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Abstract

Obesity, caused by an inequality between energy production and consumption, is characterized by lipid accumulation in adipose
tissues. Currently, around 650 million adults and roughly 340 million children and adolescents (aged 5-19 years) are affected by
obesity. This condition tends to be more common among women and older populations. It is imperative to develop uncomplicated
therapeutic approaches to prevent obesity-related metabolic diseases in conjunction with lifestyle modifications. Forty-three rats
were randomly divided into five groups: 1. normal diet (ND), 2. High-fat diet (HFD), 3. HFD + adenosine, 4. HFD + High-intensity
interval training (HIIT) + adenosine, and 5. HFD + HIIT. Gene expression of CGI-58, HSL, and AMPK in subcutaneous adipose
tissues and serum level of glucose, insulin, Homeostatic Model Assessment for Insulin Resistance (HOMA-IR), free fatty acid
(FFA), and lipid profile (Triglyceride (TG), Total cholesterol (TC), Low density lipoprotein (LDL), High density lipoprotein (HDL),
and Very low density lipoprotein (VLDL)) were assessed. The rats were fed HFD-induced obesity for 13 weeks. Following,
adenosine 0.2 mg/ml/kg and 0.4 mg/ml/kg, as well as HIIT, were administered over 12 weeks. CGI-58, HSL and AMPK gene
expression showed significant expression in all groups. HFD+HIIT+adenosine, HFD-+adenosine, and HFD+HIIT groups
significantly increased all genes. Conversely, FFA and glucose serum levels were significantly reduced in intervention groups.
Insulin had higher serum levels in ND, HFD + adenosine, and HFD+HIIT groups, and adenosine caused decreased glucose. Also,
favorable effects of HIIT and adenosine on lipid profile were observed. HIIT and adenosine can affect lipid metabolism, improve
insulin resistance, and increase lipolysis in adipose tissue. Furthermore, adenosine can boost the effect of HIIT on gene expression,
triggering lipolysis to prevent obesity.
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1. Introduction

Obesity, one of the world’s greatest public health
problems, has affected more than 35% and 40% of men
and women, respectively, in the 21st century [1, 2]. The
lipids store excess in adipose tissue that arises from the
disproportion between the production and usage of
energy, known as obesity [3]. Therefore, for the
prevention and control of obesity and associated
incidences, suppression of lipogenesis and stimulation of
lipolysis and energy consumption may have
advantageous effects [4].

Since obesity is a chronic condition and lifestyle
modifications have had only modest success, finding safe
medications must be a long-term treatment objective [5].
The following processes have been primarily used to
produce a variety of drugs for the treatment of obesity: 1)
decreasing hunger and, subsequently, energy intake, 2)
limiting calorie absorption, and 3) encouraging activity
levels [6]. Although at present, physical activity, diet,
change of lifestyle, surgery, and pharmacological
treatment have beneficial effects on obesity, they have
some complications such as wasting price and time,
adverse effects and comfortable weight regained followed
by stopping medication usage [7]. Some investigations
have examined intervention processes aimed at assisting
individuals in achieving weight loss, particularly in
reducing fat weight. Researchers have also uncovered
previously unknown impacts of adenosine derived from
adenosine triphosphate (ATP) [8].

Adenosine plays a role in glucose homeostasis,
inflammation, lipogenesis, insulin sensitivity, and
thermogenesis. Therapeutic modulation of adenosine
receptors may have advantageous effects in treating
obesity. The G protein-coupled receptors known as the
Al, A2A, A2B, and A3 regulate the actions of adenosine
in diverse ways depending on the tissue and stage of
illness. For example, adipogenesis will be boosted, and
lipolysis will be decreased by activating the Al receptor.
A2A receptor activation, however, will increase lipolysis
[3]- The Al receptor decreases CAMP, while the A2A
receptor increases CAMP, inhibiting and activating
hormone-sensitive lipase (HSL) and controlling the
lipolysis pathway [9].

Another efficient and time-saving strategy to prevent
obesity is limited-time high-intensity training. High-

intensity interval training (HIIT), which includes
modifying short periods of high-intensity exercise with
mild activity or passive rest time, has been considered an
option for obese people [10]. However, it is debatable
how HIIT affects body weight and composition [11].
However, it has gained popularity in the past ten years as
a hot issue in health promotion because of its notable
benefits on intra-abdominal and liver fat reduction and
amelioration of insulin resistance (IR) compared to
traditional aerobic exercise [12]. A crucial element of
HIIT is the catecholamine response, specifically the role
of catechol amines such as epinephrine in stimulating
lipolysis and facilitating the release of fat from
subcutaneous and intramuscular fat reserves [13]. The
positive correlation between HIIT and improved glucose
and insulin levels has been scientifically proven.
Evidence underlines the potential of HIIT to influence
the reduction of postprandial glucose (PPG) and
postprandial insulin (PPI) responses [14].

Adenosine performs a critical function by modulating
insulin secretion from pancreatic B-cells, with low
concentrations decreasing glucose-induced insulin
secretion and high concentrations increasing it.
Moreover, the biosynthetic and breakdown pathways of
adenosine are influenced by glucose and insulin
concentrations, affecting the extracellular levels of
adenosine and inosine during ATP catabolism [15].
Overall, adenosine has a complex role in glucose and
insulin regulation, with its impacts relying on the specific
adenosine receptor subtype and the concentrations of
adenosine, glucose, and insulin. Skeletal muscle requires
free fatty acids and glucose as fuels to maintain the
myofibril contractions during physical activity [16]. The
primary regulator of TAG lipolysis, which hydrolyzes a
TAG’s first ester bond, is adipose triglyceride lipase
(ATGL). Hormone-sensitive lipase (HSL) hydrolyzes
the second ester bond, and finally, monoglyceride lipase
breaks down monoacyl glycerol into glycerol and a free
fatty acid. The connection between ATGL and its co-
activator CGI-58 increases ATGL activity [17]. When
the AMP/ATP ratio rises in response to an energy
shortage, the main sensor of intracellular energy,
adenosine monophosphate-activated protein  kinase
(AMPK), is activated, leading to restoring equilibration
of energy by inhibiting the building-up aspect of
metabolism, which uses ATP and promoting catabolism,
give rise to ATP [18]. In adipocytes, AMPK may
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phosphorylate HSL at Ser565 to reduce HSL activity and
significantly inhibit lipolysis [19]. However, one
previous research indicates that activating AMPK during
exercise did not prevent HSL Ser563 phosphorylation,
activity, or lipolysis [20]. The effects of HIT and
exogenous adenosine on the fat loss signaling pathway
are still poorly studied. For this purpose, we determined
whether exogenous adenosine and/or HIIT could
increase lipolysis and its effect on glycemic indices in
HFD-induced obese rats.

2. Material and methods
2.1. Animals

Forty-three male Wistar rats were procured from the
Shahid Mirghani Research Institute (Golestan, Iran). The
rats were in a controlled environment at 22°C+3°C and a
12-hour day-night cycle. They were fed a regular diet for
5 to 6 weeks, resulting in an average weight gain of
182.32 grams. Following one week of acclimation, the
rats were divided into five groups: (1) ND, (2) HFD, (3)
HFD + adenosine, (4) HFD + adenosine + HIIT, and (5)
HFD + HIIT. The study consisted of two phases: the first
phase involved induction of obesity (40% fat) for 13
weeks, while the second phase included interventions
over 12 weeks. During the initial 6 weeks of the second
phase, the rats had unrestricted access to food and water.
From the onset of the second 6-week period of the second
phase, the sustenance provided to all groups was
determined by the food consumption levels exhibited by
the HFD group. The integrity of this study underwent
scrutiny from the research ethics committee of the Sports
Science Research Institute, and the designation IR was
approved.SSRI.REC.1395.115.

2.2. Diet

The standard diet comprised 4.30 kcal/gr, consisting of
3.87% fat derived from soy oil, 17.46% casein protein,
68.7% carbohydrates, 8.97% minerals, and 1% vitamins.
Conversely, the HFD contained 5.81 kilocalories per
gram, with 40% fat comprised of 20% soy oil and 20%
subcutaneous fat oil derived from animal fat, 14.1%
casein protein, 36.58% carbohydrates, 8.4% minerals,
and 0.72% vitamins [21].

2.3. Exercise protocol

The initial phase of the study involved subjecting the
training groups to a week-long session on the animal
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treadmill, with speeds ranging from 6 to 10 m/min, to
enhance their skills. Subsequently, each rat underwent
treadmill sessions where the speed was progressively
increased until the point of exhaustion was reached. The
average speed of the training groups was then
determined by analyzing the outcomes of the training
protocol that had been carefully designed [22]. The HIIT
incorporated an intensity level of 85% to 90% of the
maximum velocity (Vmax). Before the HIIT sessions, a
warm-up period consisting of a 3-minute run at 10 m/min
was conducted, followed by a cool-down period
involving a 2-minute run at 15 m/min. The HIT
intervention spanned 12 weeks.

2.4. Adenosine treatment

Injection of adenosine and training intervention started
after 13 weeks of feeding HFD. Adenosine 0.2 mg/ml/kg
was injected for the first 6 weeks, and 0.4 mg/ml/kg
(dissolved in saline solution) was injected for the second
6 weeks (intraperitoneally, 3 hours before HIT every
day). We used intraperitoneal rather than intravenous
injection because it had fewer side effects. However, we
used a higher dose of adenosine during the second 6
weeks because of the high metabolization of it [21]. The
adenosine was purchased from the College of Pharmacy,
Tehran University of Medical Sciences.

2.5. Tissue preparation

After 24 hours of rest and 8 hours of fasting, the rats were
anesthetized by pentobarbital sodium (40 mg/kg; IP).
Then, blood samples were drawn directly from the heart
and transferred into tubes for serum separation by
centrifugation. The thigh fat (subcutaneous) samples
were isolated in 2x2 mm size. After placing the samples
in nitrogen for RNA extraction and gene analysis, they
transferred to —80°C [21].

2.6. Quantitative polymerase chain reaction (q-PCR)

Adipose tissue specimens were homogenized in Trizol
solution (Tissue-Lyser LT; Qiagen, Valencia, CA),
whereby the RNA was subsequently extracted and
converted into complementary DNA (cDNA) employing
the high-capacity cDNA reverse transcription Kit
(Applied system; Applied Biosystems). To assess purity
and concentration, total RNA was assayed using a
NanoDrop spectrophotometer (Thermo  Scientific,
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Wilmington, DE). The primer was devised using the
National Center for Biotechnology Information primer
design tool and was synthesized by Pishgam (Pishgam,
Iran). Each well of a 96-well plate was filled with a 20
ML reaction mixture incorporating 10 pL of SYBR Green
Master mix (Amplicon), appropriate concentrations of
gene-specific primers, and 1000 ng/uL of cDNA
template. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) primers were employed as an internal control.
The primer sequences can be found in Table 1.

2.7. Biochemical analysis

Glucose, triglyceride (TG), total cholesterol (TC), high-
density lipoprotein (HDL), low-density lipoprotein
(LDL), and very low-density lipoprotein (VLDL)
determined by using an automated analyzer (Pars
Azmoon, Tehran, Iran). According to the manufacturer's
instructions, FFAs and insulin were measured with rat-
specific ELISA Kits. Homeostatic model assessment
(HOMA-IR) is calculated using fasting glucose * fasting
insulin /405.

Table 1. Primer sequences of genes

2.8. Statistical analysis

The mean and standard deviation were computed using
SPSS Statistics 16 (Armonk, NY, USA). The differences
in the variables between the groups were analyzed using
ANOVA.

3. Results and Discussion
3.1. Gene expression analysis

The mRNA levels of HSL, CGI-58, and AMPK were
quantified to determine the effect of HIIT and adenosine
on the genetic expression of adipose tissue. There is a
statistically significant in HSL and AMPK (p=0.009)
gene expression, as well as CGI-58 (p=0.028), in HFD +
adenosine compared to HFD control. Furthermore, it was
observed that HSL (p=0.005), AMPK (p=0.004), and
CGI-58 (p=0.003) gene expression were significantly
different in the HFD + adenosine + HIIT compared to the
HFD. These results aligned with the HFD + HIIT group
(Figure 1).

Gene

Primer sequences

CGI-58

ATCAGCAGCAGCAGCCAA (forward)

CCTGTTAGCAGAAGACAGTCCTTA (reverse)

AMPK

GCTTACCGATGACCACGATC (forward)
TTCATTCACAGCGAGGTTGC (reverse)

HSL

TCACTGGTTTCAGCCTCTTCC (forward)
ATGAGACAGCCCCGAGAT (reverse)

GAPDH

CATACTCAGCACCAGCATCACC (forward)
AAGTTCAACGGCACAGTCAAGG (reverse)

CGI-58
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Figure 1. Gene expression of CGI-58, AMPK, and HSL in the study groups. The results are expressed as mean + SD for each group.
Individual data points within the columns are indicated with dots. The lines connecting the columns indicate that groups differ, and * denotes
p<0.05, and ** denotes p<0.01.
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3.2. FFAs analysis

Additionally, after collecting blood samples, the serum
levels of FFAs were quantified. Due to the composition
of the diet, the HFD group exhibited the most elevated
concentration of FFAs, surpassing that of the other
groups. Notably, the concentrations of FFAs in the HFD
+ adenosine, HFD + adenosine + HIIT, and HFD + HIIT
were markedly lower in comparison to the HFD group
(with respective p-values of 0.009, 0.006, and 0.004)
(Figure 2).
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Figure 2. Serum concentration of FFA in the study groups. The
results are expressed as mean + SD for each group. Individual data
points within the columns are indicated with dots. The lines
connecting the columns indicate that groups differ, and * denotes
p<0.05, and ** denotes p<0.01.
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3.3. Glycemic indices

There is a significant difference in the serum level of
glucose (P=0.000) and HOMA-IR (P=0.041). However,
serum insulin levels did not differ significantly between
groups (P= 0.293). Moreover, LSD post hoc test results
showed that there is a significant difference in the serum
level of glucose (P= 0.000) between the ND and HFD
groups. Additionally, the serum level of glucose was
lower in HFD + HIT (P= 0.002) and HFD + HIT +
adenosine (P= 0.011) compared to the HFD. Also,
HOMA-IR was significantly lower in HFD + HIT +
adenosine (P=0.009) (Figure 3).

3.4. Lipid profile

The serum levels of TG (P=0.000), LDL, and VLDL (P=
0.009) in the HFD were significantly increased
compared to the ND group. Meanwhile, the serum level
of HDL (P= 0.025) showed a significant decrease.
Adenosine injection along with HFD improved serum
levels of lipid profile (decrease of TG, TC (P= 0.000),
LDL (P= 0.025), and VLDL (P= 0.009)) compared to
HFD. These results were in line with the results of the
HIT + HFD, although the serum level of TC did not
show a significant difference. It should be mentioned that
the injection of adenosine and HIIT had similar results to
the injection of it alone. Comparing each of the
interventions alone, HIIT, although it led to
improvements in HDL (P= 0.025), was associated with
an increase in LDL (P=0.025) and TC (P=0.000) serum
levels (Figure 4).
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Figure 3. Serum concentration of glycemic indices (glucose, HOMA-IR, and insulin) in the study groups. The results are expressed as mean
+ SD for each group. Individual data points within the columns are indicated with dots. The lines connecting the columns indicate that
groups differ, and * denotes p<0.05, and ** denotes p<0.01.
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Figure 4. Serum concentration of lipid profile in the study groups. The results are expressed as mean =+ SD for each group. Individual data
points within the columns are indicated with dots. The lines connecting the columns indicate that groups differ, and * denotes p<0.05, and **
denotes p<0.01.

Obesity is a prevalent health issue that has been
rapidly spreading worldwide. The lipid accumulation in
adipose tissue, resulting from an imbalance between
production and energy utilization, characterizes this
condition. While lifestyle modifications have a limited
impact on reducing obesity and current treatments, they
present certain challenges, so identifying a suitable
treatment approach can prove beneficial. Research has
indicated that adenosine can influence fat metabolism by
regulating lipogenesis and lipolysis. Additionally, HIT
led to obesity prevention by playing a role in this process.
Consequently, we want to investigate the effect of HIIT
and adenosine, either alone or in combination, in obese
rats fed HFD.

Our results determined that intervention with
adenosine, HIIT, and combination led to an elevation
AMPK, HSL, and CGI-58 gene expression, facilitating
fat lipolysis in the adipose tissue in rats fed HFD. These
findings were in line with earlier studies that also
reported an augmentation in HSL expression subsequent
to endurance exercise [23]. Additionally, another study
assessed the effect of HIIT on HSL expression in the
adipose tissue in mice. The results showed that HIIT
increased the HSL phosphorylation at Ser563 and Ser660
compared to the non-training group [24]. The effect of
HIIT on the expression of key genes-related lipid
metabolic processes in adipose tissue of obese elderly
individuals was examined. The findings revealed a

significant elevation in the expression of the CIDEA (an
important regulator of fat metabolism) gene.

In contrast, no significant alternations were observed
in the expression of the HSL and CGI-58 genes [25].
These non-significant results may be due to the relatively
short period of the training protocols, which may not
have been adequate to induce notable adaptations in the
HSL gene. Few studies have been revealed on the effects
of exogenous adenosine compared to the extensive
research on the effects of adenosine receptor agonists,
which mimic adenosine in biological processes.
Furthermore, it has been demonstrated that adenosine
promotes lipid catabolism in cultured human adipocytes
and in the brown fat of mice, similar to the effects
observed when the mice were administered with A2A
and A2B receptor agonists [26].

It has been found that the activation of Al adenosine
receptors inhibits lipolysis and decreases circulating
FFA concentrations by suppressing adenylyl cyclase
activity and reducing cAMP production [27]. In this
regard, a study revealed that adenosine injections cause
a reduction in the expression of the Al receptor,
contributing to an increase in adipogenesis and a
decrease in lipolysis in heart tissue [28]. A compound
known as CVT-3619, which acts as a partial agonist for
the Al adenosine receptor, has been demonstrated to
selectively inhibit lipolysis and decrease the levels of
circulating FFAs [29]. Furthermore, our findings showed
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that intervention with adenosine, HIIT, or both of them
can cause a decrease in the serum levels of FFA. HIIT
additionally resulted in a decline in circulating FFAS in
the obese rats. This decrease is attributed to the
enhancement of fat oxidation and its uptake for
metabolic purposes. The increase in fatty acid -
oxidation can be attributed to the adaptive response of
the environment, which involves improvements in
mitochondrial content and function. These adaptations
encompass an augmentation in mitochondrial volume
and the transfer of FFAs to mitochondria and muscle.
The transportation process at each location involves
numerous proteins in the plasma and mitochondrial
membranes, such as FABP and FAT/CD36. The
augmentation of fatty acid transfer proteins correlates to
a partial increase in the oxidation of fatty acids in somatic
muscle post-exercise. HIT can potentially enhance
FABP and FAT/CD36, thereby increasing somatic
muscle fatty acid oxidation (29).

Furthermore, HIT can also boost the production of
mitochondrial enzymes. Moreover, the enhancement in
mitochondrial oxidative capacity can potentially
ameliorate the ability to oxidize lipids by activating
AMP-activated PKA. Our findings are in contrast to a
recent investigation that was carried out to establish the
impact of HIIT on the breakdown of adipose tissue in
aged rats. This study exemplified that HIIT augmented
the levels of circulating FFAs and stimulated the
expression of ATGL and HSL mRNA and protein in the
adipose tissue surrounding the kidneys [23].
Correspondingly, a prior investigation examining the
effect of HIIT on postprandial lipemia in healthy males
found that HHIT did not notably influence the
concentrations of FFAs [30], which is in alignment with
a study conducted on obese Zucker rats that
demonstrated  negligible  alterations in  FFA
concentrations due to physical exercise [31]. The HSL
gene expression increased in HFD + HIIT and HFD +
Adenosine + HIIT groups, although the serum level of
FFA decreased. This may be due to the regulatory
mechanism of HSL, which can be influenced by post-
translational modifications (e.g., phosphorylation). High
gene expression does not necessarily translate to high
enzyme activity. Moreover, the decrease in FFA might
result from their utilization following the interventions.
During exercise, adenosine levels often rise, which may
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reduce plasma FFAs as energy sources shift towards
glucose and other substrates [32, 33]. Indeed, Adenosine
may enhance energy expenditure through its action in
other organs, such as somatic muscle. Increased energy
expenditure may lead to reduced availability of FFAs by
promoting their energy utilization rather than allowing
them to accumulate in the plasma.

The results demonstrated that interventions improve
serum levels of glucose. However, this effect was greater
in HIIT groups. Although the systematic review showed
that HIIT was more efficient than moderate-intensity
continuous training (MICT) in reducing TC, no
significant alternations were observed in the other
indicators. Additionally, the findings indicated that
training programs lasting from medium to long duration
(over 8 weeks) and at moderate to high intensity (80%-
89%) had a more pronounced impact on most glycolipid
metrics [34]. Previous research has not provided
consistent findings regarding the effect of HIIT on
glycolipid metabolism in individuals with type 2
diabetes. These discrepancies may arise from insufficient
data concerning the HIIT intervention protocols (such as
training intensity, frequency, and total duration) and
patient characteristics (including age and diabetes
duration) [34, 35].

In contrast, Winding et al. demonstrated that HIIT
reduced HbAlc, fasting blood glucose, postprandial
blood glucose, glycemic variability, and HOMA-IR [36].
Hayes et al. determined the effects of HIIT on fasting
insulin, glucose, and insulin resistance in inactive older
men. They reported that HIIT following aerobic
preconditioning did not have a notable effect on insulin
levels [37]. On the other hand, Sggaard D et al. found
that after six weeks of HIIT, there was an elevation in
insulin sensitivity and a reduction in HbAlc, but this
effect was observed only in males [38]. HIIT improved
peripheral insulin sensitivity by raising GLUT-4,
increasing aerobic enzyme capacity and mitochondrial
synthesis [39], and research examining the effects of
HIIT on individuals with prevalent metabolic diseases
has reported no alterations in HOMA-IR [40]. However,
our findings showed non-significant differences in
insulin levels.

On the other hand, Adenosine is linked to both lipid
catabolism and glucose utilization. It has been suggested
that adenosine acts on its receptors in adipose tissue to
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enhance insulin sensitivity. As a result, studies using
adenosine-based pharmacological agents have shown
improvements in glucose tolerance [41, 42]. Indeed,
activating the adenosine Al receptor initiated Ca2+-
mediated glycogen metabolism, while the adenosine
A2A receptor stimulation promoted cAMP-mediated
glucose biosynthesis. Additionally, activation of the
adenosine A3 receptor raised intracellular calcium levels
([Ca**eyr) and lowered cAMP, resulting in only slight
modifications to glycogen metabolism [43]. Adenosine
inhibits lipolysis and may improve insulin sensitivity
through the activation of PKA. Insulin inhibits the
activation of HSL triggered by glucagon or
norepinephrine. In human adipocytes, the presence of
adenosine enhances insulin's ability to block the lipolytic
effect of norepinephrine. Likewise, activating the
adenosine Al receptor in rat adipocytes using
pharmacological agents demonstrated similar effects on
enhancing insulin sensitivity and consequently inhibiting
lipolysis [44].

In this study, we observed that HIIT and adenosine
alone or both of them can improve the lipid profile.
Contrary to our results, previous studies have
mentioned that exercise does not have a notable effect
on lipid profile [45-47]. On the other hand, it was also
mentioned that HIIT caused a significant decrease in
TG and TC but had no effect on HDL and LDL serum
levels [48]. It has been shown that the severity of
exercise, such as HIIT, can increase growth hormones,
adrenaline, and fat oxidation, the first two of which
have lipolytic effects and can be considered favorable
effects of HIIT [49-51]. Also, the high intensity of the
exercise causes growth hormone elevation, which can
exert more favorable effects on the lipid profile [50].
It has also been mentioned that HIIT can improve TC
through its effect on 3-hydroxyacyl CoA
dehydrogenase (B-HAD), a mitochondrial enzyme
involved in lipid oxidation [52].

4. Conclusion

It appears that the combination of HIIT and adenosine
administration can have a beneficial impact on lipid
metabolism by enhancing the process of lipolysis in
adipose tissue. Additionally, adenosine can enhance the
effects of HIIT on gene expression, resulting in the
initiation of lipolysis as a means to prevent obesity.
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