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Introduction: Caffeine, as a popular drink, along with exercise training, may help restore 
altered gene expres-sion in high-fat diet (HFD)-induced obesity. This study examined the 
effects of exercise training, caffeine consumption, and their interaction on inflammation and 
genes involved in metabolism in rats fed an HFD.
Methods: Eighty male Wistar rats were separated into two groups: HFD and normal diet 
(ND). Each group was subsequently divided into four groups: sedentary, caffeine-only, 
exercise, and caffeine-plus-exercise. For eight weeks, the animals in the training groups 
engaged in aerobic exercise on a mo-torized treadmill for 60 minutes, five times per week. 
Animals in the caffeine group ingested a solution containing caffeine daily (6 mg/kg/bw). The 
expression of Peroxisome proliferator-acti vated receptor-gamma coactivator 1 alpha (PGC-
1α) and fibronectin type III domain-containing (FNDC5) genes in the calf muscle, uncoupling 
protein-1 (UCP1) in subcutaneous adipose tissue, NF-KB and TLR4 in vis-ceral adipose 
tissue, and fetuin-A (Fet-A) in the liver were investigated. 
Results: The findings demonstrated that HFD significantly elevated the NF-Kβ gene and 
downregulated the skeletal muscle PGC-1α and FNDC5 genes, as well as serum fetuin-A. 
UCP-1 (366% vs. 56%), FNDC5 (26% vs. 54%), and PGC-1α (40% vs. 1700%) genes were 
all considerably elevated by exercise training and caffeine supplementation, respectively. 
Additionally, exercise training reduced TLR4 and NF-Kβ expression in visceral adipose 
tissue and liver Fet-A gene expression. Furthermore, following HFD, when compared to the 
sedentary group, exercise training with and without caffeine consumption decreased the NF-
Kβ gene and liver Fet-A and increased PGC1-α, FNDC5, UCP1, and serum Fet-A.
Conclusion: These findings support the idea that exercise and caffeine may reduce inflammation 
by downregulating genes involved in inflammation and adipose tissue browning.
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Obesity, particularly when caused by a high-fat diet 
(HFD), is strongly linked to chronic low-grade inflam-
mation due to excess adipose tissue infiltrated by im-
mune cells that secrete inflammatory cytokines. This 
inflammation contributes to the development of various 
health issues, including metabolic disorders and cardio-
vascular diseases. Reducing body weight can mitigate 
obesity-induced inflammation by lowering pro-inflam-
matory cytokine production and enhancing adipose tis-
sue function, thereby reducing the risk of chronic dis-
eases like cardiovascular disease and type 2 diabetes 
(Villarroya et al., 2018). It is well-documented that both 
skeletal muscle and brown adipose tissue (BAT) have 
the same oxidative capacities (Porter et al., 2016). The 
similar oxidative capacities of muscle and BAT support 
the idea that browning white adipose tissue (WAT) can 
be a useful approach for weight loss due to the high met-
abolic activity and energy expenditure associated with 
BAT. Both muscle and BAT are known for their capacity 
to oxidize substrates and generate heat through a process 
called thermogenesis, which is facilitated by the pres-
ence of uncoupling protein 1 (UCP1) in BAT. This ther-
mogenic process significantly increases energy expendi-
ture and can lead to the reduction of fat stores (Zhang et 
al., 2022). Thus, it appears that increasing the browning 
of WAT can be considered a weight-loss strategy.

In addition to exercise, overexpression of the tran-
scriptional co-activator Peroxisome proliferator-acti-
vated receptor-gamma coactivator 1 alpha (PGC-1α) 
has been found to increase the expression of fibronectin 
type III domain-containing (FNDC5) in skeletal muscle, 
which is associated with the expression of uncoupling 
protein-1 (UCP1), a marker of browning adipocytes, 
in adipose tissue (Boström et al., 2012). PGC-1α, as a 
muscle master metabolic regulator, is activated by mus-
cle contraction (Boström et al., 2012; Egan et al., 2010). 
It has also been demonstrated that irisin, an exercise-re-
sponsive and PGC-1α-dependent myokine cleaved from 
the FNDC5 gene (Boström et al., 2012), is secreted pri-
marily by skeletal muscle (72%) and, to a lesser extent, 
by adipose tissue (28%) (Roca-Rivada et al., 2013). This 
secretion stimulates the browning of subcutaneous WAT 
by upregulating UCP-1 (Boström et al., 2012). 

Exercise training has been recognized as an effective 
weight loss strategy, promoting WAT browning and re-
ducing meta-inflammation by increasing FNDC5/irisin 

levels. It was demonstrated that following 12 weeks of 
combined exercise training, circulating irisin decreased 
while the PGC-1α and FNDC5 genes in skeletal muscle 
were elevated in human subjects (Norheim et al., 2014). 

On the other hand, research has shown caffeine, a key 
component in many popular drinks, can combat diabetes 
(Natella and Scaccini 2012), obesity-related inflamma-
tion (Paiva et al., 2019), and boost metabolism. Through 
the central nervous system, it may also help boost ther-
mogenic activity and energy expenditure (Clark et al., 
2019). Additionally, caffeine has been discovered to up-
regulate UCP1 in obese mice (Kogure et al., 2002). 

A growing body of research indicates that exercise 
training and calorie restriction are not enough to reduce 
weight (Vettor et al., 2020). As a result, using pharma-
ceutical treatment in conjunction with physical exercise 
may be a successful plan to enhance energy expendi-
ture and subsequently promote weight loss. Caffeine 
consumption, when combined with exercise training, 
appears to enhance thermogenic activity by influenc-
ing skeletal muscle and adipose tissue gene expression, 
promoting adipose tissue browning. However, to our 
knowledge, no study has investigated the combined ef-
fects of exercise training and caffeine consumption on 
the expression of adipose tissue browning-related genes 
in diet-induced obesity. Therefore, this study examined 
how exercise, caffeine intake, and their interaction influ-
ence skeletal muscle and adipose tissue gene expression 
related to adipose tissue browning, as well as their rela-
tionship with inflammatory markers.

Material and Methods 
Animal Care
The University of Kurdistan’s Ethics Commit-

tee approved this study (Approval ID: IR.UOK.
REC.1397.024), which was based on the Guide for the 
Care and Use of Laboratory Animals (Council 2010). 
For this purpose, 80 male Wistar rats, aged 8 weeks and 
with an average weight of 180 g, were purchased from 
the Pasteur Institute of Iran and housed in cages with 
four rats per cage at a temperature of 21-23°C (12 hours 
of light and 12 hours of darkness). The rats were divided 
into two groups depending on their body weight after 
a one-week acclimation period: high-fat diet (HFD) or 
normal diet (ND). Then each of the ND and HFD groups 
was further divided into four subgroups: (1) normal sed-
entary (NS, n=10), (2) ND + caffeine (NC, n=10), (3) 
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ND + endurance training (NE, n=10), and (4) ND+ caf-
feine + endurance training (NCE, n=10). Similarly, the 
HFD group was divided into (1) sedentary HFD (HS, 
n=10), (2) HFD+ caffeine (HC, n=10), (3) HFD+ en-
durance training (HE, n=10), and (4) HFD + caffeine 
+ endurance training (HCE, n=10). The rats had ad li-
bitum access to an HFD or ND for the duration of the 
study (8 weeks). The ND consisted of carbohydrate 
(64% kcal), protein (24%), and fat (10% kcal), while the 
HFD consisted of soybean oil (60% kcal), protein (16% 
kcal), and carbohydrate (24% kcal). Rats in the exer-
cise training groups were subjected to aerobic exercise 
for eight weeks (5 times/week). Additionally, rats in the 
caffeine-containing groups received daily gavage doses 
of caffeine (6 mg/kg/body weight) (Kobayashi-Hattori 
et al., 2005). 

In this study, randomization was performed by num-
bering each sample (tagged on the back) and assigning 
them to control and treatment groups using an online 
randomization tool (https://randomizer.org). The sam-
ple size for each group was determined using an online 
sample size calculator (https://www.calculator.net/sam-
ple-size-calculator.html).

Exercise protocols
After one week of habituation to treadmill running (3 

times per week, 15 minutes per session), animals in the 
training groups were subjected to progressive aerobic 
exercise training, starting with 20 minutes per day at an 
intensity of 15 meters per minute. Until the end of the 
third week, the speed and duration increased each week 
by 3 m/min and 5 min, respectively, so that the speed and 
duration reached 21 m/min and 30 min/session. There-
after, the speed and duration gradually increased to 27 
m/min and 60 min/session, respectively, throughout the 
remaining weeks (Høydal et al., 2007). The training pro-
tocol was carried out in the evening. To reduce the stress 
on the cage and the feeding tube, all animals were kept 
under the same conditions.

Tissue sampling, PCR quantification, and blood sam-
pling

Following eight weeks of the intervention, the rats 
were anesthetized 48 hours after the last exercise train-
ing session while they were fasting. Then, blood sam-
ples were taken directly from the heart and centrifuged. 
Next, serum samples were kept at -20 °C for future anal-

ysis of irisin (MBS2601445) and Fet-A (MBS3809225). 
For tissue analysis, tissue samples of visceral and subcu-
taneous adipose tissue, the liver, and the gastrocnemius 
muscle were dissected and used for RNA extraction and 
real-time PCR quantification. 

Total RNA was isolated from tissues using the RNX 
kit (Cinnagene). RNA sample concentration was deter-
mined using a biophotometer spectrophotometer (Ep-
pendorf). Messenger RNA was reverse transcribed into 
cDNA using a Takara cDNA Synthesis Kit (Takara) ac-
cording to the manufacturer’s instructions. cDNA was 
quantified using the biophotometer and spectrophotom-
eter to ensure equivalent concentrations for real-time 
analysis. A quantitative real-time polymerase chain 
reaction was used to validate a subset of differentially 
expressed genes. Gene-specific primers were designed 
using the Primer3 program (http://frodo.wi.mit.edu). 
Primer design criteria included a base-pair length of 100 
to 200 and a guanine-cytosine (GC) content of 40% to 
60%. Primers were designed to span exon/intron bound-
aries where possible and were tested using the same 
cDNA sample pool to ensure that there was no genomic 
contamination (Table 1).

SYBR Green (Ampliqon- Denmark) was used for re-
al-time PCR analysis. Each 10 μL reaction contained 
2X SYBR Green Master Mix I, 0.5 μmol/L gene-spe-
cific forward and reverse primers, and 100 ng cDNA. 
Polymerase chain reaction analysis was accomplished 
using the Rotor-Gene Q PCR System with the following 
cycle conditions: 95°C for 15 minutes, followed by 40 
cycles of 95 °C for 10 seconds, 60 °C for 30 seconds, 
and 72 °C for 30 seconds. A melt curve analysis con-
firmed the amplification of a single cDNA product. Rel-
ative quantification of studied genes, toward the samples 
was calculated by using the comparative 2- ∆∆Ct method. 
Beta-Actin was used as a housekeeping gene for muscle 
tissue and the liver, and RPL13a was used as a house-
keeping gene for adipose tissue. 

Statistical analysis
Data values are expressed as a mean ± standard error 

of the means (SEM). Data normalization was done using 
Kolmogorov- Smirnov test. Data were analyzed using a 
univariate analysis of variance for diet, exercise, and caf-
feine. To set up a comparison within the groups (HFD or 
ND), two-way ANOVA and Bonferroni’s post hoc test 
were applied. Pearson’s correlation was also applied to 
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determine the relationship between variables. The sig-
nificant differences were considered to be P≤0.05. Data 
analysis was done using SPSS software (version 25).

Results
The effect of caffeine and exercise training on expres-

sion of genes PGC-1a and FNDC5 in gastrocnemius 
muscle

We found that diet (p<0.001), exercise (p<0.003), and 
caffeine (p<0.001) had a significant main influence on 
the expression of the PGC-1α gene in skeletal muscle. 
Additionally, the interaction effects of diet, caffeine, and 
exercise were all significant (P<0.005). When compared 
to ND animals, the HFD resulted in a decrease in PGC-
1a gene expression after 8 weeks (P<0.001). However, 
caffeine consumption and exercise training significantly 
increased the PGC-1α gene (P< 0.001, P<0.001, respec-
tively).

Considering differences between groups in each diet 
regimen, compared to the sedentary group, the combi-
nation of exercise and caffeine in the HFD groups sig-
nificantly upregulated the expression of the PGC-1α 
gene (P<0.007). Furthermore, there were no significant 
effects of either caffeine or exercise training on the 

PGC-1a gene in the HFD groups (P>0.05). When com-
pared to the sedentary group in the ND groups, exercise 
training, caffeine, and the combination of those factors 
significantly elevated the PGC-1α gene (P<0.009, Fig. 
1A).

In addition, the findings revealed that the major ef-
fects of diet (p<0.001), exercise (p<0.001), and caffeine 
(p<0.002) on FNDC5 gene expression were significant. 
Additionally, the interactions between diet, exercise, 
and caffeine were all significant (P<0.001), although the 
interaction between diet, exercise, and caffeine was not 
significant (P>0.082). In comparison to the ND group, 
the expression of the FNDC5 gene was downregulated 
by almost 60% after HFD feeding (P< 0.001). However, 
FNDC5 gene expression was significantly elevated by 
54% (P< 0.001) and 26% (P<0.001), respectively, in re-
sponse to exercise training (vs. sedentary) and caffeine 
consumption (vs. placebo). 

Regarding differences within groups, caffeine con-
sumption alone in the HFD groups did not differ signifi-
cantly from the sedentary group in terms of its effects on 
FNDC5(P > 0.05). However, compared to the sedentary 
group, exercise training dramatically upregulated the 
FNDC5 gene by 194% (P<0.001), although this upreg-

TABLE1: Primer’s sequence
Genes sequence Primers (5’→3’) Length (bp) Product size (bp)

PGC-1α
F TTGAAAAAGCTTGACTGGCGT 21

94
R AGGGCAGCACACTCTATGTC 20

UCP1
F AGTGCCACTGTTGTCTTCAGGG 22

190
R CCTTGGATCTGAAGGCGGACT 21

FNDC5
F GTGGGCAGGTGTCATAGCTC 20

103
R GCTGGTCTCTGATGCACTCT 20

NF-KB
F AAC ATG GCA GAC GAT CC 20

129
R AAG GTA TGG GCC ATC TGT TGA C 22

TLR4
F TCA TGC TTT CTC ACG GCC TC 20

143
R TAG GAA GTA CCT CTA TGC AGG G 22

Fetuin-A
F GAC CCG GAA ACA GAG CAT GT 20

114
R CCG AGA CCA CAC CTT GAC TT 20

Bactin
F AGA GGG AAA TCG TGC GTG AC 20 150

R CAA TAG TGA TGA CCT GGC CGT 21

RPL13a
F TTG AGG ACC TCT GTG TAT TTG TCA A 23 200

R CCT GGA GGA GAA GAG GAA AGA GA 25
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FIGURE 1.FIGURE 1. Muscle gene expressions, UCP1, Serum irisin, body weight, and food intake. Values are presented as mean ± SEM in each column, 
n=10/group. NS: Normal Sedentary, NC: Normal Caffeine, NE: Normal Endurance, NCE: Normal Caffeine Endurance, HS: High Fat diet 
Sedentary, HC: High-fat diet Caffeine, HE: High-fat diet Endurance, and HCE: High-fat diet Caffeine Endurance.

Physiology and Pharmacology 29 (2025) 171-183 | 175 Rahimi et al.



ulation was reduced in response to the combination of 
exercise and caffeine consumption (110%, P<0.001). As 
opposed to the sedentary group, caffeine consumption, 
exercise training, and the combination thereof in the 
ND group significantly increased the expression of the 
FNDC5 gene (189%, P<0.001; 95%, P<0.016; 139%, 
P<0.001, respectively) (Fig. 1B). 

The effect of caffeine and exercise training on the ex-
pression of gene UCP1 in subcutaneous adipose tissue 

Here, we found a significant main effect of exercise 
(p<0.001) and caffeine (p<0.005) on UCP1 gene ex-
pression in the subcutaneous adipose tissue. On the ex-
pression of the UCP1 gene, we also indicated significant 
interaction effects between diet and exercise (P<0.031) 
and exercise and caffeine (P<0.001). Exercise training 
significantly increased UCP1 gene expression by 366% 
compared to the sedentary group (P<0.001), regardless 
of the effects of caffeine or diet. In addition, caffeine 
consumption increased UCP1 gene expression by 56% 
compared to the placebo group (P<0.001). 

Taking into account variations between groups, com-
pared to the sedentary group, the exercise and caffeine 
interventions in the HFD groups significantly raised the 
UCP1 gene (351%, P<0.001). Additionally, it was also 
significantly higher in the exercise training plus caffeine 
consumption group than in the exercise training and 
caffeine consumption groups separately (P<0.001, P< 
0.021, respectively). Likewise, compared to the seden-
tary group, UCP1 was significantly elevated in response 
to the combination of exercise and caffeine consump-
tion and the mono-interventions following ND feeding 
(P<0.001, Fig. 1C). 

The effect of caffeine and exercise training on serum 
irisin, body weight, and food intake

 According to the findings, caffeine and exercise had a 
significant (P<0.001, P<0.016, respectively) main effect 
on serum irisin levels. However, the main effect of diet 
was not statistically significant (P>0.84). In addition, the 
interaction between exercise and caffeine had a signif-
icant impact on serum irisin (P<0.031). Furthermore, 
compared to the sedentary group, exercise training re-
duced serum irisin levels by 3.6% (P<0.008). However, 
compared to the placebo group, caffeine consumption 
significantly boosted serum irisin by 10% (P<0.001). 

Considering variations within groups, caffeine, exer-

cise training, and their combination following the HFD 
regimen had no discernible impact on serum irisin in 
comparison to the sedentary group (P>0.05). However, 
compared to exercise training, the serum irisin levels 
were considerably higher after caffeine consumption 
(P<0.019). In addition, relative to the control and exer-
cise training groups, caffeine intake during the ND reg-
imen significantly raised serum irisin levels (P<0.006 
and P<0.034, respectively). Moreover, raising serum iri-
sin with caffeine alone outperformed increasing serum 
irisin with exercise training (P<0.05, Fig. 1D). 

The main effects of caffeine and exercise on the final 
body weight were significant (P<0.001, P<0.005, re-
spectively). In fact, caffeine consumption significantly 
reduced body weight compared to the placebo group 
(P<0.001). Likewise, animals in the exercise training 
group were significantly lighter than those in the seden-
tary group (P<0.032). Additionally, a substantial inter-
action effect between diet and caffeine on body weight 
is found (P<0.001). 

Taking into account variations between groups, after 
HFD feeding, caffeine supplementation decreased body 
weight in comparison to the control group, both with 
and without exercise (P<0.001). When compared to 
the control group, the animals in the exercise training 
group were lighter (P<0.006). Likewise, compared to 
the control group, body weight significantly decreased 
in the ND groups when caffeine was consumed alone 
and in combination with exercise training (P<0.006 and 
P<0.01, respectively, Fig. 1E).

In addition, the results demonstrated that exercise, caf-
feine, and their combination had a statistically signifi-
cant effect on food intake (P<0.001). In addition, the in-
teraction effect between exercise and caffeine was found 
to be significant (P<0.001). Regardless of diet or caf-
feine intake, exercise training reduced food intake sig-
nificantly compared to the sedentary group (P<0.001). 
Similarly, caffeine consumption decreased food intake 
by 10% relative to the placebo group (P<0.001).

Compared to the control group, caffeine consump-
tion, exercise training, and the combination of the two 
reduced food intake following HFD feeding (P<0.001). 
Caffeine consumption with or without exercise train-
ing reduced food intake relative to the exercise train-
ing group (P<0.001). Similarly, all ND interventions 
decreased food intake relative to the control group 
(P<0.001) In addition, caffeine consumption, alone or in 
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conjunction with exercise, significantly decreased food 
intake compared to the control group (P<0.001, Fig. 1F).

The effect of caffeine and exercise training on expres-
sion of genes NF-KB and TLR4 in visceral adipose tis-
sue 

The outcomes have also shown that diet and exercise 
significantly affected the expression of the NF-KB gene 
in visceral adipose tissue (both P<0.001). Addition-
ally, it was found that the effects of diet and exercise 
and diet and caffeine interactions were both statistically 
significant (P<0.034 and P<0.026, respectively). In ad-
dition, exercise training downregulated (vs. sedentary) 
and HFD increased NF-KB gene expression (vs. ND) 

regardless of caffeine supplementation (P<0.001). 
Regarding differences within groups, in response to 

exercise training with and without caffeine intake after 
consuming HFD, NF-KB gene expression was down-
regulated by 63% (P<0.001) and 68% (P<0.001), re-
spectively, in comparison to the sedentary control group. 
However, caffeine consumption, exercise training, and 
the combination thereof had no significant effects on the 
NF-KB gene expression in the ND regime, in contrast 
to the sedentary control group (P>0.064). In addition, 
compared to caffeine consumption alone, the expression 
levels of the NF-KB gene were lower in the exercise 
training groups with and without caffeine consumption 
(P<0.004 and P < 0.009, respectively, Fig. 2A).

 

 

FIGURE 2.FIGURE 2. Visceral adipose tissue gene expressions, Liver Fet-A gene expression, and serum Fet-A, Values are presented as mean ± SEM in 
each column, n=10/group. NS: Normal Sedentary, NC: Normal Caffeine, NE: Normal Endurance, NCE: Normal Caffeine Endurance, HS: High 
Fat diet Sedentary, HC: High-fat diet Caffeine, HE: High-fat diet Endurance, and HCE: High-fat diet Caffeine Endurance.
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Moreover, the results demonstrated that exercise’s 
major influence on TLR4 gene expression was consid-
erable (P<0.001). Additionally, we also found a highly 
significant interaction (P<0.001) between diet and exer-
cise on TLR4 gene expression in visceral adipose tissue. 
Exercise training significantly increased TLR4 gene ex-
pression by 53% compared to sedentary rats, regardless 
of HFD or caffeine consumption (P<0.001). 

Taking into account variations between groups, there 
were no discernible differences between groups follow-
ing HFD feeding (P>0.05). In the ND regimen, howev-
er, exercise training with and without caffeine consump-
tion significantly reduced the expression of the TLR4 
gene by 80% and 68%, respectively, in comparison to 
the sedentary control group (P<0.001). In comparison to 
the mono-caffeine consumption, it was likewise lower 
in the exercise training groups with and without caffeine 
consumption (P<0.001, Fig. 2B).

The effect of caffeine and exercise training on the ex-
pression of gene Fet-A in Liver tissue and serum Fet-A

According to Fig. 2C, exercise training had a signif-
icant main effect on the expression of the Fet-A gene 
in the liver (P<0.001). Exercise and diet, as well as ex-
ercise and caffeine, had significant interaction effects 
(P<0.001). However, neither the effects of diet or caf-
feine nor the interaction between diet and caffeine were 
found to be statistically significant (P>0.05). Regardless 
of caffeine consumption or diet habits, exercise train-
ing dramatically reduced Fet-A gene expression by 92% 
when compared to the sedentary group (P<0.001). Al-
though caffeine consumption resulted in a 10% reduc-
tion in Fet-A gene expression, this reduction was not 
statistically significant (P>0.08). 

Taking into account variations between groups, com-
pared to the sedentary control group, exercise training, 
and caffeine consumption in HFD groups dramatical-
ly reduced the expression of the Fet-A gene (P<0.043, 
P<0.001, respectively). However, when compared to the 
sedentary control group, there was no discernible differ-
ence in the combination of exercise training and caffeine 
consumption effects on the expression of the Fet-A gene 
(P>0.08). Additionally, compared to the sedentary con-
trol and the mono-caffeine consumption groups in the 
ND regimen, exercise training with and without caffeine 
consumption significantly downregulated the Fet-A 
gene (P<0.005, Fig. 2C).

Data revealed that diet, exercise, and caffeine all had 
a substantial main influence on serum Fet-A (P<0.001). 
Additionally, it was found that the interaction impact be-
tween diet and caffeine was significant (P<0.001). The 
HFD significantly increased serum Fet-A compared to 
the ND (P<0.001), regardless of exercise training or 
caffeine consumption, and this rise was 36% greater in 
response to exercise training compared to the sedentary 
group (P<0.001). Likewise, caffeine intake significant-
ly raised serum Fet-A by 21% compared to the placebo 
group (P<0.001). 

Regarding differences within groups, caffeine use, ex-
ercise training, and their combination all elevated serum 
Fet-A levels in the HFD regimen compared to the sed-
entary group (P<0.001). Similarly, in the ND regimen, 
exercise training, caffeine, and the combination of the 
two significantly increased serum Fet-A compared to the 
sedentary group (P<0.001). Additionally, exercise train-
ing with and without caffeine consumption significant-
ly enhanced Fet-A compared to caffeine consumption 
alone (P<0.001, Fig. 2D). 

Variables correlation
 Serum irisin levels were not linked with the expres-

sion of UCP1, FNDC5, TLR4, PGC-1α, and Fet-A 
genes, according to Pearson correlation (Table 2). Ad-
ditionally, the expression of the FNDC5 gene in skeletal 
muscle showed a high positive correlation with PGC-1α 
(r = 0.634, P< 0.001), a moderate correlation with serum 
Fet-A (r = 0.421, P = 0.037), and a negative correlation 
with NF-kb (r = -0.384, P< 0.001). In addition, the sub-
cutaneous UCP1 gene showed a positive connection 
with serum Fet-A (r = 0.529, P<0.001) and a negative 
correlation with TLR4 (r = -0.411, P<0.001) and NF-KB 
(r = -408, P<0.014). The skeletal muscle PGC-1α gene 
had a substantial negative connection with the adipose 
tissue inflammatory gene, NF-kb (r = -0.322, P< 0.006) 
(Table 2). 

Discussion
Caffeine, a key component in coffee, is commonly 

used to enhance physical performance, increase resting 
energy expenditure, and improve fat and carbohydrate 
metabolism (Van Schaik et al., 2021). The study’s sig-
nificant finding is that caffeine increased UCP1 gene 
expression in white adipose tissue by 56%. Notably, ex-
ercise training alone boosted UCP1 gene expression by 
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366%, irrespective of dietary differences. Interestingly, 
the combination of caffeine and exercise training result-
ed in an even stronger increase in UCP1 gene expres-
sion.

Caffeine has been shown to upregulate UCP1 in obese 
mice, aligning with our findings (Kogure et al., 2002). 
It was found to increase the UCP1 gene expression by 
20%. Contrary to our results, some studies reported that 
exercise training did not alter UCP1 mRNA levels in 
subcutaneous adipose tissue, possibly due to the lack of 
PGC-1α induction. Exercise-induced IL-6 is considered 
crucial for enhancing subcutaneous UCP1 expression, 
as demonstrated in IL-6-deficient mice, where exercise 
training had no significant effect on UCP1. Caffeine 
inhibits phosphodiesterase, raising intracellular cAMP 
levels, which improves UCP1 function. It may also in-
fluence mitochondrial biogenesis by increasing PGC-1α 
through elevated Ca2+ levels (Yamada et al., 2022). Ad-
ditionally, caffeine, as an A1A receptor antagonist, pro-
motes brown adipose tissue thermogenesis and oxygen 
consumption in obese individuals, as activating A1A 
receptors inhibits thermogenesis and reduces energy ex-
penditure (Tupone et al., 2013).

Irisin, as an exercise-induced myokine, significantly 
contributes to energy expenditure through the browning 
of adipocytes (Boström et al., 2012). In this study, we 
found that drinking caffeine with or without exercise 
training did not have a big effect on serum irisin levels 
during the HFD regimen. However, serum irisin levels 
went up during the ND regimen compared to the exer-
cise training and control groups. It has been reported 
that mice with HFD have lower irisin levels (Lu et al., 

2016). There is debate regarding how exercise training 
affects serum irisin. In contrast to this work, Lu et al. 
(2016) showed that eight weeks of swimming exercise 
with HFD or ND significantly increased serum irisin 
levels in male Wistar rats (Lu et al., 2016). 

Exercise training is reported to increase serum irisin 
levels more during ND than HFD feeding (Lu et al., 
2016). It has also been suggested that the reduced lev-
els of irisin in the blood of individuals with prediabe-
tes who exercise may be associated with an increased 
rate of glucose metabolism (Norheim et al., 2014). In 
a different study, exercise training was found to signifi-
cantly raise serum irisin levels, which were inversely 
linked to visceral adiposity (Miyamoto-Mikami et al., 
2015). Through the upregulation of PGC-1α, exercise 
training may raise irisin concentration (Boström et al., 
2012), most likely. It has been noted that high-intensity 
interval training (> 80% VO2max) elicits a higher PGC-
1α response than low-intensity exercise (Egan et al., 
2010). The increase in PGC-1α mRNA expression after 
high-intensity exercise (Egan et al., 2010; Stepto et al., 
2012) may be the reason why the serum concentration 
of irisin was considerably higher after high-intensity ex-
ercise compared to low-intensity exercise (Tsuchiya et 
al., 2014). Additionally, it has been claimed that caffeine 
consumption has no appreciable effect on irisin levels 
(Peter et al., 2014). However, in this study, we did not 
find any significant effects of exercise training on se-
rum irisin which may relate to the lower exercise inten-
sity. Another explanation for these differences in irisin 
responses to chronic exercise training, according to a 
previous study, maybe the use of different peptide se-

TABLE 2. Simple correlation (Pearson r) between data variables.
UCP1 FNDC5 PGC-1α NF-kb TLR4 Serum irisin Serum Fet-A

Fet-A –0.19 –0.136 –0.226 0.325* 0.478* 0.054 –0.519**
UCP1 0.267 0.06 –0.348* –0.403** –0.026 0.509**

FNDC5 0.616** –0.438** –0.238 0.254 0.316*
PGC-1α –0.376* –0.185 0.150 0.163
NF-kb 0.301* 0.017 –0.370*
TLR4 0.004 0.419**

r values significant set at **P < 0.01, *P < 0.05.
Serum irisin levels did not correlate with the expression of the UCP1, FNDC5, TLR4, PGC-1α, and Fet-A genes. Pearson correlation analy-
sis revealed that the FNDC5 gene in skeletal muscle showed a strong positive correlation with PGC-1α, a moderate correlation with serum 
Fet-A, and a negative correlation with NF-kB. Additionally, subcutaneous UCP1 gene expression positively correlated with serum Fet-A 
and negatively with TLR4 and NF-KB. The PGC-1α gene in skeletal muscle was significantly negatively correlated with the adipose tissue 
inflammatory gene NF-kB. Values   are presented as mean ± SEM in each column, n=10/group. NS: Normal Sedentary, NC: Normal Caffeine, 
NE: Normal Endurance, NCE: Normal Caffeine Endurance, HS: High Fat diet Sedentary, HC: High-fat diet Caffeine, HE: High-fat diet 
Endurance and HCE: High-fat diet Caffeine Endurance.
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quences (Raschke et al., 2013), as previously explained 
(Norheim et al., 2014). 

An increase in the irisin precursor protein FNDC5 
leads to a rise in UCP-1 mRNA gene expression. Our 
findings showed that an HFD significantly reduced 
FNDC5 gene expression, whereas caffeine and exer-
cise training significantly increased it. However, these 
changes did not correlate with serum irisin or UCP1 
gene expression in adipose tissue. Previous studies have 
shown that aerobic exercise for 10 weeks raises skel-
etal muscle FNDC5 mRNA levels and plasma irisin 
levels, though exercise training had no effect on plasma 
irisin and FNDC5 in the skeletal muscle of obese rats 
(Boström et al., 2012). High-intensity interval training 
(HIIT) performed for 20 days also increased FNDC5 
mRNA in skeletal muscle (Timmons et al., 2012). The 
differences in results could be due to variations in exer-
cise intensity, mode, and duration. In this study, despite 
the increase in FNDC5 due to caffeine consumption and 
exercise training, circulating irisin levels did not sig-
nificantly change. This suggests that increased FNDC5 
levels were not linked with higher circulating irisin lev-
els. It has been suggested that white adipose tissue also 
secretes FNDC5, implying that during HFD regimens, 
exercise training or caffeine consumption may prompt 
adipose tissue to contribute to circulating irisin levels. 

Skeletal muscles play a crucial role in fat and carbo-
hydrate metabolism, with the increase in PGC-1α being 
essential for muscle adaptation to exercise (Egan and 
Zierath 2013). PGC-1α initiates cell signaling that im-
pacts inflammation, browning of white adipose tissue, 
and energy metabolism. This study found that an HFD 
significantly reduced PGC-1α gene expression in skel-
etal muscle compared to a ND. However, exercise, caf-
feine, or their combination significantly increased PGC-
1α expression under both diet regimens. Supporting this, 
Granata et al. (2020) showed that high-intensity interval 
training raised PGC-1α and p53 protein levels in resting 
skeletal muscle (Granata et al., 2020). Exercise training 
likely activates PGC-1α through increased intracellular 
Ca2+ and AMPK activation (Ojuka et al., 2003). Both 
exercise and caffeine enhance PGC-1α and FNDC5 in 
skeletal muscle, suggesting a compensatory mechanism 
to counteract HFD-induced metabolic stress. Future re-
search should investigate the long-term effects of HFD 
and caffeine consumption on these mechanisms.

Previous research indicates that caffeine can have both 

anti-inflammatory (Muqaku et al., 2016) and pro-in-
flammatory effects (Tunc et al., 2013). In our study, 
exercise training significantly reduced the expression of 
the Fet-A gene in the liver. Both caffeine consumption 
and exercise training also lowered Fet-A gene levels in 
the liver compared to sedentary controls, despite HFD 
feeding. Diet-induced obesity has been noted to increase 
Fet-A mRNA expression in the liver, and similarly, HFD 
increased serum Fet-A levels in obese rats, a response 
enhanced by exercise and caffeine (Jung et al., 2013).

This study found a positive correlation between UCP1 
and FNDC5 gene expression and both blood and liv-
er Fet-A levels. Adipose tissue is identified as the pri-
mary source of serum Fet-A (Chatterjee et al., 2013), 
with visceral adipose tissue secreting more Fet-A than 
subcutaneous adipose tissue, although this secretion 
decreases with fasting or exercise (Pérez-Sotelo et al., 
2017). Long-term exercise training and weight loss 
have been shown to increase Fet-A levels, correlating 
with increased maximal oxygen consumption (Blumen-
thal et al., 2017). However, short-term exercise training 
has been linked to decreased circulating Fet-A levels, 
and aerobic exercise without weight loss does not affect 
Fet-A levels (Malin et al., 2013). Additionally, 4-week 
high-intensity or moderate-intensity exercise training 
did not alter serum Fet-A levels. The lack of caffeine’s 
impact on circulating Fet-A suggests an unclear under-
lying mechanism. In some studies, increased circulating 
Fet-A was independent of improved glucose metabolism 
(Blumenthal et al., 2017). Responses to exercise and 
caffeine may differ between healthy and unhealthy sub-
jects, necessitating further research (Malin et al., 2013).

A high-fat diet increases the production of Fet-A by en-
hancing NF-kB’s binding to its gene promoter (Dasgupta 
et al., 2010; Lin et al., 1998). Fet-A serves as an endog-
enous ligand for TLR4 (Pal et al., 2012). Exercise sig-
nificantly lowered NF-kB gene expression in visceral 
adipose tissue, whereas HFD significantly increased it. 
Caffeine alone did not significantly impact NF-kB gene 
expression after either HFD or ND feeding. However, 
exercise, both with and without caffeine, reduced NF-
kB gene expression even under HFD conditions. Simi-
larly, exercise reduced TLR4 gene expression regardless 
of diet or caffeine intake. Caffeine and exercise did not 
affect TLR4 during HFD but reduced its expression fol-
lowing ND feeding.

Caffeine consumption reduces TLR4 activation, 
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which in turn lowers inflammation and cytokine pro-
duction (Kawasaki and Kawai 2014; Vargas-Pozada et 
al., 2022). Higher caffeine intake has been shown to 
significantly reduce inflammation, as seen in studies 
where eight cups of coffee daily for twelve weeks had a 
greater effect than four cups (Kempf et al., 2010). While 
research on the combined effects of exercise and caf-
feine on inflammatory genes in adipose tissue is limited, 
caffeine is known to prevent increases in liver TLR4 and 
NF-κB protein levels, suggesting its anti-inflammatory 
properties.

Exercise training mitigates the interaction between 
free fatty acids (FFAs) and Fet-A, a crucial factor in re-
ducing inflammation (Lee et al., 2017). Fet-A facilitates 
inflammation by binding to fatty acids and presenting 
them to TLR4, which then enhances pro-inflammatory 
cytokine release via the TLR4-NF-κB pathway (Pal et 
al., 2012). Additionally, Fet-A attracts macrophages to 
adipose tissue, shifting them from an anti-inflammatory 
to a pro-inflammatory state. Exercise improves adipose 
tissue oxygenation and encourages the anti-inflammato-
ry polarization of macrophages, reducing inflammation 
even with a high-fat or normal diet.

This study has a few limitations. First, we lack infor-
mation on two genes, FNDC5 and PGC-1, in adipose 
tissue that could have an impact on how white adipose 
tissue turns brown. Second, we only examine these pa-
rameters at the transcriptional level. Nevertheless, ex-
amining these factors at the protein level is required to 
corroborate the browning effects of coffee and exercise, 
since gene expression may not translate to protein ex-
pression. Third, as we only examined the short-term 
effects of caffeine consumption and exercise training, 
more research is needed to examine the long-term ef-
fects of this combination on inter-organ crosstalk.

Conclusion
The results showed that endurance exercise training 

caused a significant increase in the expression of FNDC 
5 and Fet-1 genes and a significant decrease in TLR 4 
compared to caffeine. Also, the interaction of endurance 
exercise training with caffeine caused a further increase 
in UCP-1 gene expression. Compared to the endurance 
exercise and caffeine groups, there was no significant 
difference between the effects of endurance exercise 
and caffeine on PGC-1a and NF-kb gene expression. 
In summary, our study highlights the significant effects 

of exercise training, caffeine supplementation, and their 
combination on the expression of genes in critical met-
abolic tissues such as skeletal muscle, liver, and adipose 
tissue. We found that an HFD reduced the expression 
of PGC-1α and FNDC5 genes in skeletal muscle, but 
this was reversed by exercise and caffeine. Additionally, 
exercise and caffeine promoted the browning of white 
adipose tissue by increasing UCP1 gene expression. 
These adaptive responses also helped reduce inflamma-
tion in visceral adipose tissue and the liver. Future re-
search should explore the long-term effects of caffeine, 
exercise, and their combination on inter-organ commu-
nication. 
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