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Editorial

Oxidative Stress and Exercise

Gareth W. Davison * and Conor McClean

Sport and Exercise Sciences Research Institute, Ulster University, Newtownabbey BT37 0QB, UK;
cm.mcclean@ulster.ac.uk
* Correspondence: gw.davison@ulster.ac.uk

It is now well-established that regular moderate-intensity exercise training can activate
salient cell adaptive properties, leading to a state of oxidative eustress. At the other
end of the continuum, both sporadic and high-intensity bouts of exercise can induce an
intracellular state of oxidative stress, due primarily to an augmented production of reactive
metabolites of oxygen such as the superoxide anion and hydroxyl radical species. Exercise-
induced free-radical formation impairs cell function by oxidatively modifying nucleic acids,
where DNA damage and insufficient repair may lead to genomic instability. Likewise,
lipid and protein damage are significant cellular events that can elicit potentially toxic
perturbations in cellular homeostasis.

This Special Issue on Oxidative Stress and Exercise has attracted a broad range of
10 articles (three narrative reviews and seven original research manuscripts) with over
11,000 views to date. The original research examined oxidative stress and exercise in the
context of ageing, probiotics, metabolic acidosis, antioxidant enzyme capacity, obesity,
apoptosis, and genotyping, respectively. Considering ageing, Guerrero and colleagues [1]
elucidated the impact of ultramarathon exercise (107.4 km) on oxidative stress (MDA,
protein carbonyls) with a particular emphasis on outcomes related to sex and age. Their
intriguing data showed that sex and ageing per se are important variables for consideration
in ultra-endurance exercise-induced macromolecular damage, with more senior runners
(45–53 years) having a much higher level of oxidative stress compared to their junior
counterparts (31–37 years). The authors suggest that the difference is perhaps due to a
higher percentage of body fat and increased loss of muscle mass in the older athletes. The
sex differences observed in this investigation are also notable but require comparative data
in similar ultra-endurance events.

The antioxidant capacity of erythrocytes is known to protect against severe oxidative
stress, however, despite improved haemodynamic efficiency, the effect of eccentric exercise
on erythrocyte antioxidant capacity remains unclear. Using a sedentary human model,
Huang et al. [2] utilised cycling exercise to ascertain the difference between concentric
versus eccentric exercise on a plethora of biochemical molecules, including O2 release
capacity, glutathione, glutathione disulfide, glucose and lactate production. Both exercise
regimes were shown to increase the metabolic state of glycolysis through glucose and lac-
tate, leading to intracellular acidosis and enhanced O2 release from erythrocytes. Moreover,
concentric and eccentric exercise increased antioxidant capacity, protecting against severe
exercise-evoked circulatory oxidative stress. In keeping with the endogenous antioxidant
capacity theme, Martinez-Noguera et al. [3] quantified both oxidised (GSSG) and reduced
(GSH) glutathione alongside the well-known enzymatic antioxidant’s catalase and superox-
ide dismutase in different categories of cyclists, concluding that professional cyclists have
a higher catalase and oxidised glutathione capacity, respectively, compared to amateur
cyclists. They also provided tentative evidence to suggest that antioxidant status (based on
their GSSG/GSH data) may be related to power output.

Efficient electron-donor antioxidants are known to minimise exercise-induced oxida-
tive damage to susceptible macromolecules. In a novel study, Sánchez-Macarro et al., used
a probiotic product (Bifidobacterium longum, Lactobacillus casei, Lactobacillus rhamnosus) as
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an antioxidant activator to examine high-intensity exercise [4]. Using an impressive array
of biomarkers (urinary isoprostane, malondialdehyde, oxidized low-density lipoprotein,
urinary 8-hydroxy-2′-deoxiguanosine, protein carbonyls, glutathione peroxidase, superox-
ide dismutase), the authors determined that the consumption of the three-strain probiotic
product for 6 weeks in male cyclists undergoing high-intensity exercise was associated with
a reduction in lipid-related oxidative stress biomarkers only, with no change in antioxidant
enzyme capacity. They conclude that their findings suggest an antioxidant effect of the
probiotic product on underlying oxidative stress mechanisms and their modulation in
healthy subjects [4]. Betaine is a natural compound, commercially obtained from sugar
beet, and is known to protect mitochondrial and wider cell function. To this end, Yang et al.
hypothesized that 2 weeks of betaine supplementation can attenuate apoptosis and exercise-
induced oxidative stress [5]. Their study demonstrated that placebo ingestion increases
lymphocyte apoptosis immediately following, and 3 h post exhaustive exercise, however,
betaine supplementation exhibited no change in either apoptosis or oxidative stress.

Two of the published studies opted to use an animal model to probe the relationship be-
tween oxidative stress and exercise in a clinical context. Obesity is known to induce insulin
resistance, hyperinsulinemia and trigger oxidative stress. In obese male Wister rats, Gómez-
Barroso and colleagues [6] tested the effects of diazoxide (a KATP channel activator) and
exercise training, both independently and combined, on muscle contraction and subsequent
oxidative stress (ROS were determined by oxidation of the 2′, 7′-dichlorodihydrofluorescein
diacetate fluorescent probe). Outcomes showed that exercise and diazoxide both reduce
ROS production and lipid peroxidation and improve glutathione redox state. Diazoxide
treatment and exercise, independently and combined, also leads to a greater increase in
maximum and total tension in the soleus muscle of obese rats, suggesting that the KATP
channels may play a prominent role in muscle function in obesity. Chaudhari et al. [7]
determined whether dietary vitamin E and C are viable alternatives to exercise in im-
proving cognitive and motor performance in a mouse model of Alzheimer’s disease risk.
Mice expressing human Apolipoprotein E3 (GFAP-ApoE3) or E4 (GFAP-ApoE4) fed an
8-week control or antioxidant-rich diet were subjected to various tests to quantify reflex
and motor, cognitive and affective function. The antioxidant diet (and exercise) improved
balance, learning, and cognitive flexibility in the GFAP-ApoE3 only group, with the authors
concluding that genotyping needs to be considered in interventions designed to improve
brain function during ageing, and particularly in neurodegenerative disease.

Three narrative reviews were published in this Special Issue. In their review, Zeng et al. [8]
summarised the current evidence available for the use of whole dietary strategies to
reduce exercise-induced oxidative stress in humans. The review included an overview of
28 studies, with the majority outlining the importance of dietary antioxidant consumption
as a scavenging technique to curb exercise-related oxidative stress. Yet, the investigative
protocols are heterogeneous in nature, and further enquiry is needed to strengthen the
evidence base. Other dietary factors, such as excessive consumption of nutrients, are tightly
linked to obesity, where oxidative stress plays a prominent role. For example, nutrients
such as glycerol and fatty acids can accumulate in white adipose tissue, while subsequently
secreted molecules such as adipocytokines (IL-6, TNF-α) and reactive species can lead to
inflammation and oxidative stress. Taherkhani and colleagues propose in their review [9]
that antioxidant supplementation can therapeutically help to neutralise oxidative stress by
removing reactive oxygen metabolites in animal adipose tissue. The authors acknowledge
that data in this domain are currently inconsistent due to differences in study design
relating to experimental duration and diversity (strain, age sex) in animal models used [9].
As outlined by McClean and Davison [10], compelling research now documents how the
circadian system is essential for the maintenance of homeostasis and glucose metabolism,
and disruptions to circadian rhythms may well be instrumental in the development of
obesity and other conditions. Although a direct relationship has been established between
circadian rhythms and oxidative stress, it appears that the emerging interface between
circadian rhythmicity and oxidative stress has not been explored in relation to exercise. In
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their novel review [10], a summary of the evidence supporting the conceptual link between
the circadian clock, oxidative stress/redox homeostasis, and exercise stimuli is offered,
while the latter section of the review outlines that carefully designed investigations of this
nexus are required to further progress this important area of study.

The guest editors would like to acknowledge all author contributions to the Special
Issue Oxidative Stress in Exercise. While we commend this Special Issue to the readers of
Antioxidants, we trust that the work contained within will be viewed as a starting point for
further exploration into the complex relationship between oxidative stress and exercise.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Oxidative stress has been widely studied in association to ultra-endurance sports. Al-
though it is clearly demonstrated the increase in reactive oxygen species and free radicals after these
extreme endurance exercises, the effects on the antioxidant defenses and the oxidative damage to
macromolecules, remain to be fully clarified. Therefore, the aim of this study was to elucidate the
impact of an ultramarathon race on the plasma markers of oxidative stress of 32 runners and their
post-race recovery, with especial focused on sex and age effect. For this purpose, the antioxidant
enzymes glutathione peroxidase (GPx) and glutathione reductase (GR) activity, as well as the lipid
peroxidation product malondialdehyde (MDA) and the carbonyl groups (CG) content were measured
before the race, in the finish line and 24 and 48 h after the race. We have reported an increase of the
oxidative damage to lipids and proteins (MDA and CG) after the race and 48 h later. Moreover, there
was an increase of the GR activity after the race. No changes were observed in runners’ plasma GPx
activity throughout the study. Finally, we have observed sex and age differences regarding damage
to macromolecules, but no differences were found regarding the antioxidant enzymes measured. Our
results suggest that several basal plasma markers of oxidative stress might be related to the extent of
muscle damage after an ultraendurance race and also might affect the muscle strength evolution.

Keywords: ultraendurance exercise; oxidative stress; antioxidants; muscle injury

1. Introduction

Ultramarathon races are defined as sport events that involve running and/or walking
distances greater than the 42,195 km of a marathon. In the recent years, these short of
competitive events have gained a lot of popularity. These extremely long races defiance our
physiological systems inducing muscle injuries (muscle membrane disruption), respiratory
fatigue, cardiac and renal damage, representing an outstanding model to evaluate the
ultra-endurance exercises/sports on human body physiology [1–4].

Oxidative stress is defined as the imbalance between the body oxidants and antiox-
idants in favor of the former [5] and has been widely studied in association to ultra-
endurance sports. However, although it is clearly demonstrated the increase in reactive
oxygen species (ROS) and free radicals, the effects of these extreme endurance exercises
on the cellular antioxidant defense system, and the oxidative damage to macromolecules,
remain to be fully clarified [6]. In this regard, an increase in different plasmatic antioxidant

Antioxidants 2021, 10, 355. https://doi.org/10.3390/antiox10030355 https://www.mdpi.com/journal/antioxidants5
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compounds such as glutathione (GSH), thioredoxin or paraoxonse, as well as in the total
antioxidant capacity [7–10], supports the hypothesis of a compensatory mechanism to
counteract the increased oxidative stress elicited by the intense exercise in these runners.
Conversely, other researchers also showed contradictory and inconclusive results regarding
the effects of intense activity on the antioxidant system. At this respect, several studies
showed that the antioxidant system remained unchanged or even a decrease in several
antioxidant molecules such as glutathione, catalase, or superoxide dismutase [11–14].

In this line of evidence, similar inconclusive results have been found regarding ultra-
endurance activity effects on oxidative damage to macromolecules such as proteins, de-
oxyribonucleic acid (DNA) or lipids [15,16]. It has been demonstrated that the optimal
muscle contractile function depends on the cellular redox state. However, the effects of
ROS as well as several antioxidant compounds on contractile function during fatigue and
recovery are still being debated [17,18].

Given this, the purpose of this study was to elucidate the impact of ultratrail endurance
exercise on several plasma oxidative stress markers with especial focus on the post-race
recovery. The objectives of this study are:

i. To determine four plasma oxidative stress markers of long-distance amateur runners
throughout the study. Two of them are macromolecule oxidative damage markers
(MDA and CG) and the other two are antioxidant enzymes (GR and GPx).

ii. To evaluate the influence of physical variables (sex and age) on these plasma oxidative
stress markers after the race, 24 and 48 h afterwards.

iii. To study the possible correlation between baseline values of these plasma oxidative
stress markers and the post-race degree of systemic inflammatory processes, loss of
skeletal muscle strength and muscle membrane disruption.

2. Materials and Methods

2.1. Participants

Forty-seven recreational ultra-endurance athletes (29 males and 18 females) were
recruited to participate in the study that was developed at the Penyagolosa Trails CSP race
in 2019. The track consisted of 107.4 km, starting at an altitude of 40 m and finishing at
1280 m above the sea level, with a total positive and negative elevation of 5604 and 4356 m
respectively. All volunteers were fully informed of the procedure and gave their written
consent to participate. They were also allowed to withdraw from the study at will. A
questionnaire was used to collect demographic information, the history of training and
competition and the consumption of antioxidant supplements in the preparation of the
race and in the development of the same. The investigation was conducted according to the
Declaration of Helsinki and approval for the project was obtained from the research Ethics
Committee of the University Jaume I of Castellon (Expedient Number CD/007/2019). This
study is enrolled in the ClinicalTrails.gov database, with the code number NCT03990259.

In order to have homogeneous groups, the participants were grouped by age as
follows; under 38, between 38 and 45, and over 45 years.

2.2. Blood Sampling and Analysis

Blood samples were collected from an antecubital vein by venipuncture at the time of
race number collection which was 8 to 6 h before the start, after crossing the finishing line,
24 and 48 h post-race using BD Vacutainer PST II tubes. Samples were centrifuged at 3500
rpm for ten minutes and kept at 4 ◦C during transport to Vithas Rey Don Jaime Hospital
(Castellon), where they were processed using the modular platform Roche/Hitachi clinical
chemistry analyzer Cobas c311 (Roche Diagnostics, Penzberg, Germany), as previously
published [1,19]. Lactate dehydrogenase (LDH) and creatin kinase (CK) were used to assess
muscle membrane disruption, as a surrogate for muscle damage. C-reactive protein (CRP)
as an indicator of acute inflammatory reaction [3] (supplementary Table S1).

The oxidative stress biomarkers used in the present investigation were GR, GPx, MDA
and CG, which were analyzed as follows:

6
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GPx activity, which catalyzes the oxidation by H2O2 of glutathione (GSH)to its disul-
fide (GSSG), was assayed spectrophotometrically as reported by Lawrence et al. [20] toward
hydrogen peroxide, by monitoring the oxidation of nicotinamide adenine dinucleotide
phosphate (NADPH) at 340 nm. The reaction mixture consisted of 240 mU/mL of GSH
disulfide reductase, 1 mM GSH, 0.15 mM (NADPH) in 0.1 M potassium phosphate buffer,
pH 7.0, containing 1 mM ethylethylenediaminetetraacetic acid (EDTA) and 1m sodiu-
mazide; a 50 μL sample was added to this mixture and allowed to equilibrate at 37 ◦C
for 3 min. Reaction was started by the addition of hydrogen peroxide to adjust the final
volume of the assay mixture to 1 mL.

GR activity was determined spectrophotometrically using Smith proposed method [21].
Briefly, when the GR catalyzed reduction of GSSG to GSH is produced in presence of 5,5′-
dithiobis (2-nitrobenzoic acid) (DTNB), 2-nitrobenzoic acid is formed as a subproduct,
which formation is monitored at 412 nm. The GSSG reduction was started by adding 25 μL
of brain sample to a solution containing DTNB 3 mM prepared in 10 mM phosphate buffer,
2 mM NADPH, 10 mM MEDTA in 0.2 M pH 7.5 phosphate buffer.

MDA concentration was measured by liquid chromatography according to a modifi-
cation of the method of Richard and coworkers [22], as previously reported [23]. Briefly,
0.1 mL of sample (or standard solutions prepared daily from 1,1,3,3-tetramethoxypropane)
and 0.75 mL of working solution (thiobarbituric acid 0.37% and perchloric acid 6.4%; 2:1,
v/v) were mixed and heated to 95 ◦C for 1 h. After cooling (10 min in ice water bath), the
flocculent precipitate was removed by centrifugation at 3200× g for 10 min. The super-
natant was neutralized and filtered (0.22 μm) prior to injection on an ODS 5 μm column
(250 × 4.6 mm). Mobile phase consisted in 50 mM phosphate buffer (pH 6.0): methanol
(58:42, v/v). Isocratic separation was performed with 1.0 mL/min flow and detection
at 532 nm.

CG were determined to evaluate protein oxidation in milk samples. The CGs released
during incubation with 2,4-dinitrophenylhydrazine were measured using the method
reported by Levine et al. (1990) [24] with some modifications introduced by Tiana et al.
(1998) [25]. Briefly, the samples were centrifuged at 13,000× g for 10 min. Then, 20 mL
of brain homogenate was placed in a 1.5 mL Eppendorf tube, and 400 mL of 10 mM 2,4
dinitrophenylhydrazine/2.5 M hydrochloric acid (HCl) and 400 mL of 2.5 M HCl were
added. This mixture was incubated for 1 h at room temperature. Protein precipitation was
performed using 1 mL of 100% of TCA, washed twice with ethanol/ethyl acetate (1/1, v/v)
and centrifuged at 12,600× g for 3 min. Finally, 1.5 mL of 6 N guanidine, pH 2.3, was added,
and the samples were incubated in a 37 ◦C water bath for 30 min and were centrifuged at
12,600× g for 3 min. The carbonyl content was calculated from peak absorption (373 nm)
using an absorption coefficient of 22,000 M−1cm−1 and was expressed as nmol/mg protein.

Biochemical results obtained immediately post-race were adjusted by employing the
Dill and Costill method [26], using hematocrit and hemoglobin to determine the magnitude
of plasma volume changes after the race in each participant.

2.3. Muscle Strength. Squat Jump (SJ) and Handgrip (HG) Strength Assessment

The SJ is a validated research test based on three parameters (body mass, jump height
and push distance), which allows to accurately assess the strength, speed and power
developed by the extensor muscles of the lower extremities during squat jumps [27].

Grip strength, short-term maximal voluntary force of the forearm muscles, measured
by dynamometry, is well established as an indicator of muscle status [28]. Grip strength
provides a direct measure of the hand skeletal muscle strength. It has been described as an
strength index, endurance and general muscular status because its association between
peripheral strength and exercise capacity [29].

Previous studies have also suggested that the strength decline index (SDI), calculated
as the decline in strength as a proportion of baseline values, measured through tests such
as the HG and SJ, is a useful assessment of muscle fatigue [30].
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Volunteers were familiarized with procedures concerning strength assessment during
an informative session prior to the investigation. HG and SJ tests were performed before
the race and within 15 min after the race. In the HG assessment, volunteers remained in
standing position, arm by their side with full elbow extension, holding the grip dynamome-
ter (T.K.K. 5401 GRIP-D, Takei Scientific Instruments Co., Tokyo, Japan) in their dominant
hand. They were asked to squeeze the dynamometer for 5 s and the test was performed
twice, with 30 s of rest in between attempts. Each individual’s peak value was retained
for statistical analysis. Following previous studies [31,32], pre to post-race change in HG,
given that upper-limb muscles could be considered as being hardly no-exercising muscles
during the race. In the SJ assessment, participants were asked to jump as high as possible
from a starting position with hips and knees flexed 80 degrees and hands stabilized on
hips to avoid arm-swing. Jump height was estimated by the flight time measured with a
contact platform (Chronojump, Barcelona, Spain). The test was performed twice, with 90 s
of rest in between attempts. Each individual’s best performance was retained for statistical
analysis [3] (Supplementary Table S1).

2.4. Basal Metabolic Rate (BMR), Body Mass Index (BMI), and Body Composition Assesment

Volunteers height and weight were measured before the start the day of the race.
Participants were also subjected to a body composition evaluation test (Tanita BC-780MA,
Tanita Corp., Tokyo, Japan). The BMR is defined as the daily rate of energy metabolism an
individual needs to sustain in order to preserve the integrity of vital functions. The BMR
formula (BMR = Kg × 1 Kcal/h) was calculated based on previous studies [33].

2.5. Statistical Analysis

Statistical analyses were carried out using the Statistical Package for the Social Sciences
software (IBM SPSS Statistics for Windows, version 25.0, IBM Corp., Armonk, NY). Normal
distribution of the variables was verified through the Shapiro-Wilk test (p > 0.05) [34].

A Pearson or Rho Spearman correlation analysis was used to assess whether the
concentration of oxidative stress biomarkers (GR, GPX, MDA and CG) was interrelated or
related to the loss of upper (HG) and lower limb (SJ) strength, hematologic variables of
systemic inflammation (CRP) and muscle damage (CK, LDH), as well as cardiopulmonary
exercise test results. Post-race and at 24 and 48 h values for these variables (GR, GPX,
MDA, CG, HG, SJ, CRP, CK and LDH) for each participant were related to the individual
pre-race level to define the delta scores (Δ): Δ (fold increase) = (post-race value − Pre-race
value)/Pre-race value [3].

On the other hand, the quantitative variables of oxidative stress were compared using
the Student method Tests or U Mann Whitney in each of the sectors where measurements
were taken (pre-race, finish line, 24 and 48 h after the race) when they existed two cate-
gories and ANOVA test or Kruskall Wallis when there were more categories. Post-hoc
comparisons were performed using Bonferroni adjustment for multiple comparisons.

The meaningfulness of the outcomes was estimated through the partial estimated
effect size (η2 partial) for ANOVA and Cohen’s d effect size for pair wise comparisons. In
the latter case, a Cohen’s d < 0.5 was considered small; between 0.5–0.8, moderate; and
greater than 0.8, large [35]. Likewise, correlations > 0.5 were considered strong, 0.3–0.5,
moderate and <0.3, small. The significance level was set at p-value < 0.05 and data are
presented as means and standard error of the means (±SEM).

Finally, the multiple regression analysis was performed using the forward stepwise
method. Only normally distributed variables were used as dependent variables. Among
the different models obtained, the parsimony principle was applied [36]. Given our limited
sample size and the non-normal distribution of independent variables, residual errors
from the resulting models were inspected to ensure their normal distribution and thus the
reliability of our regression models [37]. To identify the predictive value of the model, the
Cohen criterion [38] was applied to one-way ANOVA models. This criterion indicates that
R2 values less than 0.10 do not present a relevant explanatory value; an R2 between 0.10
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and 0.25 indicates a dependency of the analyzed variables variance explanation for the
identified factors; and R2 values above 0.25 is possible to affirm that the explanatory model
clinically relevant.

3. Results

3.1. Demographic Characteristics of The Participants

Thirty-two runners reached the finish line. Nineteen were male and thirteen females,
with an average finish time of 21 h 21 min ± 3 h 28 min. All levels of performance were
represented in our sample, as shown by their rank, ranging from 7th to 32nd. The main
characteristics of these runners are described in Table 1, including sex and age differences.
As expected, males showed significant higher pre-race values in weight, BMR, BMI and
percentage of muscular mass when compared with female runners. No differences were
found in training characteristics or experience between male and female runners. The
runner’s age did not affect any of the parameters measured except for the weekly running
volume that was smaller in the senior runner group.

Table 1. Baseline characteristics of the runners which completed the race by sex and age (Average ± SE).

Total
(n = 32)

Males
(n = 19)

Females
(n = 13)

Young
(n = 10)

Medium
(n = 14)

Senior
(n = 8)

Age (years) 40.9 ± 1.0 40.1 ± 1.2 42.2 ± 1.7 34.6 ± 0.6 41.4 ± 0.5 48 ± 1.1
Weight Pre-race (Kg) 66.1 ± 1.9 73.2 ± 1.5 55.7 ± 1.4 * 68.4 ± 2.9 63.1 ± 2.3 68.4 ± 5.1
BMR Pre-race (Kcal) 1619 ± 52 1835 ± 30 1302 ± 32 * 1708 ± 84 1563 ± 69 1604 ± 135

BMI Pre-race (kg/m2) 22.9 ± 0.4 23.8 ± 0.4 21.7 ± 0.6 * 23.2 ± 0.4 22.25 ± 0.5 23.8 ± 1.1
% Body Fatty Pre-race (%) 15.9 ± 1.1 12.4 ± 0.8 20.9 ± 1.2 * 14.3 ± 1.8 14.9 ± 1.2 19.5 ± 2.7

% Muscular Mass Pre-race (%) 84.1 ± 1.1 87.6 ± 0.8 79.1 ± 1.3 * 85.7 ± 1.8 85.1 ± 1.2 80.5 ± 2.7
Number of years running 8.0 ± 0.5 8.0 ± 0.6 8.1 ± 0.9 7.7 ± 1.0 7.7 ± 0.9 9.0 ± 1.0
Number of races > 100 km 2.5 ± 3.3 3.0 ± 0.6 2.0 ± 1.1 2 ± 1.1 2.4 ± 1.0 3.1 ± 0.5

Weekly training days 4.8 ± 1.2 4.7 ± 0.3 4.8 ± 0.3 4.6 ± 0.3 5.2 ± 0.3 4.3 ± 1.0
Weekly running volume (km) 70 ± 22 71 ± 5.8 74 ± 3.7 79.3 ± 8.4 73.4 ± 5.1 53.3 ± 4.5 #

Weekly positive elevation (m) 1771 ± 691 1869 ± 175 1631 ± 157 1600 ± 175 2057 ± 154 1488 ± 318
Weekly training hours 9.6 ± 4.2 10 ± 0.9 9 ± 1.3 10 ± 1.2 9.9 ± 1.2 8.6 ± 1.6

Data partially published previously by our group (Martinez-Navarro et al., 2020) [3]. Abbreviations: BMR: Basal Metabolic Rate; BMI: Body
Mass Index. * p < 0.05 vs. Males; # p < 0.05 vs. Young and Medium.

3.2. Analysis of Plasma Markers of Oxidative Stress

Descriptive data of oxidative stress biomarkers pre-race (baseline), finish line and
after 24 and 48 h post-race are depicted in Table 2. Regarding the antioxidant defenses,
no significant changes were observed in GPx activity. The GR activity was significantly
enhanced in the finish line. The GR enzymatic activity reached the highest value 24 h post-
race and returned to normal values after 48 h. Lipid peroxidation (MDA concentration) was
also increased in the finish line, declined 24 h post-race, and was significantly increased
after 48 h. Oxidative damage to proteins (CG content) also increased immediately after the
race and remained elevated 48 h later.

Table 2. Changes in plasma markers of oxidative stress throughout the study period (Average ± SE).

Baseline Finish Line 24 H Post-Race 48 H Post-Race

GPx (μmol/L × min) 87 ± 7 97 ± 5 98 ± 6 96 ± 3
GR (UI/mL) 2.6 ± 0.1 3.3 ± 0.2 # 7.3 ± 0.5 *# 2.6 ± 0.1 *
MDA (μM) 0.8 ± 0.1 1.3 ± 0.1 # 0.9 ± 0.1 * 1.4 ± 0.1 *#

CG (nmol/mL) 1.4 ± 0.1 2.2 ± 0.2 # 1.9 ± 0.2 # 2.1 ± 0.3 #

* p < 0.05 vs. preceding time point; # p < 0.05 vs. baseline value.
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3.3. Influence of Sex and Age in the Plasma Markers of Oxidative Stress Evolution of the Runners

Data depicted in Figure 1, demonstrate that female runners have a significantly higher
CG content when compared to males at the end of the race and 48 h later. To the contrary,
MDA concentration 48 h post-race is higher in male compared to female runners. The
antioxidant defenses, measured as GR and GPx enzymatic activity, are not conditioned by
runner’s sex.

Figure 1. Changes in plasma markers of oxidative status throughout the study according to runners’ gender. CG (carbonyl
groups) content (A), MDA (malondialdehyde) (B), GR (glutathione reductase) activity (C) and GPx (glutathione peroxidase)
activity (D).

Data from Figure 2 shows the effect of the runner’s age. A tendency can be observed in
the plasma oxidative status of the senior runners which appears to be globally worse com-
pared to the in the younger runner’s values. Briefly, less antioxidant defenses and higher
levels of oxidative damage to lipids and proteins. However, only the lipid peroxidation
(MDA concentration) was significantly affected by the age. Thus, the MDA concentration
was significantly higher in the senior runners when compared to the middle age and young
competitors at the finish line and 48 h post-race.
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Figure 2. Changes in plasma markers of oxidative status throughout the study according to runners’ gender. CG (carbonyl
groups) content (A), MDA (malondialdehyde) (B), GR (glutathione reductase) activity (C) and GPx (glutathione peroxidase)
activity (D).

3.4. Correlation between the Plasma Markers of Oxidative Stress and the Skeletal Muscle Force
Production, Muscle Damage and Systemic Inflammatory Response

Regarding the post-race skeletal muscle strength, Table 3 shows that there was signifi-
cant negative correlation between basal MDA concentration and the fold increase in HG
values in the finish line. We also observed a significant positive correlation between basal
GR activity and the fold increase in SJ values at the finish line.

Table 3. Significant correlations between baseline plasma markers of oxidative stress and Delta
values of muscle strength (SJ and HG) and muscle damage (CK and LDH).

R Value p Value

GR (UI/mL)/Δ SJ Finish line 0.405 0.027
GR (UI/mL)/Δ CK Finish line −0.411 0.019

GR (UI/mL)/Δ ck 24/GR (UI/mL) −0.352 0.048
GR (UI/mL)/Δ LDH Finish line −0.402 0.023

GR (UI/mL)/Δ LDH 24 −0.418 0.017
GR (UI/mL)/Δ LDH −0.406 0.021

GPx (μmol/L × min)/Δ CK 48 −0.360 0.043
CG (nmol/mL)/Δ LDH 24 0.358 0.048
CG (nmol/mL)/Δ LDH 48 0.363 0.045

MDA (μM)/Δ HG Finish line −0.379 0.032

In addition, basal GR activity negatively correlated with the delta values of LDH at the
finish line, 24 h and 48 h post-race. Moreover, basal GR activity negatively correlated with
the fold increase of CK at the finish line. It was also demonstrated a significant positive
correlation between basal CG content (oxidative damage to proteins) and the rise in LDH
observed 24 h and 48 h post-race (Table 3). The inflammatory response observed after
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the race did not correlate significantly with any of the plasma markers of oxidative stress
parameters measured.

3.5. Multiple Regression Analysis

Results of the multiple regression analysis are listed in Table 4. When performing
the multiple linear regression analysis using Age and GR as the predictive variables, a
significant regression equation was obtained for the SJ delta Value dependent variable.
This analysis would indicate that younger age as main predictor and higher basal GR
concentration, a lower SJ delta value after finishing the ultramarathon was obtained. This
regression model predicts the 28.3% of the variance. Another multiple linear regression
model was obtained in which the dependent variable was the Δ CK finish line value and
the main predictive variables were Age and GR. In this scenario, the regression analysis
model predicts a 18.3% of the variance.

Table 4. Linear regression models.

Model R2 Adjusted
Standardized

Coefficients Beta
Standard Error F (p)

Dependent Variable: Δ SJ finish line
Covariables: Age, GR. 0.283 0.217 0.16389 0.6521 (0.005)

Dependent Variable: Δ CK finish line
Covariables: Age, GR. 0.183 −0.413 0.15558 3.431 (0.002)

Abbreviations: Δ SJ (Fold increase Squat Jump); Δ CK (Fold increase Creatine Kinase); GR (Glutathione reductase).

As we have previously mentioned, according to the criterion proposed by Cohen [38],
our regression models might be considered for their predictive value, explaining within a
multicausal model context the influence of oxidative stress on muscle damage and fatigue
after a severe effort such as running an ultramarathon.

4. Discussion

The present investigation aimed to ascertain the relationship between several athlete’s
plasma markers of oxidative stress and the degree of muscle strength and damage after
ultraendurance exercise. Results of this study were also extended to investigate the possible
runner’s sex and age influence. It is important to remark that this short of studies present
limitations regarding the sample size due to the difficulty to finish the competition by the
runners. The demographic/anthropometric characteristics of the present study (age, body
composition and resistance training) as well as muscle damage, acute inflammation and
muscle strength variables have been previously analyzed and discussed by our group [3]
(See Supplementary Table S1).

Briefly, male participants showed significant higher pre-race values for weight, BMR,
BMI and percentage of muscular mass when compared to women runners [31,32]. The
muscular membrane disruption variables, LDH and CK release, peaked after the race and
returned to normal values after 24 h. In the Supplementary material section, we also have
included results about acute inflammatory processes (CRP), muscle damage (CK and LDH)
and muscle strength (SJ and HG), previously published by our research group [4]. No
changes were observed in the performance of SJ and HG before the race when compared
with the finish line. Both acute inflammation and muscle damage were observed in the
finish line, as well as 24 h and 48 h post race.

Regarding the plasma markers of oxidative stress, a time-course analysis of GPx and
GR activity, and the oxidative damage to lipids and proteins (MDA and CG, respectively)
was performed at the finish line, 24 h and 48 h post-race. It has been showed that ultra
endurance exercise is associated with a notably enhanced rate of oxygen utilization and
the generation and accumulation of ROS [6]. Moreover, the glutathione system increases
its activity to restore the cell redox balance when the formation of ROS is enhanced. Our
data showed an increase of the oxidative damage to macromolecules (lipids and proteins)
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indicating an increase of ROS cellular levels. Thus, lipid peroxidation damage appears
to be increased in the finish line and 48 h post-race as confirmed by the MDA levels,
proving the presence of oxidative damage to lipids two days after the extreme exercise. A
partially recovering effect was observed 24 h after the race as can be seen in Table 2. At this
respect, previous studies have shown controversial results regarding the blood MDA levels
after ultraendurance exercise. Several studies showed an increase on the cellular MDA
levels [14,16,39] compared to data supporting no lipid peroxidation effect after extreme
endurance exercise [12,13]. In addition, Skenderi et al., [9] demonstrated an MDA levels
decrease 48 h post-race when compared to control and post-race values. However, in this
study, the sport type (running, swimming), the distance, the accumulated altitude or the
anthropometric characteristics of the sample might be influencing these results. It is also
noteworthy to mention that these differences can be attributed to methodological aspects.
Authors used the TBARS (thiobarbituric acid-reacting substances) technique which, appear
to be a less robust measure of lipid peroxidation [6].

The analysis of the CG content remained significantly elevated for all the time points of
the study (finish line, 24 h post-race and 48 h post-race). Interestingly, Spanidis et al., [12] did
not find significative differences for this parameter after an ultramarathon mountain race. This
discrepancy is explained due to a sample size effect. In contrast, Turner et al., [16] demon-
strated an increase in plasma CG content after an ultramarathon race, thus confirming
oxidative damage to proteins after ultraendurance exercise.

Regarding the glutathione system enzymes, no significant differences were observed
for the GPx activity. Conversely, the GR activity showed a significant increase in the finish
line that was even greater 24 h post race, interestingly concurring with the partial MDA
concentration recovery. Although both enzymes are mainly located in the intracellular
compartment, their plasmatic activity have been broadly used as a measurement of the
antioxidant status [40–43]. In the case of ultraendurance exercise, previous studies show
contradictory results to what concern to the antioxidant enzymes [7,12,14,39], but our
results support the hypothesis of a compensatory mechanism based on a temporary increase
of the antioxidant defense to compensate an oxidative insult [44,45]. Although the activity
of these two enzymes has been used to evaluate the presence of oxidative stress, GR
is considered the limiting factor of these antioxidative system [46]. It is plausible that
the increase of GR activity is not accompanied by an enhanced GPx activity because of
other antioxidant enzymes such as catalase or paraoxonase also able to degrade hydrogen
peroxide that could be affected by the intense exercise [10,47].

Moreover, it is remarkable that we report a significant negative correlation between
the basal GR activity of the runners and the degree of muscle membrane disruption after
the race. Thus, the basal activity of this enzyme correlated with [LDH] in the finish line,
after 24 h and 48 h and with the [CK] in the finish line and after 24 h. In addition, the resting
levels of oxidative damage to proteins (CG content) also showed a significant positive
correlation with the magnitude of post-race muscle injury ([LDH] after 24 h and 48 h). It is
important to notice that we assume that serum CK and LDH assess for muscle membrane
disruption and do not necessarily correlate with muscle structural damage. Furthermore,
we have also reported a significant positive correlation between basal GR activity and the
improvement in the SJ performance as well as, a significant negative correlation between
the basal levels of lipid peroxidation (MDA concentration) and the enhancement in the
HG execution. Although there is a limitation on the correlation’s coefficient power to
assume an evident causality between oxidative stress and muscle fatigue, these novel
findings, suggest that a stronger basal plasma oxidative status might improve muscle
strength during ultraendurance sports practice. However, further studies are necessary to
increase the number of research volunteers and validate the present results.

Finally, we have reported sex differences in oxidative damage to macromolecules.
Surprisingly, female athletes showed higher CG content and less MDA levels than male
athletes, although female athletes have less muscular mass and higher body fat mass per-
centage. There is almost no literature considering sex differences in type of events, probably
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due to the difficulty in getting sufficient sample sizes. Although several studies include
female runners in their research, they do not describe sex differences in the parameters
measured [48,49]. Recently Devrim-Lanpir et al., reported significant interaction between
time at exhaustion and dietary antioxidant intake in males, but not in females, who under-
went an acute exhaustive exercise test (a cycle ergometer) followed by a treadmill test in a
laboratory [50]. Moreover, the results of the multivariate analysis show us the predictive
value of basal GR concentration and sex in relation to muscle fatigue and cell damage,
after ultramarathon.

5. Conclusions

Interestingly, the study yielded new results regarding the age of the runners. Senior
runners (45–53) showed significant higher levels of lipid peroxidation (MDA concentration)
than medium (38–44) and young runners (31–37) throughout the study. A plausible
explanation would be the higher body fat percentage observed in senior runners, together
with the loss of muscular mass compared to younger runners (Table 1). These results are
in agreement with Hattori and cols. who reported that ultramarathon runners aging less
than 45 years old had lower ROS levels at all race points [51]. Again, larger series would be
necessary to study the predictive value of this assay to consider if a personalized antioxidant
supplementation might promote the physiological recovery after great physical efforts.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-392
1/10/3/355/s1, Supplementary Table S1. Evolution of muscle strength (SJ and HG), muscle damage
(LDH and CK) and acute inflammation (CRP) biomarkers.
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Abstract: The antioxidant capacity of erythrocytes protects individuals against the harmful effects of
oxidative stress. Despite improved hemodynamic efficiency, the effect of eccentric cycling training
(ECT) on erythrocyte antioxidative capacity remains unclear. This study investigates how ECT affects
erythrocyte antioxidative capacity and metabolism in sedentary males. Thirty-six sedentary healthy
males were randomly assigned to either concentric cycling training (CCT, n = 12) or ECT (n = 12) at
60% of the maximal workload for 30 min/day, 5 days/week for 6 weeks or to a control group (n = 12)
that did not receive an exercise intervention. A graded exercise test (GXT) was performed before and
after the intervention. Erythrocyte metabolic characteristics and O2 release capacity were determined
by UPLC-MS and high-resolution respirometry, respectively. An acute GXT depleted Glutathione
(GSH), accumulated Glutathione disulfide (GSSG), and elevated the GSSG/GSH ratio, whereas both
CCT and ECT attenuated the extent of the elevated GSSG/GSH ratio caused by a GXT. Moreover,
the two exercise regimens upregulated glycolysis and increased glucose consumption and lactate
production, leading to intracellular acidosis and facilitation of O2 release from erythrocytes. Both
CCT and ECT enhance antioxidative capacity against severe exercise-evoked circulatory oxidative
stress. Moreover, the two exercise regimens activate erythrocyte glycolysis, resulting in lowered
intracellular pH and enhanced O2 released from erythrocytes.

Keywords: eccentric exercise; redox status; erythrocyte; metabolism

1. Introduction

Endurance training is essential to maximally improve cardiopulmonary fitness and
delay the disease process. However, this may be intolerable due to the overload of the
cardiopulmonary system to elderly individuals or patients with chronic diseases, traditional
concentric work at usual training intensity [1]. Eccentric endurance training has the
ability to overcome these limitations because of less respiratory requirement and metabolic
oxygen, as well as lower heart rate (H), cardiac index and blood lactate concentration than
concentric type at equivalent workload [2]. The benefits of using eccentric cycling training
(ECT) in chronic heart failure patients [3], elderly individuals [4] and chronic obstructive
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pulmonary disease [5] have been confirmed. Conventionally, most studies have focused on
the contribution to elicit neuromuscular adaptations of eccentric work [6]; nevertheless, a
recent study further demonstrated that either acute bout of concentric or eccentric cycling
at moderate intensity induced increased enzymatic antioxidant capacity and decreased
oxidative stress markers [7]. Moreover, ECT induces greater fat utilization compared to
concentric cycling training (CCT) at a fixed workload [8] and greater fat loss in obese
adolescents [9]. Therefore, the different cardiopulmonary loading and metabolic oxygen
demands in ECT and CCT may result in distinct changes in antioxidative metabolism
and O2 release adaptations [10]. However, there is very limited evidence regarding these
mechanisms of chronic physiological responses to eccentric cycling [11].

Erythrocytes are vital to humans because of their abundance and the irreplaceable
function they have of delivering O2. However, they are susceptible to sustained free
radical damage during circulation, which impairs their O2 release capacity and reduces
their lifespan [12]. Previous studies have reported that blood antioxidation capacity is
impaired with acute exercise [13]; in contrast, regular exercise may increase antioxidative
capacity [14]. The lower oxygen and energy consumed in ECT may avoid repeated,
excessive exposure to oxidative stress, which progressively impair the erythrocyte [15].
However, whether this lower metabolic stress in comparable ECT might be enough to elicit
physiological adaptations as CCT or not is another concern [16]. To date, the adaptations
of the antioxidation capacity and regulatory mechanism of erythrocytes under different
exercise regimens remain unclear. Here, we identified the key regulatory mechanisms
using metabolomics profiling technology.

When exercising, erythrocytes must accelerate O2 release into peripheral tissue ac-
cording to the Bohr effect [17] and enhance the demand for glycolytically derived ATP to
restore intracellular ion balances. This process is at a constant rate when ATP consumption
is steady, but the activity of the process changes rapidly in response to enhanced ATP
utilization [18]. Importantly, erythrocytes are also exposed to dramatically enhanced ox-
idative stress that must be controlled by accelerated production of reducing equivalents
derived from the pentose phosphate pathway (PPP), which is the sole source of NADPH
and produces GSH as an antioxidant. In the sickle cells, the impaired antioxidant ca-
pacity leaves to a loss of glycolysis and the PPP shifting mechanism control and further
homeostasis rupture, contributing to a decreased lifespan of cells [19]. Moreover, altering
glycolytic pathway dominance has been demonstrated to limit antioxidation capacity under
hypoxia [20]. Therefore, exercise may introduce continuous substrate competition between
the main glycolysis pathway and the PPP, although this needs to be further elucidated.

2,3-BPG is a strong allosteric modulator that leads to O2 unloading [21]. However,
the generation of 2,3-BPG bypasses the main phosphoglycerate kinase reaction so that
the overall production of ATP per mole of glucose is decreased to zero. GSH de novo
synthesis is ATP dependent and is therefore impaired when the stocks of intracellular ATP
are depleted. In addition, lactate is the only end product of glycolysis in erythrocytes,
and it also helps create a low pH value environment to decrease Hb-O2 affinity [22] and
influence GSH synthesis [23]. Therefore, one of the biggest puzzles regarding erythrocyte
metabolism during exercise is how the programming of erythrocyte glucose metabolism,
2,3-BPG production, and antioxidative capacity is regulated.

To address the abovementioned questions, this study elucidated the pathways under-
lying the regulation of the main glycolysis and the PPP and explored the effects of oxidation
and antioxidation capacity in erythrocytes after six weeks of interventions. In addition, we
also investigated the capacity for O2 release under different lactate concentrations under
hypoxic and normoxic conditions. The aim of this study was to provide direct evidence
that both ECT and CCT induce metabolic adaptations within erythrocytes that counteract
the high oxidative stress evoked by vigorous exercise.
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2. Materials and Methods

2.1. Subjects

The intervention was performed in accordance with the Declaration of Helsinki and
was approved by the Institutional Review Board of Chang Gung Memorial Hospital
in Taiwan. A total of 36 sedentary males who were nonsmokers, nonusers of medica-
tion/vitamins, and free of any cardiopulmonary/hematological risks were recruited from
Chang Gung University, Taiwan. No subject had performed regular exercise (i.e., exercise
frequency once per week, duration < 20 min) for at least 1 year before the experiment. All
subjects provided informed consent after the experimental procedures were explained.
These subjects were randomly divided into three groups: the concentric cycling training
(CCT, n = 12), the eccentric cycling training (ECT, n = 12), and the control (CTL, n = 12)
groups. All subjects arrived at the testing center at 9:00 AM to eliminate any possible
circadian effect. Participants were instructed to fast for at least 8 h and to refrain from
strenuous physical exercise for at least 48 h before sampling.

2.2. Protocol and Interventions

Both the CCT and ECT groups performed exercise regimens on a stationary bicycle
ergometer (CCT: Corival 400, Lode; ECT: custom-built cycle ergometer) 5 times a week for
6 weeks. For comparison, the CTL group did not perform any exercise, but their physical
activities and daily diet were carefully documented.

All subjects reported their daily activities and nutrition intakes via questionnaires
throughout the experiment. The participants were instructed to refrain from extra reg-
ular exercise until the end of this study. Moreover, the compliance rates for all three
interventions were 100%.

The graded exercise test (GXT) was performed 48 h before and after the intervention.
Both the CCT and ECT groups had a 3 day familiarization program upon initiation of
training. The exercise intensity was set at 20%, 30%, and 40% of the maximal workload
(Wmax) on each day. The first week’s intensity was set at 45% Wmax and progressively
increased 5% Wmax per week until 70% Wmax was obtained in the sixth week. Each training
session contained a 6-min warm-up phase (3 min at 0% and 3 min at 30% Wmax), 30-min
training period and 6-min cool-down phase (3 min at 30% and 3 min at 0% Wmax) (Figure 1).
The training groups were asked to record their daily activities and nutritional intake using
the short form of the international physical activity questionnaire and a written diet record,
respectively. Subjects were asked to refrain from regular extra exercise until the end of the
study. The participant compliance rate was 100% throughout this study.
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Figure 1. Design of the experiment and the training intensity of eccentric and concentric groups in each week. Wmax: the
maximal workload of the first graded maximal exercise test.

2.3. Graded Exercise Tests

To assess aerobic capacity, a GXT was performed on a cycle ergometer (Corival 400,
Lode B.V., Groningen, The Netherlands). After a 5-min baseline resting period, a 2-min
warm-up period (60 rpm, unloaded pedaling) was initiated, followed by incremental work
(30 Watt increase for each 3 min) until exhaustion (i.e., progressive exercise to VO2max).
Minute ventilation (VE), oxygen consumption (VO2), and carbonic dioxide production
(VCO2) were measured for each breath by using a computer-based system (MasterScreen
CPX, CareFusion, Franklin Lakes, NJ, USA). The criteria used to define VO2max were as
follows: (i) the level of VO2 increased by < 2 mL/kg/min over at least 2 min; (ii) H exceeded
its predicted maximum; (iii) the respiratory exchange ratio (RER) exceeded 1.2; and (iv) the
venous lactate concentration was >8 mM, which was consistent with the guidelines of the
American College of Sports Medicine for exercise testing [24]. Additionally, the ventilation
threshold (VT) was determined when VE/VO2 increased without a corresponding increase
in the VE-to-VCO2 ratio and when end-tidal PO2 increased without a decrease in end-tidal
PCO2 or a deviation from linearity for VE.

2.4. Erythrocyte Isolation and Blood Collection

At rest and immediately after the GXT, a 10 mL blood sample was collected from
the antecubital vein via clean venipuncture (20-gauge needle) and added to a tube with
ethylenediaminetetraacetic acid (EDTA, 4 mM). Blood cells were counted by using a
Sysmex SF-3000 cell counter (GMI Inc., Ramsey, MN, USA), and the blood pH and lactate
concentration were tested by an i-STAT handheld blood analyzer (Abbott Point of Care
Inc., Princeton, NJ, USA). Erythrocytes were isolated from whole blood by centrifugation
(1000× g for 15 min at RT), the supernatant was discarded, and the buffy coat was discarded,
followed by three washing steps in PBS with 0.1% (w/v) glucose (Sigma). The erythrocyte
count was adjusted to 1 × 104 cells/μL using PBS.

20



Antioxidants 2021, 10, 285

2.5. Measurement of Reactive Oxygen Species (ROS) Production

2′, 7′-Dichlorofluorescin diacetate (DCFDA) is a fluorogenic dye that measures hy-
droxyl, peroxyl and other ROS activities within the cell. This study used a DCFDA Cellular
ROS Detection Assay Kit (ab113851, Abcam) to measure intracellular ROS according to
the manufacturer’s protocol. DCFDA-labeled erythrocytes were treated with different
concentrations of tert-butyl hydroperoxide (TBHP) (5 mM, 10 mM, 50 mM and 100 mM) at
37 ◦C for 30 min. TBHP mimics ROS activity to oxidize DCFDA to fluorescent DCF. Finally,
the mean fluorescence intensities obtained from 50,000 erythrocytes were measured using
FACSCalibur (Becton Dickinson, NJ, USA). All samples were analyzed in triplicate, and
the intraassay CV was 4.1 ± 0.7%.

2.6. Erythrocyte Intracellular pH

As our previous study presented [25], erythrocytes were loaded with the fluorescent
pH indicator carboxy SNARF-1 (1 μM, Invitrogen) at 37 ◦C for 30 min in the dark and then
washed with HBSS (Sigma) at 2500× g for 5 min. SNARF-1-loaded cells were incubated
with pH-controlled normal K+-balanced buffer (137.9 mM NaCl, 5.33 mM KCl, 0.441 mM
KH2PO4, 4.17 mM NaHCO3, 0.338 mM Na2HPO4, 5.56 mM glucose, and 20 mM HEPES,
pH = 7.5) and high K+-balanced buffer at different pH values (43.7 mM NaCl, 100 mM KCl,
0.441 mM KH2PO4, 4.17 mM NaHCO3, 0.338 mM Na2HPO4, 5.56 mM glucose, and 20 mM
HEPES, pH = 6.8, 7.0, 7.2, 7.4, 7.6, 7.8, and 8.0) containing 10 μM nigericin (Invitrogen). The
pH was always adjusted at RT prior to use. The pH-dependent spectral shifts exhibited by
SNARF-1 allowed calibration of the pH response in terms of the ratio of fluorescence inten-
sities measured at two different wavelengths, FL2 and FL3, in a FACSCalibur (λ1 = 580 nm
and λ2 = 600~640 nm and fixed excitation at 514 nm), as described in the manufacturer’s
protocol (Invitrogen). All samples were analyzed in triplicate, and the intraassay CV was
3.7 ± 0.9%. The equation is as follows:

pH = pKa− log10

[
R − RB

RA−R
× FB(λ2)

FA(λ2)

]
(1)

pKa values: 7.5 for carboxy SNARF-1;
R: The ratio Fλ1/Fλ2 of fluorescence intensities (F) measured at λ1 and λ2;
The subscript A represents the limiting values at the acidic endpoints of the titration;
The subscript B represents the limiting values at the basic endpoints of the titration.

2.7. Oxygen Release Efficacy in Erythrocytes

High-resolution respirometry, an Oroboros Oxygraph-2 K (Oroboros Instruments,
Innsbruck, Austria), was used to measure the O2 pressure (mmHg) and O2 flux per
volume (pmol·s−1·mL−1) of erythrocytes at 0-, 1-, and 4 mM lactate during hypoxia
(PO2 = 20 ± 3 mmHg) and normoxia (PO2 = 147 ± 3 mmHg) in HBSS medium, respec-
tively. Hypoxic conditions were prepared by gassing with nitrogen (N2) gas. After heating
at 37 ◦C and equilibration and calibration for the target PO2 conditions, 2 × 106 isolated
erythrocytes were added, and after the signaling stabilized, 2 and 6 μL of 1 M lactic acid
(Sigma) were sequentially added to form 1 and 4 mM lactic acid environments to simu-
late the rest and lactate threshold conditions, respectively (Figure S1). All samples were
analyzed in triplicate, and the intraassay CV was 3.9 ± 0.8%.
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2.8. Sample Preparation for Targeted Metabolite Identification and Quantification

Fifteen randomly selected samples (ECT = 5, CCT = 5, and CTL = 5) were quantified
for the target metabolite. Erythrocytes (6 × 108) were lysed in 200 μL of ddH2O containing
100 ppb of debrisoquine sulfate (Sigma) as an internal control. The lysate was extracted in
800 μL of warmed methanol. The sample was incubated at RT for 15 min to precipitate
proteins and centrifuged at 16,000× g for 30 min at 4 ◦C. The supernatant was transferred
to a new tube, dried under nitrogen gas, and stored at −80 ◦C. Prior to analysis, the sample
was dissolved in 200 μL of ddH2O containing 0.1% formic acid. The procedure was carried
out according to the method of Tang et al. [26].

2.9. Target Metabolite Analysis of Glycolysis Intermediates

All samples were analyzed using ultrahigh-performance liquid chromatography (UH-
PLC) coupled with Xevo TQ-S MS (Waters Corp., MA USA) as previously described
with modifications [27]. MS was performed in negative-ion multiple-reaction-monitoring
(MRM) mode. For tuning purposes, a single analysis standard dissolved in a mixture of
water/methanol 50:50 (v/v) was infused at a flow rate of 10 μL/min. The desolvation gas
flow was set at 1000 L/h at a temperature of 500 ◦C, and the source temperature was set at
150 ◦C. The capillary voltage and cone voltage were set to 1.3 kV and 25 V, respectively.
For chromatographic separation, a BEH C18 (100 mm × 2.1 mm, 1.7 μm; Waters Corp, MA,
USA) was used with eluent A (10 mM tributylamine aqueous solution with 15 mM acetic
acid) and eluent B (50% acetonitrile containing 10 mM tributylamine and 15 mM acetic
acid), the flow rate was 0.3 mL/min, and the column temperature was set at 25 ◦C. The gra-
dient profile was as follows: linear-gradient 99–98% solvent B, 8 min; 12% solvent B, 2 min;
55% solvent B, 2 min; and 99% solvent B, 2 min. The column was then re-equilibrated for
4 min. QC samples were analyzed during the analytical runs. All samples were analyzed
in triplicate, and the intraassay CV was 3.4 ± 0.6%.

2.10. Senescence-Related Biological Markers and Methemoglobin Concentrations in Erythrocytes

The erythrocyte suspension (1 × 104 cells/μL) was incubated with saturating concen-
trations of monoclonal anti-human CD47 antibody (BioLegend) or monoclonal anti-human
CD147 antibody (eBioscience) conjugated with fluorescein isothiocyanate (FITC) in the
dark for 30 min at 37 ◦C. The mean fluorescence intensity (MFI) obtained from 50,000
erythrocytes was measured by a FACSCalibur (Becton Dickinson, NJ USA). Human methe-
moglobin (met-Hb) ELISA kit (CSB-E09493 h, CUSABIO, Huston, TX USA) obtained
from CUSABIO was used according to the manufacturers’ instructions. All samples were
analyzed in triplicate, and the intraassay CV was 4.4 ± 0.7%.

2.11. Statistical Analysis

Data were analyzed using the statistical software SPSS 22.0 (SPSS, Chicago, IL USA),
and continuous data are expressed as the means ± SEM. Nonparametric results were
examined by the Mann–Whitney U test and Wilcoxon signed ranked test. Parametric
results were tested by two-way repeated-measures ANOVA (group × time points) and the
Newman–Keuls post hoc test to identify significant changes pre- vs. postintervention and
pre- vs. post-graded exercise tests. Correlations were measured by Pearson’s correlation
coefficient. The level of statistical significance was p < 0.05.
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3. Results

3.1. Cardiopulmonary Fitness and Hematological and Blood Gas Parameters

There were no differences in anthropometric characteristics, hematological parameters,
blood pH, lactate concentration or exercise performance among the groups at baseline
(Table 1). Following 6 weeks of training, both the CCT and ECT groups demonstrated
increases in work rate, VE, and VO2 at the ventilation threshold (VT). Moreover, CCT was
superior to ECT for enhancing the work rate and VO2 at VT. At the peak performance,
only CCT enhanced the VEmax and VO2 max, while ECT only resulted in an improvement
in the work rate (Table 1). However, 6 weeks of the CTL did not influence hematological
parameters or cardiopulmonary responses to a GXT (Table 1).

Table 1. Anthropometric data and ventilatory responses to graded exercise test in concentric and eccentric training groups.

CCT ECT CTL

Pre Post Pre Post Pre Post

Anthropometrics Characteristics
Age, year 21.3 ± 0.5 — 21.7 ± 0.4 — 21.6 ± 0.6 —

Height, cm 174 ± 1 — 173 ± 2 — 175 ± 1 —
Weight, kg 67.5 ± 2.3 68.4 ± 1.9 68.1 ± 1.3 67.4 ± 1.5 67.2 ± 2.2 68.0 ± 2.2
Hematological Parameters

Red blood cells, 106/μL 5.10 ± 0.08 5.05 ± 0.05 5.13 ± 0.06 5.06 ± 0.07 5.13 ± 0.06 5.13 ± 0.07
Hb, g/dL 14.9 ± 0.2 14.5 ± 0.2 15.0 ± 0.4 14.9 ± 0.3 15.0 ± 0.3 14.7 ± 0.3

Hematocrit, % 45.4 ± 0.7 44.5 ± 0.6 46.2 ± 0.6 45.3 ± 0.6 46.2 ± 0.6 45.2 ± 0.5
i-STAT Parameters

Blood pH, unit Rest 7.37 ± 0.02 7.37 ± 0.01 7.36 ± 0.01 7.37 ± 0.01 7.36 ± 0.02 7.35 ± 0.01
Ex 7.23 ± 0.02 # 7.21 ± 0.02 # 7.19 ± 0.01 # 7.19 ± 0.01 # 7.19 ± 0.03 # 7.19 ± 0.02 #

Blood lactate, mM Rest 0.88 ± 0.11 0.87 ± 0.11 0.87 ± 0.06 0.98 ± 0.08 0.89 ± 0.09 0.93 ± 0.11
Ex 13.00 ± 0.59 # 12.66 ± 0.64 # 13.99 ± 0.51 # 13.9 ± 0.49 # 13.16 ± 0.69 # 12.38 ± 0.73 #

Ventilation Threshold
Work-rate, watt 125 ± 6 151 ± 6 * † 120 ± 4 136 ± 5 * 121 ± 4.3 122 ± 6.8

VE, L/min 44.8 ± 2.3 52.3 ± 2.7 * 43.5 ± 1.9 51.8 ± 4.3 * 45.2 ± 1.8 46.2 ± 3.9
VO2, mL/min/kg 21.3 ± 0.8 26.4 ± 1.0 * † 21.3 ± 0.6 23.3 ± 0.5 * 21.6 ± 1.1 21.2 ± 1.2

% of VO2max, % 59.8 ± 2.0 66.1 ± 2.0 * 60.6 ± 1.7 67.5 ± 1.2 * 60.92 ± 2.1 61.16 ± 1.9
Maximal Exercise Performance

Work-rate, watt 191 ± 3 223 ± 5 * † 189 ± 4 201 ± 5 * 188 ± 5 190 ± 5
VE, L/min 107.4 ± 3.2 118.8 ± 2.5 * 111.9 ± 3.7 115.3 ± 2.2 109.95 ± 4.7 108.3 ± 4.3

VO2, mL/min/kg 35.7 ± 1.1 40.0 ± 0.8 * 35.2 ± 0.7 34.6 ± 0.7 34.1 ± 1.0 34.6 ± 1.5
OUES, unit 814 ± 23 886 ± 20 * 817 ± 16 829 ± 24 816 ± 19 825 ± 20

VE-VCO2 slope, unit 36.8 ± 1.5 36.8 ± 1.6 37.6 ± 1.9 38.5 ± 2.4 35.7 ± 1.6 35.7 ± 1

Values were mean ± SEM. Hb, hemoglobin; VE, minute ventilation; VO2, oxygen consumption; OUES, oxygen uptake efficiency slope;
CCT, concentric cycling training; ECT, eccentric cycling training; CTL, control group. Pre, pre-intervention; Post, post-intervention; Rest,
at rest; Ex, immediately after the GXT; # p < 0.05, Rest vs. Ex; * p < 0.05, Pre vs. Post; † p < 0.05, CCT vs. ECT.

3.2. Pain Scale Scores, Heart Rate and Systolic Blood Pressure during the Training Period

The CCT group had significantly higher levels of pain, H, and SBP than the ECT group
throughout the 6 week training period (Figure 2). Concerning the assessment of pain or
soreness, the specific pain scale score was close to zero in both groups before each training
session (Figure 2A).
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Figure 2. The physiological responses in each week during the training period. (A) pain scale score,
(B) heart rate, and (C) systolic blood pressure. Whites— eccentric cycling training (ECT); Blacks—
concentric cycling training (CCT); Dots—before training; Triangles—after training. Values were
mean ± SEM.

3.3. Erythrocyte Senescence-Related Markers and Antioxidation Capacity

The ratios of Ex to Rt in CD147 and CD47 cells were less than 1 before training, indi-
cating enhanced senescence in erythrocytes due to an acute GXT. After the interventions,
these ratios significantly increased to nearly 1 in response to a GXT (Figure 3A,B). Intracel-
lular ROS levels were significantly increased after an acute GXT among the three groups;
however, both training groups had lower ROS production related to the GXT after training
(Figure 3C). Furthermore, as Figure 3D,F shows, a higher TBHP concentration induced
greater ROS generation. Nevertheless, the two exercise regimens significantly diminished
the extent of ROS generation under 50 and 100 mM TBHP conditions (Figure 3D,E). No
alteration was observed in the CTL group (Figure 3F).
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Figure 3. Effects of various ECT and CCT on the erythrocyte senescence-related biomarkers, intracellular reactive oxygen
species (ROS) level and the ROS dose-response. (A) the ratio of post-graded exercise test (GXT) to pre-GXT in CD47, (B)
the ratio of post-GXT to pre-GXT in CD147, (C) the intracellular ROS level among three groups; the ratio of Ex to Rt ROS
response in erythrocytes treated with different concentrations of tert-butyl hydroperoxide (tb): (D) the CCT group, (E) the
ECT group, and (F) the control (CTL) group. Pre, pre-intervention; Post, post-intervention; M or Ex, immediately after a
GXT; R or Rt, at rest. * p < 0.05, R vs. M; † p < 0.05, Pre vs. Post. Values were mean ± SEM.

3.4. Target Metabolite Analysis of Glycolysis and Pentose Phosphate Pathway Intermediates

At baseline, the acute GXT showed greater glucose consumption and was accompa-
nied by a series of unchanged levels of downstream metabolites until G3P (Figure 4A). The
GSSG/GSH ratio significantly increased following an acute GXT, indicating an accumula-
tion of oxidative stress. In addition, 2,3-BPG was depleted after the GXT.

Both glycolysis and the PPP were upregulated due to exercise training. Although no
change was observed in the glucose level, the downstream metabolites were markedly
elevated even under resting conditions. Interestingly, although 2,3-BPG was lower after
training, the end product of glycolysis, lactate, was dramatically increased. The PPP flux
was also facilitated, as evidenced by a decrease in 6PG and a constant GSSG/GSH ratio.
Furthermore, the higher levels of Ru5P and GSH suggested a significant enhancement
of GSH biosynthesis under stress. X5P and E4P are intermediates between the PPP and
glycolysis, which was dramatically enhanced in both training groups.

In addition, the level of met-Hb was significantly increased by the acute GXT compared
to the rest among the three groups, whereas the extent of elevation was diminished after
training. The intracellular pH in erythrocytes did not change relative to the GXT before
training, whereas both CCT and ECT lowered the pH value after 6 weeks (Figure 4B).
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Figure 4. The target metabolite analysis of glycolysis and the pentose phosphate pathway intermediates in erythrocytes in
ECT and CCT. (A) Levels of metabolites in pentose phosphate pathway and glycolytic pathway (n = 5) (B) the intracellular
pH of erythrocytes. Pre, pre-intervention; Post, post-intervention; R, at rest; M, immediately after a GXT; * p < 0.05, R vs. M;
† p < 0.05, Pre vs. Post. Values were mean ± SEM.
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3.5. Erythrocyte O2 Release Capacity in Normal Conditions

As Figure 5A,F shows, oxygen was absorbed into the cell when isolated erythro-
cytes were added to the normoxia chamber, which produced a negative oxygen pressure
difference (O2 pressure-diff). Furthermore, this oxygen was released at lactate acid con-
centrations of 1 and 4 mM. After an acute GXT, the magnitudes of oxygen absorption
and release were diminished (Figure 5A,C) and coupled with a reduced flux velocity
(Figure 5D,F). Following the interventions, both training groups exhibited a diminished
O2 pressure-diff and velocity in 0 and 1 mM lactate acid conditions at rest and even after
the GXT. However, both CCT and ECT induced maintenance of these parameters at resting
levels in the 4 mM lactate acid condition (Figure 5C,F).

Figure 5. Measurement of oxygen release capacity of erythrocytes among three groups in normoxia and hypoxia conditions.
Levels of O2 pressure-diff in normoxia condition: (A) at 0 mM [lac], (B) at 1 mM [lac], and (C) at 4 mM [lac]; oxygen flux
per volume in normoxia condition: (D) at 0 mM [lac], (E) at 1 mM [lac], and (F) at 4 mM [lac]; levels of O2 pressure-diff in
hypoxia condition: (G) at 0 mM [lac], (H) at 1 mM [lac], and (I) at 4 mM [lac]; oxygen flux per volume in hypoxia condition:
(J) at 0 mM [lac], (K) at 1 mM [lac], and (L) at 4 mM [lac]; Pre, pre-intervention; Post, post-intervention; R, at rest; M,
immediately after a GXT; * p < 0.05, R vs. M; † p < 0.05, Pre vs. Post. Values were mean ± SEM.

3.6. Erythrocyte O2 Release Capacity in Hypoxia Conditions

O2 was released immediately (O2 pressure-diff was positive) from erythrocytes when
erythrocytes were added to the hypoxia chamber, and the magnitude of release was further
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augmented due to the GXT (Figure 5G,L). An enhanced release velocity was also noticed
(Figure 5J). After training, although no alternation in the oxygen release amount was
observed at rest or even after the GXT, a faster velocity was observed in both the CCT and
ECT groups under 0, 1 and 4 mM lactate acid (Figure 5J,K).

3.7. Relationships between GSSG/GSH and Lactate/Pyruvate and between Intracellular pH and
Lactate Concentration

Figure 6A shows that the increase in the GSSG/GSH ratio caused by the GXT was
significantly linearly related to the augmented lactate/pyruvate ratio (r = 0.72, p < 0.05).
However, this correlation was blunted after training in both the CCT and ECT groups
(Figure 6B, r = 0.29, p = 0.12). Furthermore, Figure 6C demonstrates that the lowered
intracellular pH was moderately related to the greater lactate concentration (r = −0.50,
p < 0.05).

Figure 6. Correlation analysis between GSSG/GSH, lactate/pyruvate, intracellular pH value and
lactate concentration. (A) relationship between GSSG/GSH and lactate/pyruvate before interven-
tions, (B) relationship between GSSG/GSH and lactate/pyruvate after interventions, and (C) the
correlation between intracellular pH value and lactate concentration. GSH, glutathione; GSSG,
glutathione disulfide.

4. Discussion

Erythrocyte metabolism includes glycolytic pathways producing both energy and
oxidation–reduction intermediates that support O2 transport and antioxidative capacity.
This study is the first to demonstrate that both CCT and power-matched ECT not only
ameliorate antioxidation capacity in erythrocytes but also significantly increase the flux
of anaerobic glycolysis to facilitate oxygen release efficacy. We further elucidated that
the reduced oxygen affinity is due to greater lactate synthesis and not to the production
of 2,3-BPG. Although ECT did not result in significant improvement in VO2 max, the
im-proved VT performance indicates the positive effect ECT has on the aerobic capacity of
young and sedentary men.

Several studies have reported that blood GSSG and thus the GSH/GSSG ratio decrease
in response to acute exercise, and regular exercise may increase antioxidative capacity [28].
After both CCT and ECT, neither the GSSG/GSH ratio nor GSH decreased due to the
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GXT, while enhanced anaerobic glycolysis provided more precursors to activate the PPP. In
addition, the downstream X5P and E4P, from the PPP back to glycolysis, also increased after
training, thus suggesting significant enhancement of GSH biosynthesis under stress. The
linear relationship between GSSG/GSH and lactate/pyruvate was disrupted after training,
which may be due to a changed dominance of energy or/and antioxidant production [29].
In addition, the oxidative environment leads to the production of Fe3+ (met-Hb). To
restore Hb function, met-Hb must be reduced mainly by NADH-dependent cytochrome b5
reductase [30].

An interesting aspect of the metabolic pathways is that intracellular pH (pHi) regulates
both the glycolytic pathway and the PPP. As with glycolysis, the optimum activity of
the enzymes driving the PPP occurs at an alkaline pHi [31]. Generally, the presence
of NADPH blocks PPP negative feedback control and shifts metabolism from the PPP
to glycolysis, thus increasing the formation of NAD+ [32]. Although NADH does not
directly participate in the reduction of Fe3+ to Fe2+ in hemoglobin, it has the ultimate
responsibility of providing the reducing power needed for such a reaction [33]. Under
normal homeostasis in general, and especially in the case of the high glycolytic flux that is
required during high-intensity exercise, lactate dehydrogenase oxidizes NADH back to
NAD+ in the conversion of pyruvate to lactate, thereby maintaining necessary levels of the
cofactor for the continuation of glycolysis. Cyclists in the high-class group had a higher
posttest lactate/pyruvate ratio, which is proportional to NADH/NAD+ and a marker of
glycolytic capacity [34]. Additionally, it has been confirmed that high glucose levels induce
in-creases in lactate and 6PG production in vitro and ensure a longer supply of energy
sources, preventing the loss of GSH [35].

The blood lactate that was progressively elevated with exercise intensity further
reduces local blood pH and thus enhances the Bohr effect to attenuate O2 affinity and
facilitate O2 release [17]. In contrast, pulmonary O2 uptake is enhanced, but muscle un-
loading is hindered with high-affinity hemoglobin [36]. The capillary transit times were
very limited; thus, the exchange speed is critical for evaluating the physiological fitness of
erythrocytes [37]. Therefore, we developed a novel method for quantifying gas exchange
in a constant number of erythrocytes and used it to assess the quality and quantity of O2
releasing capacity.

To clarify the oxygen release efficacy of erythrocytes, we measured the PO2, oxygen
release/absorption velocity and acceleration under 0, 1, and 4 mM lactic acid concentrations
to mimic resting and near AT conditions, respectively. The PO2 increased (oxygen release)
when lactic acid was added. Even with a smaller amount of O2 being supplied to the
tissue, the efficacy was enhanced with faster acceleration and velocity, which indicates
better efficiency for release. The improved release of oxygen efficacy at 4 mM [lac] might
be associated with improved cycling performance before reaching the anaerobic threshold.
In addition, a diminished magnitude and velocity of O2 absorption after the acute GXT
were noticed. We first speculated that this was a consequence of sufficiently oxygenated
Hb after high oxygen demand activity or that this impaired quantity and quality may
also be related to increases in oxidative and met-Hb levels after exhaustive exercise [38].
We further demonstrated an enhanced, strong correlation between lactate concentration
and oxygen release magnitude and velocity under hypoxic conditions. The O2 affinity of
athletes is lower than that of untrained subjects, which is consistent with our results [39].
Slow VO2 kinetics incur a high O2 deficit, usually resulting in poor exercise tolerance [40].

Lactic acid plays a vital indirect role in tissue O2 delivery apart from the direct
allosteric interaction of lactate ions with Hb [41]. Lactic acid increases the Bohr shift
via acidification as well as via liberation of CO2 [42]. Therefore, the lower affinity of
hemoglobin for the O2 of erythrocytes in athletes at rest is maintained by the factor(s)
dominating pH and lactate-driven regulation. Under heavy exercise (above the lactic
acidosis threshold), acidification of muscle capillary blood by lactic acid accounts for
virtually all of the oxygen unloaded from Hb [43].
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Erythrocytes must be considered a potential storage site of lactate, storage of which
leads to a greater gradient from the interstitial fluid to plasma. This mechanism improves
the rate of release from muscle and ameliorates exercise performance [44]. However, a
previous study demonstrated that the lactate distribution in erythrocytes and plasma
after high-intensity running was not different between trained and untrained subjects.
Hence, lactate uptake by erythrocytes cannot or can only in part be seen as a contributor
to aerobic athletic performance [45]. Traditionally, a higher Bohr effect is supposed to
be related to a higher 2,3-BPG in erythrocytes [46]. However, the generation of 2,3-BPG
results in the overall production of ATP per mole of glucose is decreased to zero. Therefore,
accumulation of 2,3-BPG leads to decreased production of 2,3-BPG by competitive feedback
inhibition of di-phosphoglycerate mutase [47]. The relative ratio of 2,3-BPG synthase to
2,3-BPG phosphatase decreased dramatically with decreasing pH value [48]. The lactate
effect even increased after 2,3-BPG depletion [49]. In this study, the presence of large lactate
concentrations leading to lower pH values may effectively limit the production of 2,3-
BPG [50]. When the downstream enzymes of 2,3-BPG, such as pyruvate kinase and lactate
dehydrogenase, maintained higher activities, the enzyme activities of other pathways were
significantly repressed [48]. Therefore, this reversed flux of the 2,3-BPG shunt is crucial in
maintaining the activities of the latter part of glycolysis and the production of ATP in the
latter half of the storage period.

The results in this study clearly presented that, although both ECT and CCT ameliorate
the erythrocyte antioxidant and oxygen releasing capacity, thus further delays the anaerobic
threshold, yet only ECT has significantly less cardiopulmonary stress without undesirable
fatigue or pain impact during the whole training period. Therefore, we suggest that ECT is
preferred to those who have exercise intolerance or low physical activity, whereas CCT may
be more feasible for those who have general physical activity to increase the ability to cope
with the physical demands of daily activity. These findings provide a new suggestion on
why ECT is worthy to further developed as a suitable training strategy in cardiopulmonary
rehabilitation or the elderly.

A small sample size (n = 12 in each group) is a major limitation of this study. However,
the results for aerobic capacity and the novel interpretation of the O2 release and antiox-
idative mechanisms in the metabolic pathways obtained from this investigation have high
statistical power (0.862 to 1.000). We speculate that metabolic alteration of erythrocytes
generates higher ATP concentrations followed by lactate production. We did not directly
detect the ATP concentration because of the fast rate of ATP hydrolysis. Therefore, in
this study, we indirectly inferred ATP demand by the lactate/pyruvate ratio. We did not
see potential model alterations in Hb affinity as blood traverses the exercising muscles in
accordance with local changes in temperature, pHi, or CO2. There are certainly differences
between and challenges with in vivo vs. in vitro measurements of O2 dissociation curve
dynamics in both the lungs and muscles in response to variables such as temperature, pHi,
and 2,3-BPG. A few studies have shown that the additive effects of temperature and pH
are responsible for shifting the O2 dissociation curve affinity, especially with prolonged ex-
ercise [51]. Additionally, the subjects tended to be young and healthy; thus, further clinical
evidence is still required to extrapolate the present results to patients with hemorheological
or hemodynamic disorders.

Although the glutathione system is a principal nonenzymic antioxidant system in
erythrocytes yet, GSSG is rapidly formed, but it quickly disappears once the oxidative
stimulus is interrupted; conversely, S-glutathionylated proteins (PSSGs) may be produced
more slowly but are more durable [52]. Therefore, the PSSGs is a worthy parameter for
further investigation [53]. In addition, although previously study suggested that exercise-
induced changes in the nonenzymatic glutathione system seem to be more effective in
erythrocytes [54]. Nevertheless, many studies have indicated the activity of glutathione
peroxidase (GPx) plays a key component in the antioxidant experiment [55], and regular
cardiovascular training increased GPx activity in skeletal muscle [56]. Taking together, both
PSSGs and the immunoblotting for GPx are very used to supply important information on
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the state of this antioxidant network in the future. To assess the reliabilities of biomarkers,
metabolites and oxygen releasing capacity to exercise, the subjects (n = 5) in a prior study
were tested twice at two-day intervals. Results of responses to exercise were highly
reproducible from day to day. The intraclass correlation coefficients were from 0.811 to
0.954. Additionally, it requires separate analytical measurements for GSH and GSSG for
accurate analysis and specific methodological procedures needed to detect samples [57].
Although the use of classical and well-validated in previous studies [26,58], techniques
to perform our measurements, requiring immediate and complex processing of blood
samples [59]. This limits the possibility of receiving samples from different centers to be
analyzed. In the present study, we tested our participants at the same time of the day
and asked them to record their nutritional intake and to maintain the same diet (data not
shown). Thus, we assume that our results well represent the physical adaptations after
exercise training. Importantly, other more adequate and precise methodologies should be
considered in future studies [53].

5. Conclusions

This study presented evidence that both ECT and CCT simultaneously promote flux
into the pentose phosphate pathway and anaerobic glycolysis pathway in response to over-
coming accumulated oxidative stress and regulating internal O2 dissociation, respectively.
The adaptations of the metabolite process not only increased the synthesis of GSH but
also enhanced the production of lactate in glucose metabolism in trained erythrocytes.
The lower intracellular pH value related to lactate, instead of 2,3-BPG, ameliorated the
O2 release efficacy of erythrocytes under different O2 gradients. In addition, the reduced
amount of met-Hb also contributed to the O2 release. The above experimental findings
reflect many positive effects of both interventions and provide a novel interpretation of
delayed anaerobic threshold by ameliorated O2 release and antioxidative mechanism in the
metabolic pathway (Figure 7). Therefore, ECT is a feasible and promising exercise regimen
that promotes a less cardiovascular stress way to exercise without undesirable fatigue
impact and provides important implications for those who have exercise intolerance.

Figure 7. Possible mechanisms of anaerobic glycolytic pathways producing both oxygen releasing
and antioxidative capacity caused by eccentric (ECT) and concentric cycling training (CCT). Both
CCT and ECT at a given workload enhance an anaerobic glycolysis flux to ameliorate antioxidative
capacity in erythrocytes, as well as significantly facilitate oxygen release efficacy. The reduced oxygen
affinity is due to greater lactate synthesis and lower intracellular pH, instead of the production of
2,3-BPG. Solid line: positive regulation; dotted line: negative regulation.
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Abstract: Currently, no studies have examined the differences in endogenous antioxidant enzymes
in professional and amateur cyclists and how these can influence sports performance. The aim of
this study was to identify differences in endogenous antioxidants enzymes and hemogram between
competitive levels of cycling and to see if differences found in these parameters could explain
differences in performance. A comparative trial was carried out with 11 professional (PRO) and
15 amateur (AMA) cyclists. All cyclists performed an endogenous antioxidants analysis in the
fasted state (visit 1) and an incremental test until exhaustion (visit 2). Higher values in catalase
(CAT), oxidized glutathione (GSSG) and GSSG/GSH ratio and lower values in superoxide dismutase
(SOD) were found in PRO compared to AMA (p < 0.05). Furthermore, an inverse correlation was
found between power produced at ventilation thresholds 1 and 2 and GSSG/GSH (r = −0.657
and r = −0.635; p < 0.05, respectively) in PRO. Therefore, there is no well-defined endogenous
antioxidant enzyme profile between the two competitive levels of cyclists. However, there was a
relationship between GSSG/GSH ratio levels and moderate and submaximal exercise performance
in the PRO cohort.

Keywords: catalase; superoxide dismutase; oxidized glutathione; reduced glutathione; hemoglobin;
power output

1. Introduction

Competitive cycling is highly stressful on both aerobic and anaerobic metabolisms.
Road cycling races require the riders to produce high relative power output (W/kg) for
short duration (i.e., less than 1 min at the start, during steep climb and at the end of the race)
while also sustain efforts that last for several minutes to several hours [1]. Overall, profes-
sional cyclists (PRO) perform high training volumes (~32,500 Km) during the competitive
season, which include 90–100 race days [2]. On the other hand, amateur competitive cyclists
(AMA) can be defined as cyclists that train 3–7 times per week, with daily training volumes
of 60–120 min and that compete about 20 times in a year [3]. During training sessions and
competitions (aerobic and anaerobic exercise), there is a rise in reactive oxygen species
(ROS) and subsequent oxidative stress, which can lead to a favorable adaptation in the
body’s antioxidant defense system [4]. This improvement in the endogenous antioxidant
system is generally associated with lower levels of oxidative stress biomarkers [5].

Within the endogenous antioxidant system, superoxide dismutase (SOD) is the first
line of enzymatic defense that transforms the superoxide radical(O2

•−) into hydrogen
peroxide (H2O2) [6]. Then, H2O2, which is also harmful to cells, can be metabolized in
a couple of ways: (1) conversion into water by glutathione peroxidase (GPx) with the
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reduced glutathione consumption (GSH) being converted into oxidized glutathione (GSSG)
and (2) when the production of H2O2 exceeds the capacity of glutathione peroxidase,
catalase (CAT) takes over to remove the excess H2O2 [7]. However, un-neutralized H2O2
can interact with transition metals, such as Fe2+ and Cu+, and result in the production of
the hydroxyl radical (•OH; i.e., Fenton reaction), which is an extremely powerful oxidizing
agent that reacts with all biological macromolecules. However, currently it is not clear
what the end product of the Fenton reaction •OH or FeO2+ is [8]. Finally, •OH can elicit
damage to DNA, oxidation of the thiol group of proteins and peroxidation of lipids [9].

Exercise increases oxygen uptake and almost 0.15% of the oxygen consumed can be
converted into ROS, which can be harmful to muscle and mitochondrial function [10].
Recent findings show that the main source of ROS during exercise is nicotinamide adenine
dinucleotide phosphate oxidases [11]. It is known that long-duration strenuous exercise
and extensive sprint training can exceed our ability to detoxify the action of reactive
oxygen species within the blood cells, as well as at the muscle level [12]. Conversely,
prevention of oxidative stress to enhance performance in professional athletes can be done
by the adaptation mechanisms (hormesis) and detoxifying function of antioxidant enzymes
(SOD, CAT, GPx, glutathione reductase (GR), glutathione-s-transferase), as well as via
non-enzymatic antioxidants (such as vitamins E, A, C, and GSH and GSSG [13]. Therefore,
it has been suggested that higher levels of the endogenous antioxidant system may improve
performance of skeletal muscle contraction [5]. Cordova et al. [14] analyzed antioxidant
markers and showed an average GSH of 3.24 μmol·g−1 Hb, GSSG of 1.54 μmol·g−1 Hb,
GSSG/GSH ratio of 0.56 %, catalase (CAT) of 172.0 mmol·min−1·g−1 Hb and superoxide
dismutase (SOD) of 1983.0 U·g−1 Hb activity. In a previous study [15], average values of
GSH of ~4.7 μmol·g−1 Hb, GSSG of ~0.7 μmol·g−1 Hb and GSSG/GSH ratio of 0.15% were
observed in PRO cyclists in February in of the same competitive season, suggesting that
training season can modify the levels of these components of the endogenous antioxidant
system [5,12,15].

At rest, endogenous antioxidant enzymes (EAE) levels are generally lower in athletes
than in sedentary subjects, although higher or unchanged levels have been observed [6,16].
Several factors may explain this discrepancy, the most important being differences in the
methods used to estimate the state of oxidative stress, the characteristics of the sample
population (high-level athlete, sedentary, etc.) and the time of measurement (period of the
sport’s season) [13]. However, what is clearly evident is that acute exercise can lead to an
imbalance between ROS and endogenous antioxidants, causing what is known as oxidative
stress [7]. A recent study has shown that acute exercise at low, moderate or high intensity
has the capacity to reduce GSH concentration and increase SOD and CAT activity compared
to baseline, in addition to increasing F2-isoprostanes (markers of oxidative stress) at all
levels of exercise. [17]. In addition, it is generally known that chronic exercise causes an
increase in enzymatic and non-enzymatic antioxidant defense, leading to adaptations to the
training response and improving the protection against ROS [18]. Chronic exercise (6-week
cycling training) has the ability to increase the concentration and activity of GSH, SOD and
CAT, while maintaining the levels of F2-isoprostanes [17]. This same study also found that
moderate and high intensity exercise promoted greater adaptations in antioxidant markers
than low intensity exercise at baseline.

Despite the large amount of information on the EAE status and their relationship to
the effects of acute and chronic exercise, to our knowledge, there are no studies that have
compared the status of antioxidant enzymes between professional and amateur cyclists
and their relationship to performance. Therefore, the main objective of this research was
to determine the differences in endogenous antioxidants enzymes and hemogram levels
between PRO and AMA, and whether these might be related to differences in performance
(power output at VT1, VT2 and VO2MAX) in an incremental test. Finally, the secondary
objective was to assess whether differences between endogenous antioxidant enzymes and
hematological were associated with differences in performance between PRO and AMA.
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2. Methodology

2.1. Selection of Participants

A total of 26 male cyclists (11 PRO, 15 AMA) were recruited and completed the study.
The PRO were competing at the Union Cycliste Internationale (UCI) PRO TOUR level and
have participated in UCI major stage races (Vuelta a España, Giro d’Italia, Tour de France).
The 15 AMA were from the southeast region of Spain. The PRO riders were selected based
on the following criteria: (1) 20 to 40 years of age, (2) enrolled in a professional licensed
team and (3) competed in at least one of the main 3-week stage races in the last years.
Subjects for the AMA group had to meet the following inclusion criteria: (1) 20 to 40 years
of age, (2) had at least 3 years of cycling experience and (3) performed specific training
6–12 h/week.

All subjects signed the informed consent document before their participation. The study
was performed following the guidelines of the Helsinki Declaration for Human Research [19]
and was approved by the Ethics Committee of the Catholic University of Murcia (CE091802).

2.2. Study Protocol

The experimental design of the study required each rider to visit the laboratory twice
between the end of October and December (i.e., post-season period). In the first visit,
a medical exam and blood analysis were completed to check their state of health. In the
second visit (post-48 h), the cyclists performed a maximal incremental test. The 2 h prior to
this latter test, they ingested a standardized breakfast, which was based relative to body
mass (557.7 kcal) and composed of 95.2 g of carbohydrates (68%), 19.0 g of protein (14%)
and 11.3 g of lipids (18%), established by a sports nutritionist. All subjects were instructed
to refrain from high-intensity training 48 h before each visit.

2.3. Incremental Test

An incremental step test with final ramp until exhaustion was performed on a cycle
ergometer (Cyclus 2TM, RBM elektronik- automation GmbH, Germany) using a metabolic
cart (Metalyzer 3B. Leipzig, Germany) to determine VT1, VT2 and VO2max, as well as
the associated levels of power output. The testing protocol started with 35 W and in-
creased by 35 W every 2 min until RER > 1.05 was reached, from which the final ramp
(+35 W·min−1) until exhaustion was initiated [20]. To ensure that VO2MAX was achieved,
at least 2 of the following criteria had to be met: plateau in the final VO2 values (increase
≤ 2.0 mL·kg−1·min−1 in the two last loads), maximal theoretical HR (220-age)·0.95) [21],
RER ≥ 1.15 and lactate ≥ 8.0 mmol·L−1 [22,23]. Ventilatory thresholds were obtained using
the ventilatory equivalents method described by Wasserman [24].

2.4. Blood Analysis

A total of 21.5 mL of blood were withdrawn from the antecubital vein for analyses:
one 3.0 mL tube with ethylenediaminetetraacetic acid (EDTA) for hemogram and another
3.5 mL tube with polyethylene terephthalate (PET) for biochemical parameters. For the
measurement of antioxidant parameters, five 3.0 mL EDTA tubes were obtained, where
one tube was immediately centrifuged at 3500 rpm at 4 ◦C for 10 min. All tubes were
temporarily stored at 2–4 ◦C and then sent to an external laboratory for analysis. Red blood
cell count was carried out in an automated Cell-Dyn 3700 analyser (Abbott Diagnostics,
Chicago, IL, USA) using internal (Cell-Dyn 22) and external (Program of Excellence for
Medical Laboratories-PEML) controls. Values of erythrocytes, hemoglobin, hematocrit and
hematometra indexes (mean cell volume (MCV), mean cell hemoglobin (MCH) and mean
cell hemoglobin concentration (MCHC)) were estimated.

2.5. Oxidative Stress and Antioxidant Status Markers
2.5.1. Catalase

The activity of catalase was measured in the whole blood using a UV-VIS spectropho-
tometer. The catalase enzyme extracts the peroxides from the region of the gel it occupies,
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following the isolation of the native protein. The removal of peroxide does not cause
potassium ferricyanide (yellow substance) to be reduced to potassium ferrocyanide, which
reacts with ferric chloride to form a blue Prussian precipitate. The catalase positive control
activity is defined in international unit equals (1 unit) to the amount of catalase necessary
to decompose 1.0 μM of H2O2 per minute at pH 7.0 at 25 ◦C while H2O2 concentration
falls from ≈ 10.3 mM to 9.2 mM. The absorbance of H2O2 decreases at 240 nm proportional
to its decomposition so that the concentration of H2O2 is critical in this determination.
The decrease in absorbance per time unit is the measure of catalase activity [25]. Results
were expressed in U/g of Hb.

2.5.2. SOD

Superoxide dismutase (SOD) activity was measured using an SD125 Ransod kit
(Randox Ltd. Crumlin, Reino Unido) in whole blood. Xanthine and xanthine oxidase were
used to produce superoxide anion (O2

•−), which responded with the 2-(4-iodophenyl)-3-
(4-nitrophenol)-5-phenyltetrazolium chloride (INT) reactive and formed a red complex that
is detectable at 420 nm. The SOD activity was measured as the inhibition degree of this
reaction [26]. Results were expressed in U/g of Hb.

2.5.3. Glutathione

The analysis of reduced glutathione (GSH) was performed using the glutathione-S-
transferase assay described by Akerboom and Sies [27]. Calculation of GSH was performed
from lymphocytes treated with perchloric acid at a final concentration of 6%, collecting
the supernatant after vortexing and subsequent centrifugation for 10 min at 10,000 rpm.
Following collection of the supernatants in vials, high-performance liquid chromatography
(HPLC) coupled to a Waters NH2 ODS S5 column (0.052, 25 cm) was conducted. Oxidized
glutathione (GSSG) was analyzed using a similar method described by Asensi. [28].

2.6. Statistical Analyses

The statistical analysis was performed using the Statistical Package for Social Sciences
(SPSS 21.0, International Business Machines Chicago, IL, USA). Descriptive statistics are
presented as mean ± standard deviation (SD). Levene and Shapiro–Wilks tests were
performed to check for homogeneity and normality of the data, respectively. A Student’s
t-test for unpaired data was used to evaluate differences between groups. Additionally,
the standardized mean differences were calculated using Cohen’s effect size (ES) (95%
confidence interval) for all comparisons. Threshold values for ES statistics were as follows:
>0.2 small, >0.5 moderate, >0.8 large [29]. The different correlations between the parameters
were evaluated using Pearson’s correlation (r). Significance level was set at p ≤ 0.05.

3. Results

3.1. Subject Characteristics

The general characteristics and hemogram results are presented in Table 1. Age,
body mass and height were not different between PRO and AMA groups. Interestingly,
PRO had higher MCH (4.8%, p < 0.001) and MCHC (3.6%, p < 0.001) compared to AMA.
There were no group differences in RBC, Hb, HCT and MCV (Table 1). No correlation
was found between age and antioxidant markers in both groups. However, there were
correlations found between age and Hb, HCT and MCHC (r ≤ −0.597, p < 0.05).

3.2. Antioxidant Parameters

Table 2 shows the outcomes of CAT, SOD, GSSG, GSH, %GSSG/GSH and GSSG+GSH,
which were measured at baseline before the incremental tests. Higher levels in CAT (30.0%,
p < 0.001), GSSG (63.2%, p < 0.001) and %GSSG/GSH (70.1%, p < 0.001), and lower levels in
SOD (−16.2%, p = 0.009) were found in PRO compared to AMA. However, no differences in
GSH (−4.3%, p = 0.216) and GSSG+GSH (−3.5%, p = 0.317) values were observed between
PRO and AMA.
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Table 1. Baseline general characteristics and hemogram variables of professional and amateur cyclists.

PRO AMA p-Value Cohen’s d Effect Size

Age (years) 28.3 (4.65) 29.3 (6.54) 0.671 0.17 Trivial

Body mass (kg) 68.5 (4.43) 69.9 (5.50) 0.488 0.28 Small

Height (cm) 178.0 (6.93) 175.0 (6.71) 0.274 0.44 Small

HEMOGRAM

RBC (106·μL−1) 5.06 (0.281) 5.15 (0.260) 0.441 0.08 Trivial

Hb (g·dl−1) 15.6 (0.827) 15.1 (0.676) 0.107 0.49 Small

HCT (%) 44.5 (2.28) 44.6 (1.57) 0.866 0.13 Trivial

MCV (fl) 87.9 (2.19) 86.8 (2.92) 0.305 1.10 Large

MCH (pg) 30.8 (0.35) 29.4 (1.03) <0.001 1.44 Large

MCHC (%) 35.0 (0.74) 33.8 (0.60) <0.001 1.19 Large
Values are expressed as mean (SD). Abbreviations: RBC = red blood cell; Hb = hemoglobin; HCT = hematocrit;
MCV = mean corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular hemoglobin
concentration and SD = standard deviation.

Table 2. Endogenous antioxidant enzymes from professional and amateur cyclists.

PRO AMA p-Value Cohen’s d Effect Size

CAT (U/g Hb) 32.5 (5.34) 25.0 (4.51) <0.001 1.55 Large

SOD (U/g Hb) 1213 (233.0) 1447 (184.4) 0.009 1.13 Large

GSSG
(nmol/mg protein) 0.524 (0.103) 0.321 (0.077) <0.001 2.28 Large

GSH
(nmol/mg protein) 24.4 (2.00) 25.5 (2.17) 0.216 0.50 Moderate

GSSG/GSH 2.16 (0.436) 1.27 (0.279) <0.001 2.52 Large

GSSG+GSH
(nmol/mg protein) 24.9 (2.02) 25.8 (2.19) 0.317 0.41 Small

Values are expressed as mean (SD). Abbreviations: CAT = catalase; SOD = superoxide dismutase; GSH =
reduced glutathione; GSSG = oxidized glutathione; % GSSG/GSH = oxidized/reduced glutathione ratio and
SD = standard deviation.

3.3. Physiological and Metabolic Parameters at VT1

VO2, W, WR, %VO2MAX, HR and RER values at VT1 are shown in Table 3. Significant
group differences in VO2 (76.0%, p < 0.001), W (90.4%, p < 0.001), WR (92.5%, p < 0.001),
%VO2MAX (53.3%, p < 0.001) and HR (12.9%, p = 0.004), but not for RER (0.78%, p = 0.707)
were observed.

Table 3. Metabolic and performance variables of professional and amateur cyclists.

PRO AMA p-Value Cohen’s d Effect Size

VT1

VO2 (mL·min−1) 3593 (271.0) 2041 (401.0) <0.001 4.40 Large

W 299 (32.9) 157 (36.1) <0.001 4.07 Large

WR (W·kg−1) 4.37 (0.42) 2.27 (0.56) <0.001 4.14 Large

%VO2max 76.2 (3.91) 49.7 (5.58) <0.001 5.36 Large

HR
(beats·min−1) 149 (14.7) 132 (13.2) 0.004 1.25 Large

RER 0.906 (0.05) 0.899 (0.04) 0.707 0.15 Trivial
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Table 3. Cont.

PRO AMA p-Value Cohen’s d Effect Size

VT2

VO2 (mL·min−1) 4259 (234.0) 3389 (505.0) <0.001 2.10 Large

W 379 (34.0) 286 (45.1) <0.001 2.28 Large

WR (W·kg−1) 5.54 (0.41) 4.13 (0.74) <0.001 2.28 Large

%VO2max 90.3 (2.36) 84.7 (5.67) 0.005 1.24 Large

HR
(beats·min−1) 168 (11.1) 171 (9.4) 0.467 0.29 Small

RER 1.01 (0.05) 1.03 (0.03) 0.323 0.40 Small

VO2max

VO2 (mL·min−1) 4714 (241.0) 4066 (580.7) 0.002 1.38 Large

VO2/R
(mL·kg−1·min−1) 69.0 (3.94) 58.7 (9.58) 0.003 1.34 Large

W 474 (31.5) 383 (49.2) <0.001 2.13 Large

WR (W·kg−1) 6.93 (0.44) 5.51 (0.81) <0.001 2.09 Large

HR
(beats·min−1) 186 (7.42) 186 (7.62) 0.966 0.02 Trivial

RER 1.22 (0.04) 1.14 (0.06) 0.001 1.49 Large
Values are expressed as mean (SD). Abbreviations: VO2 = oxygen uptake; VO2max = maximum oxygen consump-
tion; VO2/R = maximum oxygen consumption relative to weight; W = power output; WR = power output relative
to weight; %VO2max = percentage of VO2max; HR = heart rate (beats·min−1); RER = respiratory exchange ratio;
VT1 = ventilatory threshold 1; VT2 = ventilatory threshold 2 and SD = standard deviation.

GSSG/GSH was significantly correlated with WVT1 and VO2VT1(r = −0.657 and
r = −0.651; p < 0.05, respectively) in PRO (Table 4) (Figure 1).

Table 4. Correlation between endogenous antioxidant enzymes and performance-metabolic variables
from professional and amateur cyclists.

CAT SOD GSSG GSH %GSSG/GSH GSSG + GSH

PRO (n = 11)

WVT1
r −0.120 0.305 −0.449 0.425 −0.657 0.397

p-value 0.72 0.36 0.17 0.19 0.03 0.23

VO2VT1
r 0.001 0.378 −0.442 0.457 −0.651 0.429

p-value 0.998 0.252 0.173 0.157 0.030 0.188

WVT2
r −0.253 0.183 −0.575 0.116 −0.635 0.085

p-value 0.45 0.59 0.06 0.73 0.04 0.80

VO2VT2
r −0.319 0.423 −0.518 0.277 −0.622 0.247

p-value 0.34 0.20 0.10 0.41 0.04 0.46

WMAX
r −0.045 0.186 −0.342 0.239 −0.443 0.219

p-value 0.90 0.58 0.30 0.48 0.17 0.52

VO2MAX
r −0.375 0.422 −0.312 0.304 −0.414 0.284

p-value 0.26 0.20 0.35 0.36 0.21 0.40
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Table 4. Cont.

CAT SOD GSSG GSH %GSSG/GSH GSSG + GSH

AMA (n = 15)

WVT1
r 0.181 0.172 0.206 −0.102 0.256 −0.098

p-value 0.52 0.54 0.46 0.72 0.36 0.73

VO2VT1
r 0.360 0.159 0.182 −0.108 0.230 −0.105

p-value 0.19 0.57 0.52 0.70 0.41 0.71

WVT2
r 0.414 0.113 −0.002 0.047 −0.046 0.040

p-value 0.13 0.69 0.99 0.87 0.87 0.89

VO2VT2
r 0.358 0.234 −0.104 −0.068 −0.097 −0.077

p-value 0.19 0.69 0.71 0.81 0.73 0.78

WMAX
r 0.180 0.173 −0.136 −0.379 0.009 −0.386

p-value 0.52 0.54 0.63 0.16 0.97 0.16

VO2MAX
r 0.289 0.278 −0.118 −0.334 0.001 −0.339

p-value 0.30 0.32 0.66 0.22 0.10 0.22
Values are expressed as mean (SD). Abbreviations: CAT = catalase (U/g Hb); SOD = superoxide dismutase
(U/g Hb); GSH = reduced glutathione (nmol/mg protein); GSSG = oxidized glutathione (nmol/mg protein);
% GSSG/GSH = oxidized/reduced glutathione ratio; VO2 = oxygen uptake; VO2MAX = maximum oxygen
consumption; VT1 = ventilatory threshold 1; VT2 = ventilatory threshold 2 and W = power output.

Figure 1. Correlations between the power generated at the ventilation threshold 1 and 2 between the
GSSS/GSH ratio in PRO and AMA.

3.4. Physiological and Metabolic Parameters at VT2

Table 3 demonstrates the VT2 results of VO2, W, WR, %VO2MAX, HR and RER.
Significant group differences in VO2VT2 (25.6%, p = <0.001), WVT2 (32.5%, p = <0.001),
WRVT2 (34.1%, p < 0.001) and %VO2MAXVT2 (6.6%, p = 0.005) were observed.

GSSG/GSH was significantly correlated with WVT2 and VO2VT2(r = −0.635 and
r = −0.622; p < 0.05, respectively) in PRO (Figure 1). GSSG tended to correlate with
WVT2 (r = −0.575; p = 0.06) in PRO (Table 4).
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3.5. Physiological and Metabolic Parameters at VO2max

Maximal values of VO2, VO2/R, W, WR, HR and RER are presented in Table 3.
Significant group differences in VO2MAX (15.9%, p = 0.002), VO2/RMAX (17.5%, p = 0.002),
WMAX (23.8%, p < 0.001), WRMAX (25.8%, p < 0.001), and RERMAX (7.0%, p = 0.001), but not
for HRMAX (p = 0.966) were found.

In VO2MAX, no correlation with any antioxidant marker was observed (Table 4).

4. Discussion

This study provides the first direct comparison of endogenous antioxidant, hemato-
logical, performance and metabolic biomarkers (VT1, VT2 and VO2MAX) between PRO and
AMA cyclists. Our results demonstrate that: (i) PRO have higher values in MCH, MCHC,
CAT, GSSG and GSSG/GSH but lower values in SOD than AMA; (ii) PRO have higher
levels of absolute and relative power output and oxygen consumption in all intensity
zones (VT1, VT2 and VO2MAX) than in AMA, with the largest differences found at VT1;
(iii) inverse correlations were identified in WVT1, VO2VT1, WVT2 and VO2VT2 with GSSG/
GSH in PRO.

Differences in Antioxidant Enzymes and Hemogram

When intense physical exercise is performed (especially in untrained or those not
familiar with the exercise), there is an increase in the production of reactive oxygen species,
which are neutralized by our complex endogenous antioxidant defense system (GSH,
GSSG, CAT, SOD, GPx and GR) and by exogenous antioxidants (vitamin C, vitamin E,
carotenes) [30].

Regarding EAE, we observed higher levels of CAT activity, GSSG and GSSG/GSH,
but lower levels of SOD activity in PRO versus AMA. Mena et al. [31] found higher resting
levels of SOD, CAT and GPx in a sample of PRO cyclists compared to sedentary people.
Tauler et al. [32] also showed differences in antioxidant enzyme activity in erythrocyte
between PRO and AMA at rest. In the same study, a decrease in CAT (−12%), GPx (−14%)
and GR activity (−16%) but an increase in SOD activity of about 25% after a submaximal
test (80% VO2MAX; 1 h 30 min) was reported [32].

Long distance runners have been shown to have a three-fold higher CAT activity
compared to short distance runners [18]. Similarly, it was observed that marathon runners
had twice as high catalase activity compared to sprinters [12]. In this study, we also
demonstrated higher levels of CAT in PRO than in AMA, and this may be largely explained
by the fact that PRO perform greater volume, intensity and competitions (higher aerobic
load and prolonged periods of exercise) than AMA, which induces higher levels of exposure
to ROS and, consequently, adaptations of EAE [6]. When CAT levels increase, it is possible
that GPx activity is not sufficient to neutralize high levels H2O2 (endurance exercise) [7].

Regarding SOD, Mena et al. [31] observed lower levels of SOD activity (−32.1%) in
PRO than in elite cyclist, but in the case of CAT (80.0%) and GPx (149.0%), the levels were
higher, reporting an ascending behavior of SOD during a stage race (2800 km in 17 stages)
in PRO. Tauler et al. [32] has also found lower levels of SOD activity in PRO (−19.8%)
than in AMA at baseline, which are in line with the results of our study. Antioxidant
enzyme activity can be modified either by an initial increase (adaptation) or a decrease if
the oxidative stress of long duration (utilization) [33]. Therefore, the low basal levels of
SOD activity in professional cyclists could be overwhelmed and the high concentration
of superoxide anions could activate CAT, allowing compensated metabolization of H2O2.
This may be the reason why PRO has lower levels of SOD activity than AMA, as PRO have
higher levels of exercise exigency that sometimes get close to exhaustion, which can lead a
decrease in the working capacity of SOD.

On the other hand, there is evidence to suggest that GSH or GSH/GSSG decreases
during exercise because of its utilization against ROS [33]. Ultra-endurance exercise
depletes erythrocyte GSH levels by ∼66% for 24 h and levels remain ∼33% lower than
normal 1 month later [34]. PRO frequently compete in longer distance events than AMA,
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which can lead to lower levels of GSH in PRO than in AMA, although no differences were
observed in GSH between PRO vs. AMA in our study. In addition, the muscle can import
GSH from plasma during exercise, and as a result, there is a change in the GSH/GSSG
ratio after exercise with a decrease in the GSH/GSSG ratio at the time of exhaustion [35].
Furthermore, it is important to mention that tissues are not only capable of importing GSH
but also exporting GSSG under oxidative stress [35]. Moreover, GSH is a molecule that
is key in cellular redox status regulation, and consequences of prolonged GSH depletion
may include a compromise in immunity, where lower GSH is associated with decreased
lymphocyte proliferation and increased viral reactivation [34].

GSSG levels are a biomarker of cellular oxidative stress, since GSH is an important
antioxidant in many tissues and oxidizes in the catalyzed reduction of H2O2 to H2O to
become GSSG [36]. The increase in GSH (mainly) and GSSG in plasma after exercise could
be explained by an efflux from the liver to other tissues, including skeletal muscle [37].
GSSG levels in skeletal muscle have previously been shown to increase by ~50% in rats
after running on a treadmill at moderate intensity [38] and by ~20% after cycling in humans
(workload corresponding to 90% of VO2peak; 10 × 4 min) [39]. Leonardo et al. [40]
observed an increase in both GSSG and GSSG/GSH after a period of intense PRO training,
which returned to their baseline levels after a period of tapering. We found similar baseline
values of GSSG in our study. In addition, we found higher levels of GSSG and GSSG/GSH
in PRO than in AMA.

The efforts made during cycling competitions produce oxidative stress in lymphocytes,
leading to a reduction in GSH levels and an increase in GSSG levels. The decrease in GSH
and increase in GSSG during exercise may be explained by an increase in H2O2 formation,
as reported by Wang et al. who found that high-intensity exercise (80% VO2MAX) decreased
GSH levels while lipid peroxidation increased immediately and after 24h of exercise [41].
Furthermore, in this study, lymphocytes were incubated with H2O2 for 2 and 4 h, promoting
an increase in DNA fragmentation immediately and 24 h after high intensity exercise. Thus,
H2O2 would cause a failure of the endogenous antioxidant system leading to DNA damage
in lymphocytes. Ferrer et al. [42] found that high intensity exercise (swimming) increased
GPx activity (converts GSH to GSSG) in lymphocytes, in the same way as other authors
found after a cycling stage [43,44]. This supports the decrease in GSH and increase in GSSG
after high intensity exercise. Therefore, the higher levels of GSSG and GSSG/GSH in PRO
vs. AMA in our study may be due to a higher production of ROS, which leads to a higher
production of GSSG and, consequently, of GSSG/GSH together with a decrease in GSH.

In addition, our study is the first to show correlations between GSSG/GSH with
WVT1 (r = −0.657) and WVT2 (r = −0.635) in PRO. This is also supported by a trend
towards a significant correlation between GSSG and WVT2 (r = −0.575; p = 0.06) in PRO.
These relationships suggest that cyclists who generate more power at VT1 and VT2 have
lower GSSG/GSH levels, and therefore, less oxidative stress, as GSSG/GSH ratio is known
to be a marker of antioxidant status [20].

In response to strenuous physical working conditions, the body’s antioxidant capac-
ity may be temporarily diminished, as its components are used to scavenge the harmful
radicals that are produced [45]. It is well known that exercise-induced ROS are detri-
mental to physiological function, including decreased performance and immune function
and increased fatigue [45]. Moreover, it has been shown that the response of antioxidant
capacity to exercise responds in a similar way to the activity of EAE [45]. Therefore,
the antioxidant defense system may be temporarily reduced in response to increased ROS
production but may increase during the recovery period as a result of the initial prooxidant
insult [46]. However, contradictory findings have been reported where increases in GPx,
SOD, and CAT, as well as decreases in GPx, GR, SOD have been observed [45]. Evidently,
this controversy may depend on the moment of sampling (i.e., period of the season),
as well as on the duration and intensity of the exercise, which varies considerably be-
tween studies.
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It could be that there is an undefined optimal level of ROS production and oxidative
damage required for adaptations in antioxidant defenses and other physiological parame-
ters, leading to health and performance improvements [45]. However, overproduction of
ROS and oxidative damage due to chronic long-term exercise and/or overtraining may ex-
ceed the above-mentioned optimal level, resulting in irreparable oxidative damage, which
can lead to the development or progression of poor health and/or disease [47]. Therefore,
the measurement of the antioxidant capacity (CAT, SOD, GSH, GSSG and GSGG/GSH) of
the body is used as a marker of oxidative stress and can provide us insight on how it affects
performance. Given the results of our research and the evidence shown in the scientific
literature, there is no endogenous antioxidant profile defined in PRO compared to AMA.

There are also other antioxidant proteins, such as peroxiredoxin (PRX) and thioredoxin
(TRX) containing thiol groups, with a high capacity to neutralize reactive oxygen and
nitrogen species and decrease oxidative stress [48]. One study showed how moderate and
high-intensity exercise and a low volume high intensity interval training trial increased
TRX (85%, 64% and 206%, respectively); however, PRX only increased during high intensity
exercise (moderate: −6229%; high: 203% and low volume high intensity interval: −23%,
respectively) in peripheral blood mononuclear cells [48]. In addition, an increase in nuclear
transcription factor kappa B was found during all exercises, suggesting an activation of the
inflammatory system, probably due to increased oxidative stress. Future studies should
examine whether there are differences in these antioxidant proteins between PRO and
AMA and their relationship with performance.

Regarding hematological parameters, no significant differences were found except for
MCH and MCHC between PRO vs. AMA. Schumacher et al. found hematological values in
elite cyclists from the German national team (blood samples collected between November
and January) and the values were similar to ours in Hb (~15.5 g/dL), Hct (~45.0%) and
RBC (~5.0 × 106/mm3) in PRO [49]. In addition, other studies have found hematological
values of approximately 15.0 g/dL of Hb and 45% of Hct in professional cyclists [50–52].
Well-trained cyclists have found values of 14.3 g/dL in Hb and 43.1% in Hct, values lower
than PRO [53]. However, Bejder et al. [54] observed amateur competitive cyclist values of
14.8 g/dL Hb, 42.8% Hct, 4.92 × 106·μL−1RBC, 87.1 fl MCV, 30.1 pg MCH and 34.6 g/dL
MCHC, lower than those reported in PRO.

MCH indicates the amount of hemoglobin contained in an erythrocyte and MCHC is
the average hemoglobin concentration [55]. Therefore, the red blood cells of PROs will have
a higher oxygen transport capacity due to the higher levels of MCH and MCHC. Currently,
no study on cyclists has examined the differences in MCH and MCHC, so we cannot
draw many conclusions in this regard. These hematological parameters have mainly been
used as markers of anemia both in athletes and in the general population [56], but so far,
they are not associated with an athlete’s performance level in this study.

5. Limitations

Our study had limitations with regards to the sample number, since it was more
difficult to recruit PRO athletes than lower-level athletes (AMA).

Differences in endogenous antioxidant marker between this study and previous works
may be influenced by the instrumentation and methodology used, the timing of the season
at which the measurements were made, and the training status of the cyclists.

6. Conclusions

Regarding the endogenous antioxidants profile, PRO had higher values of CAT,
GSSG and GSSG/GSH compared to AMA. An inverse correlation was found for the
first time between WVT1 and WVT2 with GSSG/GSH at rest only in PRO. This indicates
better antioxidant status that allow for higher performance with regard to power output.
Future studies should examine how training adaptations affect the studied variables and
how antioxidant enzymes evolve during a race stage (e.g. Tour de France), in order to
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see their association with performance, recovery and fatigue, thereby helping to develop
monitoring tools for medical doctors, nutritionists and coaches.
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Abstract: This randomized double-blind and controlled single-center clinical trial was designed to
evaluate the effect of a 6-week intake of a probiotic product (1 capsule/day) vs. a placebo on an
oxidative stress model of physical exercise (high intensity and duration) in male cyclists (probiotic
group, n = 22; placebo, n = 21). This probiotic included three lyophilized strains (Bifidobacterium
longum CECT 7347, Lactobacillus casei CECT 9104, and Lactobacillus rhamnosus CECT 8361). Study
variables were urinary isoprostane, serum malondialdehyde (MDA), serum oxidized low-density
lipoprotein (Ox-LDL), urinary 8-hydroxy-2′-deoxiguanosine (8-OHdG), serum protein carbonyl,
serum glutathione peroxidase (GPx), and serum superoxide dismutase (SOD). At 6 weeks, as com-
pared with baseline, significant differences in 8-OHdG (Δ mean difference −10.9 (95% CI −14.5 to
−7.3); p < 0.001), MDA (Δ mean difference −207.6 (95% CI −349.1 to −66.1; p < 0.05), and Ox-LDL
(Δ mean difference −122.5 (95% CI −240 to −4.5); p < 0.05) were found in the probiotic group only.
Serum GPx did not increase in the probiotic group, whereas the mean difference was significant in
the placebo group (477.8 (95% CI 112.5 to 843.2); p < 0.05). These findings suggest an antioxidant
effect of this probiotic on underlying interacting oxidative stress mechanisms and their modulation
in healthy subjects. The study was registered in ClinicalTrials.gov (NCT03798821).

Keywords: oxidative stress; probiotics; physical exercise; male cyclists; oxidative stress biomarkers;
antioxidative enzymes

1. Introduction

Oxidative stress is characterized by the inability of the organism to detoxify reactive
oxygen species (ROS) caused by a disequilibrium in the balance between their production
and accumulation in cells and tissues. ROS generated by biological systems as metabolic
by-products include hydrogen peroxide, superoxide and hydroxyl radicals, and singlet
oxygen [1]. The oxidation products or nitrosylated products linked to ROS have a variety
of detrimental effects on crucial cellular functions. Cell enzymatic antioxidant defensive
systems include superoxide dismutase (SOD), catalase (CAT), glutathione reductase, and
glutathione peroxidase (GPx) as the most important scavengers [2,3]. On the other hand,
overproduction of ROS may result in cell and tissue injury and contribute to oxidative
stress and chronic inflammation as the underlying pathophysiological mechanisms of a
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wide spectrum of pathological conditions related to neurodegeneration, atherosclerosis,
metabolic diseases, carcinogenesis, or ageing [4–8].

The relationship between oxidative stress and microbiota dysbiosis has been a focus
of increasing interest. The intestinal microbiota performs multiple functions related to
signaling pathways and maintenance of homeostasis, interacting with nutrients and drug
metabolism, performing intestinal barrier functions, protecting against pathogen coloniza-
tion, and also working together with the immune system [9,10]. Excessive bioavailability
of ROS may result from a disturbance of gut microbiota, contributing to an increase of
oxidative stress. It has been shown that microbial-elicited ROS modulates innate immune
signaling and mediates motility and increased cellular proliferation [11]. It has been hy-
pothesized that at least partially-mediated ROS-dependent mechanisms are involved in
potential beneficial effects of candidate probiotic bacteria as well as in many of the known
effects of the normal microbiota on intestinal physiology [12]. Recent studies have shown
fecal microbiota transplantation to be effective in the modulation of oxidative stress and
reduced inflammation. A variety of mechanisms has been identified for the antioxidant ac-
tion induced by probiotic bacteria in the gut. These include release of antioxidant molecules
(e.g., glutathione) and secretion of antioxidant enzymes, direct ROS scavenging action, and
their role as strong chelators of free copper or iron ions to prevent metal ion-catalyzed
oxidation [13,14]. Probiotic exposure has also been associated with reduction of the activity
of ROS-releasing enzyme systems such as NADPH oxidases and induction of cellular
antioxidant signaling pathways such Nrf2-Keap1-ARE [15]. Altogether, it seems plau-
sible that strategies able to impact the microbiome could potentially have an effect on
oxidative stress.

On the other hand, intense physical exercise has been shown to be associated with
different physiological changes, some of which include glucose and fatty acid oxidation,
oxidative phosphorylation, and increased production of ROS and reactive oxygen nitrogen
species (RONS) [16,17]. Additionally, gastrointestinal hypoxia and hypoperfusion during
endurance exercise may increase intestinal permeability and oxidative stress in the gas-
trointestinal tract. Exercise-induced oxidative stress is affected by important factors, such
as duration and intensity of exercise, training status, and nutritional intake. The effects
of antioxidant intake (e.g., vitamin C, vitamin E, polyphenols, resveratrol, β-carotene, N-
acetylcysteine) on exercise-induced oxidative stress have also been assessed in numerous
experimental and human studies [18–20]. However, evidence of improvement of exercise
performance or reduced muscle damage is inconsistent due to differences in the conditions
of the exercise protocol and the administration of the antioxidant product (i.e., type, dose,
timing, duration, etc.).

Based on the potential effects of probiotics as inducers of an antioxidant action and the
increased production of ROS elicited by intense physical exercise, this study was conducted
to test the hypothesis that supplementation with a probiotic product may be associated
with beneficial effects in an oxidative stress model induced by high-intensity and duration
physical exercise in male cyclists. Changes in gut bacterial microbiome were also examined.

2. Materials and Methods

2.1. Design

Between July 2018 and January 2019, a randomized, parallel-group, double-blind,
placebo-controlled, and single-center trial was conducted at the Health Sciences Depart-
ment of the Saint Anthony Catholic University (UCAM) in Murcia, Spain. The primary
objective of this study was to evaluate the effect of the administration for 6 weeks of a daily
regimen of a probiotic product, obtained from the mixture of three lyophilized probiotic
strains, on an oxidative stress model based on the performance of physical exercise of high
intensity and duration. The secondary objective was the evaluation of changes in bacterial
microbiome from fecal samples. The study protocol was approved by the Ethics Committee
of UCAM. Written informed consent was obtained from all participants. The study was
registered in ClinicalTrials.gov (accessed on 18 February 2021) (NCT03798821).
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2.2. Eligibility Criteria and Randomization

Caucasian healthy male volunteers aged 18–45 years who performed aerobic physical
exercise between 2 and 4 times a week were eligible provided that they gave the written
informed consent and none of the following exclusion criteria were present: history of
chronic disease, particularly gastrointestinal disorders; abdominal surgery in last 3 months;
asthma; chronic obstructive pulmonary disease (COPD); hypertension; sinus bradycardia;
heart failure or cardiogenic shock; current smoking (>10 cigarettes/day); body mass index
(BMI) > 30 kg/m2; alcohol or drug abuse; and poor tolerance or hypersensitivity to any
component of the study product. The database of the Health Sciences Department of
UCAM was used for the recruitment of participants.

Randomization (1:1) to supplementation with the probiotic product (probiotic group)
or placebo (placebo group) was performed by an independent researcher using a random
sequence of computer-generated numbers.

2.3. Intervention

Participants were given the probiotic product (300 mg capsules with 100 mg probiotic
and maltodextrin and sucrose as carriers, 200 mg) or placebo (300 mg capsules with
maltodextrin and sucrose) during 6 weeks. The probiotic product obtained from ADM-
Biopolis (Valencia, Spain) was based on a mixture of three lyophilized probiotic strains:
Bifidobacterium longum CECT 7347, Lactobacillus casei CECT 9104, and Lactobacillus rhamnosus
CECT 8361 (in a ratio 1:4.5:4.5, 1 × 109 total colony-forming units (cfu) per capsule).
Participants were recommended to take one daily capsule, at breakfast, for 6 weeks. For all
the strains a safety study including in vivo acute oral toxicity was previously evaluated,
following the method described by Chenoll et al. [21] for L. rhamnosus CECT 8361 and L.
casei CECT 9104 (data not shown).

2.4. Physical Exercise Oxidative Stress Model

The model was a high-intensity and long-lasting physical activity (90 min) on a bicycle
roller. Participants underwent a preliminary test and two subsequent tests (test #1 after
a 7-day washout period and test #2 at the end of the study at 6 weeks). The preliminary
test was performed to calculate the intensity of tests #1 and #2 for each individual, using
a bicycle roller with electromagnetic resistance (Technogym Spin Trainer) with an initial
speed load of 12 km/h, with a 2 km/h load increase every minute, maintaining a constant
slope of 2%. The cyclists employed free development. In order to calculate the intensity
of tests #1 and #2, participants were monitored by ECG and gas analyzer (Jaeger Oxicom
Pro®, CareFusion Respiratory Care, Germany) to determine maximal heart rate (MHR) and
monitor heart rate above anaerobic threshold and during maximum oxygen uptake (VO2
max). Tests #1 and #2 lasted 90 min, and the maximum maintained load was equivalent
to a heart rate corresponding to 75% of VO2 max calculated in the preliminary test. A
constant slope of 2% was also used. The water consumption was ad libitum. After test #1,
participants were given the assigned supplement (probiotic or placebo). Forty-eight hours
before each test participants did not make any intense physical or psychological effort.

2.5. Study Procedures

The study included three visits, one at baseline during the time of the preliminary
test, one at the time of test #1, and a final visit after test #2 at 6 weeks. At baseline,
participants signed the informed consent, when eligibility criteria were checked, and the
study product was given. Clinical evaluations included detailed medical history and
measurement of anthropometric variables. Compliance with the intake of the probiotic
product was assessed by counting the remaining capsules in the medication container.
Adverse events were ascertained by directly asking participants how they were feeling
after taking the product and from abnormal changes of laboratory results. During the study
period, there were no dietary restrictions, but medications that may affect the microbiome
(e.g., antioxidants, statins) were not allowed.
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Peripheral blood samples (12 mL) after 12 h fasting were extracted at 30 min before
and after each test, and 24 h urine samples were collected one day before and after the test.
From the total urine volume, a 9 mL sample was frozen at −80 ◦C for further analysis.

Stool samples were collected during 24 h before test #1 and at 6 weeks during the 24 h
before test #2, preserved with REAL stock buffer (Durviz S.L., Paterna, Valencia, Spain),
and stored at −80 ◦C until analysis.

2.6. Study Variables

Body weight, BMI, and free fat mass were measured using bioelectrical impedance
analysis (BIA) on a whole body BIA analyzer (Tanita BC-420MA, Tanita Corporation,
Tokyo, Japan). Biochemical analyses included urinary isoprostanes (8-iso-PGF2α, ELISA
kit, Oxford Biomedical Research, Rochester Hills, MI, USA), serum malondialdehyde
(MDA) (MDA ELISA kit, Elabscience, Houston, TX, USA), and serum oxidized low-density
lipoprotein (Ox-LDL) (Human OxLDL ELISA kit, Elabscience) as lipid-related oxidative
stress biomarker; urinary 8-hydroxy-2′-deoxiguanosine (8-OHdG) (ELISA kit, Elabscience)
as DNA-related oxidative stress biomarker, and serum protein carbonyl (Protein Carbonyl
ELISA kit, Enzo Life Sciences, Lausanne, Switzerland) as protein-related oxidative stress
biomarker; and serum glutathione peroxidase (GPx) (ELISA kit, Elabscience) and serum su-
peroxide dismutase (SOD) (ELISA kit, Elabscience) as endogenous antioxidative enzymes.
Safety analyses included complete blood count, liver function tests (bilirubin, alanine and
aspartate aminotransferases, gamma-glutamyl transpeptidase), and renal function tests
(blood urea nitrogen and serum creatinine levels).

For microbiome analysis, DNA was isolated with the aid of a QIAmp Power Fecal
Pro DNA kit (Qiagen, Hilden, Germany), with bead beating and enzymatic lysis steps
prior to extraction to avoid bias in DNA purification toward misrepresentation of Gram-
positive bacteria. Massive genome sequencing of the hypervariable region V3–V4 of
the bacterial 16s rRNA gene was conducted to evaluate the bacterial composition of the
gut microbiome. Samples were amplified using key-tagged eubacterial primers [22] and
sequenced with a MiSeq Illumina Platform, following the Illumina recommendations for
library preparation and sequencing for metagenomic studies. The resulting sequences
were split per patient, considering the barcode introduced during the PCR reaction. R1
and R2 reads were overlapped using PEAR program version 0.9.1, with an overlap of 50
nucleotides and a quality of overlap with a minimum of Q20, providing a single FASTQ
file for each of the samples. Quality control of the sequences was performed by initial
quality filtering (minimum threshold of Q20) using fastx tool kit version 0.013, followed
by primer (16s rRNA primers) trimming and length selection (reads over 300 nts) with
cutadapt version 1.4.126. These FASTQ files were then converted to FASTA files, and
chimeras that could arise during the amplification and sequencing steps were removed by
the UCHIME program, version 7.0.1001. Those clean FASTA files were BLAST against the
National Center for Biotechnology Information (NCBI) 16s rRNA database using blastn
version 2.2.29+. The resulting XML files were processed using a python script developed by
ADM-Biopolis; (Valencia, Spain) to annotate each sequence at different phylogenetic levels.

2.7. Statistical Analysis

Analyses were performed in the per-protocol (PP) data set, which included all par-
ticipants who completed the 6-week study period and underwent tests #1 and #2. The
sample size was calculated for an expected mean difference between groups in serum
levels of MDA of 1.34 nmol/mL with a standard deviation of 1.6 nmol/L according to data
of Krotkiewsky et al. [23], so that for a significance level of 5% and statistical power of 80%
assuming a drop-out rate of 10% since the primary analysis was performed in the PP data
set, 20 evaluable participants for each treatment group were required. Categorical variables
were expressed as frequencies and percentages, and continuous variables as mean and
standard error (SE). Mean differences and 95% confidence intervals (CI) were calculated
for changes between data at 6 weeks as compared with baseline. The chi-square (χ2) test
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or the Fisher’s exact probability test was used for the comparison of categorical variables
between the probiotic and placebo groups. Quantitative variables were assessed using the
analysis of variance (ANOVA) for repeated measures with three factors: time (baseline and
final), test (test #1 and test #2) as within-subject factors and intervention (probiotic and
placebo) as between-subject factor, with Bonferroni’s correction for pairwise comparisons.

In the case of microbiome analysis, alpha diversity was conducted using the vegan
package, and statistical significance analyzed with the ANOVA test. The DESeq2 package
from R (R Core Team, 2012) was used to generate a generalized linear model with fixed
effects with negative binomial family, and the Wald test was used to compare operational
taxonomic unit (OTU) counts between groups.

Statistical significance was set at p < 0.05. The SPSS software version 21.0 (IMB Corp.,
Armonk, NY, USA) was used for statistical analysis.

3. Results

3.1. Study Population

Of a total of 45 eligible subjects, 1 declined to participate. The remaining 44 were ran-
domized to the study groups (22 in each group), but 1 subject assigned to the placebo group
did not receive the assigned intervention and was lost to follow-up. The final study sample
included 22 subjects in the probiotic group (25.3 ± 7.2 years) and 21 (27.1 ± 8.4 years) in
the placebo group (Figure 1). Baseline BMI was 23.6 (2.6) kg/m2) and VO2 max 51.1 (8.8)
mL/kg/min. Significant differences after randomization were not observed.

Figure 1. Flow chart of the study population.

3.2. Lipid, Protein, and DNA-Related Oxidative Stress Biomarkers and Antioxidative Enzymes

The oxidative stress model based on the performance of high intensity exercise and
duration (test 1) produced statistically significant increases in biomarkers of oxidative
stress and enzymes.

As shown in Table 1, urinary isoprostanes increased significantly in both groups after
tests #1 and #2 as compared with baseline, but the difference between tests #1 and #2 (Δ
mean difference) and between-group differences were not significant. Serum MDA showed
a significant Δ mean difference of −207 ng/mL (95% CI −349.1 to 66.1) (p < 0.05) in the
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probiotic group only, with between-group differences also statistically significant (p < 0.05).
Serum Ox-LDL showed a significant Δ mean difference of −122.5 pg/mL (95% CI −240 to
−4.5) (p < 0.05) in the probiotic group only, but between-group differences almost reached
statistical significance (p = 0.063). Urinary 8-OHdG increased significantly in both groups
after tests #1 and #2, although the Δ mean difference (−10.9 pg/day, 95% CI −14.5 to −7.3;
p < 0.001) was only significant in the probiotic group; moreover, between-group differences
were also significant (p < 0.001). Serum protein carbonyl increased significantly after test #1
and test #2 in both groups, but neither Δ mean difference nor between-group differences
were statistically significant. Serum GPx increased significantly in both groups after test #1
and in the placebo group only after test #2; however, neither Δ mean difference nor between-
group differences were statistically significant. Serum SOD increased significantly in both
groups after test #2, but again neither Δ mean difference nor between-group differences
were statistically significant.

Table 1. Results of lipid, protein, and DNA-related oxidative stress biomarkers and antioxidative enzymes.

Variables

Test #1 Test #2 (6-Week Probiotic/Placebo Intake)
Test #1 vs.

Test #2 Between-
Group

Difference p
Value

F Snedecor

Baseline
Mean
(SE)

After
Exercise

Mean (SE)

Mean
Difference
(95% CI),
p Value

Baseline
Mean (SE)

After
Exercise

Mean (SE)

Mean
Difference
(95% CI),
p Value

Δ Mean
Difference

(95% CI)
p Value

Urinary
isoprostane,

pg/day

Placebo group 1.3 (0.5) 2.5 (0.7) 1.2 (0.5 to 1.9)
p = 0.05 1.2 (0.5) 2.1 (0.7) 0.9 (0.3 to 1.5)

p < 0.05

–0.3 (−0.8 to
0.2)

p = 0.292 p = 0.213
F = 1.601

Probiotic group 2.1 (0.5) 3.3 (0.7) 1.3 (0.6 to 2.0)
p < 0.05 2.2 (0.5) 3.6 (0.7) 1.4 (0.9 to 2.0)

p < 0.001

0.1 (−0.3 to
0.7)

p = 0.476

Serum MDA,
ng/mL

Placebo group 347.4
(84.8) 491.1 (145.3)

143.7 (−25.8
to 313.2)
p = 0.094

312.9 (64.3) 454.4 (113.3)
141.5 (−52.8

to 335.8)
p = 0.149

−2.2 (−147
to 142.6)
p = 0.975 p < 0.05

F = 4.195

Probiotic group 433.2
(82.9) 687.4 (142.0)

254 (88 to
419.8)

p < 0.05
358 (62.9) 404.6 (110.7)

46.6 (−143 to
236.4)

p = 0.623

–207.6
(−0.341 to
−66.1)

p < 0.05

Serum Ox-LDL,
pg/mL

Placebo group 740.3
(82.9) 899.6 (64.1)

159.3 (81.9 to
236.7)

p < 0.001
779.9 (64.2) 977.4 (78.4)

196.6 (83.0 to
310.2)

p < 0.05

37.3 (−83.5
to 158.0)
p = 0.536 p < 0.063

F = 3.653

Probiotic group 646.2
(60.1) 809.0 (62.6)

162.9 (87.2 to
238.5)

p < 0.001
772.9 (67.6) 813.3 (77.1)

40.4 (−70.6
to 151.4)
p = 0.467

−122.5
(−240 to
−4.5)

p < 0.05

Urinary 8-OHdG,
pg/day

Placebo group 10.7 (0.2) 23.1 (3.8)
12.4 (8.3 to

16.6)
p < 0.001

11.8 (2.4) 23.4 (3.3)
11.5 (8.1 to

15.0)
p < 0.001

−0.9 (−4.6 to
2.8)

p = 0.620 p < 0.001
F = 15.144

Probiotic group 13.3 (2.0) 29.0 (3.7)
15.7 (11.6 to

19.7)
p < 0.001

13.6 (2.4) 18.4 (3.2) 4.8 (1.4 to 8.1)
p < 0.001

−10.9 (−14.5
to −7.3)
p < 0.01

Serum protein
carbonyl,
pmol/mg

protein
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Table 1. Cont.

Variables

Test #1 Test #2 (6-Week Probiotic/Placebo Intake)
Test #1 vs.

Test #2 Between-
Group

Difference p
Value

F Snedecor

Baseline
Mean
(SE)

After
Exercise

Mean (SE)

Mean
Difference
(95% CI),
p Value

Baseline
Mean (SE)

After
Exercise

Mean (SE)

Mean
Difference
(95% CI),
p Value

Δ Mean
Difference

(95% CI)
p Value

Placebo group 124.0
(16.3) 160.0 (18.0)

36.0 (18.4 to
53.6)

p < 0.001
112.4 (19.9) 162.0 (20.6)

49.6 (32.6 to
66.2)

p < 0.001

13.6 (−4.4 to
31.6)

p = 0.135 p = 0.434
F = 0.625

Probiotic group 166.8
(15.9) 204.2 (17.6)

37.4 (20.1 to
54.6)

p < 0.001
162.9 (17.5) 204 (20.1)

41.1 (24.8 to
57.3)

p < 0.001

3.7 (−13.9 to
21.3)

p = 0.671

Serum GPx,
pg/mL

Placebo group 526.9
(84.9) 788.0 (92.1)

261.1 (162.2
to 360.0)
p < 0.001

633.8 (80.3) 1111.7 (214.5)
477.8 (112.5

to 843.2)
p < 0.05

216.7
(−156.4 to

598.9)
p = 0.248 p = 0.253

F = 1.598

Probiotic group 473.4
(83.0) 594.8 (90.0)

121.4 (24.7 to
218.0)

p < 0.05
598.5 (78.4) 610.0 (209.6)

11.6 (−345.4
to 368.5)
p = 0.948

−109.9
(−474.4 to

254.7)
p = 0.546

Serum SOD,
ng/mL

Placebo group 24.1 (2.6) 34.5 (3.3)
10.5 (5.9 to

15.1)
p < 0.001

22.1 (2.2) 29.9 (2.7)
7.8 (3.7 to

11.9)
p < 0.001

−2.9 (−8.6 to
3.2)

p = 0.358 p = 0.267
F = 1.274

Probiotic group 29.2 (2.6) 33.1 (3.3)
3.9 (−0.7 to

8.5)
p = 0.094

24.9 (2.2) 30.7 (2.7) 5.8 (1.7 to 10)
p < 0.05

2 (−4 to 7.8)
p = 0.511

SE: standard error; CI: confidence interval; MDA: malondialdehyde; Ox-LDL: oxidized low-density lipoprotein; GPx: glutathione
peroxidase; SOD: superoxide dismutase; F: F-Snedecor.

3.3. Microbiome Analysis

A total of 86 samples were included in the microbiome analysis (44 samples from
participants in the probiotic group before test #1 (n = 22) and at 6 weeks before test #2
(n = 22), and 42 samples from participants in the placebo group before test #1 (n = 21) and
at 6 weeks before test #2 (n = 21)). The local contributions to beta diversity (LCBD) at
family and genus levels from taxonomic identification of the samples sequenced is shown
in Figure 2.

Bacterial composition of samples was grouped, and both groups (placebo and probi-
otic) were compared at baseline and at 6 weeks at the end of the study. Richness, Simpson
diversity index, and Shannon diversity index did not change after probiotic consumption
(ANOVA test, p > 0.05 for all comparisons) (Figure 3).

Differences in bacterial population were measured with a Wald test using DESeq2
analysis. After 6 weeks of ingestion of the probiotic product or placebo (end of study), fami-
lies Rhodospirillaceae (placebo vs. probiotic, log2 fold = 2.71, adjusted p value = 0.019) and
Streptococcaceae (placebo vs. probiotic, log2 fold = 2.20, adjusted p value = 0.019) showed
lower values in the probiotic group (Figure 4, left panel), considering a minimum threshold
value of 10 counts (total average). There were statistically significant changes in seven
genera, Rhodospirillum and Streptococcus being higher in the placebo group (Figure 4, right
panel). However, within-group differences in the probiotic group showed an increase in
specific genera, Methanobrevibacter (M. smithii), Holdemanella (H. biformis), and Blautia being
the most remarkable, although Lactobacillus and Lachnospira decreased at the end of the
study. Within-group differences in the placebo group revealed increases in Bifidobacterium
and Blautia, among others, and decreases in Shigella and Klebsiella (in this case with low
mean at baseline). Detailed data are shown in the Supplementary Materials, with Table S1
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showing sequence distribution as well as sample metadata; Table S2 includes microbiome
profiles at phylum, family, genus, and species levels, and Table S3 summarizes different
populations at the genus level by Deseq2 analysis.

Figure 2. Local contributions to beta diversity (LCBD) analysis at family level (right) and genus level (left) from taxonomic
identification of the samples sequenced (42 samples in the placebo group and 44 samples in the probiotic group; T1: before
test #1, T2: at 6 weeks before test #2).

Figure 3. Richness, Simpson diversity index, and Shannon diversity index (from left to right) in the placebo and probiotic
group at baseline (T1) and at 6 weeks (end of study) (T2).

56



Antioxidants 2021, 10, 323

  A      B 

 

Figure 4. Differences between the placebo and probiotic groups at the end of the study (6 weeks) at the level of families
(A) and genera (B).

The probiotic product was well tolerated, and no adverse effects were observed.
Additionally, laboratory tests at the end of the study did not show any abnormalities.

4. Discussion

In an oxidative stress model of high-intensity and duration physical exercise in male
cyclists, daily intake of a probiotic product based on a mixture of B. longum, L. casei and L.
rhamnosus for 6 weeks was associated with a significant reduction of lipid-related oxida-
tive stress biomarkers, such as serum MDA, serum Ox-LDL, and DNA-related oxidative
stress biomarker, such as urinary 8-OHdG. Several studies have shown that high-intensity
and duration physical exercise results in oxidative stress, due to ROS being generated
excessively by enhanced oxygen consumption, as well as in changes in muscle antioxidant
enzyme activity [24–27]. Additionally, physical exercise models in endurance-trained
competitive and non-competitive athletes have been used to assess the benefits of different
supplements with antioxidant capacity [28–32].

Probiotic supplements are nutraceuticals with wide applications in different aspects
of human health and have recently gained increasing interest for their potential effects as
antioxidants due to anti-oxidative enzyme upregulation, stimulation of the production
of a variety of bioactive peptides, and gut flora re-establishment [33]. However, there is
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limited evidence of the influence of probiotic supplementation on oxidative markers in
athletes, and as far as we are aware there are only four studies examining antioxidant
potential of probiotics in athletes. In a randomized double-blind, placebo-controlled study,
22 elite athletes received Lactobacillus helveticus (n = 10) or placebo (n = 12) for 3 months,
and it a significant decrease of MDA and advanced oxidation protein products (AOPP) was
found, without modifications in antioxidant enzyme SOD activity [34]. In a comparative
study of two groups of 12 athletes each, probiotic supplementation with a combination of
Lactobacillus rhamnosus IMC 501 and Lactobacillus paracasei IMC 502 administered for 4 weeks
vs. no supplementation (controls) was associated with an increase in plasma antioxidant
levels, thus neutralizing ROS [35]. A randomized, double-blinded, placebo controlled trial
conducted in 23 trained men who received multi-species probiotics (n = 11) or placebo
(n = 12) over 14 weeks, was designed to evaluate changes of markers of intestinal barrier,
oxidation, and inflammation associated with the use of probiotic supplementation at rest
and after intense exercise [36]. Participants performed a 90-min intense cycle ergometry
at baseline and after 14 weeks. In this study, supplementation had no effect on protein
carbonyl and MDA but decreased zonulin in feces as a marker, indicating enhanced gut
permeability [36]. Finally, in a study of marathon runners, Lactobacillus rhamnosus GG
(probiotic group) or placebo drink (placebo group) were given during the 3-month training
period, 6-day preparation period, and marathon run, but probiotics did not show any
effect on serum total antioxidant potential Ox-LDL [37]. However, studies requiring larger
samples of athletes are needed to assess the beneficial role of probiotic supplementation on
markers of oxidative stress damage.

On the other hand, other studies have examined the association between gut mi-
crobiota and oxidative stress in diseases in which oxidative stress plays a well-known
pathogenetic role, such as type 2 diabetes mellitus. In a systematic review and meta-
analysis of 13 randomized clinical trials involving 840 subjects, probiotics intake resulted
in significant improvement in serum levels of total antioxidant status, MDA, and total
glutathione (GSH), but there was a modest effect on serum glucose levels and glycated
hemoglobin (HbA1c) [38]. Wang et al. [15] reported an in-depth review of the antioxidant
mechanisms of probiotics, summarizing their involvement in decreasing radical generation
and improving the antioxidant system based on modulation of the redox status of the host
via their metal ion chelating ability, regulation of signaling pathways, antioxidant systems,
ROS-producing enzymes, and gut microbiota.

A diversity of exogenous and endogenous stimuli are involved in complex molecu-
lar and cellular changes, including oxidative DNA damage and participation in cancer
development [39], and different studies have explored the potential of probiotics (L. casei
and L. rhamnosus) as cell-free supernatants to inhibit colon cancer cell invasion [40], the
antiproliferative and apoptotic effects driven by L. casei ATCC 393 against experimental
colon cancer [41], or Lactobacilli strains as modulators of Fiaf gene expression in human
epithelial intestinal cells [42].

8-hydroxy-2′deoxiguanosine (8OHdG) is usually measured as an index of oxidative
DNA damage [43,44] with oxidative modification of DNA that causes mutations during
replication [45]. In recent years, there has been an increasing interest in the impact of
exercise on epigenetic events; in particular, ROS-mediated methylation patterns are being
investigated. The understanding of the mechanisms leading to ROS-associated epigenetic
modifications may contribute to a better knowledge of carcinogenesis and its progression,
together with discovering of implicated biomarkers [46,47].

An interesting aspect of the present study was the assessment of changes in micro-
biome besides improvement of biomarkers of oxidative damage induced by a model of
high-intensity and duration physical exercise in response to supplementation with the
probiotic product. The microbiota can be considered as a true endocrine organ, and the
interactions between exercise and its adaptations, probiotics, and the microbiota itself
could help athletes by producing beneficial metabolic, antioxidant, or anti-inflammatory
effects that improve training. Methanobrevibacter, Holdemanella, and Blautia increased in
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participants consuming probiotics, whereas Lactobacillus and Lachnospira were within the
taxa that decreased at the final point. M. smithii is a prominent microbe with methanogenic
properties. In a humanized gnotobiotic mouse model of host–archaeal–bacterial mutualism,
it was shown that M. smithii removed H2, which was related with more effective bacterial
fermentation and subsequently more efficient short-chain fatty acids (SCFAs) production,
increasing energy absorption [48,49]. Holdemanella is considered a butyrate producer. In a
study of fecal microbiota collected from obese adults aimed to assess the effect of a pectin
extracted from lemon and the probiotic strain B. longum BB-46, given in combination or
alone, there was a positive correlation of Holdemanella with acetic and butyric acid, and
a negative correlation with ammonium ions [50]. In an experimental high fat-induced
oxidative stress, polyphenol supplementation affected different taxonomic levels of the
gut microbiome by improving the proportion of Blautia (a butyrate producer) [51]. Blautia
is one of the major taxonomic groups of the human gut microbiota (a genus in the Lach-
nospiraceae bacterial family, degrading complex polysaccharides to acetate, butyrate, and
propionate (short chain fatty acids) that can be used by the host for energy and as a source
of butyrate [52]. In a study of subjects who completed a 6-week endurance-based exercise
intervention, there was an increase in butyrate concentrations induced by the exercise as
a result of an increase in Lachnospira spp. [53]. This increase was independent of the BMI
and decreased after return to sedentary activity. Surprisingly, Lactobacillus was found to
be decreased at the end of the study, even being part of the probiotic. The reason for this
finding is unknown. A point to be considered is how these strains could be able to resist
the digestive system and arrive in sufficient amounts to detect enrichment of this genus.
Conversely, both were detected by species-specific PCR in preliminary acute ingestion
assays in feces (data not shown), although these results cannot be directly extrapolated
to humans. Discussing a possible explanation for the functional effect of the formulation,
even with a decrease in lactobacilli relative levels, is the potential capacity of extracellular
metabolites of lactic acid bacteria to act as a prebiotic for key bacteria, influencing not only
their growth and cell death, but also the expression of genes related to cell protection [54].
However, it seems that changes in microbiome do not directly correlate with the strains
consumed, pointing that other mechanisms not necessary based on simple colonization
might have a role on the results obtained.

The mechanisms by which the microbiome can impact upon oxidative stress and its
effects are diverse. Among these, the production by the microbiota of toxic compounds can
have a key impact on the health of the individual. Within this group, tryptophan catabolism
by tryptophanase of certain bacterial groups produces indole, which is metabolized further
to indoxyl-sulfate or indole-3 acetic acid. The latter toxins are secreted into the urine
and are accumulated in the case of renal failure. These toxins decrease glutathione levels
in renal tubular epithelial cells ren-dering them more vulnerable to oxidative stress [55].
Also, by activating ar-yl-hydrocarbon receptor (AhR) they can exert various deleterious
effects [56,57].

Short-chain fatty acids, products of bacterial metabolism, have also been identified
as an oxidative stress control mechanism. In a model of apoptosis in β-cells, butyrate and
acetate attenuated the overproduction of ROS and NO and prevented cell apoptosis, and
reduced viability and mitochondrial dysfunction [58]. Moreover, a bidirectional connection
between mitochondrial genotype, ROS production, and gut microbiome has been recently
established [59].

The present findings should be interpreted taking into account the limitations of the
study, such as the small study population and the short duration of the intervention of only
6 weeks. Therefore, further studies with a larger sample size and duration of consumption
of the probiotic product are warranted. It should be noted that in the present study, SOD
and GPx were measured in serum samples, and significant differences between the study
groups were not observed. However, it may be possible that significant differences could
have been obtained by measurement of SOD and GPx in red blood cells.
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5. Conclusions

Consumption of a probiotic product based on the three strains of B. longum, L. ca-
sei, and L. rhamnosus for 6 weeks in male amateur cyclists undergoing high-intensity
and duration physical exercise was associated with a reduction of lipid-related oxidative
stress biomarkers, without an increase in antioxidative enzymes. These findings suggest
an antioxidant effect of the probiotic product on underlying interacting oxidative stress
mechanisms and their modulation in healthy subjects.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076
-3921/10/2/323/s1, Table S1: Sequences_distribution; Table S2: Microbiome_profile; Table S3:
DESeq2_differential-populationGenus.

Author Contributions: Conceptualization, F.J.L.-R. and V.Á.-G.; methodology, F.J.L.-R., A.J.L.-R.,
and V.Á.-G.; software, S.P.-P. and A.M.G.-M.; validation, D.V.-M., A.M.G.-M., and S.P.-P.; formal
analysis, A.M.G.-M., M.S.M., E.C. (Eric Climent), S.G., D.R., and E.C. (Empar Chenoll); investigation,
M.S.M., M.S.A.-R., D.V.-M., A.M.G.-M., and S.P.-P.; data curation, F.J.L.-R.; writing—original draft
preparation, M.S.M., M.S.A.-R., and F.C.; writing—review and editing, M.S.M., M.S.A.-R., and F.C.;
visualization, F.C.; supervision, V.Á.-G.; project administration, S.P.-P.; funding acquisition, F.J.L.-R.
All authors have read and agreed to the published version of the manuscript.

Funding: We received funds from the CDTI agency of the Spanish Ministry of Economy and Compet-
itiveness and European Regional Development Fund (ERDF), under the call of the Strategic Program
of the Consortia of National Business Research (CIEN), project SMARTFOODS.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of UCAM (CE101703).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors thank Marta Pulido for editing the manuscript and for editorial as-
sistance.

Conflicts of Interest: Eric Climent, Salvador Genovés, Daniel Ramon and Empar Chenoll are em-
ployees of ADM-Biopolis. All other authors declare that they have no conflict of interest.

References

1. Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative stress:
Harms and benefits for human health. Oxid. Med. Cell Longev. 2017, 2017, 8416763. [CrossRef]

2. Schieber, M.; Chandel, N.S. ROS function in redox signaling and oxidative stress. Curr. Biol. 2014, 24, R453–R462. [CrossRef]
3. Ray, P.D.; Huang, B.-W.; Tsuji, Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cellular signaling. Cell

Signal. 2012, 24, 981–990. [CrossRef]
4. Mittal, M.; Siddiqui, M.R.; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive oxygen species in inflammation and tissue injury. Antioxid.

Redox. Signal. 2014, 20, 1126–1167. [CrossRef]
5. Simpson, D.S.A.; Oliver, P.L. ROS generation in microglia: Understanding oxidative stress and inflammation in neurodegenerative

disease. Antioxidants 2020, 9, 743. [CrossRef]
6. Dubois-Deruy, E.; Peugnet, V.; Turkieh, A.; Pinet, F. Oxidative stress in cardiovascular diseases. Antioxidants 2020, 9, 864.

[CrossRef] [PubMed]
7. Yaribeygi, H.; Sathyapalan, T.; Atkin, S.L.; Sahebkar, A. Molecular Mechanisms Linking Oxidative Stress and Diabetes Mellitus.

Available online: https://www.hindawi.com/journals/omcl/2020/8609213/ (accessed on 27 January 2021).
8. Romano, A.D.; Serviddio, G.; de Matthaeis, A.; Bellanti, F.; Vendemiale, G. Oxidative stress and aging. J. Nephrol. 2010, 23 (Suppl.

S15), S29–S36.
9. Vasquez, E.C.; Pereira, T.M.C.; Campos-Toimil, M.; Baldo, M.P.; Peotta, V.A. Gut microbiota, diet, and chronic diseases: The role

played by oxidative stress. Oxid. Med. Cell Longev. 2019, 2019. [CrossRef]
10. Jones, R.M.; Mercante, J.W.; Neish, A.S. Reactive oxygen production induced by the gut microbiota: Pharmacotherapeutic

implications. Curr. Med. Chem. 2012, 19, 1519–1529. [CrossRef]
11. Neish, A.S. Microbes in gastrointestinal health and disease. Gastroenterology 2009, 136, 65–80. [CrossRef]
12. Chung, H.; Kasper, D.L. Microbiota-stimulated immune mechanisms to maintain gut homeostasis. Curr. Opin. Immunol. 2010, 22,

455–460. [CrossRef]

60



Antioxidants 2021, 10, 323

13. Ismail, A.S.; Hooper, L.V. Epithelial cells and their neighbors. IV. bacterial contributions to intestinal epithelial barrier integrity.
Am. J. Physiol. Gastrointest. Liver Physiol. 2005, 289, G779–G784. [CrossRef] [PubMed]

14. Prado, C.; Michels, M.; Ávila, P.; Burger, H.; Milioli, M.V.M.; Dal-Pizzol, F. The protective effects of fecal microbiota transplantation
in an experimental model of necrotizing enterocolitis. J. Pediatr. Surg. 2019, 54, 1578–1583. [CrossRef]

15. Wang, Y.; Wu, Y.; Wang, Y.; Xu, H.; Mei, X.; Yu, D.; Wang, Y.; Li, W. Antioxidant properties of probiotic bacteria. Nutrients 2017, 9,
521. [CrossRef] [PubMed]

16. He, F.; Li, J.; Liu, Z.; Chuang, C.-C.; Yang, W.; Zuo, L. Redox mechanism of reactive oxygen species in exercise. Front. Physiol.
2016, 7. [CrossRef]

17. Radak, Z.; Zhao, Z.; Koltai, E.; Ohno, H.; Atalay, M. Oxygen consumption and usage during physical exercise: The balance
between oxidative stress and ROS-dependent adaptive signaling. Antioxid. Redox. Signal. 2013, 18, 1208–1246. [CrossRef]

18. Kawamura, T.; Muraoka, I. Exercise-induced oxidative stress and the effects of antioxidant intake from a physiological viewpoint.
Antioxidants 2018, 7, 119. [CrossRef] [PubMed]

19. Pingitore, A.; Lima, G.P.P.; Mastorci, F.; Quinones, A.; Iervasi, G.; Vassalle, C. Exercise and oxidative stress: Potential effects of
antioxidant dietary strategies in sports. Nutrition 2015, 31, 916–922. [CrossRef]

20. Powers, S.K.; DeRuisseau, K.C.; Quindry, J.; Hamilton, K.L. Dietary antioxidants and exercise. J. Sports Sci. 2004, 22, 81–94.
[CrossRef] [PubMed]

21. Genomic Sequence and Pre-Clinical Safety Assessment of Bifidobacterium Longum CECT 7347, a Probiotic Able to Reduce
the Toxicity and Inflammatory Potential of Gliadin-Derived Peptides|Abstract. Available online: https://www.longdom.org/
abstract/genomic-sequence-and-preclinical-safety-assessment-of-embifidobacterium-longumem-cect-7347-a-probiotic-able-
to-reduce-th-33128.html (accessed on 27 January 2021).

22. Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glöckner, F.O. Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013, 41, e1. [CrossRef]
[PubMed]

23. Krotkiewski, M.; Brzezinska, Z. Lipid peroxides production after strenuous exercise and in relation to muscle morphology and
capillarization. Muscle Nerve 1996, 19, 1530. [CrossRef]

24. Powers, S.K.; Jackson, M.J. Exercise-induced oxidative stress: Cellular mechanisms and impact on muscle force production.
Physiol. Rev. 2008, 88, 1243–1276. [CrossRef]

25. Criswell, D.; Powers, S.; Dodd, S.; Lawler, J.; Edwards, W.; Renshler, K.; Grinton, S. High intensity training-induced changes in
skeletal muscle antioxidant enzyme activity. Med. Sci. Sports Exerc. 1993, 25, 1135–1140. [CrossRef]

26. Hammeren, J.; Powers, S.; Criswell, D.; Martin, A.; Lowenthal, D.; Pollock, M. Exercise training-induced alterations in skeletal
muscle oxidative and antioxidant enzyme activity in senescent rats. Int. J. Sports Med. 1992, 13, 412–416. [CrossRef]

27. Theofilidis, G.; Bogdanis, G.C.; Koutedakis, Y.; Karatzaferi, C. Monitoring exercise-induced muscle fatigue and adaptations:
Making sense of popular or emerging indices and biomarkers. Sports 2018, 6, 153. [CrossRef]

28. De Salazar, L.; Torregrosa-García, A.; Luque-Rubia, A.J.; Ávila-Gandía, V.; Domingo, J.C.; López-Román, F.J. Oxidative stress in
endurance cycling is reduced dose-dependently after one month of re-esterified DHA supplementation. Antioxidants 2020, 9,
1145. [CrossRef]

29. Torregrosa-García, A.; Ávila-Gandía, V.; Luque-Rubia, A.J.; Abellán-Ruiz, M.S.; Querol-Calderón, M.; López-Román, F.J.
Pomegranate extract improves maximal performance of trained cyclists after an exhausting endurance trial: A randomised
controlled trial. Nutrients 2019, 11, 721. [CrossRef] [PubMed]

30. Martínez-Sánchez, A.; Alacid, F.; Rubio-Arias, J.A.; Fernández-Lobato, B.; Ramos-Campo, D.J.; Aguayo, E. Consumption of
watermelon juice enriched in L-citrulline and pomegranate ellagitannins enhanced metabolism during physical exercise. J. Agric.
Food Chem. 2017, 65, 4395–4404. [CrossRef]

31. López-Román, F.J.; Ávila-Gandía, V.; Contreras-Fernández, C.J.; Luque-Rubia, A.J.; Villegas-García, J.A. Effect of docosahexaenoic
acid supplementation on differences of endurance exercise performance in competitive and non-competitive male cyclists. Gazz.
Med. Ital. Arch. Sci. Med. 2019, 178, 411–416. [CrossRef]

32. Ramos-Campo, D.J.; Ávila-Gandía, V.; López-Román, F.J.; Miñarro, J.; Contreras, C.; Soto-Méndez, F.; Domingo Pedrol, J.C.;
Luque-Rubia, A.J. Supplementation of re-esterified docosahexaenoic and eicosapentaenoic acids reduce inflammatory and muscle
damage markers after exercise in endurance athletes: A randomized, controlled crossover trial. Nutrients 2020, 12, 719. [CrossRef]
[PubMed]

33. Mishra, V.; Shah, C.; Mokashe, N.; Chavan, R.; Yadav, H.; Prajapati, J. Probiotics as potential antioxidants: A systematic review. J.
Agric. Food Chem. 2015, 63, 3615–3626. [CrossRef] [PubMed]

34. Michalickova, D.; Kotur-Stevuljevic, J.; Miljkovic, M.; Dikic, N.; Kostic-Vucicevic, M.; Andjelkovic, M.; Koricanac, V.; Djordjevic,
B. Effects of probiotic supplementation on selected parameters of blood prooxidant-antioxidant balance in elite athletes: A
double-blind randomized placebo-controlled study. J. Hum. Kinet. 2018, 64, 111–122. [CrossRef] [PubMed]

35. Martarelli, D.; Verdenelli, M.C.; Scuri, S.; Cocchioni, M.; Silvi, S.; Cecchini, C.; Pompei, P. Effect of a probiotic intake on oxidant
and antioxidant parameters in plasma of athletes during intense exercise training. Curr. Microbiol. 2011, 62, 1689–1696. [CrossRef]

36. Lamprecht, M.; Bogner, S.; Schippinger, G.; Steinbauer, K.; Fankhauser, F.; Hallstroem, S.; Schuetz, B.; Greilberger, J.F. Probiotic
supplementation affects markers of intestinal barrier, oxidation, and inflammation in trained men; a randomized, double-blinded,
placebo-controlled trial. J. Int. Soc. Sports Nutr. 2012, 9, 45. [CrossRef] [PubMed]

61



Antioxidants 2021, 10, 323

37. Välimäki, I.A.; Vuorimaa, T.; Ahotupa, M.; Kekkonen, R.; Korpela, R.; Vasankari, T. Decreased training volume and increased
carbohydrate intake increases oxidized LDL levels. Int. J. Sports Med. 2012, 33, 291–296. [CrossRef]

38. Ardeshirlarijani, E.; Tabatabaei-Malazy, O.; Mohseni, S.; Qorbani, M.; Larijani, B.; Baradar Jalili, R. Effect of probiotics supplemen-
tation on glucose and oxidative stress in type 2 diabetes mellitus: A meta-analysis of randomized trials. Daru 2019, 27, 827–837.
[CrossRef]

39. Valko, M.; Izakovic, M.; Mazur, M.; Rhodes, C.J.; Telser, J. Role of oxygen radicals in DNA damage and cancer incidence. Mol. Cell
Biochem. 2004, 266, 37–56. [CrossRef]

40. Escamilla, J.; Lane, M.A.; Maitin, V. Cell-free supernatants from probiotic lactobacillus casei and lactobacillus rhamnosus GG
decrease colon cancer cell invasion in vitro. Nutr. Cancer 2012, 64, 871–878. [CrossRef] [PubMed]

41. Tiptiri-Kourpeti, A.; Spyridopoulou, K.; Santarmaki, V.; Aindelis, G.; Tompoulidou, E.; Lamprianidou, E.E.; Saxami, G.; Ypsilantis,
P.; Lampri, E.S.; Simopoulos, C.; et al. Lactobacillus casei exerts anti-proliferative effects accompanied by apoptotic cell death and
up-regulation of TRAIL in colon carcinoma cells. PLoS ONE 2016, 11, e0147960. [CrossRef]

42. Jacouton, E.; Mach, N.; Cadiou, J.; Lapaque, N.; Clément, K.; Doré, J.; van Hylckama Vlieg, J.E.T.; Smokvina, T.; Blottière, H.M.
Lactobacillus rhamnosus CNCMI-4317 modulates fiaf/angptl4 in intestinal epithelial cells and circulating level in mice. PLoS
ONE 2015, 10, e0138880. [CrossRef]

43. Black, C.N.; Bot, M.; Scheffer, P.G.; Cuijpers, P.; Penninx, B.W.J.H. Is depression associated with increased oxidative stress? A
systematic review and meta-analysis. Psychoneuroendocrinology 2015, 51, 164–175. [CrossRef]

44. Collins, A.R.; Cadet, J.; Möller, L.; Poulsen, H.E.; Viña, J. Are we sure we know how to measure 8-Oxo-7,8-dihydroguanine in
DNA from human cells? Arch. Biochem. Biophys. 2004, 423, 57–65. [CrossRef]

45. Dizdaroglu, M.; Jaruga, P.; Birincioglu, M.; Rodriguez, H. Free radical-induced damage to DNA: Mechanisms and measurement.
Free Radic. Biol. Med. 2002, 32, 1102–1115. [CrossRef]

46. Mikhed, Y.; Görlach, A.; Knaus, U.G.; Daiber, A. Redox regulation of genome stability by effects on gene expression, epigenetic
pathways and DNA damage/repair. Redox. Biol. 2015, 5, 275–289. [CrossRef] [PubMed]

47. Wu, Q.; Ni, X. ROS-mediated DNA methylation pattern alterations in carcinogenesis. Curr. Drug Targets 2015, 16, 13–19.
[CrossRef]

48. Samuel, B.S.; Gordon, J.I. A humanized gnotobiotic mouse model of host-archaeal-bacterial mutualism. Proc. Natl. Acad. Sci. USA
2006, 103, 10011–10016. [CrossRef]

49. Samuel, B.S.; Hansen, E.E.; Manchester, J.K.; Coutinho, P.M.; Henrissat, B.; Fulton, R.; Latreille, P.; Kim, K.; Wilson, R.K.; Gordon,
J.I. Genomic and metabolic adaptations of methanobrevibacter smithii to the human gut. Proc. Natl. Acad. Sci. USA 2007, 104,
10643–10648. [CrossRef] [PubMed]

50. Bianchi, F.; Larsen, N.; de Mello Tieghi, T.; Adorno, M.A.T.; Kot, W.; Saad, S.M.I.; Jespersen, L.; Sivieri, K. Modulation of gut
microbiota from obese individuals by in vitro fermentation of citrus pectin in combination with bifidobacterium longum BB-46.
Appl. Microbiol. Biotechnol. 2018, 102, 8827–8840. [CrossRef] [PubMed]

51. Yang, C.; Deng, Q.; Xu, J.; Wang, X.; Hu, C.; Tang, H.; Huang, F. Sinapic acid and resveratrol alleviate oxidative stress with
modulation of gut microbiota in high-fat diet-fed rats. Food Res. Int. 2019, 116, 1202–1211. [CrossRef]

52. Eren, A.M.; Sogin, M.L.; Morrison, H.G.; Vineis, J.H.; Fisher, J.C.; Newton, R.J.; McLellan, S.L. A single genus in the gut
microbiome reflects host preference and specificity. ISME J. 2015, 9, 90–100. [CrossRef]

53. Allen, J.M.; Mailing, L.J.; Niemiro, G.M.; Moore, R.; Cook, M.D.; White, B.A.; Holscher, H.D.; Woods, J.A. Exercise alters gut
microbiota composition and function in lean and obese humans. Med. Sci. Sports Exerc. 2018, 50, 747–757. [CrossRef] [PubMed]

54. Lebas, M.; Garault, P.; Carrillo, D.; Codoñer, F.M.; Derrien, M. Metabolic response of Faecalibacterium prausnitzii to cell-free
supernatants from lactic acid bacteria. Microorganisms 2020, 8, 1528. [CrossRef]

55. Edamatsu, T.; Fujieda, A.; Itoh, Y. Phenyl sulfate, indoxyl sulfate and p-cresyl sulfate decrease glutathione level to render cells
vulnerable to oxidative stress in renal tubular cells. PLoS ONE 2018, 13, e0193342. [CrossRef]

56. Asai, H.; Hirata, J.; Hirano, A.; Hirai, K.; Seki, S.; Watanabe-Akanuma, M. Activation of aryl hydrocarbon receptor mediates
suppression of hypoxia-inducible factor-dependent erythropoietin expression by indoxyl sulfate. Am. J. Physiol. Cell Physiol. 2016,
310, C142–C150. [CrossRef] [PubMed]

57. Eleftheriadis, T.; Pissas, G.; Antoniadi, G.; Liakopoulos, V.; Stefanidis, I. Kynurenine, by activating aryl hydrocarbon receptor,
decreases erythropoietin and increases hepcidin production in HepG2 cells: A new mechanism for anemia of inflammation. Exp.
Hematol. 2016, 44, 60–67. [CrossRef] [PubMed]

58. Hu, S.; Kuwabara, R.; de Haan, B.J.; Smink, A.M.; de Vos, P. Acetate and butyrate improve β-cell metabolism and mitochondrial
respiration under oxidative stress. Int. J. Mol. Sci. 2020, 21, 1542. [CrossRef] [PubMed]

59. Yardeni, T.; Tanes, C.E.; Bittinger, K.; Mattei, L.M.; Schaefer, P.M.; Singh, L.N.; Wu, G.D.; Murdock, D.G.; Wallace, D.C. Host
mitochondria influence gut microbiome diversity: A role for ROS. Sci. Signal. 2019, 12, 588. [CrossRef]

62



antioxidants

Article

Effects of Two-Week Betaine Supplementation on
Apoptosis, Oxidative Stress, and Aerobic Capacity
after Exhaustive Endurance Exercise

Ming-Ta Yang 1, Xiu-Xin Lee 2, Bo-Huei Huang 3, Li-Hui Chien 4, Chia-Chi Wang 5 and

Kuei-Hui Chan 4,*

1 Center for General Education, Taipei Medical University, Taipei 110301, Taiwan; yangrugby@tmu.edu.com
2 Department of Primary Care Medicine, Taipei Medical University-Shuang Ho Hospital,

New Taipei City 23561, Taiwan; b101103133@tmu.edu.tw
3 Charles Perkins Centre, School of Health Sciences, Faculty of Medicine and Health,

The University of Sydney, Camperdown 2006, Australia; 1040609@ntsu.edu.tw
4 Graduate Institute of Athletics and Coaching Science, National Taiwan Sport University,

Taoyuan 333325, Taiwan; chienlihui@gmail.com
5 Office of Physical Education, National Taipei University of Business, Taipei 10051, Taiwan;

sunnywango@gmail.com
* Correspondence: quenhuen@ntsu.edu.tw; Tel.: +88-63-3283-201 (ext. 2423)

Received: 28 October 2020; Accepted: 23 November 2020; Published: 27 November 2020

Abstract: This study evaluated the effects of 2 weeks of betaine supplementation on apoptosis,
oxidative stress, and aerobic capacity after exhaustive endurance exercise (EEE). A double-blind,
crossover, and counterbalanced design was adopted, with 10 healthy male participants asked to
consume betaine (1.25 g of betaine mixed with 300 mL of sports beverage, twice per day for 2 weeks)
or placebo (300 mL of sports beverage). All participants performed a graded exercise test on a
treadmill to determine the maximal oxygen consumption (VO2max) before supplementation and then
performed the EEE test at an intensity of 80% VO2max after 2 weeks of supplementation. The time to
exhaustion, peak oxygen consumption, maximal heart rate, and average heart rate were recorded
during the EEE test. Venous blood samples were drawn before, immediately after, and 3 h after
the EEE test to assess apoptosis and the mitochondrial transmembrane potential (MTP) decline
of lymphocytes as well as the concentrations of thiobarbituric acid reactive substance and protein
carbonyl. The results indicated that lymphocyte apoptosis was significantly higher immediately after
and 3 h after EEE than before exercise in participants in the placebo trial. However, lymphocyte
apoptosis exhibited no significant differences among the three time points in participants in the
betaine trial. Moreover, apoptosis in the betaine trial was significantly lower immediately after and
3 h after exercise compared with the placebo trial. No differences were noted for other variables.
Thus, 2 weeks of betaine supplementation can effectively attenuate lymphocyte apoptosis, which is
elevated by EEE. However, betaine supplementation exhibited no effects on MTP decline, oxidative
stress, or aerobic capacity.

Keywords: lymphocytes; mitochondrial transmembrane potential decline; thiobarbituric acid reactive
substance; protein carbonyl

1. Introduction

In a normal body state, the naturally occurring free radicals in humans have been reported to exert
significant positive effects on immune system regulation [1] and to have a significant negative effect,
namely peroxidation, on lipids, proteins, and DNA [2,3]. Exercise has been demonstrated to enhance
muscular metabolism, and consequently, oxygen uptake, which further enhances the generation of
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free radicals and oxidative stress [4,5]. Apoptosis is a phenomenon that occurs when free radicals
damage human DNA and cause accelerated programmed cell death [6]. One study indicated that
the percentage of apoptotic cells increased significantly after running at an intensity of 80% maximal
oxygen consumption (VO2max) until exhaustion, whereas it remained unchanged after running at an
intensity of 60% VO2max for an identical running time [7]. Therefore, in athletes, the higher the exercise
intensity is, the more apoptosis occurs. Adequate apoptosis is an essential mechanism in the human
body [8], but a high percentage of apoptosis can induce alterations in the physiology and viability of
circulating leucocytes, which have a causal relationship with exercise-induced immune distress [9].
Nutritional interventions to attenuate inflammation and apoptosis may directly or indirectly benefit
muscular recovery and subsequent performance [10].

Betaine, a natural compound, is commercially obtained from sugar beet [11]. It was first
discovered in Beta vulgaris in the 19th century [12] and has been noted to be present in microorganisms,
plants, and animals [13], with wheat, shellfish, spinach, and beetroot containing high levels of the
compound [14,15]. Betaine can not only be absorbed by the human body from diet but also be
converted from choline. Choline, the precursor of betaine, can be oxidized to betaine aldehyde by
choline dehydrogenase [12]. The betaine aldehyde can be oxidized to betaine by betaine aldehyde
dehydrogenase in the presence of NAD+ [16]. Therefore, the human body can also obtain betaine
from foods rich in choline, such as eggs, meat, fish, and whole grains [17]. About 50% of choline
in the intestine will be converted into betaine [18] and humans can obtain average 1 g of choline
from daily diet [17]. As early as the 1990s, betaine was added to animal feed to evaluate its effects
on growth performance [19,20] and disease prevention [21]. In the first study involving humans
related to betaine supplementation and exercise performance, Armstrong et al. [22] observed that
oxygen consumption during sprinting after acute betaine supplementation (5 g of betaine mixed
in 1 L of carbohydrate–electrolyte fluid) was significantly higher than in those who consumed only
carbohydrate–electrolyte fluid. However, betaine supplementation did not improve sprint performance
in a hot environment. Furthermore, long-term betaine supplementation (1.25 g twice per day for
14 days) before an acute exercise session was noted to significantly increase the concentrations of growth
hormone and insulin-like growth factor-1 as well as significantly decrease cortisol concentration [23].
Notably, a 14-day betaine supplementation was suggested to effectively promote protein synthesis.
However, other studies have revealed that long-term betaine supplementation had no benefits on jump
squat power, the number of bench press or squat repetitions [24], or the peak concentric or eccentric
force outputs during isokinetic chest press [25]. Therefore, the effects of betaine supplementation on
exercise performance remain unclear.

In addition to improving strength and power, betaine regulates organic osmolytes and protects
the function of cells and mitochondria [12]. Therefore, some cell culture and animal studies have
investigated the effects of betaine supplementation on apoptosis and oxidative stress in damaged
cells [26–29]. A study by Veskovic et al. [26] observed that betaine decreased the liver’s expression of
proapoptotic mediator Bax and increased antiapoptotic Bcl-2 in nonalcoholic fatty liver disease induced
by a methionine–choline-deficient diet in mice. In addition, betaine increased superoxide-dismutase,
catalase, glutathione peroxidase, and paraoxonase activities. Studies have suggested that betaine
can effectively attenuate apoptosis and improve antioxidative defense. In addition, other studies
have determined that betaine exerts antiapoptotic effects in human corneal epithelial cells [27] and
antioxidative stress effects in the liver of rats [28,29]. Furthermore, our laboratory data revealed that a
single dose of betaine supplement (1.25 g of betaine mixed in 300 mL of sports beverage) 1 h before an
exhaustive endurance exercise (EEE) significantly decreased lymphocyte apoptosis but had no effects
on mitochondrial transmembrane potential (MTP) decline [30].

Based on these aforementioned results, we hypothesized that long-term betaine supplementation
attenuates apoptosis and oxidative stress induced by exercise and enhances aerobic capacity. Therefore,
this study evaluated the effects of 2 weeks of betaine supplementation on apoptosis, oxidative stress,
and aerobic capacity after EEE.
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2. Materials and Methods

2.1. Participants

Ten healthy male participants were recruited from National Taiwan Sport University,
Taoyuan City, Taiwan. Individuals with diabetes and cardiovascular, renal, liver, or autoimmune
diseases were excluded. All participants were requested to maintain their regular eating habits,
avoid alcohol, and avoid consuming other nutritional supplements during the experimental period.
The participants were informed of the requirements, benefits, and risks of the study before obtaining
written informed consent. The study was approved by the Institutional Review Board of Fu Jen
Catholic University, New Taipei City, Taiwan, with the IRB number C102053. The anthropometric data
of participants were as follows: age: 24.60 ± 3.06 years; weight: 76.45 ± 9.58 kg; height: 177.00 ± 8.26 cm.
Moreover, the performance in endurance exercise capacities of VO2max, 80% VO2max, and mean
relative running velocity at 80% VO2max were 50.21 ± 8.38 mL/kg/min, 40.20 ± 6.71 mL/kg/min,
and 3.07 ± 0.26 m/s, respectively.

2.2. Experimental Design

Regarding design, this was a double-blind, crossover, and counterbalanced study to evaluate the
influence of 2 weeks of betaine supplementation on apoptosis, oxidative stress, and aerobic capacity
after EEE in a healthy male population. The participants were asked to consume betaine or placebo,
with at least 3 weeks of washout period between the trials. All participants performed a graded
exercise test (GXT) until exhaustion on the treadmill to determine VO2max before supplementation [31],
and the speed equivalent to 80% VO2max was implemented for an EEE test conducted on a treadmill for
30 min, after which speed was increased by 0.2 m/s every 1 min until exhaustion. The participants were
instructed to consume a standard breakfast consisting of 648 kcal of total energy (66% carbohydrate,
11% protein, and 23% fat) 1 h before exercise. Blood samples were drawn before exercise (Pre),
immediately after (Post-0), and 3 h after (Post-3) the EEE to determine the biomarkers of apoptosis and
oxidative stress. Furthermore, plasma concentrations of betaine and choline before supplementation
and at the Pre time point of EEE (after two weeks of supplementation) were also analyzed. In addition,
the time to exhaustion, peak oxygen consumption, maximal heart rate (HRmax), and average heart rate
(AHR) were recorded during the exercise period. Figure 1 illustrates the scheme of the study.

Figure 1. Experimental scheme. GXT, graded exercise test; EEE, exhaustive endurance exercise;
Pre, before exercise; Post-0, immediately after exercise; Post-3, 3 h after exercise.

2.3. Supplementation Protocol

The betaine supplementation strategy in the present study was based on the one suggested
by Apicella et al. [23], wherein all participants consumed either 1.25 g of betaine (betaine powder;
Twinlab, CO, USA) mixed with 300 mL sports beverage (Pocari Sweat, Otsuka, Taipei, Taiwan) or
placebo (only sports beverage) twice per day for 2 weeks. The betaine for the supplementation was
extracted from natural sugar beet and subsequently purified (99% pure). The sports beverage contains
carbohydrates (66 g/L) and electrolytes of sodium (21 mEq/L), chloride (16 mEq/L), and potassium
(4.9 mEq/L). The supplements for both trials had the same color and taste. The participants consumed
supplements after breakfast and dinner during the experiment period.
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2.4. Graded Exercise Test

The participants performed a GXT until exhaustion to determine the exercise intensity
(80% VO2max). The treadmill (pulsar; h/p/cosmos, Nussdorf, Germany) GXT protocol was based on a
previous study [31], wherein the treadmill speed started at 2.0 m/s and increased by 0.5 m/s every 4 min
for the first three stages, after which the intensity was further elevated in increments of 0.5 m/s every
2 min until the participant reached exhaustion. Expired gas, VO2, and VCO2 were analyzed using gas
analysis (Vmax Spectra 29c; SensorMedics, Yorba Linda, CA, USA), and HR was monitored (Polar S610;
Kempele, Finland) at the same time points. Individual VO2max was assumed to have been achieved
when two of the following criteria were met: (1) respiratory exchange ratio greater than 1.1, (2) rating
of perceived exertion greater than 18, and (3) HR within 15 beats/min of individual predicted HRmax.

2.5. Blood Sampling and Analysis

Blood samples were drawn from the participants through antecubital vein suction into
ethylenediaminetetraacetic acid tubes. A small portion of whole blood (400 μL) was then immediately
analyzed for lymphocyte apoptosis and MTP decline in lymphocytes. Other blood samples were
centrifuged at 2500× g for 20 min at 4 ◦C in an Eppendorf centrifuge 5804 R (Eppendorf AG,
Hamburg, Germany). The supernatant was collected and stored at −20 ◦C before being analyzed for
the concentrations of betaine, choline, thiobarbituric acid reactive substance (TBARS), and protein
carbonyl (PC).

2.5.1. Lymphocyte Apoptosis

The Annexin V-FITC apoptosis detection kit (BioVision, Milpitas, CA, USA) was applied to
detect the lymphocyte apoptosis. After being gently mixed, 200 μL of the whole blood sample was
transferred to a conical polypropylene test tube, and 4 mL of lysing buffer (Thermo Fisher Scientific,
Waltham, MA, USA) was added. The solution was incubated at room temperature for 7 min before
being centrifuged at 1500× g for 5 min at 20 ◦C, and the supernatant was then discarded. Subsequently,
3 mL of phosphate buffered saline (PBS) (Corning®, Corning, NY, USA) was added to wash the
cells, the solution was centrifuged for 5 min, and the supernatant was then discarded. Lymphocytes
were suspended with 300 μL of binding buffer. Thereafter, 3 μL of Annexin V-FETC and propidium
iodide were added, and the solution was incubated in the dark at room temperature for 5 min. Finally,
samples were gently drawn and then the subject to analysis by the BD FACSCaliburTM flow cytometry
(Becton Dickson, San Jose, CA, USA).

2.5.2. MTP Decline in Lymphocyte

The MitoProbe™ JC-1 Assay Kit (Molecular Probes, Eugene, OR, USA) was applied to detect
the MTP decline in lymphocyte. After being gently mixed, 200 μL of whole blood sample was
transferred to a conical polypropylene test tube, and 4 mL of lysing buffer (Thermo Fisher Scientific,
Waltham, MA, USA) was added. The solution was incubated at room temperature for 7 min before
being centrifuged at 1500× g for 5 min at 20 ◦C, and the supernatant was then discarded. Subsequently,
3 mL of PBS (Corning®, Corning, NY, USA) was added to wash the cells, the solution was centrifuged
for 5 min, and the supernatant was then discarded. Lymphocytes were suspended with 500 μL of PBS
by using a MitoProbeTM JC-1 assay kit, and then subjected to a dry bath in an incubator (MD-01N,
Major Science, Taoyuan, Taiwan) at 37 ◦C for 15 min. Finally, samples were gently drawn and subjected
to analysis by the BD FACSCaliburTM flow cytometry (Becton Dickson, San Jose, CA, USA).

2.5.3. Concentrations of Plasma Betaine and Choline

To determine the blood concentrations of betaine and choline, d11-betaine and methyl-d9-choline
were used as internal standards. Betaine hydrochloride, the standard of betaine, and d11-betaine
were obtained from Chem Service (West Chester, PA, USA) and Cambridge Isotope Laboratories
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(Tewksbury, MA, USA), respectively. Choline chloride, the standard of choline, and methyl-d9-choline
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Initially, 30 μL of plasma was mixed
with 90 μL of internal standard solution (10 ng/mL d11-betaine and d9-choline in methanol) in a
microcentrifuge tube before being vortexed for 5 min and subsequently centrifuged at 5350× g for
10 min at 4 ◦C. The supernatants (60 μL) were placed in an LC-MS vial, and then analyzed using
an AB SCIEX API 2000 liquid chromatography tandem-mass spectrometry system (Sciex Division
of MDS, Toronto, ON, Canada). The analysis was performed using an Agilent 1260 Infinity Binary
high-performance liquid chromatography system (Agilent Technologies, Santa Clara, CA, USA)
equipped with an integrated degasser (G1322A), a pump (G1312C), an autosampler (G1329B), and a
thermostat (G1330B). Analytes were chromatographically separated using an Waters XBridge BEH
Amide column (100 mm × 2.1 mm, 3.5 μm) with a gradient mobile phase comprising (A) 0.1% formic
acid (Sigma-Aldrich, St. Louis, MO, USA) in H2O, and (B) 0.1% formic acid in acetonitrile (Duksan,
Seoul, Korea) under linear-gradient conditions (Period, A:B-%, v/v: 0–0.5 min, 30:70; 0.5–4 min, 30:70;
4–4.1 min, 50:50; 4.1–8 min, 30:70) at a flow rate of 400 μL/min; this procedure was a modification of
that described by Bruce et al. [32]. The column was maintained at 28 ◦C. The monitoring conditions for
multiple reactions are presented in Table 1, and Figure 2A,B present the LC MS/MS chromatograms of
the standards and one blood sample.

Table 1. Multiple reaction monitoring conditions of betaine and choline analysis.

Compounds
Parent Ion

(m/z)
Molecular Ion

(m/z)
DP
(V)

FP
(V)

EP
(V)

CE
(V)

CXP (V)

choline 104 60 28 320 8 26 7
d9-choline 113 69 35 367 8.8 26 8

betaine 118 58 35 350 10 38 6
d11-betaine 129 66 38 350 8 43 7

DP, declustering potential; FP, focusing potential; EP, entrance potential; CE, collision energy; CXP, collision cell
exit potential.

2.5.4. TBARS Concentration

TBARS concentration was analyzed using colorimetry, as described in a previous study [33].
Briefly, 200 μL of plasma was mixed with 200 μL of trichloroacetic acid (TCA; JT Baker, Phillipsburg,
NJ, USA), 200 μL of Tris-HCl (Serva Electrophoresis, Heidelberg, Germany) and incubated at room
temperature for 10 min. Thereafter, 400 μL of TBARS reagent, including 55 mM thiobarbituric acid
(TBA) (from Merck, Darmstadt, Gemany) and 2 M sodium persulfate (Sigma-Aldrich Chemie GmbH,
Steinheim, Germany) were added into the tube. Samples were kept to a dry bath in an incubator at
95 ◦C for 45 min and put on ice for 5 min. Subsequently, 400 μL of 75% TCA was added to the tube
and mixed well, and the solution was then centrifuged for 5 min at 10,000× g. Thereafter, 100 μL of
supernatant was loaded onto 96-well plates, and various concentrations of 1,1,3,3-tetraethoxypropane
(Aldrich, St. Louis, MO, USA) were used to construct a standard curve, per the procedure described by
Boadi et al. [34]. The absorbance was read at 530 nm using a Tecan Infinite M200 microplate reader
(Tecan Austria GmbH, Grödig, Austria), and the result was applied to the regression formula to obtain
the TBARS concentration.
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(A) 

(B) 

Figure 2. LC MS/MS Chromatograms of (A) betaine and choline standards (10 ng/mL each) and
(B) a plasma sample. Blue: choline; Red: d9-choline; Green: betaine; Gray: d11-betaine.
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2.5.5. PC Concentration

PC concentration was analyzed using an enzyme-linked immunosorbent assay with a commercial
assay kit (BioVision, Milpitas, CA, USA). Briefly, 100 μL of plasma was mixed with 10 μL of streptozocin
solution, and the mixture was incubated at room temperature for 15 min before being centrifuged for
5 min; the supernatant was then transferred to a new tube. Subsequently, 100 μL of DNPH was added
to each sample, which was then vortexed and incubated at room temperature for 10 min. Thereafter,
30 μL of TCA was added to each sample, which was then put on ice for 5 min, and centrifuged for
2 min. Then, the supernatant was removed, 500 μL of cold acetone was added to each tube, and the
solution was placed in a sonicating bath for 30 s. Subsequently, samples were placed at –20 ◦C for 5 min
before being centrifuged for 2 min, and the acetone was then carefully removed. These steps were
repeated twice with 500 μL of cold acetone added. Finally, 200 μL of guanidine solution was added,
and the solution was sonicated and incubated at 60 ◦C for 15 min. The 100 μL sample was loaded
onto 96-well plates and read by the Tecan Infinite M200 microplate reader (Tecan Austria GmbH,
Grödig, Austria) at an absorbance of 375 nm. The result was applied to the regression formula to
obtain the PC concentration.

2.6. Statistical Analysis

Statistical analysis was performed using SPSS version 22.0 (IBM, Armonk, NY, USA). Data are
expressed as mean ± standard deviation (SD). A paired t test was used to compare the variables of time
to exhaustion, peak oxygen consumption, HRmax, and AHR between the trials. A 2 (trials: betaine and
placebo) × 3 (time points: Pre, Post-0, and Post-3) two-way repeated-measures analysis of variance
was used to compare the variables of apoptosis, MTP decline, TBARS, and PC. When an interaction
was noted, least significant difference post hoc tests were performed to determine where the difference
occurred. The significance level was set at p < 0.05.

3. Results

3.1. Blood Concentrations of Betaine and Coline

Figure 3A illustrates the results of betaine concentrations in plasma before and after 2 weeks of
betaine or placebo supplementation. A two-way repeated ANOVA with treatment and time indicated
the interaction between two factors was significant (p < 0.05). The plasma betaine concentration in
subjects in the placebo trial exhibited no significant differences before and after the supplementation.
However, the plasma betaine concentration in the participants of betaine trial after 2 weeks of
supplementation was significantly higher than before supplementation (6.53 ± 3.71 μg/mL vs.
2.04 ± 0.61 μg/mL, p < 0.05). Moreover, after 2 weeks of supplementation, the plasma betaine
concentration was significantly higher for the betaine trial than the placebo trial (6.53 ± 3.71 μg/mL vs.
1.90 ± 0.23 μg/mL, p < 0.05). Figure 3B presents of choline concentrations in plasma before and after
2 weeks of betaine or placebo supplementation. A two-way repeated ANOVA with treatment and
time indicated there is no interaction between two factors. The result shows that the supplementation
strategy of present study can effectively enhance the betaine concentrations in plasma, rather than
choline metabolism.

3.2. Effects of Betaine Supplementation on Lymphocyte Apoptosis and MTP Decline

Figure 4A presents the results regarding lymphocyte apoptosis after 2 weeks of betaine or placebo
supplementation. A two-way repeated ANOVA with treatment and time indicated the interaction
between two factors was significant (p < 0.05). Lymphocyte apoptosis in participants undergoing
2 weeks of placebo supplementation was significantly higher at the Post-0 and Post-3 time points
than at the Pre time point (22.61 ± 13.13%, 24.32 ± 11.49% vs. 6.77 ± 2.34%, respectively, p < 0.05).
However, lymphocyte apoptosis exhibited no significant differences among the three time points in the
betaine trial. Moreover, apoptosis in the betaine trial at Post-0 and Post-3 time points was significantly
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lower than that in the placebo trial. Figure 4B presents the results of the phenomenon of MTP decline
after 2 weeks of betaine or placebo supplementation. No significant difference was observed in the
phenomenon of MTP decline between the trials and time points (p > 0.05). The results indicated that
twice per day supplementation of 1.25 g of betaine mixed in 300 mL of sports beverage for 2 weeks
attenuated lymphocyte apoptosis immediately after EEE but can’t benefit on MTP decline.

Figure 3. Blood (A) betaine and (B) choline concentrations before and after 2 weeks of supplementation.
* Significant (p < 0.05) difference from before. + Significant (p < 0.05) difference from betaine trial.

Figure 4. Changes of (A) lymphocyte apoptosis and (B) mitochondrial transmembrane potential decline
in the exhaustive exercise after 2 weeks of betaine supplementation. * Significant (p < 0.05) difference
from Pre. + Significant (p < 0.05) difference from betaine. Pre, before exercise; Post-0, immediately after
exercise; Post-3, 3 h after exercise.

3.3. Effect of Betaine Supplementation on Oxidative Stress

Figure 5A,B present the concentrations of TBARS and PC after 2 weeks of betaine or placebo
supplementation. A two-way repeated ANOVA with treatment and time indicated there is no
interaction between two factors in TBARS and PC. Furthermore, no significant differences were
observed in the concentrations of TBARS and PC between the trials and time points (p > 0.05).
The results showed that two weeks of betaine supplementation had no effects on biomarkers of exercise
induced oxidative stress (TBARS and PC).

3.4. Effect of Betaine Supplementation on Aerobic Capacity

All participants completed EEE, which involved running at an intensity of 80% VO2max for 30 min
on a treadmill, followed by a 0.2 m/s increase in speed every min until exhaustion. Table 2 indicates no
significant differences between the trials regarding the time to exhaustion, peak oxygen consumption,
HRmax, or AHR (p > 0.05). The result shows that two weeks of betaine supplementation had no effects
on the indicators of aerobic capacity (time to exhaustion, VO2max, HRmax, and AHR).
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Figure 5. Changes of (A) TBARS and (B) PC in the exhaustive exercise after 2 weeks of betaine
supplementation. Pre, before exercise; Post-0, immediately after exercise; Post-3, 3 h after exercise.

Table 2. Changes in aerobic capacity after 2 weeks of betaine supplementation.

Trial TTE (min) HRmax (beats/min) AHR (beats/min) VO2peak (mL/kg/min)

Betaine 33.61 ± 2.33 195.70 ± 7.06 173.33 ± 10.05 50.58 ± 6.50
Placebo 33.32 ± 1.62 195.70 ± 7.32 173.26 ± 8.99 47.40 ± 4.10

The data are presented as mean ± SD (n = 10). TTE, time to exhaustion; HRmax, maximal heart rate; AHR, average
heart rate; VO2peak, peak oxygen intake.

4. Discussion

This study examined the effects of 2 weeks of betaine supplementation on lymphocyte apoptosis,
MTP decline, oxidative stress (TBARS and PC), and aerobic capacity (time to exhaustion, VO2max,
HRmax, and AHR) after EEE. The findings revealed that twice per day supplementation of 1.25 g of
betaine mixed in 300 mL of sports beverage for 2 weeks attenuated lymphocyte apoptosis immediately
after EEE. However, a 14-day betaine supplementation had no effects on MTP decline, oxidative stress,
or aerobic capacity. In addition, the results revealed that the concentration of betaine in participants’
plasma increased significantly with 2 weeks of betaine supplementation. This result was consistent
with a previous study that indicated 2 weeks of betaine supplementation (1.25 g of betaine mixed
in 300 mL of sports beverage twice per day) can effectively enhance the concentration of betaine in
plasma [24]. Moreover, no significant differences were noted in the concentration of choline in plasma
between trials (Figure 3B). Therefore, the reason for the elevated betaine concentration in plasma with
betaine supplementation was due to of the supplementation rather than choline metabolism. Therefore,
the beneficial effects of attenuation of lymphocyte apoptosis after EEE can be attributed to the elevation
in plasma betaine concentration. This study also revealed that 2 weeks of betaine supplementation
could not reduce the production of TBARS and PC after EEE. The reactive oxygen species production
is considered essential for exercise adaptations to occur [35], our result indicated the effectiveness of
the betaine supplementation to reduce lymphocyte apoptosis is not via the redox processes.

The MTP is negative inside and positive outside under the normal status; however, when
apoptosis is initiated through the depolarization of MTP, which opens the permeability transition pore
of mitochondria, the increased membrane permeability of mitochondria results in MTP decline [36].
Therefore, mitochondria are believed to play a pivotal role in the intrinsic apoptosis pathway [37].
In addition, the extrinsic pathway is triggered by pro-inflammatory marker like tumor necrosis factor-α
or by death receptors and ligands (Fas/ FasL complex) [38]. Therefore, apoptosis is induced by two
distinct cell death pathways, either the intrinsic or extrinsic pathway [39,40]. This study showed that
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betaine supplementation could not reduce the production of TBARS and PC after EEE (Figure 4A,B),
potentially because betaine supplementation is unable to effectively inhibit MTP decline after EEE.
Craig [12] indicated that active coupled sodium and chloride ions and passive sodium ion independent
transport systems promote the cellular absorption of betaine. Based on this finding, most studies
regarding betaine supplementation have used betaine mixed in a sports beverage, with the sports
beverage employed as the placebo [23,24,41–43]. Notably, sodium and chloride ions are essential
electrolytes present in the blood and extracellular fluids. Moreover, sodium plays a crucial role in
muscle contractions, and its depletion may affect the whole body [44]. Therefore, sodium and chloride
ions, the essential ingredients of a sports drink, may have had an ergogenic effect on MTP, causing the
consistent changes in MTP decline in both betaine and placebo trials. Hence, further studies should
consider only betaine intake to evaluate its effects on MTP decline after EEE. In addition, this study
revealed that 2 weeks of betaine supplementation can effectively attenuate lymphocyte apoptosis after
EEE (Figure 3A). This result is consistent with in vitro studies, which have indicated that betaine can
effectively decrease lymphocytes apoptosis in cell cultures [45,46]. Moreover, this result is consistent
with a previous study in our laboratory that determined a single dose of betaine supplementation can
effectively attenuate lymphocyte apoptosis immediately after EEE [30]. However, the present study
revealed that 2 weeks of betaine supplementation can significantly attenuate lymphocyte apoptosis not
only immediately after EEE but also up to 3 h after EEE. Therefore, the present study demonstrated
that the ergogenic effect of 2 weeks of betaine supplementation is better than that of acute betaine
supplementation. Lymphocyte apoptosis represents an extrinsic apoptosis pathway, which is initiated
when the death ligands, such as tumor necrosis factor-α, bind to the death receptor [47]. Nevertheless,
future studies might evaluate the inflammatory response after betaine supplementation to clarify the
mechanism of lymphocyte apoptosis attenuation.

Animal studies have indicated that betaine can decrease oxidative stress [48,49]. Therefore,
the present study hypothesized that betaine supplementation effectively attenuates oxidative stress
caused by exhaustive exercise and enhances aerobic capacity. The present study did not observe an
attenuation in lipid and protein peroxidation with 2 weeks of betaine supplementation. This result
differs from that of previous studies involving cultured cells and animal tissue, which indicated
that betaine can attenuate oxidative stress [48–53]. Halliwell [54] reviewed numerous studies with
antioxidant paradox and concluded that the levels of oxidative damage measured in laboratory animals
seem more responsive to being decreased by dietary antioxidants than they are in humans. This may
one of the reasons with the inconsistent results. Moreover, the validity of measuring TBARS via
colorimetry to be the indicator of lipid peroxidation is questionable [55]. This may the limitation of
this study. Furthermore, some studies reported positive effects of betaine supplementation related to
oxidative stress were conducted over an experimental period lasting more than 3 weeks [52,53,56].
More human studies with longer supplementation periods should be conducted to clarify the effects of
betaine supplementation on oxidative stress.

The present study revealed that 1.25 g of betaine mixed in 300 mL of sports beverage twice per
day for 2 weeks had no effects on the time to exhaustion, peak oxygen consumption, HRmax, or AHR
(Table 2). This finding is consistent with that of the previous study in our laboratory, which determined
that acute betaine supplementation cannot enhance aerobic capacity [30]. Mitochondrial density can
affect the consumption of oxygen during oxidative phosphorylation [57]. The fact that MTP decline is
not suppressed by betaine supplementation may be one of the reasons for the lack of aerobic capacity
enhancement. Furthermore, one study indicated that betaine supplementation effectively increases
the force and power in participants who had a minimum of 3 months of prior resistance training [24].
And betaine supplementation had no effects on muscular strength in untrained participants [41].
The participants in the present study were healthy untrained men, which may explain why 2 weeks
of betaine supplementation did not enhance aerobic capacity. Study of Schwab et al. [58] indicated
that consuming 6 g per day of betaine for at least 4 weeks elevates plasma betaine concentration.
However, other studies have revealed that consuming 6 g of betaine per day for 6 weeks and 12 weeks
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can increase risks to human health by elevating concentrations of low-density lipoprotein cholesterol
and triglycerides as a consequence of increasing the concentration of homocysteine in blood [58,59].
Future studies should attempt to evaluate how various periods and dosages of betaine supplementation
affect blood lipids to understand the effects of betaine supplementation on exercise.

5. Conclusions

Our study indicated that a 2 weeks supplementation of 1.25 g of betaine mixed with 300 mL of
sports beverage twice per day significantly increased the plasma betaine concentration and effectively
attenuated lymphocyte apoptosis after EEE. However, betaine supplementation had no effects on MTP
decline, oxidative stress (TBARS and PC), or aerobic capacity (time to exhaustion, VO2max, HRmax,
and AHR). This study provides a nutritional supplementation strategy to attenuate exercise-induced
lymphocyte apoptosis for intensive training athletes. Athletes may have better physiological status to
conduct the training and shorten the recovery time during long term training periods. We recommend
future studies use a higher dosage (more than 3 g, but less than 6 g per day) of betaine or combine it
with other nutritional supplements to evaluate the effects of betaine supplementation on other athletic
performance parameters or other related biomarkers of apoptosis.
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Abstract: Obesity causes insulin resistance and hyperinsulinemia which causes skeletal muscle
dysfunction resulting in a decrease in contraction force and a reduced capacity to avoid fatigue,
which overall, causes an increase in oxidative stress. KATP channel openers such as diazoxide and the
implementation of exercise protocols have been reported to be actively involved in protecting skeletal
muscle against metabolic stress; however, the effects of diazoxide and exercise on muscle contraction
and oxidative stress during obesity have not been explored. This study aimed to determine the effect
of diazoxide in the contraction of skeletal muscle of obese male Wistar rats (35 mg/kg), and with an
exercise protocol (five weeks) and the combination from both. Results showed that the treatment with
diazoxide and exercise improved muscular contraction, showing an increase in maximum tension
and total tension due to decreased ROS and lipid peroxidation levels and improved glutathione redox
state. Therefore, these results suggest that diazoxide and exercise improve muscle function during
obesity, possibly through its effects as KATP channel openers.

Keywords: skeletal muscle; obesity; fatigue; oxidative stress; diazoxide; exercise

1. Introduction

Obesity is a chronic disease of preventable multifactorial origin; it is the fifth main risk factor for
human death globally. It is a pathological state that impairs skeletal muscle [1,2], characterized by a
decrease in the force of contraction, a reduced capacity to withstand fatigue, and cell damage [3].

Fat accumulation alters carbohydrates and lipids metabolism, which affects the normal contractile
function [4], decrease in glucose uptake, and deterioration of the insulin signaling pathway,
causing insulin resistance [5]. Together, it favors the development of fatigue [6], decreased mitochondrial
respiration and ATP production, as well as an increase in mitochondrial production of reactive oxygen
species (ROS) [7].
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Opening of the ATP-sensitive potassium channels (KATP channels) has been identified as a defense
mechanism to counter muscle fatigue and metabolic stress; in the cell membrane and the inner
membrane of the mitochondria [8], and play an important role as sensors of intracellular ATP and ADP
ratio [9], closing when ATP levels are high and opening when ADP levels increase [10]. Several studies
have shown that KATP channels play an essential role in tissue protection [11,12], where the channel
becomes crucial in preventing contractile dysfunction and fiber damage caused by oxidative stress [13].

KATP channels can be activated pharmacologically, making them an important target for
myoprotection [14,15]. Diazoxide is a vasodilator and an inhibitor of insulin secretion. It is considered
a drug that is beneficial for some pathologies, such as obesity, since it reduces intake of food and weight
gain, prevents hyperinsulinemia, improves insulin sensitivity, and improves blood glucose and lipid
profile, which together counteracts mitochondrial dysfunction [16,17].

Diazoxide, reported as a selective opener for mitoKATP channels, delays fatigue in mammalian fast
skeletal muscle fibers [18]. Similarly, increased post-fatigue force in the slow skeletal muscle has been
observed by diazoxide and nicorandil, another KATP channel opener, [19,20] and both, protects skeletal
muscle against ischemia-reperfusion injury [15].

Exercise is a non-pharmacological treatment for metabolic disorders associated with obesity. It has
been reported that it increases the expression of KATP channels [13] and promotes various metabolic
adaptations in skeletal muscle [21]. Exercise decreases the fat stored in the muscle which improves
muscle contraction, increases insulin sensitivity which prevents hyperinsulinemia and stimulates
the transport of glucose into the cell [22], and increases antioxidant defenses through a hormonal
mechanism which makes the muscle more resistant to oxidative stress [23]. Together these mechanisms
protect against mitochondrial dysfunction through lower ROS levels by improving respiration and
promoting beta-oxidation of fatty acids [7,24].

Therefore, we hypothesized that diazoxide and exercise improve muscle function in obesity by
decreasing oxidative stress. Obesity and its effect on skeletal muscle have been extensively studied,
as has exercise to counteract its adverse effects, while the opening of the KATP channels has been
studied as a mechanism of muscular protection. However, this is the first study that shows how
diazoxide, exercise, and the combination of both, improve the contraction and function of muscle fibers
in obesity by reducing oxidative stress.

2. Materials and Methods

2.1. Experimental Animals and Groups

Male Wistar rats between 300 and 350 g were used. The animals were kept in acrylic cages under
bioterium conditions at room temperature for a period of 12 h of light/12 h of darkness, with free access
to food and water. Animals were randomly assigned to eight groups (See Table 1).

Table 1. Experimental groups.

Groups Diet
Diazoxide
35 mg/kg

Exercise
Moderate Intensity

Control (C) Standard rodent chow® no no

Diazoxide (D) Standard rodent chow® yes no

Exercise (E) Standard rodent chow® no yes

Obese (O) High fat diet no no

Obese diazoxide (OD) High fat diet yes no

Obese exercise (OE) High fat diet no yes

Obese exercise diazoxide (OED) High fat diet yes yes

Exercise diazoxide (ED) Standard rodent chow® yes yes
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The diets are applied for eight weeks, while the protocol of moderate-intensity exercise is applied
for five weeks. Diazoxide was administered for 14 days intraperitoneally at a dose of 35 mg/kg. Finally,
the respective combinations were combined.

Diets were administered for eight weeks; the standard rodent chow® diet showed a caloric
content of 336 cal/100 g with a proportion of 28.507% protein, 13.496% fat, and 57.996% carbohydrates.
The high-fat diet contained 50% standard rodent chow® and 50% fat [2], showed a caloric content
of 649.25 cal/100 g with a proportion of 14.05% protein, 69.5% fat, and 21.4% of carbohydrates
(Mexican equivalent food system). The exercise protocol was applied for five weeks at moderate
intensity (see Table 2) and diazoxide was applied at a dose of 35 mg/kg intraperitoneally for 14 days
in the obese group, diazoxide was applied at the end of the obesity induction period, while in those
subjected to the exercise protocol, the drug was applied during weeks four and five.

Table 2. Exercise protocol. Exercise protocol per week for groups: E; exercise, ED; diazoxide exercise,
OE; obese exercise, OED; obese diazoxide exercise. The speed is displayed in meters per minute and
the time for which this speed was applied is shown in parentheses.

Groups E, ED OE, OED

Week 1 10 m/min (10 min) 10 m/min (10 min)

Week 2 10 m/min (10 min)
16 m/min (5 min)

10 m/min (10 min)
16 m/min (5 min)

Week 3
10 m/min (5 min)
16 m/min (5 min)
22 m/min (5 min)

10 m/min (5 min)
16 m/min (10 min)

Week 4
10 m/min (5 min)
16 m/min (5 min)
22 m/min (5 min)

10 m/min (5 min)
16 m/min (10 min)

Week 5
10 m/min (5 min)
16 m/min (5 min)

22 m/min (10 min)

10 m/min (5 min)
16 m/min (15 min)

All procedures with animals were carried out by the Federal Regulations for the Use and Care of
Animals (NOM-062-ZOO-1999) issued by the Ministry of Agriculture of Mexico.

2.2. Muscles Dissection

At the end of the protocols, the rats fasted for 12 h, the weight and glucose parameters of each group
were measured to compare these values concerning each treatment. Subsequently, they were sacrificed
for cervical dislocation; dissection was performed to obtain soleus and digitorum extensor longus
(EDL) muscles of the two posterior extremities. The muscles of one of the extremities were maintained
with Krebs-Ringer solution, to be later taken to isometric tension measurements. Simultaneously,
the other extremity muscles were stored at −80 ◦C to be subsequently homogenized for biochemical
tests. The Biuret method obtained the protein concentration of the homogenates [25].

2.3. Isometric Tension Measurements

The soleus and EDL muscles were placed in a Petri dish covered with a transparent resin bottom
(Sylgard, World Precision Instruments, Sarasota, FL. USA) where they were fixed with the help
of entomological pins immersed in Krebs-Ringer solution (118 mM NaCl, 4.75 mM KCl, 1.18 mM
MgSO4, 24.8 mM NaHCO3, 1.18 mM KH2PO4, 10 mM glucose, and 2.54 mM CaCl2) and carbogen
gas (95% O2 and 5% CO2) was supplied. Excess connective and fatty tissue were removed under a
stereoscopic microscope.

The muscle was mounted into a chamber for isometric tension measurements, with its proximal
end attached to the bottom of the chamber and the distal end to the hook of an optical transducer,
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which was connected to an amplifier and this in turn to an analog–digital interface (World Precision
Instruments, Sarasota, FL. USA) that allowed acquiring the tension generated by the muscle in a
computer, using the MDAC software (World precision instruments, Sarasota, FL. USA). Two platinum
electrodes were placed inside the recording chamber, which was connected to a stimulus isolation unit
and an electric stimulator (Grass) in order to apply the protocol to induce fatigue, which consisted
of 100 V pulses, 300 ms of duration, and a frequency of 45 Hz for soleus muscle and 50 Hz for EDL
muscle. The stimulation was stopped once fatigue was presented. The fatigued muscles were stored at
−80 ◦C to be subsequently homogenized for biochemical tests’ performance (measurement of total
reactive oxygen species, lipid peroxidation, and glutathione levels).

The muscle was stretched 1.3 times its resting length and left to perfuse in the physiological solution
for 10 min before recording the isometric tension; the experiment was performed at a temperature of 25 ◦C.

2.4. Reactive Oxygen Species Analysis

ROS levels were determined by evaluating the oxidation of the 2′, 7′-dichlorodihydrofluorescein
diacetate fluorescent probe (H2DCFDA). A total of 0.5 mg/mL of homogenate from each muscle was
placed in test tubes and incubated at 4 ◦C with constant shaking for 20 min in a buffer with 10 mM
HEPES, 100 mM KCl, 3 mM MgCl2, 3 mM KH2PO4 (pH 7.4), and 1.25 mM of H2DCFDA in a total
volume of 2 mL. This suspension was placed in a quartz cell, and the basal fluorescence was determined.
One minute later, 10 mM glutamate/malate was added as substrate, and the changes in fluorescence
were determined for an additional 20 min [26].

Fluorescence changes were measured on a Shimadzu RF-5301PC spectrofluorometer (λex 485 nm;
λem 520 nm). The data were expressed as the difference in fluorescence obtained by subtracting the
fluorescence units obtained at the end of the 20 min with the substrate minus the fluorescence obtained
before the substrate’s addition. The result was expressed as arbitrary fluorescence units/min.

2.5. Lipid Peroxidation Measurement

Lipid peroxidation was assessed using the levels of thiobarbituric acid reactive substances (TBARS).
First, 0.5 mg/mL of the homogenate was resuspended in 1 mL of phosphate buffer (50 mM KH2PO4,
pH 7.6) and incubated with 50 μM FeSO4 for 30 min at 4 ◦C to induce lipid peroxidation [27].

At the end of the incubation time, 2 mL of acid solution (trichloroacetic acid, thiobarbituric acid,
and hydrochloric acid) were added to each sample, and they were incubated in boiling water for
30 min. Subsequently, the tubes were placed on ice for 5 min and centrifuged at 7500 rpm for 5 min.
The absorbance of each sample was determined at 532 nm on a Shimadzu UV-2550 spectrophotometer.
Data were expressed as TBARS/mg protein numbers.

2.6. Glutathione Redox State Measurement

To 0.5 mg/mL of muscle homogenate, 5% (v/v) sulfosalicylic acid was added, and it underwent
two cycles of freezing and thawing. Subsequently, it was centrifuged at 10,000 rpm for 5 min and the
supernatant was extracted.

Total glutathione (GSH + GSSG) and oxidized glutathione (GSSG) were determined by an
enzymatic method. GSH + GSSG levels were determined using 90 μL of the supernatant, resuspended
in phosphate buffer (K2HPO4, 0.1 M, pH 7.5), and mixed with 3 mM 5,5′-dithiobis 2-nitrobenzoic acid
(DTNB) and 0.115 μ/mL glutathione reductase in a final volume of 1 m. After 5 min incubation at
room temperature, 2 mM NADPH was added and the reaction kinetics were determined for 15 min.
The increase in absorbance at 412 nm measured on a Shimadzu UV-2550 spectrophotometer was
converted to GSH concentration using a standard curve with known GSH values [28,29].

For GSSG determination, the same DNTB recycling assay was applied after incubating for 1 h at
room temperature with 4% vinylpyridine (v/v) to derivatize the reduced GSH [30]. Reduced glutathione
(GSH) was determined by subtracting the concentration of GSH +GSSG minus that of GSSG. Data were
expressed as μMoles/mg protein.
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2.7. Data Analysis

Results were expressed as the mean ± standard error of n = 8 independent experiments using
samples from different animals. Statistical differences between groups were determined by one-way
and two-way analysis of variance (ANOVA) and Tukey’s post-hoc test. A p ≤ 0.05 was established.
The analysis was performed with GraphPad Prism software version 6.0.

3. Results

3.1. Effect of Diazoxide and Exercise on the Physiological Parameters of Obese Rats

The effect of diazoxide, exercise, and their combination on bodyweight and fasting serum glucose
levels was evaluated at the end of each treatment. Table 3 shows these values. The obese group
increased bodyweight by 70.6% compared to the control group; however, in the groups of obese rats
treated with diazoxide, exercise, and the combination of both, a reduction in bodyweight of 18.35%
was observed, 17.62% and 22.69%, respectively, to the group of obese rats without treatments. In blood
glucose levels, it was observed how obesity increased blood glucose levels by 28.08% concerning the
control group; however, a reduction in said levels of 13.95% was observed in the group of obese rats
treated with diazoxide, 21.49% in the exercise group, and 26.12% in the exercise with diazoxide group.

Table 3. Weight and glucose at the end of the treatments; C: control; D: diazoxide; E: exercise; O: obese;
OD: obese diazoxide; OE: obese exercise; OED: obese exercise diazoxide; ED: exercise diazoxide.
The data are represented as the mean ± standard error. Different letters indicate statistically significant
differences between groups (p < 0.05) one-way ANOVA, Tukey post-hoc test, n = 8.

Groups Bodyweight (g) Glucose

C 323.80 ± 2.80 g a 77 ± 1.13 mg/dL a

D 322.12 ± 2.27 g a 85 ± 1.56 mg/dL b

E 324.28 ± 5.37 g a 70 ± 1.47 mg/dL c

O 552.57 ± 3.61 g b 98 ± 1.25 mg/dL d

OD 451.16 ± 19.34 g c 84 ± 1.65 mg/dL b

OE 455.19 ± 21.66 g c 77 ± 1.51 mg/dL a

OED 427.16 ± 14.89 g c 72 ± 1.84 mg/dL ac

ED 354.33 ± 2.12 g a 75 ± 2.80 mg/dL ac

3.2. Effect of Diazoxide and Exercise on Maximum and Total Tension and Time of Resistance to Fatigue of Slow
and Fast Skeletal Muscle of Obese Rats

To explore the effect of treatment with diazoxide, exercise, and the combination of both, maximum
and total tension and fatigue resistance was assayed, a record of tension in the soleus muscle and
EDL of the different groups was performed. Figure 1 shows the maximum and total tension and the
resistance time to fatigue of the soleus muscle (A,C) and EDL (B,D). In the soleus muscle (Figure 1A) of
obese rats, a 41.22% decrease in maximum tension, and a 50.18% decrease in total tension concerning
the control group can be observed. However, an increase was observed in both tensions with each
treatment, diazoxide and exercise, and even a better effect with the combination of both, since a
108.58% increment for maximum tension can be observed, and 115.03% in total tension. In comparison,
the group of obese rats exercised presented an increase in maximum tension of 85.94% and 82.64% in
total tension.

81



Antioxidants 2020, 9, 1232

Figure 1. Effect of diazoxide and exercise on maximum, total tension, and time of resistance to
fatigue of slow and fast skeletal muscle of obese rats. (A) Maximum tension and total soleus muscle
tension, (B) maximum and total tension of the EDL muscle, (C) fatigue resistance time for soleus
muscle, and (D) fatigue resistance time for EDL muscle. C: control; D: diazoxide; E: exercise; O: obese;
OD: obese diazoxide; OE: obese exercise; OED: obese diazoxide exercise; ED: diazoxide exercise.
Data are represented as the mean ± standard error. Different letters indicate statistically significant
differences between groups, in graphs A and B, capital letters compare the maximum tension, lowercase
letters compare the total tension (p < 0.05) two-way ANOVA, Tukey post-hoc test, n = 8.

Finally, in obese rats exercised with diazoxide, an increase of 162.12% was observed for maximum
tension and 102.77% for total tension. EDL muscle (Figure 1B) of obese rats showed a decrease of
49.15% in the maximum tension and 56.17% for the total tension. However, there was an increase
of both tensions with each treatment, and a more significant increase with the combination of both,
since the obese group treated with diazoxide had an increase of 74.97% for maximum tension and
105.70% in total tension. In contrast, in the group of obese rats exercised there was an increase in the
maximum tension of 29.28% and 63.28% in total tension was shown.

3.3. Diazoxide and Exercise Decrease ROS Levels and Lipid Peroxidation in Slow and Fast Skeletal Muscle of
Obese Rats

To analyze the effect of diazoxide treatment and the combination of both on the oxidative stress of
muscle tissue, ROS levels, and lipid peroxidation of the different groups’ soleus and EDL muscles were
evaluated. Figure 2 shows ROS and lipid peroxidation levels of the soleus muscle (Figure 2A,C) and
EDL (Figure 2B,D) before and after fatigue. In the evaluation of ROS in the soleus muscle (Figure 2A)
and the EDL muscle (Figure 2B), there was an increase in ROS levels of 51.96% and 35.89% before
fatigue and 40.81% and 81.41% after fatigue, respectively, in the group of obese rats compared to the
control group. However, a decrease in ROS levels with each of the treatments was observed; in the
obese group treated with diazoxide, there was a decrease in ROS levels of 34.80% for soleus muscle
and 45.46% for EDL muscle before fatigue, and 26.67% for soleus muscle and 29.26% after fatigue.
The exercised obese group showed a decrease of 38.69% in soleus muscle and 28.59% for EDL muscle
before fatigue and 58.57% in soleus muscle and 71.73% for EDL muscle after fatigue and finally in the
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group of obese rats exercised with diazoxide, a decrease of 39.95% for soleus muscle and 37.25% for
EDL muscle before fatigue and 63.49% for soleus muscle and 69.38% for EDL muscle after fatigue,
all compared to the group of obese rats without any treatment.

In lipid peroxidation, the results of the soleus muscle (Figure 2C) and EDL muscle (Figure 2D)
showed an increase in lipid peroxidation levels of 70.91% before fatigue and 70.19% after fatigue and
43.48% before fatigue and 51.19% and after fatigue, respectively, in the group of obese rats compared
to the control group. However, a decrease in lipid peroxidation levels was observed with each of
the treatments separately and a synergistic effect with both. In the group of obese rats treated with
diazoxide, a decrease of 26.91% was observed for soleus muscle and 19.70% for EDL muscle before
fatigue, and 17.24% for soleus muscle and 23.91% for EDL muscle after fatigue. The group of exercised
obese rats showed a decrease of 22.84% for the soleus muscle and 21.07% for the EDL muscle before
fatigue, and 38.36% for the soleus muscle and 35.87% for the EDL muscle. Finally, in the group of obese
rats exercised with diazoxide, a decrease of 39.96% was observed for soleus muscle and of 31.46% for
EDL muscle before fatigue and 44.64% for soleus muscle and 43.77% for EDL muscle after fatigue,
concerning the obese group without treatment.

Figure 2. Effect of diazoxide and exercise on ROS levels and lipid peroxidation in slow and fast skeletal
muscle of obese rats. (A) ROS levels in the soleus muscle, (B) ROS levels in the EDL muscle, (C) TBARS
levels in the soleus muscle, and (D) TBARS levels in the EDL muscle, before and after fatigue. C: control;
D: diazoxide; E: exercise; O: obese; OD: obese diazoxide; OE: obese exercise; OED, obese exercise
with diazoxide; ED: exercise with diazoxide. Data are represented as the mean ± standard error.
Different letters indicate statistically significant differences between the groups, capital letters compare
the different groups before fatigue, and lowercase letters compare the different groups after fatigue.
* indicates significant differences in the comparison of the same group before and after fatigue (p < 0.05)
two-way ANOVA, Tukey’s post-hoc test, n = 8.
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3.4. Effect of Diazoxide and Exercise on Glutathione Redox Status in Slow and Fast Skeletal Muscle of
Obese Rats

To evaluate the effect of diazoxide, exercise, and both on glutathione’s redox status in obesity,
Figures 3 and 4 show the results obtained for total glutathione levels (GSH+GSSG), reduced glutathione
(GSH), and oxidized glutathione (GSSG) before and after inducing fatigue for the soleus muscle and
EDL muscle, respectively. These results indicate that during obesity no differences were observed in
the levels of GSH + GSSG before and after fatigue in relation to the control group in the soleus muscle
(Figure 3A), while in the EDL muscle (Figure 4A) a decrease in GSH + GSSG levels of 16.74% before
fatigue and 20.12% after fatigue was observed in relation to the control group. However, in the group
of obese rats treated with diazoxide, a 45.31% increase was observed for soleus muscle and 49.38%
for EDL muscle before fatigue and 88.90% for soleus muscle and 37.48% for EDL muscle after fatigue.
The group of obese rats exercised showed an increase of 18.80% before fatigue for soleus muscle and
24.37% for EDL muscle and 71.42% for soleus muscle and 51.38% for EDL after fatigue. Finally, in the
group of obese rats exercised with diazoxide, an increase of 28.16% was observed for soleus muscle
and 27.27% for EDL muscle before fatigue and 92.23% for soleus muscle and 83.33% for EDL muscle
after fatigue in relation to the group of obese rats without treatment. Regarding the GSH levels of the
soleus muscle (Figure 3B) and EDL (Figure 4B), the group of obese rats showed a decrease in levels
of 39.76% for soleus muscle and 57.84% for EDL muscle before fatigue and a decrease of 58.25% for
soleus muscle and 52.20% for EDL muscle after fatigue to control. However, an increase in GSH levels
could be seen in obese rats with each of the treatments, concerning obese rats without treatment.

Figure 3. Effect of diazoxide and exercise on glutathione redox status in slow skeletal muscle of obese
rats. (A) Total glutathione soleus muscle, (B) reduced soleus glutathione muscle, and (C) oxidized
glutathione soleus muscle, before and after fatigue. C: control; D: diazoxide; E: exercise; O: obese;
OD: obese diazoxide; OE: obese exercise; OED, obese exercise with diazoxide; ED: exercise with
diazoxide. Data are represented as the mean ± standard error. Different letters indicate statistically
significant differences between the groups, capital letters compare the different groups before fatigue,
and lowercase letters compare the different groups after fatigue. * indicates significant differences in the
comparison of the same group before and after fatigue (p < 0.05) two-way ANOVA, Tukey’s post-hoc
test, n = 8.
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Figure 4. Effect of diazoxide and exercise on glutathione redox status in fast skeletal muscle of obese
rats. (A) EDL muscle with total glutathione, (B) EDL muscle with reduced glutathione, and (C) EDL
muscle with oxidized glutathione, before and after fatigue. C: control; D: diazoxide; E: exercise;
O: obese; OD: obese diazoxide; OE: obese exercise; OED, obese exercise with diazoxide; ED: exercise
with diazoxide. Data are represented as the mean ± standard error. Different letters indicate statistically
significant differences between the groups, capital letters compare the different groups before fatigue,
and lowercase letters compare the different groups after fatigue. * indicates significant differences in the
comparison of the same group before and after fatigue (p < 0.05) two-way ANOVA, Tukey’s post-hoc
test, n = 8.

To conclude, it should be mentioned that the levels of oxidized glutathione did not show
significant differences between the muscles analyzed before and after fatigue in both muscles of each
group evaluated.

4. Discussion

More than a third of the world’s adult population suffers from obesity [30], with more than
500 million people worldwide. Obesity is related to many pathologies [7] and is exacerbated by a
sedentary lifestyle and lack of physical activity (WHO, 2016) [31]. Skeletal muscle dysfunction is a
complication of obesity, as it causes significant atrophy, leading to a decrease in the muscle contraction
force, reduced ability to support fatigue, and numerous metabolic alterations and increased oxidative
stress [1,3,6].

Studies conducted by Alemzadeh et al. [17], Pompeani et al. [1], Bae et al. [5], and Lu et al. [32]
showed that obesity-induced with a high-fat diet increases bodyweight and plasma glycemia in Wistar
rats. The results in Table 3 show consistency with these studies for both parameters. However,
in this study, it was observed that both the treatment with diazoxide, the exercise protocol, and the
combination of both decreased bodyweight and plasma glycemia during obesity, effects that may
be related to the reduction in the consumption of food, improvement of basal metabolic rate,
reduction of lipogenesis, improvement of insulin sensitivity and glucose transport, and suppression of
hyperinsulinemia [5,17,22,33].

A higher concentration of lipids in muscle tissue produces skeletal muscle dysfunction [6].
This experimental series observed how muscle contraction and fatigue resistance were decreased
in the soleus muscle and EDL of obese rats (Figure 1). The results showed that obesity affects the
normal contractile function of muscles, which is associated with an increase in intramuscular fat,
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causing a deficiency in the muscle ability to contract [6], an increase in proteolysis, change in fiber type,
metabolic alterations, and increased oxidative stress [1,7,34].

Previous studies have shown that treatment with diazoxide prevents and reverses metabolic
disorders, such as loss of insulin sensitivity, and has been associated with an improvement in glucose
transport and the promotion of lipid metabolism [6], which directly or indirectly improves the
functioning of muscle tissue.

In this study, it was observed that the treatment with diazoxide increased muscle contraction and
promoted resistance to fatigue in the obese group treated with this drug (Figure 1); data are consistent
with what was observed by García et al. [18] where diazoxide increased the post-fatigue tension of the
mouse EDL muscle. This suggests that the protective effect of diazoxide in obesity may be due to the
opening of KATP channels, leading to an increase in cellular respiration through the electron transport
chain (CTE) and an increase in the synthesis of ATP [35], favoring muscle contraction and resistance to
fatigue [36,37]. A very similar effect was observed with implementing the exercise protocol during
obesity (Figure 1). Studies by Zigman et al. [38] and Kraljievic et al. [13] showed an exercise-induced
increase in the expression of cardiac sarcolemmal KATP channels, which improved conditioning
and contraction, a process that is not ruled out could be occurring in our results, as improvement in
muscle contraction and fatigue resistance. Similarly, the positive effects of exercise are attributed to
the decrease in intramuscular fat, as a consequence of the increase in skeletal muscle metabolism [3],
or the regulation of numerous pathways of signaling in which exercise participates by improving its
functioning, such as insulin sensitivity, glucose transport, lipid profile, and reduced stress markers [3,5].

The increase in fat stored in skeletal muscle has been associated with increased ROS levels,
the appearance of oxidative stress, and eventual cell damage [7].

Abrigo et al. [2] evaluated ROS levels in obese mouse muscles induced by a high-fat diet.
They observed in this group an increase in ROS levels 7.22 times that of the control group. This is
consistent with the obtained results in this work since it was possible to observe increased ROS
levels in the groups of obese rats, compared to the control group in both muscles before and after
the fatigue was induced (Figure 2A,B), observing a higher level of ROS in EDL muscle because
fast-twitch fibers are more susceptible to oxidative stress than slow-twitch fibers [39]. The increase
in ROS levels during obesity is due to the increase in intramuscular fat causing a reduction in the
muscle’s ability to contract [6], which causes reduced ATP levels and decreases mitochondrial volume
producing mitochondrial dysfunction and promoting muscle fatigue [36,37,39]. It has been shown that
there is a dose-dependent relationship between ROS concentration and reduced muscle contractility
and the occurrence of fatigue [40]. This work showed that the use of diazoxide, regular exercise,
and the combination of both reduced ROS levels in the group of obese rats in both soleus muscle
and EDL muscle was analyzed before and after inducing fatigue (Figure 2). A similar effect could be
observed in the work of García et al. [18] in mouse muscle fibers where in the presence of diazoxide
the ROS production rate was lower compared to the untreated group. This effect was attributed to the
opening of mitoKATP channels, which improves contraction and decreases fatigue, thus reducing ROS
levels [18,41].

On the other hand, diazoxide can also decrease ROS levels in obesity by preventing mitochondrial
dysfunction produced by hyperinsulinemia and hyperglycemia triggered by increased intramuscular
fat [5–7]. This protective effect results from inhibiting insulin secretion and improving insulin sensitivity
and glucose transport [18], which is also attributed to the characteristic of increasing antioxidant
defenses, which favors the decrease of ROS levels [42,43]. In the same way, it was observed how
exercise decreased ROS levels in groups of obese rats (Figure 2A,B). This effect of exercise was also
observed in the study by Ji et al. [23], where a group of rats was subjected to an exercise regimen where
decreased ROS levels were observed compared to the untrained group, in response to an adaptation
in their antioxidant systems. This protective role of exercise in obesity could be attributed to the
production and activity of antioxidant enzymes, in addition to the activation of numerous signaling
cascades involved in exercise [7,23,24].
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Similarly, exercise could decrease ROS levels during obesity by increasing the expression
and participation of sarcolemmal KATP channels, improving muscle contraction and resistance
to fatigue [13,34,38]. In the same way, these positive effects of exercise are attributed to the decrease in
intramuscular fat due to the increase in skeletal muscle metabolism [5], or the optimization of signaling
cascades related to insulin sensitivity, glucose transport, and inflammatory processes, which in turn
decreases ROS production [7,44]. In this experiment series, the muscles of the groups subjected to the
exercise protocol analyzed after fatigue showed the same ROS levels as the muscles analyzed before
fatigue, an effect that was not observed in the rest of the groups, which can be explained with the
concept of hormesis, which describes the response related to a beneficial stress factor at moderate
levels and harmful at high levels [4].

It has been observed that one of the main effects of the increase in ROS is the damage to
biomolecules [45], so in this study, the levels of TBARS were quantified as an indicator of lipid
peroxidation and oxidative stress. This work observed that lipid peroxidation levels were increased
in obese rats, both in the soleus and in EDL muscles analyzed before and after inducing fatigue
(Figure 2C,D). However, the group of obese rats treated with diazoxide showed decreased lipid
peroxidation levels in both muscles (Figure 2C,D). Farahini et al. [46] observed that pretreatment
with diazoxide contributed to muscle tissue resistance against ischemic damage by decreasing lipid
peroxidation. The same was appreciated by Moghtadaei et al. [42], where they observed this protective
effect of diazoxide in skeletal muscle ischemia, as the levels of lipid peroxidation were decreased in the
group preconditioned with diazoxide.

Similarly, the experimental series results showed decreased lipid peroxidation levels in the group
of obese-exercise rats (Figure 2C,D). This effect with the implementation of an exercise protocol was
previously observed by Lambertucci et al. [24], where the levels of lipid peroxidation of muscle
tissue from trained rats were decreased. The decrease in both ROS levels and lipid peroxidation with
diazoxide treatment and exercise, and the combination of both is directly proportional to muscle
contraction improvement and increased resistance time to fatigue.

Cells have antioxidant systems that protect them against oxidative damage. This includes the
antioxidant enzyme glutathione peroxidase, the synthesis of which can be modified by exercise, diet,
and age [40]. Our results showed that both the levels of GSH + GSSG of the soleus muscle (Figure 3A)
and EDL muscle (Figure 4A), as well as of GSH of the soleus muscle (Figure 3B) and EDL muscle
(Figure 4B) were decreased during obesity, while the GSSG levels of the soleus muscle (Figure 3C)
and EDL muscle (Figure 4C) were increased. The decrease in the content of GSH + GSSG suggests
that obesity affects the synthesis of this antioxidant, possibly because ROS that are overproduced
during this pathology are involved in activating various signaling pathways that negatively affect the
expression of genes involved. The synthesis and content of GSH decreased [47], suggesting that obesity
affects the antioxidant capacity. Diazoxide treatment, exercise, and a combination of both increased
GSH + GSSG and GSH levels and, to a lesser extent, reduced GSSG levels in obesity. Moghtadaei
et al. [42] reported that glutathione activity was increased in skeletal muscle treated with this drug
during ischemia-reperfusion, concerning the muscle without treatment.

On the other hand, exercise presented this same protective effect during obesity since it enhances
antioxidant activity [24]. Both the protective effect of diazoxide and exercise may be because these
treatments regulate signaling pathways for the activation of genes that regulate the synthesis of
antioxidant enzymes [42], in addition to the fact that glutathione synthesis is widely dependent on
ATP concentrations. Both diazoxide treatment and exercise favor its production [36].

5. Conclusions

This is the first study, which shows how diazoxide and exercise and the combination of both
improve the contraction and functioning of muscle fibers in obesity by reducing oxidative stress.
In conclusion, diazoxide and exercise improves muscle contraction in obesity by decreasing ROS levels,
lipid peroxidation, and improving the redox status of glutathione.
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Abstract: This study determined whether antioxidant supplementation is a viable complement to
exercise regimens in improving cognitive and motor performance in a mouse model of Alzheimer’s
disease risk. Starting at 12 months of age, separate groups of male and female mice expressing
human Apolipoprotein E3 (GFAP-ApoE3) or E4 (GFAP-ApoE4) were fed either a control diet or a
diet supplemented with vitamins E and C. The mice were further separated into a sedentary group
or a group that followed a daily exercise regimen. After 8 weeks on the treatments, the mice were
administered a battery of functional tests including tests to measure reflex and motor, cognitive,
and affective function while remaining on their treatment. Subsequently, plasma inflammatory
markers and catalase activity in brain regions were measured. Overall, the GFAP-ApoE4 mice
exhibited poorer motor function and spatial learning and memory. The treatments improved balance,
learning, and cognitive flexibility in the GFAP-ApoE3 mice and overall the GFAP-ApoE4 mice were
not responsive. The addition of antioxidants to supplement a training regimen only provided further
benefits to the active avoidance task, and there was no antagonistic interaction between the two
interventions. These outcomes are indicative that there is a window of opportunity for treatment and
that genotype plays an important role in response to interventions.

Keywords: ApoE; exercise; antioxidants; oxidative stress; cognition; motor; vitamin E; vitamin C;
aging; Alzheimer’s disease

1. Introduction

Apolipoprotein E4 (ApoE4) is the most prevalent genetic risk factor for late-onset Alzheimer’s
disease (AD) [1]. In mice expressing human ApoE4, the cognitive deficits can be measured in terms of
impairments in spatial learning and memory [2] and working memory [3]. Apart from cognitive declines,
other behavioral effects are associated with AD and preclinical AD, such as increased anxiety [4],
motor function disability, and the inability to learn new motor skills [5,6]. Interestingly, the presence of
the ε4 allele was also associated with a two-fold increase in the rate of global motor function decline
when compared with non-carriers with comparable age, sex, and education [7].

Oxidative stress has been associated with cognitive and motor declines and has been suggested as
a major contributor to AD pathology. Oxidative stress has also been involved in vascular cognitive
impairment, a risk for dementia [8]. The brains of AD patients are more vulnerable to oxidative
stress, as evidenced in animal models and humans [9]. Furthermore, ApoE4 is associated with the
aggravation of AD pathophysiology via increased oxidative stress [10]. Therefore, AD symptomology,
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especially in the presence of the ApoE4 allele, should be responsive to therapies reducing oxidative
stress. Vitamin E is an example of such a therapeutic known to reduce oxidative stress and is able to
improve cognitive function in AD patients either alone or in combination [11].

Another well-marketed healthy lifestyle modification is exercise. Physical activity has been
associated with a reduced risk of AD [12], delayed AD onset [13], and improved AD symptoms [14],
as well as improved vascular cognitive impairments [8]. Furthermore, exercise was even more beneficial
in ApoE4 carriers than non-carriers [15,16]. Exercise lowered oxidative stress [17] and improved
cognition [18], but also reduced anxiety in the elderly [19] and in rats [20]. Furthermore, it improved
motor function in a cognitively impaired geriatric population [21,22], and motor training dramatically
reduced injurious falls among AD patients [23,24]. Oxidative stress has also been implicated in the
development of neuromuscular disorders (NMDs), and exercise in an intensity- and duration-dependent
manner can alter NMDs, as reviewed by Siciliano et al. [25].

Both lines of therapy improved behavioral outcomes associated with AD, and seemed to at
least partially involve oxidative stress as part of their mechanism of action. Therefore, it can be
hypothesized that combining antioxidants with exercise training will lead to an additive beneficial
effect, reducing impairments. While some reports have determined that there can be such a positive
interaction [26–28], other studies have found a negative relationship, in which the presence of
antioxidants negated the beneficial effects of exercise [29]. How such combinations affect behavioral
measures have not been fully explored, and the influence of genotype and sex remain to be evaluated.

The goals of the current study were to determine (1) cognitive, motor, and anxiety phenotypes of
middle-aged GFAP-ApoE3 and E4 male and female mice; (2) whether antioxidant intake or exercise
training leads to functional improvements; (3) whether the combination of antioxidant and exercise
yields an additive beneficial effect; (4) the involvement of oxidative stress and inflammation in
behavioral outcomes. Our hypothesis was that moderate exercise and antioxidants would lead to
additional beneficial effects when compared to each intervention alone, which would be exacerbated in
the ApoE4 genotype. The outcomes are important in deciding the need for antioxidant supplementation
in exercising individuals, and as a guiding parameter in genotype-based experiments.

2. Materials and Methods

2.1. Animals

All animal use protocols were approved by the Institutional Animal Care and Use Committee at
UNT HSC (Protocol #: 2009/10-50-A04, approved 09/1/2010). Groups of male and female GFAP-ApoE3
(B6.Cg-Tg(GFAP-APOE3)37Hol APOEtm1Unc/J) and GFAP-ApoE4 (B6.Cg-Tg(GFAP-APOE4)1Hol
APOEtm1Unc/J) mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA)
(catalog numbers 004633 and 004631; we started with a total of 187 mice, and recorded 14 and
10 deaths for the ApoE3 and ApoE4 respectively) at 2 months. These mice express the human
apolipoprotein E3 or E4 under the control of the glial fibrillary acidic protein (GFAP) promoter and
do not express endogenous ApoE. The mice were group housed in standard housing conditions and
received ad libitum access to food and water at an ambient temperature, under a 12-h light/dark cycle
starting at 06:00.

2.2. Treatment

When the mice were 12 months old, they were randomly allotted to: (1) sedentary + control diet
(Sed-Con), (2) sedentary + control diet supplemented with vitamins E and C (Sed-EC), (3) exercise
+ control diet (Ex-Con), (4) exercise + control diet supplemented with vitamins E and C (Ex-EC).
The diets were obtained from TestDiet (St Louis, MO, USA). The control diet (LabDiet® R&M 5LG6 4F,
#5S84) was modified by adding ascorbic acid (1.65 mg/g diet) and α-tocopheryl acetate (1.12 IU/g diet)
(#5SH0). Using treadmills, the mice were progressively introduced to a moderate exercise regimen
(AccuPacer Treadmill, Omnitech Electronics, Inc., Columbus, OH, USA). The training was increased in
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time and speed to reach a maximal exercise of 1 h over 12 days (6, 8, 10, and 12 m/min for 5 min each,
and then at 14 m/min for 40 min). Compliance was achieved by a transient 0.29 mA electric foot shock
to the feet. The number of shocks were tallied, and the paired control mice received the same number
of shocks/training day.

2.3. Food Intake and Body Weights

The mice were weighed weekly and food intake (average of five consecutive days) was recorded
the week before the start of behavioral testing.

2.4. Functional Testing

For 16 weeks, the mice were on their respective treatments, including 8 weeks prior to the
behavioral assessments. The behavioral tasks were described in details previously [30,31].

2.4.1. Elevated Plus Maze

The position of a mouse in the maze (two open arms and two closed arms, 3ft above the floor)
was determined by a tracking system (Any-maze, Stoelting Co., Wood Dale, IL, USA). Under dim
light (60 W) and for 5 min, each mouse was left to explore. Time in open arms was used to measure
anxiety levels.

2.4.2. Spontaneous Activity

Each mouse was left to explore an acrylic test chamber (40.5 cm × 40.5 cm × 30.5 cm) under dim
light and with background noise (80 dB) for 16 min. Their activity was recorded using a Digiscan
apparatus (Omnitech Electronics Inc., Columbus, OH, USA, model RXYZCM-16). Their horizontal,
vertical, and spatial movements were detected by the photocells and processed by a software program.

2.4.3. Coordinated Running

A motor-driven cylinder rotating at increasing speed was used to measure motor learning
and running performance (Rotorod, Omnitech Electronics Inc., Columbus, OH, USA, Model #
AIO411RRT525M). The mice were given two training sessions per day (four trials/session with a 10 min
inter-trial intervals (ITI)), which continued until improvements failed over three consecutive sessions.
The average of latency to fall for the four trials in each session was used for motor learning and for the
final session when stable performance was achieved.

2.4.4. Reflexive Musculoskeletal Responses

Walk initiation: record the latency to move one body length immediately after being placed on a
smooth surface. Alley turn: record the latency to make a full turn in a dead-end alley. Negative geotaxis:
record the latency to turn 180 ◦ in either direction when placed facing downward on a 45 ◦ tilted grid.
Wire suspension: record the latency to grasp wire with hindpaws after being suspended from wire by
front paws and the latency to fall (two trials/session). The mice received four sessions (one/day) and
latencies were averaged across the four sessions. A maximum of 60 s for each test was used.

2.4.5. Bridge Walking

Each mouse was placed on one of four bridges (large square, small square, large round, small round)
and latency to fall (maximum of 60 s) was recorded. Each bridge was presented three times and latency
to fall was averaged for each bridge and across bridges.

2.4.6. Morris Water Maze (MWM)

Spatial learning and memory were measured using a modified Morris water maze test. Prior to
any testing, the mice received pre-training using a covered straight alley to teach the mice to swim and
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climb onto a platform. Following this, the mice were given a maximum of 90 s to find a hidden platform
from different starting positions (one session/day, five trials/session with a 2 min ITI). Their performance
was tracked via Any-maze software (Stoelting Co., Wood Dale, IL, USA). Path length and swim speed
were used as measures of performance.

2.4.7. Discriminated Avoidance

Using a T-maze apparatus set on a grid floor set to deliver 0.69 mA scrambled shock, we tested the
mice for learning and cognitive flexibility using a discriminated avoidance task. During the information
trial (first one), a shock is administered when the mouse enters their preference arm (first one) and
allowed to escape the shock by running to the opposite arm (correct arm). Thereafter, the initiation of
shock was 5 s upon start door opening or upon entry into an incorrect arm until the mouse entered the
correct arm or a maximum of 60 s. After 10 s in the correct arm, the mouse was placed in a holding
cage for 1 min (ITI). Training continued until a criterion of correct avoidance was reached (choosing the
correct arm in under 5 s in four out of five trials, with the last two being correct avoidances). The reversal
sessions followed the same training and switching of the correct arm. Learning ability was considered
inversely proportional to the number of trials required to reach the avoidance criterion.

2.5. Biochemical Measurements

After behavioral testing, blood was collected via tail bleed prior to euthanization (by cervical
dislocation). Brains were harvested and dissected into brain regions that were saved at −80 ◦C
(cerebral cortex, striatum, cerebellum, and hippocampus).

2.5.1. Catalase Activity

The activity of the antioxidative enzyme, catalase, was evaluated using the Catalase Assay Kit from
Cayman Chemical (Ann Arbor, MI, USA, catalog number 707002). Methanol was reacted with catalase
in the presence of for the optimal concentration of H2O2. The production of the resulting formaldehyde
was measured colorimetrically with Purpald (4-amino-3-hydrazino- 5-mercapto-1,2,4-triazole) at
540 nm.

2.5.2. Inflammatory Markers

Plasma levels for IL-10, IL-6, and TNFα were measured using an MSD Inflammatory Panel Kit
from Meso Scale Diagnostics, LLC, Rockville, MD, USA) (10-plex Proinflammatory Panel 1 (mouse) kit
(cat # C4048-1) and analyzed by MSD DISCOVERY WORKBENCH® analysis software (Meso Scale
Diagnostics, Rockville, MD, USA). While the panel measures more than these four markers, the others
were out of range based on the manual and literature searches. Therefore, we did not include them in
our analyses.

2.6. Statistical Analysis

The functional performance of the mice on the behavioral tests, as well as the biochemical
measurements, were assessed using three-way analyses of variance (ANOVA) with sex, genotype,
and treatment as between-group factors (or genotype and treatment for catalase measurements due
to low n). Planned individual comparisons between different sexes, genotypes, and treatments were
performed using single degree-of-freedom F-tests involving the error term from the overall ANOVA.
Some behavioral performances and catalase activity were also considered in four-way analyses with
session or brain region as the repeated measure. The software used for the analyses was Systat 13
(San Jose, CA, USA) and p was set< 0.05.
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3. Results

3.1. Body Weight and Food Intake

Percent changes in body weight from the week before behavioral testing started and at the
end of the study are presented in Figure 1. Overall, male mice weighed more than female mice,
and within the female groups, GFAP-ApoE4 mice weighed less than the GFAP-ApoE3 mice (not shown).
These observations were supported by main effects of strain, sex, and an interaction between sex and
strain (all p < 0.02). By week 7, most mice lost 3–7% of their body weight, and the only significant
differences were between E3 and E4 Sed-Con females, and between Sed-Con and Sed-Aox in the
GFAP-ApoE4 females (all p< 0.05). By week 12, the loss was more pronounced (up to 13%), and the only
significant differences were Ex-Aox GFAP-ApoE4 females losing less weight than Sed-Con (p < 0.05),
while in males, the Ex-Aox groups lost the most weight (p < 0.05 only for GFAP-ApoE3). Food intake
was not significantly affected by sex, strain or treatment (all p > 0.2) (not shown).

 

Figure 1. Minimal effects of exercise and/or antioxidant regimen over time on body weights of
middle-aged GFAP-APOE3 and GFAP-APOE4 male and female mice (mice expressing the human
apolipoprotein (Apo) E3 or E4 under glial fibrillary acidic protein (GFAP) promoter control). Each value
represents mean ± SEM, n = 5–16 for body weights, and n = 3–7 for food intake. * p < 0.05 vs. sex-
and strain-matched Sedentary-Control (Sed-Con) groups; # p < 0.05 comparing sex-matched Sed-Con
GFAP-ApoE3 and GFAP-ApoE4.

3.2. Behavioral Measurements

3.2.1. Elevated Plus Maze

The performance of the mice in this test measuring affective function was analyzed and is presented
in Figure S1. The GFAP-ApoE3 and GFAP-ApoE4 mice spent the same amount of time in the open
arms, however, males spent more time in the open arm than females, supported by a main effect of sex
(p < 0.001) and no effect of strain (p = 0.366). Treatments did not affect performance (all p > 0.185),
with the exception of Sed-Aox group spending more time than the Sed-Con group in the open arms
(p = 0.046). Overall, the GFAP-ApoE3 mice were more active than the GFAP-ApoE4 mice, and some
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treatments affected the activity of females (all p < 0.003). These observations were supported by the
significant main effects of strain and treatment and a sex × strain × treatment interaction. (all p < 0.01).

3.2.2. Spontaneous Activity

Horizontal distance and rearing activity were analyzed (Figure S2). GFAP-ApoE4 mice travelled
40% shorter distances than the GFAP-ApoE3 mice, and GFAP-ApoE3 females traveled 18% more than
their male counterparts. Treatment had no effect on distance traveled. An ANOVA yielded a main
effect of strain (p < 0.001) and no effect for treatment, sex or any interactions between the factors
(all p > 0.300). GFAP-ApoE4 mice also spent 20% less time rearing than the GFAP-ApoE3, supported by
a main effect of strain (p = 0.001). Most treatments had no effect on the rearing activity of the mice with
the exception of Sed-Aox, which increased it (p = 0.046).

3.2.3. Coordinated Running Performance

The data were averaged as learning (sessions 1–4) and plateau (sessions 5–7) performance
(Figure 2). During the learning phase, GFAP-ApoE4 mice fell faster from the rod than the GFAP-ApoE3
mice, especially males, supported by the main effects of sex, strain and a sex x strain interaction
(all p < 0.003). A main effect of treatment (p = 0.014) was due to Ex-Con and Ex-Aox GFAP-ApoE3 mice
exhibiting better performance in males (all p < 0.04). The Ex-Con GFAP-ApoE4 group also seemed to
have a better performance (p = 0.051) which was not seen in the Ex-Aox group. During the plateau
phase, there was only an effect of strain, in which GFAP-ApoE4 mice had a poorer performance than
the GFAP-ApoE3 mice (p < 0.001).

Figure 2. Exercise improved learning performance in male GFAP-ApoE3 and GFAP-ApoE4 mice,
but not plateau performance. Each value represents mean ± SEM, n = 8–16. * p < 0.05 vs. sex-
and strain-matched Sed-Con groups; # p < 0.05 comparing sex-matched Sed-Con GFAP-ApoE3 and
GFAP-ApoE4 mice; † p < 0.05 comparing strain-matched Sed-Con males and females.

3.2.4. Reflexive Musculoskeletal Responses

Performance was averaged over four sessions and is presented in Figure S3. GFAP-ApoE4 mice
took longer latencies than the GFAP-ApoE3 mice to initiate walking, supported by a main effect of strain
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(p= 0.019). There was no effect of treatment, sex, or interactions between any of the factors (all p > 0.086).
Alley-turning was affected differentially by the treatments depending on sex and genotype (sex × strain
× treatment interaction, p = 0.004). GFAP-ApoE4 females took longer latencies than the GFAP-ApoE3
females, while there was no difference in males. In GFAP-ApoE4 females, Sed-Aox took longer to turn,
while in GFAP-ApoE3, the Ex-Aox males had the shortest latency. For negative geotaxis, males took
longer latencies to turn, as well as GFAP-ApoE4 mice. The Sed-Aox mice had shorter latencies in the
GFAP-ApoE3 groups (strain × treatment, p = 0.058). Latency to tread was affected by strain (p = 0.01),
due mainly to treatments affecting each genotype differently (higher in GFAP-APoE4 males vs. lower
latencies in GFAP-ApoE3 mice). There was no effect of treatment or interactions between any of the
factors (all p > 0.10).

3.2.5. Bridge Walking

The latency to fall was analyzed for each bridge and is presented in Figure 3. On the easiest bridge
(session 1), there was no effect of strain, sex, or treatment on the latency to fall (all p > 0.13). In session 2,
females performed better than males leading to a main effect of strain. While there was no main effect
of treatment, exercised groups had higher latencies in males regardless of strain but it only reached
significance for the Ex-Aox GFAP-ApoE3 mice (p = 0.029). In session 3, a main effect of treatment
was obtained (p = 0.03) due to all treatments in male GFAP-ApoE3 mice. In session 4, treatments,
especially exercise, were associated with increased latencies in the GFAP-ApoE3 but not GFAP-ApoE4
groups. GFAP-ApoE4 females performed better than their male counterparts, driving the main effects
of sex and strain (all p < 0.03).

 

Figure 3. Exercise and antioxidants improved balance in male and female GFAP-ApoE3 mice but not in
GFAP-ApoE4 mice. Each value represents mean ± SEM, n = 8–16. * p < 0.05 vs. sex- and strain-matched
Sed-Con groups; † p < 0.05 comparing strain-matched Sed-Con males and females.
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3.2.6. Morris Water Maze

The performance of the mice was separated into initial, learning phase, and maximum
performances (Figure 4). During the initial session, there was no effect of strain or treatment
for females, however, in the males, all treatment improved performance but it only reached significance
for Ex-Con (p = 0.044). During the learning phase, female mice had higher path lengths than the males
(main effect of sex; p < 0.001). Treated GFAP-ApoE4 females had lower latencies than the sex- and
strain-matched Sed-Con group (p = 0.064), however, it only reached significance with the Ex-Aox mice.
Maximum performance was impaired in the GFAP-ApoE4 males, and was reversed by all treatments.
However, an ANOVA did not reach significance for strain (p = 0.098) or strain x treatment (p = 0.096).
Females swam slower than males, GFAP-ApoE4 mice seemed slightly faster than GFAP-ApoE3 mice,
and none of the treatments affected the swimming speed (not shown). ANOVA yielded a main effect
of sex (all p < 0.007), but the effect of strain did not reach significance (p = 0.057).

 
Figure 4. Exercise and antioxidants were associated with mild improvement in swim maze performance
in male GFAP-ApoE4 mice but not in GFAP-ApoE3 mice. Each value represents mean ± SEM, n = 5–16.
* p < 0.05 vs. sex- and strain-matched Sed-Con groups; # p < 0.05 comparing sex-matched Sed-Con
GFAP-ApoE3 and GFAP-ApoE4 mice; † p < 0.05 comparing strain-matched Sed-Con males and females.

3.2.7. Discriminated Avoidance Test

Performance during acquisition and reversal is presented in Figure 5. During acquisition,
most treatments improved performance (main effect of treatment; p = 0.005). Sed-Aox (p = 0.035) and
Ex-Con (p = 0.052) groups took fewer trials to reach criterion in the GFAP-ApoE3 males and there was
no significant effect in the GFAP-ApoE4 mice. In females, Ex-Con (p = 0.058) and Ex-Aox (p = 0.019)
performed better than the Sed-Con group in the GFAP-ApoE3 group, while only Ex-Aox (p = 0.018)
took fewer trials than the controls in the GFAP-ApoE4 group.

During reversal, treatments improved performance (main effect of treatment; p = 0.007), mainly in
the GFAP-ApoE3 mice, but this observation was not supported by an interaction between strain and
treatment (p = 0.23). There was no significant effect of any of the treatments in the GFAP-ApoE4 mice.
In the GFAP-ApoE3 group, all treated mice took fewer trials compared to Sed-Con in females and
Ex-Aox was the only significantly different group in males (p = 0.029).
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Figure 5. Exercise and antioxidants improved learning and cognitive flexibility in male and female
GFAP-ApoE3 mice but not in GFAP-ApoE4 mice. Each value represents mean ± SEM, n = 8–16.
* p < 0.05 vs. sex- and strain-matched Sed-Con groups; † p < 0.05 comparing strain-matched Sed-Con
males and females.

3.3. Biochemical Measurements

3.3.1. Catalase

Catalase activity was measured in the cerebral cortex, hippocampus, cerebellum, and midbrain
and is presented in Figure S4 (due to low n, sexes were combined). Overall, the activity was ranked
as follows: hippocampus > cerebellum, midbrain > cortex, supported by a main effect of region
(p < 0.001). There was an overall effect of treatment (p = 0.003) which was not region-dependent
(all p > 0.96), but no effect of genotype (all p > 0.35). The effect of treatment was due mostly to effects
of Ex-Aox in all regions (not significant for cerebellum).

3.3.2. Inflammatory Markers

Levels of IL6, TNFα, and IL10 were measured in the plasma and are reported in Figure 6. For IL6,
the effects of treatments were seen in the GFAP-ApoE3 females, with a sex by treatment interaction
approaching significance (p = 0.055). The female groups that exercised had lower levels of IL6 than the
control groups. There was no effect of sex, strain, or treatment on TNFα levels (all p > 0.09), though the
Ex-Aox GFAP-ApoE4 females had higher levels than the controls (p < 0.05).
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α

Figure 6. Effect of exercise and antioxidants on markers of inflammation in male and female GFAP-ApoE3
and GFAP-ApoE4 mice. Each value represents mean± SEM, n= 5–9. * p< 0.05 vs. sex- and strain-matched
Sed-Con groups; † p < 0.05 comparing strain-matched Sed-Con males and females.

4. Discussion

The main findings of this study were: (1) there were strain differences for most motor functions,
but no major differences for strength, balance, or cognition; (2) there were strain and test-dependent
differences in response to the treatments: GFAP-ApoE3 mice were responsive on bridge and
active avoidance, while GFAP-ApoE3 mice were on spatial learning and memory; (4) the most
effective treatment was exercise, and no major additive or antagonistic effects were observed with
antioxidant intake.

The current study provided a comprehensive phenotype of this mouse model, and its
response to non-conventional therapeutic interventions. Anxiety, the most common non-cognitive
symptom of AD [32] and associated with impaired daily activities [33], is often managed
with benzodiazepines, which can lead to further cognitive and motor function declines [34,35].
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Therefore, identifying non-pharmacotherapeutic agents to reduce anxiety could be an overall positive
approach towards managing anxiety symptoms in AD without the added risk of furthering the
functional declines. Previously, we determined that at 4 months of age, GFAP-ApoE4 mice were less
anxious than GFAP-ApoE3 mice [30]; however, in the current study of 14-month-old mice, that difference
subsided. This may indicate a pleiotropic effect of the ApoE genotype on anxiety levels, as has been
described with cognitive function [30,36]. These data contrast with a previous study reporting higher
anxiety among adult GFAP-ApoE4 mice [37]. Neither antioxidant nor exercise treatment affected the
anxiety levels of the mice. In young mice, antioxidants increased the anxiety of the GFAP-ApoE4
mice, suggesting an age-dependent response to interventions [30]. Overall, the GFAP-ApoE3 mice
were more active than the GFAP-ApoE4 mice, which is consistent with a previous report [38], and the
treatments had no to minimal effects. Other complementary and alternative medicines have also been
studied as non-traditional therapies alone or in combination with exercise. More specifically, in a pilot
study, depression in AD patients was reduced when they combined Shiatsu with physical activity for
10 months [39].

During its early phase, AD is often associated with motor function impairments.
Pathological changes in the motor cortex, striatum, cerebellum, or substantia nigra might be responsible
for motor decline in AD [40,41]. The presence of ApoE4 doubles the rate of motor decline associated
with aging [7]. Motor declines were observed in our mouse model with GFAP-ApoE4 mice exhibiting
decreased activity, reflexes, and coordination. Similar effects on coordinated running were reported,
in which the APOE4 mice performed poorly [42]. Repetitive transcranial magnetic stimulation suggested
that ApoE4 is a critical determinant of the response to conditioning insults, especially for motor and
cognitive brain networks [43]. Exercise and/or antioxidants improved the motor learning of the
GFAP-ApoE3 males but not of the females or GFAP-ApoE4 mice. At younger ages, exercise training
was associated with a reversal of the ApoE4-associated deficits in coordinated running [31]. The lack
of response to treatment at an older age again suggests an age-dependent response to treatment.
Interestingly, treatments improved the balance of the GFAP-ApoE3 mice, but not of the GFAP-ApoE4
mice. This strain-dependent effect was previously observed in younger mice [31], though the effects
were not as large, most likely due to better performance of the young mice. Furthermore, exercise was
more successful at improving motor function than antioxidants alone, indicative of a more promising
therapeutic. Combining exercise and antioxidants did not lead to additive or antagonistic effects, as seen
at younger ages on motor function [31].

Different mouse models expressing human ApoE4 exhibited poor spatial learning and
memory [36,38,42]. Our data also suggest a significant decline in spatial learning and memory
in GFAP-ApoE4 mice compared to GFAP-ApoE3 mice, a difference that was not observed in younger
mice [30]. Interestingly, the majority of that effect comes from the males, as females did not show
any differences. This may reflect sex differences in performance or that perhaps a water maze is not
useful to detect cognitive differences in females. The treatments did not improve the performance
of the GFAP-ApoE3 mice but did improve that of the GFAP-ApoE4 mice. Exercise improved more
aspects of water maze performance than antioxidants alone, again supporting the fact that exercise is
a better therapy. Improvements in cognition with exercise associated with the ApoE4 genotype have
been shown previously [44]. Recent studies have implicated a potential cross-talk between the brain
and muscles, with exercise-induced mediators being released, leading to the neuroprotection and brain
function improvements associated with exercise. FNDC5/irisin is a myokine released upon exercising
that has been associated with improvements in synaptic activity and memory in the APP/PS1 AD mouse
model [45]. While our exercise paradigm differed from that study, it would be of interest to determine in
future studies using our training paradigm if the FNDC5/irisin pathway is also activated in our regimen.

AD symptoms start with the loss of non-spatial short-term/working memory [46]. While we found
strain differences in the spatial task, both GFAP-ApoE3 and ApoE4 mice performed similarly in the
non-spatial task used. This is in contrast to previous studies that have identified genotype differences
in working memory, which deteriorated in an ε4 allele dose-dependent manner in humans [47].
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The GFAP-ApoE3 mice were more responsive to the treatments than the GFAP-ApoE4 mice, and additive
effects were observed in the reversal phase for males. Other studies have also determined that exercise
can improve short-term/working memory task performance [48,49]. These treatment effects were also
observed previously with young GFAP-ApoE3 mice [30], however, while the treatments improved the
performance of the young GFAP-ApoE4 mice [30], they did not have any effect on the older mice in the
current study. These outcomes on cognitive function suggest that the type of memory, along with the
age and genotype, can affect the outcome of interventions.

Contrary to expectation, catalase activity was reduced in brain regions in mice that were exercised,
especially the ones combined with antioxidants. Reports on the effects of exercise on catalase activity in
the brain are conflicting: from no effect [50] to up-regulation as a result of the oxidative bursts associated
with acute exercise [51]. Catalase may be activated upon acute but not chronic exercise. Furthermore,
supplementation with antioxidants may have led to a sparing of catalase or a feedback down-regulation
of catalase. Plasma-based inflammatory biomarkers are often suggested to be future biomarkers for
AD progression and treatment response. The effects of exercise on inflammation are ambiguous, and
depend on the focus of inflammation (peripheral (plasma) vs. central (brain)). Studies focused on
long-term exercise observed higher IL6 in the brain [52] compared to plasma, while no such change
was noticed in TNFα. Some studies demonstrated lower IL6 in the brain after prolonged exercise
without affecting plasma IL6 levels [53]. IL6 was positively related to IL10 in the exercise training
context [54]. We also observed similar a relation of lowered IL6 in the presence of chronic exercise
and associated lowered IL10 levels in GFAP-ApoE3 female mice. On the contrary, treadmill training
previously reported higher IL10 and lower TNFα in plasma [55]. Differences between the sexes may
be due to hormone influences, as females see a decrease in circulating hormones, which can have
repercussion on the inflammatory response [56], and/or may be due to differences in oxidative stress
levels and homeostasis [57].

The presence of ApoE4 is associated with an increased risk of developing late-onset AD,
however, clinically, it does not seem to always be true with AD patients not carrying the ε4
and vice versa, suggesting a more complicated picture and gene involvement in AD etiology [58].
Furthermore, the presence of one ε4 allele may be insufficient to increase the risk in individuals 65
and younger [59]. Lastly, ApoE4 and other mutations of the known AD genes, such as APP, PSEN1,
and PSEN2, only account for 5% of early-onset AD cases [58]. Therefore, the outcomes of this study
would need to be further studied in other models of AD, especially relating to early-onset dementia in
order to generalize them to all AD patients.

While it remains under debate that these non-pharmacological therapies are effective in reducing
neurodegeneration, it is possible that they affect the vascular contribution to these diseases. By managing
and controlling the vascular risk factor via a healthy lifestyle, such as exercising and improving one’s
diet, it is likely to reduce vascular cognitive impairments and reduce the advance to neurodegenerative
diseases and dementias [60]. These non-pharmacological therapies may be working via the control
and management of vascular risk, leading to improved cognition and diminished neurodegenerative
disorders, such as AD.

Our study has several limitations: (1) the model used may not be generalizable to all AD
patients, as it focused on the ApoE genotype and on a glial model of ApoE expression; (2) the limited
oxidative stress measurements, as such glutathione levels or protein damage measurements would
have strengthened the role of oxidative stress in the study [61]; (3) the involvement of other pathways,
such as the irisin-dependent pathway involving muscle–brain cross-talks, were not studied and may
be of importance to determine the mechanism of action of our exercise paradigm; (4) a dose–response
component of our exercise paradigm would be of interest to determine the translational impact of our
training regimen [62].
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5. Conclusions

Exercise was the most consistent treatment effective at improving motor and cognitive function,
and the addition of antioxidants did not lead to major additive or antagonistic effects. ApoE4 mice were
less responsive to the treatments than the ApoE3 mice, suggesting a genotype-dependent response
to interventions. Therefore, factors such as sex, age, genotype, and chosen tests need to be carefully
incorporated into preclinical studies of interventions to improve brain function during aging or
neurodegenerative diseases.
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Abstract: Exhaustive exercise can induce excessive generation of reactive oxygen species (ROS),
which may enhance oxidative stress levels. Although physiological levels are crucial for optimal
cell signaling and exercise adaptations, higher concentrations have been demonstrated to damage
macromolecules and thus facilitate detrimental effects. Besides single dosages of antioxidants, whole
diets rich in antioxidants are gaining more attention due to their practicality and multicomponent
ingredients. The purpose of this narrative review is to summarize the current state of research on this
topic and present recent advances regarding the antioxidant effects of whole dietary strategies on
exercise-induced oxidative stress in humans. The following electronic databases were searched from
inception to February 2021: PubMed, Scope and Web of Science. Twenty-eight studies were included
in this narrative review and demonstrated the scavenging effects of exercise-induced ROS generation,
oxidative stress markers, inflammatory markers and antioxidant capacity, with only one study not
confirming such positive effects. Although the literature is still scarce about the effects of whole
dietary strategies on exercise-induced oxidative stress, the majority of the studies demonstrated
favorable effects. Nevertheless, the protocols are still very heterogeneous and further systematically
designed studies are needed to strengthen the evidence.

Keywords: diet; antioxidants; exercise; oxidative stress; reactive oxygen species

1. Background

The term oxidative stress is defined as a disturbance in the homeostatic balance
between pro-oxidants and antioxidants with a subsequent excessive generation of free rad-
icals [1–3]. Free radicals are highly reactive compounds that contain one or more unpaired
electrons in their outer atomic or molecular orbital [1,4], and thus readily react with various
organic substrates in order to make themselves more stable [3]. Species derived from oxy-
gen are generally referred to as reactive oxygen species (ROS) and are naturally occurring
byproducts of the human metabolism. Thereby, redox reactions represent fundamental
components of organic and biological chemistry [5]. While low to moderate ROS concen-
trations seem to be involved in cell signaling and muscle remodulation [5–7], prolonged
exposure to high doses of ROS induces oxidative damage [3]. In case of an insufficient ROS
scavenging by antioxidants, high ROS concentrations can lead to modification and damage
of cellular molecules including deoxyribonucleic acid (DNA), proteins or lipids [2]. Previ-
ous studies have also shown that oxidative stress is involved in the pathophysiology of a
wide range of chronic diseases including cancer [5,8], cardiovascular [3,9] and neurological
diseases [10–13].
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During exercise, the amount of generated ROS seems to be intensity-dependent,
with higher exercise intensities leading to supraphysiological ROS formations [14,15]. Mito-
chondrial hormesis (mitohormesis) was proposed to describe that sublethal mitochondrial
stress can trigger a favorable cellular response, resulting in an improved mitochondrial
and nonmitochondrial adaptation, and thus maintain redox homeostasis [16] (Figure 1).
As depicted in Figure 1, high-intensity exercise might induce mitochondrial stress, leading
the mitochondria to emit ROS in order to facilitate adaptations and thus protect against
subsequent cellular stress [17]. In case of excessive ROS production, this might lead to
oxidative damage.

 
Figure 1. The mitohormesis-based model to explain the effects of dietary strategies on exercise-
induced oxidative stress. ROS = reactive oxygen species.

From another perspective, aerobic exercise has been suggested to be beneficial in
ROS-associated diseases, including cardiovascular pathologies [18]. Previous studies have
demonstrated that regular and moderate exercise can enhance endothelia function by
increasing the bioavailability of NO and improving redox states in subjects with pre-
existing cardiovascular risk factors or diseases [19,20]. Nevertheless, a few studies also
revealed conflicting results by showing that intense aerobic exercise could injure endothelia
cells [21,22]. These results might be explained by the different exercise intensities and the
resulting varying levels of oxidative damage.

As a potential countermeasure against excessive oxidative stress during exercise,
antioxidative supplementations, which aim to protect against muscle damage and thus im-
prove exercise performance, have been frequently discussed [4,22]. Nonetheless, many stud-
ies have indicated that large-dose antioxidant supplementation can interfere with intrinsic
adaptive responses and may abolish the benefit of exercise [23,24]. These highly purified an-
tioxidants can negatively affect ROS-mediated physiological processes through prooxidant
mechanisms [22]. In a previously published meta-analysis, Stepanyan et al. [25] demon-
strated that supplementation with vitamin E did not protect against exercise-induced lipid
peroxidation or muscle damage. Instead of single antioxidative sources, it might be specu-
lated that the intake of natural foods rich in antioxidants of phytochemicals (e.g., fruits and
vegetables) might represent a more beneficial approach for enhancing the antioxidant status
during exercise [26]. Along with their high antioxidant content, specific diets, including
products such as oatmeal, dark chocolate, and mixed fruit beverages may also contain
additional bioactive compounds which are not found in single-dose pharmacological an-
tioxidant supplements but can act synergistically to reveal more beneficial effects than a
single dose of antioxidant supplements [27,28]. Additionally, these compounds are more
accessible than specific isolated antioxidants. Until now, few studies have investigated the
clinical effects on exercise-induced oxidative stress by using a whole dietary strategy and
consistent evidence from human study remains scarce.
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2. Methods

The article search was conducted at the following electronic databases: Pubmed,
Scopus and Web of Science. Searches were performed up to February 2021. The search
term was developed with three segments: the first segment encompassed synonyms of
diet; the second and third segments included synonyms of ROS and exercise, respectively.
All segments were connected with the Boolean operator “AND”. The respective MeSH
terms were used for each keyword. In order to avoid the potential bias caused by different
baseline values of redox status, only the untrained, nonathlete, healthy population were
included in this review. Animal models were not included.

3. Dietary Strategies

The majority of currently available studies addressed the effects of phenol-rich foods
on exercise-induced oxidative stress, including dark chocolate [29–31], high-flavanol cocoa
drink [32], green tea [33], mate tea [34], New Zealand blueberry smoothie [35], blueber-
ries [36,37], grape juice [38,39], Montmorency cherry juice [40], tart cherry juice [41], oat-
meal [42], avenanthramides (AVA)-rich cookie [43,44], juçara juice [45], Sanguinello cultivar
red orange juice [46], and purple sweet potato leaves [47]. Frequently, the effects of dietary
strategies on exercise-induced stress are evaluated within short-term [29,32,35,36,38,42,45],
as well as long-term interventions [30,31,33,34,37,39–41,43,44,46,47]. Across all studies,
there is a compelling amount of evidence suggesting that different dietary regimens
are viable tools for decreasing exercise-induced oxidative stress. However, the differ-
ent biomarkers of oxidative stress do not allow a direct comparison between studies.
Therefore, the individual effects of these dietary strategies on different redox systems will
be discussed in the following section.

4. Effects on Biomarkers of Exercise-Induced Oxidative Stress

High intensity exercise has repeatedly been demonstrated to induce excessive amounts
of ROS, which may react with macromolecules such as proteins, lipids, and DNA [2].
To date, the in vivo detection of free radicals remains a challenge due to their short lifetime
and the low rates of formation. Numerous techniques and assays have been used to
measure oxidative stress production directly or indirectly. Accordingly, the included studies
will be categorized according to whether the main effects observed were in ROS generation,
oxidative stress markers, inflammatory markers or antioxidant activity (Table 1).
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4.1. Effects of Dietary Interventions on Direct ROS Generation

To date, electron paramagnetic resonance (EPR) technology is the only method that
can directly detect ROS generation in in vivo conditions [57]. Short-lived ROS can be
added to the spin trap to form a spin-adduct that has a comparatively longer half-life
to be detected using EPR spectroscopy [58]. Zeng et al. [42] revealed that consumption
of AVA-rich oatmeal before high-intensity interval training (HIIT) significantly mitigates
exercise-induced ROS generation compared to the control group, by using the EPR method.
AVA, as one of the major components of polyphenolic amides (nonflavonoids), is considered
the most important antioxidant found in oats [59,60]. Therefore, it can be speculated that
the hydroxyl groups of AVA contribute to antioxidant defense through their ability to
trap ROS in vitro [61]. Another assumption is that AVA can activate the nuclear factor
erythroid 2-related factor 2 (NRF2) defense system against oxidative stress by attacking the
α, β-unsaturated carbonyl moiety [62]. However, the underlying mechanisms for these
effects are still unclear.

Indeed, only the study of Zeng et al., [42] applied direct ROS measurements using EPR
technology, whereas the other experiments in this review used oxidative stress markers,
inflammatory markers and antioxidant activity levels to interpret the changes in ROS
production, as will be discussed below.

4.2. Effects of Dietary Interventions on ROS-Induced Macromolecule Damage

In the majority of studies, F2-isoprostanes, 8-isoprostanes, lipid hydroperoxides
(LH), thiobarbituric acid-reactive substances (TBARS) and malondialdehydes (MDA) were
used as the oxidative markers, which result from lipoperoxidation by oxidative damage.
Similarly, protein carbonylation (PC) was used as a marker of protein damage, and 8-
Hydroxydeoxyguanosine (8-oxodG) as a specific marker of 2′-deoxyguanosine damage
after ROS attack to DNA. In this narrative review, n = 14 articles ([29–32,37,40,46–53])
showed the antioxidant effects diets on oxidative stress markers.

Davison et al. [29], Wiswedel et al., [32] and Allgrove et al., [30] observed the beneficial
antioxidant effects of dark chocolate by detecting the plasma levels of F2-isoprostane, while
Davison et al., [29] and Wiswedel et al., [32] confirmed the acute antioxidant effects of
dark chocolate due to its polyphenolic properties, Allgrove et al., [30] and Taub et al., [31]
showed that these beneficial effects can also be seen following long-term dietary interven-
tions. The derivatives of catechin and epicatechin, which can both be defined as monomeric
flavanols, are the major antioxidant components in cacao beans (chocolate) [63]. The acute
antioxidant effects of flavanols in cocoa were evaluated by Davison et al., [29] who investi-
gated the association between the increased plasma epicatechin levels and F2-isoprostanes
and found decreased oxidative stress markers in a group given dark chocolate compared to
a control group. In this study, after consuming 100 g dark chocolate or an isomacronutrient
control bar, each healthy male subject cycled for 2.5 h at ~60% maximal oxygen uptake.
Blood samples were analyzed at pre-exercise and immediately postexercise. Plasma F2-
isoprostane, also showed a decline after ingestion of a high-flavanol cocoa drink combined
with strenuous cycling exercise in the study of Wiswedel et al., [32].

Despite the acute antioxidant effects, Allgrove et al., [30] found that consuming 40 g
of dark chocolate twice daily for two weeks significantly decreased plasma F2-isoprostane
levels at exhaustion and after one hour of recovery in a prolonged exercise trial.

Differently, the study of Taub et al., [31] explored the mechanisms underlying the
long-term antioxidant effects of dark chocolate by examining human muscle samples
(quadriceps femoris). After consuming 20 g of dark chocolate or placebo for three months,
the VO2 max and total work of each sedentary subject was assessed on a stationary bicycle.
After exercise, the skeletal muscle evidenced significant decreases in PC and increased
glutathione (GSH) levels only in the dark chocolate group [31]. Furthermore, the protein
levels of liver kinase B1(LKB1), adenosine monophosphate (AMP)-activated protein kinase
(AMPK), peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α),
and their active forms (phosphorylated AMPK and LKB1), along with citrated synthase
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(CS) activity, were found significantly elevated [31]. Accordingly, the dark chocolate might
activate upstream control systems and improve mitochondria performance in skeletal
muscle, contributing to the improvements in maximum work achieved and VO2 max.

It has to be mentioned that the studies investigating the effects of cocoa had heteroge-
neous designs, which prevents us from making definite conclusions. Davison et al., [29]
used 100 g dark chocolate (39.1 mg catechin, 96.8 mg epicatechin, 58.4 mg Dimer B2, 7.3 mg
Dimer B5, 34.7 mg Trimer C and 10.5 mg tetramer D); Wiswedel et al., [32] chose a high-
flavanol cocoa drink (187 mg flavan-3-ols/100 mL); Allgrove et al. [30] applied the 40 g 70%
chocolate; Taub et al., [31] provided the dark chocolate at total of 20 g and ~100 calories
per day.

In addition to cocoa, other phenol-rich fruits also exhibited antioxidant effects during
exercise by detecting oxidative stress markers, including blueberry [37], cherry [40] and
red orange [46]. In the study by McAnulty et al., [37], participants consumed 150g of
blueberries in a milkshake every day for one week prior to one session of high-intensity
training in hyperthermic conditions. The results showed that the blueberry diet attenuated
an increase in LH concentration caused by exercise stress but not F2-isoprostane levels,
compared with a blueberry-flavored shake as a placebo [37]. Montmorency cherry juice
(30 mL twice per day) was provided for one week before and 48 h after a bout of strength
exercise in the study of Bowtell et al., [40]. The recovery of isometric muscle strength after
high-intensity exercise was improved. PC were lower in the Montmorency cherry juice
group compared with the isoenergetic fruit concentrate (placebo) group. Red oranges are a
cultivar of the Citrus sinensis family which are generally rich in vitamin C, anthocyanins,
and flavanones. The Sanguinello cultivar red orange juice (ROJ) was provided as the
intervention diet in a study by Pittaluga et al., [46] due to the remarkable antioxidant ability
of anthocyanin family, such as cyanidine-3-O-β-glucoside (C3G). In this elderly human
trial, the intervention group (250 mL ROJ thrice a day for 4 weeks) had lower exhausted
exercise-induced MDA, lower hypoxanthine/xanthine system activation, and less ascorbic
acid consumed.

Purple sweet potato leaves (PSPL), as another phenol-rich diet, showed decreases
in oxidative stress markers in an exercise trial [47]. Chang et al., [47] investigated the
effects of a 7-day PSPL-diet on running exercise-induced oxidative stress in a nontrained,
young male population. PSPL consumption significantly increased total polyphenols
concentrations, and significantly decreased plasma PC and TBARS in the PSPL group [47].
PSPLs, botanically identified as Ipomoea batatas (L.) Lam, have the highest levels of
polyphenols and flavonoids (33.4 ± 0.5 mg gallic acid/g and 426.8 ± 8.9 μg/g dry wt) [64].
This research group also proved that the PSPL diet could modulate antioxidative status [65]
and immune responses [66] in basketball players during a training period.

Besides phenol-rich foods, probiotic-rich dairy also showed promising antioxidant
effects on the levels of oxidative stress markers. Mazani et al., [48] described the antioxidant
effect of 450 g of probiotic yogurt taken daily for two weeks by young females. Compared
with regular yogurt, after intense physical activity, probiotic yogurt consumption signifi-
cantly decreased serum levels of MDA, and some inflammatory factors (tumor necrosis
factor-α (TNF-α), matrix metalloproteinase 2 (MMP2), matrix metallopeptidase 9 (MMP9)),
and increased the levels of superoxide dismutase (SOD), glutathione peroxidase (GPX),
and total antioxidant capacity (TAC). This result might be explained by the previous as-
sumptions that some strains of probiotics positively prevent and correct oxidative stress
in humans due to their direct antioxidative activity and positive effect on the immune
system [67,68].

Lycopene is a carotenoid that is mainly found in tomatoes [69]. Among dietary carotenoids,
lycopene is one of the most active antioxidants with a singlet-oxygen-quenching capacity twice
as high as that of β-carotene and ten times greater than that of α-tocopherol [70]. However,
the underlying mechanism of how it resists oxidative stress in vivo is still unclear. Two ma-
jor potential hypotheses to explain the antioxidant abilities of lycopene are oxidative and
nonoxidative mechanisms [69]. In a human trial by Harms-Ringdahl et al., [49], a daily
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intake of tomato juice, equal to 15 mg lycopene per day for five weeks significantly reduced
the serum levels of 8-oxodG after extensive physical exercise.

A few dietary strategies that have been described as mixed foods have shown antioxi-
dant effects on markers of oxidative stress. To investigate the effects of mixed antioxidant
foods on resistance training-induced oxidative stress, a diet containing salmon flakes, green
and yellow vegetable juice, and lingonberry jam, which contain astaxanthin, β-carotene,
and resveratrol was provided by Kawamura et al., [50]. This mixed diet was consumed by
the intervention group twice a week for 10 weeks. The results showed that serum PC levels
tended to be lower immediately after exercise than before exercise in the intervention group
only. The mixture of these nutrients might collectively enhance the antioxidant effects in
this trial.

However, the combined antioxidant mechanisms of mixed foods are complex, and pre-
vious studies have shown inconsistent results for some mixed diets. Sureda et al., [51]
demonstrated that a mixed beverage with vitamin C and E reduced the plasma oxidative
damage induced by a half-marathon. After this, Carrera-Quintanar et al., [71] proved
that ingestion of a mixed beverage that included an excess of polyphenolic antioxidants
(Lippia citriodora) for 21 days could interfere with antioxidant activities and reduce the
gene expression of specific enzymes (e.g., Cu-Zn-SOD, Mn-SOD and glutathione reductase
(GRD)) in neutrophils, in a human study without exercise intervention. Recently, Carrera-
Quintanar et al., [52] compared the antioxidant effects of two mixed beverages and one
control beverage on exercise-induced oxidative damage: a mixed beverage enriched with
vitamins C and E; the same beverage with extra Lippia citriodora extract; and the control bev-
erage. This study was performed in a 2000-m running exercise trial. However, the results
showed that all the oxidative stress markers increased in the control group, plasma PC
significantly increased only in the mixed beverage with Lippia citriodora, and no significant
changes in oxidative stress levels were detected for the mixed beverage which only added
vitamins C and E. Accordingly, further studies are needed to explore the mechanisms by
which certain antioxidants in the Lippia citriodora extract were less effective at combating
oxidative stress than their components in isolation.

In contrast, one study did not find positive effects by testing oxidative stress mark-
ers [53]. In a four-month study of 216 women, a twice-daily multi-nutrient-fortified milk
drink (MFMD), containing added protein, milk fat globule membrane (phospholipids and
other bioactives), vitamin D, calcium, and other micronutrients, did not enhance the effects
of an exercise program on markers of oxidative stress (marker: 8-isoprostane, PC) and the
primary outcome measure of stair climbing ascent power [53]. However, the MFMD did
elicit greater improvements in various secondary outcomes of physical functions compared
to an energy-matched placebo [53].

4.3. Effects of Dietary Interventions on Inflammatory Markers

Exercise-induced oxidative stress can activate a range of transcription factors that
contribute to the differential expression of certain genes involved in inflammatory path-
ways [72]. In this review, diets with antioxidant effects have demonstrated to reduce
inflammatory markers including neutrophil respiratory burst (NRB), interleukin-6 (IL-6),
nuclear factor-kappa B (NF-κB), granulocyte-colony stimulating factor (G-CSF), interleukin-
1 receptor antagonist (IL-1Ra), soluble vascular cell adhesion molecule-1 (sVCAM-1). In this
narrative review, n = 3 studies ([43,44,54]) showed decreases in inflammatory markers from
the diet interventions.

Koenig et al., [43] and Zhang et al., [44] investigated the eight-week effects of AVA-
rich cookies on exercise-induced oxidative stress by detecting the inflammatory markers.
Both found that this AVA-rich diet decreased ROS production from the NRB after high
intensity downhill training when compared to control group. Additionally, plasma IL-6 and
NF-κB activity significantly decreased in AVA group versus control group in the study of
young women by Koenig et al., [43]. Zhang et al., [44] further found that the neutrophil
stimulating cytokine G-CSF, IL-1Ra, sVCAM-1 was significantly lower in AVA group
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compared to the control group after exercise stress. Similar to the study by Zeng et al., [42],
the main antioxidant effects of these two investigations were described as being attributed
to AVA components. However, Zeng et al., [42] examined the direct ROS generation by
EPR method, whereas these two studies detected indirect inflammatory markers.

The role of vitamin C in mitigating the overproduction of ROS caused by high-intensity
exercise is assumed to occur by helping to preserve the redox integrity of the immune
cells and reduce the inflammation [73,74]. A four-week cashew apple juice (CAJ) sup-
plementation was shown to enhance leukocyte count by reducing oxidative stress after
high-intensity exercise in trained and untrained men [54]. The CAJ contained significant
amounts of vitamin C (3.36 mg/100 g) and further antioxidants such as anacardia acids.
The anacardia acids in CAJ may enhance the ability of vitamin C to prevent the generation
of superoxide radicals by inhibiting xanthine oxidase and increasing heme oxygenase-
1 [75]. However, the previously elaborated study by McAnulty et al., [37] compared the
antioxidant effects of a blueberry diet and vitamin C supplements in hot training conditions.
In contrast, the results supported the assumption of a prophylactic effect of polyphenol on
exercise-induced oxidative stress, but not of vitamin C.

4.4. Effects of Dietary Interventions on Antioxidant Activity

In concert with alterations affecting levels of oxidative stress markers and inflam-
matory markers, exercise-induced oxidative stress could attenuate the endogenous an-
tioxidant defense including enzymatic antioxidant activity (catalase (CAT), SOD, GPx,
cyclooxygenase-2 (COX-2)) and nonenzymatic antioxidant activity (GSH, oxygen radical
absorbance capacity (ORAC), total antioxidant capacity (TAC), total antioxidant status
(TAS), ferric reducing antioxidant power (FRAP), vitamins C and E, and reduced glu-
tathione content). In this current review, n = 10 articles ([33–36,38,39,41,45,55,56]) found
that dietary strategies increased antioxidant activity.

Some included studies have demonstrated that phenol-rich foods could increase
antioxidant capacity during high intensity exercise. As for cocoa, the major antioxidant
properties in tea leaves are flavanol compounds, such as catechin and epicatechin [76].
Two studies by Panza et al., [33,34] investigated the antioxidant activity following the
consumption of green tea or mate tea for one week in young men undergoing resistance
exercise. Green tea increased the values of total polyphenols, GSH, FRAP and diminished
the plasma levels of LH after a bench press exercise [33]. Similarly, mate tea increased the
concentration of total polyphonic compounds at all time points and the levels of GSH after
twenty maximal eccentric elbow flexion exercises [34].

McLeay et al. [35] and Park et al., [36] demonstrated the short-term effects of blueber-
ries by detecting antioxidant activity. McLeay et al., [35] researched the antioxidant effects
of New Zealand blueberries on exercise-induced muscle damage (EIMD) after strenuous
eccentric exercise. This study showed that ingestion of a blueberry smoothie before and
after EIMD accelerates recovery of muscle peak isometric strength, which might be due to
the decreased ROS-generating potential and the gradual increase in plasma antioxidant
capacity [35]. Similar results were reported by Park et al., [36]—increased TAS levels
and significantly decreased IL-6 and C-reactive protein (CRP) levels were found in the
blueberry supplementation period following exercise. Meanwhile, VO2 max and exercise
performance time were grown during the blueberry supplementation period.

Integral grape juice was used as the dietary strategy against exercise-induced oxidative
stress in an acute study [38] and a 28-day study [39] by Toscano et al. A single-dose grape
juice (10 mL/kg/day) taken 2 h before running to exhaustion showed an ergogenic effect
by significantly increasing TAC at the postexercise time point compared to the baseline
level [38]. After taking the same daily dose for 28 days, the grape juice group exhibited
significant increases in plasma levels of TAC, vitamin A and uric acid compared to control
group [39]. These improvements in antioxidant capacity found in both studies were
accompanied by an increased time to exhaustion in recreational runners [38,39].
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Tart cherry juice showed subchronic positive effects on antioxidant activity caused
by high-intensity exercises in the study of Howatson et al. [41]. Tart cherry juice (two
8 oz bottles per day) was given for five days before, on the day of, and for 48 h following,
a marathon run [41]. In the study of tart cherry juice, significantly increased TAS levels,
and significantly reduced inflammation (IL-6, CRP, uric acid) and MDA levels were found
in the intervention group compared with the placebo group [41]. One 8 oz bottle of tart
cherry juice, which contains the equivalent of 50–60 cherries, provided at least 600 mg of
phenolic compounds [41].

Juçara juice (Euterpe edulis Martius), with a similar chemical composition to açai fruit
(Euterpe oleracea Martius), has strong antioxidant activity due to its high anthocyanins
content [77]. Copetti et al. [45] evaluated the acute antioxidant effect of juçara juice during
HIIT by observing antioxidant status. The HIIT was performed 1 h after drinking 250 mL
of juçara juice or water (control). Compared to the control group, juçara juice intake
promoted a decrease in oxidative stress index (OSI) immediately post exercise and an
increase in reduced glutathione 1 h after exercise [45]. OSI was defined as the ratio of
serum total oxidant status (TOS) to serum TAC in this study. These enhancements came
with a significant increase in total plasma phenols content [45].

In addition to phenols-rich foods, Iwasa et al., [55] found that fermented milk (Lacto-
bacillus helveticus) inhibited the reduction of antioxidant capacity (ORAC assay) induced
by acute resistance exercise in a clinical trial. In the processing and manufacturing of
fermented milk, Lactobacillus digests the proteins and transforms them into small peptides,
which are more readily absorbed by the intestines than amino acids or large oligopeptides.
Although the evidence for potential mechanisms is still lacking, the small peptides might
contribute to the increasing level of antioxidants in contracting muscles [55].

Nevertheless, one of the dietary strategies included in this review showed no antioxi-
dant effects. Beavers et al., [56] found that soy foods, as a source of high-quality protein
and isoflavones, did not elevate antioxidant capacity (GPx, COX-2) after high intensity
exercise stress.

In summary, the included studies elucidated the antioxidant effects of different dietary
strategies by detecting ROS generation, oxidative stress markers, inflammatory markers
and antioxidant activity. Among them, most studies included in this narrative review
found that phenol-rich foods reduced exercise-induced oxidative stress, by short-term
consumption [29,32,35,36,38,42,45] or long-term intake [30,31,33,34,37,39–41,43,44,46,47].
The potential antioxidant ability of dietary polyphenols has been widely demonstrated
in both in vitro and in vivo studies [78]. As secondary plant metabolites, the majority of
polyphenols have at least one aromatic ring and typically occur in the form of glycosides
in their molecules. According to the chemical structures of the aglycones, polyphenols
have been classified into flavonoid polyphenols (e.g., flavanols, anthocyanidins) and
nonflavonoid polyphenols (e.g., phenolic acid, polyphenolic amides (e.g., AVA), resveratrol,
curcumin, ellagic acid) [78]. Over 8000 polyphenolic compounds have been identified
and more than 4000 flavonoids have been found among them. The functional hydroxyl
group (OH) of polyphenolic compounds is assumed to play a key role in antioxidant
defense [78]. It may inhibit the ROS synthesis, chelate with trace elements responsible
for ROS generation, scavenge excessive ROS production, and improve the antioxidant
defense [2,79]. The Phenol-Explorer Database (www.phenol-explorer.eu, accessed on
11 February 2021)) offers data on the presence of 502 polyphenols in 452 foods and provides
an analysis of the volume of polyphenols included in a food serving [80]. From the
database, the 100 richest dietary sources of polyphenols were identified [80]. The main
rich sources of polyphenols are cocoa, fruits, vegetables, whole grains and tea in this
review [78,80–82]. Besides flavanols, another category of flavonoid polyphenols, plant
anthocyanidins, are found in the red, blue, and purple pigments of a plurality of flower
petals, vegetables, fruits and some special types of grains (e.g., black rice). In this review,
blueberries, grapes, cherries, and citrus fruits are all the main fruit sources. In addition to
AVA, other nonflavonoid compounds have shown potential antioxidant effects in vitro [78].
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Capsaicin, mainly found in chili peppers, is another polyphenolic amide compound that
belongs to the nonflavonoids group [83]. Curcumin is a potent antioxidant in turmeric [84].
Resveratrol is a unique component of red wine and grapes [78]. Lignans are present in
bound forms in sesame, flax and several grains [78]. Ellagic acid and its derivatives are
contained in berry fruits (e.g., strawberries and raspberries) and the skins of some different
tree nuts [78]. However, the mechanisms of their antioxidant effects in vitro and in vivo
are still unclear.

A potential limitation of this narrative review needs to be mentioned. It is reported
that endurance training could influence the oxidative stress response to acute exercise [85].
Variations in training type, intensity, and duration can activate different patterns of oxidant–
antioxidant balance, resulting in different transcriptome responses for regulatory and
metabolic processes [85,86]. In order to avoid the potential bias caused by different baseline
values of redox status, only the untrained general population were included in this review.

When interpreting the results of diet interventions on exercise-induced oxidative
stress, it is important to note that some studies included methods with questionable valid-
ity. One such method includes the assessment of TBARS, which was commonly regarded
as a quantification assay for lipid peroxidation [87]. This assay, however, is no longer
recommended in redox research, since TBA-reactive material in human body fluids is not
related to lipid peroxidation [87]. TBARS lacks specificity since it reacts with numerous sub-
strates in the assay medium to form MDA. Thereby, most MDA is produced artificially [88].
Another assay which is equally flawed is the measurement of total antioxidant capacity
(TAC) [89]. TAC, for instance, is greatly dependent on plasma albumin or urate levels [87]
and therefore, exercise-induced changes in urate concentrations can bias the assay by urate
reacting with the peroxyl radical [88].

The only method that can directly measure free radicals is electron paramagnetic reso-
nance (EPR), because it identifies the presence of unpaired electrons. However, EPR alone
is limited to detecting only fairly unreactive radicals, since highly reactive compounds do
not accumulate to measurable levels [87]. Therefore, specific agents (e.g., spin traps or spin
probes) have been developed which allow forming a more stable radical which can then be
detected by EPR [57,87]. Future studies are thus needed which combine valid direct and
indirect measures of oxidative stress in order to further investigate the effects of different
dietary strategies on exercise-induced oxidative stress.

5. Perspectives

The biological actions of antioxidant properties from an antioxidant-rich diet are
complex. Previous studies have led to a few contrasting results, probably due to differences
in antioxidant composition and actual bioavailability. Moreover, only Zeng et al., [42]
used a direct measurement technique for assessing ROS generation, whereas the majority
of studies used indirect markers of oxidative stress as a surrogate marker. Furthermore,
the available studies show a high level of heterogeneity in their study designs. Consistent
and standardized research procedures may be essential to obtain convincing evidence in
future studies.

In this narrative review, most studies found positive effects of dietary strategies on
exercise-induced ROS generation. Especially, phenol-rich diets showed effects in combating
exercise-induced oxidative stress in the greater proportion of the articles. Accordingly,
while dietary strategies might help to keep ROS generation in a physiological range
during exercise, the use of the antioxidant-rich diets may upregulate the endogenous
antioxidants’ defense system, which may have important implications for preventing
excessive damage and facilitating recovery. Nevertheless, consistent evidence is still
lacking, and the underlying mechanisms in human trials are not well understood.

In future research, antioxidant dietary regimens for different individuals should de-
veloped with consideration of individual physiological characteristics and style. Moreover,
a standardized assay as well as a study design protocol needs to be established. Further
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research is necessary to explore optimal antioxidant diets and to elucidate the potential
mechanisms, by using standard detection assays and research protocols.

6. Conclusions

Although the literature about the effects of whole dietary strategies on exercise-
induced oxidative stress is still scarce, the majority of the studies demonstrated favorable
effects. Within this context, most of the included studies showed that phenol-rich foods
had positive effects on exercise-induced oxidative stress in short-term and long-term
experimental designs. Nevertheless, the protocols are still very heterogeneous and further
systematically designed studies are needed to strengthen the evidence.
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Abstract: One of the leading causes of obesity associated with oxidative stress (OS) is excessive
consumption of nutrients, especially fast-foods, and a sedentary lifestyle, characterized by the ample
accumulation of lipid in adipose tissue (AT). When the body needs energy, the lipid is broken down
into glycerol (G) and free fatty acids (FFA) during the lipolysis process and transferred to various
tissues in the body. Materials secreted from AT, especially adipocytokines (interleukin (IL)-1β, IL-6,
and tumor necrosis factor-α (TNF-α)) and reactive oxygen species (ROS), are impressive in causing
inflammation and OS of AT. There are several ways to improve obesity, but researchers have highly
regarded the use of antioxidant supplements due to their neutralizing properties in removing ROS.
In this review, we have examined the AT response to OS to antioxidant supplements focusing on
animal studies. The results are inconsistent due to differences in the study duration and diversity in
animals (strain, age, and sex). Therefore, there is a need for different studies, especially in humans.

Keywords: oxidative stress; adipose tissue; obesity; antioxidant supplement

1. Introduction

Since 1998, the National Institutes of Health (NIH) has recognized obesity as a disease
due to the impact of individuals’ health on society and the high economic and social
costs incurred [1]. There is an adjacent link between obesity and metabolic disorders,
including Alzheimer’s disease, respiratory problems, cardiovascular disease (CVD), type
2 diabetes (T2D), cancer, and non-alcoholic fatty liver disease (NAFLD) [2]. Body mass
index (BMI) ≥ 30 has been accepted in many studies as one of the critical indicators of
obesity. Still, this index is less valid than measuring the waist-to-hip ratio (WHR) due to
the inability to count the lean body mass (LBM) [3].

Obesity is the result of overconsumption of nutrients and a sedentary lifestyle. As the
consumption of nutrients increases, an imbalance is created between energy intake and
expenditure, leading to fat accumulation in adipose tissue (AT) and obesity [4]. The World
Health Organization (WHO) estimates the number of obese people globally at 650 mil-
lion [2]. Several studies have shown that obesity depends on the regional distribution
of excess body fat, not excess body weight. Thus, one of the most critical risk factors
for obesity and related diseases is abdominal fat, which leads to the stimulation of pro-
inflammatory and pro-oxidant states [5], the overproduction of free radicals, and pursuant
oxidative stress (OS) in AT [6].

Scientists have made several efforts to control this disease. Various treatment meth-
ods, such as medication, surgery, exercise, and diet, have been considered in this regard.
However, control of the disease is still far from expected. Increasing energy expenditure
and subsequent weight loss is a smart way to control and prevent obesity [7]. In this regard,
although authoritative articles have approved anti-obesity drugs, such as orlistat, and
the use of weight-loss surgeries, the use of these methods is associated with many side
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effects [4]. Health researchers have identified diet, especially antioxidant supplements, as
the most appropriate treatment for obesity [8]. Antioxidants affect the body’s endocrine
and metabolic functions, leading to increased exothermic process and energy expenditure
to reduce OS and body weight and improve obesity [9].

In this study, we have reviewed the effect of antioxidant supplements on AT changes
under OS. The authors have allocated the content of this review article to the introduction,
sources, and tools for measuring reactive oxygen species (ROS) in AT, a brief description of
AT and related disorders, and finally, the relationship between antioxidant supplementation
and obesity, respectively.

2. Overview of ROS

Living organisms need oxygen (O2) molecules to survive on earth. Therefore, these
molecules’ presence is necessary to produce energy by the electron transfer chain
(ETC) [10,11]. Under stressful conditions, O2 molecules in the body are converted into two
separate atoms with unpaired electrons, named free radicals. These radicals are derived
from O2 and are known as ROS [12]. ROS include superoxide anion (O2

•−), hydrogen
peroxide (H2O2), and hydroxyl radical (OH.), which play a vital role in causing patho-
physiological damage, especially cellular damage to lipids, proteins, and deoxyribonucleic
acid (DNA) [13–15]. When an unpaired electron is added to free radicals, O2

•− is formed.
O2

•− has shown various behaviors in different environments. For example, in aqueous
perimeters, this radical is reduced first to H2O2 by superoxide dismutase (SOD) and then
converted to H2O and O2 by catalase (CAT). However, H2O2 may be converted to OH• in
the presence of molecules containing ferrous iron (Fe2+) [16]. Various factors such as ROS
concentration, time, and location of cells exposed to these species can determine the extent
of these molecules’ damage. ROS is not harmful in low to moderate concentrations and
has beneficial effects on cellular responses and signaling, gene expression, regulation of
muscle power fluctuations, mitogenic responses, apoptosis, and protection against infec-
tions [11,12]. On the other hand, OH. is highly reactive and harmful due to its very short
half-life of only a few nanoseconds. Although H2O2 can be stable for a more extended
period and does not damage cells, in higher concentrations, it has highly detrimental
potency. H2O2 in aquatic environments, especially the human body, has a shorter half-life
due to its neutralizing enzymes, which quickly cause irreparable damage to cells [17].

Since the discovery of ROS in 1970, most tissues in the body have been found to be
affected by these reactive species, including cellular redox imbalance, OS, and cell dys-
function. ROS’s breakdown and production imbalance cause OS to alter cell function by
damaging various molecules in the body [18,19]. In addition to ROS, other reactive species
such as reactive nitrogen (RNS) and sulfur species (RSS) are also known as free radicals,
although they are not derived from O2 [20]. When nitric oxide (NO) is added to O2

•−, it
creates a highly damaging radical named RNS that can cause the formation of peroxinitrate
(ONOO−). This molecule causes nitrosative stress to various cells in the body [21]. When
ROS is overproduced in the body, the antioxidant defense systems cannot eliminate or
neutralize these species, and components such as proteins and lipids are damaged. Fol-
lowing this damage, pathological conditions such as vascular diseases (atherosclerosis,
hypertension, and diabetes), respiratory disease, cell death, premature aging, neurological
disorders, and degradation of skin enzymes (hyaluronidase and collagenase), platelet
aggregation in vessels, and mutations and damage occur [22–25].

Many molecules play an essential role in maintaining the body’s homeostasis. How-
ever, one of the most important natural products of metabolism is ROS, which participate
in numerous cellular signaling pathways in the body. Of course, these products have
few effects on the cellular system, but their excessive production may have irreversible
effects on the body’s various physiological systems [26]. The body uses endogenous an-
tioxidant defenses against these molecules. However, in stressful situations, endogenous
protection alone may not be enough to eliminate or neutralize ROS. In such cases, various
exogenous factors such as diet, lifestyle, medication, and physical activity play an essential
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role in maintaining ROS balance [27]. One of the tissues that are severely affected by
ROS imbalance is AT. Under similar conditions, adipokines secreted by AT such as leptin
and adiponectin increase and decrease, respectively [16]. ROS production in AT occurs
due to excessive consumption of nutrients [20,23,28]. It is noteworthy that the hormone
adiponectin acts as an anti-inflammatory hormone in AT. Since obesity is an inflammatory
disease, this hormone’s concentration in obesity decreases due to increased inflammatory
cytokines. By reducing this hormone’s expression in obese people, its influential role in
improving insulin sensitivity also diminishes. As a result, obese people face a complication
named insulin resistance (IR), which predisposes them to T2D [29].

3. ROS Manufacturer Resources

Multiple factors are responsible for the production of ROS, both endogenous and
exogenous. Endogenous sources are: mitochondria, cellular oxidases (xanthine oxidase
(XO), nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX)), nitric
oxide synthase (NOS), myeloperoxidase (MPO), processes related to peroxisomes, cellular
respiration, cytochrome P450 oxidases, microsomal cyclooxygenase (COX), and catalyzed
metal reactions. ROS is also produced exogenously through sources such as chemical drugs,
pollutants, nutrient overdose, mutagens, xenobiotics, and ionizing radiation (Figure 1) [24].
Several studies have shown that ROS-derived mitochondria and NOX are critical sources
of ROS production in adipocytes [30].

 

Figure 1. Reactive oxygen species (ROS) resources [24].

3.1. ROS-Derived from Mitochondria

The main energy production source in the body is the mitochondria, which do this
by oxidative phosphorylation. Interestingly, the O2

•− radical is mainly produced by
oxidative phosphorylation. O2

•− is made in the mitochondrial ETC complex due to not
being metabolized by about 0.15% and 2% of oxygen consumption in complexes I and
III. Hence, mitochondria are one of the main sources of ROS and oxidative stress. After
producing O2

•− mitochondrial manganese SOD (MnSOD) converts it to H2O2 [16,21]. On
the other hand, ROS is mainly produced by the respiratory chain and during the formation
of adenosine triphosphate (ATP). O2 is created by activating the oxygen molecule’s base
state by transferring electrons or energy in the form of a single O2 [11].
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3.2. NOX

Various cellular oxidases such as NOX and XO can produce ROS by reducing electrons
from O2. Endothelial cells, chondrocytes, fibroblasts, myocytes, and phagocytes are the sites
of NOX that produce ROS, particularly O2

•− and H2O2 to regulate cellular responses [31].
NOX initially produces O2

•−, followed by produces H2O2 by the action of the antioxidant
enzyme SOD. Scientists have confirmed that H2O2 at low concentrations can modulate the
signaling pathway and metabolism and have a similar function to ATP and calcium (Ca2+).
Because this radical crosses the cell membrane by aquaporins (AQPS) or proxy purines it
can cause effects such as proliferation and recruitment of immune cells [32].

When germs attack these cells, NOX enzymes are activated during a respiratory burst.
The enhanced products then absorb NADPH and O2. Thus, NADPH can act as an electron
donor. This action starts the NOX enzyme complex in the plasma membrane by producing
O2

•− from O2 molecules. In general, the production of O2
•− by NOX is related to the

time when an electron is taken from NADPH in the cytoplasm and transferred to an O2
molecule [33].

NOX consists of a total of seven isoforms of catalytic subunits, including NOX 1-5
and dual oxidase 1 (Duox1) and dual oxidase 2 (Duox2). It should be noted that the
main isoform of NOX in fat cells is NOX4. In response to the excessive consumption of
glucose or palmitate, this isoform concentration in AT increases [21]. On the other hand,
classical cytosolic subunits are not required for NOX4 activation, and only P22 phox is
needed. Furthermore, the modulation of NOX4 activity is responsible for Polymerase delta-
interacting protein 2 (Poldip2), which ultimately produces O2

•− and H2O2. NOX5 and
Duoxs 1 and 2 do not require cytosolic subunits for activation. These three members of the
NOX family must bind to intracellular N-terminal EF hand motifs via Ca2+ for activation.
The EF hand has a helix-loop-helix structure, which is mainly found in calcium-bound
proteins. This eventually leads to the production of O2

•− and H2O2, respectively [34–37].
In short, all NOX members except NOX5 need the P22 phox subunit to form. This subunit
is usually regulated by the mineralocorticoid receptor (MR). It should be noted that all
NOX components look at NADPH as an electron donor for the production of O2

•− and
H2O2 [16]. NOX enzyme complexes play an important role in the production of O2

•− by
transferring electrons from NADPH to O2. H2O2 is known as a highly absorbent radical in
cell membranes. Finally, H2O2 is reduced to H2O and O2 by the enzyme CAT [34].

Mitochondria can produce ROS in both direct and indirect forms. Mitochondria can
indirectly serve as a target for ROS production by the NOX enzyme complex, indicating a
cross-link between NOX and mitochondria. In addition to acting as a potential source of
ROS, mitochondria can also be responsible for NOX stimulation under certain conditions.
This is especially important when ROS is neutralized by target mitochondrial antioxidant
enzymes. By inhibiting ROS production, these enzymes can also partially alleviate NOX
activity [33].

NADH and 1,5-dihydroflavin adenine dinucleotide (FADH2) are the products of
glucose metabolism as electron donors in the tricarboxylic acid (TCA) cycle. This process
eventually accelerates ROS production. On the other hand, the oxidation of free fatty acids
(FFA) by mitochondria increases FFA intake. In this case, NADH and FADH2 are also
produced by the oxidation of FFA-derived acetyl-CoA and the beta-oxidation of fatty acids
(FAs) as electron donors. On the other hand, NOX is present on plasma membranes and can
convert molecular O2 to O2

•−. NOX may be closely related to ROS production associated
with nutrient overdose [38]. Excessive FFA accumulation in adipocytes increases ROS
production. On the other hand, ROS overproduction is reversed by NOX inhibitors such as
diphenyleneiodonium or apocynin. This indicates NOX’s role in the production of ROS
due to excessive consumption of fatty acids. Activation of NADPH oxidase by excessive
consumption of fatty acids stimulates the synthesis of diacylglycerol and subsequent
activation of protein kinase C (PKC) by FFA, especially palmitate [39]. FFA’s molecular
mechanism that activates the NOX enzyme complex is closely related to the stimulation of
diacylglycerol synthesis and subsequently activated PKC [21].
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4. ROS Measuring Tools

ROS levels’ evaluation and measurement are important, practical steps to improve
these reactive species’ effects. By measuring these species, a more accurate view of them
can be achieved, and the appropriate treatment method can be used for each of them. Of
course, direct measurement of ROS has its problems and difficulties [40]. This is important
because some ROS, such as O2

•− and •OH, while having very short half-lives of 5−10 and
9−10 s, respectively, also have very high reactivity. Over the years, countless indicators have
been discovered to measure these species, but many of them did not provide consistent
and reliable results and were easily discarded. However, in the following years, valid
indicators were calculated to measure the oxidation of various tissues and cells of lipids,
proteins, and DNA [41].

In general, the grouping of OS indicators is very important. In one group, the biochem-
ical nature of molecules such as proteins, lipids, carbohydrates, and DNA is considered.
While in the second group, products of oxidation of cellular compounds are formed to
balance cellular mechanisms (oxidation-reduction). This group itself is divided into several
subgroups [42]. The first group to free radicals leads to the change of various biomolecules
such as malondialdehyde (MDA) from lipid oxidation, 4-hydroxy-2-nonenal (4-HNE), and
reactive carbonyls from protein oxidation and 8-hydroxy-2’-deoxyguanosine (8-OHdG)
of nucleic acid oxidation have been noted. In the second group, the relationship between
free radical metabolism and physiological antioxidant defense molecules such as reduced
glutathione (GSH) and CAT is considered. Furthermore, in the third group, modulation
of free radicals with transcription factors such as c-Myc and Nuclear factor-κB (NF-κB) is
important [16]. Here are the most common and commonly used indicators of OS:

4.1. MDA

When lipid molecules are exposed to OS, various products are produced in low-
density lipoproteins (LDL) or cell membranes. One of its end products is MDA. The
reactive substance, thiobarbituric acid reactive substances (TBARS), is responsible for
measuring MDA levels [13].

4.2. 8-OHdG

When DNA is exposed to ROS, compounds such as 8-hydroxy guanine, 8-OHdG,
and MDA-DNA are formed to break the DNA strands. 8-OHdG is composed of guanine
oxidation, which plays an important role in mutagenic DNA damage and is used as a
suitable indicator of oxidative damage to DNA [42].

4.3. 8-Nitroguanine (8-NO2-Gua)

In addition to producing 8-OHdG, guanine nitration also makes 8-NO2-Gua. These
DNA metabolites are used to measure OS to DNA. In fact, in inflamed epithelial cells,
8-NO2-Gua levels increase. The amino acid polypeptides are separated by the reaction
of amino acid side groups with ROS, and proteins are oxidized. With the oxidation of
proteins, reactive carbonyl groups (aldehydes and ketones) are formed, and their tracing is
known as an indicator of oxidative damage in protein molecules. It should also be noted
that carbonyl groups are formed due to ROS reactions with proteins, carbohydrates, and
lipids [43].

4.4. Oxidative Products of Sugars

Among the products produced by the oxidation of carbohydrates are advanced gly-
cation end products (AGEs), which are formed due to non-enzymatic glycosylation of
proteins. The highest presence of AGEs is in plasma and tissues, leading to diabetes, kidney
failure, and aging [44].
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4.5. Reduced Glutathione (GSH): Oxidized Glutathione (GSSG) Ratio

One of the most sensitive indicators of oxidative damage is the redox ratio GSH: GSSG.
Influence on regulating gene expression, signaling conduction, NO metabolism, apoptosis,
and impact on free radical scavenging are among the effective roles of GSH. On the other
hand, the removal of ONOO- is highly dependent on the formation of oxidized glutathione
(GS-SG) by GSH, which is eventually converted to GSH through NADPH-dependent
glutathione reductase [45]. Various signaling pathways such as C-Jun N-terminal kinase,
protein kinase B, mitogen-activated protein kinase, apoptosis signal-regulated kinase 1,
NF-κB, and protein phosphatase 1 and 2A are affected due to changes in the GSH/GSSG
ratio [46].

5. A Brief Look at AT

The definition given to AT today is very different from what it used to be. It was previously
thought that this tissue was just a tissue with the property of storing energy in the form of
lipids. Today, a new perspective has emerged on it as an endocrine tissue [21,47–49]. Of
course, the feature of this tissue’s storage source has helped many living things throughout
history. When there is a lack or excessive consumption of nutrients, it has always been AT
that has been able to help maintain the body’s energy homeostasis with hyperplasia or
hypertrophy in different conditions [50–53].

On the other hand, the new look at this tissue owes much to discovering the hormone
leptin in 1994 as a food controller. Even earlier, in 1987, it was found that sex steroids were
metabolized in this tissue, followed by the production of adipsin [54,55]. Adipsin was
one of the first adipokines to be identified in cultured adipocytes based on differentiation-
dependent expression of its mRNA. Adipsin is an endocrine factor secreted by 3T3 fat
cells [56–58]. Other important roles of adipose tissue in the body include effects on lipid
and glucose metabolism, maintaining energy balance, appetite control, glucose homeosta-
sis, insulin sensitivity, energy expenditure, inflammation, and repair of AT [59,60]. Various
factors such as FFA supply, FFA esterification to triglycerides (TG), and TG degradation
through the lipolysis process determine fat stores in AT. In general, the two enzymes of
hormone-sensitive lipase (HSL) and adipose triglyceride lipase (ATGL) play an important
role in the lipolysis process, which indicates the formation of FFA and glycerol as a result
of the separation of the TG ester bond [61]. In general, AT contains high levels of stromal
vascular cells, immunity, stem, endothelial, lymphocytes, adipocytes, preadipocytes, con-
nective tissue matrix, and nerve tissue [55,62,63]. This tissue is also divided into brown
adipose tissue (BAT) and white adipose tissue (WAT). There are apparent differences be-
tween BAT and WAT, morphologically. One of these differences is related to the size of
the fat storage drops. White adipose cells are placed in a large fat drop (unilocular), and
brown fat cells are placed in several small fat cytoplasm drops (multilocular) [64]. Another
apparent difference between these two types of tissue is the number of mitochondria in
them. The number of mitochondria in BAT is much higher than in WAT but the number
of mitochondria in the WAT is limited. Because WAT plays an important role in lipid
metabolism processes, including beta-oxidation and the TCA cycle, maturation, and differ-
entiation of adipocytes, the importance of mitochondrial function is highlighted [16]. In
this way, the BAT can maintain body temperature, especially when it is cold. BAT owes
this feature to the high number of mitochondria within it. Of course, this tissue also plays
a very important role in lipid oxidation [65].

The mitochondria’s inner membrane hosts a protein called uncoupling protein 1 (UCP1)
that can generate heat by transferring protons to the mitochondrial matrix and separating
oxidative phosphorylation and the electron transfer chain from ATP synthesis [60,66,67].
In fact, by consuming too many nutrients and being exposed to cold temperatures, UCP1
is expressed to protect the body’s organisms against obesity and the cold. Sympathetic
neurons stimulate UCP1 inside the BAT to lead to exotherm and energy loss. Thus, in both
humans and rodents, the association between obesity and UCP1 expression is inverse [68].
Sesterins are among the vital proteins associated with obesity due to oxidative stress, which
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play an important role in regulating metabolic homeostasis, suppressing ROS accumulation,
and regulating the AMP-activated protein kinase (AMPK)-mammalian target of rapamycin
complex 1 (mTORC1) signaling pathway. However, reducing these proteins in the body
is associated with obesity and other metabolic disorders [69]. In general, three different
isoforms have been discovered for sestrin (sestrin 1–3), of which sestrin 2 is more expressed
in liver and adipose tissue. It has been estimated that sestrin 2 can reduce fat accumulation
in AT and improve metabolic homeostasis by suppressing ROS and mTORC1 [70].

The most important site for cold-induced exotherm in rodents is BAT. This tissue is
also involved in the exotherm of fat tissue. The distribution of BAT in humans and rodents
varies according to their age. In humans, there is a large amount of BAT in the body only in
early infancy, and with age, the distribution of BAT in the body decreases. However, in the
case of rodents, the opposite is true. Because BAT expands as rodents live longer, on the
other hand, different types of BAT have been deposited in the body in a scattered manner;
interscapular BAT (IBAT) is the most important and vital type [71]. The point here is that the
calorific value of IBAT is consistent with the body’s OS. The hypothalamus is responsible
for controlling IBAT activity and is controlled primarily by the sympathetic nerves and
body temperature control centers. Oxidation of FFA in IBAT provides the fuel needed for
noradrenaline to activate lipolysis and heat production. However, since IBAT uses a lot of
O2 to generate heat, part of the oxygen molecules are converted to free radicals, especially
O2

•− by mitochondrial assemblies I and III [72]. However, WAT works more to maintain
the balance of energy homeostasis and the source of fat storage and release. WAT content
includes subcutaneous WAT (scWAT), visceral WAT (vWAT), and peripheral arteries, each
containing fat such as the omental, gonadal, retroperitoneum, epicardial, mesenteric,
and perineal. However, it should be noted that all of these reserves are responsible for
regulating total energy homeostasis [16]. Most importantly, the endocrine properties of
AT are embedded in WAT [66]. This means that there are many hormonal mediators,
including cytokines (IL-1β, IL-6, and TNFα), adipokines (adiponectin, resistin, and leptin),
and chemokines (macrophage inflammatory protein 1 (MIP1), monocyte chemoattractant
protein-1 (MCP-1)), ROS and FFA from WAT [73]. However, various studies have shown
that pro-inflammatory cytokines are much less expressed in scWAT than in vWAT [29].

On the other hand, different hormones affect the storage and release of WAT fat. For
example, after a meal, TG storage is highly dependent on insulin action. While in fasting
and when different body organs (skeletal muscle and liver) need energy, the TG stored in
WAT is broken down by catecholamines into FFA and G [65]. Furthermore, beige or brown
(brown-in-white) fat cells are a new type of exothermic fat cell within WAT. However,
these cells have both white and brown fat cells at the same time. They are more similar
to fat white cells in terms of growth and more similar to BAT in terms of function and
morphology [64,74].

6. Metabolic Disorders in AT

One of the practical and important factors in maintaining animals’ and humans’ body
weight is maintaining fat homeostasis in WAT. This depends a lot on the proper and ade-
quate performance of the WAT-derived materials [75,76]. Excess fat due to the long-term
balance of positive energy contributes to OS in adipocytes, obesity, and subsequent obesity-
related metabolic disorders such as hyperglycemia, insulin resistance and cardiovascular
disease. [55,65]. Thus, systemic OS is closely related to obesity. During obesity, the concen-
tration of OS indicators such as high-sensitivity C-reactive protein (CRP) and oxidized LDL
increases [33]. Obesity results from increasing the size and volume of body fat cells and has
adverse effects on the health of living organisms [76,77]. On the other hand, the mismatch
between height and body weight due to excessive fat accumulation is named obesity [78].
Today, the people of developed countries are facing obesity-related health problems, but
the people of developing countries are grappling with this global dilemma [79].

It is estimated that by 2030, half of all retirees in the United States will suffer from
chronic obesity and related diseases, especially cardiovascular disease. This has numerous

129



Antioxidants 2021, 10, 594

negative effects on the global health system due to the costly and time-consuming treatment
of obesity [80]. Countless BMI studies have accepted more than 30 as obesity, but several
studies have shown that BMI is not a good indicator of obesity. These studies cited the
inability of this criterion to measure lean mass. These studies have shown that the measure
of waist-to-pelvis or waist circumference may be a more accurate and accurate indicator
of BMI in calculating fat distribution [16,81]. According to statistics published by the
WHO, the prevalence of this disease is likely to reach more than one billion people in the
world by 2030, which is a worrying statistic [79,82]. On the other hand, there is a direct
and positive relationship between BMI and indicators of oxidative damage to proteins
(advanced oxidation protein products (AOPP), lipids (MDA or 8-iso-PGF2α), and DNA
(8-OHdG) during obesity) [30].

Oxidative DNA damage due to prolonged exposure to OS impairs mitochondrial
function and leads to excessive fat accumulation and subsequent insulin resistance [16]. In
recent years, obesity has become widespread due to lifestyle changes such as increased
consumption of nutrients, especially fast foods, and decreased physical activity (environ-
mental factors). Of course, the role of genetics is also felt to some extent in the development
of this disease, but its effect is not as tangible as environmental factors [83]. There should
be a strong emphasis on body weight control as a practical way to prevent obesity-related
diseases. This usually happens with lifestyle modifications and focuses on eating healthy
and adequate nutrients and engaging in regular exercise [84]. Various studies have shown
that obesity is associated with increased OS, decreased antioxidant activity, and insulin
resistance in AT [85]. Numerous studies have shown that fat accumulation in obesity is
closely related to an increase in ROS and subsequent OS. Therefore, obesity-induced OS
plays an important role in disrupting adipokines regulation and amplifying inflammatory
signals and even leads to changes in cellular composition and premature aging [84]. It is
estimated that with excessive consumption of nutrients, WAT expands (size increases) by
10% per year, which is known as fatty remodeling and the penetration of immune cells into
AT [21]. AT remodeling leads to the rapid spread of obesity, which is usually accompanied
by changes in the size (hypertrophy) and number (hyperplasia) of fat cells [16,51].

Obesity is the cause of various other diseases such as T2D, dyslipidemia, cardiovas-
cular disease, atherosclerosis, and hypertension [53]. Clinical studies have also shown
that BMI is directly related to OS by-products such as protein carbonylation products or
lipid peroxidation. By causing OS in AT, adipocytokines’ secretion (IL-1β, IL-6, and TNFα)
is disrupted and eventually leads to obesity and associated diseases [85]. Of course, the
function of other cells and tissues in the body, including beta pancreatic cells, vascular
endothelial cells, and myocytes, is affected by obesity due to adipose tissue [21].

7. Antioxidants

As mentioned earlier in this article, oxidative damage can be defined as an imbalance
between ROS production and antioxidant defense, leading to overproduction of ROS. The
result of this imbalance is a change in cellular redox status. In vivo, antioxidant defense
systems play an important role in restoring cellular redox status, especially under normal
and stress-free conditions [86]. To combat OS, the body uses enzymatic antioxidant systems
(SOD, CAT, peroxidase (POD), peroxiredoxin (Prxs), and glutathione peroxidases (GPX))
and non-enzymatic (carotenoids, tocopherol, and ascorbic acid) [85]. When the body is
under pressure using various stressors, especially fat accumulation in AT, these antioxidant
defenses alone may not be sufficient and require the use of antioxidant supplements [87–91].

7.1. SOD

McCord and Fridovich, by discovering SOD, showed that this enzyme could defend
cells exposed to O2 as a defense mechanism [86]. To counteract O2

•−, SOD is the first
enzyme to convert this free radical to H2O2 [92–94]. Based on specific cofactors and cell
locations, there are three different isoforms of SOD. These isoforms include cytosolic (SOD1
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or Cu/ZnSOD), mitochondrial SOD (SOD2 or MnSOD), and extracellular SOD (SOD3 or
ecSOD) [16].

SOD1 consists of both copper and zinc ions, which are responsible for maintaining
enzymatically active sites. SOD1 does this by working with the remaining imidazolate
ligands of the histidine SOD1. On the other hand, zinc ions are responsible for stabilizing
enzymes in different cells of the body. It has also been estimated that the nuclear part
of mammalian cells, cytoplasm, peroxisomes, lysosomes, chloroplasts, and cytosols host
SOD1. However, the highest SOD1 activity has been reported in the human liver [91]. The
second cofactor of SOD is MnSOD, which has the most increased activity in the renal cortex,
and mainly peroxisomes and mitochondrial matrix are the enzyme sites [95]. The third
cofactor (EC-SOD) is also present in human lymphocytes and plasma. Zinc and copper are
found in this enzyme and effectively remove O2

•− from tissues [96].

7.2. GPx

GPx is usually in the mitochondria and cytosol of various cells and is mainly a glyco-
protein containing selenocysteine residues. This antioxidant enzyme is skilled in converting
H2O2 to water. This enzyme also participates in the catalysis cycle to reduce hydroperox-
ides to alcohol and ultimately involves the oxidation of GSSG induced by GSH [97]. There
is a positive relationship between increased GPX concentration and anti-inflammatory
activity of the cardiovascular system. On the other hand, lipid hydroperoxides such as
cholesterol, free fatty acids, cholesterol esters, and phospholipids are rapidly neutralized
by phospholipases and GPX. It is also noteworthy that the detoxification of lipid hydroper-
oxides is performed by the enzymes PRx, glutathione S-transferase (GST), and GPX [92].
To date, approximately five different isoforms of GPX have been identified. These isoforms
include cytosolic or classical GPX (cGPX or GPx1), gastrointestinal GPX (GIGPX or GPX2),
plasma GPX (PGPX or GPX3), phospholipid GPX (PHGPX or GPX4), and sperm nuclear
GPx or GPx (Sn) [97].

7.3. CAT

The peroxisome part of many cells contains the enzyme CAT, which effectively reduces
hydrogen peroxide to water. As mentioned earlier, both CAT and GPX are sensitive to
H2O2. These two enzymes are exposed to high and low H2O2 concentrations, respectively.
For this reason, the concentration of free radicals determines the importance of the two
enzymes GPX and CAT [98].

Another way to measure ROS is to observe changes in the antioxidant defense system.
Tools such as Total Antioxidant Status (TAS), Trolex Equivalent Antioxidant Capacity
(TEAC), Total Radical Trapping Antioxidant Parameter (TRAP), Plasma Iron Reduction Ca-
pacity (FRAP), and Radical Oxygen Absorption Capacity (ORAC) can measure antioxidant
capacity [41].

8. Obesity, OS, and Antioxidant Supplementation

Because obesity is more associated with physical inactivity and overeating, genetics
play a very limited role in causing the disease. Therefore, for the treatment of obesity,
special attention should be paid to the lifestyle because this disease can be prevented and
even treated by lifestyle modification [73,99,100]. As mentioned, one of the most important
treatment strategies and, of course, prevention of various diseases, especially obesity, is
exercise. Multiple studies have shown that AT reserves are reduced by regulating exercise-
induced lipase regulation, which ultimately leads to weight loss and obesity treatment.
Another important role of exercise is to create antioxidant profiles, which can be a key
solution to further reduce body fat due to OS [61]. The results of various studies show the
depletion of both enzymatic and non-enzymatic antioxidant systems. However, the type of
tissue and the degree of obesity is among the factors that play an important role in the rate
of discharge of these systems [30].
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These enzymes protect the body’s cells by catalyzing free radicals into water. Various
studies have shown that Prxs expression in humans and obese animals is closely related to
OS induced by AT. The activity of this enzyme decreases with obesity. On the other hand,
PRDXS in adipocytes can increase and decrease lipolytic and lipogenic gene expression,
respectively [101]. Scientists have studied the effects of antioxidant supplements on the
improvement of obesity caused by OS in various studies. These studies’ results are con-
tradictory, and further studies in this field are still required to reach a correct and logical
conclusion. For example, vitamin E is one of the supplements for which the usefulness or
harmfulness in treating obesity or other metabolic disorders remains unclear [30].

Simán et al. (1996) examined the effect of consuming an antioxidant diet containing
butylated hydroxytoluene (BHT 0.5% and 1%) with or without vitamin E acetate (4%) for
four weeks in 30 female Sprague Dawley rats. They concluded no change in the alpha-
tocopherol concentration of abdominal AT with BHT supplementation [102]. In another
study, Rodrigues et al. (2020) examined the effect of consuming an antioxidant fruit called
chestnut at a dose of 1.1% in 18 FVB/Nn male 7-month-old mice. They concluded that this
supplement reduced adipose tissue, serum cholesterol, and adipose tissue deposition [103].

Furthermore, Candiracci et al. (2014) investigated the effect of consuming an antiox-
idant source of rice bran enzymatic extract for 20 weeks in obese and lean Zucker rats.
This study’s results included the reduction of overproduction of IL-6, TNF-α, IL-1β, and
NOS in abdominal and epidermal visceral AT. In addition, reducing the adipocyte size of
abdominal and epidural visceral AT was another effect of this supplement on AT [29]. In
a study, Valls et al. (2003) investigated the impact of eating a diet rich in corn oil with or
without antioxidant supplementation of vitamin E (30 mg per day) on the antioxidant status
and oxidative damage of AT in male Wistar rats. This study showed that the activity of the
antioxidant enzymes CAT and SOD was reduced by taking a hyperlipidemia supplement
along with vitamin E in AT [104].

In one study, Arias et al. (2014) examined the effect of quercetin (30 mg/kg body
weight) in 28 male Wistar rats. This study shows that this supplement has no impact
on reducing AT size and body weight. The activity of lipoprotein lipase and lipogenic
enzymes remained unchanged with the use of this supplement [105]. Chen et al. (2020) in-
vestigated the effect of antioxidant supplementation of protease A-digested crude-chalaza
hydrolysates (CCH-As) on Syrian male Golden Hamsters. They showed that adipose-
perinatal/hepatic tissue size decreased as a result of consuming this antioxidant compo-
sition. Increased lipolysis (unpaired carnitine palmitoyltransferase 1, hormone-sensitive
lipase, and protein 2) was also observed in these hamsters’ AT [106]. Because mice, un-
like humans, can endogenously synthesize vitamin C (ascorbate and ascorbic acid) and
meet their daily needs, it is hypothesized that consuming extra amounts of vitamin C will
counteract the anti-inflammatory effects. Therefore, in a study, researchers examined the
effect of 4 weeks of vitamin C supplementation (low and high doses of 0.75 and 25 mg of
ascorbic acid per kg of body weight, respectively) on male Wistar rats. Excessive consump-
tion of this antioxidant supplement was able to strengthen antioxidant defenses (MnSOD,
CuZnSOD, and CAT in AT [107]. Sung et al. (2012) investigated the effect of antioxidant
supplementation of Polygonum aviculare L. (knotgrass) (PAE) in male C57BL/6J mice.
They were given a high-fat diet or a high-fat diet with PAE antioxidant supplementation at
a dose of 400 mg/kg body weight per day. In this article, the researchers found that adipose
tissue weight, serum TG concentration, body weight, MDA and leptin concentrations, and
fat cell area decreased as a result of taking this supplement [108]. Furthermore, Alcalá et al.
(2015) examined the effect of taking antioxidant vitamin E supplementation (150 mg twice
daily) in C57BL/6J mice. This study’s results included a reduction in collagen deposi-
tion and OS in rat visceral AT. Consumption of this vitamin also led to increased storage
capacity and fat cells’ proliferation [30] (Table 1).
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Table 1. The effect of antioxidant supplementation on obesity caused by oxidative stress (OS).

Reference Subjects Antioxidant Supplementation Results

Simán et al. [102] Sprague Dawley rats
BHT (0.5% and 1%) with or

without vitamin E acetate (4%) for
four weeks.

No change in the alpha-tocopherol
concentration of abdominal AT with

BHT supplementation.

Rodrigues et al. [103] FVB/n male
7-month-old mice Chestnut at a dose of 1.1%. The reduction of serum cholesterol and

AT deposition.

Candiracci et al. [29] Obese and lean
Zucker rats

Rice bran enzymatic extract
(RBEE) for 20 weeks.

The reduction of overproduction of IL-6,
TNF-α, IL-1β, and NOS in abdominal

and epidermal visceral AT.
Reducing the adipocyte size of

abdominal and epidural visceral AT.

Valls et al. [104] Male Wistar rats

Diet rich in corn oil with or
without antioxidant

supplementation of vitamin E
(30 mg per day).

The reduction of activity of the
antioxidant enzymes CAT and SOD.

Arias et al. [105] Male Wistar rats Quercetin
(30 mg/kg body weight).

No impact on reducing AT size and
body weight.

No change in the activity of lipoprotein
lipase and lipogenic enzymes.

Chen et al. [106] Syrian male
Golden Hamsters

Protease A-digested
crude-chalaza hydrolysates

(CCH-As).

The reduction adipose-perinatal/hepatic
tissue size.

The increase of lipolysis (unpaired
carnitine palmitoyltransferase 1,

hormone-sensitive lipase, and protein 2).

Djurasevic et al. [107] Male Wistar rats

Vitamin C supplementation (low
and high doses of 0.75 and 25 mg

of ascorbic acid per kg of body
weight, respectively) for 4 weeks.

Excessive consumption of this
antioxidant supplement was able to

strengthen antioxidant defenses (MnSOD,
CuZnSOD, and CAT in AT

Sung et al. [108] Male C57BL/6J mice
High-fat diet or a high-fat diet

with PAE at a dose of 400 mg/kg
body weight per day.

The reduction of AT weight, serum TG
concentration, body weight, MDA and
leptin concentrations, and fat cell area.

Alcalá et al. [30] C57BL/6J mice Vitamin E supplementation
(150 mg twice daily).

The reduction in collagen deposition and
OS in rat visceral AT. The increase of

storage capacity and fat
cells’ proliferation.

9. AT, Coronavirus Disease 2019 (COVID-19), and Antioxidants

AT is one of the essential tissues that modulate innate and adaptive immune responses
in the body. This tissue modulates these responses by secreting adipokines such as leptin
and adiponectin. However, during obesity, the function of this tissue is impaired. This
means that the secretion of leptin and adiponectin increases and decreases, respectively,
and eventually, the immune system’s role is impaired [109]. In such cases, the chest wall
is also affected by fat accumulation and impairs the lungs’ proper functioning [110]. One
of the consequences of an impaired immune system is the induction of inflammatory
cytokines and the development of viral infections such as COVID-19 due to reduced
natural killer (NK) cell activity. This infectious disease is caused by SARS-COV-2 (Severe
Acute Respiratory Syndrome Coronavirus 2) (Figure 2) [111–113].
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Figure 2. During obesity, adipose tissue (ATs) function is impaired, and secretion of leptin and
adiponectin increases and decreases, respectively. Moreover, the immune system’s function is
impaired. One of the consequences of an impaired immune system is the induction of viral infections
such as COVID-19 due to reduced natural killer (NK) cell activity. COVID-19 requires binding to
the Angiotensin-Converting Enzyme 2 (ACE2) receptor and porphyrins on the cell surface to enter
and then infect fat cells. Eventually, heme oxygenase-1 (HO-1) and ROS levels decrease and increase,
respectively [109–113].

COVID-19 was first seen in December 2019 in Wuhan Province, China. Then, in
January 2020, the disease’s first cases were reported outside China (one in Japan and two in
Thailand). Since then, the disease has spread rapidly to all countries of the world [114,115].
The condition was declared a pandemic on 11 March 2020, by WHO on 11 March 2020, and
to date (22 February 2021), the total number of infected patients has reached 112,045,556,
of which 2,479,625 people lost their lives (https://www.worldometers.info/coronavirus/,
accessed on 20 February 2021). The virus requires binding to the Angiotensin-Converting
Enzyme 2 (ACE2) receptor and porphyrins on the cell surface to enter and then infect fat
cells. Eventually, heme oxygenase-1 enzymes (HO-1) and ROS levels decrease and increase,
respectively [116–118].

Fatigue, headache, fever, and loss of taste and smell are symptoms associated with
this disease, and most of these infected people recover without hospitalization. Various
studies examining healthy people and people with underlying conditions have shown
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that people with cardiovascular disease, kidney damage, diabetes, and severe obesity
(BMI ≥ 30 kg/m2) are more susceptible to the virus [119]. The risk of developing COVID-
19 does not depend on age, and the severity of the disease follows a different pattern at
each age. According to Public Health England (PHE), the risk of COVID-19 death in people
with a BMI between 35 and 40 kg/m2 increases by 40%. However, this increase of risk in
people with a BMI ≥ 40 kg reaches 90% [120]. As mentioned, obesity is directly related to
COVID-19 disease and leads to increased inflammation, mitochondrial dysfunction, and
increased ACE2 receptors. Numerous studies have shown that high BMI (≥30 kg/m2)
and excess visceral fat (VF) are effective methods in diagnosing the severity of COVID-19,
especially in obese patients [115,119,121].

For more than a year, the COVID-19 disease has affected human society in all aspects of
life. The medical community has been able to develop effective vaccines against the disease.
Furthermore, scientists in authoritative articles have suggested various drugs and nutrients
reduce inflammation in the immune system, indirectly helping cure the disease. Among
the various nutrients, antioxidants (vitamins C, D, and E, iron, and selenium) have always
been at the forefront of strengthening the immune system and reducing inflammation
in various body tissues, especially AT [122]. The recommended dose of vitamins C, D,
and E in healthy individuals is 200 mg/day, 2000 IU/day (50 μg/day), and 15 mg/day,
respectively. However, in patients who have inflammation in their immune system, it is
better to increase the daily intake of vitamin C to 1-2 gr. It has also been suggested that the
daily dose of vitamin D in these patients be increased to 10,000 IU in the first few weeks
and then continued at a dose of 5000 IU. Also, the daily intake of vitamin E in these patients
should be increased to 200 IU [123,124]. Consumption levels of another nutrient, iron, are
usually about 8 mg daily in men, approximately 18 mg in women between the ages of
19 and 50, and around 8 mg in women over 51 years of age. However, if the person has
inflammation in the immune system, 60 mg Fe should be consumed daily in both men and
women and all age groups [114]. The daily intake of selenium in healthy men and women
is 50 μg, respectively, but in inflammatory conditions, this amount increases to 200 μg per
day [125].

10. NAFLD and OS

Various factors such as central obesity, IR, T2D, over nutrition, lack of exercise, and
other metabolic syndrome parameters predispose multiple diseases such as non-alcoholic
fatty liver disease (NAFLD) [126,127]. NAFLD is usually characterized by fat accumulation
in the liver tissue, and oxidative stress plays a crucial role in its formation and develop-
ment. It covers a wide range of liver-related diseases such as steatosis, steatohepatitis, liver
fibrosis, liver cirrhosis, and even hepatocellular carcinoma [128,129]. For NAFLD, there
are non-progressive forms (non-alcoholic fatty liver disease (NAFLD) or simple steatosis)
and progressive and aggressive forms (non-alcoholic steatohepatitis (NASH)). Hepatocel-
lular carcinoma (HCC) and cirrhosis are considered as consequences of NASH [130–132].
Macrophages and Kupffer cells can stimulate pro-inflammatory mechanisms and then
satellite cell activity at the liver surface by secreting inflammatory cytokines such as IL-6,
TNF-α, and IL-β. In such inflammatory conditions, conditions are provided for increasing
the deterioration of insulin resistance and the development of liver fibrosis (Figure 3) [133].
In general, in patients with NAFLD, lipids’ storage capacity in the liver tissue is so high
that it leads to hepatocyte dysfunction and even death [134].
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Figure 3. Various factors such as central obesity, insulin resistance (IR), type 2 diabetes (T2D), overnu-
trition, lack of exercise, and other metabolic syndrome parameters predispose multiple diseases such
as NAFLD. Macrophages and Kupffer cells can stimulate pro-inflammatory mechanisms and then
satellite cell activity at the liver surface by secreting inflammatory cytokines such as IL-6, TNF-α, and
IL-β. In such inflammatory environments, conditions are provided for increasing the deterioration
of IR and the development of liver fibrosis. It should be noted that the increased flow of FAs to the
liver through the bloodstream, the synthesis of de novo hepatocytes, and impaired clearance through
β-oxidation lead to the accumulation of TAG droplets in hepatocytes. Various proteins such as FATP,
transmembrane proteins, FABP, caveolins, and FAT/CD36 can accelerate the absorption of FA by
increasing the proliferation of FFA in blood vessels. It is noteworthy that these proteins’ expression
can improve by an HFHSD. On the other hand, in fasting conditions, FFAs are mainly produced
during the lipolysis process by beta-adrenergic receptor agonists [126–133].

Numerous studies have shown that the mechanisms associated with the pathogen-
esis of obesity and NAFLD are the same [135]. A two-hit theory can usually explain the
pathogenesis of NAFLD. The first theory is explained when triacylglycerol (TAG) droplets
accumulate in hepatocytes and lead to simple hepatic steatosis development. In the sec-
ond theory, NAFLD’s pathogenesis is attributed to increased oxidative stress, IR, lipid
peroxidation, and endoplasmic reticulum inflammation [136,137]. It should be noted that
the increased flow of FAs to the liver through the bloodstream, the synthesis of de novo
hepatocytes, and impaired clearance through β-oxidation lead to the accumulation of TAG
droplets in hepatocytes. TG synthesis in the liver is mainly due to the lipids produced by
de novo lipogenesis (DNL), dietary lipids, and carbohydrates. TG synthesis is dependent
on the uptake of FFAs from the plasma by the liver [138]. DNL is the process by which
exogenous energy sources or endogenous carbohydrates can synthesize lipids. Three steps
are defined for this process. First, FAs can be synthesized through acetyl-CoA subunits
produced during glycolysis and carbohydrate metabolism. Then, to form long-chain unsat-
urated FAs, FA elongation and desaturation must occur. Finally, the FAs formed from the
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previous step are assembled to convert to TG and very-low-density lipoproteins (VLDLs).
When the balance between TG synthesis and degradation is lost, the conditions for NAFLD
are created [130]. Various proteins such as fatty acid (FA) transporter protein (FATP), trans-
membrane proteins, FA binding protein (FABP), caveolins, FA translocase (FAT)/CD36 can
accelerate the absorption of FA by increasing the proliferation of FFA in blood vessels. It
is noteworthy that these proteins’ expression can improve by a high-fat, high-sugar diet
(HFHSD). On the other hand, in fasting conditions, FFAs are mainly produced during the
lipolysis process by beta-adrenergic receptor agonists [139].

AT is severely affected by NAFLD because it is a source of FAs storage, and the
secretion of adipokines is impaired. AT acts like a double-edged sword. This means
that some hormones secreted by AT, such as adiponectin and visfatin, have protective
effects against NAFLD; however, the hormones resistin and leptin contribute to hepatic
development of steatosis and IR [140,141].

ROS production in hepatic mitochondria results from excessive oxidation of fatty
acids, which ultimately causes OS in liver tissue. Proteins, DNA, and lipids are susceptible
to OS and are easily damaged by activating pro-inflammatory cells such as Kupffer cells
and stimulating the release of inflammatory cytokines. Furthermore, the expression and
activity of antioxidant enzymes are usually inhibited by ROS overload, and thus, the liver’s
antioxidant capacity undergoes a declining trend. Finally, NAFLD occurs as a result of
OS and chronic inflammation. Researchers should try to reduce OS to improve NAFLD
disease [142].

Approximately 25% of adults worldwide are affected by this disease. This trend is
increasing, and the number of these patients increases every year. According to a meta-
analysis study, the global prevalence of NAFLD has risen to 25.2% in the last 20 years and
has caused concern among the public [143]. On the other hand, no effective treatment
for this disease has been achieved despite significant medical advances. Currently, the
only treatment approach is lifestyle changes (diet and exercise) and bariatric surgery [144].
Because there are substantial differences between different communities in terms of lifestyle
and diet, various studies have shown that the prevalence of NAFLD in Eastern societies
is lower than in Western societies [145]. At the systemic level, there is impaired control
of food intake resulting in hyperalimentation, intestinal dysbiosis leading to gastroin-
testinal hormone secretion, IR, gut dysfunction, abnormal adipokine, and activation of
pro-inflammatory factors [146].

One of the effective strategies in the prevention and treatment of NAFLD is nuclear
factor erythroid-derived 2-like 2 (Nrf2), which as a transcription factor consists of a highly
protected basic region-leucine zipper (bZIP) structure and is mainly a member of the
Cap “n” Collar (CNC) family. Activation of cellular antioxidant enzymes, regulation of
lipid metabolism, and insulin sensitivity improvement are the essential cytoprotective
effects of Nrf2. Hence, many researchers have tried to identify Nrf2 activators to improve
NAFLD [147].

The Kelch-like-ECH-associated protein 1 (Keap1)-Nrf2-antioxidative response element
(ARE) signaling pathway has been considered an essential antioxidant mechanism due
to its effect on improving the oxidative stress response [148]. The Nrf2 gene includes
six highly protected epichlorohydrin (EHC) domains (Nrf2-EHC homology, Neh) called
Neh1-6. The C-terminus Neh1 subtends a protected bZIP DNA region that binds to
musculoaponeurotic fibrosarcoma protein (Maf) to create a heterodimer. This heterodimer
eventually binds to DNA and can detect ARE. On the other hand, Neh2 is composed of two
vital regions, ETGE and DLG, which, by binding to KEAP1, can contribute to the strong
binding of Nrf2 to the cytoplasm [129]. C-terminus is the site of another Nrf2 domain,
Neh3, which participates in the transcriptional activity of ARE after binding with chromo-
ATPase/helicase DNA-binding protein (CHD6). The other two Nrf2 domains, Neh4
and Neh5, initiate the transcription process when interacting with the cyclic adenosine
monophosphate response element (CREB)-binding protein (CBP) [149]. Finally, the last
Nrf2 domain, Neh6, and being rich in serine are used to Nrf2 decompose independent
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of KEAP1 [150]. The expression of Nrf2 in homeostatic conditions and combination with
KEAP1 in the cytoplasm is considered a mediator for the degradation and ubiquitinoylation
of Nrf2. However, when exposed to oxidative or electrophilic stress, KEAP1 modulates
cysteine residues and ultimately releases Nrf2. On the other hand, the Nrf2 protein isolated
from KEAP1 returns to the cell nucleus and is dimerized to bind to AREs, along with
bZIP proteins such as Maf [151], and then promotes the expression of ARE-mediated
downstream target genes containing antioxidant enzymes. The most critical antioxidant
proteins targeting Nrf2 are HO-1, GSH, and NAD(P)H quinone oxidoreductase 1 (NQO1).
It should also be noted that Nrf2 plays a pivotal role in suppressing the progression of
NAFLD, maintaining cellular homeostasis, and protecting against oxidative or electrophilic
stresses [152].

11. Roles of Nutraceuticals as an Antioxidant in Reducing Oxidative Stress

Nutraceuticals are not recognized traditionally as a nutrient but have physiological
health benefits in the human body. Plant-derived nutraceuticals are well-known for their
direct or indirect antioxidant activities, which relates to scavenging or eliminating free
radicals during cellular metabolism. They can interact with the oxidized species at both
cellular and molecular levels by regulating gene expression, epigenetic controls, and protein
and DNA repair. Previously it was reported that nutraceuticals have potential properties in
immunity modulation, gene expression, and various signaling process regulation [153–158].
The nutraceuticals can be prepared from the foods available in the local market, for example,
ginger, garlic, avocado, and onion, in the form of polyphenols, carotenoids, sulforaphane
and other isothiocyanates, glucosinolate, phytosterol, etc. [159]. They can increase the level
of heme oxygenase (HO) 1, total glutathione, and other phase 2 enzymes by activating
the transcription Nrf2. Moreover, treatment for a certain period with nutraceuticals may
also improve the lipid profile and can reverse the harmful effects of obesity on blood
lipids [160]. For example, curcumin is a potential nutraceutical, reduces macrophage
infiltration in WAT, increase adiponectin in AT, decreases NF-κB activity, therefore reduces
the expression of inflammatory markers and OS [161]. To date, the use of nutraceuticals,
bioactive compounds or exercise could be an additional strategy in reducing obesity and
related diseases [162,163].

12. Conclusions

OS affects various tissues, such as adipose tissue, skeletal muscle, and heart, in the
body. In this study, we specifically examined adipose tissue response to OS. As mentioned
in the text, this tissue is disrupted by various factors such as overconsumption of nutrients
and sedentary lifestyle. This disorder eventually leads to lipid accumulation in adipose
tissue and reduced energy expenditure. Of course, various treatments have been introduced
for this disorder. However, most of them face limitations that are fully explained in the text.
On the other hand, numerous studies have proven the effectiveness of diet, especially the
use of antioxidant supplements, on the improvement of obesity caused by OS. The results
of this treatment are inconsistent but have fewer side effects than other treatments such as
medication and surgery. Further studies are needed because the results of the studies are
contradictory. In future studies, researchers will investigate the effect of taking antioxidant
supplements on heart and skeletal muscle tissues.
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Abstract: Compelling research has documented how the circadian system is essential for the mainte-
nance of several key biological processes including homeostasis, cardiovascular control, and glucose
metabolism. Circadian clock disruptions, or losses of rhythmicity, have been implicated in the de-
velopment of several diseases, premature ageing, and are regarded as health risks. Redox reactions
involving reactive oxygen and nitrogen species (RONS) regulate several physiological functions such
as cell signalling and the immune response. However, oxidative stress is associated with the patho-
logical effects of RONS, resulting in a loss of cell signalling and damaging modifications to important
molecules such as DNA. Direct connections have been established between circadian rhythms and
oxidative stress on the basis that disruptions to circadian rhythms can affect redox biology, and vice
versa, in a bi-directional relationship. For instance, the expression and activity of several key antioxi-
dant enzymes (SOD, GPx, and CAT) appear to follow circadian patterns. Consequently, the ability to
unravel these interactions has opened an exciting area of redox biology. Exercise exerts numerous
benefits to health and, as a potent environmental cue, has the capacity to adjust disrupted circadian
systems. In fact, the response to a given exercise stimulus may also exhibit circadian variation. At the
same time, the relationship between exercise, RONS, and oxidative stress has also been scrutinised,
whereby it is clear that exercise-induced RONS can elicit both helpful and potentially harmful health
effects that are dependent on the type, intensity, and duration of exercise. To date, it appears that the
emerging interface between circadian rhythmicity and oxidative stress/redox metabolism has not
been explored in relation to exercise. This review aims to summarise the evidence supporting the
conceptual link between the circadian clock, oxidative stress/redox homeostasis, and exercise stimuli.
We believe carefully designed investigations of this nexus are required, which could be harnessed to
tackle theories concerned with, for example, the existence of an optimal time to exercise to accrue
physiological benefits.

Keywords: circadian rhythms; reactive oxygen and nitrogen species (RONS); exercise training; antioxidant

1. Introduction

A diverse array of physiological functions, human behaviours, and social connections
are determined by the complex interactions between the environment (light/dark cycles,
temperature variations, and seasonal food opportunities) and endogenous biological, or
circadian drivers. Such an intricate controlling mechanism is susceptible to disruption and,
in current modern society, misalignment between the circadian system and environmental
cues is a frequent occurrence associated with negative health consequences [1]. Modern
chronic diseases are linked to changes in human lifestyle compared to our hunter-gatherer
ancestors [2] involving, but not exclusively limited to, low levels of physical activity (PA)
and exercise; prolonged sitting; regular access to highly palatable and energy-dense foods;
inadequate/disrupted sleep quality/duration; shift work; and social jetlag [3]. These
changes in contemporary work and domestic habits have outpaced genome adaption and
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the underlying circadian rhythms are thus exposed to dysregulation (or shifts) that can
predispose to chronic disease [4].

Oxidative stress has long been implicated in the pathogenesis of several chronic
lifestyle-related diseases (e.g., type 2 diabetes mellitus) [5] and the interplay between
circadian clocks and oxidative stress is evident whereby: (i) disruption to circadian rhythms
can alter redox homeostasis leading to oxidative stress and (ii) elevated production of
reactive oxygen and nitrogen species (RONS) may induce circadian oscillations [6]. While
still in its relative infancy, research on the effects of exercise on circadian rhythmicity
seems to be encouraging; certainly not discouraging [7–9]. At the same time, certain
exercise stimuli may evoke oxidative stress, but to the contrary, many exercise-mediated
adaptations seem to occur via contractile-induced RONS signalling, acting in a manner
that can be explained by the concept of hormesis and other multi-dimensional models [10].
Hormesis, in this context, is when a potentially harmful agent (e.g., exercise) provokes
an adaptation to a damaging agent (such as RONS-disrupted signalling) to up-regulate,
for example, enzymatic antioxidant capacity [11]. Hence, exercise appears to be a potent
activator of oxidative stress, the circadian clock, and, at the correct dose (intensity and
volume), elicits desirable health outcomes. As a clear bi-directional link has already been
established between the circadian clock and redox homeostasis/metabolism, and that
exercise appears to be a potent stimulus of both, we propose that further exploration of
exercise, circadian rhythms, and redox biology combined may reveal further important
insights in this intriguing field of investigation. In this perspective, the exercise paradigm
may help unravel some emerging concepts such as the potential existence of an optimal
time to exercise for health benefits. The positive effects of exercise on health may be partially
mediated via changes in tissue molecular clocks and/or the outcomes may be modified
depending on the timing (and intensity) when exercise is performed [12], but the role,
whether directly or indirectly, that RONS and oxidative stress/redox signalling play in such
responses remains largely unexplored. Therefore, given the emerging nexus of circadian
and redox biology for health and disease prevention, this narrative review will examine
the multifactorial interrelationship between circadian clocks and oxidative stress relevant
to the important biological stressor, exercise.

2. Circadian Rhythms and Molecular Clock Control

Apparent in virtually all forms of life, circadian rhythms are endogenous 24-h os-
cillations in behaviour and biological processes enabling organisms to physiologically
adjust to the transitions between light and dark (day and night). The circadian clock drives
fluctuations in a diverse set of biological processes including sleep, locomotor activity,
blood pressure, body temperature, and blood hormone levels [13]. Driven by cellular clocks
distributed across the body, these rhythms control mammalian adjustment by preparing
the brain and other tissues to perform biologically appropriate functions relative to the
anticipated day or night pattern [14,15]. The principal pacemaker of the circadian clock in
humans, the so-called central clock, is located within the suprachiasmatic nucleus (SCN)
region of the hypothalamus, functioning as an autonomous timekeeper that coordinates the
activity of downstream peripheral tissue clocks [15]. Neurons of the SCN receive input from
the retina, via the retino-hypothalamic tract, to ensure its molecular clocks are synchronised
to light-dark cycles, known as photic entrainment [16]. The SCN can be stimulated by
cues other than light, especially by serotonin and melatonin, although these are thought
to be internal feedback regulators as opposed to primary circadian rhythm initiators [6].
Using neuro-endocrine actions involving melatonin, insulin, and glucocorticoids (via the
HPA axis), as well as the autonomic nervous system [6,17], the SCN relays its coordinat-
ing prompts to peripheral clocks [12]. In turn, these peripheral clocks oversee localised,
temporal gene and protein expression patterns required for several physiological processes
and functions across the ~24-h period [15,17]. Beyond the autonomous cues from the SCN,
mammals can also synchronise their inherent timing systems in response to fluctuations
in other environmental cues (termed zeitgebers) such as changes in temperature and food
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availability [18], but light remains the strongest zeitgeber [6]—illustrated in Figure 1. While
this innate flexibility to varying environmental stimuli is unquestionably important for
adaptation and survival, it may also expose the host to negative consequences, such as
the onset of sleeping and metabolic disorders, when the rhythms become misaligned or
dysregulated [19].

Figure 1. Circadian Rhythms in Humans. Crucial biological and physiological processes such as blood
pressure control, antioxidant expression, body temperature, and immune function normally fluctuate
in a circadian pattern (~24 h). These oscillations are coordinated by circadian clocks distributed in
virtually every cell. The core molecular clock functions to direct a daily program of gene transcription
and protein expression. The molecular clock involves a transcriptional–translational feedback loop
(TTFL) of core clock genes (positive limb: BMAL-1 and CLOCK; negative limb: PERs and CRYs) that
act to modulate the gene expression of clock-controlled genes (CCG) which generate tissue-specific
circadian rhythms in transcription and cellular function across the day, even in the absence of external
cues. The principal pacemaker of the circadian clock in humans is located within the suprachiasmatic
nucleus (SCN) region of the hypothalamus. This master clock coordinates the activity of downstream
peripheral tissue clocks in response to several stimuli such as the day-night cycle, food ingestion,
exercise, and sleep. Figure key = SCN: suprachiasmatic nucleus; HPA: hypothalamic-pituitary-adrenal
axis; CCG: clock-controlled genes; E: E-box motif.

The core molecular clock is a self-sustaining, transcriptional–translational feedback
loop (TTFL) that exists in virtually every human cell and functions to direct a daily program
of gene transcription and protein formation, permitting rhythmic adjustments in response
to specific entrainment signals [12,13]. This molecular clock is comprised of a positive
transcriptional limb and a negative feedback limb [16]; interrogation of this regulatory
mechanism was recognized in 2017 when Jeffery Hall, Michael Rosbash, and Michael
Young were awarded the Nobel Prize in Physiology or Medicine [13]. Their work, initially
in the Drosophila model, identified some of the most important clock genes involved in
the negative limb of the TTFL such as Period (PER 1-3) and Timeless (Tim; or Cryptochrome
(CRY) as it is known in mammals). These were later followed by the identification of the
positive limb transcription factors, CLOCK and BMAL-1 [20]. The heterodimerization of
BMAL-1 and CLOCK, or its homolog NPAS2, initiates the circadian cycle. Once dimerized,
BMAL-1 and CLOCK bind to E-box motifs in the promoters of target genes, initiating the
intracellular transcriptional processes of various rhythmic proteins [6,16]. Two groups of
these transcriptional targets are the PERs and the CRYs. The PER and CRY proteins, through
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the formation of a second heterodimer, translocate back into the nucleus, and interfere with
the activity of BMAL1 and CLOCK at promoter sites, thus completing the cycle by inhibiting
CLOCK/BMAL-1 transcriptional activity [6]. This core clock is refined to a 24-h period
by the combined actions of several post-translational mechanisms (e.g., covalent histone
modifications) carried out by a network of secondary clock proteins involving the kinase
family [16,21]. An influential secondary loop driven by BMAL-1 activity involving the
nuclear hormone receptors REVERB and ROR has also been identified. These proteins can
inhibit and activate the transcription of the BMAL-1 gene (ARNTL), respectively, to ensure
its rhythmic expression, and thus they can exert influence on circadian regulation [22].
In this loop, the expression of REVERB proteins serves to repress transcription in the
promoter and enhancer regions of target genes, including ARNTL, whereas ROR competes
to enhance ARNTL expression. A further CLOCK/BMAL1-driven sub-loop contains the
PAR-bZip factors DBP, TEF, and HLF [23–34]. These compete with the repressor NFIL3 (or
E4BP4), driven by the REV-ERB/ROR loop, to drive the expression of clock genes from
D-box-containing promoters [22].

In addition to its timekeeping function via the TTFLs discussed above, the core molecu-
lar clock directly modulates the expression of over 4000 genes in 24-h cycles of transcription
with diverse expression phases, resting with the combination of cis-elements (E-box, RORE,
D-box) as the promoters and enhancers of specific clock-controlled genes (CCGs) [12,23,24].
These CCGs are expressed in virtually every cell and can generate tissue-specific circadian
rhythms in transcription and cellular function, even in the absence of external cues. The
circadian clock regulates between 10 and 50% of all transcripts in a cell, depending on
tissue type, and influences critical processes such as cell cycle, redox homeostasis, inflam-
mation, and metabolism [13]. The fact that nearly half of the mammalian protein-coding
genome expresses tissue-specific circadian rhythmicity [13] underlines the importance of
maintaining these oscillations and the seemingly critical role played by circadian rhythms
in optimising cell and tissue function for normal health. In fact, cardiovascular function,
energy metabolism, fluid balance, inflammation/immune function, cognition/neurological
responses, and some of their biological drivers (CCGs and endocrine hormones) all appear
to exhibit, either directly or indirectly, some degree of rhythmicity [25,26]. Beyond the
central or core factors that directly control the core molecular clock, external factors can
regulate the stability, phase, or function of core molecular clock proteins. Hypoxia (and
fluctuating oxygen levels) acts on circadian rhythms (body temperature, metabolic rate,
cortisol, and melatonin release in humans) through a number of mechanisms involving
HIF-1α, with mounting evidence showing cross-talk between the HIF pathway and the
circadian clock [27].

Disruption of the circadian system has direct consequences for human health by the
uncoupling of multiple physiological processes and the disturbance of normal homeostasis,
thus increasing the risk of several disorders and diseases [28]. In addition to genetic
disruption to the clock circuit (via specific mutations), humans encounter several potent
zeitgebers, often in simultaneous exposures, which hinder circadian regulation such as shift
work, excessive artificial/night-time light exposure, disrupted eating patterns (often as a
result of shift work), and international travel across several time zones (inducing jet lag).

The current understanding of the effects of circadian disruption has relied mainly on
observational studies exploring occupational practices. Jet lagged cabin crew demonstrated
temporary cognitive defects and structural brain changes following trans-meridian flights
(across at least seven times zones) with five-day recovery intervals when compared to
colleagues with fourteen-day recovery intervals [29]. Shift work and social jetlag also
disrupt the circadian system and are associated with an increased risk of multiple diseases
such as neurological disorders, diabetes, cancer, and cardiovascular disorders [30–32].
In addition to occupational requirements, recreational activities may also affect normal
circadian rhythms. For example, the common use of light-emitting (via so-called ‘blue
light’) electronic devices for reading, communication, and entertainment inhibits melatonin
production which poses an increased risk for several circadian-related disorders when such
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devices are used in the evening [33]. As a consequence of modern living per se, many
people are no longer exposed to the natural light/dark cycle of our ancestors. Humans
are now inclined to be more active later into the night-time hours, often accompanied by
eating and alcohol consumption, leading to a delayed bedtime but rising earlier than our
natural rhythm would instigate. This is arguably leading to a chronic state of circadian
disruption and associated risks [34].

3. Oxidative Stress and Redox Homeostasis

Humans are continually exposed to RONS from both endogenous (e.g., from aerobic
metabolism and the immune response) and exogenous sources (e.g., tobacco smoke, UV
light, etc.) and thus, antioxidants function to help prevent/curb high levels of oxidative
stress and maintain redox homeostasis. Accordingly, aerobic organisms possess an intricate
antioxidant defence system [35] that comprises an orchestrated synergism between several
endogenous and exogenous antioxidants attempting to control the RONS produced in
cells and tissues [36,37] which arise as a consequence of everyday activities such as the
food we eat [38]. Oxidative stress is defined as ‘an imbalance between oxidants and
antioxidants in favor (sic) of the oxidants, leading to a disruption of redox signaling (sic)
and control’ [39]. Thus, the biological (physiological or pathological) effects of RONS
depend critically on the amounts and location of production, relative to local antioxidant
defences. For instance, when formed in low/moderate amounts, they can act as crucial
mediators of signal transduction pathways e.g., in the growth of vascular smooth muscle
cells (VSMC) and fibroblasts [40] and for exosome control and myokine release [41]. Yet,
excessive RONS may cause widespread cellular toxicity [6,42]. Indeed, work from several
labs, including our own, has demonstrated how RONS instigate oxidative damage by
altering susceptible lipids, proteins, and DNA in human volunteers [43–45]. This can
lead to impaired transcription and translational processes, altered protein function, and
production of secondary by-products and metabolites which can further RONS production
and/or cellular damage [46]. Although still an area of some discourse, RONS and other
redox-active species have increasingly been acknowledged as fundamental regulators of
genes, proteins, and the associated molecular signalling pathways integral to the regulation
of many biological processes and functions [46,47].

3.1. Oxidative Stress, Redox Homeostasis, and Exercise

Multiple studies have now established a link between exercise (especially strenuous
and/or exhaustive exercise) and oxidative stress [10,48]. The production of RONS in
response to exercise, especially acutely, has long interested researchers and offers an
intriguing model to examine the dynamic role of RONS from both the physiological
and pathological perspectives—as depicted in Figure 2. The latter is important to note
as evidence suggests that exhaustive (long duration) and/or strenuous exercise (high-
intensity maximal exercise, marathons, triathlons, and overtraining) can induce detrimental,
oxidative DNA alterations if left unrepaired [49,50]. Yet, during low or moderate-intensity
exercise, the generated RONS may serve to act as signalling molecules responsible for the
initiation of exercise and skeletal muscle adaptation [50–52], including accentuation in
antioxidant enzymes and drivers of mitochondrial biogenesis [53]. In fact, the observation
that low doses of stressors can exert beneficial effects, but when in excess can be toxic,
forms the fundamental basis of the hitherto mentioned hormesis theory. This paradoxical
effect has led to the extension of the hormesis theory to exercise induced RONS formation:
transient increases in RONS can alter signalling pathways and/or cause molecular damage
that induces adaptive responses that protect against subsequent stronger stress [54] such as
that evident in human volunteers for the repeated bout effect following eccentric muscle
contractions [55]. Moreover, when a single bout of exhaustive exercise is performed by
well-trained human volunteers, a large elevation in oxidative damage is not observed [56].
Mounting evidence suggests that exercise-induced RONS are essential upstream signals for
the activation of redox-sensitive transcription factors (e.g., Nrf2, AP1) and the induction
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of gene expression associated with exercise. As such, redox processes are increasingly
recognized as an integral part of normal human biology and especially exercise (for further
reading see the review by Margaritelis et al. [57]).

Figure 2. Exercise-induced RONS, Oxidative Stress, and Hormesis. The fundamental basis of the
hormesis theory can be applied to exercise-induced RONS formation: low or transient increases
in RONS, from moderate-intensity and regular exercise, activate signalling pathways that induce
adaptive and protective responses. Whereas inactivity and/or sporadic strenuous/high-intensity
exercise can lead to a RONS load that overwhelms antioxidant defences leading to oxidative stress,
impaired physiological function, and an increased risk for chronic disease.

The adaptive potential of exercise and the extent of RONS production seems to be
related to the exercise intensity of the bout or training stimulus [58]. High-intensity exercise
produces higher concentrations of RONS than exercise at low/moderate-intensity aerobic
exercise at <50%

.
VO2max [59]. While we have recently reported that acute intense/prolonged

exercise can induce oxidative DNA damage in human volunteers, this damage does not persist
indefinitely and is most likely repaired, at least in trained/experienced athletes [10]. This
damage might act as a trigger for repair to prime the cell for further, subsequent damage
and thus underpin the adaptive process and promote longevity. For instance, master
endurance athletes are shown to have a longer telomere length (TL), a marker of biological
age, than non-athlete, age-matched controls [60,61]. In addition, three weeks of high-
intensity interval training (HIIT) in humans improves plasma antioxidant capacity [62].
Furthermore, recent evidence in animal models has reported reductions in maximal exercise
capacity, several exercise-responsive proteins, and mitochondrial network adaptations in
mice lacking a functional NOX2 complex following a HIIT programme [62]. Thus, the
fine balance between redox signalling and oxidative stress in the response to exercise
requires further elucidation. A growing appreciation for the role of redox homeostasis has
allowed researchers to understand that RONS can offer distinct signalling roles depending
on where they originate. The following is a summary of the main sources of RONS
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production in contracting muscle and the corresponding antioxidants that converge to
support redox balance.

3.2. Skeletal Muscle as a Biological Source of RONS

Several RONS are generated continuously in, or very close to, skeletal muscle both at
rest and during exercising contractions [63]. Of these, O2

•− is the primary species. Early
work revealed mitochondria as a source of free radical production at rest [64], but it appears
mitochondria are not a major source of RONS generation in exercising muscle [65]. A
number of other potential sources for primary and subsequent RONS (e.g., H2O2) have
been identified and include NADPH oxidases (NOX; which is active across several cellular
organelles), xanthine oxidases (XO), and phospholipase A2 (PLA2) [49]. It should also be
noted that nitric oxide (NO•) production occurs both at rest and during/following exercise
in muscle. Interestingly, via the convergence of NOX4 and two forms of neuronal NOS in
mouse models, the resultant NO• yields peroxynitrite (ONOO−) proposed to be involved
in the signal transduction pathways for mTORC1 integral to muscle hypertrophy associated
with strength/resistance training [66–69]. NO• itself has also been postulated to confer an
intrinsic effect on the regulation of insulin secretion, and glucose transport and metabolism,
which are also accentuated via exercise [70,71].

The NOX enzymes are viewed as an important source of RONS in skeletal muscle,
particularly the NOX2 and NOX4 isoforms [72]. NOX2 is located within the sarcolemma
and T-tubule, whereas NOX4 is located in both the sarcoplasmic reticulum and the mito-
chondria [73]. NOX4 is constitutively expressed and postulated to be involved in basal
RONS production, whereas NOX2, sensitive to several stimuli, is believed to be the primary
source of NOX-mediated RONS production in contracting muscle [11,72]. Whether or not
NOX enzymes are the major source of muscular RONS is debatable as complexities remain
in measuring their activity [49]; although recent advances using genetically encoded redox
probes offer attractive possibilities in this respect [11,63], further scrutiny is beyond the
scope of this narrative.

3.3. Antioxidants

As RONS and redox reactions appear to be pivotal for cellular health and function,
mammalian cells require an inherent regulatory control mechanism to sustain redox home-
ostasis and prevent damage from oxidative stress. The antioxidant network of enzymatic
and non-enzymatic antioxidants maintains RONS at physiological levels, thereby maintain-
ing redox control. The principal antioxidant enzymes include superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx) [74]. Important non-enzymatic or di-
etary antioxidants include ascorbic acid (vitamin C), α-tocopherol (vitamin E), carotenoids,
and flavonoids. In addition to the three main groups of enzymatic antioxidants (SODs,
GPx, and Catalase), other accessory antioxidant enzymes help maintain redox balance.
The Thioredoxin (Trx) antioxidant system comprising of Trx and the enzyme Trx reduc-
tase, serves as an electron donor to drive antioxidant systems and regulate proteins (in
dithiol-disulfide exchange reactions) in response to a changing redox environment. This
antioxidant assists in general metabolism (including DNA synthesis) and the prevention
of deleterious levels of oxidative stress [75,76]. Peroxiredoxins (PRDXs) are a group of
ubiquitous enzymes (PRDX1-6) that have emerged as important and widespread peroxide
and ONOO− scavenging enzymes [77,78]. A growing body of evidence has begun to
recognise the role of H2O2 in mediating redox signalling pathways during exercise, and
thus it has been suggested that PRDX may be a salient regulator of exercise induced H2O2
levels (see review by Wadley et al. [79]).

4. Circadian Rhythms, Oxidative Stress, and Redox Homeostasis

Much is known about the cellular and molecular effects of RONS and circadian
rhythms, respectively, but relatively less attention has been paid to the cross-talk and
integration between the two and if/how these complex interactions affect physiological
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processes in health and disease. Current investigations have thus begun to focus on the
molecular mechanisms linking RONS/oxidative stress and dysregulated circadian rhythms,
sustaining the basis of a seemingly vital biological connection [80,81]—please see Figure 3.
For instance, evidence now depicts a circadian influence on the immune system and this
extends to the regulation of inflammatory and oxidative stress responses (especially in
the ageing context—see review by [16]). It is now known that macrophages possess a
molecular clock potentially able to impose temporal fluctuations in immune function [82].
RONS are integral to the proper functioning of the immune system and, interestingly, their
production may be regulated by BMAL-1. In an elegant study by Early and colleagues [83]
conducted on mice, ROS accumulation (detected by fluorescent probes) was increased
in BMAL-1−/− macrophages, and related to decreased activity of Nrf2 in cells, resulting
in a diminished antioxidant response (including a reduced synthesis of glutathione) and
increased production of the proinflammatory cytokine, IL-1β. Conversely, the redox milieu
may also modulate core clock regulation as the DNA binding activity of the CLOCK:
BMAL1 heterodimer is dependent on the prevailing cellular redox status (as evidenced
in the NADH/NAD+ and NADPH/NADP ratios), whereby binding is enhanced under
reducing conditions [84]. Moreover, oxidative activation of Nrf2 via H2O2 has been shown
to regulate core clock function by altering clock gene expression (Per3, Nr1d1, Nr1d2, Dbp,
and Tef ) and circadian function in mice in a comparable manner to overexpression or
elimination of Nrf2 conditions [85].

Figure 3. The interplay between Circadian and Redox Biology: Oxidative Stress and Disrupted
Circadian Rhythms. A proposed bidirectional relationship exists between oxidative stress and
circadian dysregulation whereby external factors and behaviours that disrupt circadian rhythms
(jet lag, the ageing process, and regular consumption of certain foods) may also induce oxidative
stress and, likely vice versa. The result is a deterioration of normal physiological functions (DNA
damage, increased blood pressure, and insulin resistance) and control that increases the risk for
chronic diseases.

4.1. Antioxidant Regulation and Control

Insight into the cross-talk between the circadian clock and oxidative stress has been
gleaned from studies illustrating temporal expression patterns for antioxidant enzymes and
compounds. For instance, O’Neill and Reddy [86] observed a circadian rhythm in mouse
PRDXs that was altered in Cry1/2 double knockout cells, suggesting it may be regulated
by the molecular clock. Using human RBCs, they also showed a robust ∼24-h redox
cycle for PRDXs to directly show rhythms persist even without active transcription [86].
Furthermore, deletion of core clock components leads to increased thiol oxidation and
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protein carbonylation in flies and mice [87], and Per1-knockout flies exposed to oxidative
stress display a shorter lifespan and increased oxidative damage compared to controls [88]
which may, in part, be due to decreased activity of RONS scavenging enzymes. Given that
RONS production can oscillate over the course of the day often due to normal, habitual
behaviours, i.e., the by-products of metabolism, circadian control of antioxidants seems
intuitive to maintain redox control [89]. Several studies have reported differences in DNA
damage [90], lipid peroxidation [91], and protein oxidation [92] at different times of the
day. These oscillations directly reflect the daily rhythm of antioxidant expression and
protective enzyme activity levels. Those that peak in the morning includes: GPx; CAT;
SOD; and PRDXs [6]. On the other hand, melatonin, plasma thiols, and ascorbic acid
peak in the evening which also corresponds to the reported peaks for PERs1 and 2 and
the CRYs (see [6]). Daily rhythmicity in SOD activity was first reported by Diaz-Munoz
and colleagues in 1985. In contrast to humans, they found that in the rat cerebral cortex,
SOD activity peaked in the dark phase, coinciding with the peak level of malondialdehyde
(MDA), a marker of lipid peroxidation [93]. Thus, circadian oscillations in antioxidant
expression seem to vary depending on the species investigated (i.e., nocturnal vs. diurnal),
and this is most likely due to variations in sleep/wake cycles and the corresponding
differences in their respective feeding patterns and light exposure [6].

The master regulator of antioxidant defence appears to be the transcription factor Nrf2,
which translocates to the nucleus where it drives the expression of several antioxidant
enzymes and is directly regulated by the expression of NRF through E box elements
in the promoter [89]. As antioxidants are important for governing intracellular/local
RONS levels, which, in turn, have been documented to impinge on the expression of
clock genes, it appears that further appreciation and understanding of this cross-talk may
yield purposeful applications for those interested in redox and chronobiology given how
circadian rhythmicity and oxidative stress are central to many disease pathologies. For
example, life-long administration of the antioxidant, N-acetyl-L-cysteine, has been shown
to delay the onset of premature ageing induced by chronic oxidative stress in BMAL-1−/−
mice [94].

4.2. Circadian and Oxidative Influence on Cardiovascular Physiology and Disease

Despite considerable progress in understanding, preventing, and treating cardiovas-
cular diseases (CVD), ischaemic heart disease and strokes remain a major source of global
morbidity and mortality [95]. Clock mechanisms are integral to normal cardiovascular
function by coordinating rhythms in blood pressure, heart rate, and cardiac muscle con-
tractility. However, circadian dysregulation increases cardiovascular risk with strong data
suggesting adverse cardiovascular events such as sudden cardiac death [96] and myocardial
infarction [97] are more likely to occur in the morning after awakening. Notably, a recent
meta-analysis reported how the risk of acute myocardial infarction (AMI) increases after
daylight saving transitions to emphasise the precarity of the circadian system [98]. The
complete mechanism(s) surrounding such phenomena are unclear but may be linked to
disruptions to redox control as RONS and free radical biology have been implicated in both
the pathophysiology and treatment of heart disease [25]. For instance, we have reported
increased peripheral arterial stiffness in healthy volunteers following the ingestion of a
high-fat meal which was associated with augmented lipid hydroperoxides, while decreases
in SOD were also observed [38]. We believe the high-fat meal increased O2

•− production
that was subsequently able to react with endothelium-derived NO• (via eNOS) to impair
blood vessel function. The consequences of this (and similar reactions that elevate vascular
RONS) may be detrimental to cardiovascular function by reducing NO• bioactivity and
increasing the formation of the ONOO− [37], possibly leading to endothelial dysfunction
and a pro-atherogenic environment [5]. ONOO− interacts with lipids, DNA, and proteins
via direct or indirect radical mechanisms, and its generation has been cited in the patho-
genesis of stroke, myocardial infarction, atherosclerosis, circulatory shock, and chronic
inflammatory diseases [99,100]. These RONS-instigated reactions trigger cellular responses
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ranging from subtle modulations of cell signalling to oxidative injury, committing cells to
necrosis and apoptosis [100]. Of note, Man et al. [101] reported how the peripheral circadian
clock can regulate eNOS and NO• production (which is lower during the morning) and
that lipid metabolism also displays circadian oscillations. Combined, the misalignment
of the circadian clock with these parameters could lead to the development/progression
of atherosclerosis, which may be heightened with frequent exposure to conditions that
amplify RONS production such as high-fat meal ingestion, as discussed above. Support
for a circadian-redox mechanism is further evident from a study in middle-aged adults
where vascular endothelial function, as measured by flow-mediated dilation (FMD), was
impaired across the night and into the morning period and was accompanied by a pro-
nounced rise in plasma MDA and a concomitant augmentation in the vasoconstrictor,
endothelin-1 (ET-1) [102]. Such interactions are clearly pertinent to those already predis-
posed to increased risk for cardiovascular events, and other diseases like cancer, such as
shift workers.

4.3. Shift Work: DNA Damage and Repair

In a recent cross-sectional study, higher levels of H2O2 and lower SOD and catalase
were observed in night workers when compared to day workers [103]. In fact, the circa-
dian clock was first implicated as a factor in various diseases as epidemiological studies
reported an increased incidence of cancers in long-term shift workers [19,104,105]. Those
working night shifts also appear to have increased DNA damage that is linked to lower
melatonin induced by night working [106]. In strict laboratory conditions, when compared
to simulated day shifts for three consecutive days, simulated night shifts of the same dura-
tion also caused circadian dysregulation of genes involved in key DNA repair pathways.
Moreover, the percentage of cells with BRCA1 and γH2AX foci (representing DNA damage
biomarkers using immunofluorescent microscopy) was significantly higher in the night
shift condition, whereas the effectiveness of the processes to repair leukocyte DNA damage
from both endogenous and exogenous sources were compromised in samples from the
night shift volunteers [107]. Given that it exerts antioxidant and DNA repair properties
(via the nucleotide excision repair (NER) pathways), melatonin supplementation, acting
as a so-called chronobiotic [32], has been suggested to reduce the potentially damaging
effects of shift work [108]. The studies and data summarised in this section are undoubtedly
useful for helping tie the molecular and biochemical connections between shift workers
and elevated cancer risk, but much remains open for further discovery.

4.4. Diabetes, Obesity, and Metabolic Control

Normal CLOCK and BMAL-1 activity play a role in defending the body against
metabolic disturbances, but CLOCK gene mutations are associated with hyperphagia,
hyperlipidemia, hyperinsulinemia, hyperglycaemia, and sleep disorders—all of which are
common in metabolic diseases such as diabetes and obesity [109]. Diabetes, especially
Type 2 Diabetes (T2D), is connected to disruptions in normal circadian rhythms with shift-
work, light pollution, jet lag, and increased screen time, all acting as potential contributory
factors [33,110,111]. Emerging evidence has also identified melatonin, already known for
its roles in circadian and redox physiology, respectively, as a potential mediator of glucose
levels and insulin production [109] adding further credence to the existence of an important
cross-talk between circadian rhythms and redox pathways in the regulation of metabolic
control. Underpinning all forms of diabetes is either a decrease in β-cell mass or β-cell
function [112–114]. Mechanistically, oxidative stress, potentially stemming from increased
mitochondrial O2 production following excessive caloric intake and low activity levels,
has also been implicated in diabetes as a key mediator of β-cell dysfunction and insulin
resistance [5,115]. This appears to be secondary to circadian dysregulation as β-cells contain
critical antioxidant genes that are targets not only of Nrf2, but also BMAL-1 which are
vulnerable to circadian disruption in BMAL-1−/− mice [116]. Circadian disruption to these
key antioxidants can thus lead to augmented β-cell mitochondrial RONS production in
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cells that already have relatively less antioxidant capacity, culminating in the impairment
in β-cell function, insulin resistance, and diabetes [111,117].

Alterations to normal circadian control and oxidative stress are understood to be
instrumental in the pathogenesis of other metabolic conditions associated with T2D, such
as obesity [118]. Adipose tissue is a critical modulator of metabolic health, and oxidative
stress can cause adipose tissue dysfunction by stimulating preadipocyte proliferation, adi-
pogenesis, and chronic inflammation, which leads to obesity [119]. The circadian clock
controls energy homeostasis by regulating circadian expression and/or activity of enzymes,
hormones, and transport systems involved in metabolism with evidence showing that
knockout and mutations in clock genes induce disruptions in adipose tissue function, differ-
entiation, and metabolism (see review by Froy and Garaulet [120]). Disruptions to circadian
control and oxidative stress may also affect other important metabolic organs. For instance,
a relatively recent study found that night shift workers have a higher serum concentration
of alanine aminotransferase (ALT) than daytime workers, indicating a potential associa-
tion between circadian disruption and liver function [121] that could be important in the
development of conditions such as non-alcoholic fatty liver disease (NAFLD). Moreover,
such conditions proposed to be related to dietary factors (see review by Arrigo et al. [122]),
are often accompanied by oxidative stress and seem to favourably respond to antioxidant
and circadian therapy in the form of melatonin administration [123]. As alluded to, dietary
factors and feeding patterns undoubtedly represent an important metabolic focus for their
ability to modulate circadian function and redox control in health and disease, though
further scrutiny is beyond the scope of this review.

Far from being fully determined, it does appear that a bidirectional relationship exists
between RONS production and circadian rhythms: core clock function appears to be
sensitive to changes in redox status and redox homeostasis may conversely be governed
by clock machinery [124]. When out of sync, circadian dysregulations, oxidative stress,
or both, can manifest. This is an intriguing frontier of research emerging, and the ability
to harness these insights, combined with other important drivers of circadian and redox
biology, will help to provide more focussed health and lifestyle prescriptions.

5. Exercise—Zeitgeber and Modulator of Redox Homeostasis

Regular exercise is often regarded as one of the ‘best buys’ for public health given
its multiple health-promoting benefits [125], with the Academy of Medical Royal Col-
leges [126] describing ‘the miracle cure’ of performing 30 min of moderate exercise, five
times a week, as more powerful than many drugs administered for chronic disease preven-
tion and management. Aerobic exercise training improves risk factors of metabolic syn-
drome such as glucose intolerance, hyperlipidemia, high blood pressure, low high-density
lipoprotein content, and visceral obesity. Improved aerobic fitness increases neurogenesis,
enhances memory, and may prevent brain atrophy [127]. Exercise is widely regarded for
its substantial health benefits and there is now ample evidence from both observational
studies and randomised trials to support that regular exercise is a contributing factor in
the prevention of cardiovascular disease, cancer, diabetes, and other chronic conditions, as
well as reducing the risk of all-cause mortality [128,129]. As more is understood regarding
the molecular pathways and mechanisms through which the beneficial effects of exercise
are transmitted, interest continues to grow in strategies to optimise the benefits of such
effects and how these can be translated for optimal health and performance purposes (see
Figure 4).

The circadian clock can be synchronised by photic and non-photic stimuli (tempera-
ture, physical activity, and food intake). Given that exercise represents a major challenge
to whole-body homeostasis, provoking widespread perturbations in cells, tissues, and
organs [130], modern theories have begun to probe the connections between exercise and
circadian rhythms for both performance and health purposes. An extensive body of liter-
ature has established that exercise can influence the circadian system in rodents (see [1])
and emerging human evidence shows exercise can elicit phase-shifting effects which may
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be dependent on chronotype [34]. Exercise appears to be a potent entrainment factor for
central as well as peripheral clocks, including those in muscle. For instance, the average
core-clock gene expression (BMAL1, ROR-α, CRY1, PER2, PER1, and NR1D1) in male rugby
players is significantly higher compared to sedentary males [131]. Therefore, the possibility
of (a) exercise being able to attenuate the negative health effects of circadian misalignment
and (b) the existence of an optimal time to exercise to maximise its therapeutic effects have
become increasingly attractive to researchers and clinicians.

Figure 4. The interplay between Circadian and Redox Biology: Exercise as a zeitgeber and source of
RONS. Exercise is a potent stimulus to entrain dysregulated circadian systems and positively affect
the core molecular clock and subsequent expression of CCGs throughout the body. At the same time,
exercise-induced RONS are integral to several recognised physiological responses and adaptations
via the activation of redox-sensitive transcription factors (e.g., up-regulation of immunity, antioxidant
enzymatic activity, etc.). It is possible that both circadian and redox signalling are inter-connected
and operate synergistically to confer protective health effects following regular exercise.

Of all the peripheral tissues, skeletal muscle represents a major downstream target
for clock activity. Among other functions, elegant studies have shown how the molecular
clock governs glucose metabolism in skeletal muscle. In one such study, BMAL-1 deletion
in mouse skeletal muscle manifested in impaired glucose uptake, reduced GLUT-4, and
disrupted the activity of key glycolytic enzymes [132]. Thus, impairments in the muscle
molecular clock appear to have important implications for the development of metabolic
diseases such as T2D. As exercise is recommended for the prevention and treatment of
T2D [9], it now appears that the beneficial metabolic effects exercise confers are, at least
partly, achieved through actions on the muscle molecular clock to restore local circadian
regulation [7]. For instance, skeletal muscle gene and protein expression of BMAL-1 and
PER2 were increased in adults with obesity and pre-diabetes following 12 weeks of exercise
training and this was accompanied by improvements in body composition, peripheral
insulin sensitivity (glucose disposal rate), and maximal oxygen consumption. Specifically,
BMAL-1 gene expression correlated with glucose disposal rate [133].

While exercise undoubtedly elicits favourable, modulating effects in skeletal muscle
metabolism, relatively little is known about the potency of these effects at different times
of the day. This is important as the biological clock seems to drive patent rhythms in
human skeletal muscle metabolism whereby mitochondrial oxidative capacity follows a
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day-night rhythm, peaking in the late evening and being lowest in the early afternoon [134].
As oxidative capacity is a vital determinant of exercise performance, it is unsurprising
that studies report clear time of day effects (~10%) for exercise performance, capacity [8],
and/or strength measures in human volunteers, which in one recent paper were correlated
with PER2 daily profiles [135]. The underlying mechanisms for such phenomena are
complex but are thought to involve circadian fluctuations in core temperature, endocrine
hormones, neuromuscular function, and metabolic flux [8,9]. One of the key contributing
factors in these performance fluctuations is body temperature which can exert a myriad
of regulatory effects on neuromuscular and metabolic activity and appears to peak in the
late afternoon. As thermoregulation during exercise itself appears to follow a circadian
rhythm, this may also explain the variability of fatigue onset when the same activity is
performed at different times across the daily cycle, especially in longer, endurance-type
exercise bouts [136]. Variations in human exercise efficiency (improved in Late vs. Early)
have been ascribed to clock-driven fluctuations in metabolic control such as carbohydrate
metabolism that requires lower oxygen consumption, a lower heart rate, and a lower rate of
perceived exertion [8]. In competitive and elite sporting settings, this connection between
exercise capacity and the molecular clock may be useful, to some extent, when planning
to optimise training and competition schedules, but this is not an entirely new concept
(see [137]).

Syncing exercise bouts, alongside other interventions not scrutinised in the current re-
view (e.g., time-restricted eating), to align with circadian rhythms is an appealing paradigm
to consider when trying to maximise the metabolic and health effects of exercise. In a
crossover study involving 2 weeks of high-intensity interval training (HIIT), afternoon HIIT
was more efficacious than morning HIIT at improving blood glucose in n = 11 men with
T2D [138]. Such data indicate that the timing of exercise should be considered when pre-
scribed for the management of T2D. However, in a larger study investigating the effects of
exercise timing on glycaemic control in those with and without T2D, no distinct glycaemic
benefits or alterations in circadian rhythm (as assessed by skin temperature) were detected
between morning versus evening exercise [139].

Regular physical activity and exercise programmes have been shown to reduce the
symptoms of patients with established CVD; additionally, prospective epidemiological
studies of occupational and leisure-time physical activity have consistently documented
a reduced incidence of CVD in the more physically active and fit individuals [140–142].
Consequently, exercise is regarded as an important intervention in tackling the burden
imposed by CVD. Yet, the precise mechanisms by which exercise exhibits its ameliorating
effects on the cardiovascular system still require elucidation. For instance, relatively little is
known about the potential for exercise to entrain central and peripheral clocks and how
this might influence cardiovascular health. It is conceivable that exercise may regulate
circadian factors to partially influence cardiovascular health through the documented
effects on skeletal muscle—given the connections between metabolic and cardiovascular
health [5,7]. Studies have begun to explore this theme as well as the possible existence
of diurnal effects of exercise on cardiovascular risk markers. Elevated arterial blood
pressure, or hypertension, is a traditional cardiovascular risk factor that also forms one
of the main constituents of metabolic syndrome [143,144]. Acute exercise can induce
a transient reduction in blood pressure or post-exercise hypotension (PEH) [145]. This
reduction is largely thought to be a result of increased blood flow to vascular beds and
the subsequent decrease in the total peripheral resistance associated with exercise. The
prolonged hypotensive effects of regular aerobic exercise may thus be due to repeated
instances of PEH [146]. Despite this, BP reductions after aerobic training vary across studies
and some factors, such as higher initial BP, moderate to high training intensities, and
concomitant diet-induced weight loss, have been identified as promoters of a greater BP
decrease [147]. Moreover, alterations to dietary composition (reduced fat and increased
fibre) alongside exercise training have also been reported to decrease BP and oxidative
stress markers in the absence of weight loss [148]. It is also possible that the time of
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day when aerobic training is performed may influence the extent of BP reductions after
training. As most aspects of cardiovascular regulation demonstrate a circadian or diurnal
pattern [149], it is plausible that the mechanisms driving sustained PEH are impacted by
time of day. Some studies have tested this hypothesis with mixed results. In one study, the
acute hypotensive effects following 30 min of steady state exercise were less marked in the
morning versus the afternoon [150], but this may be masked due to the circadian effect on
morning blood pressure [7]. While de Brito et al. [151] demonstrated that aerobic training
performed in the evening decreased clinic and ambulatory BP when compared to morning
training in hypertensive men, this finding may be explained by the use of antihypertensive
medications in the morning group. In contrast, while aerobic exercise performed both in
the morning and the afternoon/evening contributed to PEH when circadian influences of
morning blood pressure were considered, PEH was greater following morning exercise
rather than evening exercise in a separate study [152]. The influence of exercise intensity
and other zeitgebers like food ingestion, light exposure, and sleeping patterns are complex
confounders in such studies, but exercise may induce re-alignment of the circadian clock
and better cardiovascular outcomes by modulating hormonal responses and heart rate (see
review by [7]).

It is well established that aerobic exercise can improve endothelial function and flow-
mediated dilation (FMD) responses [153], particularly in those with cardiovascular disease
and related risk factors [154]. Despite this link, the diurnal effects of exercise on FMD have
received relatively little attention, even though FMD has been shown previously to vary
with time of day [155]. A handful of studies have nevertheless provided useful insights
to illustrate the apparent diurnal effects of exercise on FMD in some [156,157] but not all
instances [152]. Although beyond the scope of this paper, the equivocal findings in such
studies may be partially explained by variations in the exercise stimuli used e.g., whole
body versus isolated limbs.

Endurance exercise training elicits a number of benefits such as increased skeletal
muscle mitochondrial number and volume density leading to improved oxidative ca-
pacity [158]. An important development in unraveling the cellular events that promote
mitochondrial biogenesis and other beneficial effects such as angiogenesis, improved
antioxidant defences, and enhanced fat metabolism [11] was the discovery of the transcrip-
tional coactivator PGC-1α, thought to be the master regulator of the process. Recently, this
exercise-stimulated pathway has been identified as being downstream of the molecular
clock, providing a molecular mechanism through which circadian timing can influence
exercise responses [12,159]. In recent years, the understanding of this mechanism has
grown to the extent that the pathway relies on redox signals, whereby exercise-induced
RONS appear to potentiate PGC-1α and NF-kB [48]. Evidence to support this supposition
comes from studies such as that from Ristow and Colleagues [53] who showed the use
of a vitamin C and vitamin E antioxidant regime blunted mRNA responses in several
markers of mitochondrial biogenesis, including PGC-1α, in healthy young men completing
a training intervention. Mechanistically, PGC-1α regulation at rest and during exercise
depends on several factors with evidence suggesting that AMPK, Nrf2, and p38 serve as
the principal intermediate molecules connecting RONS with PGC-1α activation and/or
mitochondrial biogenesis markers [57]. Redox activation of Nrf2 has already been identified
in the priming of the antioxidant network [83] and in the regulation of core clock function
through its activation of clock machinery [85]. Moreover, exercise-induced RONS and
redox-sensitive genes and transcription factors, including AMPK, HIF-1α, and PGC-1α,
may influence the expression of core molecular clock genes [11,12]. Given the cross-talk
between HIF pathways and circadian clock control [27], and that RONS are thought to
be instrumental in the exercise-induced increases in HIF-1α [57], HIF-1α may be a crucial
mediator connecting circadian control, redox homeostasis, and exercise.

While the majority of redox-focussed exercise studies have examined aerobic/endurance
training, a growing appreciation for the role of RONS signalling in resistance training-
mediated adaptations have been outlined. In particular, the mechanistic target of rapamycin
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complex 1 (mTORC1) activation, which stimulates protein synthesis via increased trans-
lation of contractile protein mRNA central to muscular hypertrophy, has shown to be
redox-sensitive. For example, and as previously highlighted, ONOO− has been impli-
cated in the signal transduction pathways for mTORC1 that lead to hypertrophy [67]. As
mTORC1 appears to exhibit diurnal oscillations—current evidence has highlighted the
suppressive effect of PER2 on mTORC1 [160], the extent to which these are influenced by
RONS signalling and if/how this might be integral to diurnal exercise responses remains
uncovered and ripe for investigation.

6. Future Directions

Contemporary research has identified circadian disruptions to augment oxidative
stress and subsequently aberrate adipose tissue function and metabolism. Therefore, circa-
dian machinery in the adipose tissue may be a novel therapeutic target for the prevention
and treatment of metabolic and cardiovascular diseases [119]. We believe that exploratory
exercise studies connecting circadian principles to adipose tissue and redox metabolism
may represent one such approach. Based on the existing literature, there appears to be
scope for mechanistic and maybe even clinical progress, but it is imperative that future in-
vestigations are carefully designed to control for confounding factors including participant
chronotype and the influence of other zeitgebers [34] and testing of insufficient numbers
of volunteers in a narrow range of times across the 24 h day [1]. Importantly, new studies
could also benefit from the careful selection of appropriate methods to measure and assess
the impact of potential interventions on circadian rhythms [161]. Exercise stimuli and
protocols such as intensity, mode, etc. should also be carefully chosen when considering the
potential implications for biological rhythms and RONS. Some of the equivocal findings
on the health/physiological effects of exercise timing described in the review may be due
to the heterogeneity of the volunteers. More parallel investigations are warranted for this
potentially promising realm of exercise prescription research, such as those that incorporate
larger sample sizes, crossover study designs, and, crucially, chronic exercise interventions
that assay a range of clinical and mechanistic redox markers. Of course, as alterations in
feeding patterns and diet can affect circadian rhythms and redox markers [119,162], further
mechanistic investigations are also welcome that seek to simultaneously explore dietary
manipulations with exercise to aid in the development of targeted treatment strategies to
improve health in those with/or at risk from chronic disease.

7. Conclusions

Roenneberg and Merrow [19] offer a plan on how to implement chronobiological
principles into medicine through the identification of a mechanism that determines the
circadian clocks of an individual and their ability to be synchronised. This knowledge could
inform the prescription of specific exposures of zeitgebers to target the circadian system
and personalise the therapeutic schedules for any individual [109]. Targeting circadian
health would be especially pertinent to those at risk from circadian misalignment from
shift work, frequent bright light exposure, sleeping disorders, and frequent travel across
multiple time zones. We believe that exercise might represent one such zeitgeber given its
ability to potentially entrain the human circadian system; additionally, careful interrogation
of how it may modulate the cross-talk between the molecular clock and redox biology
could yield further insights into the salient mechanistic pathways such as those that control
antioxidant defences and DNA repair. At present, and despite the promise of studies
showing diurnal variations in exercise responses/adaptations, much more work is needed
to comprehensively identify whether an optimal exercise time exists. As it stands, exercise
prescription should be personalised based on several variables such as the individual’s
health and fitness status (i.e., the absence or presence of CVD risk factors), chronotype,
work and domestic patterns (including mealtimes and work schedules), and preferences.
Given the recent advances in redox and molecular biology, informed by advancements in
analytical techniques, exercise studies positioned at the emerging nexus between circadian
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rhythms and the redox milieu represent a fascinating area for exploration, especially for
those that advocate, or wish to scrutinise, exercise prescription for health.
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