secretion rate of IL-6 did not change in any of the groups. There are
no results in the literature showing the effect of exercise on salivary IL-6 in hypoxia. Our results
contradict the findings of Usui et al. [2], who observed an increase of IL-6 levels in saliva in normoxic
conditions during and after exercise at 75% of VO2max, including 80 min post-exercise. Thus, we cannot
suggest what mechanisms are responsible for regulating IL-6 in hypoxia, but they are probably different
from those in normoxic condition (i.e., maintaining homeostasis of blood and hepatic glucose and
stimulating the release of C Reactive Protein (CRP). We believe this finding is a reflection of the
increased use of IL-6 in its hematopoietic purpose [50,51] because it causes almost immediate reduction
of SaO2% and deterioration of O2 due to hypoxia.

5. Conclusions

We conclude that five hours in hypoxia associated with strenuous exercise was not enough to
promote a change in salivary IgA. Supplementation with carbohydrates and glutamine produced
changes in the pro/anti-inflammatory balance, stimulating an inflammatory response in oral mucosa.
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However, our results should be interpreted with caution in regards to their generalizability because
we only assessed male subjects.
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