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Abstract: Regular physical activity and the use of nutritional supplements, including antioxidants,
are recognized as efficacious approaches for the prevention and mitigation of obesity-related compli-
cations. This study investigated the effects of 12 weeks of CrossFit training combined with astaxanthin
(ASX) supplementation on some plasma adipokines in males with obesity. Sixty-eight males with
obesity (BMI: 33.6 + 1.4 kg-m~2) were randomly assigned into four groups: the control group (CG;
n = 11), ASX supplementation group (SG; n = 11), CrossFit group (TG; n = 11), and training plus
supplement group (TSG; n = 11). Participants underwent 12 weeks of supplementation with ASX or
placebo (20 mg/day capsule daily), CrossFit training, or a combination of both interventions. Plasma
levels of semaphorin 3C (SEMA3C), apelin, chemerin, omentinl, visfatin, resistin, adiponectin, leptin,
vaspin, and RBP4 were measured 72 h before the first training session and after the last training
session. The plasma levels of all measured adipokines were significantly altered in SG, TG, and TSG
groups (p < 0.05). The reduction of resistin was significantly higher in TSG than in SG (p < 0.05). The
plasma levels of omentinl were significantly higher in both training groups of TG and TSG than SG
(p < 0.05), although such a meaningful difference was not observed between both training groups
(p > 0.05). Significant differences were found in the reductions of plasma levels of vaspin, visfatin,
apelin, RBP4, chemerin, and SEMA3C between the SG and TSG groups (p < 0.05). The study found
that a 12-week intervention using ASX supplementation and CrossFit exercises resulted in significant
improvements in several adipokines among male individuals with obesity. Notably, the combined
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approach of supplementation and training had the most pronounced results. The findings presented
in this study indicate that the supplementation of ASX and participation in CrossFit exercise have the
potential to be effective therapies in mitigating complications associated with obesity and enhancing
metabolic health.

Keywords: nutritional supplements; adipokines; semaphorin 3C; CrossFit workouts; adipose tissue

1. Introduction

Obesity is characterized by an excessive accumulation of adipose tissue and is strongly
linked to the development and progression of several metabolic disorders [1,2]. Accumu-
lated adipose tissue not only acts as a reservoir for excess energy, but also functions as
an endocrine organ that releases molecular proteins known as adipokines [1,3]. Of these
adipokines, leptin, resistin, visfatin, apelin, retinol binding protein4 (RBP4), vaspin, and
chemerin are associated with obesity, while others such as adiponectin and omentinl have
a negative correlation. These adipokines are involved in various physiological processes
such as metabolism and glucose homeostasis, oxidative stress, and the pathophysiology of
obesity [4-6]. Leptin exerts its effects on hunger reduction and the restoration of energy
balance by acting on central processes, namely by blocking certain leptin-sensitive neu-
rons such as neuropeptide Y and proopiomelanocortin neurons, hence promoting energy
homeostasis [7,8].

Engaging in regular physical activity is a potent strategy for enhancing general well-
being, preventing and decreasing obesity, and alleviating the adverse health consequences
linked to excessive adipose tissue [5,9]. CrossFit is an exercise regimen characterized
by the use of diverse functional movements derived from several athletic disciplines,
including weightlifting, gymnastics, and powerlifting. These movements are performed
in rigorous sessions that emphasize high-intensity training [10]. Previous studies have
confirmed the positive effects of CrossFit training on physiological and fitness factors
(e.g., body composition, cardiovascular/respiratory fitness, strength, flexibility, power, and
balance) [11,12].

At the present time, data are insufficient on the impact of CrossFit training on the
adipokines that are the subject of investigation in the current study. However, literature
exists on other modes of training for various adipokines [5,13-17]. For example, jogging
and step aerobic exercise increased leptin and interleukin-15 (IL-15) while decreasing
resistin in overweight women [18]. Jung et al. [15] indicated a significant decrease in blood
leptin levels after 12 weeks of engaging in moderate-intensity exercise—namely brisk
walking—among both obese men and females. Ouerghi et al. [19] showed that plasma
levels of omentin-1 increased after 8 weeks of high-intensity interval training (HIIT) in obese
participants, along with reduced obesity, blood lipids, and insulin sensitivity. However,
others have found no significant changes in omentin-1 after a training period [20,21].

Antioxidant supplementation can be used to attenuate the negative effects of oxidative
stress [22]. Astaxanthin (3,3'-dihydroxy-B, B-carotene4, 4'-dione), which is derived from
Haematoccus pluvialis algae, has been shown to reduce the effects of oxidative stress on lipid
metabolism [23]. Systematic review and meta-analysis studies revealed that Astaxanthin
(ASX) supplementation was associated with a decrease in insulin resistance and oxida-
tive stress, an increase in antioxidant capacity and mitochondrial biogenesis in obesity,
as well as improvements regarding diabetes, cardiovascular disease, neurodegenerative
disorders, chronic inflammatory disease, and some cancers [24,25]. Furthermore, it also
improves lipid metabolism [23,26,27]. Moreover, ASX supplementation improves insulin
resistance in obese mice by modulating insulin signaling and activating mitochondrial en-
ergy metabolism via pathways for AMP-activated protein kinase (AMPK) and peroxisome
proliferator-activated receptor y coactivatorla (Pgcla) in skeletal muscles [28]. Although
there is less available evidence about the precise mechanism by which ASX supplementa-
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tion acts, it is postulated that the favorable effects of ASX may be attributed to its impact on
the secretion of adipokines, akin to other bioactive chemicals such as capsaicin. Although
a recent review study found that combined ASX supplementation and exercise did not
improve exercise performance [29], it is unknown whether a combination of ASX supple-
mentation and exercise produces beneficial effects on metabolic health in obese individuals.
Furthermore, the effects of ASX supplementation on adipokines in the present study are
currently unclear [29]. We have previously found that ASX supplementation and CrossFit
training improved body composition, metabolic profiles, anthropometric measurements,
cardio-respiratory function, and some adipokines (i.e., Cql/TNF-related protein 9 and
2 [CTRP9 and 2] and growth differentiation factor 8 and 15 [GDFS8 and 15]) [30], but the
effect of CrossFit training on other adipokines (semaphorin 3C (SEMA3C), apelin, chemerin,
omentinl, visfatin, resistin, adiponectin, leptin, vaspin, and RBP4) is unexplored. On the
other hand, the current study hypothesized that CrossFit training and ASX supplemen-
tation has a positive effect on SEMA3C, apelin, chemerin, omentinl, visfatin, resistin,
adiponectin, leptin, vaspin, and RBP4 in males with obesity. Therefore, this study aimed to
investigate the effect of 12 weeks of CrossFit training combined with ASX supplementation
on SEMA3C, apelin, chemerin, omentinl, visfatin, resistin, adiponectin, leptin, vaspin, and
RBP4 in males with obesity.

2. Methods

Participant recruitment has been described previously (see [30]). Study inclusion
criteria were body mass index (BMI) > 30 kg-m 2, lack of regular physical exercise in the
last six months, absence of cardiovascular, metabolic, or endocrine disorders, and no alcohol
intake. The research excluded individuals who had joint disorders, physical limitations,
or were using prescription drugs and supplements that might potentially impact muscle
and adipose tissue metabolism [31]. The participants were originally presented with
a thorough explanation of the research protocols. Subsequently, all participants had a
medical examination conducted by a physician and clinical exercise physiologist on their
first visit. Additionally, they were required to sign a written consent form and the Physical
Activity Readiness Questionnaire (PARQ) [32]. The study was approved by the National
Research and Ethics Committee (Ethics code: IRIAU.DAMGHAN.REC.1401.035) and the
Iranian Registry of Clinical Trials (IRCTID: IRCT20151228025732N76). The procedures were
conducted in accordance with the most recent version of the Declaration of Helsinki [33].

2.1. Experimental Design

Participants were familiarized with the entire study procedure one week prior to
the initiation of the main training protocol. Basic measures including height and body
weight were assessed (see [30]). Then, 68 eligible participants (age: 27 £ 8 yrs.; height:
167.8 & 3.1 cm; body weight: 94.7 + 2.0 kg, BMI: 33.6 + 1.4 kg'-m~2) were randomly
divided into four groups: control group (CG; n = 17), ASX supplement group (SG; n = 17),
CrossFit group (TG; n = 17), and training plus supplement group (TSG; n = 17). The flow of
participant recruitment is outlined in Figure 1. During the study, six individuals per group
declined to participate in the remaining protocol procedures due to medical, job, or lack
of interest reasons. Each group (collectively, n = 11) received instructions on performing
the training protocols during the third session. Following baseline measurements, the two
training groups (TG and TSG) attended CrossFit training (3 sessions/week) for 12 weeks.
The control group participants were provided with instructions to maintain their existing
lifestyles throughout the duration of the trial. The measurements for the study were
conducted simultaneously, with a time difference of around one hour, under similar climatic
circumstances, with a temperature of around 20 °C, and a humidity level of approximately
55%. The pre-and post-test measures were conducted 48 h before initiation and after the
end of the last training session, respectively.
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Figure 1. Flow chart of the participant recruitment.

2.2. Training Protocols

In this study, the HIFT program was used, which included CrossFit training in
36 sessions, each session lasting 60 min and performed three times a week. All HIFT
sessions were led by a CrossFit Level 1-certified trainer. The first two sessions were de-
signed as an introduction to common movements used in HIFT (air squat, overhead squat,
front squat, press, push press, push jerk, deadlift, sumo deadlift high pull, and the medicine
ball clean). Starting on the third day, each HIFT session consisted of 10-15 min of stretches
and warm-ups; 10-20 min of instruction and practicing methods and movements; and
5-30 min of the workout of the day (WOD), conducted at a vigorous intensity according to
each individual’s fitness level. Workout modality components included aerobics (e.g., run-
ning, jumping rope), body weight (e.g., pull-ups, squats), and weightlifting (e.g., front
squats, kettlebell swings) exercises that were continuously varied using the CrossFit train-
ing template [34] in single, couplet, or triplet. All weights and movements were prescribed
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and recorded separately for every HIFT participant [35]. Depending on the structure of the
WOD, timings to complete the WOD, rounds, and repetitions performed on the WOD, the
weights used and any necessary modifications to the scheduled workout were also noted
for each participant. For the HIFT group as a whole, average times for each WOD and the
total average WOD time per week were calculated.

2.3. Astaxanthin Supplementation Protocol

The participants in the SG and TSG were randomly allocated to receive a daily dose of
20 mg of ASX capsule (manufactured by Marine Product Tech. Inc., Seongnam, Republic
of Korea) or a placebo consisting of a 20 mg dose of a raw corn starch capsule. This
administration took place once daily, with breakfast, for a duration of 12 weeks [36].

2.4. Nutrient Intake and Dietary Analysis

To evaluate changes in dietary habits, a set of three-day food records (consisting of
two weekdays and one weekend day) was obtained before and after the research. Every
meal item was individually inputted into Diet Analysis Plus version 10 (Cengage, Boston,
MA, USA) in order to determine the total calorie consumption and the relative distribution
of energy derived from fats, proteins, and carbohydrates [31].

2.5. Blood Markers

The procedure of blood testing was performed under standard conditions between
8 and 10 a.m. Samples for fasting blood sugar were drawn from the right arm 12 and 72 h
prior to the first exercise session and again at 72 h after the last session. EDTA-containing
tubes were used to transfer the blood samples, which were centrifuged for 10 min at
3000 rpm and stored at —70 °C. Plasma resistin was measured with an ELISA kit (Biovendor,
Czech Republic, Catalogue No: RD191016100. Sensitivity: 0.012 ng/mL. Intra-CV = 5.9%,
inter-CV =7.6%). Plasma leptin was measured with an ELISA kit (Biovendor, Czech Repub-
lic, Catalogue No: RD191001100. Sensitivity: 0.2 ng/mL. Intra-CV = 5.9%, inter-CV = 5.6%).
Plasma adiponectin was measured with an ELISA kit (Biovendor, Czech Republic, Cata-
logue No: RD195023100. Sensitivity: 26 ng/mL. Intra-CV = 4.9%, inter-CV = 6.7%). Plasma
visfatin was measured with an ELISA kit (Cusabio, China, Catalog No: CSB-E08940h.
Sensitivity: 0.156 ng/mL. Intra-CV = < 8%, inter-CV = < 10%). Plasma vaspin was mea-
sured with an ELISA kit (Biovendor, Czech Republic, Catalogue No: RD191097200R.
Sensitivity: 0.01 ng/mL. Intra-CV = 7.6%, inter-CV = 7.7%). Plasma RBP-4 was mea-
sured with an ELISA kit (R&D Systems, USA, and Catalogue No: DRB400. Sensitivity:
0.628 ng/mL. Intra-CV = 7%, inter-CV = 8.6%). Plasma apelin was measured with an ELISA
kit (Phoenix Pharmaceuticals, USA, and Catalogue No: EK-057-23. Sensitivity: 0.07 ng/mL.
Intra-CV = < 10%, inter-CV = < 15%). Plasma omentin-1 was measured with an ELISA
kit (Biovendor, Czech Republic, Catalogue No: RD191100200R. Sensitivity: 0.5 ng/mL.
Intra-CV = 3.7%, inter-CV = 4.6%). Plasma chemerin levels were determined using a com-
mercially available ELISA kit (Biovendor, Czech, The intra-assay coefficient of variation
of chemerin was 5.1%). The plasma levels of SEMA3C (MBS037239, MB52883689, My-
BioSource, San Diego, CA, USA) were measured by commercially available enzyme-linked
immunosorbent assay (ELISA) kits.

2.6. Statistical Analysis

G-power 3.1.9.2 software was used to calculate the sample size, and based on the
previous study, it was determined that there was a significant effect of combined training
on reducing leptin levels in overweight and obese males [37]. This study utilized the
equation for effect size (ES) to determine the impact of combined aerobic and resistance
training. In the present study, based on o = 0.05, a power (1-3) of 0.95, and an effect size
(ES) =1 ((5.4 — 3.6)/1.65), a total sample size of at least 20 participants (n = 5 per group)
was required to detect significant changes in leptin levels. Nevertheless, given the absence
of prior studies investigating the impact of CrossFit on the measured adipokines in the
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current investigation, along with the potential hindrance of COVID-19 on training and
adherence to supplementation, it was deemed necessary to increase the sample size (n = 17)
to maintain the statistical power of the study. Descriptive statistics (means + standard
deviation) were used to describe all the data. The Shapiro Wilk test and two-way ANOVA
were used to assess the normality of the data and determine the group x time interaction,
respectively. One-way ANOVA and Fisher LSD post-hoc tests were used for the evaluation
of the baseline data of the four groups. In addition, pairwise comparisons were used to
determine mean differences when a significant difference between groups was detected by
ANOVA. Additionally, effect sizes (ES) were reported as partial eta-squared. In accordance
with Hopkins et al. (2009), ES was considered trivial (<0.2), small (0.2-0.6), moderate
(0.6-1.2), large (1.2-2.0), and very large (2.0-4.0). Statistical significance was determined
using a p-value threshold of less than 0.05. Pearson’s linear regressions were performed
with a 95% confidence interval (CI). Values ranging from 0 to 0.3 (or 0 to —0.3) are indicative
of a weak positive (negative) linear relationship through a shaky linear rule. Values ranging
from 0.3 to 0.7 (—0.3 to —0.7) are indicative of a moderate positive (negative) correlation.
Values falling within the range of 0.7 to 1.0 (—0.7 and —1.0) are indicative of a strong
positive (negative) correlation [38]. The statistical analyses were conducted using SPSS 26,
while the generation of figures was carried out using GraphPad Prism (version 8.4.3).

3. Results
3.1. Compliance, Adverse Events, and Nutrient Intakes

Participant compliance was considered when >80% of the supplements were con-
sumed. Six participants from each group withdrew due to personal reasons and COVID-19.
No adverse events were reported from both training and supplementation procedures.
Also, no changes in nutrient intakes were observed throughout the study (Table 1).

Table 1. Mean (£SD) values of BMI, body weight, and nutritional intake throughout the intervention.

CG SG TG TSG
Pre Post Pre Post Pre Post Pre Post

Energy (kcal/day) 2260 + 47 2269 =+ 56 2278 + 101 2149 + 100 2269 + 117 2141 + 117 2273 + 157 2129 + 126

CHO (g/day) 281 +31.4 283 + 33.3 2794 +£27.1 261 +27.5 289 + 48.6 261 +39.2 288 + 38.6 259 +29.1

Fat (g/day) 822 +£11.0 81+9.38 86.5 £ 10.7 75 +11.2 834+ 124 731 +11.2 80.8 £ 13.87 702 £11.3

Protein (g/day) 104 +12.0 106 + 11.3 101 £ 135 93 +12.6 103 + 14.8 94 +11.7 102 £ 145 90 + 13.5
Body Weight (kg) 953 £1.8 92.1 £2.1 942 +£2.6 90.1 £2.32 943 £09 90.1 +2.33b 95.1+1.9 88.2 + 2.3 abab
BMI (kg/m?) 341+25 33.7+14 332+14 324+16%P 335+£17 321 +152P 33.8+1.2 31.8 & 0.6 #bab

CG: Control group; SG: Supplement group; TG: Training group; TSG: Training + Supplement group BMI: Body
Mass Index. ? Indicates significant differences compared to the pre-values (p < 0.05). P Significant differences
compared to the control group (p < 0.05). 2 Significant interaction between time and groups (p < 0.05).

3.2. Adipokines

Changes in adipokines throughout the intervention are shown in Figure 2. Baseline
levels of adiponectin (p = 0.20), leptin A (p = 0.58), resistin (p = 0.12), omentin1, (p = 0.46),
vaspin (p = 0.40), visfatin (p = 0.24), apelin (p = 0.94), RBP4 (p = 0.45), chemerin (p = 0.89),
and SEMA3C (p = 0.81) were not significantly different between groups. Following the
12-week intervention, there were significant group X time interactions for adiponectin
(p = 0.0001, n? = 0.48, statistical power = 0.999), leptin (p = 0.0001, n? = 0.49, statistical
power = 0.998), resistin (p = 0.0001, n? = 0.40, statistical power =0.993), omentin-1 (p = 0.0001,
n? = 0.74, statistical power = 1.00), vaspin (p = 0.0001, n? = 0.30, statistical power = 0.936),
visfatin (p = 0.0001, n? = 0.35, statistical power = 0.937), apelin (p = 0.0001, n? = 043,
statistical power = 0.997), RBP4 (p = 0.0001, n? = 0.70, statistical power = 1.00), chemerin
(p=0.0001, n? =0.29, statistical power = 0.856), and SEMA3C (p = 0.0001, n? = 0.51, statistical
power = 1.00).
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Figure 2. Changes in adipokines throughout the intervention. (A) Adiponectin; (B) Leptin; (C) Re-
sistin; (D) Omentin; (E) Vaspin; (F) Visfatin; (G) Apelin; (H) Retinol binding protein 4 (RBP-4);
(I) Chemerin; (J) Semaphorin-3c. n = 11 per group, error bars represent a 95% confidence interval
(CI). * Significantly different from pre-test; # Significantly different than CG; " Significantly different
than TG; € Significantly different than SG.

In comparison to the baseline, post-intervention values for adiponectin (p = 0.55),
leptin (p = 0.22), resistin (p = 0.93), omentin-1 (p = 0.58), vaspin (p = 0.70), visfatin (p = 0.69),
Apelin (p = 0.48), RBP4 (p = 0.42), chemerin (p = 0.76) and SEMA3C (p = 0.10) were not
significantly different in the CG. Changes in adiponectin (p = 0.80) and vaspin (p = 0.09)
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were not significantly different in the SG. Post-test values were significantly different in
comparison to the baseline for the rest of the variables in the SG, and also in the TG and
TSG for all of the adipokines (p = 0.001) in this study.

The increases in plasma adiponectin levels after 12 weeks of intervention in the TG
(p =0.0001) and TSG (p = 0.0001) were significant, but not in the SG (p = 0.10) in comparison
to the CG. The differences were non-significant between the TSG and TG (p = 0.19), while
the differences between the SG and TG (p = 0.01) and the SG and TSG (p = 0.0001) were
statistically significant (Figure 2A). The changes in plasma leptin levels after 12 weeks of
intervention in the SG (p = 0.002), TG (p = 0.0001), and TSG (p = 0.0001) were significantly
lower in comparison to the CG; the differences between the SG and TSG (p = 0.02) were
statistically significant (Figure 2B).

Plasma levels of resistin were significantly decreased post-test compared to the baseline
in the SG (p = 0.033), TG (p = 0.003), and TSG (p = 0.0001). The differences between the SG
and TSG (p = 0.005), TSG and CG (p = 0.0001), and TG and CG (p = 0.0001) were statistically
significant (Figure 2C). The plasma levels of omentin-1 were significantly increased among
three interventional groups of the SG (p = 0.001), TG, and TSG (p = 0.0001) in comparison
with CG. There were also significant differences in the TG and TSG (p = 0.001) compared
with SG, as well as between the TG and TSG (p = 0.007) (Figure 2D). The plasma levels of
vaspin were significantly reduced only in 12-week training groups of the TG (p = 0.002)
and TSG (p = 0.001), while supplementation with (5G) was not different (p = 0.14). Vaspin
levels were different between the SG and TSG (p = 0.034), but not between the TG and TSG
(p = 0.74), nor between the SG and TG (p = 0.06) (Figure 2E). Plasma levels of visfatin were
changed in the TG (p = 0.018) and TSG (p = 0.0001), while there was no difference in the
SG (p = 0.054). There were no differences between the SG and CG (p = 0.64), while the
differences between the SG and TSG (p = 0.011) and SG and TG (p = 0.035) were statistically
different (Figure 2F). Plasma levels of apelin were meaningfully reduced in the TG and TSG
(p = 0.0001), but not in the SG (p = 0.051). There were no differences in apelin between the
TG and TSG (p = 0.37), but there were differences between the SG and TSG (p = 0.004) and
also between the SG and TG (p = 0.038) (Figure 2G). The alterations of plasma RBP4 level
were significant in three interventional groups; the SG (p = 0.007), TG, and TSG (p = 0.0001)
following the 12-week interventions. There were, otherwise, significant differences between
the SG and TG (p = 0.009), SG and TSG (p = 0.0001), as well as between the TG and TSG
(p =0.001) (Figure 2H). Similarly, 12 weeks of training and/or ASX supplementation altered
chemerin in the SG (p = 0.017), TG, and TSG (p = 0.001). However, there were not any
significant differences between the SG and TG (p = 0.30), SG and TSG (p = 0.31), nor between
the TG and TSG (p = 0.97) in the changes of chemerin (Figure 2I). The plasma levels of
SEMAB3C were significantly reduced in three groups of the SG (p = 0.002), TG, and TSG
(p = 0.0001) following 12-week ASX supplementation and CrossFit training. Based on the
results of the post-hoc test, there were non-significant differences between the SG and TG
(p = 0.057) and the TG and TSG (p = 0.58), but the changes between SG and TSG (p = 0.016)
were statistically significant (Figure 2J).

3.3. Weight and BMI

There were no between-group differences in baseline values for weight (p = 0.46) and
BMI (p = 0.57). There were significant group X time interactions for weight (p = 0.0001,
n? = 0.46, statistical power = 0.999) and BMI (p = 0.002, n? = 0.30, statistical power = 0.998)
(Table 1).

Body weight reductions after 12 weeks were significant in the SG (p = 0.008), TG
(p =0.0001), and TSG (p = 0.0001) but not in the CG (p = 0.32). Furthermore, the post-hoc
test for bodyweight shows that after 12 weeks there were significant changes in the CG
compared to the TG (p = 0.004) and TSG (p = 0.0001), and in the TSG compared to the TG
(p =0.01) and SG (p = 0.0001), while other changes were not significant (p > 0.05) (Table 1).

Changes in BMI after 12 weeks were significantly decreased in the SG (p = 0.019), TG
(p =0.0001), and TSG (p = 0.0001) but not in the CG (p = 0.37). BMI changes after 12 weeks
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were significantly decreased in the TG (p = 0.016) and the TSG (p = 0.0001) compared to
the CG. The differences induced by training were significant between the TG and TSG
(p = 0.007) and between the SG and TSG (p = 0.007), while all other differences in BMI
between the groups were not significant (p > 0.05) (Table 1).

To investigate any potential relationships between training-induced changes in fat
mass (A FM) and changes in adipokines (A marker, independently of groups), initially,
a correlation matrix was generated (Figure 3A). Adiponectin (Figure 3B) and omentinl
(Figure 3E) showed moderate negative relationships with A FM, while leptin (Figure 3C),
vaspin (Figure 3F), visfatin (Figure 3G), apelin (Figure 3H), RBP4 (Figure 3I), chemerin
(Figure 3]), and SEMA3C (Figure 3K) showed a moderate positive relationship. Also,
resistin (Figure 3D) showed a weak positive relationship. For linear regression of individual
A (adipokine) as a function of A FM, data were examined by the extra sum-of-squares F test
to first consider if pooled data could be considered as a single model. Only chemerin and
SEMA3C were considered a single group. All data except for resistin showed a significant
relationship with changes in FM (a trend was observed; p = 0.057).
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Figure 3. (A) Correlation matrix of A FM and adipokines, r values as shown. The key indicates the
magnitude of r (red = —1 or 1, white = 0). (B-K) linear regression (Pearson’s) of A (adipokine) as
a function of A FM (kg). Linear regression is indicated by the solid black line, and 95% confidence
intervals are indicated by red zones.
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4. Discussion

Adipokines play a key role in cardiometabolic health status, and circulating levels are
altered in obese states [39]. This study demonstrated that 12 weeks of CrossFit training and
ASX supplementation, separately and in combination, can improve circulating adipokines
levels in obese men. The combination of CrossFit and ASX supplementation overall led to
greater changes in measured outcomes compared to each intervention alone. In our previ-
ous study, it was shown that CrossFit training and ASX supplementation decreased the
plasma levels of GDF8, GDF15, CTRP2, and CTRP9. We also showed that CrossFit training
and ASX supplementation increases high-density lipoprotein (HDL) and VO;pe,k, and de-
creases low-density lipoprotein (LDL), total cholesterol (TC), TG, and insulin resistance [30].
This is the first investigation using CrossFit training as a mode of exercise as well as in
combination with ASX supplementation on SEMA3C, apelin, chemerin, omentin1, visfatin,
resistin, adiponectin, leptin, vaspin, and RBP4 in males with obesity.

Adiponectin has been shown to be inversely associated with insulin resistance and
obesity [40]. In the present study, it was shown that CrossFit and ASX supplementation
alone caused an increase in adiponectin in obese people, while this increase was greater in
the group that took CrossFit training and ASX supplementation together. Some studies con-
firm the results of our research [41-43], while others do not show any change in adiponectin
levels following acute exercise [44,45]. This disagreement may have been related to the
laboratory protocols used [40]. Although the mechanism of action of CrossFit training in in-
creasing plasma adiponectin levels is not well understood, the secretion of catecholamines,
B-adrenergic receptors activity, and reduction of tumor necrosis factor-alpha (TNFa) may
play a role [40]. Also, the increase in HDL and decrease in LDL, cholesterol, TG, and insulin
resistance in our research [30] can be one of the reasons for the increase in adiponectin.
Previous literature has also shown ASX supplementation increased serum adiponectin
levels (~26%) in adults with mild hyperlipidemia [46]. The mechanisms underlying the
effect of ASX supplementation on adiponectin are unclear, but one of the possible reasons
could be reductions in TNFa through the activity of the peroxisome proliferator-activated
receptor gamma (PPARY) pathway [46].

Plasma leptin levels also decreased in each intervention group after 12 weeks. One
piece of research agrees with the results of this study [41,44,47], while others have shown
no effect of exercise in altering leptin levels [48-50]. These conflicting results may be due to
differences in exercise protocols. The decrease in leptin levels following CrossFit training
and ASX supplementation is likely related to the reduction of fat mass [40], which we
previously published for this sample [30]. With the advancement of technology along with
the improvements in living conditions, chronic diseases such as diabetes have increased
as a result of low physical activity levels and improper nutrition. As a result of these pro-
cesses, it is necessary to find safe interventions without complications [51]. Feng et al. [52]
observed that ASX supplementation led to an improvement of insulin sensitivity and
glucose tolerance through the suppression of inflammation, which reduced the symptoms
of diabetes. Due to the strong antioxidant role of ASX supplementation, its anti-obesity and
anti-inflammatory roles have been shown. For example, mechanisms include improving
glucose metabolism, lowering blood pressure, improving redox imbalance in lymphocytes,
and protecting 3 cells in the pancreas due to ASX supplementation has proven anti-diabetic
and anti-obesity properties [51]. ASX supplementation also accelerates the metabolism
of TG and HDL, reduces the incidence of cardiovascular disease, and increases the level
of adiponectin, which plays an important role in regulating blood glucose [53]. The re-
searchers observed that ASX reduced the production of nitric oxide (NO), leading to a
reduction in insulin resistance through increased serine phosphorylation of insulin receptor
substrate 1 (IRS1). In their study, Xia et al. [24] showed that ASX supplementation leads to
a decrease in the size of fat cells through the activation of PPARy. This leads to a decrease
in plasma free fatty acid (FFA) levels, which confirms the results of Hussein et al. [54].
Aoi et al. [23] observed in their study that ASX supplementation leads to a reduction in the
oxidative damage of carnitine palmitoyl transferase I (CPTI). This factor plays an impor-
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tant role in the oxidation of fatty acids in the mitochondrial membrane of muscle tissue.
Contradictory results have been observed regarding the effect of ASX supplementation;
some showed a non-significant increase, and others showed no change or decrease [23].
Hossein et al. [54] showed that long-term ASX supplementation (50 mg/kg/day) led to
an increase in plasma adiponectin levels. Yoshida et al. [46] also observed these changes.
Further research should be performed to determine the most effective dose and duration of
treatment to increase blood adiponectin levels under different conditions.

In addition to reducing oxidative stress, ASX supplementation led to an increase in the
serum levels of adiponectin in obese rats [55]. The effective mechanism of this process leads
to the suppression of liver cancer in obese people [46]. Due to increased hormone-sensitive
lipase activity in response to CrossFit training in obese participants, adiponectin levels
increased significantly, and this led to body fat regulation. The important role of leptin is
in energy balance and appetite control, and as a result, the level of this hormone is low in
obese people. The cause of increased leptin in obese people can be attributed to resistance
to leptin [56]. The normal level of this hormone is between 1 and 15 ng/mL in normal
people, and more than 30 ng/mL in obese people [57]. Chronic high-intensity training
has led to a decrease in blood leptin levels in obese participants [58]. The mechanism of
this reduction was the reduction of body fat levels. Exercise leads to a decrease in leptin
levels and an increase in adiponectin levels [56]. Some of the different results obtained can
be due to different training protocols, variables under investigation, and more. However,
in general, it has been observed that long-term training has a greater effect on leptin and
adiponectin levels [59,60]. Due to its intensity and sufficient duration, CrossFit training
leads to a decrease in body weight and a change in body composition through a negative
balance created between energy intake and energy consumption [61]. Adiponectin and
leptin are among the most well-known cytokines, which are secreted by adipose tissue and
play an important role in metabolic and anti-inflammatory processes. In many chronic
diseases, low levels of adiponectin and high levels of leptin play an important role in
disease progression [40,62].

In the present study, after CrossFit workouts, the level of plasma omentin-1 signifi-
cantly increased [63]. The effect of aerobic or resistance training on omentin-1 is conflicting,
with studies showing increased levels [64,65] or unchanged levels [60]. In our previously
published study [30] and other studies [59,60], the mechanism of increase in the level of
omentin-1 has been shown, due to the reduction of body weight and improvement of
cardiometabolic status. The level of omentinl decreases in proportion to the increase in
obesity [66], and the use of interventions to reduce body weight such as diet and active
lifestyle leads to an increase in the level of omentin-1 [67]. This leads to weight loss, and
as a result, the level of omentinl increases [21,68]. Omentin is produced in adipose tissue;
it seems that myokines released by muscle cells in response to positive exercise affect
omentinl levels [68].

The possible mechanism of visfatin reduction in different studies may be due to the
intensity of training and the amount of changes in body weight and body fat volume.
Also, vaspin is an adipokine that improves insulin sensitivity as a result of reducing body
fat due to exercise, leading to an increase in its serum levels [69]. SEMA3C is a protein
that plays an important role in the development of nervous, cardio-respiratory, kidney
systems, and various oncogenesis [70]. This adipokine is secreted from subcutaneous fat
tissues, and its level of secretion is related to obesity level, fat cell morphology, and weight
changes [70]. Few studies have been performed on the effect of exercise training on the
SEMAJ3C level. Limited research has found a decrease in serum SEMA3C levels following
long-term training, and this decrease was significantly associated with improvements
in body weight and body fat levels [70]. Also, the increase in HDL and decrease in
LDL, TG, and insulin resistance in our research [30] can be one of the reasons for the
decreased SEMA3C level. The current investigation shows that a 12-week regimen of
CrossFit exercise training, in conjunction with a 20 mg dosage of ASX supplementation,
resulted in a substantial decrease in adipokines that are directly associated with obesity.
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The observed enhancement was more pronounced in the group that had concurrent Crossfit
training and ASX supplementation.

Study Limitations

There are various limitations inherent in our investigation. Initially, the processes
behind the potential enhancement of adipokine levels by bioactive constituents of ASX
were not determined. Furthermore, the generalizability of our research is limited due to
the exclusion of females in the enrollment of patients. Another limitation of our study
is the lack of measurement of adipokine levels. Furthermore, it should be noted that the
current body of research on the impact of ASX and CrossFit training on adipokines is mini-
mal. Consequently, the precise processes behind this relationship remain undetermined.
Therefore, further investigation is needed to elucidate potential pathways.

5. Conclusions

Our research presents novel insights regarding the impact of a combined regimen of
CrossFit training and ASX supplementation on adipokines in males with obesity. Our data
suggest that non-drug strategies such as ASX supplementation with CrossFit training can
reduce SEMA3C, apelin, chemerin, visfatin, RBP4, resistin, vaspin, and leptin, and increase
adiponectin and omentinl in males with obesity. Consequently, individuals with obesity
are recommended to include CrossFit exercise in their physical activity regimen and use
ASX supplements in their dietary intake.

Author Contributions: A.S., S.S. and H.A. designed and conducted the study. S.R.S., R.B., H.A. and
M.K. analyzed the obtained data. O.R., Z.P. and A.S. wrote the first draft of the manuscript. K.A.E.,
RS, MHAK,PS,KMH,S.B, PS., HZ,RB. and S.B. read, revised, and approved the final version
of the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research did not receive any specific grant from any funding agency in the public,
commercial, or not-for-profit sector.

Institutional Review Board Statement: The study was approved by the National Research and Ethics
Committee (Ethics code: IRIAU.DAMGHAN.REC.1401.035) and the Iranian Registry of Clinical
Trials (IRCTID: IRCT20151228025732N76). All procedures were performed according to the latest
revision of the Declaration of Helsinki.

Informed Consent Statement: All participants completed a physical examination performed by a
physician and clinical exercise physiologist on the first visit and provided a written consent form and
Physical Activity Readiness Questionnaire (PARQ).

Data Availability Statement: The datasets generated and/or analyzed during the current study are
not publicly available but are available from the corresponding author upon reasonable request.

Acknowledgments: The authors would like to thank all the subjects for participating in this study.

Conflicts of Interest: The authors declare no conflict of interest.

1. Taylor, E.B. The complex role of adipokines in obesity, inflammation, and autoimmunity. Clin. Sci. 2021, 135, 731-752. [CrossRef]

[PubMed]

2. Tremblay, A.; Clinchamps, M.; Pereira, B.; Courteix, D.; Lesourd, B.; Chapier, R.; Obert, P; Vinet, A.; Walther, G.; Chaplais, E.; et al.
Dietary fibres and the management of obesity and metabolic syndrome: The RESOLVE study. Nutrients 2020, 12, 2911. [CrossRef]

[PubMed]

3. Ohashi, K,; Shibata, R.; Murohara, T.; Ouchi, N. Role of anti-inflammatory adipokines in obesity-related diseases. Trends Endocrinol.
Metab. 2014, 25, 348-355. [CrossRef] [PubMed]

4. de Oliveira Leal, V.; Mafra, D. Adipokines in obesity. Clin. Chim. Acta 2013, 419, 87-94. [CrossRef]

5. Eskandari, M.; Moghadam, B.H.; Bagheri, R.; Ashtary-Larky, D.; Eskandari, E.; Nordvall, M.; Dutheil, F.; Wong, A. Effects of
interval jump rope exercise combined with dark chocolate supplementation on inflammatory adipokine, cytokine concentrations,
and body composition in obese adolescent boys. Nutrients 2020, 12, 3011. [CrossRef]


https://doi.org/10.1042/CS20200895
https://www.ncbi.nlm.nih.gov/pubmed/33729498
https://doi.org/10.3390/nu12102911
https://www.ncbi.nlm.nih.gov/pubmed/32977595
https://doi.org/10.1016/j.tem.2014.03.009
https://www.ncbi.nlm.nih.gov/pubmed/24746980
https://doi.org/10.1016/j.cca.2013.02.003
https://doi.org/10.3390/nu12103011

Nutrients 2023, 15, 4803 13 of 15

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Abdi, A.; Mehrabani, J.; Nordvall, M.; Wong, A.; Fallah, A.; Bagheri, R. Effects of concurrent training on irisin and fibronectin
type-III domain containing 5 (FNDC5) expression in visceral adipose tissue in type-2 diabetic rats. Arch. Physiol. Biochem. 2022,
128, 651-656. [CrossRef]

Khan, M.; Joseph, F. Adipose tissue and adipokines: The association with and application of adipokines in obesity. Scientifica
2014, 2014, 328592. [CrossRef]

Gonzalez Izquierdo, A.; Crujeiras Martinez, A.B.; Casanueva Freijo, F.; Couselo Carreira, M. Leptin, obesity, and leptin resistance:
Where are we 25 years later? Nutrients 2019, 11, 2704. [CrossRef]

Ashtary-Larky, D.; Kashkooli, S.; Bagheri, R.; Lamuchi-Deli, N.; Alipour, M.; Mombaini, D.; Baker, J.S.; Ahmadi, A.R.; Wong, A.
The effect of exercise training on serum concentrations of chemerin in patients with metabolic diseases: A systematic review and
meta-analysis. Arch. Physiol. Biochem. 2021, 129, 1-10. [CrossRef]

Glassman, G. CrossFit Training: Level 1 Training Guide; CrossFit, Inc.: Santa Cruz, CA, USA, 2019.

Claudino, J.G.; Gabbett, T.].; Bourgeois, F; Souza, H.d.S.; Miranda, R.C.; Mezéncio, B.; Soncin, R.; Filho, C.A.C.; Bottaro, M.;
Hernandez, A.J.; et al. CrossFit overview: Systematic review and meta-analysis. Sports Med. Open 2018, 4, 1-14. [CrossRef]
Gianzina, E.A.; Kassotaki, O.A. The benefits and risks of the high-intensity CrossFit training. Sport Sci. Health 2019, 15, 21-33.
[CrossRef]

Farkhondeh, T.; Llorens, S.; Pourbagher-Shahri, A.M.; Ashrafizadeh, M.; Talebi, M.; Shakibaei, M.; Samarghandian, S. An
overview of the role of adipokines in cardiometabolic diseases. Molecules 2020, 25, 5218. [CrossRef]

Hosseini, M.; Bagheri, R.; Nikkar, H.; Baker, ].S.; Jaime, S.].; Mosayebi, Z.; Zouraghi, M.R.; Wong, A. The effect of interval training
on adipokine plasmatic levels in rats with induced myocardial infarction. Arch. Physiol. Biochem. 2022, 128, 1249-1253. [CrossRef]
[PubMed]

Jung, S.H.; Park, H.S; Kim, K.-S.; Choi, WH.; Ahn, CW.; Kim, B.T; Kim, S.M.; Lee, S.Y.; Ahn, S.M.; Kim, Y.K; et al. Effect of
weight loss on some serum cytokines in human obesity: Increase in IL-10 after weight loss. J. Nutr. Biochem. 2008, 19, 371-375.
[CrossRef]

Bagheri, R.; Rashidlamir, A.; Ashtary-Larky, D.; Wong, A.; Alipour, M.; Motevalli, M.S.; Chebbi, A.; Laher, I.; Zouhal, H. Does
green tea extract enhance the anti-inflammatory effects of exercise on fat loss? Br. J. Clin. Pharmacol. 2020, 86, 753-762. [CrossRef]
[PubMed]

Bagheri, R.; Rashidlamir, A.; Ashtary-Larky, D.; Wong, A.; Grubbs, B.; Motevalli, M.S.; Baker, ].S.; Laher, I.; Zouhal, H. Effects of
green tea extract supplementation and endurance training on irisin, pro-inflammatory cytokines, and adiponectin concentrations
in overweight middle-aged men. Eur. J. Appl. Physiol. 2020, 120, 915-923. [CrossRef] [PubMed]

Diizova, H.; Gulli, E.; Cicek, G.; Koksal, B.; Kayhan, B.; Giillti, A.; Sahin, I. The effect of exercise induced weight loss on myokines
and adipokines in overweight sedentary females steps aerobics vs. jogging walking exercises. J. Sports Med. Phys. Fit. 2016, 58,
295-308.

Ouerghi, N.; Ben Fradj, M.K,; Bezrati, I.; Feki, M.; Kaabachi, N.; Bouassida, A. Effect of high-intensity interval training on plasma
omentin-1 concentration in overweight/obese and normal-weight youth. Obes. Facts 2017, 10, 323-331. [CrossRef]

Urbanova, M.; Dostélova, I.; Trachta, P.; Drapalova, J.; Kavalkova, P.; Haluzikova, D.; Matoulek, M.; Lacinova, Z.; Mraz, M.;
Kasalicky, M.; et al. Serum concentrations and subcutaneous adipose tissue mRNA expression of omentin in morbid obesity and
type 2 diabetes mellitus: The effect of very-low-calorie diet, physical activity and laparoscopic sleeve gastrectomy. Physiol. Res.
2014, 63, 207-218. [CrossRef]

Faramarzi, M.; Banitalebi, E.; Nori, S.; Farzin, S.; Taghavian, Z. Effects of rhythmic aerobic exercise plus core stability training
on serum omentin, chemerin and vaspin levels and insulin resistance of overweight women. J. Sports Med. Phys. Fit. 2015, 56,
476-482.

Taherkhani, S.; Suzuki, K.; Castell, L. A short overview of changes in inflammatory cytokines and oxidative stress in response to
physical activity and antioxidant supplementation. Antioxidants 2020, 9, 886. [CrossRef]

Aoi, W.; Naito, Y.; Takanami, Y.; Ishii, T.; Kawai, Y.; Akagiri, S.; Kato, Y.; Osawa, T.; Yoshikawa, T. Astaxanthin improves muscle
lipid metabolism in exercise via inhibitory effect of oxidative CPT I modification. Biochem. Biophys. Res. Commun. 2008, 366,
892-897. [CrossRef] [PubMed]

Xia, W.; Tang, N.; Kord-Varkaneh, H.; Low, T.Y,; Tan, S.C.; Wu, X.; Zhu, Y. The effects of astaxanthin supplementation on obesity,
blood pressure, CRP, glycemic biomarkers, and lipid profile: A meta-analysis of randomized controlled trials. Pharmacol. Res.
2020, 161, 105113. [CrossRef] [PubMed]

Fakhri, S.; Abbaszadeh, F; Dargahi, L.; Jorjani, M. Astaxanthin: A mechanistic review on its biological activities and health
benefits. Pharmacol. Res. 2018, 136, 1-20. [CrossRef]

Kim, S.H.; Kim, H. Inhibitory effect of astaxanthin on oxidative stress-induced mitochondrial dysfunction—A mini-review.
Nutrients 2018, 10, 1137. [CrossRef] [PubMed]

Nishida, Y.; Nawaz, A.; Kado, T.; Takikawa, A.; Igarashi, Y.; Onogi, Y.; Wada, T.; Sasaoka, T.; Yamamoto, S.; Sasahara, M.;
et al. Astaxanthin stimulates mitochondrial biogenesis in insulin resistant muscle via activation of AMPK pathway. J. Cachexia
Sarcopenia Muscle 2020, 11, 241-258. [CrossRef]

Murai, T.; Kawasumi, K.; Tominaga, K.; Okada, Y.; Kobayashi, M.; Arai, T. Effects of astaxanthin supplementation in healthy and
obese dogs. Vet. Med. Res. Rep. 2019, 10, 29. [CrossRef]


https://doi.org/10.1080/13813455.2020.1716018
https://doi.org/10.1155/2014/328592
https://doi.org/10.3390/nu11112704
https://doi.org/10.1080/13813455.2021.1892149
https://doi.org/10.1186/s40798-018-0124-5
https://doi.org/10.1007/s11332-018-0521-7
https://doi.org/10.3390/molecules25215218
https://doi.org/10.1080/13813455.2020.1764049
https://www.ncbi.nlm.nih.gov/pubmed/32412814
https://doi.org/10.1016/j.jnutbio.2007.05.007
https://doi.org/10.1111/bcp.14176
https://www.ncbi.nlm.nih.gov/pubmed/31747468
https://doi.org/10.1007/s00421-020-04332-6
https://www.ncbi.nlm.nih.gov/pubmed/32095935
https://doi.org/10.1159/000471882
https://doi.org/10.33549/physiolres.932530
https://doi.org/10.3390/antiox9090886
https://doi.org/10.1016/j.bbrc.2007.12.019
https://www.ncbi.nlm.nih.gov/pubmed/18082622
https://doi.org/10.1016/j.phrs.2020.105113
https://www.ncbi.nlm.nih.gov/pubmed/32755613
https://doi.org/10.1016/j.phrs.2018.08.012
https://doi.org/10.3390/nu10091137
https://www.ncbi.nlm.nih.gov/pubmed/30134611
https://doi.org/10.1002/jcsm.12530
https://doi.org/10.2147/VMRR.S186202

Nutrients 2023, 15, 4803 14 of 15

29.

30.

31.

32.
33.
34.
35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Oharomari, L.K.; Ikemoto, M.].; Hwang, D.J.; Koizumi, H.; Soya, H. Benefits of Exercise and Astaxanthin Supplementation: Are
There Additive or Synergistic Effects? Antioxidants 2021, 10, 870. [CrossRef]

Saeidi, A.; Nouri-Habashi, A.; Razi, O.; Ataeinosrat, A.; Rahmani, H.; Mollabashi, S.S.; Bagherzadeh-Rahmani, B.; Aghdam,
S.M.; Khalajzadeh, L.; Al Kiyumi, M.H.; et al. Astaxanthin Supplemented with High-Intensity Functional Training Decreases
Adipokines Levels and Cardiovascular Risk Factors in Men with Obesity. Nutrients 2023, 15, 286. [CrossRef]

Moghadam, B.H.; Bagheri, R.; Roozbeh, B.; Ashtary-Larky, D.; Gaeini, A.A.; Dutheil, F; Wong, A. Impact of saffron (Crocus sativus
Linn) supplementation and resistance training on markers implicated in depression and happiness levels in untrained young
males. Physiol. Behav. 2021, 233, 113352. [CrossRef]

Thomas, S.; Reading, J.; Shephard, R.J. Revision of the physical activity readiness questionnaire (PAR-Q). Can. J. Sport Sci. 1992,
17,338-345. [PubMed]

Nathanson, V. Revising the declaration of Helsinki. BM] 2013, 346, £2837. [CrossRef] [PubMed]

Glassman, G. A theoretical template for crossfit’s programming. CrossFit J. 2003, 6, 1-5.

Heinrich, K.M.; Patel, PM.; O’Neal, ].L.; Heinrich, B.S. High-intensity compared to moderate-intensity training for exercise
initiation, enjoyment, adherence, and intentions: An intervention study. BMC Public Health 2014, 14, 1-6. [CrossRef]

Choi, H.D,; Kim, ].H.; Chang, M.].; Kyu-Youn, Y.; Shin, W.G. Effects of astaxanthin on oxidative stress in overweight and obese
adults. Phytother. Res. 2011, 25, 1813-1818. [CrossRef]

Annibalini, G.; Lucertini, F.; Agostini, D.; Vallorani, L.; Gioacchini, A.; Barbieri, E.; Guescini, M.; Casadei, L.; Passalia, A.; Del Sal,
M.; et al. Concurrent aerobic and resistance training has anti-inflammatory effects and increases both plasma and leukocyte levels
of IGF-1 in late middle-aged type 2 diabetic patients. Oxidative Med. Cell. Longev. 2017, 2017, 3937842. [CrossRef]

Ratner, B. The correlation coefficient: Its values range between +1/—1, or do they? J. Target. Meas. Anal. Mark. 2009, 17, 139-142.
[CrossRef]

Ashtary-Larky, D.; Lamuchi-Deli, N.; Kashkooli, S.; Mombaini, D.; Alipour, M.; Khodadadi, F.; Bagheri, R.; Dutheil, E; Wong, A.
The effects of exercise training on serum concentrations of chemerin in individuals with overweight and obesity: A systematic
review, meta-analysis, and meta-regression of 43 clinical trials. Arch. Physiol. Biochem. 2021, 129, 1012-1027. [CrossRef]

Saeidi, A.; Haghighi, M.M.; Kolahdouzi, S.; Daraei, A.; Ben Abderrahmane, A.; Essop, M.E; Laher, I.; Hackney, A.C.; Zouhal, H.
The effects of physical activity on adipokines in individuals with overweight/obesity across the lifespan: A narrative review.
Obes. Rev. 2021, 22, €13090. [CrossRef]

Hojbjerre, L.; Rosenzweig, M.; Dela, E; Bruun, ].M.; Stallknecht, B.; Verkauskiene, R.; Beltrand, ]J.; Claris, O.; Chevenne, D.;
Deghmoun, S.; et al. Acute exercise increases adipose tissue interstitial adiponectin concentration in healthy overweight and lean
subjects. Eur. ]. Endocrinol. 2007, 157, 613—623. [CrossRef]

Saunders, T.J.; Palombella, A.; McGuire, K.A.; Janiszewski, PM.; Després, ].-P.; Ross, R. Acute exercise increases adiponectin
levels in abdominally obese men. J. Nutr. Metab. 2012, 2012. [CrossRef] [PubMed]

Varady, K.A.; Bhutani, S.; Church, E.C.; Phillips, S.A. Adipokine responses to acute resistance exercise in trained and untrained
men. Med. Sci. Sports Exerc. 2010, 42, 456-462. [CrossRef] [PubMed]

Bouassida, A.; Lakhdar, N.; Benaissa, N.; Mejri, S.; Zaouali, M.; Zbidi, A.; Tabka, Z. Adiponectin responses to acute moderate and
heavy exercises in overweight middle aged subjects. J. Sports Med. Phys. Fit. 2010, 50, 330-335.

Jamurtas, A.Z.; Theocharis, V.; Koukoulis, G.; Stakias, N.; Fatouros, I.G.; Kouretas, D.; Koutedakis, Y. The effects of acute exercise
on serum adiponectin and resistin levels and their relation to insulin sensitivity in overweight males. Eur. ]. Appl. Physiol. 2006,
97,122-126. [CrossRef]

Yoshida, H.; Yanai, H.; Ito, K.; Tomono, Y.; Koikeda, T.; Tsukahara, H.; Tada, N. Administration of natural astaxanthin increases
serum HDL-cholesterol and adiponectin in subjects with mild hyperlipidemia. Atherosclerosis 2010, 209, 520-523. [CrossRef]
Legakis, I.N.; Mantzouridis, T.; Saramantis, A.; Lakka-Papadodima, E. Rapid decrease of leptin in middle-aged sedentary
individuals after 20 minutes of vigorous exercise with early recovery after the termination of the test. ]. Endocrinol. Investig. 2004,
27,117-120. [CrossRef]

Cruz, L.S.; Rosa, G.; Valle, V.; Mello, D.B.D.; Fortes, M.; Dantas, E.H. Acute effects of concurrent training on serum leptin and
cortisol in overweight young adults. Rev. Bras. Med. Esporte 2012, 18, 81-86. [CrossRef]

Racette, S.B.; Coppack, S.W.; Landt, M.; Klein, S. Leptin production during moderate-intensity aerobic exercise. J. Clin. Endocrinol.
Metab. 1997, 82, 2275-2277. [CrossRef]

Weltman, A.; Pritzlaff, C.J.; Wideman, L.; Considine, R.V.; Fryburg, D.A.; Gutgesell, M.E.; Hartman, M.L.; Veldhuis, J.D. Intensity
of acute exercise does not affect serum leptin concentrations in young men. Med. Sci. Sports Exerc. 2000, 32, 1556-1561. [CrossRef]
Kumar, A.; Dhaliwal, N.; Dhaliwal, J.; Dharavath, R.N.; Chopra, K. Astaxanthin attenuates oxidative stress and inflammatory
responses in complete Freund-adjuvant-induced arthritis in rats. Pharmacol. Rep. 2020, 72, 104-114. [CrossRef]

Feng, Y,; Chu, A.; Luo, Q.; Wu, M,; Shi, X.; Chen, Y. The protective effect of astaxanthin on cognitive function via inhibition of
oxidative stress and inflammation in the brains of chronic T2DM rats. Front. Pharmacol. 2018, 9, 748. [CrossRef] [PubMed]
Kohandel, Z.; Farkhondeh, T.; Aschner, M.; Samarghandian, S. Nrf2 a molecular therapeutic target for Astaxanthin. Biomed.
Pharmacother. 2021, 137, 111374. [CrossRef] [PubMed]

Hussein, G.; Sankawa, U.; Goto, H.; Matsumoto, A.K.; Watanabe, H. Astaxanthin, a carotenoid with potential in human health
and nutrition. J. Nat. Prod. 2006, 69, 443-449. [CrossRef] [PubMed]


https://doi.org/10.3390/antiox10060870
https://doi.org/10.3390/nu15020286
https://doi.org/10.1016/j.physbeh.2021.113352
https://www.ncbi.nlm.nih.gov/pubmed/1330274
https://doi.org/10.1136/bmj.f2837
https://www.ncbi.nlm.nih.gov/pubmed/23657182
https://doi.org/10.1186/1471-2458-14-789
https://doi.org/10.1002/ptr.3494
https://doi.org/10.1155/2017/3937842
https://doi.org/10.1057/jt.2009.5
https://doi.org/10.1080/13813455.2021.1892148
https://doi.org/10.1111/obr.13090
https://doi.org/10.1530/EJE-07-0213
https://doi.org/10.1155/2012/148729
https://www.ncbi.nlm.nih.gov/pubmed/22701167
https://doi.org/10.1249/MSS.0b013e3181ba6dd3
https://www.ncbi.nlm.nih.gov/pubmed/19952805
https://doi.org/10.1007/s00421-006-0169-x
https://doi.org/10.1016/j.atherosclerosis.2009.10.012
https://doi.org/10.1007/BF03346255
https://doi.org/10.1590/S1517-86922012000200003
https://doi.org/10.1210/jc.82.7.2275
https://doi.org/10.1097/00005768-200009000-00005
https://doi.org/10.1007/s43440-019-00022-z
https://doi.org/10.3389/fphar.2018.00748
https://www.ncbi.nlm.nih.gov/pubmed/30042685
https://doi.org/10.1016/j.biopha.2021.111374
https://www.ncbi.nlm.nih.gov/pubmed/33761600
https://doi.org/10.1021/np050354+
https://www.ncbi.nlm.nih.gov/pubmed/16562856

Nutrients 2023, 15, 4803 15 of 15

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Boshra, S.A. Astaxanthin Attenuates Adiponectin, Calprotectin, miRNA222 and miRNA378 in Obesity induced by High-Fat Diet
in Rats. Curr. Pharm. Biotechnol. 2022, 23, 609-618. [CrossRef] [PubMed]

Vardar, S.A.; Karaca, A.; Giildiken, S.; Palabiyik, O.; Siit, N.; Demir, A.M. High-intensity interval training acutely alters plasma
adipokine levels in young overweight/obese women. Arch. Physiol. Biochem. 2018, 124, 149-155. [CrossRef] [PubMed]
Falcao-Pires, I.; Castro-Chaves, P.; Miranda-Silva, D.; Lourenco, A.P,; Leite-Moreira, A.F. Physiological, pathological and potential
therapeutic roles of adipokines. Drug Discov. Today 2012, 17, 880-889. [CrossRef]

Racil, G.; Zouhal, H.; Elmontassar, W.; Ben Abderrahmane, A.; De Sousa, M.V.; Chamari, K.; Amri, M.; Coquart, J.B. Plyometric
exercise combined with high-intensity interval training improves metabolic abnormalities in young obese females more so than
interval training alone. Appl. Physiol. Nutr. Metab. 2016, 41, 103-109. [CrossRef]

Madsen, S.M.; Thorup, A.C.; Bjerre, M.; Jeppesen, P.B. Does 8 weeks of strenuous bicycle exercise improve diabetes-related
inflammatory cytokines and free fatty acids in type 2 diabetes patients and individuals at high-risk of metabolic syndrome? Arch.
Physiol. Biochem. 2015, 121, 129-138. [CrossRef]

Verheggen, R.J.H.M.; Poelkens, F.; Roerink, S.H.P.P; Ramakers, R.E.ES.; Catoire, M.; Hermus, A.R.M.M.; Thijssen, D.H.].; Hopman,
M.T.E. Exercise Improves Insulin Sensitivity in the Absence of Changes in Cytokines. Med. Sci. Sports Exerc. 2016, 48, 2378-2386.
[CrossRef]

Feito, Y.; Hoffstetter, W.; Serafini, P.; Mangine, G. Changes in body composition, bone metabolism, strength, and skill-specific
performance resulting from 16-weeks of HIFT. PLoS ONE 2018, 13, €0198324. [CrossRef]

Zouhal, H.; Zare-Kookandeh, N.; Haghighi, M.M.; Daraei, A.; de Sousa, M.; Soltani, M.; Ben Abderrahman, A.; Tijani, ].M.;
Hackney, A.C.; Laher, L; et al. Physical activity and adipokine levels in individuals with type 2 diabetes: A literature review and
practical applications. Rev. Endocr. Metab. Disord. 2021, 22, 987-1011. [CrossRef] [PubMed]

Nikseresht, M.; Hafezi Ahmadi, M.R.; Hedayati, M. Detraining-induced alterations in adipokines and cardiometabolic risk factors
after nonlinear periodized resistance and aerobic interval training in obese men. Appl. Physiol. Nutr. Metab. 2016, 41, 1018-1025.
[CrossRef]

AminiLari, Z.; Fararouei, M.; Amanat, S.; Sinaei, E.; Dianatinasab, S.; AminiLari, M.; Daneshi, N.; Dianatinasab, M. The effect of 12
weeks aerobic, resistance, and combined exercises on omentin-1 levels and insulin resistance among type 2 diabetic middle-aged
women. Diabetes Metab. ]. 2017, 41, 205. [CrossRef] [PubMed]

He, Z.; Tian, Y.; Valenzuela, PL.; Huang, C.; Zhao, J.; Hong, P,; He, Z.; Yin, S.; Lucia, A. Myokine/adipokine response to “aerobic”
exercise: Is it just a matter of exercise load? Front. Physiol. 2019, 10, 691. [CrossRef] [PubMed]

Watanabe, T.; Watanabe-Kominato, K.; Takahashi, Y.; Kojima, M.; Watanabe, R. Adipose tissue-derived omentin-1 function and
regulation. Compr. Physiol. 2011, 7, 765-781.

Moreno-Navarrete, ].M.; Catalan, V.; Ortega, F.; Gomez-Ambrosi, J.; Ricart, W.; Frithbeck, G.; Fernandez-Real, ].M. Circulating
omentin concentration increases after weight loss. Nutr. Metab. 2010, 7, 27. [CrossRef]

Ouerghi, N.; Ben Fradj, M.K.; Duclos, M.; Bouassida, A.; Feki, M.; Weiss, K.; Knechtle, B. Effects of High-Intensity Interval
Training on Selected Adipokines and Cardiometabolic Risk Markers in Normal-Weight and Overweight/Obese Young Males: A
Pre-Post Test Trial. Biology 2022, 11, 853. [CrossRef]

Kazemi, A.; Rahmati, M.; Dabaghzadeh, R.; Raisi, S.; Aghamolaie, S. The effect of high volume high intensity interval training
on serum visfatin and vaspin, insulin resistance, lipid profile and body composition of overweight men. Daneshvar Med. 2015,
23, 325.

Nam, J.S.; Ahn, CW,; Park, H.J.; Kim, Y.S. Semaphorin 3 C is a novel adipokine representing exercise-induced improvements of
metabolism in metabolically healthy obese young males. Sci. Rep. 2020, 10, 10005. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2174/1389201022666210810105804
https://www.ncbi.nlm.nih.gov/pubmed/34375188
https://doi.org/10.1080/13813455.2017.1369998
https://www.ncbi.nlm.nih.gov/pubmed/28857629
https://doi.org/10.1016/j.drudis.2012.04.007
https://doi.org/10.1139/apnm-2015-0384
https://doi.org/10.3109/13813455.2015.1082600
https://doi.org/10.1249/MSS.0000000000001035
https://doi.org/10.1371/journal.pone.0198324
https://doi.org/10.1007/s11154-021-09657-x
https://www.ncbi.nlm.nih.gov/pubmed/33931803
https://doi.org/10.1139/apnm-2015-0693
https://doi.org/10.4093/dmj.2017.41.3.205
https://www.ncbi.nlm.nih.gov/pubmed/28537059
https://doi.org/10.3389/fphys.2019.00691
https://www.ncbi.nlm.nih.gov/pubmed/31191366
https://doi.org/10.1186/1743-7075-7-27
https://doi.org/10.3390/biology11060853
https://doi.org/10.1038/s41598-020-67004-7

	Introduction 
	Methods 
	Experimental Design 
	Training Protocols 
	Astaxanthin Supplementation Protocol 
	Nutrient Intake and Dietary Analysis 
	Blood Markers 
	Statistical Analysis 

	Results 
	Compliance, Adverse Events, and Nutrient Intakes 
	Adipokines 
	Weight and BMI 

	Discussion 
	Conclusions 
	References

