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Abstract

Background: Obesity is a complex disease that has become increasingly prevalent. While obesity itself is not new, its
widespread occurrence is a more recent concern. Stimulating brown adipose tissue (BAT) and promoting the browning of white
adipose tissue (bWAT) have shown promise as therapeutic targets to increase energy expenditure and counteract weight gain.

Objectives: This study aimed to investigate two main aspects. First, we examined how obesity affects the expression of the
fibronectin type-Ill domain containing 5 (FNDC5) and uncoupling protein 1 (UCP1) genes in male Wistar rats. Second, we
assessed the effects of six weeks of aerobic exercise, exposure to cold water, and the combination of both on the expression of
the FNDC5 and UCP1 genes in obese male Wistar rats.

Methods: In this experiment, 25 male Wistar rats were randomly assigned to five groups (5 rats per group) after inducing
obesity. The groups included: A control group (C), an obesity group (0), an obesity group exposed to cold water (OC), an obesity
group engaged in aerobic exercise (OE), and an obesity group exposed to both cold water and aerobic exercise (OCE). The aerobic
exercise sessions lasted 30 - 60 minutes, with a speed of 15 - 25 meters per minute. The cold water exposure protocol involved
shallow water (2 - 4 cm) with a temperature of 14 - 18°C. The OCE group performed both aerobic and cold water exercises in each
session. The expression of the FNDC5 gene in the soleus muscle and the FNDC5 and UCP1 genes in subcutaneous fat was
evaluated using Real-Time PCR. All statistical analyses were performed using SPSS software version 16, with a significance level
setatP<0.05.

Results: Obesity significantly increased the expression of the FNDC5 gene (P = 0.008). After six weeks of aerobic exercise (P =
0.016) or cold water exposure (P = 0.016), there was a significant decrease in FNDC5 gene expression. Surprisingly, the
combination of both interventions did not result in a significant effect (P = 0.75). On the other hand, none of the interventions—
whether aerobic exercise, cold water exposure, or their combination—had a significant effect on the expression of the UCP1 gene
(P> 0.05).

Conclusions: The increase in FNDC5 gene expression caused by obesity may serve as a compensatory mechanism to cope with
the condition. However, both cold water exposure and aerobic exercise appear to mitigate this increase in FNDC5 gene
expression through enhanced thermogenesis.
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1. Background

Obesity results from an imbalance between energy
intake and energy expenditure, making it a chronic
disease. It is projected that by 2030, 51% of the
population will be affected by obesity, highlighting the

urgent need to explore effective strategies and safe
medications (1). In today's society, consistently reducing
calorie intake is a challenging task for obese individuals.
Therefore, thermogenesis, which increases energy
expenditure, has emerged as a potential solution to

Copyright © 2024, Tohidi et al. This open-access article is available under the Creative Commons Attribution 4.0 (CC BY 4.0) International License
(https://creativecommons.org|licenses/by/4.0/), which allows for unrestricted use, distribution, and reproduction in any medium, provided that the original

work is properly cited.


https://doi.org/10.5812/ijem-142746
https://doi.org/10.5812/ijem-142746
https://doi.org/10.5812/ijem-142746
https://crossmark.crossref.org/dialog/?doi=10.5812/ijem-142746&domain=pdf
https://crossmark.crossref.org/dialog/?doi=10.5812/ijem-142746&domain=pdf
https://orcid.org/0000-0002-8762-5681
https://orcid.org/0000-0002-8762-5681
https://orcid.org/0000-0002-9059-3262
https://orcid.org/0000-0002-9059-3262
https://orcid.org/0000-0001-7193-663X
https://orcid.org/0000-0001-7193-663X
mailto:mosaferi@um.ac.ir

Tohidi S et al.

Brieflands

combat obesity. Mammalian adipose tissue consists of
two distinct types: White adipose tissue (WAT) and
brown adipose tissue (BAT). White adipose cells are
characterized by a large lipid droplet at their center and
relatively fewer mitochondria compared to other cell
types. In contrast, BAT is primarily responsible for
generating heat and contains small lipid droplets along
with a significant number of mitochondria (2).

Thermogenesis refers to the physiological process of
generating additional heat beyond the basic metabolic
rate by utilizing stored chemical energy (3). This process
can be divided into two subcategories: Shivering and
non-shivering thermogenesis (NST). Non-shivering
thermogenesis primarily occurs through metabolic
activity in BAT and, to a lesser extent, in skeletal muscle,
liver, brain, and WAT (4). In rodents, exposure to cold is
known to be the strongest non-shivering thermogenic
stimulus (5). When sympathetic nerves are stimulated
during exercise or cold exposure, WAT can undergo a
transformation into beige adipocytes, which possess
thermogenic properties similar to those of BAT.

The increased thermogenesis observed in skeletal
muscle is associated with a specific protein called
fibronectin type-lll domain containing 5 (FNDC5) (6).
Fibronectin type-Ill domain containing 5 can be cleaved,
leading to the production of a secreted muscle factor
known as irisin. Irisin acts as a crucial myokine that
influences subcutaneous WAT through the bloodstream,
promoting thermogenesis by increasing the expression
of uncoupling protein 1 (UCP1) (2, 6).

On the other hand, shivering thermogenesis occurs
through the rhythmic contraction and relaxation of
skeletal muscles. This process induces FNDC5 expression
and irisin secretion at levels comparable to those
observed during exercise, suggesting that shivering
links exercise and cold-induced thermogenesis (7). Prior
research on the association between obesity and the
browning of white adipose tissue (bWAT) has yielded
contradictory results. Li et al. documented an inverse
correlation (8-10), whereas Guilford et al. observed a
direct correlation (11-13), and Badawy et al. found no
substantial association (14, 15) between body fat mass
and bWAT. As a result, further research is needed to
better understand the role of bWAT in obesity. It
remains unclear whether the increased expression of
these genes following obesity contributes to energy

expenditure or if this increase itself is a pathological
factor. Consequently, individuals with obesity may not
experience the same metabolic improvements mediated
by FNDC5 and irisin as lean individuals, such as
increased expression of browning-related genes in
proliferating cells and enhanced energy expenditure.

Numerous studies on rodents have consistently
demonstrated that chronic exercise activity can
stimulate bWAT through the activation of the
sympathetic system (7, 16) and the secretion of
myokines (6, 17). In lean rodents, this exercise-induced
activation of bWAT is characterized by increased
expression of markers such as peroxisome proliferator-
activated receptor-gamma co-activator l-alpha (PGCia),
FNDC5, and UCP1 (6, 18-20).

However, there are still some conflicting findings
regarding the effects of physical activity on bWAT in
obese individuals. While Li et al. observed an increase in
markers related to bWAT following exercise in obesity
conditions (8, 10, 21-23), others, such as Guilford et al,,
have reported a negative (12, 13) or neutral relationship
(24, 25). Moreover, chronic cold exposure can induce
sympathetic stimulation and a thermic response in
white adipose tissue (WAT). The interaction between
norepinephrine and B3 receptors on the membrane of
white adipocytes triggers a cascade of events, leading to
the overexpression of UCP1 and other thermogenic
proteins (2). Therefore, cold exposure is considered one
of the effective factors in stimulating bWAT and
promoting thermogenesis in healthy metabolic
conditions (7, 26, 27).

Investigating the relationship between cold
exposure, particularly cold water, and its impact on
obesity conditions can provide valuable insights, given
the limited information available. The current study
aims to assess the effects of shallow cold water, which
has not been extensively studied before. Using cold
water instead of cold weather allows for more precise
control over temperature and other influential factors.
Additionally, to accurately evaluate the impact of cold
exposure without the confounding factor of swimming,
a water depth of 2 - 4 cm was chosen (28), as swimming
itself can affect bWAT. Furthermore, the existence of
conflicting findings regarding the effects of obesity and
physical activity led us to examine their combined
effects on bWAT. While numerous studies have
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investigated the effects of various stimuli on bWAT and
BAT activation, the focus has primarily been on
individual stimuli, with less attention given to the
combined effects of multiple stimuli.

2. Objectives

This study incorporated a combined intervention
involving both exercise activity and cold water exposure
to elucidate the effects of exercise and cold on obese
rats.

3.Methods

3.1. Animal Subjects

A total of 25 male Wistar rats, aged 10 to 11 weeks and
weighing 230 to 240 grams, were procured from the
Mashhad Faculty of Medical Sciences. Subsequently, they
were transferred to the animal laboratory at Ferdowsi
University of Mashhad, specifically the Faculty of Sport
Sciences. All experimental procedures were approved by
the Research Ethics Committee of Ferdowsi University of
Mashhad, with the
IR.UM.REC.1401.124.

ethical clearance code:

3.2. Acclimatization to the Laboratory Setting

The rats were housed individually in polycarbonate
cages measuring 20 x 27 x 47 cm for a duration of one
week. They were maintained under standardized
conditions with a 12-hour light-dark cycle, a
temperature of 23 £1°C, and a relative humidity of 50 £ 3
percent. Adequate water and standard food were made
freely accessible. The daily intake of food and water was
monitored throughout the study.

3.3.Induction of Obesity Using a High-Fat Diet

Following the familiarization period, the rats were
fed a high-fat diet (HFD) devised by the researcher,
which was composed of 47.3% lipids, for approximately
four weeks. To confirm the induction of obesity, Lee’s
index was calculated for all rats at the end of the obesity
induction period. The Lee Index is defined as the cube
root of body weight (g) divided by the naso-anal length
(mm). Lee Index values above 310 g were considered
indicative of obesity in rats (29). Body weight was
measured using a digital scale with a precision of + 0.01
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g, and the naso-anal length was measured using a

calibrated measuring tool. Measurements were

performed under anesthesia induced by an
intraperitoneal injection of ketamine (30 - 50 mg/kg)
and xylazine (3 - 5 mg/kg). Rats with a Lee Index above
the established threshold for obesity were categorized
as obese. The use of anesthesia ensured accurate

measurements while minimizing stress to the animals.

Once the rats met the obesity criteria, the next phase
of the research involved shifting all rats to a healthy
diet. At this point, the rats were divided into five distinct
groups, each comprising 5 rats: (1) Control (C), (2)
obesity (O), (3) obesity with cold water exposure (OC),
(4) obesity with aerobic exercise (OE), and (5) obesity
with cold water exposure and aerobic exercise (OCE).
The arrangement of the rat groupings is depicted in
Figure 1. Simple randomization was performed using
the lottery method.

3.4. Protocol for Cold Water Exposure and Aerobic Exercise
Intervention

After a week of acclimatization to the treadmill
(consisting of five days at a speed of 10 m/min for 15
minutes), the exercise interventions for the OE and OCE
groups were implemented using a specialized rodent
treadmill, as outlined in Table 1. Each session included a
five-minute warm-up and cool-down period, both
performed at a pace of 10 meters per minute (30).

The procedure for the cold-water exposure
intervention was conducted according to the guidelines

specified in Table 2, for the OC and OCE groups (31, 32).

In the OCE group, both the OC and OE protocols were
carried out within each session; however, the order in
which these protocols were performed alternated daily.
The interventions for the OC, OE, and OCE groups were
carried out over a span of six weeks, with five sessions
scheduled per week.

3.5. Collection of Samples

To minimize the stress response induced by the
exercise session, the rats were anesthetized 48 hours
after the last exercise session and 12 hours following
fasting. An intraperitoneal injection of ketamine (30 to
50 mg per kilogram of body weight) and xylazine (3 to 5
mg per kilogram of body weight) was administered to
induce anesthesia. The effectiveness of the anesthesia


https://brieflands.com/articles/ijem-142746
https://ethics.research.ac.ir/ProposalCertificateEn.php?id=284106

Tohidi S et al.

Brieflands

a
o
N=5 ‘ Induction of - ) =
obesity Mix =3
B
-]
N=5 - Induction of — Cold =N
p =
obesity Exposure @
=
" 3
Entering the N=5 - Induction of - Aerobic B
laboratory obesity Exercise =
g
. =
obesity 3
-
1<%
&

N=5 — Contral

Figure 1. Grouping of rats
Table 1. Aerobic Exercise Protocol
Week
Parameter
1 2 3 4 5 6

Speed (m/min)

Duration (min) 30

Distance (m) 400

was confirmed by the absence of movement and lack of
response to stimuli, such as pinching the toe. After
anesthesia was achieved, a five to six-centimeter incision
was made in the abdominal area to allow for the
extraction of the soleus muscle and subcutaneous fat.
These samples were then rinsed with physiological
serum, placed in 1.5 mL microtubes, and transported to
Ghaem Hospital in Mashhad for genetic testing.
Following tissue extraction, the remaining carcasses
were stored in a freezer at a temperature below freezing
point. Ultimately, at the conclusion of the study, the
carcasses were incinerated in the incinerator affiliated
with the Faculty of Veterinary Medicine at Ferdowsi
University of Mashhad.

3.6. RNA Extraction and RT-PCR Analysis of Soleus Muscle
and Subcutaneous Fat

Fibronectin type-Ill domain containing 5 gene
expression from soleus muscle tissue, along with FNDC5
and UCP1 expression from subcutaneous fat, was
assessed using the RT-PCR method. RNA extraction was

performed using the Favorgen® mRNA extraction kit
FATRS 050, Taiwan)
manufacturer’s instructions. To enable successful PCR

(Cat no: according to the

40
550

20 25 25

40 50 60

700 100 1350

amplification, the RNA was first converted into
complementary DNA (cDNA). For the synthesis of the
initial ¢cDNA strand, two micrograms of mRNA from
each sample was used. The cDNA synthesis was
facilitated by the Addbio cDNA synthesis kit (Cat no:
22701, Korea), according to the manufacturer’s
instructions. The synthesized cDNA was then used for
RT-PCR analysis.

3.7. Real-time PCR Technique

To quantify the expression levels of FNDC5 and UCP1
genes, the real-time PCR technique was employed, using
SYBR Green as the detection method. The primer
sequences, as outlined in Table 3, were designed based
on gene information obtained from the NCBI Gene
Bank. The temperature profile for the RT-PCR process
included initial denaturation at 95°C for 10 minutes,
followed by denaturation at 90°C for 15 seconds, and
annealing at 60°C for one minute, with a total of 40
cycles. The expression levels of FNDC5 and UCP1 genes

were evaluated using the 222t method. After RNA
extraction, spectrophotometry agarose gel
electrophoresis were used to assess the quality and
quantity of the extracted RNA. It is noteworthy that

and
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Table 2. Cold Water Exposure Protocol

Week
Parameter
1 2 3 4 5 6

Temperature (°C) 18 18 16 16 14 14

Duration (min) 30 40 40 50 50 60

Water depth (cm) 2 2 3 3 4 4
Table 3. Primer Sequences

Gene Forward 5'-3' Reverse 5'-3' Product Length

FNDC5 NM_001171940.2 CTTCATGTGGGCAGGTGTCAT ATTGGGCTCGTTGTCCTTGAT 212

UCP1NM_009463.3 GCTCCTCCACAAATAGCCCTG CGGAAGTTGTCGAACTCACCA 307

GAPDH NM_001256799.3 CTCTCTGCTCCTCCCTGTTC CGATACGGCCAAATCCGTTC 333
Table 4. The Mean Weight and Lee Index of the Groups at the End of the Obesity Induction Period

Group Weight Lee Index

Control 276 301

Obese 3227 315

Aerobic exercise 321 313

Cold exposure 328.2 316

Mix 329.8 316
Table 5. Weight Changes Within and Between Groups During 6 Weeks of Exercise Intervention in Obese Groups

Group F P-Value

Within-group 130.277 0.000

Between-group 1.058 0.403

GAPDH was used as a reference/control gene during the
analysis.

3.8. Statistical Analysis

Data analysis was performed using SPSS software,
version 16. The comparison of average ranks among the
groups was carried out using the Kruskal-Wallis test.
Subsequently, the U-Mann Whitney post hoc test was
applied to assess pairwise differences between the
groups. The hypotheses were evaluated at a significance
threshold of P < 0.05.

4.Results

4.1. Lee Index

Int ] Endocrinol Metab. 2024; 22(4): 142746

As shown in Table 4, Lee Index values above 310 g
were considered an indicator of obesity in rats (29).

As shown in Table 5, within-group weight changes
during the 6 weeks of training intervention were
significant for all obese groups. However, between-
group weight changes were not significant.

The changes in the groups' weights throughout the
execution of the protocols and after discontinuing the
high-fat diet are shown in Figure 2. The weight increase
in all groups was consistently monitored over the
course of the six-week intervention period.

4.2. Fibronectin Type-lll Domain Containing 5 in Soleus
Muscle in Male Wistar Rats

Figure 3 illustrates the impact of obesity on the
significant elevation of FNDC5 gene expression (P =
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Figure 2. Weight changes of rats during the implementation of the protocols; the mean is indicated by the gray color, and the standard deviation is represented by the specific

color of each group.

0.008). The six-week period involving cold water
exposure (P = 0.016) or aerobic exercise (P = 0.016)
notably reduced FNDC5 gene expression, with no
significant difference between the two methods (P =
0.83). However, the combined intervention involving
both cold water exposure and aerobic exercise did not
exhibit a significant effect (P = 0.75).

4.3. Uncoupling Protein 1in Subcutaneous Fat in Male Wistar
Rats

Obesity (P = 0.074), cold water exposure (P = 0.59),
aerobic exercise (P = 0.347), and the combined
intervention (P = 0.91) did not have any significant
impact on UCP1 levels.

4.4. Fibronectin Type-lll Domain Containing 5 in
Subcutaneous Fat in Male Wistar Rats

The results of the Kruskal-Wallis test indicated that
none of the interventions had a significant effect on
FNDC5 gene expression within subcutaneous fat (Chi-
square = 5.835, df = 4, P = 0.212). Descriptive statistics
related to the expression of FNDC5 and UCP1 genes are
presented in Table 6.

5. Discussion

This study demonstrated that obesity significantly
increased the expression of the FNDC5 gene. Over a span
of six weeks, both aerobic exercise and cold water
exposure led to a significant reduction in its expression,
although the combination of both interventions did not
have a notable impact. In contrast, none of the
interventions targeting obesity—whether a six-week
course of aerobic exercise, cold water exposure, or their
combination—resulted in a significant change in UCP1
gene expression.
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Figure 3. Graphical abstract: In the case of obesity, overexpression of the muscle fibronectin type-Ill domain containing 5 (FNDC5) gene can lead to a pathological condition
where the increase in muscle FNDC5 gene expression is not aligned with the increase in fat uncoupling protein 1 (UCP1) gene expression and thermogenesis. Six weeks of

exposure to cold and aerobic exercise can reduce muscle FNDC5 gene expression.

Previous studies conducted by Badawy et al. and Wu
et al. did not observe significant changes in FNDC5
content in rats fed consistently with high-fat and high-
carbohydrate diets compared to those on standard diets
(14, 15). However, contrasting findings were reported by
Kazemi Nasab et al. and Guilford et al, who found
higher levels of muscle PGCia and FNDC5 in mice
subjected to high-fat diets compared to those on low-fat
diets. In line with our findings, a positive correlation
between muscle FNDC5 expression and body fat was also
established (12, 13).

The increase in FNDC5 expression within skeletal
muscles may aim to promote energy expenditure and
act as a compensatory mechanism against weight gain
associated with a high-fat diet. However, this elevation,
combined with potential chronic increases in irisin
levels during obesity, could potentially lead to fat tissue
resistance to this hormone. Numerous studies have
indeed identified the highest levels of irisin in obese
individuals (33, 34), with FNDC5 and irisin levels
decreasing following weight loss (11). This rise in irisin
levels in obesity might serve as a feedback mechanism
for metabolic regulation. Additionally, obese individuals
may develop resistance to irisin similar to the resistance
observed with insulin and leptin (35). Moreover, since

Int ] Endocrinol Metab. 2024; 22(4): e142746

ENDC5 is recognized as a heat-generating factor (36),
with heat being its final product instead of ATP, it is
plausible to suggest that increased FNDC5 expression
under conditions of excess energy intake may not be far-
fetched (37). Conversely, studies have demonstrated that
energy restriction leads to a decrease in heat generation
(38).

Nevertheless, the precise mechanism of FNDC5 and
irisin action in obesity requires further exploration, as it
remains unclear whether the heightened expression of
these genes following obesity contributes to enhanced
energy expenditure or if this elevation itself functions
as a pathological factor. Thus, obese individuals may not
experience the same metabolic improvements mediated
by FNDC5 and irisin—such as increased expression of
browning-related genes in mature adipocytes and
enhanced energy expenditure—that lean individuals do
(39).

This study aligns with Eslami et al., who noted no
significant elevation in UCP1 gene expression in
subcutaneous fat (40). Uncoupling protein 1 serves as a
marker of thermogenesis in mitochondria and exhibits
lipolytic and oxidative properties. Its role in
metabolizing substrates and converting heat into ATP is
also noteworthy (41). These results indicate that, in
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Table 6. Descriptive Statistics Related to the Expression of Fibronectin Type-Ill Domain Containing 5 and Uncoupling Protein 1 Genes in the Groups

Variables and Groups

Mean + SD (Median)

Muscle FNDC5 (relative expression)
Control
Obese
Cold exposure
Aerobic exercise
Mix
UCP1 (relative expression)
Control
Obese
Cold exposure
Aerobic exercise
Mix
Fat FNDC5 (relative expression)
Control
Obese
Cold exposure
Aerobic exercise

Mix

0.99+0.00 (0.99)
5.41+2.40 (4.50)
1.91+0.96 (2.00)
1.76 £1.31(2.02)
4.82+2.14(5.20)

0.99+0.00(0.99)
3.26 £2.31(2.26)

3.40 £1.65(2.92)

1.97+135(1.00)

2.78+1.94(2.84)

0.99£0.00 (0.99)
1.97+1.79 (0.87)
4.34+6.61(1.97)
1.88 +£1.83(1.02)

0.53+0.29 (0.43)

Abbreviations: FNDC5, fibronectin type-IIl domain containing 5; UCP1, uncoupling protein 1.

obese rats, despite the increased expression of the
FNDC5 gene, the process of browning white fat is
reduced, while the storage of fat as white adipocytes is
increased. In the context of obese mice, our results show
an increase in body weight across all groups, including
the obese group, throughout the intervention protocols
(Figure 2). Aerobic exercise has been shown to increase
muscle mass to some extent, which could contribute to
weight gain in the exercised groups (42).

Li et al. revealed that a high-fat diet led to decreased
muscle FNDC5 and UCP1 levels within the adipose tissue
of mice. In contrast, exercise, diet control, or a
combination of both resulted in significantly reduced
body weight, white adipose mass, and lipid ratios in
obese mice. Notably, our findings highlight the
continuous weight increase observed across all groups.
These outcomes are consistent with the changes in UCP1
identified in the aforementioned studies (10).

The time required for obesity to manifest ranges
from 8 days to 27 weeks. Obesity-related characteristics,
such as increased glucose intolerance, become more
evident after prolonged exposure to obesity-promoting
diets. While some studies suggest that the seventh week
marks a significant increase in weight gain (43), others
advocate for a 10- to 12-week duration to fully

consolidate phenotypic and metabolic attributes of
obesity (43). In our study, obesity was induced over a
brief four-week period, which contrasts with Li et al. and
Yang et al., where the induction lasted 10 and 11 weeks,
respectively (10, 44). Additionally, all rodents in Li et al.'s
study maintained a high-fat diet throughout, while our
intervention period of six weeks involved rats on a
healthy diet (10).

Across most studies, FNDC5, irisin, and UCP1 proteins
have been key parameters for evaluating bWAT.
However, in our study, we assessed the expression of
FNDC5 and UCP1 genes. This distinction could be
attributed to post-transcriptional and post-translational
modifications. For example, despite the overexpression
of the FNDC5 gene, its protein may not be synthesized,
or its cleavage into irisin may be reduced under obesity
conditions.

Inflammation emerges as another factor that could
contribute to these discrepancies. Mature adipocytes are
known to secrete pro-inflammatory cytokines, which
contribute to systemic inflammation and complications
in obese individuals (45). In light of this, some studies
propose that impaired BAT/Beige thermogenesis during
obesity may propagation of
inflammation (46). It is plausible that, at the onset of

result from the
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obesity, the body increases heat generation as a strategy
to counteract further fat accumulation. However, as
obesity progresses and inflammation-related disorders
develop, bWAT becomes suppressed. Therefore, a
comprehensive study encompassing various degrees of
obesity, inflammation spread, and bWAT assessment
could potentially clarify these contradictions.

This study demonstrated a notable decrease in
FNDC5 expression in the soleus muscle of obese rats
after six weeks of cold water exposure. The resulting
heat generation related to shivering thermogenesis
might explain the reduced demand for non-shivering
thermogenesis and the corresponding decline in FNDC5
expression. These findings contrast with those of Lee et
al. and Reisi and Mohammadnia (7, 32). The discrepancy
may be attributed to protocol differences, as our design
prevented full immersion of the rats due to the 2 -4 cm
water depth, whereas Badawi et al. and Cho et al
observed increased FNDCS5, irisin, and UCP1 following
acute and chronic swimming in (14, 20). Further studies
have supported these observations (8, 28).

Lee et al. found that cold exposure increased irisin
secretion, with colder temperatures leading to higher
irisin production (7). However, Lee et al.'s study involved
a single session with healthy subjects, intermittently
reducing the temperature until it reached 12°C (7). A
prolonged response to cold might differ from a single-
session exposure. For example, long-term cold exposure
studies have reported no similar increase (47, 48).
Additionally, the healthy metabolic state of the subjects
in Lee et al.'s and Reisi and Mohammadnia's studies may
have influenced the outcomes, as Vijgen et al. identified
weakened thermogenesis due to cold exposure during
obesity (49). This study indicated a significant reduction
in FNDC5 expression in the soleus muscle of obese rats
after six weeks of cold water exposure, which may
represent a compensatory mechanism against the
heightened FNDC5 expression associated with obesity.

In our study, six weeks of cold water exposure did not
lead to any changes in UCP1 gene expression in
subcutaneous fat. Although rodent studies have
highlighted the positive impact of cold exposure on
bBWAT,
inconclusive. Some studies have shown that long-term
cold exposure increases PGC1a, UCP1, and mitochondrial

human experimental evidence remains

activity, all indicative of beige cell characteristics (48).
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However, other research did not report significant
changes in UCP1 or other bWAT markers in healthy
human subcutaneous fat following 10 days of cold
acclimation (49), which aligns with further studies (47).
Variations in cold intensity may contribute to these
conflicting results, as rodents are typically exposed to
temperatures around 4°C, which is impractical for
humans. Temperatures between 14 - 18°C likely proved
insufficient to induce changes in UCP1 gene expression,
suggesting the need for lower temperatures (50).
Additionally, the hypothesis of irisin resistance, as
discussed earlier, could be a contributing factor.

The present study did not reveal significant changes
in UCP1 gene expression following the OE intervention.
However, FNDC5 gene expression experienced a
significant decline in this group. This is consistent with
Davis et al., where markers of bWAT, including UCPJ,
showed no change in inguinal or epididymal fat after 15
weeks of running exercise (24). Aldiss et al. observed no
change in UCP1 mRNA within inguinal subcutaneous fat
after four weeks of swimming exercise (25). Additionally,
Ramos et al. found no impact on mitochondrial
proteins, including UCP1, after eight weeks of treadmill
exercise (18 to 25 m/min for 30 to 60 minutes with a 10%
incline) (51). Conversely, Guilford et al. noted a
significant reduction in UCP1 in epididymal fat tissue
after four weeks of running wheel activity. Moreover,
exercise did not significantly alter FNDC5 or PGCla
protein levels in the skeletal muscle of obese mice (12).
These variations could be attributed to methodological
differences, such as the rodents' metabolic condition,
the type, intensity, and duration of exercise. As such, Wu
et al. demonstrated that, under obesity conditions, the
effect of exercise-induced browning in inguinal
subcutaneous fat tissue is reduced (15). Furthermore,
our exercise intensity ranged from approximately 50 -
70% of maximal oxygen consumption (52). In this
context, Tanimura et al. reported no change in UCP1
gene expression in inguinal subcutaneous fat following
low-intensity exercise, in contrast to high-intensity
exercise (53).

However, despite irisin being recognized as both a
myokine and adipokine (54), the exact nature of bWAT
regulation—whether it operates through an endocrine,
autocrine, or mixed mechanism—remains uncertain.
Our findings in Table 6 show no significant changes in
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FNDC5 gene expression or UCP1 gene expression in
subcutaneous fat for any of the interventions. This
divergence could be due to post-transcriptional and
post-translational ~ modifications.  Contrary  to
expectations, Lee et al. found that cold exposure was
associated with decreased irisin secretion, with more
irisin being produced at lower temperatures (7).
However, Lee et al.'s study was conducted in healthy
individuals over a single session, during which the
temperature gradually decreased to 12°C (7). Prolonged
cold exposure might yield different results compared to
a single session. Additionally, since Lee et al. and Reisi
and Mohammadnia studied healthy subjects (7, 32),
their observations could be attributed to the healthy
metabolic state of these individuals, as indicated by
Vijgen et al, who identified weakened cold-induced
thermogenesis during obesity (49). In our study, a
significant reduction in FNDC5 expression was observed
within the soleus muscle of obese rats after six weeks of
cold water exposure. This decrease may represent a
compensatory mechanism against the elevated FNDC5
expression typically seen in obesity.

Lastly, a combined intervention of aerobic exercise
and cold water exposure was employed to investigate
their effects on obese rats. However, the results did not
show a significant change in FNDC5 gene expression
within the soleus muscle or UCP1 gene expression in
subcutaneous fat between the OCE and O groups.

In Javadifar et al.'s study, obese male rats with type 2
diabetes underwent various interventions, including
resistance exercises at both normal and cold
temperatures, as well as endurance exercises at normal
and cold temperatures. Meanwhile, control groups were
exposed to normal and cold temperatures without
physical activity. Interestingly, no significant differences
in irisin levels were observed between the exercise and
control groups at both temperatures, although irisin
levels were slightly higher in the cold group (48). Ozbay
et al. had 32 healthy men participate in 40-minute
aerobic running sessions four days a week, at -5 to 5°C
(16 participants) and 21 - 25°C (16 participants). After 18
weeks, irisin levels remained unchanged in the cold and
exercise group but significantly decreased in the other
group (55). The differing thermal conditions between
exercise and cold exposure might contribute to the
disparity in their effects. Cold exposure triggers both
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shivering and non-shivering thermogenesis, while
exercise is inherently thermogenic, making it unlikely
to further enhance thermogenic activity. This could
explain the absence of significant effects on bWAT
factors in our study, as well as in Javadifar et al.'s and
Ozbay et al.'s studies (48, 55).

Furthermore, the OCE group simultaneously
underwent both cold water exposure and aerobic
exercise protocols during each session. The substantial
activity volume in this group, with relatively high
energy expenditure, could potentially induce energy
restriction. As NST primarily focuses on heat production
and energy loss, it is
thermogenesis serves as a protective mechanism in this
scenario. Afshari et al. observed that high-volume
aerobic exercise failed to elevate UCP1 expression in
subcutaneous

plausible that reducing

fat compared to moderate-volume
exercise. The high energy expenditure in high-volume
exercise might trigger the body's defense mechanisms
against energy loss (56). This mechanism could be
analogous to the conditions of energy restriction (38).

5.1. Limitations

This study has some limitations. Although gene
expression plays a crucial role, the proteins produced by
these genes are ultimately responsible for executing
their functions. Due to financial constraints, this study
only examined gene expression. Additionally, instead of
considering body fat percentage, we used weight gain as
the criterion for obesity induction.

In this study, the HFD used to induce obesity was
based on a standard rodent chow diet with a specific
percentage of fat. This approach was designed to meet
baseline nutritional requirements for essential vitamins
and minerals. However, we acknowledge that altering
the composition of the diet's macronutrients could
potentially affect the balance of micronutrients, leading
to suboptimal intake of some vitamins and minerals.

While no signs of malnutrition were observed during
the study, this limitation should be considered when
interpreting the results. Future studies could
incorporate fortified HFD formulations or conduct more
detailed nutritional analyses to ensure the adequacy of

all essential nutrients.

5.2. Conclusions

Int ] Endocrinol Metab. 2024;22(4): e142746
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In conclusion, comprehensive findings on the
combined impact of exercise and cold exposure are
scarce, with considerable heterogeneity among the few
studies conducted. Thus, further investigations
comparing the effects of these two protocols could
provide more insight into this matter.
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