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CON: Control

CV: Chlorella Vulgaris

CVIRT: Chlorella Vulgaris + interval resistance training
EDTA: Ethylenediaminetetraacetic acid

effect size (ES).

ELISA: Enzyme-linked immunosorbent assay
Fe®": Ferrous

Fe®": Ferric

FRAP: Ferric-reducing antioxidant power

GPx: Glutathione peroxidase

GR: Glutathione reductase

GSH: Reduced glutathione

HDL.: High-density lipoprotein

HOMA-IR: Homeostatic model assessment index
IRT: Interval resistance training

LDL: Low-density lipoprotein

MDA: Malondialdehyde

Metrnl: Meteorin-like protein

SOD: Superoxide dismutase

TAC: Total antioxidant capacity

TBARS: Thiobarbituric acid reactive substances
TC: Total cholesterol

TG: Triglyceride

TPTZ: 2,4,6-tripyridyl-s-triazine
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Abstract

Background and Aim: Dysregulation of adipocyte function occurs in obesity. Meteorin-like protein
(metrnl) is a newly discovered modulator of inflammation, metabolism, and differentiation of human
adipocytes. The dietary supplement Chlorella Vulgaris (CV) reduces hyperlipidemia, hyperglycemia,
and oxidative stress in clinical trials. We explored the impact of 12 weeks of interval resistance
training (IRT) and supplementation with CV on plasma levels of metrnl and oxidative stress in males

with obesity.

Methods: Forty-four obese men (BMI: 32.0 + 1.5 kg/m?, weight: 101.1 + 2.2 kg, age: 23-35 years)
were randomized into four groups (n = 11/group): Control (CON), CV supplement (CV), IRT, and
CV + IRT (CVIRT). The IRT was performed for 12 weeks (three sessions per week). The treatment
consisted of a daily intake of CV (1800 mg capsule) or placebo capsules. Blood samples were

collected 48 hours before and after the interventions to analyze biomedical measurements.

Results: The IRT and CVIRT had elevations in plasma metrnl, superoxide dismutase (SOD), and total
antioxidant capacity (TAC) levels (all p<0.0001), and reductions in malondialdehyde (MDA)
(p<0.0001). Supplementation with CV significantly reduced MDA (p<0.001) and increased TAC
(p<0.0001) but failed to alter SOD or metrnl (p>0.05).

Conclusion: Although IRT and its combination with CV hold promise for improving metrnl levels
and oxidative status in obesity, combining IRT and CV do not yield greater benefits than IRT alone.
While standalone CV supplementation could favorably impact certain markers of oxidative stress, the
effectiveness of CV supplementation appears to have a relatively limited effect across assessed

biomarkers and requires further investigation.

Key Words: obesity, exercise training, Algomed, oxidative stress, adipo-myokine, Meteorin-like

protein, insulin resistance
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Introduction

The global prevalence of obesity and its complications continues to increase and leads to greater rates
of morbidity and mortality (1). Abnormal or excessive fat accumulation and metabolic disturbances
resulting from obesity are closely correlated with the burden of non-communicable diseases such as
type II diabetes, hypertension, dyslipidemia, atherosclerosis, cardiovascular diseases, and coronary

heart disease (2).

Obesity is marked by chronic low-grade inflammation, which is associated with elevated levels of
pro-inflammatory mediators that induce oxidative stress by promoting the overproduction of reactive
oxygen species (ROS) and suppressing antioxidant defense mechanisms (3). Increased levels of fatty
acids lead to elevated oxidative stress, which in turn can result in dysregulation of adipose tissue (4)
and cause detrimental endocrine and immune responses to further aggravate metabolic diseases (5).
Oxidative stress in fat depots is an early initiator of metabolic syndrome, highlighting the importance

of regulating the redox state for managing obesity-related disorders (6).

The detrimental effects of inflammation-related oxidative stress can be mitigated by supporting
antioxidant defenses, including glutathione peroxidase (GPx), catalase (CAT), glutathione reductase
(GR), reduced glutathione (GSH), and superoxide dismutase (SOD) (7). Both enzymatic (e.g., GPx,
CAT, SOD, etc.) and non-enzymatic (e.g., carotenoids, vitamins E and C, flavonoids, etc.) antioxidants
neutralize oxidative reactions and protect cells from the destructive effects of ROS and delay the

progression of chronic diseases (8).

Numerous studies have investigated the roles of the Meteorin-like protein, (also known Metrnl,
Subfatin, Cometin, and Meteorin-f) as an adipo-myokine (9, 10). Metrnl improves lipid oxidation and
glucose metabolism in skeletal muscle through the autocrine/paracrine signaling pathways (11), and
protects against doxorubicin-induced oxidative stress and apoptosis through autocrine actions (12). In
addition, adipocyte-derived metrnl counteracts obesity-related insulin resistance by improving adipose

tissue function by stimulation of metabolism and suppression of inflammation (13).

Metrnl expression is upregulated in response to physiological stimuli, particularly by exercise in
skeletal muscles and exposure to cold in white adipose tissue (14). However, the association between
obesity and circulating levels of metrnl is unclear, as some studies reported increases in metrnl levels

in type 2 diabetes and obesity (15-17), while others reported decreases in metrnl levels (18-21).

The most widely recognized approaches for managing obesity are based on lifestyle modification
programs (e.g., healthy eating habits, regular exercise, and behavioral interventions), pharmacological
interventions, and surgical treatment (22). Interest in dietary supplementation and adjunctive therapy
has recently increased (23). Natural marine sources, such as microalgae, are a promising source for the

management of various diseases (24). Microalgae are a source of macro- and micronutrients and are
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rich in a range of bioactive compounds, including lipids, proteins, carbohydrates, vitamins, carotenoids,
dietary fiber, polyunsaturated fatty acids (PUFAs), nucleic acids, essential amino acids, pigments,
antioxidants, and other substances (23, 25). Chlorella Vulgaris (CV) is a unicellular freshwater
microalga belonging to the Chlorellaceae family and is used as a nutritional supplement with
multifaceted health benefits (26), as shown by clinical studies indicating that supplementation with CV
improves hyperlipidemia and blood glucose levels and protects against cancer and oxidative stress

damage (26).

The traditional strategy for exercise in obese individuals focuses on endurance aerobic exercise
training (27). Recent research indicates that resistance training, in addition to developing muscle mass
and strength, can enhance resting energy expenditure (REE) and fat metabolism, and optimize the
weight loss process in obese people (28). Physiological adaptations to resistance training and alterations
in body composition can be influenced by the number of sets, reps, intensity (% of one-repetition
maximum, 1RM), volume, inter-set rest interval, and training frequency (29). As an intermittent form
of exercise, interval training, which comprises repeated bouts of effort interrupted with rest intervals or
low-intensity activity for recovery, is also gaining popularity as participants find it more enjoyable than

continuous exercise, making it a key strategy for long-term adherence to exercise programs (30, 31).

While CV supplementation and resistance training offer individual benefits (23, 32), their combined
effects on oxidative stress, antioxidant status, and adipo-myokine levels are not well-understood. We
investigated the effects of IRT and CV supplementation, alone and in combination, on plasma levels of

SOD, MDA, TAC, and metrnl in obese men.

Methods

Participants and Research Design

The study was performed as a double-blind randomized trial using a pre-test and post-test design by
enrolling obese men (n=95, aged 23-35 years). The inclusion criteria were: a body mass index (BMI)
of 30 kg/m? or higher, lack of regular exercise participation, abstinence from smoking and alcohol
consumption, and absence of pre-existing medical conditions such as hypertension, diabetes,
cardiovascular disease, chronic kidney disease, or any other health issues. Based on these criteria, 60
participants were randomly allocated into four groups: Control placebo (CON), Chlorella Vulgaris
supplement (CV), Interval resistance training group plus placebo (IRT), and CV supplement plus
interval resistance training group (CVIRT). The participants were provided with a detailed explanation
of the protocols and guidelines, and written informed consent was obtained before their participation.
After completing a medical history questionnaire, cardiologists and clinical exercise physiologists
confirmed the eligibility of all participants. Participants who used drugs or other supplements did not

follow daily supplement regimens, did not follow exercise training programs, or encountered new health
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concerns (n=16) were excluded from the study. These exclusions resulted in a final enrollment of 44

participants (n=11 for each group) (Figure 1).

Ethical Considerations:

The trial followed the ethical guidelines of the Helsinki Declaration and was approved by the Ethics
Committee of Sport Sciences Research Institute Tehran, Iran (IR.SSRI.REC.1400.1352). All
participants were provided written informed permission following a thorough explanation of the study's

procedures and guidelines.

Dietary Adherence Monitoring:

Dietary adherence of participants was monitored during the 12-week intervention study. The
participants were provided with dietary recommendations and were required to adhere to their
customary dietary patterns throughout the study.

One-repetition Maximum (1RM) Test
Participants in the IRT and CVIRT groups performed a one-repetition maximum (1RM) test did not eat
for two hours before the test, abstained from alcohol for 48 hours, and avoided caffeine for 12 hours
before the test. The 1RM was determined using the Brzycki Equation (1RM = weight lifted + [1.0278
—(0.0278xrepetitions to exhaustion)]) (33). After a brief light-weight warm-up, participants were asked
to select a weight that could be lifted for a maximum of 10 repetitions. The 1RM was calculated by

incorporating the maximum weight lifted and the number of repetitions for each exercise (32).

Interval Resistance Training Program

Subjects in the IRT and CVIRT groups participated in a 12-week interval resistance training (IRT)
program that was monitored by exercise physiologists. The IRT protocol was implemented three
times/week for 12 weeks. Each session was 70 minutes, consisting of a 10-minute warm-up, 50 minutes
of core exercises, and 10 minutes of cool-down. The IRT protocol included eight exercises, including
seated leg extension, lying leg curl, leg press, back squats, chest press, barbell shoulder press, rowing,
and front pulldown. The weight for lifting was 60% 1RM and was used for three sets that were separated

by active rest intervals during which they did 15 repetitions at 20% of their 1RM (34).

Chlorella Vulgaris Supplementation

Participants in the CV and CVIRT groups were given six capsules of Chlorella Vulgaris (Algomed,
Fardaye Sabz, Iran) containing two 300 mg capsules three times per day after meals so that the total
consumption was 1800 mg /day (35-37). Placebo capsules containing flour were given to the CON and
IRT groups, at the same dosage as CV (two 300 mg capsules three times a day). Commitment to the

supplementation schedule was tracked through regular check-ins during follow-up visits.

Anthropometric Assessment
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Anthropometric characteristics were measured both prior to and 48 hours after the 12-week
intervention. A digital scale with 0.1-kg precision was used to assess body weight without shoes and
with little clothing (Seca, Germany), and a stadiometer with a 0.1-cm accuracy was used to measure
body height (Seca, Germany). A bioelectrical impedance analyzer (Seca mBCA 555, Germany) was
used to calculate the percentage of body fat. The Body Mass Index (BMI) was calculated by dividing
body weight by height squared (kg/m?).

Blood Sampling

Blood samples were taken from the antecubital vein of participants 48 hours before and after the
intervention, while they had an overnight fast (Figure 2). The collection took place between 8 to 10
a.m. The samples were then transferred into tubes containing EDTA (ethylenediaminetetraacetic acid).
After that, the plasma was separated by centrifugation at 3000 rpm for 10 minutes and stored at -20 °C

for later biomedical measurements.

Biochemical Parameter Assessments

Plasma lipid profiles including triglyceride (TG), total cholesterol (TC), high-density lipoprotein
(HDL), and low-density lipoprotein (LDL) were assessed by a photometric method using commercial
kits (Pars Azmun, Iran). Plasma glucose concentrations were evaluated by enzymatic colorimetric
method using kits (Pars Azmun, Iran). Plasma insulin levels were measured by an enzyme-linked
immunosorbent assay (ELISA) method using an ELISA kit (Mercodia, Sweden). The insulin resistance
index was evaluated according to the homeostatic model assessment index (HOMA-IR) using the

following formula: fasting plasma glucose (mmol/L) % fasting plasma insulin (uU/mL) / 22.5.

Plasma levels of metrnl were assessed with an ELISA kit (ZellBio GmbH, Germany). This assay had a
sensitivity of 0.05 ng/ml with inter- and intra-assay variation of 16% and 8%, respectively. Plasma
activities of the SOD were assessed using a Ransod kit (RANDOX, UK) according to Arthur and Boyne
(1985) using a spectrophotometer at a wavelength of 505 nm. Plasma MDA levels used to measure lipid
peroxidation were determined using a thiobarbituric acid reactive substances (TBARS) assay with a
spectrophotometer at a wavelength of 532 nm. Plasma TAC levels were measured by the ferric-reducing
antioxidant power (FRAP) assay based on the ability of pH (3.6) to reduce ferric (Fe*") to ferrous (Fe*")
ions in the presence of 2,4,6-tripyridyl-s-triazine (TPTZ) using a spectrophotometer at a wavelength of
593 nm.

Statistical Analysis

The normality of data was assessed using the Kolmogorov-Smirnov test, and the homogeneity of
variances was determined with Levene's test. The data were analyzed with a repeated measures two-
way ANOVA followed by a Tukey's post hoc test. Partial Eta Squared (n2) was used to estimate effect
size (ES). The partial eta squared for main effects was calculated from the ANOVA (n?p) and was
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interpreted as follows: 0.01 = small effect, 0.06 = medium effect, and 0.14 = large effect (38). GraphPad
Prism software (GraphPad Software, USA) and SPSS 27 (SPSS Inc., Chicago, IL, USA) were used for

statistical analysis. Data are reported as mean £ SD, and p < 0.05 was considered statistically significant.

Results
Baseline values of study variables, including body weight, BMI, fat percentage, blood glucose, plasma

insulin, HOMA-IR, HDL, LDL, TC, TG, metrnl, SOD, MDA, TAC levels were similar between the
study groups (p>0.05) (Table 1).

Body Composition

Details of the body-composition data including body mass, BMI, and body fat percentage of the
participants prior to and after the intervention of study groups are presented in Table 1. An intergroup
analysis indicated that post-test body weights and BMI (but not body fat percent) were lower in IRT
(%5.2 for body weight, %7.9 for BMI) and CVIRT (%4.8 for body weight, %6.3 for BMI) compared
to the CON group (p<0.05). The intragroup analysis showed that post-test values of body weight and
fat percent in the CVIRT group were lower than pre-test values (%3.5 for body weight, %15 for fat
percent; p<0.05), also body fat percent in the IRT group were lower than pre-test value (%14; p<0.05).
Further, differences in post-pre changes in body weight, BMI, and body fat percent in the IRT and
CVIRT groups were lower than in the CON group (p<0.05) (Table 1). The consumption of CV alone
did not lead to a significant impact on body mass, BMI or body fat percent (p>0.05).

Lipid-Profiles

Details of the lipid profile data including TG, TC, LDL, and HDL of each group at the pre-test and post-
test are summarized in Table 1. A between-group analysis of TG showed that post-test TG levels of all
groups were similar to the CON group (p>0.05). However, within-group analysis indicated that post-
test levels of TG in CV, IRT, and CVIRT groups were lower than pre-test values (p<0.05). Changes in
post-pre values of TG in IRT and CVIRT groups were lower compared to changes in the CON and CV
groups (p<0.05). Between-group analysis of TC indicates that post-test TC levels of all groups were
similar to CON group (p>0.05), and within-group analysis showed that post-test TC levels in the CV,
IRT, and CVIRT groups were lower than pre-test values (p<0.05). Changes in post-pre in TC in CV,
IRT, and CVIRT groups were lower than in the CON group (p<0.05). Between-group analysis showed
that post-test LDL levels in the IRT and CVIRT groups were lower than in CON group (p<0.05), while
within-group analysis showed that post-test LDL levels in the CV, IRT, and CVIRT groups were lower
than pre-test values (p<0.05). Changes in post-pre values for LDL in the CV, IRT, and CVIRT groups
were lower than in the CON group (p<0.05), and the post-pre differences of LDL in the IRT and CVIRT
groups were lower than in the CV group (p<0.05). A between-group analysis showed that post-test HDL
levels in the IRT and CVIRT groups were greater than in CON group (p<0.05), and within-group
analysis showed that post-test HDL levels in CV, IRT, and CVIRT groups were higher than pre-test
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values (p<0.05). Changes in post-pre values for HDL in IRT and CVIRT groups were higher than in
CON group (p<0.05), and post-pre data levels of HDL in the CVIRT group were higher than the CV
group (p<0.05) (Table 1).

Glucose Hemostasis

Pre-test and post-test values for fasting glucose, insulin levels, and HOMA-IR levels are presented
in Table 1. Between groups, analysis showed that post-test values of blood glucose, plasma insulin and
HOMA were lower in the IRT and CVIRT groups compared to CON group (p<0.001), and that the
post-test levels of insulin and HOMA-IR in the CVIRT group were lower than in the CV group (p<0.05).
The within group analysis showed that the post-test levels of glucose, plasma insulin and HOMA-IR
were lower as compared to the pre-test in CV, IRT, and CVIRT groups. Differences in post-pre levels
of blood glucose, plasma insulin, and HOMA in the IRT and CVIRT groups were lower than in CON
group (p<0.001) and the post-pre differences in plasma insulin and HOMA (but not blood glucose) in
the CVIRT group were lower than in the CV group (p<0.05) (Table 1).

Plasma levels of Metrnl

The two-way repeated measures ANOVA indicated an interaction between group X time (12=0.87,
p<0.0001). Additionally, there were significant main effects of time (n2=0.83, p<0.0001) and group
(n2=0.85, p<0.0001). An intragroup comparison demonstrated that both IRT alone and IRT plus CV
increased the plasma levels of metrnl in obese men (p<0.0001). However, CV alone did not change
plasma levels of metrnl (p=0.091). Accordingly, an intergroup comparison indicated that both the IRT
and CVIRT groups had increased levels of metrnl compared to CON (p<0.0001) and CV groups
(p<0.05). However, there was no difference in metrnl levels between the CVIRT and the IRT groups
(p>0.05) (Figure 3).

Antioxidant Status

Malondialdehyde:

Two-way repeated measures ANOVA indicated a group x time interaction (n2=0.33, p=0.0004). There
were significant main effects of time (n2=0.44, p<0.0001) and group (F (n2=0.46, p<0.0001). The
intragroup comparison indicated that IRT, CV, and IRT + CV have all led to a significant reduction in
MDA levels (p<0.01). The intergroup comparison showed that the CV, IRT, and CVIRT groups all
showed a significant decrease in MDA levels compared to the CON group (p<0.001) (Figure 4A).

Superoxide Dismutase:

The two-way repeated measures ANOVA showed that there were significant group x time interactions
for SOD levels (n2=0.67, p<0.0001), with significant effects of time (n2=0.66, p<0.0001) and group
(m2=0.78, p<0.0001). An intragroup comparison showed that both IRT alone and IRT + CV increased
SOD levels (p<0.0001). However, CV alone did not affect SOD plasma levels in obese men (p>0.05).
A comparison between the groups, both the IRT and the CVIRT groups showed a significant increase
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in SOD levels compared to the CON and the CV groups (p<0.0001). No significant difference was
observed between the CVIRT group and the IRT groups (p=0.225) (Figure 4B).

Total Antioxidant Capacity:

The two-way repeated measures ANOVA indicated a significant group X time interaction (n2=0.55,
p<0.0001), with significant main effects of time (n2=0.73, p<0.0001) and group (n2=0.43, p<0.0001).
An intragroup comparison showed increased plasma TAC levels in IRT, CV, and CVIRT groups
(p<0.0001). When comparing the groups, the CV, IRT, and CVIRT groups exhibited increases in TAC
compared to CON group (p<0.01), with no differences between the CV, IRT, and CVIRT groups
(p=0.95) (Figure 4 C).

Discussion

This study examined the effects of interval resistance training (IRT) and Chlorella Vulgaris
supplementation (CV), both independently and in combination, on metrnl, MDA, SOD, and TAC in
obese men. The main findings of this study are that (i) IRT alone or in combination with the CV
increased plasma levels of TAC, SOD, and metrnl and reduced plasma MDA levels, and (ii) CV alone
reduced plasma levels of MDA and increased plasma TAC levels, without affecting levels of SOD and
metrnl. The combination of IRT and CV supplementation does not provide greater benefits compared

to the execution of IRT alone.

Our study demonstrates that IRT, either alone or in combination with CV, reduced body weight and
BMI. However, supplementation with CV alone did not affect body weight or BMI. Furthermore, CV,
IRT, and their combination improved the lipid profile by a reduction in LDL, TC, and TG levels, and
also increased HDL levels. Additionally, insulin resistance index (HOMA-IR) was improved by the
effects of IRT, CV, and the combination of IRT and CV.

Metrnl is a hormone (secretory protein) that can be selectively activated in tissues by specific
physiological stimuli (14). For example, thermogenic triggers, particularly acute and chronic exposure
to cold, upregulate metrnl expression in adipose tissues, whereas muscle contraction promotes metrnl
production in skeletal muscle (9). Metrnl enhances the browning process of white adipose tissue,
thermogenesis and energy expenditure, and also improves glucose intolerance (39). Levels of metrnl
proteins are increased in individuals diagnosed with type 2 diabetes and obesity (15-17), with a positive
correlation between serum levels of metrnl and metabolic indicators such as BMI, waist circumference,
fasting blood glucose (FBG), HbA1C, and HOMA-IR (17). On the contrary, other studies have reported
lower levels of metrnl in individuals with prediabetes, diabetes, or obesity (18-21) and suggested that

metrnl levels negatively correlate with FBG, fasting insulin, HOMA-IR, and HbAlc (19, 20).

10
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Plasma levels of metrnl increased in response to both IRT and IRT plus CV in our study. Electrical
stimulation-induced resistance exercise in rats increases serum metrnl (40), while 8 weeks of circuit
resistance training increases plasma metrnl levels in T2DM patients (41). However, a study by Saeedi
et al. (2023) reported that 12 weeks of resistance training failed to increase plasma metrnl levels in
obese men (42). The possible reason for this difference in results between our study and that of the
Saeedi et al. study may be related to differences in subject characteristics: the participants of our study
were younger and had lower BMI, and also Saeedi et al. study used traditional resistance training
whereas our study used an interval protocol of resistance training. It is possible that interval resistance
training has more effect on metrnl production compared to traditional resistance training. This
possibility is supported by a previous study showing that interval resistance training had a superior

effect on adipokine than traditional one (43).

Metrnl has a protective role in inflammation, insulin resistance, and lipid metabolism (39).
Improvements in lipid profiles and insulin resistance in the RT and CVIRT groups in our study were
related to increases in plasma metrnl levels, suggesting a negative relation between metrnl and these
variables, indicating that increases in metrnl induced by resistance training could mediate the benefits
of resistance training against obesity-related complications such as insulin resistance. The source of
metrnl released into circulation by resistance training is unclear, with some studies indicating that
exercise increases metrnl mRNA expression levels in skeletal muscle (44-46) and also in gastrocnemius

muscles of rats following 4 weeks of resistance training (40).

Several studies have highlighted the role of oxidative stress at the onset and progression of obesity-
related inflammation (47). Protection against the harms of oxidative stress is provided by antioxidant
defenses, including GPX, SOD, and CAT (48). A surge in lipid peroxidation is a hallmark of oxidative
stress (49), as monitored by increases in MDA levels (6). Our findings show that IRT and CV, both
independently and in combination, reduced MDA levels. Administering CV reduced DNA damage and
MDA levels in diabetic rats (50).

Our study also demonstrates that IRT and CV, whether undertaken separately or in combination,
increase TAC levels in obese men. The antioxidant activity of CV and its ability to regulate antioxidant
status has been reported in several studies (12, 51, 52). CV decreases lipid membrane peroxidation by
suppressing the production of ROS, primarily by scavenging free radicals or by augmenting cellular
antioxidant defenses (12, 51). The anti-inflammatory effect of CV is due to having polyphenolic
compounds such as carotenoids, polysaccharides, chlorophyll, polyphenols, and (26). The decreases in

MDA levels in our study are likely mediated, at least in part, by the polyphenols contained in CV.

Our study did not show increases in SOD levels in obese men treated with CV, but SOD levels were
increased by resistance training alone or in combination with CV. Trace minerals such as zinc, copper,

selenium, iron, and manganese are cofactors in the functioning of antioxidant enzymes such as GPX,
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SOD, and CAT (53). The presence of these components in CV can promote health by modulating the
signaling pathway to combat oxidative stress (12). The lack of effect of CV on SOD levels could be due

to the insufficient dose/treatment time used.

Our findings are supported by several studies reporting that exercise increases SOD and reduces
MDA levels. Resistance training for 12 weeks total increased antioxidant capacity, which persisted even
after 3 months of detraining, in older women with an average BMI of 28.3 kg/m? (54). Furthermore, 6
months of resistance exercise lowered exercise-induced oxidative stress, regardless of adiposity, in

overweight older individuals (55).

Supplement prescriptions for health promotion entail the consideration of various factors such as
dosage, individual differences, health status, treatment plans, and the quality and absorption of
supplements, all of which impact results (56, 57). Although antioxidant supplementation can regulate
exercise-induced oxidative stress, administering antioxidants may have negative effects on individuals
with an already optimal redox state. Furthermore, prolonged excessive antioxidant intake can interfere
with physiological adaptation to exercise by suppressing redox-sensitive signaling pathways and
mitochondrial biogenesis (58). Additionally, overloading the cell with high doses of antioxidants
diminishes the beneficial effects of exercise training and interferes with crucial ROS-mediated
physiological processes (59). Research on CV as a plant-derived supplement has investigated dosages
ranging from 500 mg to 8 g per day across different purposes and demographic groups, highlighting the
necessity for personalized, condition-specific trials to identify the most effective doses (35, 60). We
found no adverse effects of CV supplementation on exercise benefits in our study group, although
combining CV with exercise did not significantly improve parameters when compared with exercise
alone. Their combination showed a positive trend without statistical significance, suggesting

adjustments in duration or dosage might alter results, which requires further investigation.

Study Limitations

There are several limitations in our study: (1) the exclusive focus on relatively young obese men
limits applicability to other demographic groups, warranting caution in generalizing the results; (2) the
outcomes most certainly could be affected by individuals' dietary intake and activity levels, which were
not controlled in the study; (3) although bioelectrical impedance analyzers provide a valuable and
noninvasive method for estimating body composition, they have limitations in terms of accuracy and
applicability to individual characteristics (61). Therefore, it is best to use them in conjunction with other
more precise analysis methods’ and, (4) it is recognized that the within-group sample size was small

thereby limiting the statistical power of our outcomes.
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Conclusion

This study demonstrates the promising effects of IRT in combination with CV supplementation on
ameliorating oxidative stress and enhancing beneficial adipo-myokine levels in young adult obese men.
While the combined approach showed favorable results, it did not demonstrate superior effects
compared to IRT alone. Furthermore, while standalone CV supplementation may lead to an
improvement in some oxidative stress markers, further research is necessary to fully evaluate the

efficacy of CV supplementation or its synergistic effect with exercise training.

Acknowledgments

We state that all authors have read and approved the manuscript.

Disclosure statement

The authors declare no conflicts of interest.

Author contributions

MD, AS, and HZ designed the study. MD, FR, and AS conducted the study. SD analyzed the obtained
data. MD, SD, and RAJ wrote the first draft of the manuscript. IL, ACH, MD, METW and HZ read,

revised, and approved the final version of the manuscript.

Funding

The authors acknowledge the support of Alzahra University.

Data availability

The datasets generated for this study are available on request to the corresponding authors.

13



References

1. Chooi YC, Ding C, Magkos F. The epidemiology of obesity. Metabolism. 2019;92:6-10.

2. Loos RJ, Yeo GS. The genetics of obesity: from discovery to biology. Nature Reviews Genetics.
2022;23(2):120-33.

3. Supriya R, Delfan M, Saeidi A, Samaie SS, Al Kiyumi MH, Escobar KA, et al. Spirulina

Supplementation with High-Intensity Interval Training Decreases Adipokines Levels and
Cardiovascular Risk Factors in Men with Obesity. Nutrients. 2023;15(23):4891.

4, Furukawa S, Fuyjita T, Shimabukuro M, Iwaki M, Yamada Y, Nakajima Y, et al. Increased
oxidative stress in obesity and its impact on metabolic syndrome. The Journal of clinical investigation.
2017;114(12):1752-61.

5. Bays HE. Adiposopathy: Is “Sick Fat” a Cardiovascular Disease? Journal of the American
College of Cardiology. 2011;57(25):2461-73.
6. Maslov LN, Naryzhnaya NV, Boshchenko AA, Popov SV, Ivanov VV, Oeltgen PR. Is oxidative

stress of adipocytes a cause or a consequence of the metabolic syndrome? Journal of clinical &
translational endocrinology. 2019;15:1-5.

7. Cai C, Lin M, Xu Y, Li X, Yang S, Zhang H. Association of circulating neuregulin 4 with
metabolic syndrome in obese adults: a cross-sectional study. BMC medicine. 2016;14:1-9.

8. Kurutas EB. The importance of antioxidants which play the role in cellular response against
oxidative/nitrosative stress: current state. Nutr J. 2016;15(1):71.

9. Zheng S-1, Li Z-y, Song J, Liu J-m, Miao C-y. Metrnl: a secreted protein with new emerging
functions. Acta pharmacologica sinica. 2016;37(5):571-9.

10. Saeidi A, Tayebi SM, Khosravi A, Malekian F, Khodamoradi A, Sellami M, et al. Effects of
exercise training on type 2-diabetes: the role of Meteorin-like protein. Health Promot Perspect.
2019;9(2):89-91.

11. Lee JO, Byun WS, Kang MJ, Han JA, Moon J, Shin MJ, et al. The myokine meteorin-like
(metrnl) improves glucose tolerance in both skeletal muscle cells and mice by targeting AMPKa2. Febs
j- 2020;287(10):2087-104.

12. Bito T, Okumura E, Fujishima M, Watanabe F. Potential of Chlorella as a dietary supplement
to promote human health. Nutrients. 2020;12(9):2524.

13. Li Z-Y, Song J, Zheng S-L, Fan M-B, Guan Y-F, Qu Y, et al. Adipocyte Metrnl antagonizes
insulin resistance through PPARY signaling. Diabetes. 2015;64(12):4011-22.

14. Rao RR, Long JZ, White JP, Svensson KJ, Lou J, Lokurkar I, et al. Meteorin-like is a hormone
that regulates immune-adipose interactions to increase beige fat thermogenesis. Cell.
2014;157(6):1279-91.

15. AlKhairi I, Cherian P, Abu-Farha M, Madhoun AA, Nizam R, Mclhem M, et al. Increased
expression of meteorin-like hormone in type 2 diabetes and obesity and its association with irisin. Cells.
2019;8(10):1283.

16. Wang K, Li F, Wang C, Deng Y, Cao Z, Cui Y, et al. Serum levels of meteorin-like (Metrnl) are
increased in patients with newly diagnosed type 2 diabetes mellitus and are associated with insulin
resistance. Medical science monitor: international medical journal of experimental and clinical research.
2019;25:2337.

17. Wahid IM, Soliman ASA, Yousuf NF, Mohammed AA. Evaluation of Circulating Serum
Meteorin-like Protein Levels in Obesity and Type 2 Diabetes Mellitus. The Egyptian Journal of Hospital
Medicine. 2023;91(1):4333-9.

18. Fadaei R, Dadmanesh M, Moradi N, Ahmadi R, Shokoohi Nahrkhalaji A, Aghajani H, et al.
Serum levels of subfatin in patients with type 2 diabetes mellitus and its association with vascular
adhesion molecules. Archives of physiology and biochemistry. 2020;126(4):335-40.

19. Lee JH, Kang YE, Kim JM, Choung S, Joung KH, Kim HJ, et al. Serum Meteorin-like protein
levels decreased in patients newly diagnosed with type 2 diabetes. Diabetes research and clinical
practice. 2018;135:7-10.

20. El-Ashmawy HM, Selim FO, Hosny TA, Almassry HN. Association of low serum Meteorin
like (Metrnl) concentrations with worsening of glucose tolerance, impaired endothelial function and
atherosclerosis. Diabetes research and clinical practice. 2019;150:57-63.

14



21. Pellitero S, Piquer-Garcia I, Ferrer-Curriu G, Puig R, Martinez E, Moreno P, et al. Opposite
changes in meteorin-like and oncostatin m levels are associated with metabolic improvements after
bariatric surgery. International journal of obesity. 2018;42(4):919-22.

22. Wadden TA, Tronieri JS, Butryn ML. Lifestyle modification approaches for the treatment of
obesity in adults. Am Psychol. 2020;75(2):235-51.

23. Regueiras A, Huguet A, Conde T, Couto D, Domingues P, Domingues MR, et al. Potential anti-
obesity, anti-steatosis, and anti-inflammatory properties of extracts from the microalgae Chlorella
vulgaris and Chlorococcum amblystomatis under different growth conditions. Marine Drugs.
2022;20(1):9.

24, Khavari F, Saidijam M, Taheri M, Nouri F. Microalgae: therapeutic potentials and applications.
Mol Biol Rep. 2021;48(5):4757-65.

25. Pulz O, Gross W. Valuable products from biotechnology of microalgae. Applied microbiology
and biotechnology. 2004;65:635-48.

26. Panahi Y, Darvishi B, Jowzi N, Beiraghdar F, Sahebkar A. Chlorella vulgaris: a multifunctional
dietary supplement with diverse medicinal properties. Current pharmaceutical design. 2016;22(2):164-
73.

27. Willis LH, Slentz CA, Bateman LA, Shields AT, Piner LW, Bales CW, et al. Effects of aerobic
and/or resistance training on body mass and fat mass in overweight or obese adults. J Appl Physiol
(1985).2012;113(12):1831-7.

28. Paoli A, Moro T, Bianco A. Lift weights to fight overweight. Clinical Physiology and
Functional Imaging. 2015;35(1):1-6.

29. Benvenutti J, Camargo J, Brigatto F, Sakai R, T Z, Trindade T, et al. Manipulating Resistance
Training Variables to Induce Muscle Strength and Hypertrophy: A Brief Narrative Review. 2022.

30. Bartlett JD, Close GL, MacLaren DP, Gregson W, Drust B, Morton JP. High-intensity interval
running is perceived to be more enjoyable than moderate-intensity continuous exercise: implications
for exercise adherence. Journal of sports sciences. 2011;29(6):547-53.

31. Delfan M, Vahed A, Bishop DJ, Amadeh Juybari R, Laher I, Saeidi A, et al. Effects of two
workload-matched high intensity interval training protocols on regulatory factors associated with
mitochondrial biogenesis in the soleus muscle of diabetic rats. Frontiers in Physiology. 2022;13:927969.
32. Saeidi A, Seifi-Ski-Shahr F, Soltani M, Daraei A, Shirvani H, Laher I, et al. Resistance training,
gremlin 1 and macrophage migration inhibitory factor in obese men: a randomised trial. Archives of
Physiology and Biochemistry. 2020:1-9.

33. Brzycki M. Strength testing—predicting a one-rep max from reps-to-fatigue. Journal of
physical education, recreation & dance. 1993;64(1):88-90.

34, Ataeinosrat A, Saeidi A, Abednatanzi H, Rahmani H, Daloii AA, Pashaei Z, et al. Intensity
Dependent Effects of Interval Resistance Training on Myokines and Cardiovascular Risk Factors in
Males With Obesity. Frontiers in Endocrinology. 2022;13.

35. Sanayei M, Kalejahi P, Mahinkazemi M, Fathifar Z, Barzegar A. The effect of Chlorella
vulgaris on obesity related metabolic disorders: a systematic review of randomized controlled trials.
Journal of Complementary and Integrative Medicine. 2022;19(4):833-42.

36. Ebrahimi-Mameghani M, Aliashrafi S, Javadzadeh Y, AsghariJafarabadi M. The Effect of
Chlorella vulgaris Supplementation on Liver En-zymes, Serum Glucose and Lipid Profile in Patients
with Non-Alcoholic Fatty Liver Disease. Health Promot Perspect. 2014;4(1):107-15.

37. Panahi Y, Badeli R, Karami G-R, Badeli Z, Sahebkar A. A randomized controlled trial of 6-
week Chlorella vulgaris supplementation in patients with major depressive disorder. Complementary
therapies in medicine. 2015;23(4):598-602.

38. Hopkins W, Marshall S, Batterham A, Hanin J. Progressive statistics for studies in sports
medicine and exercise science. Medicine+ Science in Sports+ Exercise. 2009;41(1):3.

39. Li Z, Gao Z, Sun T, Zhang S, Yang S, Zheng M, et al. Meteorin-like/Metrnl, a novel secreted
protein implicated in inflammation, immunology, and metabolism: A comprehensive review of
preclinical and clinical studies. Frontiers in immunology. 2023;14:1098570.

40. Amano Y, Nonaka Y, Takeda R, Kano Y, Hoshino D. Effects of electrical stimulation-induced
resistance exercise training on white and brown adipose tissues and plasma meteorin-like concentration
in rats. Physiological Reports. 2020;8(16):¢14540.

15



41. Tayebi SM, Golmohammadi M, Eslami R, Shakiba N, Costa PB. The Effects of Eight Weeks
of Circuit Resistance Training on Serum METRNL Levels and Insulin Resistance in Individuals with
Type 2 Diabetes. Journal of Diabetes & Metabolic Disorders. 2023:1-8.

42. Saeidi M, Mogharnasi M, Afzalpour M, Bijeh N, Vieira A. Comparison of the effect of aerobic,
resistance and combined training on some inflammatory markers in obese men. Science & Sports. 2023.
43. Alizadeh M, Shahrbanian S, Hackney AC. Comparison of the effects of 12 weeks of three types
of resistance training (traditional, circular and interval) on the levels of neuregulin 4, adiponectin and
leptin in non-athletic men with obesity. Arch Med Deporte. 2021;38(6):389-96.

44. Bae JY. Aerobic exercise increases meteorin-like protein in muscle and adipose tissue of
chronic high-fat diet-induced obese mice. BioMed research international. 2018;2018.

45. Javaid HMA, Sahar NE, ZhuGe D-L, Huh JY. Exercise inhibits NLRP3 inflammasome
activation in obese mice via the anti-inflammatory effect of meteorin-like. Cells. 2021;10(12):3480.
46. Eaton M, Granata C, Barry J, Safdar A, Bishop D, Little JP. Impact of a single bout of high-
intensity interval exercise and short-term interval training on interleukin-6, FNDC5, and METRNL
mRNA expression in human skeletal muscle. Journal of sport and health science. 2018;7(2):191-6.

47. Colak E, Pap D. The role of oxidative stress in the development of obesity and obesity-related
metabolic disorders. J] Med Biochem. 2021;40(1):1-9.

48. Powers SK, Goldstein E, Schrager M, Ji LL. Exercise Training and Skeletal Muscle Antioxidant
Enzymes: An Update. Antioxidants (Basel). 2022;12(1).

49, Ismaeel A, Holmes M, Papoutsi E, Panton L, Koutakis P. Resistance training, antioxidant status,
and antioxidant supplementation. International journal of sport nutrition and exercise metabolism.
2019;29(5):539-47.

50. Aizzat O, Yap S, Sopiah H, Madiha M, Hazreen M, Shailah A, et al. Modulation of oxidative
stress by Chlorella vulgaris in streptozotocin (STZ) induced diabetic Sprague-Dawley rats. Advances
in medical sciences. 2010;55(2):281-8.

51. Vijayavel K, Anbuselvam C, Balasubramanian M. Antioxidant effect of the marine algae
Chlorella vulgaris against naphthalene-induced oxidative stress in the albino rats. Molecular and
cellular biochemistry. 2007;303:39-44.

52. Panahi Y, Ghamarchehreh ME, Beiraghdar F, Zare R, Jalalian HR, Sahebkar A. Investigation
of the effects of Chlorella vulgaris supplementation in patients with non-alcoholic fatty liver disease: a
randomized clinical trial. Hepato-gastroenterology. 2012;59(119):2099-103.

53. Mendonga JDS, Guimaraes RCA, Zorgetto-Pinheiro VA, Fernandes CDP, Marcelino G, Bogo
D, et al. Natural Antioxidant Evaluation: A Review of Detection Methods. Molecules. 2022;27(11).
54, Padilha CS, Ribeiro AS, Fleck SJ, Nascimento MA, Pina FL, Okino AM, et al. Effect of
resistance training with different frequencies and detraining on muscular strength and oxidative stress
biomarkers in older women. Age (Dordr). 2015;37(5):104.

55. Vincent HK, Bourguignon C, Vincent KR. Resistance training lowers exercise-induced
oxidative stress and homocysteine levels in overweight and obese older adults. Obesity (Silver Spring).
2006;14(11):1921-30.

56. Cosme P, Rodriguez AB, Espino J, Garrido M. Plant Phenolics: Bioavailability as a Key
Determinant of Their Potential Health-Promoting Applications. Antioxidants. 2020;9(12):1263.

57. Peake JM, Suzuki K, Coombes JS. The influence of antioxidant supplementation on markers
of inflammation and the relationship to oxidative stress after exercise. The Journal of nutritional
biochemistry. 2007;18(6):357-71.

58. Kawamura T, Muraoka I. Exercise-Induced Oxidative Stress and the Effects of Antioxidant
Intake from a Physiological Viewpoint. Antioxidants. 2018;7(9):119.
59. Peternelj T-T, Coombes JS. Antioxidant supplementation during exercise training: beneficial or

detrimental? Sports medicine. 2011;41:1043-69.

60. Fallah AA, Sarmast E, Dehkordi SH, Engardeh J, Mahmoodnia L, Khaledifar A, et al. Effect of
Chlorella supplementation on cardiovascular risk factors: A meta-analysis of randomized controlled
trials. Clinical nutrition. 2018;37(6):1892-901.

61. Ward LC. Bioelectrical impedance analysis for body composition assessment: reflections on
accuracy, clinical utility, and standardisation. European journal of clinical nutrition. 2019;73(2):194-9.

16



Figures legends

Figure 1. Flow diagram from enrolment to analysis of research participants
Con, the Control group with placebo; CV, Chlorella vulgaris group; IRT, interval resistance training group with placebo, CVRT, Chlorella vulgaris
plus interval resistance training group.

Figure 2. Schematic illustration of study methods
Con, the Control group with placebo; CV, Chlorella Vulgaris group; IRT, interval resistance training group with placebo, CVIRT,
Chlorella Vulgaris plus interval resistance training group

Figure 3. Plasma levels of metrnl

Data are presented as the mean + SD. Con, the Control group with placebo, CV, Chlorella Vulgaris group; IRT,
interval resistance training with placebo, CVIRT, Chlorella Vulgaris plus interval resistance training group. ****
indicate p<0.00001 from pre-test; {1} indicate p<0.0001 from post-test of Con group; # indicate p<0.05 from post-
test of CV group.

Figure 4. Serum levels of MDA (A), SOD (B) and TAC (C)

Data are presented as the mean + SD. Con, Control group with placebo, CV, Chlorella Vulgaris group; IRT, interval
resistance training with placebo, CVIRT, Chlorella Vulgaris plus interval resistance training group; MDA,
Malondialdehyde, SOD; Superoxide dismutase; TAC, antioxidant capacity. **,*** indicate p<0.001 and p<0.0001 from
pre-test; 11, 111 indicate p<0.001 and p<0.0001 from post-test of Con group.
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Table 1. Body composition and biochemical parameters of participants

Con CV IRT CVIRT
(n=11) (n=11) (n=11) (n=11)
Before 100.942.6  1023+28 100.2+1.6 101.3+1.5
BM After 102.6£3.1  100.243.6 7243 k%% 07.743 4%+
(kg) A 1.6+4.5 -2.0+4.7 -2.844.1% -3.6+4.0%
pA 0.51 0.39 0.091 0.044
Before 32.3+1.1 32.6+2.0 312414 31.9+1.5
s After 32.9+1.9 32.0+2.7 30.3+1.0%* 30.842.0%
BMI (kg/n’) A 0.64+1.4 -0.66+1.5 -0.90+1.3* 111 2%
pA 0.45 0.42 0.091 0.054
Before 34.043.8 327433 352434 36.6+2.2
BF (%) After 344433 30.842.6 30.243.0 31.0+3.9
A 0.44+4.4 ~1.8845.0 -5.0142.3* -5.6245.2%
pA 0.99 0.51 0.04 0.01
Before 2563155  2582%16.7  256.8+20.7 261.2+19.1
TG (me/d) After 2543+12.8  255.1+13.8  253.5+14.1 245.6+19.1
A 12443 -4.7+42 L IE45%RRE ]2.546.6% 444
pA 0.48 0.016 0.0001 0.0001
Before 25824167 25094209  256.3+13.6 252.9+15.8
TC (g After 257.04172 2394185  239.4+15.5 234.0+11.1
A 1.245.1 11.44£74%  -16.84+6.4%* S18.9416.1%%*
P 0.90 0.016 0.0001 0.0001
Before 30.4+6.4 31.554.6 31.9+10.6 28.8+16.8
After 31.0+7.3 36.6+5.6 39.247.7% 38.9+6.9%
HDL (mg/dl) A 0.64+4.9 5.09+3.8 7,044, 0%* _10.0£4. 5%%*+
pA 0.98 0.0016 0.0001 0.0001
Before 172.0£13.7 _ 170.7+13.9  172.3%10.6 174.4£16.8
After 171.5£13.5  163.9+12.6  157.048.3* 155.5£16.3*
LDL (mg/d) A -0.545.5 -6.8+3.8% 15346, 75554 18844565kt
pA 0.99 0.001 0.0001 0.0001
Before 103.1+13.1  105.7£10.7  106.0+5.7 108.346.1
After 97.4+6.4 91.4+4.5 87.845 4% 84.246.7%*
BG (mg/d) A 574102 -142+129  -18.1£10.6 ** 24,149 Q¥
pA 0.25 0.0001 0.0001 0.0001
Before 19.4+0.6 19.4+0.7 19.4+0 4 19.740.5
. After 19.7+0.5 18.4£0.4%%%  ]7.940,5%%x 17.440. 8%+ 4+
Insulin (@UL) 031410 -1.20£0.1%% -1 4120.5%%%  2.6240.7%%* ¢
pA 0.62 0.0001 0.0001 0.0001
Before 4.9+0.7 5.0+0.5 5.0+0.2 5.3+0.4
After 4.7+0.3 4.120.2%* 3.740.2%%* 3.740.3%+++
HOMA-IR A 02120.6  -0.90+0.6%  -1.3+03%* 160,355
pA 0.0001 0.0001 0.0001 0.0001

Data are presented as the mean = SD. Con, Control group with placebo; CV, Chlorella Vulgaris group; IRT,
interval resistance training group with placebo, CVIRT, Chlorella Vulgaris plus interval resistance training group;
BM, body mass; BMI body mass index; BF, Body fat; BG, Fasting Blood Glucose; HOMA-IR homeostasis model
assessment of insulin resistance; TG, Triglyceride; TC, Total Cholesterol; LDL, low-density lipoprotein; HDL,
high-density lipoprotein; A: After — before trial, P, P-value based on intragroup comparison (After vs. before);
P, Adjusted P-value based on intergroup comparison of A, ****** p<(). 5 p<0.001, p<0.0001 compared to the
control group, © - 17 p<0.05, p<0.001, p<0.0001 compared to the Chlorella Vulgaris (CV) group.
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