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Preface to ”Energy Metabolism and Diet”

We have great pleasure in presenting this Special Issue of Nutrients on “Energy metabolism and

diet”. The scope of this issue is the complex interaction between diet, energy metabolism and health

or physical functioning, and all of the contributions to this issue aim to increase our understanding of

this interaction and how it can be applied to improve human health and, more specifically, metabolic

health. This Special Issue is particularly valuable to any scientist or health professional working

in the field of health, nutrition and exercise. It is acknowledged that this valuable contribution to

this field of expertise could only be realized thanks to the high-quality contributions of the authors

Ciara Cooney, Ed Daly, Maria McDonagh, Lisa Ryan, Emmanuel Rineau, Naı̈g Gueguen, Vincent

Procaccio, Franck Geneviève, Pascal Reynier, Daniel Henrion, Sigismond Lasocki, Gabriella Sistilli,

Veronika Kalendova, Tomas Cajka, Illaria Irodenko, Kristina Bardova, Marina Oseeva, Petr Zacek,

Petra Kroupova, Olga Horakova, Karoline Lackner, Amalia Gastaldelli, Ondrej Kuda, Jan Kopecky,

Martin Rossmeisl, Rieneke Terink, Renger F. Witkamp, Maria T. E. Hopman, Els Siebelink, Huub F.

J. Savelkoul, Marco Mensink, Jiri Funda, Radek Pohl, Tomas Cajka, Michal Hensler, Petra Janovska,

Katerina Adamcova, Lucie Lenkova, Petr Zouhar, Pavel Flachs and Jerry Colca. Moreover, we are

grateful to the editorial office of Nutrients for the assistance during the initiation and completion of

this special issue.

Arie Nieuwenhuizen, Evert van Schothorst

Editors
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Energy metabolism at whole body and cellular, and even organelle (i.e., mitochon-
drial), level requires adequate regulation in order to maintain or improve (metabolic)
health. In eukaryotic cells, mitochondria are key players in energy (ATP) production via
oxidative phosphorylation. Both macro- and micronutrients potentially influence energy
metabolism and mitochondrial functioning, either as substrates for (oxidative) catabolism
or as essential constituents of enzymes or protein complexes involved in (mitochondrial)
energy metabolism (Figure 1).
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Figure 1. Schematic concept on the interaction between diet, energy metabolism, and health.

In this issue, a range of new articles are presented, and we are fortunate to have
a collection of empirical preclinical and human studies to assist in the development of
understanding and progress in this area of research on improving health, and, in more
detail, metabolic health. The studies in this Special Issue deal with various aspects of
nutrition, as summarized below:

Energy Balance

Focused on the topic of energy balance, Cooney and colleagues report findings of
a weight loss study in ageing Irish adults with overweight and adiposity-based chronic
disease [1]. Participants had dietary energy requirements prescribed on the basis of either
measured resting metabolic rate (mRMR) or estimated RMR by the prediction of Miffin [1].
A similar weight loss (>5%) over the short-term period of 12 weeks was seen in these two
groups, together with a reduction in blood pressure, triglycerides, and glucose, thus reduc-
ing cardiovascular disease risk factors. Cumulatively, these data further support the use
of RMR, either measured or estimated, to determine energy intake during a weight loss
program [1].

Macronutrient Composition

In recreational athletes, Terink and colleagues elegantly showed, by using a cross-over
study where athletes consumed one of two diets in random order with a wash-out period
of >2 weeks in between, that a low-carbohydrate, high-fat (LCHF) diet resulted in reduced
workload with metabolic effects and a pronounced exercise-induced cortisol response
after 2 days, when compared to a high-carbohydrate (HC) diet. Although indications of
adaptation were seen after 2 weeks on the LCHF diet, work output was still lower [2].
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Starting with the trace element iron, amongst others involved in oxidation–reduction
reactions of energy metabolism, Rineau and colleagues focused on endurance capacity
and fatigue, one of the main symptoms of iron deficiency [3]. They showed that iron
deficiency without anemia in mice significantly reduced endurance and activity of the
respiratory chain complex I in the predominantly slow-twitch musculus soleus, but not in
the musculus quadriceps. This was seen without differences in complex IV activity in both
muscles. They concluded that iron deficiency without anemia results in impaired mito-
chondrial complex I activity in skeletal muscles with predominantly oxidative metabolism,
which might explain the observed reduction of fatigue and improved physical activity
when correcting iron deficiency in humans [3].

In light of the increasing number of people with obesity and associated noncommu-
nicable diseases nutritional approaches are highly warranted to combat developments
of type 2 diabetes and the spectrum of conditions ranging from increased intrahepatic
accumulation of triacylglycerols (fatty liver), hepatic steatosis, steatohepatitis (NASH) and
end-stage liver disease,. Previously, it has been well reported that fish oils, and more specif-
ically, the fatty acids eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA;
22:6n-3), contribute to health benefits, including, but not limited to, nonalcoholic fatty
liver disease (NAFLD; reviewed by, e.g., Chang and colleagues (Prostaglandins Leukot.
Essent. Fat. Acids, 2018). In this special issue, Sistilli and colleagues [4] and Bardova and
colleagues [5] show some new insights revealing the nutritional power of these fatty acids
as part of fish oil triglycerides or of krill oil (and its constituents), which includes high levels
of phospholipids (PL) composed of a glycerol backbone with two fatty acids (either EPA
or DHA) and a phosphate group modified with simple organic molecules such as choline,
ethanolamine, or serine. Sistilli et al. showed impressive antisteatotic effects in the liver
by krill oil versus fish oil using an obese, insulin-resistant mouse model of exacerbated
NAFLD based on high-fat feeding at thermoneutral temperature. Moreover, effects were
seen in both the prevention and reversal of hepatic steatosis. This was associated with
improved hepatic insulin sensitivity and high plasma adiponectin levels [4].

Bardova et al., in contrast, investigated potential additive effects by combining nutri-
tional and pharmacological interventions, using fish oil together with a first- or second-
generation antidiabetic drug, thiazolidinedione (TZD). Focusing on white adipose tissue,
increased fatty acid futile cycling (triacylglycerols → free fatty acids + glycerol → tria-
cylglycerols) supporting energy dissipation was seen as an additive beneficial effect of
fish oil and TZDs, together with increased metabolic health in these diet-induced obese
mice. This included reduced body weight gain, and improvements in circulating and tissue
metabolites and parameters of both lipid and glucose homeostasis [5].

Together, the studies of this Special Issue provide novel detailed insights into the phys-
iological nature of the close relationship between (nutrients) our diet, energy metabolism,
and physical functioning, and confirm the importance of this relationship for maintaining
good health.

Author Contributions: A.G.N. and E.M.v.S. conceptualized and co-wrote this article. Both authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The primary objective of this study was to compare weight changes in two groups of
ageing Irish adults with overweight and adiposity-based chronic disease: participants who had
dietary energy requirements prescribed on the base of measured RMR and participants whose RMR
was estimated by a prediction equation. Fifty-four Caucasian adults (male n = 25; female n = 29,
age 57.5 ± 6.3 years, weight 90.3 ± 15.1 kg, height 171.5 ± 9.5 cm, BMI 30.7 ± 4.6 kg/m2) were
randomly assigned to a dietary intervention with energy prescription based on either measured
RMR or estimated RMR. RMR was measured by indirect calorimetry after an overnight fast and
predicted values were determined by the Mifflin et al. (1990) prediction equation. All participants
received individual nutritional counselling, motivational interviewing and educational material.
Anthropometric variables, blood pressure, blood glucose and blood lipid profile were assessed over
12 weeks. Body weight at week 12 was significantly lower (p < 0.05) for both groups following
dietary interventions, mRMR: −4.2%; eRMR: −3.2% of initial body weight. There was no significant
difference in weight loss between groups. Overall, 20.8% mRMR and 17.4% of eRMR participants
experienced clinically meaningful (i.e., ≥5% of initial weight) weight reduction. Weight reduction
in adults aged ≥50 years over the short term (12 weeks) favoured a reduction in blood pressure,
triglycerides and glucose, thus reducing cardiovascular disease risk factors. This research indicates
that employing a reduced-calorie diet using indirect calorimetry to determine energy needs when
improving weight outcomes in adults (>50 years) with overweight and adiposity-based chronic
disease is equal to employing a reduced-calorie diet based on the Mifflin et al. (1990) prediction
equation. A reduced-energy diet based on mRMR or eRMR facilitates clinically meaningful weight
reduction in adults (≥50 years) over the short term (12 weeks) and favours a reduction in blood
pressure, triglycerides and glucose, thus reducing cardiovascular disease risk factors. Moreover, the
addition of motivational interviewing and behaviour change techniques that support and encourage
small behaviour changes is effective in short-term weight management.

Keywords: resting metabolic rate; prediction equation; ageing adults; overweight; obesity; adiposity-
based chronic disease; energy balance; metabolism

1. Introduction

The high prevalence of overweight (defined as a body mass index [BMI] ≥ 25 kg/m2)
and obesity (defined as a BMI ≥ 30 kg/m2) among older Irish adults is a major health
concern. Obesity is an ‘adiposity-based chronic disease’ (ABCD) that affects 35% of Irish
adults aged 50 years and over, with a further 44% classified as overweight [1]. ABCD is
associated with an increased risk of cardiovascular diseases (CVD), osteoarthritis, type 2
diabetes mellitus and impaired functionality [2,3]. Furthermore, older adults with ABCD
are reported to be at greater risk of depression, disability and frailty than their age-matched
counterparts of normal weight [1]. Central obesity, which affects over half (53%) of older
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Irish adults, is characterised by increased abdominal adiposity and is associated with a
greater risk of adverse metabolic and cardiovascular outcomes than overall obesity [4].
In addition, a higher prevalence of diabetes, high blood pressure and cardiac events was
reported in older Irish adults with increased waist circumference (WC) and BMI than adults
with normal WC and BMI [1].

Clinical guidelines available for the management and treatment of adults with obe-
sity recommend lifestyle interventions involving diet, physical activity and behaviour
modification for conventional obesity, with pharmacotherapy and surgical intervention
for severe obesity cases [5–7]. Strategies to prevent weight gain, optimise weight loss
and achieve long-term weight loss maintenance remain the hallmark of overweight and
obesity treatment and management guidelines. Lifestyle weight management programmes
consisting of reduced energy intake via calorie-restriction strategies and increased energy
expenditure through increased physical activity are recommended with the support of
a multidisciplinary team of health care professionals [6]. Calorie-restriction strategies
such as low-calorie diets (LCD; 800–1600 kcal daily) may not be nutritionally complete
and have long-term low compliance, and very low-calorie diets (VLCD < 800 kcal daily)
require medical supervision due to the increased risk of medical complications [8]. For
sustainable weight reduction the National Institute for Health and Care Excellence (NICE)
recommend dietary approaches that reduce calories by 600 kcal/day, i.e., 600 kcal less
than the individual requires to remain the same weight [9]. Similarly, a modest reduction
in energy intake (500–750 kcal/day) is recommended for older adults by The American
Society for Nutrition, the North American Association for the Study of Obesity (NAASO)
and The Obesity Society [8]. In order to determine individual energy requirements, an
assessment of resting metabolic rate (RMR) is recommended [10]. RMR is the main compo-
nent of energy expenditure and accounts for up to 70% of total daily energy expenditure
(TDEE) with the thermic effect of food and physical activity accounting for 10% and 20%,
respectively. Energy expenditure associated with physical activity may be subdivided into
energy utilised specifically for exercise, and non-exercise activity thermogenesis (NEAT)
which involves maintaining posture and fidgeting [11]. RMR can be measured (mRMR) by
respiratory indirect calorimetry (IC) or estimated by prediction equations (eRMR) [12]. IC
is considered to be an accurate method of determining RMR [13]. IC is based on the indirect
measure of the heat expended by nutrient oxidation, which is estimated by monitoring
gas exchange, i.e., the volume of oxygen consumption (VO2) and carbon dioxide (VCO2)
production over a period of time [13]. Such measures also provide information on energy
substrate utilisation. The ratio of CO2 production to O2 consumption is known as the
respiratory exchange ratio (RER) and represents fuel oxidation by IC [14]. During carbohy-
drate oxidation, there is an equal amount of CO2 produced for O2 consumed (RER = 1.0).
During fat oxidation, there is less CO2 produced for O2 consumed [14]. A greater fractional
oxidisation of fat (FAT-OX) as fuel is important for metabolic health, weight management,
and body composition [15,16]. For instance, the skeletal muscle of adults with obesity, or
insulin resistance displays an impaired ability to oxidise fat [17–20]. Decreases in skeletal
muscle metabolic activity are associated with the ageing process and closely linked to
age-related loss of muscle mass [20]. In addition, a high RER, which is indicative of low
FAT-OX relative to carbohydrate oxidation, is predictive of both future body mass gain and
fat mass (FM) regain after diet-induced reductions in body mass [21]. This information
may be of particular relevance to ageing adults, particularly adults aged 50 years or older
as a higher fat mass in relation to body mass accelerated the decline of muscle quality
in this population [22]. Therefore, being able to accurately measure a person’s ability to
oxidise fat can have important implications for dietary manipulation strategies and may be
more important in this age group.

IC has high reproducibility and is non-invasive; however, its use outside of clinical care
settings is limited with commonly cited reasons including device expense, time required
to carry out the measure, and the need for trained technicians to operate equipment and
interpret test results [23]. Several metabolic rate prediction equations have been developed
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to calculate RMR and are frequently adopted by health care professionals to determine
energy needs in order to develop nutritional support plans. The primary components used
to develop prediction equations include weight, height, age, sex and body composition
parameters [24]. Great variability has been reported in the accuracy of RMR prediction
equations employed in adults with higher than normal BMIs, often resulting in the under-
or over-estimation of an individual’s specific calorie needs [25]. This may be because
equations used were developed for a specific cohort such as normal weight individuals,
whose characteristics differ from this population [26]. A minority of studies have validated
prediction equations in adults with higher BMIs [27]. Moreover, the Mifflin et al. [28]
prediction equation has been shown to provide a reliable estimate (78% within ± 10%
limit of actual) of RMR in adults with normal weight and obesity [29,30]. Where IC is not
available, the American Dietetic Association (ADA) recommend using the Mifflin et al. [28]
prediction equation using actual body weight—males: 10 × weight (kg) + 6.25 × height
(cm) − 5 × age (years) + 5; females: 10 × weight (kg) + 6.25 × height (cm) − 5 × age
(years) − 161 to estimate RMR (eRMR) in adults with overweight or obesity [29].

A gradual decline in RMR and TDEE is associated with advancing age, diminished
lean mass, energy restriction and weight loss [8,31–33]. Age-induced declines in RMR
may be attributed to alterations of organ and tissue masses and diminished fat free mass
(FFM) which accounts for the magnitude of resting metabolism [3,34]. Previous studies
report decreases in RMR in response to negative energy balance and weight loss, with the
observed decrease proportional to the energy deficit [35]. When the decline in RMR exceeds
the magnitude predicted by the loss of body mass, metabolic adaptation occurs [36,37].
Metabolic adaptation can persist long term, resulting in implications for weight loss [38].
Furthermore, variation in physiological parameters such as: thyroid hormones, growth hor-
mone, serum testosterone, leptin levels and sympathetic nervous system activity contribute
to metabolic rate [39,40]. Given the various factors that influence RMR an accurate assess-
ment is important for optimal dietary intake, with particular consideration to be given to
the ageing process and associated disease states. Energy imbalance results in weight loss
or weight gain and thus a major challenge in helping individuals reduce weight is to help
individuals manage their energy balance. The main requirement of a dietary approach to
weight reduction is that total energy intake must be less than energy expenditure [39]. Due
to the decline in RMR with age (as mentioned above), it may be more important in this age
group to measure RMR. Therefore, the aim of this study was to compare the efficacy of
a dietary intervention (mRMR versus eRMR) on weight outcomes in ageing Irish adults
(50 years and over) with overweight and obesity.

2. Materials and Methods
2.1. Study Design

This was a single-centre (GMIT) prospective study performed in a population of Irish
adults classified as overweight or with obesity. Participants were randomly assigned to a
12-week dietary intervention, where energy intake was established using either (1) mRMR
or (2) eRMR. Meal plans with prescribed energy intake and food options in line with
habitual patterns were provided to each participant. The protocol consisted of six visits
to the clinic which included a screening and familiarisation visit, a nutrition education
visit and four measurement visits. Measurement visits were conducted at baseline, week 3,
week 6 and week 12 of the dietary intervention. Anthropometric and RMR data were
collected across all time points. At baseline and week 12 visits, participants provided
capillary blood samples and had their blood pressure measured. The International Physical
Activity Questionnaire Short Form (IPAQ-SF) was used to assess physical activity levels
at baseline [41]. A 3-day food diary was used to determine habitual energy intake, eating
patterns and food preferences at baseline and week 12. Diaries were assessed using
Nutritics (Dublin, Ireland) professional dietary analysis software [42]. All measurements
were conducted between 8:00 AM and 12:00 AM following an overnight fast and in a
voided state. Participants were instructed to refrain from alcohol, nicotine and caffeine,
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and to avoid strenuous physical activity 10–12 h prior to the measurement visit. This study
was conducted in accordance with the ethical principles expressed in the Declaration of
Helsinki. Ethics approval was granted by the Research Ethics Committee of Galway Mayo
Institute of Technology (GMIT), Ireland (RSC_AC230119). Written informed consent was
provided by all participants prior to their inclusion in this study.

2.2. Sample Size Calculation

Power analyses were performed prior to the start of this study in order to identify
an appropriate sample size. Based on data reported in the literature, 23 individuals were
required per group (46 in total) to detect a 5% loss in body weight at a significance level of
0.05 and power of 80%. To allow for a participant withdrawal rate of 20%, the recruitment
target was set at 56 participants.

2.3. Participants

Fifty-six adults (male n = 26; female n = 30) were recruited via advertisements in local
community centres, libraries, general practitioners and health care centres to take part in
this study. Inclusion criteria were adults aged 50 years or greater with a BMI greater than
or equal to 25 kg/m2. Participants were excluded from this study if they had any health
conditions or were taking medication known to influence the measurement of RMR or
body composition, experienced weight loss of 5% or greater in the previous 3 months, a
past or present history of eating disorders or disorders that would be incompatible with
safe and successful participation in this study, as determined by the investigators.

2.4. Randomisation and Allocation

Participants were allocated by computer-generated randomisation to one of two
intervention groups (1) mRMR or (2) eRMR. The group assignment was stratified using a
computerised program (Excel) to ensure equal distribution of BMI in the two groups. The
random allocation of the intervention groups was carried out by a separate investigator
who was not involved with data collection (LR).

2.5. Treatment Protocol

Participants in the mRMR group received a meal plan with energy prescription based
on mRMR using a portable IC (ECAL Energy Testing Solutions, UK). The ECAL is a
validated open-circuit portable calorimeter that provides practitioners and users with
information concerning energy metabolism such as resting energy expenditure and RER.
The device utilises breath-by-breath measurement of gas exchange through a plastic mouth-
piece and tubing for gas collection. The VO2 and VCO2 are measured using a small
mixing chamber. VO2 is measured using a galvanic fuel cell oxygen analyser. VCO2 is
measured using a patented ultra-low power VCO2 analyser which uses Light Emitting
Diode (LED) and detector technology in a novel non-dispersive near-infrared absorption
sensor. The meal plan consisted of a 7-day menu. Individual energy requirements were
calculated from mRMR and a physical activity factor corresponding to a category (low = 1.2,
moderate = 1.55, high = 1.725) was applied to participants RMR to account for individual
activity requirements. A subsequent energy deficit of 500 kcal was prescribed to promote
a 0.45 kg per week weight reduction (mRMR × PAL − 500). Energy requirements were
adjusted accordingly following repeated measures of RMR and participants received meal
plans to reflect changes required in energy needs. Energy information such as RER was
used to advise on dietary modification. Participants with a RER ≥ 0.75 (less than 16% fat
burning efficiency) were advised to modify carbohydrate intake. Participants with optimal
fat oxidation of >80% were advised to continue to follow healthy eating guidelines while
maintaining prescribed energy intake.

Participants in the eRMR group received a meal plan with energy prescription based
on eRMR using the Mifflin et al. [28] prediction equation. The meal plan consisted of
a 7-day menu following national healthy eating guidelines [43]. The Mifflin et al. [28]
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prediction equation (males 10 × weight (kg) + 6.25 × height (cm) − 5 × age (years) + 5;
females 10 × weight (kg) + 6.25 × height (cm) − 5 × age (years) − 161) was used to inform
energy prescription. The eRMR was multiplied by a physical activity level (PAL) factor
and a subsequent 500 kcal was subtracted from daily energy requirements to promote a
0.45 kg per week weight reduction (eRMR × PAL − 500).

All participants attended a registered dietician led nutritional educational presentation
(1.5 h) at GMIT. Core topics included healthy eating guidelines, weight management,
physical activity and common age-related nutrition issues such as constipation, bloating,
irritable bowel symptoms and CVD. Physical activity recommendations were provided as
per national guidelines, HSE [44].

2.6. Compliance

Compliance to the prescribed dietary intervention was monitored from changes in
body weight reviewed at week 3 and week 6. Individual consultations of 30 min were
carried out at follow-up visits to encourage compliance. The aim of the consultation
was to listen to the participant, identify barriers that may be contributing to challenges
faced and guide the participant to potential solutions using behaviour change skills and
motivational interviewing techniques. Visual aids such as the Irish Food Pyramid, Eat Well
plate, disposable cups and food labels were used to encourage the adoption of the dietary
guidelines and to describe portion sizes and food choices to the participants. Further
individual support was provided via e-mail as required.

2.7. Measures

Body weight and anthropometric measurements were assessed at baseline, week 3,
week 6 and week 12. Measurements were taken with participants in a fasted and voided
state, wearing light clothing and shoes and socks removed. Height was recorded to
the nearest 0.5 cm using a stadiometer (Seca Ltd., Birmingham, UK). Body weight and
body composition (percentage fat mass and FFM) were measured using bioelectrical
impedance analyser (BIA) Tanita BC-418 MA (Tanita UK Limited, Yiewsley, UK). BMI was
calculated as weight in kilograms divided by height in metres squared (kg/m2). Waist
circumference (WC) and hip circumference (HC) were assessed using steel tape (Lufkin
W606PM) according to the International Society for the Advancement of Kinanthropometry
(ISAK) standards for anthropometric assessment [45].

Resting blood pressure was assessed at baseline and week 12 using an automated
sphygmomanometer (Omron M500 HEM-7321-D, Milton Keynes, UK) with participants in
a seated position. Three measurements were taken with the average recorded. Blood sam-
ples were collected at baseline and week 12 of the dietary intervention. Blood samples were
obtained in a fasted state by standard laboratory techniques (finger-stick procedure). Capil-
lary whole blood was tested for fasting blood glucose (mmol/L) using the Accutrend Blood
Glucose Monitor (Roche Diagnostics, Dublin, Ireland). Total cholesterol (TC) (mmol/L),
triglycerides (mmol/L), HDL (mmol/L), calculated LDL and TC:HDL were assessed using
Cardio-Chek monitor (Roche Diagnostics, Dublin, Ireland).

RMR and RER were measured throughout the study period. Participants were in-
structed to refrain from alcohol and caffeine, and to avoid strenuous physical activity
10–12 h prior to each measurement visit. Participants arrived between 08:00 and 13:00 h
following an overnight fast (10–12 h before testing time). Prior to each test, the ECAL
calorimeter was calibrated as per manufacturer’s instructions. Following a rest period of
10 min, participants lay in a semi-reclined, comfortable position in a quiet room and were
reminded to stay awake. A mouthpiece and nose clip were employed, and participants
were instructed to breathe in and out through the mouthpiece as normal. Measurements
were recorded for 10 min. Upon completion of the test, the mouthpiece and nose clip
were removed.
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2.8. Statistical Analysis

Analysis were performed using Statistical Package for the Social Sciences (SPSS) for
Windows (version 25.0; IBM Corporation, Armonk, NY, USA). Normality of data and
outliers were assessed using Shapiro–Wilk and boxplot, respectively. Homogeneity of
variances and covariances were assessed by Levene’s test and Box’s M test, respectively.
Independent-samples t-tests were used to determine differences between the groups at
baseline for normally distributed continuous variables. Mann–Whitney U tests were used
to assess differences between the groups at baseline for non-normally distributed variables
and/or variables with identified outliers. Parametric variables are presented as the mean
± standard deviation (SD) and non-parametric variables as the median (Md) (interquartile
range [IQR]). Two-way mixed analysis of variance (ANOVA) assessed the level of difference
between groups and within groups overtime using completer analysis for each respective
dependent variable. All post hoc tests were carried out with Bonferroni corrections. When
sphericity was violated Greenhouse–Geisser correction was reported. Outliers confirmed
as genuine data points were included in the analysis. Where data were not normally
distributed, the two-way mixed ANOVA was run regardless and reported, as ANOVAs
are considered fairly robust to deviations from normality. The level of significance was
accepted at p < 0.05.

3. Results
3.1. Participants

Participant and study flow are illustrated in Supplementary Material Figure S1. From
March to April 2019, fifty-six adults were recruited to take part in this study. Two partici-
pants (male n = 1, female n = 1) withdrew prior to baseline testing, citing time commitments
conflicting with the study requirements, resulting in fifty-four Caucasian adults (male
n = 25; female n = 29) with a mean ± SD height, body mass, age and BMI of 171.5 ± 9.5 cm,
90.3 ± 15.1 kg, 57.5 ± 6.3 years, and 30.7 ± 4.6 kg/m2, respectively, at baseline. Baseline
participant characteristics and baseline measures are presented in Table 1. Anthropometric
measurements (weight, BMI, WC, HC, WHR, body fat percent and muscle mass) and
clinical outcomes (blood pressure) across the intervention period are presented in Table 2.
Primary outcome pre and post weight are presented in Table 3. Weight, assessed at base-
line, week 3, week 6 and week 12 is illustrated in Figure 1. Individual response to percent
weight change is illustrated in Figure 2. Biochemical outcomes at baseline and week 12
are presented in Table 4. Changes in biochemical markers (glucose, TC, HDL, HDL:TC,
LDL, triglycerides) are illustrated in Figures 3–8, respectively. Metabolic outcomes across
the intervention period and estimated energy intake are presented in Table 5. Male and
female energy intake at baseline and week 12 and prescribed energy are presented in
Table 6. Prescribed energy intake versus reported energy intake from a 3-day food diary is
presented in Table 7.

3.2. Weight Change

There were no significant differences in baseline weight for mRMR (Md = 88.50, n = 29)
and eRMR participants (Md = 92.90, n = 25), U = 420, z = 0.998, p = 0.32, r = 0.14 (Table 2).
There was no significant interaction between the intervention groups and time for weight,
F(1.478, 54.677) = 0.57, p = 0.518, partial η2 = 0.02. There was no significant main effect
of group on the mean weight F(1, 37) = 0.789, p = 0.380, partial η2 = 0.021. There was a
significant main effect for time on the difference in mean weight at the different time points,
F(1.478, 54.677) = 26.726, p < 0.0005, partial η2 = 0.419. Post hoc analysis revealed that body
weight was significantly lower (all < p = 0.005) at week 3 (1.9%), week 6 (3.0%) and week 12
(3.3%) compared to baseline for both groups. Weight at week 6 (1.2%) and week 12 (1.4%)
was significantly (both < p = 0.003) lower than weight at week 3 for both groups. Post hoc
analysis revealed no significant difference between weight at week 6 versus week 12 (0.1%,
p = 1.0) for both groups (Figure 1).
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Table 1. Baseline participant characteristics.

n mRMR Group n eRMR Group p Value

Sex males (M) females (F) M10/F19 M15/F10
Age (years) 29 56.7 ± 5.3 25 58.6 ± 7.1
Height (cm) 29 170.3 ± 9.5 25 173.1 ± 8.8
Weight (kg) 29 88.5 (81.0, 94.8) 25 92.9 (81.0, 98.9) † p = 0.32

BMI (kg/m2) 29 29.3 (26.8, 33.4) 25 29.5 (27.7, 32.6) † p = 0.23
WC (cm) 28 106.0 (99.3, 115.3) 25 112.5 (102.5, 116.0) † p = 0.67
HC (cm) 28 112.3 (106.0, 126.1) 25 113.0 (107.3, 123.0) † p = 0.98

WHR 28 0.9 ± 0.1 25 1.0 ± 0.1 φ p = 0.15
Body Fat (%) 29 37.5 ± 8.6 25 35.7 ± 7.5 † p = 0.42

Muscle Mass (kg) 29 49.1 (45.1, 63.0) 25 59.6 (44.6, 67.3) φ p = 0.22
BPsys (mmHg) 29 126.0 (115.5, 136.0) 25 135.0 (124.0, 151.0) † p = 0.04
BPdia (mmHg) 29 83.0 (74.5, 87.5) 25 87.0 (78.0, 92.0) † p = 0.10,

Glucose (mmol/L) 28 4.9 (4.5, 5.5) 25 5.3 (4.5, 5.8) † p = 0.45
TC (mmol/L) 28 4.7 (4.1, 5.3) 22 3.9 (3.5, 4.5) † p = 0.02

HDL (mmol/L) 28 1.3 (1.1, 1.8) 23 1.2 (1.1, 1.6) † p = 0.76
TC:HDL Ratio 28 3.4 (2.6, 4.1) 21 3.0 (2.4, 3.4) † p = 0.08
LDL (mmol/L) 24 2.8 (2.5, 3.1) 19 2.2 (1.7, 2.6) † p = 0.00
TG (mmol/L) 25 1.1 (0.9, 1.4) 19 1.2 (1.0, 1.6) † p = 0.34
mRMR (kcal) 29 1604.0 (1374.0, 2011.5) 23 1691.0 (1455.0, 2067.0) † p = 0.80

RER 29 0.8 (0.7, 0.9) 23 0.8 (0.7, 0.9) † p = 0.38
eRMR kcal 29 1560.3 ± 221.7 24 1639.3 ± 272.2 φ p = 0.25

Energy Intake (kcal) 21 2195.0 (1863.5, 2755.0) 19 2129.0 (1880.0, 2586.0) † p = 0.68

Values are presented as the mean ± SD or median (25th–75th percentile), if data were non-parametric. n = number of participants with
data available for each outcome. IQR, interquartile range; BMI, body mass index; WC, waist circumference; HC, hip circumference; WHR,
waist to hip ratio; BPsys, systolic blood pressure; BPdia, diastolic blood pressure; TC, total cholesterol; HDL, high-density lipoprotein;
TC:HDL, total cholesterol to high-density lipoprotein ratio; LDL, low-density lipoprotein; TG, triglycerides; RMR, resting metabolic rate;
RER, respiratory exchange ratio; φ denotes independent-samples t-test; † denotes Mann–Whitney U test.
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Figure 2. Individual response to weight change for participants completing pre and post measures 
in the mRMR (n = 24) and eRMR groups (n = 23).3.4. Body Mass Index 
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(Table 2), F(1, 45) = 0.335, p = 0.566, partial η2 = 0.007. There was no significant effect for 
group, when comparing BMI, F(1, 45) = 0.394, p = 0.534, partial η2 = 0.009. The main effect 
of time showed a statistically significant difference in BMI, across time points, F(1, 45) = 
25.801, p < 0.0005, partial η2 = 0.364. Post hoc analysis revealed that BMI was significantly 
reduced (p = 0.001) at week 12 (29.9 kg/m2, SE = 0.7) compared to baseline (30.74 kg/m2, SE 
= 7.0). 
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Figure 2. Individual response to weight change for participants completing pre and post measures in
the mRMR (n = 24) and eRMR groups (n = 23).
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Figure 8. Triglycerides (mmol/L) measured at baseline and week 12 for the mRMR (n = 20) and
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Table 5. Metabolic outcomes and estimated energy intake for groups across the intervention period.

Variable mRMR Group eRMR Group

n Baseline Week 3 Week 6 Week 12 n Baseline Week 3 Week 6 Week 12 Time
Effect, p

Group
Effect, p

Time-by-Group
Interaction, p

mRMR
(kcal) 22 1764.3

± 547.6
1687.7
± 505.8

1737.8
± 475.1

1688.3 ±
454.6 16 1813.8

± 410.4
1688.8
± 469.6

1787.4
± 566.5

1780.5 ±
518.8 p = 0.22 p = 0.38 p = 0.75

RER 22 0.8 ±
0.2

0.8 ±
0.1

0.8 ±
0.1 0.8 ± 0.1 16 0.8 ±

0.1
0.8 ±

0.1
0.8 ±

0.1 0.8 ± 0.1 p = 0.32 p = 0.75 p = 0.34

eRMR
(kcal) 22 1578.5

± 227.7
1576.0
± 230.9

1553.7
± 222.5

1547.0 ±
225.0 17 1656.9

± 297.7
1648.4
± 276.4

1624.1
± 282.2

1625.5 ±
288.0

p <
0.0005 * p = 0.37 p = 0.79

eEI
(kcal) 15 2327.3

± 827.1
1841.1 ±

534.3 15 2117.3
± 562.8

1645.1 ±
433.3

p <
0.0005 * p = 0.28 p = 0.96

Values are presented as the mean ± SD. n = number of participants with complete data set available for each variable. p value obtained
from a two-way mixed ANOVA test. * denotes significant difference, p < 0.05. mRMR, measured resting metabolic rate; RER, respiratory
exchange ratio; eRMR, estimated resting metabolic rate (Mifflin-St. Jeor equation); eEI, estimated energy intake (group analysis from a
3-day food diary).

Table 6. Estimated energy intake at baseline and week 12 for male and female participants.

Intervention Group Sex n Baseline Week 12 Sex n Baseline Week 12

eEI (kcal) mRMR M 5 2462 ± 973 2052 ± 597 F 10 2260 ± 793 1736 ± 473
eRMR M 8 2267 ± 724 1804 ± 445 F 15 1947 ± 253 1463 ± 367

Values are presented as the mean ± SD. n = number of participants with complete data available at each time point. eEI, estimated energy
intake (from a a3 day food diary) for male and female participants.

Table 7. Prescribed energy intake versus estimated energy intake at week 12 for male and female participants.

Intervention Group Sex n Prescribed Estimated
Week 12 Sex n Prescribed Estimated

Week 12

Energy Intake (kcal) mRMR M 5 2180 ± 253 2052 ± 597 F 10 1584 ± 271 1736 ± 473
eRMR M 8 2100 ± 236 1804 ± 445 F 15 1500 ± 141 1463 ± 367

Values are presented as the mean ± standard deviation. n = number of participants with complete data set available at each time point.
Estimated 12-week daily average energy intake from a 3-day food diaries.
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3.3. Individual Response to Weight

A total of 37.5% of participants in the mRMR group and 39.1% of participants in the
eRMR group reduced between 0.1 and 2.9% of initial body weight. A weight reduction
between 3 and 4.9% was observed in 20.8% and 13% of participants in the mRMR and eRMR
groups, respectively. A 5–9.9% reduction from initial body weight was observed in 16.7%
and 13% of participants in the mRMR and eRMR groups, respectively. Of the participants
in the eRMR, 4.3% experienced a 10–14.9% weight reduction. Of the participants in the
mRMR 4.2% experienced a weight reduction of ≥15%. Overall, 20.8% mRMR and 17.4% of
eRMR participants experienced clinically meaningful (i.e., ≥5% of initial weight) weight
reduction. Weight gain of ≤2% was observed in 20.8% and 30.4% of participants in the
mRMR and eRMR groups, respectively (Figure 2).

3.4. Body Mass Index

There were no significant differences between groups for baseline BMI (Table 1) of
mRMR (Md = 106.00, n = 28) and eRMR (Md = 112.50, n = 25), U = 417, z = 1.194, p = 0.232,
r = 0.16. There was no significant interaction between the intervention and time on BMI
(Table 2), F(1, 45) = 0.335, p = 0.566, partial η2 = 0.007. There was no significant effect
for group, when comparing BMI, F(1, 45) = 0.394, p = 0.534, partial η2 = 0.009. The
main effect of time showed a statistically significant difference in BMI, across time points,
F(1, 45) = 25.801, p < 0.0005, partial η2 = 0.364. Post hoc analysis revealed that BMI was
significantly reduced (p = 0.001) at week 12 (29.9 kg/m2, SE = 0.7) compared to baseline
(30.74 kg/m2, SE = 7.0).

3.5. Waist Circumference

There were no significant differences for WC at baseline (Table 1) between mRMR
(Md = 29.30, n = 29) and eRMR participants (Md = 29.46, n = 25), U = 387, z = 0.43, p = 0.67,
r = 0.06. There was no significant interaction (intervention x time) for WC (Table 2),
F(1, 44) = 1.57, p = 0.22, partial η2 = 0.03. The main effect of group showed that there was
no statistically significant difference in WC between the intervention groups, F(1, 44) = 2.77,
p = 0.10, partial η2 = 0.06. The main effect of time showed a statistically significant difference
in WC over time, F(1, 44) = 58.083, p < 0.0005, partial η2 = 0.569. Post hoc analysis revealed
that WC was significantly reduced (p = 0.001) at week 12 (−9.3 cm) compared to baseline
(111.1 cm SE = 1.9).

3.6. Hip Circumference

There was no significant difference in HC at baseline (Table 1) between mRMR
(Md = 112.25, n = 28) and eRMR participants (Md = 113.00, n = 25), U = 351, z = 0.027,
p = 0.979, r = 0.00. There was no significant interaction between the intervention and
time on HC (Table 2), F(1, 44) = 0.010, p = 0.921, partial η2 = 0.000. The main effect of
group showed that there were no statistically significant differences in HC between the
intervention groups (Table 2), F(1, 44) = 0.000, p = 0.99, partial η2 = 0.000. The main effect
of time showed a substantial statistically significant difference in HC over time (Table 2),
F(1, 44) = 20.586, p < 0.0005, partial η2 = 0.32. Post hoc analysis revealed that HC was
significantly reduced (p = 0.001) at week 12 (−8.4 cm) compared to baseline (117.1 cm,
SE = 2.1).

3.7. Waist to Hip Ratio

There were no significant differences in WHR between mRMR (0.93 ± 0.077) and
eRMR groups (0.96 ± 0.082; t(51) = −1.479, p = 0.145) at baseline (Table 1). There was no
significant interaction between the intervention and time on WHR (Table 2), F(1, 44) = 2.528,
p = 0.119, partial η2 = 0.054. The main effect of group showed a substantial significant
difference in WHR between the intervention groups, F(1, 44) = 5.751, p = 0.02, partial
η2 = 0.12. The main effect of time showed a substantial statistically significant difference
in WHR at the different time points, F(1, 44) = 4.085, p = 0.049, partial η2 = 0.09. Post hoc
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analysis revealed that WHR was significantly reduced (p = 0.049) at week 12 (0.9 SE = 0.01)
compared to baseline (1.0 SE = 0.01).

3.8. Percent Body Fat

There were no significant differences in baseline body fat percent (Table 1) between
mRMR group (37.53 ± 8.57) and eRMR groups (35.72 ± 7.53; t(52) = 0.818, p = 0.417).
There was no significant interaction between the intervention groups and time on body
fat (Table 2), F(1.785, 66.044) = 0.705, p = 0.482, partial η2 = 0.019. The main effect of group
showed that there was no significant difference in body fat between the intervention groups,
F(1, 37) = 0.084, p = 0.773, partial η2 = 0.002. The main effect of time showed no significant
difference in body fat over time, F(1.785, 66.044) = 2.259, p = 0.118, partial η2 = 0.058.

3.9. Muscle Mass

There were no significant differences in baseline muscle mass (Table 1) between
mRMR (Md = 49.10, n = 29) and eRMR participants (Md = 59.60, n = 25), U = 433,
z = 1.22, p = 0.221, r = 0.17. There was no significant interaction between the intervention
groups and time on muscle mass (Table 2), F(1.980, 73.275) = 1.017, p = 0.366, partial
η2 = 0.027. The main effect of group showed that there was no significant difference in
muscle mass between the intervention groups, F(1, 37) = 0.846, p = 0.36, partial η2 = 0.02.
The main effect of time showed a substantial significant difference in muscle mass over
time, F(1.980, 73.275) = 6.227, p < 0.0005, partial η2 = 0.14. Post hoc analysis revealed that
muscle mass was significantly reduced (both < p = 0.035) at week 3 (0.8 kg) and week 12
(2.1 kg) compared to baseline (55.6 kg, SE = 2.0). Post hoc analysis revealed no significant
difference between muscles mass at week 6 and week 12 versus week 3 (both > p = 0.65).
Post hoc analysis revealed no significant difference between muscle mass at week 6 versus
week 12 (0.1%, p= 0.21).

3.10. Systolic Blood Pressure

There was a significant difference in systolic blood pressure at baseline (Table 1)
between mRMR (Md = 126.00, n = 29) and eRMR participants (Md = 135.00, n = 25),
U = 481, z = 2.065, p = 0.039, r = 0.28. There was no significant interaction between the
intervention and time on systolic blood pressure (Table 2), F(1, 44) = 1.124, p = 0.295, partial
η2 = 0.025. The main effect of group showed a substantial significant difference in systolic
blood pressure between the intervention groups, F(1, 44) = 6.654, p = 0.013, partial η2 = 0.13.
Post hoc analysis revealed systolic blood pressure was significantly lower in the mRMR
group when compared to the eRMR group (−11.71 mmHg, p = 0.01). The main effect of
time showed a significant difference in systolic blood pressure over time, F(1, 44) = 6.305,
p < 0.0005, partial η2 = 0.13. Post hoc analysis revealed that systolic blood pressure was
significantly reduced at week 12 (−4.9 mmHg, p = 0.02) compared to baseline (130 mmHg,
SE = 2.7).

3.11. Diastolic Blood Pressure

There were no significant differences in baseline diastolic blood pressure (Table 1)
between mRMR (Md = 83.00, n = 29) and eRMR participants (Md = 87.00, n = 25), U = 457,
z = 1.65, p = 0.099, r = 0.22. There was no significant interaction between the intervention
and time on diastolic blood pressure (Table 2), F(1, 44) = 0.022, p = 0.884, partial η2 = 0.000.
The main effect of group showed a substantial statistically significant difference in diastolic
blood pressure between the intervention groups, F(1, 44) = 4.524, p = 0.039, partial η2 = 0.093.
Post hoc analysis revealed that diastolic blood pressure was significantly lower in the eRMR
group when compared to mRMR (−5.7 mmHg, p = 0.04). The main effect of time showed
a significant difference in diastolic blood pressure over time, F(1, 44) = 5.444, p < 0.0005,
partial η2 = 0.110. Post hoc analysis revealed diastolic blood pressure was significantly
reduced at week 12 (−3.1 mmHg, p = 0.02) compared to baseline (83.96 mmHg, SE 1.6).
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3.12. Blood Glucose

There were no significant differences in baseline blood glucose (Table 1) between
mRMR (Md = 4.85, n = 28) and eRMR participants (Md = 5.30, n = 25), U = 392, z = 0.749,
p = 0.454, r = 0.10. There was no statistically significant interaction between the interven-
tion and time on blood glucose concentration (Table 4), F(1, 43) = 0.112, p = 0.739, partial
η2 = 0.003. The main effect of group showed no significant difference in blood glucose
concentration between the intervention groups, F(1, 43) = 3.203, p = 0.081, partial η2 = 0.069.
The main effect of time showed a statistically significant difference in blood glucose concen-
tration over time, F(1, 43) = 9.120, p < 0.0005, partial η2 = 0.175. Post hoc analysis revealed
that blood glucose was significantly lower at week 12 (−0.3 mmol/L, p = 0.004) compared
to baseline (5.2 mmol/L, SE 0.12) (Figure 3).

3.13. Total Cholesterol

There was a significant difference in baseline total cholesterol between mRMR (Table 1)
(Md = 4.74, n = 28) and eRMR participants (Md = 3.935, n = 22), U = 186, z = −2.385,
p = 0.017, r = 0.34. There was no significant interaction between the intervention and time
on total cholesterol concentration (Table 4), F(1, 41) = 0.584, p = 0.449, partial η2 = 0.014.
The main effect of group showed no significant difference in total cholesterol between the
intervention groups, F(1, 41) = 1.836, p = 0.183, partial η2 = 0.043. The main effect of time
showed no significant difference in total cholesterol over time, F(1, 41) = 0.011, p = 0.918,
partial η2 = 0.000 (Figure 4).

3.14. High-Density Lipoprotein

There were no significant differences in baseline HDL (Table 1) between mRMR
(Md = 1.34, n = 28) and eRMR participants (Md = 1.23, n = 23), U = 306, z = −0.303, p = 0.762,
r = −0.04. There was no statistically significant interaction between the intervention and
time on HDL (Table 4), F(1, 42) = 2.196, p = 0.146, partial η2 = 0.050. The main effect of
group showed that there was no significant difference in HDL (Figure 5) between the
intervention groups F(1, 42) = 0.014, p = 0.908, partial η2 = 0.000. The main effect of time
showed a significant difference in HDL concentration over time, F(1, 42) = 4.659, p < 0.0005,
partial η2 = 0.100. Post hoc analysis revealed that HDL was significantly lower at week 12
(−0.1 mmol/L, p = 0.04) compared to baseline (1.4 mmol/L, SE 0.1).

3.15. Total Cholesterol to High-Density Lipoprotein Ratio

There were no significant differences in baseline TC:HDL (Table 1) between mRMR
(Md = 3.4, n = 28) and eRMR participants (Md = 3.0, n = 21), U = 206, z = −1.771, p = 0.077,
r = 0.25. There was no statistically significant interaction between the intervention and
time on TC:HDL (Table 4), F(1, 40) = 0.028, p = 0.869, partial η2 = 0.001. The main effect
of group showed no significant difference in TC:HDL between the intervention groups,
F(1, 40) = 3.383, p = 0.073, partial η2 = 0.078. The main effect of time showed no significant
difference in TC:HDL over time (Table 2), F(1, 40) = 3.043, p = 0.089, partial η2 = 0.071
(Figure 6).

3.16. Low-Density Lipoprotein

There was a significant difference in baseline LDL (Table 1) between mRMR (Md = 2.77,
n = 24) and eRMR participants (Md = 2.21, n = 19), U = 104, z = −3.033, p = 0.002, r = 0.50.
There was no statistically significant interaction between the intervention and time on LDL
(Table 4), F(1, 34) = 1.194, p = 0.282, partial η2 = 0.034. The main effect of group showed that
there was a substantial statistically significant difference LDL between the intervention
groups, F(1, 34) = 5.864, p = 0.021, partial η2 = 0.15. Post hoc analysis revealed that LDL was
significantly lower in the eRMR group than the mRMR group (–.491 mmol/L, p = 0.021).
The main effect of time showed no statistically significant difference in LDL over time,
F(1, 34) = 0.642, p = 0.429, partial η2 = 0.019 (Figure 7).
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3.17. Triglycerides

There were no significant differences in baseline triglycerides (Table 1) between mRMR
(Md = 1.08, n = 25) and eRMR participants (Md = 1.19, n = 19), U = 278, z = 0.960, p = 0.337,
r = 0.14. There was no significant interaction between the intervention and time on
triglyceride concentration, F(1, 36) = 0.186, p = 0.669, partial η2 = 0.005 (Table 4). The main
effect of group showed no significant difference in triglyceride concentration between the
intervention groups F(1, 36) = 0.242, p = 0.626, partial η2 = 0.007. The main effect of time
showed no significant difference in triglyceride concentration over time, F(1, 36) = 2.028,
p = 0.163, partial η2 = 0.053, (Figure 8).

3.18. Energy Intake

There were no significant differences in baseline energy intake (Table 1) of mRMR
(Md = 2195.0, n = 21) and eRMR (Md = 2129.0, n = 19), U = 184, z = −0.420, p = 0.68, r = 0.07.
There was no significant interaction between the intervention and time on energy intake
(Table 5), F(1, 28) = 0.003, p = 0.956, partial η2 = 0.000. The main effect of group showed no
significant difference in energy intake between the intervention groups, F(1, 28) = 1.225,
p = 0.279, partial η2 = 0.042. The main effect of time showed a substantial statistically sig-
nificant difference in energy intake at the different time points, F(1, 28) = 14.934, p < 0.0005,
partial η2 = 0.348. Post hoc analysis revealed that energy intake was significantly lower at
week 12 compared to baseline (−479 kcal/day, p = 0.001).

3.19. Measured Resting Metabolic Rate

There were no significant differences in baseline measured RMR (Table 1) between
mRMR (Md = 1604.00, n = 29) and eRMR participants (Md = 1691.00, n = 23), U = 347,
z = 0.249, p = 0.804, r = 0.04. There was no significant interaction between the intervention
groups and time on measured RMR (Table 5), F(2.421, 87.171) = 0.284, p = 0.794, partial
η2 = 0.008. The main effect of group showed that there was no significant difference
for measured RMR between the intervention groups, F(1, 36) = 0.101, p = 0.752, partial
η2 = 0.003. The main effect of time showed no significant difference for measured RMR
over time, F(2.421, 87.171) = 1.525, p = 0.220, partial η2 = 0.041.

3.20. Respiratory Exchange Ratio

There were no significant differences in baseline measured RER (Table 1) between
mRMR (Md = 0.77, n = 29) and eRMR participants (Md = 0.81, n = 23), U = 381, z = 0.876,
p = 0.381, r = 0.12. There was no significant interaction between the intervention groups
and time on RER (Table 5), F(2.339, 84.206) = 1.112, p = 0.340, partial η2 = 0.030. The main
effect of group showed that there was no significant difference in measured RER between
the intervention groups, F(1, 36) = 0.105, p = 0.748, partial η2 = 0.003. The main effect of
time showed no significant difference in RER over time, F(2.339, 84.206) = 1.159, p = 0.324,
partial η2 = 0.031.

3.21. Predicted Resting Metabolic Rate

There were no significant differences in RMR predicted by Mifflin et al. (1990) at base-
line (Table 1) between mRMR group (1560.28 ± 221.71) and eRMR groups (1639.25 ± 272.21;
t(51) = −1.164, p = 0.250, mean difference = −78.97 (95% CI, −215.13 to 57.18). There
was no significant interaction between the intervention and time on eRMR (Table 5),
F(1.83, 67.60) = 0.215, p = 0.787, partial η2 = 0.837. The main effect of group showed that
there was no statistically significant difference in eRMR between the intervention groups,
F(1, 37) = 0.841, p = 0.365, partial η2 = 0.022. The main effect of time showed a significant
difference in eRMR over time, F(1.83, 84) = 12.88, p < 0.0005, partial η2 = 0.258. Post hoc
analysis revealed that eRMR was significantly lower (both < p = 0.0005) at week 6 (1.8%),
and week 12 (1.9%) compared to baseline. Post hoc analysis revealed no significant differ-
ence between eRMR at week 3 versus baseline (0.3%, p= 1.0). Post hoc analysis revealed
that eRMR at week 6 (1.4%) and week 12 (1.6%) was significantly (both < p = 0.023) lower
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than eRMR at week 3. Post hoc analysis revealed no significant difference between eRMR
at week 6 versus week 12 (0.2%, p = 1.0).

4. Discussion

The aim of this study was to compare the efficacy of a dietary intervention (mRMR
versus eRMR) on weight outcomes in Irish adults aged 50 years and over with overweight
and obesity. The primary outcome of this study indicates that employing a reduced-calorie
diet using IC to determine energy needs when improving weight outcomes in adults
with overweight and obesity is equal to employing a reduced-calorie diet based on the
Mifflin et al. [28] prediction equation. Following the study period, a significant (p < 0.05)
reduction in body weight was observed in both mRMR (−4.2% of initial body weight)
and eRMR (−3.2%) groups. However, there were no significant (p ≥ 0.05) differences
between groups. Overall, 20.8% and 17.4% of mRMR and eRMR participants, respectively,
experienced clinically meaningful weight reduction. One participant in the eRMR group
experienced a 10–14.9% weight reduction, and one participant in the mRMR group experi-
enced a more than 15% weight reduction. Rapid weight loss may be a sign of underlying
health conditions or chronic disease. No health condition, disease or illness was identified
prior to or during the intervention that may be attributed to rapid or unintentional weight
loss. From the one-to-one consultations, it can be assumed that the observed weight loss
may be attributed to successful adherence to diet and lifestyle modifications. While a sec-
ondary analysis of data assessing biological sex differences in weight variation within the
mRMR and eRMR groups was not investigated in the present study, a previous study [46]
with similar participants investigated gender differences in weight and BMI variation in
response to a dietary intervention based on measured RMR using IC and equations. No
statistically significant differences in body weight and BMI variation between the two IC
and no IC groups were found between males and females (three-way interaction time
by treatment by gender: p = 0.16 for BMI, p = 0.11 for weight), although a trend to a
greater weight loss in females was observed in both groups. Secondary outcome measures
revealed a significant reduction (p ≤ 0.05) in BMI, WC and muscle mass in both groups.
Differences observed between groups were not significant (p ≥ 0.05). There were no signifi-
cant (p ≥ 0.05) differences in percent body fat over time or between groups. Both groups
experienced a significant (p ≤ 0.05) reduction in systolic and diastolic BP following the
intervention period. Blood glucose and triglycerides were significantly (p ≤ 0.05) lower in
both groups and there was no significant (p ≥ 0.05) difference observed between groups.
There was no significant (p ≥ 0.05) difference for total cholesterol or TC:HDL over time or
between groups. HDL concentration was significantly (p < 0.05) lower in both groups with
no significant difference (p ≥ 0.05) between groups. No significant difference (p ≥ 0.05)
was observed for LDL over the study period. However, there were significant (p < 0.05)
differences in LDL between groups at baseline, and 47% of participants in the eRMR group
displayed an upward trend in LDL over the study period (Figure 3).

In contrast, previous studies reported significant between-group differences when
comparing similar dietary interventions (i.e., prediction equations versus metabolic based)
in a comparable population [46,47]. Participants following a nutrition plan based on eRMR
for a period of 90 days experienced a 2% weight reduction compared to −4.5% when
following a diet based on mRMR [47]. The between-group differences may be explained by
the methodical differences used to estimate RMR. Massarini et al. [46] employed the Harris
and Benedict [48] prediction equation while McDoniel et al. [47] employed the American
College of Chest Physicians (ACCP) prediction equation (25 × baseline body weight (kg)
− 250 to 500 kcal/day) [5,49]. The application of prediction equations provides a source
of variability as often they are utilised for a population which they were not originally
developed for, thus resulting in reduced accuracy among specific populations [50,51]. Later
work conducted by McDoniel et al. [52] in a similar population reported similar results
to the present study. McDoniel et al. [52] conducted a 24 week randomised controlled
trial, where usual care participants received a fixed low-calorie diet (i.e., 1200 kcal/day
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for females and 1600 kcal/day for males, respectively) and participants in the metabolic
diet (MD) group received an individualised nutrition plan based on mRMR. McDoniel
and Hammond [52] reported a significant reduction in body weight at week 12, but
similar to the current study observed no significant differences between the intervention
groups. When comparing usual care practice to eRMR, participants following the fixed-
calorie diet experienced a greater weight reduction (1.3%). Participants in the usual
care group experienced a 4.5% reduction in bodyweight compared to the eRMR group
(−3.2%) in the present study. It is reasonable to assume that the greater weight reduction
observed by McDoniel and Hammond [52] in the usual care group may be attributed
to a greater energy deficit compared to participants in the eRMR group. Usual care
participants were prescribed approximately 300–500 kcal/day less than eRMR participants
(Table 7) (females: 1500 ± 141 kcal/day; males: 2100 ± 236 kcal/day). Standardised
hypocaloric balanced diets are designed to facilitate a 0.5–1.0 kg per week weight reduction
by consuming approximately 500 kcal/day less than required for weight maintenance.
This is based on the assumption that a negative energy balance of 7700 kcal is required for
a 1 kg reduction in body weight. Therefore, an energy deficit of 3500 kcal/week should
result in a 0.5 kg/week weight reduction. McDoniel et al. [53] prescribed similar energy
intakes to that described in this study and observed comparable results. Participants
in the self-monitoring and RMR technology (SMART) group received a nutrition plan
based on mRMR and usual care participants were prescribed a standardised ad libitum
diet (females:1200 kcal/day; males:1600 kcal/day). Participants in the SMART group
experienced a 3.9% weight reduction, slightly lower than but similar to participants in
the present study (−4.2%) employing comparable metabolic based diets (mRMR). Energy
prescription was based on RMR measured by IC, which may explain the similarities. For
instance, women in the mRMR and SMART group were prescribed 1584 ± 271 kcal/day
and 1656 ± 334 kcal/day, respectively, while men in the mRMR and SMART group were
prescribed 2180 ± 253 kcal/day and 2296 ± 565 kcal/day, respectively. The current study
observed a weight gain equal to or less than 2% of initial body weight in 20.8% and 30.4%
of participants in the mRMR and eRMR groups, respectively. Factors possibly contributing
to an increase in body weight despite a reduced energy prescription include difficulty in
adopting positive behaviour change to support dietary changes and thus influence weight.

Secondary outcomes of this study support previous research demonstrating that mod-
est weight reduction lowers blood pressure, triglycerides and glucose [54]. A reduction
in systolic (mRMR −2.8 ± 1.1 mmHg; eRMR: −7.0 ± 4.3 mmHg) and diastolic (mRMR:
−3.3 ± 2.6; eRMR: 2.9 ± 0.0 mmHg) blood pressure, triglycerides and glucose was ob-
served (Tables 2 and 4). These outcomes may be attributed to components of the dietary
intervention which emphasise high fruit and vegetable consumption and intake of whole-
grains, while reduced sodium and saturated fat intake, and limited intake of energy dense
foods. A high intake of vegetables and fruit is associated with reduced blood pressure
and a lower risk of CVD. Furthermore, dietary fibre intake and consumption of whole-
grain products are linked to a lower risk of diabetes and reduced diastolic blood pressure,
while lowering sodium intake reduces blood pressure [55]. Similar to Zinn et al. [56] a
non-significant upward and downward trend in LDL was observed in the eRMR and
mRMR groups, respectively, with 47% of participants in the eRMR group displaying an
upward trend of LDL and 31.6% of participants in the mRMR group showing a downward
trend in LDL (Figure 8). A systematic literature review evaluating the effect of energy
restriction diets on weight loss outcomes in adults with overweight and obesity reported
significant reductions in FFM or lean body mass in six of the included studies (n = 216) [57].
Muscle mass was significantly reduced at week 3 (0.8 kg) and week 12 (2.1 kg) compared to
baseline (Table 2). Loss of FFM is unfavourable for numerous reasons including the impact
on metabolic health, functional capacity, i.e., the ability to carry out activities of daily
living and the increased risk of injury associated with reduced functional capacity. Greater
FFM is linked to a higher metabolic rate, which is advantageous for weight reduction.
In an effort to offset the potential loss of FFM, the present study encouraged adherence
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to current national physical activity guidelines. National physical activity guidelines for
older adults recommend at least 30 min a day of moderate-intensity activity on five days a
week, or 150 min per week. The addition of moderate-intensity aerobic exercise, primarily
walking, to intentional weight loss has been shown to attenuate the loss of muscle mass in
older adults with overweight and obesity [58]. Aerobic activity, muscle-strengthening and
balance activities form part of the recommendations for adults (Get Ireland Active, HSE).
Despite the effort made by participants in this study to attenuate the effects of lean mass
loss, a significant decrease was observed.

There was no significant difference in RMR measured by IC at baseline or across the
intervention period for both groups (Tables 1 and 5). This observation supports previous
studies that suggest resting energy expenditure remains relatively stable following modest
energy deficit diet. Severe energy restriction is associated with greater loss in metabolically
active tissue, and thus results in metabolic adaptation [59]. A recent systematic review
demonstrated that resistance exercise was effective for increasing RMR. However, the
same was not apparent for aerobic exercise [60]. This is an important finding given
that the addition of physical activity to weight management programmes is an accepted
practice to encourage energy expenditure. It is unclear whether the addition of resistance
exercise specifically to weight reduction programmes may attenuate metabolic adaptation
by increasing RMR. Future research is required to determine the extent to which resistance
exercise affects metabolic adaptation of RMR related to energy restriction.

RMR estimated using the Mifflin et al. [28] prediction equation was lower than actual
RMR for both groups (Table 5). eRMR was significantly lower at weeks 6 and 12 compared
to baseline for participants in both the mRMR and eRMR groups. If eRMR was lower than
actual mRMR, then participants following a diet based on estimated energy needs would
receive a dietary plan underestimating calorie requirement and, therefore, greater weight
loss would be anticipated. When separated out, male and female analysis of energy intake
estimated using 3-day food diaries indicate that both male and female eRMR participants
were under their prescribed intake at week 12, leading to further deficit than required
(Table 7). Given that similar weight loss was evident between the eRMR and mRMR groups,
this would suggest that the same weight loss may occur with a higher-calorie plan.

Furthermore, results from this study suggest energy intake closely matched to mRMR
results in higher level of dietary adherence in male participants. Estimated male energy in-
take (2052 ± 597 kcal) from 3-day food diaries was very similar to energy intake prescribed
using mRMR which is advantageous in weight reduction strategies. Strong adherence
level is associated with successful outcomes in weight management [61]. A recent study
investigating sociocultural gender factors which influence food behaviours, such as di-
etary preferences and adherence, reported that men were more adherent to a healthy
low-carbohydrate (HLC) than women (p = 0.02) vs. healthy low-fat (HLF) diet [62]. An-
other possible reason for this may be the addition of regular one-to-one support provided
by the researcher, where goal setting and self-monitoring of food intake were encouraged
using motivational interviewing techniques and behavioural change skills. This may not
be the case for women as estimated energy intake for females (1736 ± 473 kcal) was higher
than prescribed and indicates that additional support may be warranted to aid adherence
to weight management programmes for females. Assessment of energy intake is often
unreliable, particularly in individuals classified as overweight or affected by obesity [14].
Therefore, a greater frequency of dietary self-monitoring, which is associated with greater
weight loss success, may benefit females [63].

4.1. Strengths of Study

This research was unique in that it was the first study to compare RMR estimated by
the Mifflin et al. (1990) prediction equation using actual body weight to inform dietary
prescription directly to dietary prescription based on measured RMR value in this specific
population group, namely Irish adults aged 50 years and over with a BMI ≥ 25 kg/m2 and
of Caucasian ethnicity. Thus, the results of this study may be extrapolated to Irish adults
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aged 50 years or over with a BMI greater than 25 kg/m2. A major strength of this research
was the level of adherence to the intervention, as a 93% retention rate was observed. For
power based on weight reduction calculations and allowing for a 20% drop out, 46 people
were required in total (approximately 23 in each intervention group). Fifty-two participants
completed this study, thus allowing for statistical significance. Extensive support was
provided by the researcher to all participants during this study, with regular one-to-one
support, individualised nutrition coaching and accessible to participants should they have
any questions or concerns. The researcher was certified in motivational interviewing and
behaviour change skills, which, alongside a non-judgemental patient-centred approach,
enhanced the consultation process and gave the participants an opportunity to engage in
the conversation about health concerns relating to their weight. McGowan [64] highlighted
the importance of strong communication skills, avoiding stigmatisation and the appropriate
use of person-first language as imperative to successfully engaging patients. This level of
engagement allowed for individual adjustments to be made where necessary and highlights
that, irrespective of how the calorie deficit is achieved, it is the individualised and tailored
approach that is the most important factor for retention and thus achieving a successful
outcome. Further strengths of this study include consistent data collection by the same
researcher, which reduces potential measurement error.

4.2. Limitations

There are a few limitations to this study. A secondary analysis of data for biological sex
differences in weight variation within the mRMR and eRMR groups, or other sex-related
factors, such as genotype, hormones, metabolic syndrome, or psychosocial factors that may
affect either adherence to dietary intervention or weight reduction response were not inves-
tigated. Aronica et al. [62] highlighted the need for such analysis while acknowledging that
a limited amount of weight reduction studies demonstrated sufficient power to compare
the effects of energy restriction diets on weight outcomes in women vs. men. The present
study duration was 12 weeks, thus it is unknown whether participants in the mRMR or
eRMR groups maintained weight reduction over a longer period. While qualitative mea-
sures were collected at baseline to estimate the energy expenditure associated with physical
activity and to inform the subsequent dietary intervention accurately, measuring energy
expenditure associated with physical activity throughout this study using measurement
devices such as the gold-standard doubly labelled water method or wearable monitors
such as accelerometers and movement sensors was beyond the scope of this study. Some
participants may have become more physically activity as this study progressed and so
the contributory mechanism of physical activity energy expenditure to weight outcome
remains speculative. Finally, all participants in this study were of a specific age range
(≥50 years), BMI class (25 kg/m2) and ethnic group (Caucasian) and thus caution should
be used when extrapolating these results to other population groups.

4.3. Future Direction

Based on these data, the use of RMR technology demonstrates promise for effective
weight reduction outcomes. Future research is needed to better understand the efficacy of
RER and substrate utilisation information in tailoring dietary prescription. To address the
gap in the literature as identified by Aronica et al. [62] biological sex differences such as
body composition and metabolism should be investigated among research participants to
compare the effects of diets with energy prescription based on IC or prediction equations
on weight outcomes. Furthermore, sociocultural gender factors which influence food
behaviours such as dietary preferences and adherence should be explored. The high
retention rate (93%) demonstrated in this study would suggest that participants are more
likely to adhere to a modest calorie-deficit nutrition programme with regular support. The
effects over longer time frames are less clear and future research is required to investigate
whether compliance to a modest calorie deficit is more suited to older adult population long
term. Future research should accurately measure physical activity energy expenditure to
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determine its contribution to weight outcomes. Additional research is needed to determine
the extent to which resistance exercise affects metabolic adaptation of RMR related to
energy restriction.

5. Conclusions

In conclusion, the results of this study suggest that a reduced-energy diet based on
mRMR or eRMR facilitates weight reduction in adults aged ≥ 50 years over the short
term (12 weeks) and favours a reduction in blood pressure, triglycerides and glucose,
thus reducing CVD risk factors. Overall, 20.8% mRMR and 17.4% of eRMR participants
experienced clinically meaningful (i.e., ≥5% of initial weight) weight reduction. Moreover,
dietary approaches that entail modest calorie deficit combined with individual counselling
using MI and behaviour change skills that support and encourage small behaviour changes
may be effective in short-term (up to 12 weeks) adult (aged ≥ 50 years) weight management.
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Abstract: Iron deficiency (ID), with or without anemia, is responsible for physical fatigue. This effect
may be linked to an alteration of mitochondrial metabolism. Our aim was to assess the impact of
ID on skeletal striated muscle mitochondrial metabolism. Iron-deficient non-anemic mice, obtained
using a bloodletting followed by a low-iron diet for three weeks, were compared to control mice.
Endurance was assessed using a one-hour submaximal exercise on a Rotarod device and activities of
mitochondrial complexes I and IV were measured by spectrophotometry on two types of skeletal
striated muscles, the soleus and the quadriceps. As expected, ID mice displayed hematologic markers
of ID and reduced iron stores, although none of them were anemic. In ID mice, endurance was
significantly reduced and activity of the respiratory chain complex I, normalized to citrate synthase
activity, was significantly reduced in the soleus muscle but not in the quadriceps. Complex IV
activities were not significantly different, neither in the soleus nor in the quadriceps. We conclude
that ID without anemia is responsible for impaired mitochondrial complex I activity in skeletal
muscles with predominant oxidative metabolism. These results bring pathophysiological support to
explain the improved physical activity observed when correcting ID in human. Further studies are
needed to explore the mechanisms underlying this decrease in complex I activity and to assess the
role of iron therapy on muscle mitochondrial metabolism.

Keywords: iron deficiency; striated skeletal muscle; physical capacity; fatigue; mitochondrial
metabolism; complex I

1. Introduction

Fatigue is one of the main symptoms of iron deficiency (ID), even in absence of anemia.
Iron deficiency-related fatigue may present as a mental or as a physical fatigue, affecting
mainly endurance, and correction of ID has been shown to improve both fatigue and
physical activity [1–8]. In some populations such as heart failure patients, ID, likely through
muscle fatigue, is also responsible for a deterioration of the quality of life, a worsening of
dyspnea and a worsening of the prognosis of heart failure [9–12]. Interestingly, intravenous
iron therapy has also been shown to improve these parameters in heart failure patients,
even in the absence of anemia [13–17].

Mechanisms linking ID to muscle fatigue are still poorly understood. The main
hypothesis is that ID is responsible for an alteration of mitochondrial muscle metabolism,
iron being present in both iron-sulfur centers and in cytochromes of the mitochondrial
respiratory chain. Animal studies performed many years ago reported various quantitative
and functional anomalies in mitochondrial respiratory chain enzymatic complexes in both
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skeletal muscles and heart [18–22]. However, the proper role of iron deficiency was difficult
to evaluate in these studies, because of a severe anemia systematically observed in their
animal models.

We recently developed a mouse model of ID without anemia, in which we assessed
the impact of iron deficiency on mitochondrial metabolism in the myocardium [23]. In
this model, the mitochondrial respiratory chain complex I activity was decreased in car-
diomyocytes, which might explain, at least in part, a significant reduction of left ventricular
function and in physical capacity during endurance exercises. However, ID may also impact
the mitochondrial metabolism of peripheral skeletal muscle, as recently reported [24,25].
The aim of this study was to assess the impact of ID on the respiratory chain complex I
activity of two types of striated muscle fibers in a mouse model of ID without anemia.

2. Materials and Methods
2.1. Animals and Ethics

All experiments were performed in accordance with the guidelines from Directive
2010/63/EU of the European Parliament on the protection of animals used for scientific
purposes (laboratory authorization of the laboratory #00577). The protocol was approved
by the Ethics Committee in animal experimentation of Pays de la Loire and by the French
Ministry of Higher Education and Research (APAFiS #6780).

Male C57BL/6 mice (Janvier, Le Genest St Isle, France) were used for all experiments
and all of them were eight-week-old at the start of the experiments. Mice were four per
cage, housed in a temperature-controlled room (21 ◦C) with a 12 h/12 h light-dark cycle.
They were fed either with an iron-deficient diet or a normal diet depending on their group
and had access to tap water ad libitum.

The mouse model of ID without anemia (ID group) was obtained as previously de-
scribed: on day 1, mice had a 250–300 µL blood withdrawal performed using a retro-orbital
collection with a calibrated heparinized capillary tube. Mice were then immediately fed
with an iron-depleted diet (C1038 pellets containing 6 mg iron/kg, Genestil SA, Royau-
court, France) for three weeks [23]. As previously shown, mice were considered to have
an ID without anemia on the last day of the third week (Day 21) [23]. Control group mice
(C group) were fed with a normal diet (M25 pellets containing 150 mg iron/kg, Special
Diets Services, France) during the whole study.

Blood withdrawal and sampling were performed under inhaled anesthesia with
isoflurane 2% and all efforts were made to minimize suffering. Euthanasia of the animals
was made by cervical dislocation, under inhaled anesthesia with isoflurane 2% too, in order
to avoid the deleterious effects of CO2 on mitochondrial metabolism.

2.2. Experimental Design

Each group (ID and C) included eight mice. On day 0 and day 21, mice performed
the physical exercises on a Rotarod device. The mice were euthanized on day 21 after
the physical exercises and a blood sample, the liver, the spleen and muscle samples of
quadriceps and soleus were taken. All muscles were immediately frozen in liquid nitrogen
after sampling and stored at −80 ◦C until analyses.

2.3. Physical Tests

We used a Rotarod device to assess physical capacities of the animals, as already
described [23,26]. The Rotarod is a device with a 3 cm diameter cylinder on which mice
were individually placed. The cylinder rotated at a progressive acceleration speed followed
by a stable speed until the fall of the mouse that made stop the cylinder. The time without
falling and the falling speed were automatically recorded (HARotarod software version
1.40) and the calculation of the distance performed by the animals during the total exercise
time was done.

The day before the test, the mice were trained to the device by performing an exercise
with a constant acceleration speed of 10 to 20 rpm for 180 s followed by a constant speed of
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20 rpm. Each time the mice fell, they were immediately put back on the cylinder which
restarted its rotation with the same acceleration from 10 to 20 rpm. This training exercise
was stopped after 15 min of running on the cylinder in total.

We assessed endurance of the animals over 1 h using two consecutive 30-min tests.
On the day of the test (Day 0), the protocol consisted of a first test (“test 20”) at a constant
acceleration speed of 10 to 20 rpm for 180 s followed by a constant speed of 20 rpm. The
test was stopped after 30 min of exercise and was immediately followed by a second test
at a constant acceleration speed of 10 to 30 rpm for 180 s followed by a constant speed of
30 rpm. This test was also stopped after 30 min of exercise.

2.4. Hematological Parameters

Hemoglobin concentration (Hb), hematocrit (Ht), mean corpuscular volume (MCV),
mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC),
reticulocyte count, reticulocyte hemoglobin content (RetHb) and percentage of hypochromic
red blood cells (% Hypo RBC) were measured using a hematological automate Sysmex
XE-5000 (Sysmex France, Villepinte, France) on the blood samples obtained on Day 21.

2.5. Tissue Iron Content

Splenic and liver iron contents were measured after tissue digestion by trichloroacetic
acid, hydrochloric acid and thioglycolic acid, using the iron quantification by the Ferene
method on a biochemical automate ARCHITECT c16000 (Abbott France, Rungis, France),
as previously described [23,27].

2.6. Mitochondrial Enzymatic Activities

Enzymatic activities were measured in two types of skeletal striated muscle: the
quadriceps muscle, which has both oxidative and glycolytic metabolisms, and the soleus,
which is mainly oxidative.

Complex I, primarily affected in the heart in our previous study, and complex IV
activities were measured at 37 ◦C with a UVmc2 spectrophotometer (SAFAS, Monaco),
according to standard methods [28]. Results were normalized to the citrate synthase
activity, an enzyme of the Krebs cycle reflecting the mitochondria content.

Post-nuclear muscle homogenates were prepared at 4◦C. The muscle isolation buffer
used was composed of 220 mM mannitol, 75 mM saccharose, 10 mM Tris, 1 mM EGTA
adjusted to pH 7.2. The muscle sample was rinsed in the isolation buffer and transferred
into a glass tube containing 10 times its weight of the same buffer or 20 times its weight for
the soleus. The muscle was homogenized at 1000 rpm with a Potter-Elvehjem PTFE and
was centrifuged at 650 g for 20 min. The supernatant was sampled, and the operation was
repeated on the pellet. Both supernatants were combined to constitute the post-nuclear
muscle homogenate, which was used immediately.

Briefly, NADH ubiquinone reductase (complex I) activity was assayed in KH2PO4
buffer (50 mM, pH 7.5), containing 3.75 mg/mL fatty acid-free BSA and 0.1 mM decylu-
biquinone. 10 mM NADH was added to initiate the reaction. Parallel measurements in
presence of rotenone (2.5 µM) were used to determine the background rate. Cytochrome
c oxidase (complex IV) activity was assayed in a 92–97% reduced cytochrome c solution.
Citrate synthase (CS) activity was assayed in a 0.15 mM DTNB, 0.1% Triton, 0.5 mM
oxaloacetic acid and 0.3 mM acetyl-CoA solution. Absorbance changes due to the respec-
tive substrate conversions were monitored at 340 nm for complex I, 550 nm for complex
IV, and 412 nm for CS. Enzymes activities of complex I and IV, expressed as nmol sub-
strate/min/mg of proteins using the Beer Lambert’s law, were then normalized to the CS
activity. Reagents were purchased from Sigma-Aldrich (Lyon, France) and NADH from
Roche Applied Sciences (Lyon, France).
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2.7. Statistical Analysis

Data are reported as medians [interquartiles 25–75%] or numbers (percentages). Cat-
egorical and numerical data were compared using the Fisher’s exact test and the Mann–
Whitney test respectively. All tests were two-tailed and a p-value less than 0.05 was
considered significant. Analyses were performed the software JMP (SAS Institute, Inc.,
Cary, NC, USA).

3. Results
3.1. Description of the Mouse Model of ID

As shown in Figure 1A,B, none of the mice were anemic, with hemoglobin and
hematocrit levels greater than 13 g/dL and 40% respectively, without differences between
ID and C mice groups. Conversely, the mice of the ID group had hematological signs of
ID including a significant decrease in RetHb and a significant increase in % Hypo RBC
(Figure 1C–H). Furthermore, tissue iron stores in the spleen and liver were significantly
reduced (Figure 1I,J).
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3.2. Animal Physical Endurance

The physical capacities of the animals were similar on Day 0 in both groups
(Figure 2A–E). On Day 21, ID mice achieved significantly lower maximum times on
Rotarod than ID mice on Day 0 and than control mice on Day 0 and Day 21 (Figure 2A–C).
The number of falls per test was significantly higher in ID mice on Day 21 than in control
mice (Figure 2B–D). Consequently, the distance performed over one hour was significantly
reduced in ID than in Control mice (Figure 2E). Mice of the group C had improved their
total distance compared to Day 0, although the mice of the group ID had not. We also
observed that mice in the ID group had a significantly lower weight at week 3 than Control
mice (Figure 2F).

32



Nutrients 2021, 13, 1056

Nutrients 2021, 13, x FOR PEER REVIEW 5 of 10 
 

 

tance compared to Day 0, although the mice of the group ID had not. We also observed 
that mice in the ID group had a significantly lower weight at week 3 than Control mice 
(Figure 2F). 

 
Figure 2. Endurance measured on Rotarod and mice body weights. (A) Maximal durations and (B) 
number of falls in test 1 (speed of 10 to 20 rpm for 180 s followed by a constant speed of 20 rpm), (C) 
maximal durations and (D) number of falls in test 2 (speed of 10 to 30 rpm for 180 s followed by a 
constant speed of 30 rpm), (E) distance over 1 h performed by mice, and (F) weight of mice. C (blue 
boxes), control group; ID (red boxes), ID group; N = 8 in each group. Box-plots represent medians, 
interquartile ranges and upper and lower values according to Tukey’s method. * p < 0.05 compared 
with control group on the same day; # p < 0.05 compared with the same group on Day 0. 

3.3. Mitochondrial Enzymatic Activities 
The maximal activities of complex I, complex IV and citrate synthase are shown in 

Figure 3. The activities of complexes I and IV, together with citrate synthase, were all 
significantly reduced in the soleus muscle of ID mice, suggesting a decrease in mito-
chondrial content. When the activities of complexes I and IV were normalized to those of 
citrate synthase, we observed a significant decrease in the activity of complex I in the 
soleus, without significant differences in activity for complex IV in the soleus and for 
complexes I and IV in the quadriceps. 

Figure 2. Endurance measured on Rotarod and mice body weights. (A) Maximal durations and (B)
number of falls in test 1 (speed of 10 to 20 rpm for 180 s followed by a constant speed of 20 rpm), (C)
maximal durations and (D) number of falls in test 2 (speed of 10 to 30 rpm for 180 s followed by a
constant speed of 30 rpm), (E) distance over 1 h performed by mice, and (F) weight of mice. C (blue
boxes), control group; ID (red boxes), ID group; N = 8 in each group. Box-plots represent medians,
interquartile ranges and upper and lower values according to Tukey’s method. * p < 0.05 compared
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3.3. Mitochondrial Enzymatic Activities

The maximal activities of complex I, complex IV and citrate synthase are shown in
Figure 3. The activities of complexes I and IV, together with citrate synthase, were all sig-
nificantly reduced in the soleus muscle of ID mice, suggesting a decrease in mitochondrial
content. When the activities of complexes I and IV were normalized to those of citrate
synthase, we observed a significant decrease in the activity of complex I in the soleus,
without significant differences in activity for complex IV in the soleus and for complexes I
and IV in the quadriceps.
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4. Discussion

In this study, confirming that ID without anemia is associated with a decrease in
endurance capacity, we showed a predominant impact of ID on complex I activity in
oxidative skeletal muscle.

The impact of ID, independently of anemia, on physical capacities is difficult to
measure. In our mouse model, we used long and submaximal exercises on a Rotarod device
to assess endurance. Using this test, we observed a reduction in the distance achieved
in one hour of about 15% in ID mice. Overall, previous animal studies found a decrease
in both maximum oxygen consumption and endurance capacity [18–21,29]. However, in
these studies evaluating physical capacities in ID animals, ID was accompanied by severe
anemia, at least at some point of their experiments. Davies et al. showed in a mouse model
of ID anemia that anemia mainly alters maximum oxygen consumption [19]. The increase
in hemoglobin levels was indeed associated with an early improvement of maximum
oxygen consumption after dietary iron repletion, while physical endurance was improved
several days later. These results led the authors to suggest that the maximum oxygen
consumption, and therefore the capacity to exercise with maximum effort, is mainly due
to a reduction of hemoglobin level, whereas endurance seems rather dependent on the
oxidative capacities of the muscle, i.e., on mitochondrial metabolism. Conversely, Willis
et al. observed in rats fed with an iron-depleted diet a significant decrease in endurance
several days before the fall in hemoglobin level and, after an iron dextran injection once
the animals were anemic, a very fast improvement (beginning at the 15th hour) of the
running time on a treadmill, i.e., before the increase in hemoglobin level [21]. In the model
used in the present study, we had previously observed that ID without anemia affected
endurance rather than short intense training exercises (e.g., forced swimming exercise) [23].
We confirm here the impact on endurance using a longer test (one hour in total).

In humans, psychic fatigue is a frequent symptom of ID without anemia, which is
effectively corrected by iron therapy [1,2]. However, it has also been shown that physical
capacities may be improved by iron repletion [30]. The benefit of ID correction, using
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intravenous iron, has also been demonstrated in heart failure patients [13–17,31]. Inter-
estingly, recent data show that heart failure patients with ID have a greater depletion
of phosphocreatine in the gastrocnemius muscle (measured by 31P magnetic resonance
spectroscopy), which could partly explain muscle fatigue [24]. Likewise, Charles-Edwards
et al. recently observed that iron therapy allows iron-deficient heart failure patients to
decrease the regeneration time of skeletal muscle phosphocreatine [25]. Phosphocreatine
is necessary during muscle contraction since it makes it possible to give a phosphate to
ADP in order to regenerate ATP, and is itself regenerated at rest from ATP supplied by
the respiratory chain and glycolysis. Thus, the impairment of physical capacities of these
patients could be linked, at least in part, to the impairment of skeletal muscle function due
to mitochondrial metabolism dysfunction.

In our mouse model of ID without anemia, we confirmed this impairment of skeletal
muscle mitochondrial function in the soleus, but not in the quadriceps. This difference
is probably explained by the fact that the soleus muscle is a muscle encompasses a large
majority of oxidative type I and type IIA fibers (“red muscle”), while the quadriceps is a
mixed muscle containing essentially types II, fast-twitch glycolytic, fibers but a reduced
content in type IIA and type I, oxidative, fibers [32]. Type I and IIA fibers, rich in mi-
tochondria, mainly use oxidative capacities of the cell, promoting a higher resistance to
fatigue. Conversely, other type II fibers have a lower mitochondria density and have
greater glycolytic than oxidative capacities, allowing a significant muscle strength but not
a high resistance to fatigue. These particularities probably explain why endurance, which
involves fibers with higher oxidative capacities, are mainly affected, in our model and
in humans.

We observed in our model that mitochondrial complex I activity was reduced in skele-
tal muscle in presence of ID, as we had previously observed in the myocardium [23]. This
reduction of activity of about 30% seems to be less important than in anemic animals [19],
and, while previous studies using anemic animals showed decreased activities of the
4 complexes of the respiratory chain, it seems here to primarily affect the complex I. This
result may be explained by the larger number of iron-sulfur centers located in complex I, in
comparison with the three other complexes [33]. Iron atoms of iron-sulfur centers, present
in complexes I (8–9 iron-sulfur centers), II (3 iron-sulfur centers) and III (1 iron-sulfur
center), and iron atoms of heme cytochromes, present in complexes II (1 cytochrome), III
(2 cytochromes) and IV (2 cytochromes), have an essential role for the function of the respi-
ratory chain. Indeed, their capacity to change very easily from a ferrous (Fe2+) to a ferric
(Fe3+) state facilitates the transfer of electrons required to induce the proton gradient across
the inner mitochondrial membrane. Future studies should try to explain the mechanisms
leading to the reduction of complex I activity. In our mouse model, we previously observed
that this decrease seemed to be linked to a decrease in the overall amount of this complex
in the myocardium [23]. The decrease in production of iron-sulfur centers could thus be re-
sponsible for a reduction in iron-sulfur centers, leading to a decrease in complex I assembly.
However, other mechanisms have been suggested to explain the impact of ID on muscle
mitochondrial metabolism, such as an early transition to anaerobic metabolism [34,35], the
decrease in the transcription of genes coding for mitochondrial proteins mediated by the
IRP/IRE intracellular iron homeostasis system [36], or even mitochondrial morphological
alterations [37,38]. Interestingly, we also observed in our study a significant decrease in
the activity of citrate synthase in the soleus muscle. The activity of this enzyme, present in
the mitochondrial matrix, is commonly used as a reflect of mitochondrial mass [39]. The
citrate synthase reduction therefore strongly suggests a decrease in mitochondrial content
in soleus muscle, which could be linked to impaired mitochondrial biogenesis or turnover
in response to iron ID.

Although these results need to be verified in humans, they open an important avenue
for further studies aiming to explore the role of iron in muscle fatigue. A study is under-
way to evaluate mitochondrial metabolism of cardiomyocytes in cardiac surgery patients,
according to their iron status (NCT03541213). Future studies could also focus on skeletal
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muscle function in patients with or without heart failure. They could allow the widening
of iron treatment indications in non-anemic ID patients, as already recommended for heart
failure patients [40], especially in situations where recovery of muscle function is required,
as in the postoperative period.

This study has some limitations, related in part to the use of an animal model and a
limited number of animals. Moreover, we made the choice to use only male mice to create
the mouse model of ID without anemia, in order to avoid blood loss linked to the menstrual
cycle, that could have been responsible for unwanted anemia. However, both male and
female mice will have to be used in future research using this model of ID without anemia,
in order to verify whether the impact of iron deficiency is different in female mice. In
addition, while the use of a Rotarod device allowed us to evaluate endurance function
at a submaximal effort, other functions, such as motivation, coordination or even animal
learning are probably involved with the use of this device [41] and may be altered by
ID [42,43]. Future human studies will have to use validated tests such as cycloergometer
tests, the 6-min walk test, or fatigue and quality of life questionnaires. Finally, due to the
small size of soleus muscles, we chose to measure maximal activities of the respiratory
chain complexes by spectrophotometry only. Indeed, this method can detect a moderate
decrease in an enzymatic complex activity, while oxygraphy only detects this decrease
from a higher threshold of inhibition of the complex. However, oxygraphy analyzes will
be necessary subsequently to assess the functionality of the whole respiratory chain, in
our mouse model and in humans, to further explore the impact of the metabolic changes
observed here.

5. Conclusions

In our murine model of ID without anemia, we confirmed that ID negatively affects
endurance and is responsible for a decrease in complex I activity in the skeletal striated
muscle with a predominant oxidative activity. These results bring new evidence for the
rationale of physical fatigue associated to iron deficiency and the potential usefulness of
iron therapy to prevent these symptoms.
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Abstract: Preclinical evidence suggests that n-3 fatty acids EPA and DHA (Omega-3) supplemented as
phospholipids (PLs) may be more effective than triacylglycerols (TAGs) in reducing hepatic steatosis.
To further test the ability of Omega-3 PLs to alleviate liver steatosis, we used a model of exacerbated
non-alcoholic fatty liver disease based on high-fat feeding at thermoneutral temperature. Male
C57BL/6N mice were fed for 24 weeks a lard-based diet given either alone (LHF) or supplemented
with Omega-3 (30 mg/g diet) as PLs (krill oil; ω3PL) or TAGs (Epax 3000TG concentrate; ω3TG),
which had a similar total content of EPA and DHA and their ratio. Substantial levels of TAG
accumulation (~250 mg/g) but relatively low inflammation/fibrosis levels were achieved in the livers
of control LHF mice. Liver steatosis was reduced by >40% in the ω3PL but not ω3TG group, and
plasma ALT levels were markedly reduced (by 68%) inω3PL mice as well. Krill oil administration
also improved hepatic insulin sensitivity, and its effects were associated with high plasma adiponectin
levels (150% of LHF mice) along with superior bioavailability of EPA, increased content of alkaloids
stachydrine and trigonelline, suppression of lipogenic gene expression, and decreased diacylglycerol
levels in the liver. This study reveals that in addition to Omega-3 PLs, other constituents of krill oil,
such as alkaloids, may contribute to its strong antisteatotic effects in the liver.

Keywords: NAFLD; obesity; omega-3; krill oil; phospholipids; high-fat diet; C57BL/6N mice;
thermoneutral temperature

1. Introduction

Obesity is frequently associated with non-alcoholic fatty liver disease (NAFLD), a
spectrum of conditions ranging from increased intrahepatic accumulation of triacylglyc-
erols (TAGs; i.e., fatty liver or hepatic steatosis) to steatohepatitis (NASH) and end-stage
liver disease [1]. Prevalence of hepatic steatosis and NASH in extremely obese subjects
may reach up to 85% and 40%, respectively [2,3], while the presence of metabolic syndrome
is associated with a potentially progressive, severe liver disease [4,5]. NAFLD is a serious
public health problem [6] for which currently no approved drug therapy exists [7].
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Dietary fatty acids (FAs) can differentially affect the body’s ability to store lipids in
certain fat depots as well as in extra-adipose tissues [8]. In humans, overeating saturated
FAs (SFAs) promoted hepatic and visceral fat storage [9–11]. Differential effects of various
types of FAs are also observed in the case of regulation of inflammatory responses; thus
SFAs and polyunsaturated FAs (PUFAs) of n-6 series are more pro-inflammatory, while
PUFAs of n-3 series (omega-3 PUFAs) such as docosahexaenoic acid (DHA; 22:6n-3) and
eicosapentaenoic acid (EPA; 20:5n-3) exert anti-inflammatory and hypolipidemic effects
([12–14], and reviewed in [15–17]). At the same time, omega-3 PUFA supplementation
may reduce de novo lipogenesis (DNL) and increase FA oxidation in the liver [18], with
the transcription factor peroxisome proliferator-activated receptor (PPAR)α playing a
crucial role in the latter effect [19]. For these reasons, omega-3 PUFA supplements could
be effective in preventing and treating NAFLD [20]. Indeed, in NAFLD patients treated
with EPA and DHA as ethyl esters, a decrease in the percentage of liver fat was linearly
correlated with the amount of omega-3 PUFAs taken [21]; however, no improvement in
markers of liver function/injury or the fibrosis scores was detected. Similar results were
obtained in subjects with non-cirrhotic NASH treated with omega-3 PUFAs as TAGs [22],
in which a decrease in liver fat but no improvements in histological activity were observed.
In general, omega-3 PUFAs administered in the form of TAGs or ethyl esters have been
shown to partially limit hepatic steatosis in some studies [23].

Omega-3 PUFAs also alleviated hepatic steatosis in various rodent models of obesity
(e.g., [14,24–26], and reviewed in [27]). Interestingly, the efficacy of omega-3 PUFAs may
depend on the lipid form of their supplementation. For instance, compared to their TAG
form, omega-3 PUFAs administered via phosphatidylcholine-rich phospholipids (PLs),
either in the form of krill oil extracted from the Antarctic krill Euphausia superba [28] or as
an extract of herring meal [26], had stronger effects in reducing the TAG content in the
liver of rodents with genetically- or diet-induced obesity [25,26,29]. Moreover, in mice
fed a corn oil-based high-fat diet, a significant reduction in hepatic TAGs was achieved
only by administration of marine PLs containing omega-3 PUFAs and not soybean-derived
phosphatidylcholine that did not contain EPA or DHA [30]. The higher efficacy of omega-
3 PUFA-containing PLs in reducing hepatic steatosis could be related to the improved
bioavailability of omega-3 PUFAs, in particular EPA and docosapentaenoic acid (22:5n-3),
both in plasma and in target organs ([26,29,31] and reviewed in [32]). At the same time,
supplementation of omega-3 PUFAs as PLs led to a stronger downregulation of liver
gene expression in the DNL pathway [29,33,34] and significantly reduced activities of
the corresponding lipogenic enzymes as well as of the mitochondrial citrate carrier [35].
However, despite its strong effects on TAG accumulation in the liver, it is not clear whether
administration of omega-3 PUFAs in the form of PLs is able to affect advanced stages
of NAFLD such as NASH and fibrosis, which remain unaffected in response to more
traditional forms of omega-3 PUFAs such as TAGs or ethyl esters (see above).

Recently, a mouse model of obesity-associated exacerbated NAFLD based on the
administration of a lard-based high-fat diet in a thermoneutral environment was intro-
duced [36]. This experimental model is characterized by lower stress-driven production
of corticosterone, augmented mouse pro-inflammatory immune responses and markedly
exacerbated high-fat diet-induced NAFLD pathogenesis, which should recapitulate the
severe end of the disease spectrum in humans. Thus, in the present study, the above
experimental conditions were used to examine whether omega-3 PUFAs supplemented as
PLs via krill oil could beneficially affect NAFLD-related phenotypes and hepatic insulin
sensitivity, and what is the potential mechanism of action. At the same time, for compari-
son, other mice were administered omega-3 PUFAs in the form of a TAG-based concentrate,
which was similar to krill oil in terms of the amount and ratio of EPA and DHA, thus
representing the group receiving omega-3 PUFAs in one of the traditional lipid forms used
for this purpose.
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2. Materials and Methods
2.1. Animals and Diets

Male C57BL/6N mice (Charles River Laboratories, Sulzfeld, Germany) were obtained
at the age of ~10 weeks. After arrival, mice were individually housed in cages and
maintained at ~22 ◦C on a 12-h light/dark cycle (light from 6:00 a.m.), with ad libitum
access to water and a standard diet (Chow; ~14 kJ/g; fat content ~3.6% (w/w); Rat/Mouse-
Maintenance extrudate; ssniff Spezialdiäten GmbH, Soest, Germany). After one week of
adaptation, the animals were transferred to a thermoneutral environment (~30 ◦C) and
fed the following experimental diets: (i) a lard-based high-fat diet (LHF diet; ~21 kJ/g;
fat content ~35% (w/w); product “DIO-60 kJ% fat (Lard)”, Cat. No. E15742-34; ssniff
Spezialdiäten GmbH, Soest, Germany), (ii) a LHF-based diet supplemented with omega-3
PUFA-containing PLs (ω3PL diet), using krill oil (Rimfrost Sublime; EPA ~13%, DHA ~8%;
Rimfrost AS, Ålesund, Norway), and (iii) a LHF-based diet supplemented with omega-3
PUFAs in the form of re-esterified TAGs (ω3TG diet), using the product Epax 3000 TG
(EPA ~18%, DHA ~11%; Epax Norway AS, Ålesund, Norway). Experimental diets were
prepared at the ssniff facility in Germany. The total content of EPA and DHA in both
supplemented diets was ~30 mg/g diet. For details on macronutrient and FA composition
of the experimental diets, see Supplementary Materials Tables S1 and S2, respectively.

2.2. Experimental Setup

The experimental setup is shown in Figure 1. After moving to a thermoneutral
environment, the mice were divided into four groups with the same average weight (n = 8;
see Figure 1A). One group was fed the LHF diet for 24 weeks, as was the group fed the
ω3PL diet from the beginning of the experiment (i.e., “preventive” approach). However,
the other two groups first received the LHF diet for 8 weeks, and only then was this diet
replaced with omega-3 PUFA-supplemented diets (ω3TG orω3PL) administered for the
remaining 16 weeks (i.e., “reverse” approach; marked with the letter “R” at the end of
the group name). The total duration of all dietary interventions was therefore 24 weeks.
Chow-fed mice served as lean controls. Body weight was recorded weekly and a fresh
ration of diet was administered every other day. The calculation of cumulative energy
intake was based on weekly measurements of food consumption over 24 h. Fasting plasma
insulin and blood glucose levels were measured at week 21. Mice were killed by cervical
dislocation under diethyl ether anesthesia between 9:00 a.m. and 11:00 a.m. Truncal blood
was collected into tubes containing EDTA for plasma isolation, liver and white adipose
tissue (WAT) samples from the epididymal, mesenteric and subcutaneous (dorso-lumbar)
fat depots were dissected, weighed, and adiposity index was calculated as the sum of
the weights of all analyzed WAT depots divided by body weight. Liver and epididymal
WAT samples were snap-frozen in liquid nitrogen and stored at −80 ◦C for subsequent
analyses, while one aliquot of tissue was used for histological evaluation. In a separate
study using mice from the Chow, LHF andω3PL groups (see Figure 1B), pyruvate tolerance,
hepatic production of TAGs contained in very low-density lipoproteins (VLDL) and insulin
sensitivity were determined at weeks 21, 23, and 24, respectively. Animal experiments were
approved by the Institutional Animal Care and Use Committee and the Committee for
Animal Protection of the Ministry of Agriculture of the Czech Republic (Approval Number:
81/2016).

41



Nutrients 2021, 13, 437

Start PTT VLDL HEC

Chow
LHF
ω3PL

Week

B
Chow diet
LHF diet
ω3PL diet30 C

0 21 23 24

Week LHF diet
ω3PL diet
ω3TG diet

Start Change of diet Blood collec�on Dissec�on

LHF
ω3PL
ω3PL-R
ω3TG-R

A
0 8 21 24

30 C°

°

Figure 1. Overview of the experimental setup. (A) Four groups of mice (n = 8) housed in a ther-
moneutral environment (~30 ◦C) were used: (i) the control LHF group, which was fed a lard-based
high-fat diet (i.e., LHF diet) for 24 weeks; (ii)ω3PL group fed a LHF-based diet supplemented with
omega-3 PUFAs as PLs in the form of krill oil (i.e., ω3PL diet) for the duration of the experiment (i.e.,
“preventive” approach); (iii)ω3PL-R group fed the LHF diet for the first eight weeks and then from
the ninth week on theω3PL diet until the end of the experiment (i.e., “reverse” approach; marked
with the letter “R” at the end of the group name); and (iv)ω3TG-R group fed the LHF diet for the first
8 weeks and then from the ninth week on the LHF-based diet supplemented with omega-3 PUFAs in
the form of a concentrate of re-esterified TAGs (i.e.,ω3TG diet) until the end of the experiment. (B)
Three groups of mice (n = 8) housed in a thermoneutral environment (~30 ◦C) were used: (i) Chow
group, in which mice were fed a standard low-fat diet and served as lean controls; (ii) the control LHF
group, which was fed a lard-based high-fat diet (i.e., LHF diet) for 24 weeks; and (iii)ω3PL group
fed theω3PL diet for the duration of the experiment. Further details in Section 2.2. PTT, pyruvate
tolerance test; VLDL, liver VLDL-TAGs secretion test; HEC, hyperinsulinemic-euglycemic clamp.

2.3. Pyruvate Tolerance Test

The level of gluconeogenesis was estimated using pyruvate tolerance test. Mice
fasted overnight (~14 h) were injected i.p. with pyruvate (1.5 mg/g body weight) and
blood glucose levels were measured using glucometers Contour Plus (Bayer, Leverkusen,
Germany) at time 0 (i.e., before injection), and then 15, 30, 60, 120, and 180 min after
injection. The response to pyruvate administration was quantified as area under the
glucose curve (AUC).

2.4. Light Microscopy and Immunohistochemical Analysis

Liver and epididymal WAT samples were fixed in 4% formaldehyde, embedded
in paraffin, and sections of 5 µm thickness were stained using hematoxylin-eosin. The
NAFLD histological scoring system [37] was used to assess the effect of omega-3 PUFAs
administration on NAFLD progression. In epididymal WAT, macrophage marker MAC-
2/galectin-3 was detected using specific antibodies (Cedarlane Laboratories; Burlington,
NC, USA; 1:4000 dilution) and the number of crown-like structures (CLS) counted as
before [38]. Morphometric analysis of WAT was performed using the imaging software
NIS-Elements AR3.0 (Laboratory Imaging, Prague, Czech Republic).

2.5. Hepatic Production of VLDL-TAGs

The procedure was the same as before [39]. After an overnight fast (~16 h), mice were
injected i.p. with a solution of 15% Tyloxapol (Triton WR-1339; Sigma-Aldrich; Prague,
Czech Republic; dissolved in 0.9% saline) at a dose of 500 mg per kg body weight and blood
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was collected from the tail vein under basal conditions and 2, 4, and 6 h after Tyloxapol
injection. Plasma TAG concentrations were measured at 500 nm using the Triglycerides
kit from Erba Lachema (Brno, Czech Republic) and the Sunrise microplate reader (Tecan
Group, Männedorf, Switzerland).

2.6. Insulin Sensitivity Measured by Hyperinsulinemic-Euglycemic Clamp

Hyperinsulinemic-euglycemic clamp was performed in awake mice as before [14,29].
Briefly, a week before the end of the study, a permanent catheter was inserted into the
v. jugularis. After a postoperative period of 4–7 days, mice were fasted for 6 h (6:00 a.m.–
12:00 p.m.) and then infused with insulin Actrapid (Novo Nordisk) and D-[3-3H]glucose
(Perkin Elmer, Boston, MA, USA) at a constant rate of 4.8 mU/min per kg body weight
and 0.26 µCi/min, respectively. Euglycemia (~5.5 mmol/L) was maintained by periodical
adjusting the variable infusion of glucose solution (30% for lean animals, 15% for obese
animals), while blood glucose levels were regularly monitored using glucometers (see
Section 2.3). Blood samples taken every 10 min during the last hour of the 3-h infusion
period were used to analyze specific D-[3-3H]-glucose activity.

2.7. Metabolites and Hormones

Plasma levels of lipid metabolites (i.e., TAGs, total cholesterol, non-esterified fatty
acids), as well as aspartate transaminase (AST) and alanine aminotransferase (ALT), were
measured using the appropriate assays from Roche or Wako (for the measurement of non-
esterified fatty acids) and a Clinical Chemistry analyzer Roche/Hitachi 902 (Roche Diagnos-
tics; Basel, Switzerland). Plasma levels of insulin were quantified using xMAP technology
and MILLIPLEX MAP Mouse Metabolic Hormone Magnetic Bead Panel (MMHMAG-44K;
Merck-Millipore; Burlington, MA, USA). Plasma levels of total adiponectin were measured
by Mouse Adiponectin ELISA kit (EZMADP-60K; Sigma-Aldrich). Fasting plasma insulin
and blood glucose levels were used to quantify Homeostatic Model Assessment of Insulin
Resistance (HOMA-IR), using the following formula: fasting plasma insulin (mU/L) ×
fasting plasma glucose (mmol/L)/22.5.

2.8. TAG Content in the Liver

Approximately 50 mg of tissue was dissolved in 150 µL 3M KOH (dissolved in 65%
ethanol) at 70 ◦C for 2 h. The resulting homogenate was diluted 10× in redistilled water
and the TAG content was measured (see Section 2.5) and the results were related to
tissue weight.

2.9. Gene Expression Analysis

Gene expression was analyzed in the liver (stored in RNA later; Ambion, Austin, TX,
USA) by real-time quantitative PCR as before [29,40]. Transcript levels were normalized to
the expression level of a housekeeping gene for 18S ribosomal RNA (Rn18s). Gene names
and sequences of the oligonucleotide primers are listed in Table S3.

2.10. Composition of FAs in Experimental Diets and Liver

Total lipids were extracted from aliquots of experimental diets (100 mg) by two-step
extraction using hexane and a mixture of methanol and dichloromethane (see Supplemen-
tary Materials for details). The methyl tert-butyl ether (MTBE)-based extraction of total
lipids from the liver (50 mg) was performed as before [31], and neutral and polar lipid
fractions were obtained by using SPE Columns (Discovery). Trans-esterification of ex-
tracted lipids, FAs methyl esters (FAME) extraction and their analysis using comprehensive
two-dimensional gas chromatography with mass detection (Pegasus 4D, LECO, USA) was
performed as before [41].
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2.11. LC-MS Analysis of Liver Samples

Metabolomic and lipidomic profiling of liver samples was conducted using a com-
bined targeted and untargeted workflow for the lipidome, metabolome, and exposome
analysis (LIMeX) [42,43]. Extraction was carried out using a biphasic solvent system of
cold methanol, MTBE, and 10% methanol. Four different LC-MS platforms were used for
metabolomic and lipidomic profiling: (i) lipidomics of complex lipids in positive ion mode,
(ii) lipidomics of complex lipids in negative ion mode, (iii) metabolomics of polar metabo-
lites in positive ion mode, and (iv) metabolomics of polar metabolites in negative ion mode.
Details of sample preparation, LC-MS conditions, raw data processing and curation, and
list of annotated complex lipids and polar metabolites are in Supplementary Materials.

2.12. Data Processing and Statistics

Results are means ± SEM. To compare the groups fed experimental LHF-based diets,
One Way ANOVA (for normally distributed data sets) or Kruskal–Wallis test (non-normally
distributed data sets) followed by Student–Newman–Keuls post-hoc test was used (Sigma-
Stat 3.5 software; Systat Software Inc., San Jose, CA, USA). Differences were considered
significant when p ≤ 0.05. Pearson’s correlation coefficient (r) was calculated to measure
the strength of the association between the two variables. Multivariate analysis was per-
formed using partial least-squares discriminant analysis (PLS-DA) using MetaboAnalyst
4.0 [44]. Statistical models were created for metabolomic and lipidomic sets separately after
logarithmic transformation (base 10) and Pareto scaling. Exported variable importance in
projection (VIP) scores were used for evaluation.

The number of animals required to evaluate the effect of krill oil supplementation
on liver steatosis was based on a previous publication [29], namely the difference in liver
TAGs between control mice fed a corn oil-based high-fat diet (i.e., cHF diet) and mice fed
a cHF-based diet containing krill oil (i.e., the ω3PL-H diet), supplemented at the same
dose as in the current study. Thus, the minimal sample size of 6 animals per group was
calculated using G*Power software (power 0.95, α = 0.05; see [45]).

3. Results
3.1. Basic Parameters of Energy Balance, Adiposity, as well as Lipid and Glucose Homeostasis

Table 1 and Figure 2 show the general characteristics of obese mice from the control
group (LHF) and the three intervention groups (ω3PL,ω3PL-R andω3TG-R; description
of groups—see Section 2.2 and Figure 1) that differed in the lipid form and/or timing of
omega-3 PUFA administration. In the control LHF group, high-fat feeding for 24 weeks
caused a weight gain of ~30 g, which was reduced by 15% in the ω3PL group supple-
mented with krill oil since the start of the study (Table 1); this reduction in weight gain was
mainly due to weight loss during the second half of the study (Figure 2A). Although no
changes in average daily food intake (Figure 2B) and cumulative energy intake (Table 1)
were observed between the groups, the average feeding efficiency, calculated by dividing
the weight gain by the amount of energy consumed each week, was significantly reduced
in ω3PL mice (Figure 2C). The adiposity index did not change in response to omega-3
PUFA administration (Table 1), but specifically in theω3PL group, mesenteric WAT weight
was reduced by ~27% (a similar trend was also observed inω3PL-R mice), while the weight
of epididymal WAT was increased in the ω3PL andω3PL-R groups (Table 1). Despite the
increased weight of epididymal WAT in both krill oil-supplemented groups, the average
size of adipocytes in this fat depot remained unchanged (Figure 2D) while tissue accumu-
lation of inflammatory macrophages, analyzed by MAC-2/galectin-3 immunodetection
(see Supplementary Figure S1) and assessed by CLS counting, was reduced (Figure 2E);
no such changes were observed in the ω3TG-R group. With regard to lipid metabolism
markers in the circulation, omega-3 PUFAs reduced total cholesterol levels, regardless
of the lipid form of their supplementation (Table 1). Given the role of obesity and WAT
inflammation in impaired glucose metabolism, we next evaluated the effect of omega-3
PUFAs on glucose homeostasis; it was improved specifically in krill oil-supplemented
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mice (i.e.,ω3PL andω3PL-R), as evidenced by lower FBG and non-fasting plasma insulin
(Table 1). Furthermore, these mice also showed stronger induction of plasma adiponectin
levels (Figure 2F) in association with significantly reduced HOMA-IR (Figure 2G).

Figure 2. The effect of omega-3 PUFA supplementation on parameters related to energy balance,
adipose tissue health and insulin sensitivity: changes in body weight during the study (A), average
daily food intake (B), feeding efficiency (C), average size of adipocytes (D) and macrophage accu-
mulation in epididymal WAT (E), plasma adiponectin levels (F), and insulin resistance based on the
HOMA-IR index (G). Data are means ± SEM (n = 7–8). *, significant effect of omega-3 PUFAs (vs.
LHF); #, significant difference fromω3TG-R (One Way ANOVA or Kruskal–Wallis).
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Table 1. Energy balance, adiposity, and biochemical parameters in mice fed high-fat diets
supplemented or not with omega-3 PUFA concentrates.

LHF ω3PL ω3PL-R ω3TG-R

Body weight (g)
Week 0 23.3 ± 0.7 23.3 ± 0.6 23.1 ± 0.5 23.6 ± 0.7
Week 24 53.6 ± 0.9 48.6 ± 0.9 a 50.5 ± 1.5 53.9 ± 0.8 b

Gain 30.3 ± 0.8 25.3 ± 1.3 a 27.4 ± 1.6 b 30.2 ± 0.4 b

En. intake (MJ/mouse/study) 8.1 ± 0.1 8.1 ± 0.3 7.9 ± 0.3 7.7 ± 0.3
WAT depots (g)

Epididymal WAT 2.11 ± 0.06 2.54 ± 0.15 a 2.52 ± 0.12 a 2.07 ± 0.07 b,c

Subcutaneous WAT 1.59 ± 0.06 1.45 ± 0.06 1.55 ± 0.06 1.75 ± 0.10
Mesenteric WAT 1.50 ± 0.07 1.09 ± 0.06 a 1.36 ± 0.11 b 1.48 ± 0.07 b

Adiposity index (%) 9.7 ± 0.2 10.5 ± 0.4 10.7 ± 0.4 9.8 ± 0.3
Clinical biochemistry

TAGs (mmol/L) 1.14 ± 0.12 0.91 ± 0.05 1.02 ± 0.11 0.97 ± 0.04
NEFA (mmol/L) 0.61 ± 0.05 0.57 ± 0.05 0.60 ± 0.07 0.64 ± 0.06
Cholesterol (mmol/L) 6.22 ± 0.18 5.10 ± 0.30 a 5.49 ± 0.14 a 5.87 ± 0.14 b

FBG (mmol/L) 5.19 ± 0.12 4.33 ± 0.09 a 4.46 ± 0.21 a 5.00 ± 0.20 b,c

Insulin (ng/mL) 4.80 ± 0.60 2.65 ± 0.29 a 3.92 ± 0.64 5.74 ± 0.66 b

Data are means ± SEM (n = 7–8). Except FBG, measured in overnight fasted mice, biochemical parameters were
determined in plasma of mice fed ad libitum. a,b,c different from LHF, ω3PL, ω3PL-R, respectively (one-way
ANOVA or Kruskal–Wallis). FBG, fasting blood glucose; NEFA, non-esterified fatty acids.

Thus, in obese mice kept in a thermoneutral environment, administration of krill oil,
unlike omega-3 PUFAs supplemented in the TAG form, led to redistribution of WAT and im-
provement of its function, which corresponded to positive effects on glucose homeostasis.

3.2. Histological Analysis of NAFLD-Related Phenotypes

We further examined the effect of krill oil and omega-3 PUFAs supplemented as TAGs
on the development of NAFLD using biochemical and histological analyses of the liver
(Figures 3 and 4).
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Figure 4. The effect of omega-3 PUFA supplementation on NAFLD-related parameters: liver weight (A),
liver TAG content (B), steatosis (C), lobular inflammation (D), NAFLD activity score—NAS (E),
fibrosis (F), and plasma AST and ALT levels (G). The results presented in panels C–F are based on
histological analysis of liver sections. Data are means ± SEM (n = 7–8). *, significant effect of omega-3
PUFAs (vs. LHF); #, significant difference fromω3TG-R (one-way ANOVA or Kruskal–Wallis).

Despite having similar plasma TAG levels (Table 1), liver weight (Figure 4A) and
the TAG content in the liver (Figure 4B; quantified biochemically) were reduced in both
experimental groups that received krill oil compared either to LHF controls orω3TG-R mice
supplemented with omega-3 PUFAs as TAGs. Histological analysis of hematoxylin-eosin-
stained liver sections (Figure 3) confirmed reduced levels of steatosis in the livers of ω3PL
and ω3PL-R mice compared to the LHF and ω3TG-R groups, where the steatosis score
reached almost the maximum value of 3 (Figure 4C). In addition to the degree of steatosis,
histological analysis was also used to assess other components of the NAFLD activity
score (NAS), which includes lobular inflammation and hepatocyte ballooning. Lobular
inflammation was increased inω3TG-R mice and unchanged in krill oil-supplemented mice
compared to LHF-fed controls (Figure 4D), while hepatocyte ballooning was relatively less
frequent (score < 0.5) and was similar among the groups (not shown). As a result, the NAS
score was higher inω3TG-R mice and unchanged inω3PL andω3PL-R animals compared
to LHF-fed controls (Figure 4E). We also evaluated the degree of fibrotic changes in the
liver, which was generally relatively low in all groups (Figure 4F); however, ω3PL mice
supplemented with krill oil during the development of obesity showed significantly higher
fibrosis score compared to control animals fed LHF (Figure 4F). On the other hand, plasma
levels of transaminases, especially ALT, were reduced due to krill oil supplementation,
with a weaker effect observed in mice receiving omega-3 PUFAs as TAGs (Figure 4G).
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These data primarily document the excellent efficacy of krill oil in reducing severe hep-
atic steatosis induced by administration of a high-fat diet in a thermoneutral environment.

3.3. Analysis of Parameters Related to the Efficacy of Omega-3 PUFAs in the Liver

Next, we analyzed some parameters that may determine the metabolic effects of krill
oil in the liver (Figure 5). First, the bioavailability of FAs such as arachidonic acid (ARA),
EPA, and DHA, which are substrates for the formation of biologically active lipid mediators,
was measured in the neutral (i.e., mainly TAGs) and polar (i.e., mainly PLs) lipid fractions
of the liver (Figure 5A,B; for complete data on FAs composition in hepatic TAGs and PLs,
see Tables S4 and S5, respectively).
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Figure 5. Selected parameters determining the effects of omega-3 PUFAs in the liver: bioavailability
of FAs such as arachidonic acid (ARA), eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) measured in the neutral (A) and polar (B) fraction of liver lipids; correlation between plasma
adiponectin levels and the degree of TAG accumulation in the liver (C); hepatic expression of genes
related to DNL (D), cholesterol biosynthesis (E), inflammation (F), and tissue remodeling (G). Data
are means ± SEM (n = 7–8). *, significant effect of omega-3 PUFAs (vs. LHF); #, significant difference
fromω3TG-R (one-way ANOVA or Kruskal–Wallis).
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In general, the relative content of ARA was reduced while the content of EPA and
DHA was increased in response to administration of both krill oil and omega-3 PUFAs
as TAGs; however, the ARA reduction efficacy in both the neutral and polar fractions
was significantly higher in the krill oil-supplemented groups (Figure 5A,B), and the same
situation was observed in the case of an increase in EPA primarily in the polar fraction
(Figure 5B). We also examined the relationship between plasma adiponectin levels and the
degree of TAG accumulation in the liver (Figure 5C), as adiponectin can activate 5′-AMP-
activated protein kinase (AMPK) and PPARα and thus stimulate lipid catabolism. Indeed,
in the livers of mice fed various LHF-based diets, plasma adiponectin levels and liver TAG
levels showed a strong negative correlation (r = −0.723; p < 0.0001; Figure 5C).

Furthermore, the above findings regarding NAFLD-related phenotypes were then
related to changes in gene expression of key enzymes of lipid and cholesterol metabolism,
as well as markers of inflammation and tissue remodeling with a known relationship to
the development of NAFLD/NASH (Figure 5D–G). Expression of the genes related to
DNL (Figure 5D) and cholesterol biosynthesis (Figure 5E) was reduced up to 10-fold in
krill oil-supplemented mice (ω3PL andω3PL-R mice) compared to LHF-fed controls. In
contrast, no such changes were observed in ω3TG-R mice receiving omega-3 PUFAs as
TAGs (Figure 5D,E). Although histological analysis did not reveal a significant degree
of NASH/fibrosis induced in C57BL/6N mice fed the LHF diet in a thermoneutral envi-
ronment (Figure 4D,F), the expression of both inflammatory genes and tissue remodeling
genes in the liver was analyzed in order to see whether supplementation with krill oil or
omega-3 PUFAs as TAGs could affect these processes at this level. There were no significant
differences between groups in the expression of inflammation-related genes (Figure 5F),
with the exception of chemokine (C-C motif) ligand 2 (CCL2; also known as monocyte
chemoattractant protein 1), whose expression was reduced in groupsω3PL andω3PL-R.
No consistent effects on the expression of genes related to tissue remodeling were observed
(Figure 5G); in general, the administration of krill oil reduced the mRNA levels of some of
the measured genes (e.g., Spp1, Col3a1, Timp1, Timp3), with occasional effects (e.g., Timp3)
also observed inω3TG-R mice given omega-3 PUFAs as TAGs. Decreased expression of
genes involved in DNL may therefore help explain the beneficial effects of krill oil sup-
plementation on liver fat accumulation, while its effect on the expression of inflammatory
genes, and in particular tissue remodeling genes, was not conclusive.

3.4. In Vivo Analyses Related to Liver Function and Insulin Sensitivity

Given the significant reduction in TAG levels in the livers of mice supplemented
with krill oil (Figure 4B,C) and a likely reduction in insulin resistance (i.e., HOMA-IR;
Figure 2G) in these animals, we initiated an additional experiment (see also Figure 1B),
in which we performed a series of in vivo functional assays in mice fed either the Chow,
LHF or ω3PL diet for 24 weeks at 30 ◦C (Figure 6). At the end of the study, mice in the
Chow, LHF andω3PL groups weighed 41.3 ± 1.1, 57.6 ± 0.5, and 54.5 ± 0.8 g (p < 0.01 vs.
LHF for both other groups), which corresponded to a weight gain of 14.5 ± 1.0, 30.7 ± 0.4,
and 27.5 ± 0.6 g (p < 0.0001 vs. LHF), respectively. Thus, the weight gain in LHF and
ω3PL mice was similar to that observed in the previous experiment (see Table 1). We first
evaluated whether lower levels of hepatic steatosis in ω3PL mice, supplemented with krill
oil during the development of obesity, can be explained by changes in hepatic production
of TAGs contained in VLDL (Figure 6A,B). However, the VLDL-TAG secretion test in
overnight fasted mice did not reveal any significant differences in lipemic curves between
the groups, especially LHF andω3PL mice (Figure 6A), although basal plasma TAG levels
were decreased by 15% inω3PL compared to LHF mice (Figure 6B). We further examined
whether the potent effect of krill oil supplementation on hepatic steatosis is associated
with changes in gluconeogenesis and/or improved insulin sensitivity. Thus, we evaluated
the glycemic response to pyruvate injection to determine gluconeogenic activity; glycemic
curves (Figure 6C), as well as quantification of the glycemic response based on AUC values
(Figure 6D), indicated a reduced level of pyruvate-stimulated gluconeogenesis in both
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Chow andω3PL mice compared to LHF-fed controls. Finally, we used the state-of-the-art
hyperinsulinemic-euglycemic clamp technique in combination with a radioactive glucose
tracer to analyze whole-body and hepatic insulin sensitivity (Figure 6E,F). Whole-body
insulin sensitivity was markedly impaired in obese LHF-fed control animals compared
to Chow-fed mice, as documented by changes in glucose infusion rate (GIR; Figure 6F),
reflecting the amount of exogenous glucose required to maintain euglycemia during the
clamp (i.e., under insulin-stimulated conditions) and which showed a ~2.7-fold reduction
in LHF mice.
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Figure 6. Effect of krill oil supplementation on hepatic VLDL-TAG production (A), fasting plasma
TAG levels (B), glycemia during the pyruvate tolerance test (C), the level of pyruvate-driven gluco-
neogenesis (D), as well as glycemia during the last hour of hyperinsulinemic-euglycemic clamp (E)
and clamp-related parameters including glucose infusion rate (GIR), glucose turnover (GTO) and
endogenous glucose production (EGP; F). Data are means ± SEM (n = 6–7). *, significant difference
between LHF and Chow; #, significant difference between LHF andω3PL; $, significant difference
betweenω3PL and Chow (one-way ANOVA or Kruskal–Wallis).

However, the total glucose turnover (GTO) in the organism was not significantly
changed in LHF mice compared to the Chow group, primarily because of an ~2.2-fold
increase in endogenous glucose production (EGP; Figure 6F). In contrast, krill oil sup-
plementation inω3PL mice led to normalization of insulin sensitivity at the whole-body
level and in the liver, as shown by increased GIR and decreased EGP levels under hy-

50



Nutrients 2021, 13, 437

perinsulinemic conditions (Figure 6F). Therefore, the above data suggest that the potent
antisteatotic effects of krill oil supplementation in the livers of mice with diet-induced
obesity and exacerbated hepatic steatosis are associated with improved whole-body and
tissue sensitivity to insulin, but cannot be explained by changes in VLDL-TAG secretion.

3.5. Hepatic Metabolome in Relation to Tissue TAG Accumulation and Insulin Sensitivity

To better understand the underlying mechanisms of the potent antisteatotic and
insulin-sensitizing effects of krill oil supplementation in mice with exacerbated hepatic
steatosis, and to determine how these mechanisms differ in mice given omega-3 PUFAs
as TAGs (see also Figure 1A), we analyzed the metabolipidomic profiles of the liver using
four different LC-MS platforms (see Section 2.11 for details). First, the annotated data were
analyzed using PLS-DA, supervised classification technique, to gain a general view on the
impact of omega-3 PUFAs supplementation on both complex lipids and polar metabolites
(Figure 7; see Table S7 for a complete list of annotated metabolites).
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scores from PLS-DA.
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In the case of complex lipids (Figure 7A), the analysis revealed a distinct separation of
both krill oil-supplemented mice and mice given omega-3 PUFAs as TAGs from LHF-fed
controls within the first Component (C1), which describes 63% of the total variation be-
tween these groups. Moreover, both groups fed with krill oil (i.e.,ω3PL,ω3PL-R) separated
from the ω3TG-R group (omega-3 PUFAs as TAGs) within C2 (Figure 7A). A separate
analysis of polar metabolites (Figure 7B) showed a weaker separation of mice fed with krill
oil from both LHF controls and mice fed a diet containing omega-3 PUFAs as TAGs within
C1, which accounted for 28% of the total variation between the LHF andω3TG-R groups
on the one hand and the ω3PL and ω3PL-R groups on the other. Thus, krill oil supple-
mentation had major effects on both complex lipids and polar metabolites, with omega-3
TAGs affecting mainly the lipidome. Subsequent VIP analysis indicated that several TAG
species containing DHA and/or EPA (e.g., TAG 60:13; TAG 18:2_20:5_22:6, TAG 56:9; TAG
18:2_18:2_20:5 or TAG 60:12; TAG 18:2_20:4_22:6) were the most discriminating factors in
terms of complex lipids (Figure 7C), while alkaloids stachydrine and trigonelline, as well
as trimethylamine N-oxide (TMAO), represented the most discriminating factors among
polar metabolites (Figure 7D). In the case of alkaloids, their concentration was significantly
increased in the liver ofω3PL andω3PL-R mice compared to the LHF andω3TG mice (see
left panels in Figure 8A,B), which is due to the increased concentration of these substances
in the krill oil-containing diet (right panels in Figure 8A,B).

 

Figure 8 

 

 

Figure 8. Box plots for stachydrine (A) and trigonelline (B) levels in the liver (arbitrary units; left
panel) and in experimental diets (mg/kg; right panel).

Furthermore, we also performed a subanalysis of certain lipid classes with a known
relationship to insulin resistance (e.g., diacylglycerols; DAGs) or DNL (e.g., short/medium-
chain TAGs containing 38 to 48 carbons and 0 to 3 double bonds; see Section 4 for details)
in the liver (Figure 9). We found that krill oil administration reduced the total DAG levels
in liver tissue of ω3PL and ω3PL-R mice (Figure 9A), and in particular the content of
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DAGs containing SFA (Figure 9B,C), while supplementation of omega-3 PUFAs as TAGs
in theω3TG-R group was ineffective. In contrast,ω3TG-R mice showed increased levels
of DAG species containing primarily DHA (e.g., DAG 44:12; DAG 22:6_22:6), with lower
increases observed in the krill oil-supplemented groups (Figure 9D). However, DAG species
containing at least 1 SFA represented the majority of all DAGs (20 out of 37), while the
levels of SFA-containing DAGs showed a very strong correlation with the total levels of
all DAGs (Figure 9E). In addition, total levels of short-chain TAGs were analyzed and
found to be reduced in both krill oil-supplemented groups (i.e., ω3PL, ω3PL-R) compared
to LHF-fed controls (Figure 9F), while the strongest effect was observed at the level of
only SFA-containing TAGs (Figure 9G,H). No such effects were observed inω3TG-R mice
supplemented with omega-3 PUFAs as TAGs.

 

Figure 9 

 

Figure 9. Box plots and correlation analysis for DAGs and TAGs lipid classes in the liver in response to dietary challenges:
the sum of all DAG species (A; n = 37), the sum of DAGs with at least 1 SFA (B; n = 20), and representative species of
DAGs containing either SFA (i.e., DAG 32:0; DAG 16:0_16:0; C) or omega-3 PUFAs (i.e., DAG 44:12; DAG 22:6_22:6; D).
Correlation between the sum of all DAG species (n = 37) and the sum of DAGs with at least 1 SFA (n = 20; E). The sum of
TAG species with short/medium-chain FAs (F; n = 9), the sum of TAG species with only SFAs (G; n = 3), and a representative
SFA-containing TAG species TAG 48:0; TAG 16:0_16:0_16:0 (H). Lipid intensities are in arbitrary units (A.U.).
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Overall, the above data suggest that krill oil administration has led to profound
changes in the levels of complex lipids as well as polar metabolites in the liver, while
affecting lipid species that are either involved in the induction of insulin resistance or are
established markers of DNL.

4. Discussion

This study aimed to assess the ability of krill oil supplementation to affect NAFLD-
related phenotypes in mice with diet-induced obesity and exacerbated NAFLD. At the same
time, we wanted to find out whether the effects of krill oil administration on NAFLD are
associated with changes in insulin sensitivity, and to look for possible determinants of these
effects. Our results clearly demonstrate the ability of krill oil supplementation to alleviate
hepatic steatosis, even in a situation when the accumulation of fat in the liver is maximally
stimulated due to the combination of high-fat feeding and thermoneutral housing. In
contrast, similar doses of omega-3 PUFAs administered via a TAG-based concentrate
did not significantly reduce hepatic fat accumulation under the severe obesogenic and
steatosis-promoting conditions. In addition, the potent antisteatotic effects of krill oil were
observed in a situation when insulin sensitivity in the liver and at the whole-body level was
maintained, and which was associated with a hepatic lipidomic signature characterized by
reduced concentrations of both short/medium-chain TAGs and total DAGs.

To evaluate the efficacy of krill oil administration in influencing NAFLD-associated
phenotypes, we adopted a recently established model of exacerbated NAFLD in C57BL/6J
mice [36], which combines the administration of a lard-based high-fat diet with thermoneu-
tral animal housing (i.e., ambient temperature ~30 ◦C). However, instead of using the “J”
substrain of C57BL/6 mice as in Giles et al. [36], we used the “N” substrain (i.e., C57BL/6N
mice) due to its apparent ability to accumulate a larger amount of TAGs in the liver when
fed a high-fat diet. In fact, when comparing high-fat diet-fed mice of the C57BL/6J [36]
and C57BL/6N [46] substrains, kept at 22 ◦C, C57BL/6N mice accumulated more fat in the
liver despite being fed a corn oil-based diet rich in n-6 PUFA, which has a lower potential
to induce hepatic steatosis compared to an SFA-rich lard-based diet [9,10,14]. Indeed, in
terms of liver fat accumulation, the use of C57BL/6N mice in the current study led to the
induction of very severe hepatic steatosis with TAG levels reaching ~250 mg/g, which was
much more than in the corresponding group of C57BL/6J mice in the reference study by
Giles et al. (i.e., ~130 mg/g in the HFD group at 30 ◦C; see Figure 2e in [36]). Thus, the
use of the C57BL/6N mouse substrain in combination with thermoneutral housing and
lard-based high-fat feeding allowed remarkably high accumulation of TAGs in the liver.

Notwithstanding the above differences in liver fat accumulation between the two
substrains of C57BL/6 mice, our current study demonstrated the ability of krill oil admin-
istered to C57BL/6N mice to induce strong antisteatotic effects even in the presence of
pronounced hepatic steatosis. Although some previous studies have already shown the
beneficial effects of dietary omega-3 PUFAs as PLs on liver fat accumulation in various
rodent models of obesity [24–26,29,30], none of those models reached the level of liver
fat accumulation observed in our current study (see above). Even in genetically obese
Zucker fa/fa rats, the fat content in the liver did not exceed 200 mg/g [25], while in mice
fed different high-fat diets [24,26,29,30], it ranged from ~50 to ~160 mg/g, depending on
the type and percentage of fat in the diet and the duration of its administration. This
work, together with previous studies that involved supplementation of omega-3 PUFAs
as PLs using either krill oil [24,25,29] or herring meal extract [26,30], thus demonstrates
the excellent ability of krill oil to positively affect liver steatosis, at a wide range of tissue
concentrations of TAGs. Importantly, in our present study, the antisteatotic effects of krill
oil supplementation were observed regardless of whether krill oil was added to the LHF
diet from the very beginning of the dietary interventions or after previous administration
of the LHF diet when the animals were already obese.

Krill oil, containing significant amounts of PLs, especially phosphatidylcholine [31],
was used in the current study to administer primarily EPA and DHA. The type of krill
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oil used in the current study is characterized by the presence of two main fractions, i.e.,
phosphatidylcholines and TAGs, which represent 49 and 28%; furthermore, free FAs, DAGs,
ether-linked phosphatidylcholines, cholesterol, phosphatidylethanolamines, phosphatidyli-
nositols and lysophosphatidylcholines represent minor fractions of 4.9%, 3.5%, 3.5%, 3.4%,
3.2%, 2.3%, and 2.0%, respectively [31]. Because TAGs, along with ethyl esters, represent
lipid classes traditionally used for supplying omega-3 PUFAs into the organism and to
treat NAFLD in humans [21,23], we also included in our current study a group of obese
mice given EPA and DHA as a TAG-based concentrate. Specifically, we used Epax 3000 TG
concentrate with an EPA and DHA content of 29%, which corresponds to the relative
content of these FAs in krill oil [47]. Thus, similar amounts of lard in the LHF diet had to
be replaced by one or the other concentrate in order to prepare respective supplemented
diets. Furthermore, the EPA:DHA ratio was approximately 1.6:1 in both krill oil and Epax
3000 TG, which facilitates the interpretation of our results compared to previous reports
(e.g., [26,29]), where EPA and DHA content, as well as their ratio, differed significantly
between the omega-3 PUFA concentrates based on TAGs or PLs. However, despite the sim-
ilarity in the concentration and ratio of EPA and DHA, krill oil and the TAG-based omega-3
PUFA concentrate differed dramatically in terms of their effects on hepatic steatosis. As
determined by biochemical analysis of TAG content in the tissue and histological evaluation
(i.e., steatosis score), dietary supplementation with krill oil resulted in a 42% reduction in
TAG (glycerolipids) accumulation in the liver of obese mice (i.e.,ω3PL-R mice), while in
mice with omega-3 PUFAs supplemented as TAGs (i.e.,ω3TG-R mice) only an insignificant
decrease of 5–12% was found. While this difference cannot be explained by the effects on
energy intake, body weight or overall adiposity, adipose tissue functionality was improved
specifically in krill oil-supplemented mice. A more pronounced reduction in macrophage
accumulation in epididymal WAT of ω3PL-R mice was accompanied by higher plasma
adiponectin levels (up to ~15 µg/mL) compared to their counterparts treated with the
same dose of omega-3 PUFAs given as TAGs. These data are consistent with previous
reports documenting the excellent efficacy of krill oil (vs. omega-3 PUFAs as TAGs; [29])
and its dose-dependent effects [24,29] in stimulating plasma adiponectin levels in high-fat
diet-fed mice housed under standard thermal conditions. In this context, krill oil adminis-
tered at approximately 3-fold lower dose to mice fed a 21% fat diet caused an increase in
adiponectin levels to only 7.5 µg/mL [24], which is about half of the values achieved in our
current study (see above). The role of elevated adiponectin levels in the antisteatotic effects
of krill oil supplementation in our study is supported by the presence of a strong negative
correlation between plasma adiponectin levels and the degree of liver TAG accumulation.
A similar relationship has been shown, for example, in type 2 diabetic patients before and
after treatment with insulin sensitizers thiazolidinediones, which resulted in a reduction in
liver fat and improved insulin sensitivity while plasma adiponectin increased [48]. Thus,
improved WAT function combined with a substantial increase in plasma adiponectin levels
may play a role in the potent effects of krill oil supplementation on both liver steatosis and
insulin sensitivity in our mice with exacerbated NAFLD.

Adiponectin levels are negatively associated with hepatic and peripheral insulin
resistance and hepatic fat content [49,50]. It is known that adiponectin activates AMPK
in both skeletal muscle and liver [51]. Activation of AMPK in turn leads to inhibition
of acetyl-CoA carboxylase, a key enzyme in the DNL pathway, as well as to induction
of FA oxidation and suppression of lipogenic enzymes [51–53]. This is in line with our
current data and results from previous rodent studies using various forms of omega-3
PUFAs as PLs [29,30,33,34], which show decreased gene expression primarily within the
DNL and cholesterol biosynthesis pathways. In addition to effects on FA metabolism
pathways, AMPK is also important for the suppressive effect of adiponectin on hepatic
glucose production and for maintaining normal fasting glucose levels [54], as well as for the
beneficial effect of omega-3 PUFAs on hepatic insulin sensitivity [53]. Our results showing
increased plasma adiponectin associated with decreased TAG accumulation and lipogenic
gene expression in the liver are therefore consistent with the involvement of the adiponectin-
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AMPK axis in the antisteatotic effects of krill oil supplementation. Furthermore, activation
of this axis could also explain the observed reduction in tissue DAG levels (especially those
containing SFAs) in krill oil-supplemented mice. This effect may be directly related to the
improvement of hepatic insulin sensitivity, as DAGs are known to be strongly involved
in the development of hepatic insulin resistance [53,55]. Because SFA-containing DAGs
represented the majority of DAG species in the liver, a marked reduction in total DAG
levels in mice supplemented with krill oil may be a direct consequence of its inhibitory
effects on DNL (see below).

In addition to elevated adiponectin levels, there are likely to be other mechanisms
by which krill oil effectively alleviates exacerbated liver steatosis. Although krill oil
supplementation does not seem to change the level of VLDL-TAG secretion (our current
data and [34]), it can reduce the mitochondrial citrate carrier activity, as previously observed
in rats fed a lard-based high-fat diet [35], and which also showed reduced activities of
DNL enzymes such as acetyl-CoA carboxylase and fatty acid synthase. This carrier acts
upstream of cytosolic lipogenic processes [56], and its inhibition could thus explain the
strong antilipogenic properties of krill oil. In fact, our lipidomics data from the livers
of mice fed with krill oil document significantly reduced levels of short/medium-chain
TAGs, a subset of TAGs previously proposed as a DNL marker [57]. Therefore, inhibition
of this pathway may be one of the main mechanisms of the antisteatotic effects of krill oil.
Furthermore, krill oil administration can lead to effective stimulation of FA oxidation in
the liver [35], which in turn may be related to the ability of EPA, but not DHA, to increase
FA oxidation while inhibiting 1,2-diacylglycerol esterification and thus TAG synthesis in
hepatocytes [58]. This is in line with our current and previous [29] results documenting
the improved bioavailability of EPA at the level of liver PLs. Furthermore, a recent study
on mice fed a high-fat diet based on corn oil suggests that intestinal FA oxidation, which
was more effectively stimulated by krill oil compared to omega-3 PUFAs supplemented as
TAGs, could also be involved in the antisteatotic effects of this marine oil [59]. It is worth
mentioning that other bioactive constituents are present in krill oil, which may possess
antisteatotic and insulin-sensitizing properties. Our metabolomics analysis revealed that
stachydrine and trigonelline are among the top two polar metabolites that most distinguish
the krill oil-supplemented groups from LHF-fed controls, as well as mice supplemented
with omega-3 PUFAs as TAGs. Here we show that both of these alkaloids are enriched
in the diet supplemented with krill oil, and both have previously been shown to have
positive effects on NAFLD, probably by restoring hepatic autophagy [60,61]. The increase
in hepatic concentrations of TMAO in mice fed krill oil was probably due to its increased
biosynthesis from choline by intestinal bacteria [62]. Moreover, palmitoleic acid contained
in krill oil may contribute not only to the positive effects of this marine oil on glucose
homeostasis and insulin sensitivity [29], but also on liver steatosis due to its stimulatory
effects on PPARα and AMPK activation [63]. The complex composition of krill oil and the
role of its constituents in influencing liver fat accumulation and insulin sensitivity is shown
in Figure 10 below. Recently, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF)
has been reported as a plasma metabolite whose levels increased with omega-3 PUFAs
intake and which was able to alleviate hepatic steatosis when administered to mice [64,65].
Using our metabolomics method we detected CMPF at very low signal intensities in the
liver samples. Higher fold changes of 1.7 and 1.9 were observed in the ω3TG-R group
compared to the ω3PL and ω3PL-R groups, respectively. However, in the control LHF
group, high biological variability of CMPF was noticed, and thus, this metabolite was not
ranked among the most discriminating ones.
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Figure 10. The potential mechanisms involved in the effects of krill oil supplementation on liver
fat accumulation and insulin sensitivity in a mouse model of exacerbated hepatic steatosis induced
in C57BL/6N mice fed a high-fat (lard) diet in a thermoneutral environment. The effects of krill
oil are determined not only by omega-3 PUFA-containing PLs (ω3 PLs) in this marine oil, but also
by its other bioactive constituents, including palmitoleic acid (POA) and the alkaloids stachydrine
and trigonelline, and may involve direct or indirect mechanisms. The livers of mice fed a high-fat
diet supplemented with krill oil have markedly reduced TAG accumulation and improved insulin
sensitivity, which is associated with increased bioavailability of omega-3 PUFAs, suppressed DNL,
decreased tissue DAG levels, and stimulated FA oxidation (FAOX). While many of these changes
may be due to indirect mechanisms based on the beneficial effect of krill oil on WAT functionality
associated with markedly elevated plasma adiponectin levels, direct mechanisms may include the
effect of stachydrine and/or trigonelline, i.e., alkaloids contained in krill oil, which have previously
been shown to have positive effects on NAFLD, presumably by restoring hepatic autophagy.

It is not clear why supplementation with omega-3 PUFAs in the form of a TAG-based
concentrate did not reduce liver fat in this model of exacerbated hepatic steatosis, despite
the fact that the content of both EPA and DHA in the liver was significantly increased.
In this regard, we can speculate that the stronger effects of krill oil on liver steatosis are
based on a combination of a number of factors, including higher adiponectin levels along
with better bioavailability of EPA in liver tissue, as well as the specific effect of alkaloids
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contained in krill oil. In addition, choline contained as phosphatidylcholine in krill oil can
also contribute to the strong antisteatotic effects of this oil in the liver, as compared to omega-
3 PUFAs supplemented as TAGs. Poor availability of hepatic choline/phosphatidylcholine
is known to promote steatosis by various mechanisms, including increased DNL and
impaired synthesis and secretion of hepatic VLDL (reviewed in [66]). In this context, our
previous study in mice fed a corn oil-based high-fat diet showed that the antisteatotic effects
of dietary phosphatidylcholine in the liver were unique to PLs containing DHA and EPA,
whereas these effects were not present in animals fed soy-derived phosphatidylcholine,
which contained mainly PUFAs of n-6 series such as linoleic acid [30].

Among the main weaknesses of our study is the fact that, although we used an
established model of exacerbated NAFLD, whose characteristics should include NASH
and liver fibrosis [36], we were not able to sufficiently induce these characteristics in our
experimental mice. While the exact cause is not obvious, it may be related to the fact
that a different substrain of C57BL/6 mice was used in our current study. Thus, despite
a maximum steatosis score of about 3, LHF-fed control mice of the C57BL/6N substrain
showed only minimal lobular inflammation (score < 1), and the overall NAS score of less
than 4. This is in sharp contrast to the reference study performed on C57BL/6J mice, where
the mean NAS score was ~7 [36]. Therefore, it was not possible to assess the effect of
various forms of omega-3 PUFA supplementation on NASH/fibrosis in our current study.
Interestingly, however, in LHF-fed control mice, plasma levels of ALT, a marker of liver
damage, were almost comparable in our and the reference study. Therefore, the marked
decrease in plasma ALT levels in the krill oil-supplemented groups may be due to both
the potential protective effect of this oil on liver tissue and its inhibitory effect on hepatic
gluconeogenesis [67]. Furthermore, the strengths of our study include: (i) mouse model
with marked hepatic steatosis; (ii) evaluation of the relative efficacy of krill oil versus
omega-3 TAGs in terms of effects on liver fat; (iii) comprehensive methodological approach,
including various in vivo techniques such as hyperinsulinemic-euglycemic clamps, which
revealed a number of potential mechanisms of action of krill oil on liver steatosis; and (iv)
metabolomic analysis that identified, in addition to omega-3 PLs, other constituents of krill
oil that may contribute to the potent antisteatotic effects of this oil.

5. Conclusions

By using C57BL/6N mice in combination with thermoneutral housing and lard-
based high-fat feeding, we achieved remarkably high levels of TAG accumulation in the
liver. Despite these extreme conditions, severe hepatic steatosis was markedly reduced in
response to krill oil administration, but not in response to omega-3 PUFAs using a TAG-
based concentrate. The potent antisteatotic effects of krill oil, which have been observed
in both the prevention and reversal of hepatic steatosis, were associated with improved
insulin sensitivity in the liver and at the systemic level. Mechanistically, high plasma
adiponectin levels, as well as improved EPA bioavailability, strong repression of DNL, and
decreased levels of DAGs in the liver may explain the above beneficial effects of krill oil
on liver fat and insulin sensitivity. Furthermore, the role of polar metabolites contained in
krill oil, including alkaloids trigonelline and stachydrine, cannot be excluded. Thus, our
results suggest that in addition to omega-3 PUFAs contained in PLs, other constituents of
krill oil may contribute to its strong antisteatotic effects in the liver.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
643/13/2/437/s1, Table S1: Macronutrient composition of the experimental diets; Table S2: Com-
position of fatty acids in dietary lipids; Table S3: Gene names and sequences of the oligonucleotide
primers; Table S4: Fatty acid composition of the neutral lipid fraction in the liver; Table S5: Fatty
acid composition of the polar lipid fraction in the liver; Table S6: Concentration of trigonelline and
stachydrine in experimental diets; Table S7: List of annotated complex lipids and polar metabolites
in liver samples; Figure S1: Representative histological sections of epididymal white adipose tissue
from mice housed in a thermoneutral environment and fed various experimental diets for 24 weeks.
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Abstract: Low carbohydrate, high fat (LCHF) diets are followed by athletes, but questions remain
regarding effects of LCHF on metabolic adaptation, exercise-induced stress, immune function and
their time-course. In this cross-over study, 14 recreational male athletes (32.9 ± 8.2 years, VO2max
57.3 ± 5.8 mL/kg/min) followed a two week LCHF diet (<10 En% carbohydrates (CHO), ~75En% Fat)
and a two week HC diet (>50 En% CHO), in random order, with a wash-out period of >2 weeks in
between. After 2 days and 2 weeks on either diet, participants performed cycle ergometry for 90 min
at 60%Wmax. Blood samples for analysis of cortisol, free fatty acids (FFA), glucose and ketones, and
saliva samples for immunoglobin A (s-IgA) were collected at different time points before and after
exercise. The LCHF diet resulted in higher FFA, higher ketones and lower glucose levels compared
to the HC diet (p < 0.05). Exercise-induced cortisol response was higher after 2 days on the LCHF
diet (822 ± 215 nmol/L) compared to 2 weeks on the LCHF diet (669 ± 243 nmol/L, p = 0.004) and
compared to both test days following the HC diet (609 ± 208 and 555 ± 173 nmol/L, both p < 0.001).
Workload was lower, and perceived exertion higher, on the LCHF diet compared to the HC diet
on both occasions. A drop in s-IgA following exercise was not seen after 2 days on the LCHF diet,
in contrast to the HC diet. In conclusion, the LCHF diet resulted in reduced workload with metabolic
effects and a pronounced exercise-induced cortisol response after 2 days. Although indications of
adaptation were seen after 2 weeks on the LCHF diet, work output was still lower.

Keywords: cortisol; ketones; s-IgA; exercise; low carbohydrate diet

1. Introduction

Chronic or periodized low carbohydrate, high fat (LCHF) dietary strategies have been
applied in sports for several decades. More recently, the interest among some athletes
appears to be on the rise again due to the alleged positive effects of ‘ketogenic’ LCHF (K-
LCHF) diets and(or) ketone bodies in general [1]. Typically, K-LCHF diets deliver less than
5% of their energy from carbohydrate (CHO) and more than 75% from fat, corresponding
to roughly <50 g/day CHO for most athletes [1]. The more general term (non-ketogenic)
LCHF is typically used for diets with <15–20 En% from CHO.

It has been shown that (K-)LCHF diets can increase the transport, uptake and beta-
oxidation of fat in muscle. In addition, studies have demonstrated an enhanced activation
of some enzymes and mediators involved in adaptation to endurance training during
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situations of low CHO availability [2–5]. However, studies have also shown that exercise
performance, especially at high intensity, is impaired following LCHF diets [6,7]. It is
found that LCHF diets can lead to a lower ability to oxidise exogenous CHO during
exercise [8], in which a suppression of pyruvate dehydrogenase may play a role [9]. These
effects, together with low muscle glycogen stores, result in reduced training intensity
when following a LCHF diet, and can attenuate training-induced improvements in exercise
performance [10,11].

It has also been suggested that training with low CHO availability may lead to an
increased exercise-induced stress response, reflected by higher cortisol levels, and may
lead to an attenuated immune response [12]. This might argue against this use of LCHF
diets in sports practice, in particular in view of an often already increased risk for upper
respiratory tract infections (URTIs) in athletes [13]. The incidence of URTI in athletes is,
amongst others, related to low levels of salivary Immunoglobulin A (s-IgA) [13]. This s-IgA
is an antibody isotype that is produced locally by B lymphocytes present in mucosal tissues
and appears in mucosal secretions such as saliva, thereby protecting against bacteria and
viruses entering the body [13]. A shortage of CHO as energy substrate might stimulate
cortisol release, inhibiting B-cell immunoglobulin production, resulting in lower s-IgA
levels [14]. To our knowledge, only 2 studies investigated the effect of low CHO availability
on s-IgA levels [15,16].

When it comes to the time-course of effects of CHO restriction on performance and
immune status, several knowledge gaps still exist. This prompted us to carry out the
current study in which the short-term stress response following switching to a LCHF
diet was compared with the longer-term adaptative response. Therefore, in the present
study, we investigated the effect on the exercise-induced cortisol, s-IgA and metabolic
responses of acute (2 days) and prolonged (2 weeks) adherence to a LCHF diet, compared
to a high CHO (HC) diet. Cortisol, s-IgA levels, upper respiratory tract symptoms (URTS),
respiratory exchange ratio (RER), circulating metabolites, work output and perceived
exertion during exercise were measured in this randomized cross-over dietary intervention
study. We hypothesized that a LCHF diet would result in increased exercise-induced
cortisol responses, reduced s-IgA levels, and a reduced work output, whether or not in
combination with increased perceived exertion.

2. Materials and Methods
2.1. Participants

A total of fourteen recreational male athletes participated in this study. They were
recruited by contacting local cycling and triathlon clubs and via social media. All trained
regularly, at least 4 h per week. Additional inclusion criteria were a BMI between 18.5 and
25 kg/m2 and age between 18 and 45 years. Exclusion criteria were: presence of food
allergies, chronic illnesses, use of asthma-, anti-inflammatory- and/or immunosuppressive
medication. All participants needed to have a hemoglobin concentration >8.5 mmol/L,
and they had not donated blood during six weeks prior to the study.

Study enrolment took place between October 2018 and January 2019. The study
was conducted at the Human Nutrition Research Unit, Wageningen University & Re-
search. It was approved by the Medical Ethical Committee of Wageningen Univer-
sity (NL6540408118, ClinicalTrials.gov ID: NCT04019730) and conducted in accordance
with the Declaration of Helsinki. All participants gave written informed consent prior
to participation.

2.2. Study Design

In a randomized, cross-over design, participants completed two 2-week dietary in-
terventions (Figure 1). General participants characteristics were determined before the
start of the first dietary intervention. These included an assessment of maximal aerobic
capacity (VO2max test), body composition measurements and questionnaires. Before the
intervention, dietary intake was assessed to gain insight in the participants current ha-

64



Nutrients 2021, 13, 157

bitual eating habits and to make an estimation of energy needs. Dietary guidelines were
individually explained to participants before the start of each dietary intervention period.
Both dietary interventions were followed for 2 weeks. Each dietary intervention period
included two exercise test days: one after 2 days on the diet and a second test day after
2 weeks on the diet. The first test day was used to investigate the acute response, and
the second test day for the chronic response. Research showed that 5 days adherence to a
LCHF diet already resulted in increased fat oxidation [17], therefore we chose to measure
after 2 days for a ‘stress response’ from switching to a LCHF diet. A wash-out period,
consisting of their habitual diet, of at least two weeks was applied between both diets.
Two weeks seemed long enough, as changing to a LCHF diet already leads to adaptations
within 5 days [17], and changing back to a HC diet, leads to ‘baseline levels’ after again
5 to 6 days [18]. An upper respiratory tract symptoms (URTS) questionnaire was filled out
before the intervention and 2 weeks after each diet ended (Figure 1).

Nutrients 2021, 13, x FOR PEER REVIEW 3 of 15 
 

 
Nutrients 2021, 13, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/nutrients 

capacity (VO2max test), body composition measurements and questionnaires. Before the 
intervention, dietary intake was assessed to gain insight in the participants current habit-
ual eating habits and to make an estimation of energy needs. Dietary guidelines were in-
dividually explained to participants before the start of each dietary intervention period. 
Both dietary interventions were followed for 2 weeks. Each dietary intervention period 
included two exercise test days: one after 2 days on the diet and a second test day after 2 
weeks on the diet. The first test day was used to investigate the acute response, and the 
second test day for the chronic response. Research showed that 5 days adherence to a 
LCHF diet already resulted in increased fat oxidation [17], therefore we chose to measure 
after 2 days for a ‘stress response’ from switching to a LCHF diet. A wash-out period, 
consisting of their habitual diet, of at least two weeks was applied between both diets. 
Two weeks seemed long enough, as changing to a LCHF diet already leads to adaptations 
within 5 days [17], and changing back to a HC diet, leads to ‘baseline levels’ after again 5 
to 6 days [18]. An upper respiratory tract symptoms (URTS) questionnaire was filled out 
before the intervention and 2 weeks after each diet ended (Figure 1). 

 
Figure 1. Study design. Schematic study design, 3DRF: 3-day food record; SQUASH: Short Questionnaire to Assess Health 
enhancing physical activity; URTS: Upper respiratory tract symptoms questionnaire; 2d: after 2 days on the diet; 2w: after 
2 weeks on the diet; DEXA: dual energy x-ray absorptiometry. 

2.3. Maximal Aerobic Capacity and Body Composition 
A maximal exercise test on a bicycle ergometer (Lode Excalibur, Groningen, the 

Netherlands) was performed to establish maximal aerobic capacity (VO2max). After an ini-
tial workload of 100 Watt for 5 min, workload was subsequently increased by either 25 
W/min or 40 W/2 min until the participant could not maintain the required pedaling fre-
quency of at least 60 rpm. Participants were allowed to eat and drink before the test; noth-
ing specific was prescribed. Oxygen consumption was measured with indirect calorime-
try (Oxycon Carefusion, Hoechberg, Germany), and VO2 max was recorded [19]. Heart 
rate was monitored by using a heart rate monitor (Polar T31-coded, Oulu, Finland) and 
connected exercise tracker (Polar FT1). In addition, body length (Seca 213 portable stadi-
ometer, Hamburg, Germany) and weight (Seca 761 scale) were measured. Thereafter, 

Figure 1. Study design. Schematic study design, 3DRF: 3-day food record; SQUASH: Short Questionnaire to Assess Health
enhancing physical activity; URTS: Upper respiratory tract symptoms questionnaire; 2d: after 2 days on the diet; 2w: after
2 weeks on the diet; DEXA: dual energy x-ray absorptiometry.

2.3. Maximal Aerobic Capacity and Body Composition

A maximal exercise test on a bicycle ergometer (Lode Excalibur, Groningen, The
Netherlands) was performed to establish maximal aerobic capacity (VO2max). After an
initial workload of 100 Watt for 5 min, workload was subsequently increased by either
25 W/min or 40 W/2 min until the participant could not maintain the required pedal-
ing frequency of at least 60 rpm. Participants were allowed to eat and drink before the
test; nothing specific was prescribed. Oxygen consumption was measured with indirect
calorimetry (Oxycon Carefusion, Hoechberg, Germany), and VO2 max was recorded [19].
Heart rate was monitored by using a heart rate monitor (Polar T31-coded, Oulu, Finland)
and connected exercise tracker (Polar FT1). In addition, body length (Seca 213 portable
stadiometer, Hamburg, Germany) and weight (Seca 761 scale) were measured. Thereafter,
DEXA measurements were carried out using a Lunar Prodigy Advanced DEXA scan-
ner (GE Health Care, Madison, WI, USA) [20]. A quality assurance test was performed
to ensure system suitability and precision of the scanner. Whole body scans were per-
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formed according to the manufacturer’s protocol and identical scan protocols were used
for all subjects.

2.4. Dietary Intervention and Physical Activity

Food diaries were obtained before the intervention using a 3-day food record (3DFR)
(2 week days and 1 weekend day, randomly assigned). These were analysed for the total
energy intake and macronutrient distribution using Compl-eat software TM (Department
of Human Nutrition and Health, Wageningen University, www.compl-eat.nl) [21]. Person-
alized diet plans were designed based on the participants estimated total energy needs.
In total, 6 energy groups were considered: from 10 to 15 MJ with increments of 1 MJ.
Participants were instructed to strictly follow their personalized diets. The diets were either
a low carbohydrate, high fat diet aiming for ketogenesis (<10 En% Carbohydrates and
~75 En% Fats) or a high carbohydrate diet (~50 En% Carbohydrates and ~35 En% Fats).
Protein intake was supposed to be equal in both diets with 15 En%.

Habitual physical activity was assessed before the start of the intervention, using a
questionnaire for physical activity level (Short Questionnaire to Assess Health enhancing
physical activity (SQUASH)) [22]. Participants were advised to keep their physical activity
level the same during both diets, although this was not tracked with a wearable.

2.5. Nutritional Counselling

Each participant individually received nutritional counselling. A detailed menu for
two weeks and some standard products were provided. For the HC diet these were:
30+ cheese (cheese with less fat per 100 gram), sunflower oil, margarine, nuts, muesli bars,
fruit juices. For the LCHF diet these comprised: 48+ cheese (cheese with more fat per
100 g), olive oil, margarine, nuts, low-carb bread and beet muffins. The detailed menu
consisted of a shopping list, prescribed recipes for breakfast, lunch, dinner and snacks
of every day of the week and information about drinks (water, coffee and tea without
sugar or milk were allowed) and herbs. Participants received electronically weighing
scales (Impuls, Inter-East B.V., Roosendaal, The Netherlands) to precisely measure their
dietary intake to ensure that the prescribed menus were followed during the two weeks of
intervention. Participants had to weigh all products, except for bread, which was measured
in standardized household portion sizes. Deviations from the diet were written down by
the participants and leftovers were measured at the end of both intervention periods to
assess compliance. Dietary intake was assessed at the end of each diet by calculating the
deviations from the diet that were written down by the participants and by subtracting the
leftovers from the provided foods which were weighted by distribution and return.

2.6. Exercise Test Days

Test days were performed after 2 days and 2 weeks on each of the diets. See Figure 1
for an overview of the test day. Participants arrived after an overnight fast. At home, they
already collected their morning urine to assess ketosis (ketostick, strips 50 A2880 B51, Bayer,
Leverkusen, Germany). At 08:00 AM an intravenous cannula was inserted in an antecubital
vein and a first blood sample was taken at 08:30 AM. Simultaneously, participants donated
saliva via unstimulated, passive drool [23]. A standardized breakfast customized to their
energy needs and current diet was provided after the first blood drawing (LCHF breakfast:
588 kCal (average) ~74 En% fat, 17 En% protein, 6 En% carb; HC breakfast: 505 kCal
(average) ~34 En% fat, 15 En% protein, 48 En% carb). Thereafter, only after 2 weeks on both
diets, body composition was assessed using a DEXA scan (GE Health Care, Madison, WI,
USA). Scans were performed on the same time of the day during all sessions to minimize
measurement errors.

Next, a 90 min bicycle ergometer test (Lode Excalibur, Groningen, The Netherlands)
at 60% of the athletes’ individual Wmax (~70% VO2max) was performed from 10:00 a.m.
to 11:30 a.m. If an athlete failed to maintain the prescribed workload, the workload was
decreased to a level at which the athlete could keep on cycling until the end of the test.
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Adjustments were written down and the power multiplied by time in seconds was used to
calculate total workload. Workload during the 90 min exercise tests was assessed as area
under the curve in kilo joule (kJ).

Heart rate was measured with a heart rate belt (Polar T31-coded, Oulu, Finland),
placed around the chest. Gaseous exchange was measured (Oxycon Carefusion, Hoechberg,
Germany) before the start of the exercise test (while sitting still on the bike for 5 min) and
at 60 min during the exercise test during a 5 min period, to assess respiratory exchange
rate (RER: ratio VCO2/VO2).

Participants were allowed to drink plain water during the test, but were not allowed
to eat. Drinking was not allowed in the last 10 min of the exercise test. Directly after the
exercise test a Borg scale was shown to ask for the rate of perceived exertion (RPE) and
another blood sample and saliva sample were taken. Thereafter, participants could take
a shower and relax. Another blood sample was taken 1 h after the end of the exercise.
Subsequently participants received a standardized lunch customized to their energy needs
and current diet (LCHF lunch: 1027 kCal (average) ~78 En% fat, 16 En% protein, 4 En%
carb; HC lunch: 781 kCal (average) ~31 En% fat, 14 En% protein, 52 En% carb). Two more
blood samples were taken at 2 and 3.5 h after exercise, respectively. These time points were
chosen because we aimed to analyse the immunological response more in depth at a later
stage. This would include, for example, cytokine responses, and based on their different
reaction times, we collected samples at these time points (Figure 1).

2.7. Blood Sampling and Analysis

Blood samples were collected in lithium-heparin, EDTA and serum tubes. Lithium-
heparin tubes (4.5 mL LH PSTTM II, Becton-Dickinson, New Jersey, America) were cen-
trifuged at 1300 CRF for 10 min at room temperature (RT), plasma was frozen at −80 ◦C
until it was analyzed for glucose concentrations. Glucose was measured by means of an
end-point technique (Siemens, The Netherlands). EDTA tubes (8 mL, Becton-Dickinson,
New Jersey, America) were centrifuged at 1200 G for 15 min at 4 ◦C, and plasma was
frozen at −80 degrees until it was analysed for free fatty acids concentrations. Free fatty
acids were assessed using an enzymatic test kit according to the manufacturer’s protocol
(InstruChemie, Delfzijl, The Netherlands). Serum tubes (5 mL, Becton-Dickinson, NJ, USA)
were set aside for at least 30 min, where after they were centrifuged at 1300 G for 10 min
at RT, serum was frozen at −80 degrees until it was analysed for ketone content and
cortisol concentration. Beta-hydroxybutyrate (βHB) was determined via a colorimetric en-
zymatic assay (Sigma-Aldrich; St. Louis, MO, USA). Analysis was performed according to
manufacturer’s protocol. Cortisol was measured with immunometric chemiluminescence
(sandwich) assay with Immulite XPi (Siemens, Den Haag, The Netherlands).

2.8. Saliva Sampling and Analysis

Saliva was collected at two time points at every test day: one before breakfast and
one directly after exercise. In order to collect whole saliva from the mouth, unstimulated,
passive drool was performed [23]. Participants were asked to bend their head slightly
downwards and first collect some saliva in their mouth before drooling into the saliva
collection aid (Salimetrics, LLC, State College, PA, USA). At least 0.5 mL of saliva was
collected in 2-mL collection tubes (Wheaton, Millville, NJ, USA) per time point. Samples
were temporarily stored on dry ice and transferred to a refrigerator at −80 ◦C within
seven hours until analysis. IgA antibodies in saliva were determined by enzyme-linked
immunosorbent assay (ELISA) as described before [24]. The samples for each individual
participant were run on the same assay to eliminate inter-assay variance.

2.9. URTS Questionnaires

Before the intervention, and two weeks after the final day of each dietary intervention,
participants received a questionnaire about symptoms related to upper respiratory tract
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infections (URTI). This questionnaire was a Dutch translation of the validated WURSS-21
questionnaire [25].

2.10. Statistical Analysis

Data was analysed using IBM SPSS version 27 Statistical Package for Social Sciences
(IBM SPSS version 27.0, Armonk, New York, NY, USA). Except for URTS, all data were
normally distributed. A paired t-test was performed to assess differences between the
LCHF and HC diets. A two-way repeated measures ANOVA (two factor, time x diet) was
performed to analyse work, RER, HR and Rate of Perceived Exertion, s-IgA and the cortisol
and metabolic response to both diets. When an effect of condition or time or interaction was
identified, a pairwise multiple comparison with Bonferroni correction was done to identify
the differences. URTS data was analysed using a sign test and the correlation between
URTS and s-IgA data was performed using a Spearman correlation test, as data were not
normally distributed. The level of significance was set at p < 0.05. Data are presented as
mean ± SD unless indicated otherwise.

3. Results
3.1. Participant Characteristics

Baseline characteristics of the fourteen participants are depicted in Table 1. They were
active in a variety of sports (cyclist (n = 5), triathlete (n = 1), climber (n = 2), strength trainer
(n = 2), swimmer (n = 1), volleyball player (n = 1), football player (n = 1), runner (n = 1)).
They were 32.9 ± 8.2 years old and had a VO2max of 57.3 ± 5.8 mL/kg/min. Their habitual
diet contained 2961 ± 528 kCal, 36 ± 6 En% fat, 16 ± 3 En% protein, 43 ± 5 En% carbs.
Their habitual training consisted of 5.6 ± 1.1 training hours per week.

Table 1. Participant characteristics.

Participants (n = 14)

Age (years) 32.9 ± 8.2
Body composition

Height (cm) 181.7 ± 4.7
Weight (kg) 76.4 ± 5.4

BMI (kg/m2) 23.1 ± 1.4
Lean mass (kg) 61.9 ± 3.4
Lean mass (%) 81.3 ± 4.4

BMC (kg) 3.2 ± 0.25
BMC (%) 4.2 ± 0.32

Body fat (kg) 11.2 ± 4.0
Body fat (%) 14.5 ± 4.6

Total training (hours/week) 5.6 ± 1.1
Maximal exercise performance

VO2max (ml/kg/min) 57.3 ± 5.8
Max heart rate (bpm) 187 ± 9

Max Power (Watt) 346 ± 46
Max Power/kg body weight 4.5 ± 0.5

Means ± SD are shown. BMI: Body mass index; BMC: Bone mineral content. Physical characteristics are
determined during a VO2max test.

3.2. Dietary Intake and Blood and Urine Ketone Levels

Energy intake between the LCHF (3104 ± 297 kCal) and the HC diet (3075 ± 298 kCal)
was not different (p = 0.221). As intended, macronutrient intake was significantly different
between both diets, with significantly higher fat intake in the LCHF diet compared to the
HC diet (73 ± 1 vs. 33 ± 0 En%, for LCHF and HC, respectively; p < 0.001) and, in line with
the experimental design, a lower carbohydrate intake in the LCHF diet compared to the
HC diet (8 ± 0 vs. 49 ± 0 En%, for LCHF and HC, respectively; p < 0.001). Protein intake
was higher in the LCHF diet compared to the HC diet (16 ± 1 vs. 15 ± 0 En%, for LCHF
and HC, respectively; p < 0.001), although this was not intended. An overview of the total
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daily energy intake and macronutrient distribution at baseline and during both dietary
intervention periods, can be seen in Table 2.

Table 2. Dietary intake and fasting serum and urine ketone levels.

Habitual LCHF Diet HC Diet p Value

Energy (kCal) 2961 ± 528 3104 ± 297 3075 ± 298 0.221
Protein (g/day) 116 ± 22 124 ± 12 112 ± 11 <0.001
Protein (En%) 16 ± 3 16 ± 1 15 ± 0 <0.001

Carbohydrate (g/day) 318 ± 72 64 ± 6 373 ± 38 <0.001
Carbohydrate (En%) 43.4 ± 5.3 8 ± 0 49 ± 0 <0.001

Total Fat (g/day) 122 ± 29 254 ± 25 116 ± 11 <0.001
Total Fat (En%) 36 ± 6 73 ± 1 33 ± 0 <0.001

Saturated Fat (g/day) 43 ± 13 68 ± 6 32 ± 3 <0.001
Saturated Fat (En%) 13.1 ± 3.2 19.7 ± 0.3 9.3 ± 0.3 <0.001

Monounsaturated Fat (g/day) 46 ± 13 127 ± 13 35 ± 3 <0.001
Monounsaturated Fat (En%) 13.9 ± 3.3 36.8 ± 1.1 10.3 ± 0.2 <0.001
Polyunsaturated Fat (g/day) 22 ± 7 39 ± 5 41 ± 5 0.002
Polyunsaturated Fat (En%) 6.6 ± 1.8 11.4 ± 0.4 12.1 ± 0.2 <0.001

Cholesterol (mg/day) 354 ± 242 699 ± 57 165 ± 18 <0.001
Dietary Fiber (g/day) 31 ± 6 28 ± 3 41 ± 4 <0.001
Dietary Fiber (En%) 2 ± 0 5 ± 1 9 ± 2 <0.001

Fasting serum βHB (mmol/L) 0.27 ± 0.13 0.07 ± 0.04 <0.001
Urine ketone levels (g/L) 0.26 ± 0.25 0.00 ± 0.00 <0.001

Means ± SD are shown. p-values represent a dependent t-test between both intervention diets (LCHF vs. HC);
serum βHB and urine ketone bodies represent data after following the diets for 2 weeks.

The LCHF diet was geared to induce nutritional ketosis. Deviations from the pre-
scribed diets were negligible. Urine ketone levels ranged from 0–1.6 g/L (average:
0.16 ± 0.42 g/L) after 2 days on the LCHF diet and ranged from 0–0.8 g/L (0.26 ± 0.25 g/L)
after 2 weeks on the LCHF diet. One out of the 14 participant had no detectable ke-
tones in his urine after 2 weeks on the LCHF diet. There were no ketones present in
urine samples during the HC diet. Baseline blood ketone (β-hydroxy-butyrate) lev-
els ranged from 0.06–0.68 mmol/L (average: 0.31 ± 0.18 mmol/L) after 2 days and
from 0.21–0.97 mmol/L (0.54 ± 0.26 mmol/L) after 2 weeks on the LCHF diet. On the
HC diet, baseline ketone levels were significantly lower: after 2 days ranging from
0.06–0.45 mmol/L (0.14 ± 0.10 mmol/L) and after 2 weeks ranging from 0.05–0.32 mmol/L
(0.13 ± 0.08 mmol/L) (p < 0.001 compared to the LCHF diet for both test days).

3.3. Body Composition

Compared to baseline (76.4 ± 5.4 kg), body mass was significantly lower after 2 weeks
on the LCHF diet (74.0 ± 4.5 kg, p < 0.001) and after 2 weeks on the HC diet (75.1 ± 4.7 kg,
p = 0.003). Body mass was also significantly lower after 2 weeks on the LCHF diet compared
to body mass after 2 weeks on the HC (p = 0.005). Body fat percentage was lower after each
of the diets (LCHF: 12.9 ± 4.3% and HC: 13.5 ± 4.6%) compared to baseline (14.5 ± 4.6%,
both p < 0.001). Body fat percentage was not different between diets (p = 0.101). Lean
body mass percentage was higher after both diets (LCHF: 82.8 ± 4.2 and HC: 82.2 ± 4.5%)
compared to baseline (81.3 ± 4.4%, p = 0.017 and p = 0.011, respectively). Bone mineral
content (BMC) was 4.3 ± 0.3% (3.2 ± 0.2 kg) and comparable between diets (p = 0.271). The
difference in lean mass percentage between diets was also not significant (p = 0.110).

3.4. Work output, Respiratory Exchange Ratio and Perceived Exertion

Exercise data can be found in Table 3. The total work in kJ that had to be performed
during the 90 min exercise was 1120 ± 148 kJ. However, exercise intensity had to be reduced
on multiple occasions. The total work output was significantly lower during the LCHF
diet compared to the HC diet, both after 2 days as well as after 2 weeks (939 ± 163 vs.
1042 ± 151 kJ after 2 days and 1003 ± 129 kJ vs. 1043 ± 141 kJ after 2 weeks, for LCHF and
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HC diet, respectively, p < 0.02 between diets). Total workload significantly increased on
the LCHF diet after 2 weeks compared to 2 days (p = 0.03), while no time-effect was seen
for the HC diet. Substrate oxidation patterns at rest and during exercise were significantly
different between diets. At rest, RER was significantly lower after 2 days and after 2 weeks
on the LCHF diet (0.76 ± 0.03 and 0.77 ± 0.06) compared to the HC diet (0.86 ± 0.05 and
0.87 ± 0.05) (both p < 0.001). Additionally, during exercise, RER was significantly lower
after 2 days and 2 weeks on the LCHF diet (0.82 ± 0.03 and 0.82 ± 0.03) compared to the
HC diet (0.90 ± 0.04 and 0.91 ± 0.02) (both p < 0.001). Within each diet group, RER at rest
and during exercise did not differ between 2 days and 2 weeks (p > 0.05). Heart rate during
exercise was significantly higher after 2 weeks on the LCHF diet compared to the HC diet
(170 ± 11 bpm vs. 165 ± 13 bpm, p = 0.001). There was no significant difference in heart
rate between the diets after 2 days (165 ± 13 for LCHF vs. 164 ± 18 for HC, p = 0.652).
Participants rated their perceived exertion higher after 2 days on the LCHF diet compared
to 2 days on the HC diet (18.0 ± 1.4 vs. 15.5 ± 2.7, for LCHF vs. HC; p = 0.001). This
difference in perceived exertion diminished after 2 weeks, but still tended to be higher on
the LCHF diet (17.3 ± 1.7 vs. 16.1 ± 2.0, for LCHF and HC; p = 0.053).

Table 3. Work, RER, HR and RPE.

LCHF HC Intervention

Time
Effect

Time
Effect after 2d after 2w

after 2
Days

after 2
Weeks p-Value after 2

Days
after 2
Weeks p-Value p-Value p-Value

Work (AUC in kJ) 939 ± 163 1003 ± 129 0.030 1042 ± 151 1043 ± 141 0.974 0.004 0.016
RER (rest) 0.76 ± 0.03 0.77 ± 0.06 0.282 0.86 ± 0.05 0.87 ± 0.05 0.564 <0.001 <0.001

RER (at t60) 0.82 ± 0.03 0.82 ± 0.03 0.681 0.90 ± 0.04 0.91 ± 0.04 0.612 <0.001 <0.001
HR (in bpm; at t60) 165 ± 13 170 ± 11 0.014 164 ± 18 165 ± 13 0.633 0.652 0.001

RPE score 18.0 ± 1.4 17.3 ± 1.7 0.151 15.5 ± 2.7 16.1 ± 2.0 0.300 0.001 0.053

Values are mean ± SD, calculated after 2 days and 2 weeks on both diets. LCHF: low carbohydrate high fat diet; HC: high carbohydrate
diet; AUC: area under the curve; kJ: kilo Joule; RER: respiratory exchange ratio; t60: after 60 min exercise; HR: heart rate; RPE: rate of
perceived exertion. p-values represent repeated measures ANOVA.

3.5. Blood Metabolites (Free Fatty Acids, Glucose, Cortisol and Ketone Bodies)

Blood metabolite levels over time are depicted in Figure 2. Circulating markers of
lipid metabolism indicated a significantly difference between the HC and LCHF diet.
Serum free fatty acids (FFAs) at baseline were comparable between diets and test days
(p > 0.05). However, peak FFAs levels at the end of the exercise were significantly higher
with the LCHF diet (3.4 ± 0.9 and 3.7 ± 0.8 mmol/L after 2 days and 2 weeks, respectively)
compared to the HC diet group (2.3 ± 0.6 and 2.2 ± 0.5 mmol/L after 2 days and 2 weeks,
respectively, p < 0.001 vs. LCHF). Serum beta-Hydroxy-Butyrate (β-HB) levels were
significantly higher with the LCHF diet compared to those with the HC diet at all time
points, and at both test days (p < 0.001).

Glucose levels were in general lower on the LCHF diet compared to those on the HC
diet. Baseline glucose levels were not different between diets after 2 days on each of the
diets (4.7 ± 0.6 vs. 4.9 ± 0.4 mmol/L for LCHF vs. HC, p = 0.153), but were significantly
lower after 2 weeks on the LCHF diet (4.7 ± 0.4 vs. 5.0 ± 0.4 mmol/L, for LCHF vs.
HC; p = 0.035). The exercise-induced decrease in glucose was large on the LCHF diet
(−1.00 ± 0.76 mmol after 2 days and −0.76 ± 0.27 mmol/L after 2 weeks, both p < 0.001
compared to baseline glucose levels), and much smaller after 2 days on the HC diet
(−0.26 ± 0.37 mmol/L, p = 0.018 compared to baseline glucose levels) or even absent after
2 weeks on the HC diet (−0.018 ± 0.49 mmol/L, p = 0.192). After lunch (2 h after exercise),
glucose levels increased with both diets, but to a greater extent on the HC diet (Figure 2C).
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The exercise induced cortisol response was highest after 2 days on the LCHF diet
compared to 2 weeks on the LCHF diet (822 ± 215 nmol/L vs. 669 ± 243 nmol/L, for 2 days
vs. 2 weeks; p = 0.004) and compared to the HC diet (609 ± 208 and 555 ± 173 nmol/L,
for 2 days and 2 weeks on the HC diet, both p < 0.001 vs. LCHF diet). After 2 days on the
LCHF diet, cortisol levels increased by 83% post-exercise, compared to only a 31% increase
after 2 weeks. On the HC diet, this increase was 28 and 19% after 2 days and 2 weeks of
diet intervention, respectively. Resting plasma cortisol concentration was not affected by
diet, as there were no differences between baseline cortisol levels between the diets after
2 days and between the diets after 2 weeks. See Figure 2D.

3.6. Salivary IgA

No clear exercise effect was seen for salivary IgA1 and IgA2, neither during the HC
diet, nor the LCHF diet. See Figure 3. There was a significant interaction between diet
and time point (before vs. after exercise) for s-IgA2 after 2 weeks on both diets (p = 0.049).
Post-exercise s-IgA1 and s-IgA2 levels were lower on the HC diet compared to the LCHF
diet after two days adaptation (s-IgA1: 326 ± 143 vs. 502 ± 247 µg/mL for HC and LCHF;
p = 0.004; s-IgA2: 102 ± 96 vs. 149 ± 162 µg/mL for HC and LCHF; p = 0.04).
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3.7. URTS

The URTS scores for the LCHF and HC diet were 1.8 ± 2.3 and 3.6 ± 5.5, respectively.
A sign test did not show any statistically significant difference between the two median
URTS scores (p = 0.187). After both diets, all participants rated the question “how ill do
you feel today?” with a 0 “not ill” or a 1 “very mildly” on a scale of 0 to 7 “very ill”. For
the LCHF diet, only one participant rated this question with a 1, all other participants
rated this question with a 0. For the HC diet, 3 participants rated this question with a 1,
all others with a 0. In addition, there were no significant correlations between URTS and
s-IgA levels, p > 0.05.

4. Discussion

We aimed to investigate short-term (2 days) and prolonged (2 weeks) effects of ad-
herence to a LCHF diet with regard to its effects on exercise-induced cortisol, s-IgA and
metabolic responses, and compared this to a HC diet. This is because, to our knowledge,
studies of the time course of effects after a low carbohydrate diet are relatively scarce,
but relevant. We showed that the LCHF diet resulted in a reduced work output and a
higher perceived exertion both after 2 days and 2 weeks, in addition to marked metabolic
differences and a pronounced exercise-induced cortisol response after 2 days.

Metabolic effects, work output and perceived exertion: Two days on the LCHF or
HC diet resulted in different metabolic effects during the exercise trial. After cycling,
participants following the LCHF diet showed higher circulating FFA and ketone levels,
whereas their plasma glucose levels and RERs were lower at that time point, indicating
more reliance on fat oxidation in comparison to the HC diet. Except for a further increase
in ketone levels with the LCHF diet, these differences were similar after 2 weeks on the
different diets. Plasma free fatty acids at baseline were not different between diets and
between days, which can be explained by a lower release of FFA from the liver and adipose
tissue during the LCHF diet. Free fatty acids peaked after exercise in the LCHF diet.
Plasma FFAs also increased after exercise in the HC diet, which is in agreement with
other studies [6,26]. During exercise, the rate of lipolysis increases and, as a result, the
concentration of free fatty acids in plasma increases [27]. The higher plasma ketone levels
at baseline in the LCHF diet confirm limited CHO availability after 2 days. Apparently,
this was not visible yet from blood glucose levels, which were only lower after 2 weeks on
the LCHF diet. A decrease of blood glucose levels after exercise following a LCHF diet has
also been observed in other studies [6]. The marked glucose peak observed in the HC diet
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group after consuming the standardized meal was expected as this meal contained ~200 g
of carbohydrates.

The reduced work output after following the LCHF diet for 2 days is in line with
previous studies and can be explained by decreased CHO oxidation, even though fat
oxidation rates may already be increased after short term adaptation [18]. This was
emphasized by the higher rates of perceived exertion. Although after 2 weeks on the
LCHF diet the work output was higher than after 2 days, suggesting some adaptation
towards improved fat oxidation, it was still lower compared to that following the HC diet.
At the same time, heart rate was higher and perceived exertion equal between both test
days on the LCHF diet. The lower RER after 2 days on the LCHF diet observed in our
study is in agreement with other findings suggesting that increased fat oxidation can occur
within days during low carbohydrate availability [18,28]. Studies suggest that prolonged
adherence to a LCHF diet enhances the breakdown, transport, and oxidation of fat in
skeletal muscle [29]. However, this was not reflected by a further decrease of the RER in
our study. It should be noted that the interpretation of RER, VO2 and VCO2 values for fat
and glucose oxidation requires some caution, as the oxidation of ketone bodies confounds
the results [30]. Given the higher ketone levels after 2 weeks on the LCHF diet and the
slightly improved work output and lower RPE this might play a role in our study as well.
It remains speculative whether longer adherence to the LCHF diet would have resulted
in smaller differences in work output with those after the HC diet. It has been reported
that adaptation to a non-ketogenic low carbohydrate diet would be around 5 days, without
further enhancement thereafter [17]. Others have suggested that consumption of a LCHF
diet results in adaptations of the homeostatic regulation of muscle glycogen and even
further improved fat oxidation during exercise on a longer term [26].

Cortisol levels: Baseline cortisol levels were comparable between both diets, which
is in agreement with a study showing no association between resting cortisol levels and
any dietary parameter [31]. The marked effect on the exercise-induced cortisol response
after 2 days of following a LCHF diet is likely related to the low CHO availability, which is
only partly compensated by increased use of fat as a substrate. In that situation, exercise
will rapidly lead to glycogen depletion [32] resulting among others in increased cortisol
release [33,34]. The exercise intensity in our study was fairly high, reflected by heart rates
above 86% HRmax. Several studies have shown that when individuals perform exercise
after several days on very low carbohydrate diets, cortisol levels are markedly higher than
with a normal or high carbohydrate diet [35,36]. Interestingly, we found that this difference
in cortisol response, compared to after a HC diet, was diminished after two weeks. This
suggests further adaptation to the LCHF diet.

s-IgA levels: Salivary IgA1 and IgA2 were both lower post-exercise after 2 days on
the HC diet compared to levels after 2 days on the LCHF diet, which might suggest that
a short-term LCHF diet attenuates exercise-induced decreases in s-IgA. The reduced s-
IgA (both in IgA1 and IgA2) is often linked to an increased risk for URTI [37], despite
being also debated [38]. There were no differences in post-exercise s-IgA levels after two
weeks with both diets, which is in agreement with a 3-week trial, showing that post-
exercise changes in s-IgA were comparable between a HC and ketogenic diet [15]. On the
other hand, 70% higher s-IgA secretion rates were reported after a 31-day ketogenic diet
compared to secretion rates before this ketogenic diet [16]. On beforehand, we expected
lower s-IgA levels with the LCHF diet, because higher cortisol levels can result in lower
immunoglobulin production by B-cells, thereby attenuating the s-IgA levels [14]. Some
researchers suggest that other factors besides cortisol affect s-IgA levels after exercise, for
example increased sympathetic nervous system innervation of the salivary glands or total
energy availability [16]. In addition, variation in s-IgA levels was very large between our
participants, which can be explained by variation in the health status of the oral cavity [38],
as well as by variation in sleep practices, psychological stress and flow rate. Unfortunately,
we did not assess salivary flow rate, but only s-IgA concentrations, so direct comparisons
with these findings are not possible.
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In the majority of studies, no separate detection of s-IgA1 and s-IgA2 levels was
performed and given the different susceptibility of these isotypes for proteolysis, this
might affect the association with exercise-induced changes in mucosal immunity. Both our
findings on s-IgA1 and s-IgA2 connected to this apparent discrepancy with cortisol levels
merit further investigation, preferably in a long-term study.

Our comparable s-IgA levels after 2 weeks of LCHF and HC diet were also reflected
by finding no differences in URTS in our athletes 2 weeks after the end of each of the
diets whereby none of the participants indicated to feel ill. Although it should be noted
that these URTS questionnaires are filled in by the participants and not established by an
additional throat swab. Unfortunately, the data in this study does not suggest that one of
the diets could protect against URTS, although the inhibition of the s-IgA decrease after
exercise on the LCHF diet after 2 days seems promising. Several articles already stated that
there was no evidence of a beneficial effect of carbohydrates on URTS [39,40]. However,
whether a LCHF ketogenic diet would have beneficial effects should be studied in future.

Body mass: Mean body mass was lower after following both diets compared to
before the intervention. However, these decreases in body mass were expected after
the LC diet [41,42], as a LC diet decreases glycogen concentrations, which is associated
with a loss of body water and thus body weight [43]. Decreases on the HC diet were
not directly foreseen, but may have been caused by underreported energy intakes in the
3-day food records at intake, leading to a dietary advice with a lower energy intake then
needed for the participant. This would account for both the HC diet and the LC diet, as
athletes were subscribed the same energy group with both diets. This underreporting is
common in the athletic population [44]. We don’t think that these changes have affected
our results significantly.

Limitations and strengths: To our knowledge, this is the first study applying a cross-
over design in which effects of implementing a LCHF diet were measured after 2 days and
2 weeks adherence to the diet, which not only enabled us to compare effects of a LCHF
diet with those of a HC diet, but also gain insight in the time-course of these effects.

A limitation is that we did not take salivary flow rate and salivary volume into account,
but only salivary IgA concentrations. Although salivary IgA concentrations alone also
provide relevant insight, this information would have added to the study since when flow
rate and/or volume is low, this might impair mucosal immunity as well.

For some participants, we had to reduce the workload during the exercise sessions,
especially during the LCHF test days. This led to a lower work output when participants
were on the LCHF diet, which in turn makes it harder to directly compare exercise-induced
cortisol responses, metabolites and s-IgA between the diets. On the other hand, perceived
exertion and heart rate were higher during the exercise tests during LCHF intervention,
which made us conclude that the effort was higher when on the LCHF diet.

In addition, it would have been useful to have additional baseline data for body
composition before the start of the second dietary intervention. However, in order to
limit the burden of the participants, we had to make decisions on which measurements to
include and exclude.

The wash-out period of 2 weeks between the interventions was based on previous
findings regarding adaptation time to a LCHF diet [17] and turning back to baseline after
CHO loading [18]. Further studies are warranted to explore the time-course of this reversal
of effects. In addition, diets were not controlled during the wash-out period, which could
have affected our results on the first test day in the second diet. The same holds true for
the dietary habits of the participants prior to our study. It has been found that regular
consumption of specific food products is associated with differences in exercise-induced
muscle damage and cardiac stress [45], which might have influenced cortisol response
and perceived exhaustion. Next to this, it is recommendable to repeat the study in female
athletes, as they are underreported in research.

In conclusion, the results of the present study showed that 2 days adherence to a
LCHF diet already leads to metabolic changes, as reflected by lower RER, lower glucose,
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higher FFA and higher ketone levels. These metabolic changes were comparable between
2 days and 2 weeks adherence to the LCHF diet, except for ketone levels which were further
increased after 2 weeks. On the other hand, the exercise-induced cortisol response was
higher after 2 days and attenuated after 2 weeks. The exercise capacity after adherence to
the LCHF diet was low, with lower workload, higher or comparable HR and higher RPE
compared to the HC diet. A drop in s-IgA following exercise was not seen after 2 days on
the LCHF diet, in contrast to the HC diet, which might suggest some form of protective
effect, although we could not relate this to URTS. Our results underline that adaptation
to a LCHF diet in terms of the metabolic and exercise-cortisol response have different
time spans.
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Abstract: Long-chain n-3 polyunsaturated fatty acids (Omega-3) and anti-diabetic drugs
thiazolidinediones (TZDs) exhibit additive effects in counteraction of dietary obesity and associated
metabolic dysfunctions in mice. The underlying mechanisms need to be clarified. Here, we aimed to
learn whether the futile cycle based on the hydrolysis of triacylglycerol and re-esterification of fatty
acids (TAG/FA cycling) in white adipose tissue (WAT) could be involved. We compared Omega-3
(30 mg/g diet) and two different TZDs—pioglitazone (50 mg/g diet) and a second-generation TZD,
MSDC-0602K (330 mg/g diet)—regarding their effects in C57BL/6N mice fed an obesogenic high-fat
(HF) diet for 8 weeks. The diet was supplemented or not by the tested compound alone or with the
two TZDs combined individually with Omega-3. Activity of TAG/FA cycle in WAT was suppressed
by the obesogenic HF diet. Additive effects in partial rescue of TAG/FA cycling in WAT were observed
with both combined interventions, with a stronger effect of Omega-3 and MSDC-0602K. Our results
(i) supported the role of TAG/FA cycling in WAT in the beneficial additive effects of Omega-3 and
TZDs on metabolism of diet-induced obese mice, and (ii) showed differential modulation of WAT
gene expression and metabolism by the two TZDs, depending also on Omega-3.

Keywords: insulin; lipogenesis; obesity; glucose homeostasis; adipocytes
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1. Introduction

The prevention and treatment of obesity and associated pathologies, namely, dyslipidemia, type 2
diabetes, hepatosteatosis, cardiovascular disease and cancer, represent major challenges for the
healthcare system. Reflecting on the multiple pathological mechanisms involved, any treatment
must include, besides pharmacological interventions, lifestyle changes, including dietary measures.
Long-chain n-3 polyunsaturated fatty acids (Omega-3) in the diet, such as eicosapentaenoic acid (EPA;
20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3), exert broad benefits on health (reviewed in [1–5]).
These lipids act as natural hypolipidemics, reduce accumulation of hepatic lipids ([6,7]; reviewed in [8]),
increase plasma levels of adiponectin ([9]; reviewed in [10]), ameliorate low-grade inflammation in
obesity [11] and enhance intestinal fatty acid (FA) oxidation [12,13]. Moreover, Omega-3s reduce
adiposity while limiting proliferation of adipocytes in rodent models of obesity [14,15] and could
reduce obesity, even in humans [16,17]. Animal experiments document the beneficial effects of Omega-3
on insulin sensitivity and glucose metabolism even under conditions of established insulin resistance.
Although Omega-3s cannot reverse insulin resistance in diabetic patients, some intervention studies
document their positive effects on glucose homeostasis in prediabetic subjects (reviewed in [18]).

In diet-induced obese mice, we have observed additive effects of Omega-3 and anti-diabetic drugs
thiazolidinediones (TZDs) in counteracting obesity and alleviating dyslipidemia, hepatosteatosis,
low-grade inflammation of white adipose tissue (WAT) and whole-body insulin resistance. Induction of
adiponectin and improvement of insulin sensitivity in muscle were also observed, in the absence of any
effect on food consumption [19,20]. Several TZDs were used to improve insulin sensitivity in patients
with type 2 diabetes, resulting from the interaction of TZDs with (i) peroxisome-proliferator activated
receptor γ (PPARγ), the transcription factor representing the dominant regulator of adipogenesis
and fat cell gene expression [21]; and (ii) mitochondrial pyruvate carrier, which is inhibited by TZD
binding [22,23]. However, the “classical” TZDs induce side effects that are mediated by PPARγ.
Thus, pioglitazone is the only TZD remaining in clinical use [24]. Second-generation, “PPARγ-sparing”
TZDs were developed to reduce the adverse side-effects of TZDs. These novel TZDs minimize
direct binding to PPARγ [25] but retain the ability to decrease activity of the mitochondrial pyruvate
carrier [25–27]. Thus, in s recent phase 2b clinical trial, MSDC-0602K decreased fasting glucose,
insulin, glycated hemoglobin and markers of liver injury without dose-limiting side effects [28].

Adverse consequences of obesity are reflected in large ectopic accumulations of lipids in
extra-adipose tissues. This “lipotoxic” impact depends in part on the insufficient capacity of WAT to
buffer plasma non-esterified fatty acid (NEFA) levels. Thus, intrinsic metabolic properties of WAT
play a role, namely, in the activity of the futile cycle based on the hydrolysis of triacylglycerols (TAG)
and re-esterification of FAs in adipocytes (TAG/FA cycling). This core biochemical activity of WAT is
required for fine and fast tuning of plasma NEFA levels [1,29–32]. Together with in situ FA synthesis
(de novo lipogenesis; DNL), TAG/FA cycling is linked to oxidative phosphorylation (OXPHOS),
because ATP is required for both of these processes [1,2,33]. Moreover, TAG synthesis requires constant
generation of glycerol 3-phosphate. In WAT, its formation occurs mainly via glycolysis and also from
precursors other than glucose, i.e., via glyceroneogenesis, whereas direct phosphorylation of glycerol
is of a minor significance [29,34,35].

The activity of TAG/FA cycling in WAT is under complex control, as inferred by its positioning at
the intersection of various metabolic fluxes in adipocytes (reviewed in [1,2,33]). Our results indicated
that beneficial effects of Omega-3 on plasma lipids, glucose homeostasis and liver fat accumulation
in diet-induced obese mice were linked to the stimulation of mitochondrial biogenesis [36] and
OXPHOS activity [6] in epididymal WAT (eWAT), and probably also TAG/FA cycling in this tissue [37].
TZDs induce TAG/FA cycling in WAT via stimulation of glyceroneogenesis [29,38]. Whether WAT
metabolism can be involved in the beneficial systemic effects of the combined intervention using
Omega-3 and TZDs has not yet been studied [19,20,39,40].

Therefore, we have tested the effect of the combined intervention using the model of obesity induced
by a high-fat (HF) diet in mice. The experiments were conducted similarly as before [19,20,39], except that
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in addition to the “classical” TZD pioglitazone, a second-generation TZD, namely, MSDC-0602K, was also
used. Moreover, the activity of TAG/FA cycling in eWAT was evaluated in vivo, in parallel with the
characterization of eWAT gene expression and other selected whole-body phenotypes. Our results
support the role of TAG/FA cycling in WAT for the beneficial additive effects of Omega-3s and TZDs
on the metabolism of diet-induced obese mice. We showed differential modulation of eWAT gene
expression and metabolism by the two TZDs, depending also on Omega-3.

2. Materials and Methods

2.1. Animals and Dietary Interventions

Experiments were performed similarly as before [13,19,20,39]. Thus, male C57BL/6N mice
(Charles River Laboratories, Sulzfeld, Germany) were maintained at 22 ◦C in a 12 h light–dark cycle
(light from 6.00 a.m.) with free access to water and standard chow diet (STD; 3.4% wt/wt as lipids;
rat/mouse—maintenance extrudate; Ssniff Spezialdieten GmbH, Soest, Germany). At 3 months of
age, mice were randomly assigned (n = 8–10) to the HF diet (lipid content, ≈35% wt/wt, mainly
corn oil; [19]) or to the following “interventions,” which were based on feeding (i) HF + F, a HF
diet supplemented with Omega-3 concentrate (46% DHA, 14% EPA, wt/wt, as TAG; product EPAX
1050 TG; EPAX a.s., Lysaker, Norway), which replaced 15% wt/wt of dietary lipids to achieve a total
EPA and DHA concentration of 30 mg/g diet (tocopherol content 0.02% wt/wt); (ii) HF + PIO, a HF
diet supplemented with 50 mg pioglitazone/kg diet (Actos; Takeda, Japan); (iii) HF + PIO + F, a HF
diet supplemented with both pioglitazone and Omega-3; (iv) HF + MSDC, a HF diet supplemented
with 330 mg MSDC-0602K/kg diet (Cirius Therapeutics, USA); and (v) HF + MSDC + F, a HF diet
supplemented with both MSDC-0602K and Omega-3. The dose for supplementation of HF diet by
pioglitazone and Omega-3 was as before, i.e., under the conditions when the additive effects of the
two interventions could be observed [20]. The dose of MSDC-0602K was the same as in the previous
studies using this TZD in mice [25,26,41]. Diets were stored at −20 ◦C, in sealed plastic bags filled
with nitrogen. The animals received fresh aliquots of the diet every other day. For the composition of
macronutrients and the FA profiles in HF diets (see ESM Table 2 of ref. [19], where cHF and cHF + F
represent HF and HF + F, respectively, of the present study). Some mice were maintained on the STD
to serve as lean controls. Mice were fed the respective diets for 8 weeks. Body weights were recorded
every other week, while 24 h food consumption was measured every week.

Mice were sacrificed in a non-fasted state by cervical dislocation under diethyl ether anesthesia
(between 8.00 and 10.00 a.m.). Liver, eWAT and subcutaneous WAT in the inguinal and gluteal region
(scWAT) were dissected and snap frozen in liquid nitrogen; ethylenediaminetetraacetic acid (EDTA)
treated plasma was collected; and all the samples were stored at −80 ◦C. The experiments followed
the guidelines for the use and care of laboratory animals of the Institute of Physiology of the Czech
Academy of Sciences and were approved under protocol number 81/2016.

2.2. Biochemical Analysis of Plasma and Tissue Samples

Plasma levels of (i) TAG and total cholesterol were determined using the colorimetric enzymatic
assays from Erba Lachema (Brno, Czech Republic), and (ii) NEFAs were assessed with a NEFA-HR(2)
kit from Waco Chemicals GmbH (Neuss, Germany). Blood glucose levels were measured by OneTouch
Ultra glucometers (LifeScan, Milpitas, CA, USA), and plasma insulin levels were determined by the
Sensitive Rat Insulin RIA Kit (Millipore, Billerica, MA, USA). Liver TAG content was estimated in
ethanolic KOH tissue solubilisates as before [13].

2.3. Glucose Homeostasis

Intraperitoneal glucose tolerance test (GTT) was performed using 1 mg of glucose/g body weight
in overnight fasted mice. The homeostatic model assessment of insulin resistance (HOMA) index was
calculated as described [20].
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2.4. Histological and Immunohistological Analysis of eWAT

As described before [6], formalin-fixed paraffin-embedded tissue sections stained by hematoxylin
and eosin were used for adipocyte morphometry (600 objects per section were evaluated). A macrophage
marker MAC-2/galectin-3 was detected using specific antibodies to calculate a relative density of
crown-like structures (CLS). Digital images were captured using Olympus AX70 light microscope
and a DP 70 camera (Olympus, Tokyo, Japan). Images were analyzed using NIS Elements software
(Laboratory Imaging, Prague, Czech Republic). All histological analyses were performed by a
pathologist blinded to dietary groups.

2.5. Real-time Quantitative PCR (RT-qPCR)

Total tissue RNA was isolated and gene expression was evaluated as described [15]. Data were
normalized [42] to the geometric mean signal of four reference genes (Eef2, Eef1a1, Actb and Cyphb/Ppib).
Background gene expression levels were defined by the mean Cp value (the cycle at which the
fluorescence of a sample rises above the background fluorescence) lower than 30.

Gene abbreviations and an overview of primer sequences are given in Table 1.

Table 1. Sequences of primers.

Gene Name Gene ID Forward Primer Reverse Primer

Acsl1 14081 GAAGCCGTGGCCCAGGTGTTTGTC TTCGCCTTCAGTGTTGGAGTCAGA
Actb 11461 GAACCCTAAGGCCAACCGTGAAAAGAT ACCGCTCGTTGCCAATAGTGATG

Atgl/Pnpla2 66853 GGCAATCAGCAGGCAGGGTCTTTA GCCAACGCCACTCACATCTACG
Bckdha 12039 ACGGCGGGCTGTGGCTGAGAA GAGATTGGGTGGTCCTGCTTGTCC
Cd36 12491 TGATACTATGCCCGCCTCTCC TTCCCACACTCCTTTCTCCTCTAC
Cpt1a 12894 GCAGCTCGCACATTACAAGGACAT AGCCCCCGCCACAGGACACATAGT
Crat 12908 ACATGGTGGTGGTAGCAAGTTCAA GGCAAGGGCACCATAGGAGA

Cyphb/Ppib 19035 GGGAGATGGCACAGGAGGAAAGAG ACCCAGCCAGGCCCGTAGTG
Dgat1 13350 TGGCCAGGACAGGAGTATTTTTGA CTCGGGCATCGTAGTTGAGCA
Dgat2 67800 TGCCCTACTCCAAGCCCATCACC TCAGTTCACCTCCAGCACCTCAGTCTC
Eef1a1 13627 TGACAGCAAAAACGACCCACCAAT GGGCCATCTTCCAGCTTCTTACCA
Eef2 13629 GAAACGCGCAGATGTCCAAAAGTC GCCGGGCTGCAAGTCTAAGG

Elovl5 68801 CCTCTCGGGTGGCTGTTCTTCC AGGCTTCGGCTCGGCTTGTC
Fas/Fasn 14104 TGGGTGTGGAAGTTCGTCAG GTCGTGTCAGTAGCCGAGTC

Gk 14933 TCGTTCCAGCATTTTCAGGGTTAT TCAGGCATGGAGGGTTTCACTACT
Hsl/Lipe 16890 TGCGCCCCACGGAGTCTATGC CTCGGGGCTGTCTGAAGGCTCTGA

Lpl 16956 AGCCCCCAGTCGCCTTTCTCCT TGCTTTGCTGGGGTTTTCTTCATTCA
Mpc1 55951 TCATTCAGGGAGGACGACTTATC TGTTTTCCCTTCAGCACGACTAC
Mpc2 70456 CTCCCACCCTGCTGCTGTCG GGCCTGCCGGGTGGTTGTA
Pc/Pcx 18563 CCCCTGGATAGCCTTAATACTCGT TGGCCCTTCACATCCTTCAAA
Pck1 18534 GGCAGCATGGGGTGTTTGTAGGA TTTGCCGAAGTTGTAGCCGAAGAAG
Pdk4 27273 GGCTTGCCAATTTCTCGTCTCTA TTCGCCAGGTTCTTCGGTTCC

Pgc1a/Ppargc1a 19017 CCCAAAGGATGCGCTCTCGTT TGCGGTGTCTGTAGTGGCTTGATT
Pparg 19016 GCCTTGCTGTGGGGATGTCTC CTCGCCTTGGCTTTGGTCAG

Sbacad/Acadsb 66885 GCATCTGAGGTCGCTGGGCTAAC CGATGTGCTTGGCGATGGTGT
Ucp1 22227 CACGGGGACCTACAATGCTTACAG CACGGGGACCTACAATGCTTACAG

Vlcad/Acadvl 11370 CAGGGGTGGAGCGTGTGC CATTGCCCAGCCCAGTGAGTTCC

Abbreviations: Acsl1, acyl-CoA synthetase long-chain family member 1 (ACSL1); Actb, actin beta (ACTB);
Atgl/Pnpla2, adipose triglyceride lipase, also known as patatin-like phospholipase domain-containing protein 2 (ATGL);
Bckdha, branched chain ketoacid dehydrogenase E1, alpha polypeptide (BCKDHA); Cpt1a, carnitine palmitoyltransferase
1a (CPT1A); Crat, carnitine acetyltransferase (CRAT); Cyphb/Ppib, cyclophilin beta, also known as peptidylprolyl isomerase
B (CYPHB); Dgat1, diacylglycerol O-acyltransferase 1 (DGAT1); Dgat2, diacylglycerol O-acyltransferase 2 (DGAT2);
Eef1a1, eukaryotic translation elongation factor 1 alpha 1 (EEF1A1); Eef2, eukaryotic translation elongation factor 2 (EEF2);
Elovl5, ELOVL family member 5, elongation of long-chain fatty acids (ELOVL5); Fas/Fasn, fatty acid synthase (FAS);
Gk, glycerol kinase (GK); Hsl/Lipe, lipase, hormone sensitive (HSL); Lpl, lipoprotein lipase (LPL); Mpc1, mitochondrial
pyruvate carrier 1 (MPC1); Mpc2, mitochondrial pyruvate carrier 2 (MPC2); Pc/Pcx, pyruvate carboxylase (PC);
Pck1, phosphoenolpyruvate carboxykinase 1, cytosolic (PCK1); Pdk4, pyruvate dehydrogenase kinase, isoenzyme
4 (PDK4); Pgc1a/ Ppargc1a, peroxisome proliferative activated receptor gamma, coactivator 1 alpha (PGC1A);
Pparg peroxisome proliferator activated receptor gamma (PPARG); Sbacad/Acadsb, acyl-Coenzyme A dehydrogenase,
short/branched chain (SBACAD); Ucp1, uncoupling protein 1 (UCP1); Vlcad/Acadvl, acyl-Coenzyme A dehydrogenase,
very long chain (VLCAD).
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2.6. In Vivo Evaluation of TAG synthesis and DNL-derived FA in eWAT

TAG synthesis and DNL were characterized using in vivo 2H enrichment of TAG similarly to
before [33]. Due to the suppression of TAG/FA cycling activity by HF diet (see Results), the period
of in vivo 2H-incorporation into TAG was extended to 21 days before dissection, whereas the 2H2O
concentration in drinking water was increased to 10% and the intraperitoneal 2H2O bolus was
omitted. This labeling was performed in 8 out of 10 mice per group; 2 mice served as a negative
control for 2H2O analyses. After dissection, lipids from eWAT were extracted similarly as for
FAHFA extraction in [43], except that the samples were homogenized in a mixture of citric acid and
ethylacetate. Dried organic phase was resuspended in hexane and applied on Discovery DSC-Si SPE
tubes (52 µm, 72 Å; MERCK, Darmstadt, Germany). TAG fraction was eluted from SPE tubes with a
mixture of hexane and MTBE. Samples were analyzed using either nuclear magnetic resonance (NMR)
spectroscopy or liquid chromatography–mass spectrometry (LC–MS).

1H and 2H-NMR spectroscopy was performed as before [33] using AVANCE III HD 500 MHz
system (Bruker Corporation) equipped with 19F lock and a 5-mm CP BBO-1H&19F-2H probe. The spectra
were analyzed using MestReNova and spectral deconvolution was used in case of 2H for integration of
signals. The amounts of 1H and 2H in both glycerol and fatty-acyl moieties of TAG were calculated
from the peak area relative to the peak of the pyrazine 1H/2H standard. Since (i) 2H can be incorporated
in a glycerol moiety of TAG only before esterification of FA to glycerol, and (ii) glycerol formed during
lipolysis in WAT is assumed to be released into the circulation and not converted to glycerol-3-phosphate
in situ (reviewed in [1]; see Discussion), TAG positional 2H enrichment of the glycerol moiety reflects
the rate of TAG synthesis. Enrichment of newly synthesized glycerol-3-phosphate from 2H2O was
assumed to be stoichiometric for all five positional hydrogens regardless of the relative contributions of
glycolysis and glyceroneogenesis [34]; however, relative contributions of the individual carbons to the
labeling of the glycerol moiety of TAG might differ. Therefore, the 2H enrichment of the glycerol moiety
was evaluated separately for (i) sn 1 + 3 and (ii) sn 2 carbon. Similarly, 2H enrichment of FA methyls in
TAG correlates with de novo FA synthesis (DNL) rate. Measurement of fractional TAG/FA cycling drew
on previously validated assumptions of glycerol 2H-enrichment from body 2H-enriched water [34].

Analysis of both TAG species and their FA after hydrolysis was conducted using LC–MS.
Details can be found in Supplemental Materials. In total 135 deuterated TAG species were detected;
62 species above basal were considered, representing 98% of lipids. In total, 44 deuterated FA above
basal were detected in TAG hydrolysates; however, only 8 of them, which were detected in all the
groups, were considered (Supplementary Table S1). In order to characterize FA desaturation index,
the product/substrate ratios (FA 14:1/14:0, FA 16:1/16:0 and FA 18:1/18:0) were calculated from peak
heights obtained from LC–MS analysis.

2.7. Statistical Analysis

Data are presented as means ± SEM. Statistical analysis was performed using GraphPad Prism
(Version 8.3.1, 2019). Dallal and Wilkinson’s approximation to Lilliefors’ method was used to test
normality of the data and log10 transformed when needed. Data were analyzed in two ways: (i) to
compare STD with individual HF-based diets, a two-tailed Student’s t-test or Mann–Whitney’s
non-parametric test was used; and (ii) to compare HF-based diets with each other (i.e., to reveal
the effects of various interventions), one-way ANOVA followed by the Tukey’s post-hoc test or
the Kruskal–Wallis non-parametric test with Dunn’s post-hoc test were done. A p ≤ 0.05 was
considered to be significant. Partial least squares-discriminant analysis (PLS-DA) was performed
using MetaboAnalyst 4.0 [44]. Significant outliers (according to Grubb’s test) were excluded from
further analyses.
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3. Results

3.1. Parameters of Energy Balance, Adiposity and Lipid Metabolism Markers

Body weight was increased by HF diet administration. This obesogenic effect was reduced
by all the interventions except HF + PIO and HF + F, which only tended to reduce body weight.
The differential effects of diets on body weight became apparent already after 2 weeks of feeding
(Figure 1). At the end of the 8-week-study, almost all the interventions significantly prevented body
weight gain vs. HF diet (Figure 1 and Table 2): strongest effects for HF + MSDC vs. HF + F and HF + PIO.
The combination interventions exerted even stronger effects than individual interventions—the highest
(≈2.7-fold) suppression of body weight gain was seen for the HF + MSDC + F mice. None of the
HF-based diets affected food consumption (Table 2).
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Figure 1. Body weights during dietary interventions. At 3 months of age, subgroups of mice (n = 8–10)
were fed STD or various high fat (HF) diets for 8 weeks. Data were pooled from two separate
experiments (resulting in n = 16–19/group). Data are means ± SEMs. For statistical differences at week
8, see Table 2. For designation of dietary groups, see Section 2.1. STD: standard chow diet; HF: high-fat;
PIO: pioglitazone.

Table 2. Body mass, tissue weights, tissue TAG content and plasma parameters in mice fed various diets.

STD HF HF + F HF + PIO HF + PIO + F HF + MSDC HF + MSDC + F

Energy balance

Body weight initial g) 27.2 ± 0.40 27.6 ± 0.40 27.9 ± 0.49 27.3 ± 0.47 27.9 ± 0.48 27.8 ± 0.42 27.8 ± 0.50
Body weight final (g) 32.9 ± 0.70 44.3 ± 0.64 * 41.0 ± 1.13 * 41.5 ± 1.42 * 38.6 ± 1.35 *,a 36.9 ± 1.16 *,a 34.5 ± 0.91 abc

Body weight gain (g) 5.50 ± 0.44 16.1 ± 0.63 * 12.0 ± 0.75 *,a 13.3 ± 1.17 * 10.1 ± 1.11 *,a 8.27 ± 0.94 abc 6.02 ± 0.58 abcd

Cumulative food intake
(MJ/animal) 3.86 ± 0.06 4.59 ± 0.11 * 4.21 ± 0.18 4.57 ± 0.25 * 4.17 ± 0.15 4.75 ± 0.20 * 4.81 ± 0.32 *

Tissues

eWAT weight (mg) 833 ± 73 2489 ± 84 * 1977 ± 88 *,a 2252 ± 168 * 1734 ± 142 *,ac 1511 ± 123 *,ac 1171 ± 117 *,abcd

scWAT weight (mg) 403 ± 34 1398 ± 87 * 1283 ± 137 * 1614 ± 288 * 1191 ± 84 * 1097 ± 96 * 936 ± 78 *
Liver weight (mg) 1763 ± 43 1793 ± 63 1563 ± 58 *,a 1613 ± 84 * 1425 ± 58 *,a 1477 ± 58 *,a 1418 ± 33 *,a

Liver TAG content (mg/g) 33.2 ± 1.16 93.4 ± 8.03 * 57.0 ± 4.96 *,a 112 ± 17.6 *,b 48.6 ± 5.77 *,ac 67.9 ± 10.0 *c 42.4 ± 5.58 ac

Plasma (random fed state)

NEFA (mmol/L) 0.50 ± 0.05 0.66 ± 0.04 * 0.38 ± 0.03 *,a 0.42 ± 0.02 a 0.34 ± 0.03 *,a 0.38 ± 0.04 *,a 0.22 ± 0.02 *,abce

TAG (mmol/L) 1.39 ± 0.06 1.79 ± 0.05 * 1.05 ± 0.09 *,a 0.99 ± 0.06 *,a 0.82 ± 0.06 *,a 0.89 ± 0.06 *,a 0.54 ± 0.04 *,abce

Cholesterol (mmol/L) 2.81 ± 0.33 4.61 ± 0.14 * 3.40 ± 0.12 a 3.91 ± 0.10 *,ab 2.91 ± 0.13 ac 3.40 ± 0.13 ac 2.55 ± 0.07 abce

Data are means ± SEMs (n = 16–19). Cumulative energy intake was assessed during the initial 7-week period
of dietary interventions. * Significantly different from STD (p ≤ 0.05, t-test). a Significantly different vs. HF;
b significantly different vs. HF + F; c significantly different vs. HF + PIO; d significantly different vs. HF + PIO + F;
e significantly different vs. HF + MSDC (p ≤ 0.05, one-way ANOVA). STD: standard chow diet; HF: high-fat;
PIO: pioglitazone; eWAT: epididymal white adipose tissue; scWAT: subcutaneous white adipose tissue;
TAG: triacylglycerol; NEFA, non-esterified fatty acid. For designation of dietary groups, see Section 2.1.

Suppression of the obesogenic effect of HF diet was mirrored by changes in weight of eWAT
(elevated in response to HF diet), which was ≈2.1-fold lower in the HF + MSDC + F group compared
to the HF group. Similar changes in adiposity were observed at the level of scWAT, but differences
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between the diets were less pronounced (Table 2). Histological and immunohistochemical analysis of
eWAT revealed adipocyte hypertrophy induced by HF diet, which was significantly prevented only
by HF + MSDC + F (Figure 2A,B). HF diet also induced low-grade eWAT inflammation, marked by
CLS that are formed by macrophages aggregated around dying adipocytes [45]. This infiltration was
completely counteracted by HF + MSDC + F and markedly reduced by all other interventions except
HF + F (Figure 2C,D).Nutrients 2020, 12, x FOR PEER REVIEW 8 of 24 
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Figure 2. Morphology and immunohistochemistry of epididymal white adipose tissue (eWAT). Mice were
fed STD or various HF diets for 8 weeks. Size of eWAT adipocytes was evaluated from hematoxylin + eosin
stained sections (A) and expressed as mean (A) or histogram of adipocyte size ((B) pooled data from
4800 adipocytes). Inflammation of eWAT was assessed using the anti-Mac-2 antibody, which labeled
macrophages aggregated around dying adipocytes ((D) reddish color; representative histological sections
are shown; scale bar = 200 µm), and was expressed as the percentage of CLS/100 adipocytes (C). Data are
means ± SEMs (n = 8). * Significantly different from STD (p ≤ 0.05, t-test). a—significantly different vs. HF;
b—significantly different vs. HF + F; c—significantly different vs. HF + PIO; d—significantly different vs.
HF + PIO + F (p ≤ 0.05, one-way ANOVA). For designation of dietary groups, see Section 2.1.

Liver weight was similar in the STD, HF and HF + PIO mice, but it was reduced (≈1.1 to ≈1.3-fold)
in response to all the other interventions. Liver TAG content was ≈2.8-fold higher in the HF mice
compared to the STD mice. HF + PIO tended to increase liver TAG content vs. HF, whereas it was
reduced by both HF + F and HF + MSDC compared to HF + PIO. It was also decreased by both
combined interventions compared with the HF diet and HF + PIO. The effect of HF + MSDC + F tended
to be the most pronounced (≈2.2 and ≈1.6-fold decrease compared to the HF and HF + MSDC mice,
respectively; Table 2).
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3.2. Lipid and Glucose Homeostasis

Levels of plasma lipids, i.e., NEFA, TAG and cholesterol, were increased by HF diet compared to
STD. All the interventions decreased plasma levels of these analytes, with the most pronounced effects
being observed in the HF + MSDC + F mice. In these mice, the levels of all these lipid metabolites
tended to be lower as compared with the HF + PIO + F mice (Table 2).

HF diet increased both fasting blood glucose and plasma insulin levels. These effects were
completely counteracted by both combined interventions (Figure 3A,B). The remaining interventions
showed similar, though less pronounced influences. Changes in HOMA index indicated a complete
normalization of glucose homeostasis by HF + MSDC + F and significant improvements by the
remaining interventions (Figure 3C). Furthermore, the deterioration of glucose clearance during
intraperitoneal GTT observed in the HF mice was ameliorated by all the interventions (except for
HF + F), which all exerted similar effects (Figure 3D,E).
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Figure 3. Glucose homeostasis. Mice were fed STD or various HF diets for 8 weeks. Glycemia (A) and
insulinemia (B) after overnight fasting; HOMA index (C); intraperitoneal GTT: time course of glycemia
during the test (D) and the corresponding incremental area under the curve (iAUC; (E)). Data are
means ± SEMs (n = 8). * Significantly different from STD (p ≤ 0.05, t-test). a—significantly different vs.
HF; b—significantly different vs. HF + F; c—significantly different vs. HF + PIO (p ≤ 0.05, one-way
ANOVA). HOMA: homeostatic model assessment; GTT: glucose tolerance test. For designation of
dietary groups, see Section 2.1.

3.3. In Vivo Evaluation of TAG/FA Cycling Activity in eWAT

Next, we focused on the main goal of this study, verification of the hypothesis that the combined
interventions using TZDs and Omega-3 exert an additive effect on TAG/FA cycling in WAT of mice fed
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an obesogenic HF diet. Therefore, this biochemical activity was characterized in eWAT, a typical WAT
depot, using 2H2O administration in vivo and subsequent analysis of 2H enrichment of TAG.

Analysis of deuterated TAG using NMR spectroscopy enabled for separate evaluations of total
enrichment of 2H in glycerol and FA methyl moieties of TAG, reflecting the rates of TAG glycerol
3-phosphate precursor synthesis (Figure 4A,B) and DNL activity (Figure 4C), respectively. The 2H
enrichment of the glycerol moiety was evaluated separately for sn 1 + 3 (Figure 4A) and sn 2
positions (Figure 4B). The enrichment at all these positions was suppressed by HF diet compared
with STD, ≈1.6 and ≈2.6-fold, respectively (Figure 4A,B). There was no significant effect of any
intervention (i.e., difference between the HF-based diets) on sn 1 + 3 position if evaluated by 1-way
ANOVA (Figure 4A), but there was a significant effect of TZDs if evaluated by 2-way ANOVA
(one factor—Omega-3; another factor—TZD). The 2H enrichment at sn 2 position was affected more
strongly: HF + F, HF + PIO and HF + MSDC tended to increase the enrichment, while both types of
the combined intervention, i.e., HF + PIO + F and HF+ MSDC + F, exerted a significant stimulatory
effect compared with the HF mice (≈ 1.5 and ≈1.6-fold, respectively) resulting in a substantial rescue of
the fractional rate of TAG synthesis (Figure 4B).
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Eventually, peak heights of selected deuterated monosaturated to saturated FA (i.e., FA 
desaturation index) were evaluated as a proxy for the activity of stearoyl-CoA desaturase (SCD) in 
the tissue (Figure 6) [46,47]. In all these cases (FA 14:1/14:0, FA 16:1/16:0, FA 18:1/18:0), the index 
tended to be decreased by HF diet, especially when Omega-3 was admixed to HF diet, with a 
significant suppression by HF + F vs. HF diet in the case of 18:1/18:0 index. As a single intervention, 
both TZDs neutralized the effect of HF diet. However, this positive effect of TZDs was prevented in 

Figure 4. TAG synthesis and DNL in eWAT in vivo. Measurement of TAG synthesis (A,B) and DNL
(FA de novo synthesis; (C)) in eWAT was performed using in vivo 2H2O incorporation in TAG in
mice fed STD or various HF diets for 8 weeks. Analysis of total 2H enrichment in sn 1 + 3 (A) and
sn 2 (B) position of glycerol, and in FA methyl moieties of TAG (C), was performed using NMR
spectroscopy. Data are means ± SEMs (n = 8). * Significantly different from STD (p ≤ 0.05, t-test).
a—significantly different vs. HF (p ≤ 0.05, one-way ANOVA). TAG: triacylglycerol; DNL: de novo
lipogenesis; NMR: nuclear magnetic resonance. For designation of dietary groups, see Section 2.1.

The 2H enrichment of FA methyl moieties of TAG (DNL activity) was suppressed ≈10.8-fold by
HF diet compared to STD (Figure 4B). This decrease tended to be counteracted by HF + F, HF + MSDC
and HF + MSDC + F, whereas HF + PIO and HF + PIO + F exerted a significant stimulatory effect
compared with the HF mice (≈1.9-fold). However, even in this case, DNL activity remained much
lower as compared with the STD mice (Figure 4B).

Using LC–MS, in total 62 deuterated TAG species could be unequivocally detected in eWAT
(Figure 5). Compared with the HF mice, their 2H enrichment differed between the intervention
groups. The number of differentially enriched TAG species increased in the following order:
HF + PIO < HF + PIO + F < HF + F < HF + MSDC < HF + MSDC + F < STD. These data
documented the most pronounced remodeling of TAG in response to the combined intervention
using Omega-3 and MSDC-0602K. The above data suggest additive stimulation of TAG/FA cycling in
response to both combined interventions, with a more pronounced effect of HF + MSDC + F.
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Figure 5. 2H enrichment of various TAG species. In total, 62 deuterated TAG species detected using
LC–MS analysis were considered. The ratio between mean enrichment of TAG in the respective
intervention group and the HF mice (see the colored bar) was plotted only if the difference between
groups was significant (p ≤ 0.05, t-test). Data are plotted according to the length and saturation of TAG.
Data are means ± SEMs (n = 8). For designation of dietary groups, see Section 2.1.

The LC–MS approach allowed for characterization of 2H enrichment of the individual FA moieties
in TAG (Supplementary Table S1). Compared to STD mice, the enrichment of all eight FAs considered
was several times lower in mice fed HF-based diets. When comparing various interventions in mice fed
HF-based diets, only HF + MSDC + F exhibited a significant effect with FA 16:0 (palmitate; ≈2.0-fold
increase vs. HF, with HF + PIO + F exhibiting almost the same effect). Additionally, with FA 18:0 (oleate),
HF + MSDC + F exhibited a nearly significant stimulatory effect. These data are in agreement with the
relatively strong effects of both combined interventions on TAG/FA cycling in eWAT.

Eventually, peak heights of selected deuterated monosaturated to saturated FA (i.e., FA desaturation
index) were evaluated as a proxy for the activity of stearoyl-CoA desaturase (SCD) in the tissue
(Figure 6) [46,47]. In all these cases (FA 14:1/14:0, FA 16:1/16:0, FA 18:1/18:0), the index tended to be
decreased by HF diet, especially when Omega-3 was admixed to HF diet, with a significant suppression
by HF + F vs. HF diet in the case of 18:1/18:0 index. As a single intervention, both TZDs neutralized the
effect of HF diet. However, this positive effect of TZDs was prevented in the presence of Omega-3 in
the diet. These results are consistent with the stimulation of DNL by both TZDs tested, and inhibition
of DNL of some FA species by Omega-3 (see Discussion).
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Figure 6. FA desaturation index in TAG. The ratios of the product of the desaturation and of the
parent FA were calculated for myristic vs. myristoleic acid (14:1/14:0; A), palmitic vs. palmitoleic acid
(16:1/16:0; B) and stearic vs. oleic acid (18:1/18:0; C). Data are means ± SEMs (n = 8). * Significantly
different from STD (p ≤ 0.05, t-test). a—significantly different vs. HF; b—significantly different
vs. HF + F; c—significantly different vs. HF + PIO; d—significantly different vs. HF + PIO + F;
e—significantly different vs. HF + MSDC (p ≤ 0.05, one-way ANOVA). For designation of dietary
groups, see Section 2.1.

3.4. Gene Expression in Adipose Tissue

Next, expression of 25 selected gene markers of regulatory pathways and metabolism in eWAT
(reviewed in [2]) was evaluated using RT-qPCR. First, PLS-DA, a supervised classification method,
was performed to obtain a global view on the effects of the interventions. In order to unmask possible
differential effects of pioglitazone and MSDC-0602K (i) the STD mice were not considered, and (ii) the
analysis was performed using two different subsets of mice. The analysis including the HF, HF + F,
HF + PIO and HF + PIO + F mice (Figure 7A) revealed a separation within component 1, which described
45% of the total variation between the HF mice and two groups of mice fed PIO-containing diets
(HF + PIO and HF + PIO + F), whereas Omega-3 had no effect. Similarly, the analysis focused on the
potency of MSDC-0602K to modulate eWAT gene expression (Figure 7B) revealed a strong separation
within component 1, which described 71% of the total variation between the HF mice and mice fed
the two MSDC-containing diets (HF + MSDC and HF + MSDC + F), and a weak global effect of
Omega-3 (HF vs. HF + F, and HF + MSDC vs. HF + MSDC + F, respectively). Therefore, both TZDs,
pioglitazone and MSDC-0602K, exerted fundamental effects on eWAT gene expression, whereas the
effect of MSDC-0602K was even more pronounced (compare Figure 7A,B). Moreover, this global
analysis failed to reveal the major effect of Omega-3 on eWAT gene expression. Variable importance in
projection (VIP) indicated that expression of the gene for PEPCK (Pck1) was the most discriminative
factor within both types of analyses (compare Figure 7C,D).

Next, expression of the gene markers (reviewed in [2,3]) was analyzed in eWAT in detail
(Figure 8A–H). Expression of the gene encoding PPARγ (Pparg; for the abbreviations and gene names,
see Table 1), the key transcription factor promoting differentiation of adipocytes and regulating
their lipid metabolism, was downregulated by HF diet, and it was not affected by any intervention.
The expression of the mitochondrial biogenesis-inducing PGC-1α gene (Pgc1a/Ppargc1a), which is a
target of PPARγ was also reduced by HF diet. However, it was upregulated by HF + PIO, and even
more by both HF + MSDC and HF + MSDC + F (Figure 8A).

Regarding FA uptake to WAT cells, expression of the genes for LPL but not CD36 (Lpl and Cd36,
respectively) was downregulated by HF diet. Expression of both genes was elevated by HF + MSDC + F,
whereas it remained unaffected by the other interventions (except for Cd36 in the HF + MSDC mice;
Figure 8B).
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with the expression level above background in all the groups were considered—i.e., all the genes in 
Figure 8, except for Ucp1. Score plots resulting from the analysis focus on the separation of the HF, 

Figure 7. Multivariate analysis of gene expression in eWAT. Mice were fed various HF diets for 8 weeks.
Expression of a total of 24 selected genes in eWAT was analyzed using PLS-DA (only genes with the
expression level above background in all the groups were considered—i.e., all the genes in Figure 8,
except for Ucp1. Score plots resulting from the analysis focus on the separation of the HF, HF + F,
HF + PIO and HF + PIO + F mice (A), and the HF, HF + F, HF + MSDC and HF + MSDC + F mice
(B). The corresponding variable importance in projection (VIP) plot with scores for identifying the
most discriminating transcripts, with VIP > 1.0, is shown in (C) for (A), and in (D) for (B). The colored
boxes indicate the relative expressions of the genes in each group. For designation of dietary groups,
see Section 2.1.

Expression of the genes of the key lipases ATGL and HSL (Atgl/Pnpla2 and Hsl/Lipe, respectively)
was downregulated by HF diet, and upregulated by most of the interventions, with the additive effect
of HF + MSDC + F but not HF + PIO + F resulting in the former case in a higher expression than in the
STD mice (Figure 8C).

Expression of the genes involved in FA synthesis (i.e., DNL), namely, FA synthase (Fas/Fasn)
and FA elongase 5 (Elovl5), was strongly downregulated by HF diet, and it was not affected by any
intervention (vs. HF diet; Figure 8D).

Among the markers of glyceroneogenesis and FA re-esterification (Figure 8E), expression of the
gene for GK (Gk) was upregulated by HF diet, and it was also increased by both TZDs, but not by
Omega-3. Expression of the genes engaged in glyceroneogenesis in WAT, namely, PC (Pc/Pcx) and
PEPCK (Pck1), was strongly downregulated by HF and upregulated by both TZDs. The stimulatory
effect of MSDC-0602K was more pronounced, with the combined HF + MSDC + F (but not HF + PIO + F)
intervention showing an additive effect. Expression of the genes for DGAT1 and DGAT2 (Dgat1 and
Dgat2, respectively), involved in FA re-esterification [48], was suppressed by HF diet. Expression of
Dgat1 was upregulated by all the interventions, except for HF + F, with the combined HF + MSDC + F
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(but not HF + PIO + F) intervention showing an additive effect. Expression of Dgat2 was only affected
by the HF + MSDC + F, which normalized the expression to the level in STD group.Nutrients 2020, 12, x FOR PEER REVIEW 14 of 24 
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The gene screen data above document a general decrease in the metabolic activities of eWAT in 
response to HF diet. This was apparent across the gene markers of all the metabolic pathways studied 
(except for Gk, Cd36 and Cpt1a). Although both tested TZDs ameliorated the inhibitory effect of HF 
diet on the expression of most genes, MSDC-0602K exerted a stronger effect. Both TZDs promoted 
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Figure 8. Expression of selected genes in eWAT. Mice were fed STD or various HF diets for 8 weeks.
Expressions of the genes engaged in various regulatory and metabolic pathways (A–I) were evaluated
using RT-qPCR and normalized to the mean signal of four reference genes (see Materials and
Methods). Data are means ± SEMs (n = 8). * Significantly different from STD (p ≤ 0.05, t-test).
a—significantly different vs. HF; b—significantly different vs. HF + F; c—significantly different vs.
HF + PIO; d—significantly different vs. HF + PIO + F; e—significantly different vs. HF + MSDC
(p ≤ 0.05, one-way ANOVA. For designation of dietary groups, see Section 2.1.
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Regarding FA oxidation (Figure 8F), expression of the gene for PDK4 (Pdk4), which limits
glucose oxidation by inhibiting pyruvate dehydrogenase and thus supports β-oxidation [49],
was downregulated by HF diet. It was increased by both TZDs, with a stronger effect of MSDC-0602K,
and it was insensitive to Omega-3. A very similar pattern was observed with the gene for CRAT (Crat),
which acts in concert with PDK4 to regulate mitochondrial fuel oxidation, and which is associated with
insulin sensitivity [50]. Expression of CPT1α gene (Cpt1a), encoding protein essential for the transport
of FAs for their β-oxidation in mitochondria, was upregulated by HF diet, and the expression was
similar across all the interventions. Expression of gene for VLCAD (Vlcad/Acadvl), enzyme catalyzing
the first step of mitochondrial β-oxidation was downregulated by the HF diet, and it was upregulated
by the two interventions containing MSDC-0602K. Vlcad/Acadvl gene expression in both HF + MSDC
and HF + MSDC + F was even higher compared to the STD mice. However, Vlcad/Acadvl expression was
unaffected by pioglitazone. The expression of gene for ACSL1 (Acsl1), which converts free long-chain
FA into fatty acyl-CoA esters, was only marginally downregulated by the HF diet; it was not affected
by HF + F. It was strongly upregulated by both TZDs, with the most pronounced effect being in
HF + MSDC + F mice.

Expression of the genes for MPC1 and MPC2 (Figure 8G), the two forms of mitochondrial pyruvate
carrier (Mpc1 and Mpc2; [51]), was downregulated by HF diet. It was induced by MSDC-0602K (but not
pioglitazone), independently of Omega-3.

The gene screen data above document a general decrease in the metabolic activities of eWAT in
response to HF diet. This was apparent across the gene markers of all the metabolic pathways studied
(except for Gk, Cd36 and Cpt1a). Although both tested TZDs ameliorated the inhibitory effect of HF diet
on the expression of most genes, MSDC-0602K exerted a stronger effect. Both TZDs promoted lipolysis
and FA re-esterification, in association with the elevation of mitochondrial β-oxidation. The induction
of FA oxidation was documented using the measurements of 14C-palmitate oxidation in fragments
of eWAT dissected from the mice at the end of the dietary interventions (Supplementary Figure S1).
It was in concert with the induction of mitochondrial biogenesis, documented by the increase in both
the Pgc1a/Ppargc1a expression and the specific content of the complex III of mitochondrial respiratory
chain in eWAT (Supplementary Figure S2). FA re-esterification was supported by enhanced activity
of glyceroneogenesis mediated by PC and PEPCK, one of the most affected pathways by the studied
interventions, but not by DNL. This indicated that induction of glycerol 3-phosphate by various
interventions (see above) resulted mainly from glyceroneogenesis (see Discussion).

In general, Omega-3 tended to augment the stimulatory effect of MSDC-0602K, and this
combination even exerted a significant additive effect on lipolysis-related genes (Atgl/Pnpla2 and
Hsl/Lipe). In contrast, Omega-3 tended to counteract the stimulatory effects of pioglitazone, with a
significant influence at the level of PDK4. Pyruvate transport to mitochondria could be induced by
MSDC-0602K, but not by pioglitazone or Omega-3.

Next, we focused on the expression of the genes for enzymes engaged in metabolism of
branched-chain amino acids (BCAA), due to the role of BCAA metabolism in WAT in whole-body insulin
sensitivity [52,53] and its improvement by TZDs [54]. Expression of these genes, namely, Sbacad/Acadsb
and Bckdha, was downregulated by HF diet (Figure 8H). While pioglitazone increased the expression
of Bckdha, MSDC-0602K stimulated the expression of both genes more than pioglitazone. Even in
this case, Omega-3 supplementation (i.e., the HF + F diet) had no significant effect, but it tended
to augment the stimulatory effect of MSDC-0602K. These data are consistent with the involvement
of BCAA metabolism in WAT of diet-induced obese mice in the prevention of insulin resistance by
both TZDs.

Lastly, expression of the gene for UCP1, which mediates thermogenesis in both brown and brite
adipocytes (Ucp1; reviewed in [1]), was evaluated (Figure 8I). No expression above the background
could be observed in the STD, HF or HF + F mice. In the remaining groups, Ucp1 was expression
was induced to various extents, with both MSDC-0602K-containing diets exerting an equal effect,
higher compared with the other diets.
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In order to learn whether the above described effects of various dietary interventions on gene
expression in eWAT depended on the anatomical location of the tissue, expression levels of several of the
studied genes were also evaluated in scWAT of the same animals (Figure 9). The gene expression pattern
was very similar in both WAT depots compared. Only Ucp1 expression showed fat depot-specific
differences, namely, a remarkably scattered expression in scWAT of the STD-fed mice (Figure 9),
which contrasted with the lack of Ucp1 expression in eWAT of these animals (Figure 8I). Feeding HF
diet eliminated Ucp1 expression in scWAT, while the two MSDC-0602K-containing diets rescued
the expression to the levels observed in the STD mice (Figure 8I). When the relative levels of Ucp1
expression were compared across eWAT, scWAT and interscapular brown fat, the highest levels found
in the two WAT depots were not significantly different, and they were two orders of magnitude lower
compared with those in brown adipose tissue of these mice (not shown).Nutrients 2020, 12, x FOR PEER REVIEW 16 of 24 
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Figure 9. Expression of selected genes in subcutaneous WAT. Mice were fed STD or various HF diets
for 8 weeks. Expression of the subset of genes shown in Figure 8 was assessed using RT-qPCR and
normalized to the mean signal of four reference genes (see Materials and Methods). Data are means
± SEMs (n = 8). * significantly different from STD (p ≤ 0.05, t-test). a—significantly different vs. HF;
b—significantly different vs. HF + F; c—significantly different vs. HF + PIO; d—significantly different
vs. HF + PIO + F. For designation of dietary groups, see Section 2.1.

4. Discussion

The principal finding of this report was that additive beneficial effects of Omega-3 and TZDs in
mice fed obesogenic HF diet were associated with pronounced changes in gene expression (Figure 8)
and metabolism of eWAT. These effects included the reduction in body weight gain and adiposity
(Figure 1); preservation of glucose homeostasis and dyslipidemia (Figure 3 and Table 2); and reduction
in liver fat content (Table 2) and low-grade inflammation of WAT (Figure 2C). In terms of WAT
function, the results suggest the role of TAG/FA cycling (Figure 10) in the beneficial effects of the
studied interventions.
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Figure 10. Hypothetical model for the complex mechanism of the induction of TAG/FA cycling activity
in WAT by the combined intervention using Omega-3 and TZDs in adipocytes. Both pioglitazone and
MSDC-0602K stimulate transcriptional factor PPARγ and its targets, resulting in increased glucose
and FA uptake into the adipocyte. In parallel, mitochondrial FA oxidation is upregulated compared
with glucose oxidation, reflecting (i) higher FA influx; (ii) higher Omega-3 mediated induction of
genes involved in FA oxidation, mitochondrial biogenesis and OXPHOS activity; (iii) inhibition of
pyruvate transport to mitochondria—especially in response to MSDC-0602K; and (iv) induction of
PDK4, which results in inhibition of oxidation of a limited amount of pyruvate entering mitochondria.
Thus, synthesis of glycerol-3-phosphate (glycerol-3-P) is increased by both conversion from glucose
and glyceroneogenesis from pyruvate. Induction of BCAA catabolism provides another source of
glyceroneogenic substrate oxaloacetate. The increased levels of glycerol-3-P and FA-CoA stimulate
synthesis of TAG, linked to concomitant increase in lipolysis. FA released from TAG can be
either oxidized or re-esterified (in TAG/FA cycle). The re-esterification can occur in adipocytes
(primary FA re-esterification) or extra-adipose tissues (secondary FA re-esterification), mainly the liver
(reviewed in [29,32]). Glycerol released during lipolysis is transported via blood to the liver to support
(i) gluconeogenesis, and (ii) the formation of glycerol-3-P for TAG synthesis, either from glucose,
or via direct phosphorylation of glycerol. For other details, references and abbreviations, see the main
text and Table 1. For the explanation of the pleiotropic effects of TZDs, see also [22]. Ac—acetyl;
CoA—coenzyme A; G3P—glyceraldehyde-3-phosphate; LPA—lysophosphatidic acid; P—phosphate.
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To our knowledge, this is the first study to characterize the direct effects of the combined
intervention using Omega-3 and TZDs on WAT metabolism. Our results document a decrease of
metabolic activities in eWAT by HF diet [55], and a partial counteraction of this effect by various
interventions. Thus, the measurements of glyceroneogenesis using in vivo labeling of TAG by
deuterium from 2H2O, and subsequent analyses of TAG composition using NMR spectroscopy
and LC–MS, documented an additive interaction between Omega-3 and both types of TZDs in
the stimulation of this activity. FA re-esterification was stimulated the most by HF + MSDC + F,
as documented by the highest number of deuterated TAG species (detected using LC–MS) in response
to this intervention vs. HF diet. Additive stimulation by Omega-3 and TZDs, with a stronger effect of
HF + MSDC + F, was observed in both eWAT and scWAT, as documented by the expression of the
genes involved in FA uptake (Lpl and Cd36), lipolysis (Atgl/Pnpla2 and Hsl/Lipe), glyceroneogenesis
(Pc/Pcx and Pck1), FA re-esterification (Dgat1) and FA oxidation (Crat, Vlcd/Acadlv and Acsl1), and the
biochemical data. The changes in gene expression suggested that stimulation of glyceroneogenesis
depended more on PC-PEPCK-mediated glycerol 3-phosphate formation rather than GK, which is
also consistent with the preferential activation of the earlier pathway [29,38] and the induction of
Pdk4 [35] by TZD. However, the relatively low upregulation of Gk expression, which was also observed
in both eWAT and scWAT in response to various interventions, suggested that direct phosphorylation
of glycerol was also involved in the increased formation of glycerol 3-phosphate. Thus, the activation
of TAG/FA cycling in response to various interventions could be even higher than illustrated by the
measurements of glyceroneogenesis using labeling of TAG by deuterium from 2H2O (see above).
That Dgat1 but not Dgat2 expression was affected reflects (i) the interaction of DGAT1 with ATGL
during lipolysis and FA re-esterification, and (ii) the involvement of DGAT2 in the esterification of FA
formed by DNL [48]. Collectively, the data document the additive stimulation of TAG/FA cycling by
Omega-3 and TZDs, especially by the combined intervention that involved MSDC-0602K.

Direct measurement of DNL in vivo in eWAT and the corresponding gene expression analysis
(Fas/Fasn) indicated very strong suppression of DNL by HF diet, and a limited rescue of this activity
by both TZDs [56]. Moreover, the effect of HF diet was further augmented by Omega-3 [57];
these FAs even prevented activation of DNL by TZDs. These results were further supported by the
changes in the FA desaturation index, marking SCD activity and lipogenesis in the tissue [46,47].
Interestingly, stimulation of TAG/FA cycling in WAT by prolonged cold exposure of mice was
accompanied by a pronounced stimulation of DNL in the tissue [33], documenting independent
regulation of glyceroneogenesis (TAG/FA cycling) and DNL in WAT.

Molecular mechanisms of the combined intervention on eWAT gene expression and metabolism
probably involve interactions of the tested compounds with intracellular regulatory pathways
in adipocytes, including PPARs, endocannabinoids, AMP-activated protein kinase and others
(reviewed in [1,2,22,33]). These Omega-3-induced changes result, namely, in increased capacity
for FA oxidation in the mitochondria, linked with OXPHOS (Figure 10). Some effects in WAT may
be secondary to the activation of lipid metabolism in the liver and other tissues, especially due
to the PPARα-mediated response to Omega-3 [58]. The effects of TZDs are even more pleiotropic,
reflecting the differential activation of multiple PPARy targets, and the reversible inhibition of pyruvate
transport into mitochondria ([25–27]; Figure 10). Despite the additive stimulation by Omega-3 and
TZDs of most of the metabolic activities of WAT, which are the basis of the “healthy adipocyte”
phenotype (reviewed in [1–3]), some metabolic pathways were affected differently. Thus, DNL is
inhibited by Omega-3 [57] and stimulated by TZDs ([56]; see above), reflecting probably the differential
control via SCD1 [47,59].

Moreover, stimulation of glucose uptake due to the insulin-sensitizing effect of TZDs probably
plays a major role in the stimulation of DNL. Expression of the genes of BCAA metabolism was
upregulated by TZDs [54], independent of Omega-3, in agreement with the role of BCAA in the
insulin-sensitizing effect of TZDs [52,53]. Overall, the data suggest a complex modulation of WAT
metabolic activities, which converge in the TAG/FA cycle. The most pronounced effects were produced
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by the combination of HF + MSDC + F. This may indicate that the modulation of pyruvate’s entry into
mitochondria by MSDC-0602K has a major impact on these processes [25–27]. As shown graphically in
Figure 10, the effects observed in WAT in this study involve mitochondrial and extramitochondrial
metabolism in both the adipose tissue and the liver. The Omega-3 and TZD interactions can occur at
various regulatory levels and may also involve both direct and downstream modulation of PPARγ,
and likely other transcriptional networks (Figure 10).

Our results support the role of TAG/FA cycling in WAT in a healthy metabolic phenotype. This core
biochemical activity of WAT is essential for flexible control of plasma NEFA levels and supply of FA
to serve as energy fuel [1,29–32]. Insufficient capacity of TAG/FA cycling in WAT probably underlies
insufficient “expandability” of WAT [60], i.e., pathological low capacity of this tissue to serve as a
buffer for circulating FAs. This leads to lipotoxic damage to metabolism and insulin sensitivity in
extra-adipose tissues. Indeed, in WAT of obese [61] and diabetic patients [62], the activities of both
TAG/FA cycling and DNL are relatively low. Additionally, OXPHOS slows down in obesity and with
aging [63], whereas it is increased by exercise [64]. Thus, the additive stimulatory effect of TZDs and
Omega-3 on TAG/FA cycling in WAT could provide an important determinant of metabolic health.

The experimental design was based on the doses of Omega-3 and TZDs used in the previous
studies on HF diet-fed mice (see Section 2.1). Regarding the TZDs, when re-calculated to human
equivalent dose (HED; [65]), 50 mg pioglitazone/kg of the HF + PIO or HF + PIO + F diet was equivalent
to 32 mg HED (with 15–45 mg pioglitazone/day, the usual therapeutic dose in diabetic patients),
whereas 331 mg MSDC-0602K/kg of the HF + MSDC or HF + MSDC + F diet was equivalent to 146 mg
HED (with 60–250 mg MSDC-0602K/day used in a clinical trial [28]). The ratio between the dose of
MSDC-0602K and pioglitazone, i.e., ≈6.6, was relatively low with respect to the ≈16-fold lower affinity
of MSDC-0602K to PPARγ as compared with pioglitazone [25]. Nevertheless, the effects of MSDC-0602K
were mostly stronger compared with pioglitazone. These differences were especially pronounced in the
combined interventions HF + MSDC + F and HF + PIO + F (see below). The relatively high potency of
MSDC-0602K was following the notion that, unlike pioglitazone, the effects of MSDC-0602K depended
largely on the direct inhibition of mitochondrial pyruvate carriers MPC1 and MPC2, rather than on the
activation of PPARγ-mediated transcription [25–27]. Indeed, expression of Mpc1 and Mpc2, which was
downregulated by HF diet, was increased by HF + MSDC and HF + MSDC + F, but not by any other
intervention. This suggests an adaptive response at the level of Mpc1 and Mpc2 transcription.

The effect of the interventions on gross energy balance (i.e., lower adiposity accretion in face
of equal energy intake in all the HF-based diets compared) needs to be clarified, especially for diets
containing MSDC-0602K. The present data could not rule out a possibility that a decrease in dietary
energy intake in the gut was involved. Consistent with the previous studies (reviewed in [1]), we have
observed a small increase in Ucp1 expression in WAT, reaching much lower levels than in BAT.
Thus, UCP1-mediated thermogenesis could be involved, but its characterization was out of the scope
of this study.

Regarding the involvement of energy expenditure in the anti-obesity effects of the studied
interventions, a seminal recent study should be recalled [31]. It highlighted the role of futile
metabolic cycling of circulating metabolites for a steady supply of appropriate nutrients to each tissue,
despite varying dietary intake. It demonstrated that (i) a majority of circulating carbon flux reflects
glucose-lactate and TAG-glycerol-FA cycling, and (ii) lactate and FA are the two major energy fuels.
The rate of this futile cycling was much faster [31] than so far assumed [29,32]. As shown before [32],
the flux of circulating FA depends almost entirely on TAG/FA cycling in WAT. Thus, the energy
requirements for TAG/FA cycling in WAT, associated with futile cycling of circulating FA and glycerol,
must be relatively high. This energy expenditure should affect significantly whole-body energy balance.
This could largely explain the anti-obesity effects of various interventions. Indeed, the HF + MSDC
+ F intervention that resulted in the highest stimulation of TAG turnover in eWAT exerted the most
pronounced reduction of HF diet-induced obesity. Accordingly, as we have shown recently in the
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obesity-resistant A/J and obesity-prone B6 mice exposed to cold stress [33], obesity resistance is
associated with higher stimulability of TAG/FA cycling in eWAT.

5. Conclusions

Modulation of intrinsic metabolic features of WAT, and in particular stimulating the level of
TAG/FA cycling, is involved in additive beneficial effects of Omega-3 and TZDs on metabolic health
in diet-induced obese mice. Whereas TAG/FA cycling in WAT is suppressed by obesogenic HF
diet, its partial rescue linked to the increased flux of circulating metabolites could reduce obesity.
WAT metabolism represents an important target for treatment strategies for obesity and associated
diseases. Combined interventions using Omega-3 could both augment the positive effects of TZD
insulin sensitizers and minimize/prevent the weight gain that can occur with this pharmacotherapy.
The second-generation PPARγ-sparing TZDs represent prospective potent pharmaceuticals for use in
the combined intervention.
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Method:LC–MS-based lipidomics. Figure S1: Palmitate oxidation in eWAT. Figure S2: Quantification of the
complexes of mitochondrial respiratory chain in eWAT. Table S1: 2H enrichment of various FA moieties in response
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