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ABSTRACT

Objectives: Non-alcoholic fatty liver disease (NAFLD) is closely associated with hepatokines such as
fibroblast growth factor 21 (FGF21), follistatin, and leukocyte cell-derived chemotaxin 2 (LECT2), which play
roles in regulating liver metabolism. Exercise training has been proposed as a non-pharmacological approach
for managing NAFLD. The aim of this study was to investigate the effects of 8 weeks of high-intensity interval
training (HIIT) on the gene expression of hepatokines in a dexamethasone-induced animal model of NAFLD.

Materials and Methods: In this study, 24 male Wistar rats were randomly divided into 3 groups of 8 rats
each: 1- healthy control, 2- fatty liver control, 3- fatty liver + high-intensity interval training. Except for the
healthy control group, disease induction was performed in the other groups. The high-intensity interval
training protocol was implemented incrementally for 8 weeks, 5 sessions per week. Hepatic gene expression
of FGF21, follistatin, and LECT2 was measured using real-time PCR, and data were analyzed with one-way
analysis of variance.

Results: The results showed no significant differences in the gene expression levels of follistatin and
LECT?2 among the study groups, although the relative expression of the FGF-21 gene was higher in the fatty
liver control group compared to the healthy control, but it was not statistically significant P < 0.05.

Discussion: Despite improvements in overall health indices, HIIT did not alter the gene expression of
hepatokines in the dexamethasone-induced NAFLD model. The results suggest that observing significant
changes in hepatokine gene expression may require longer training periods, more standardized NAFLD
models, or different training modalities.

Keywords: Follistatin, Fibroblast Growth Factor 21, High-Intensity Interval Training, Leukocyte Cell-
Derived Chemotaxin 2, Non-Alcoholic Fatty Liver Disease

1. INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a reversible metabolic disorder characterized by excessive
accumulation of triacylglycerols in the liver (1).The spectrum of NAFLD ranges from hepatic steatosis (fatty
liver) to non-alcoholic steatohepatitis (NASH) and liver cirrhosis (2). This disease primarily affects
individuals with visceral obesity, dyslipidemia, insulin resistance, or impaired glucose tolerance and is
considered one of the manifestations of metabolic syndrome (3). The liver is an essential organ in fat
metabolism and serves as the central regulator of lipid homeostasis, responsible for the synthesis of new fatty
acids, their transport and redistribution to other tissues, as well as their utilization as energy substrates (4).
The liver also releases specific proteins called hepatokines, some of which play roles in the metabolic
homeostasis of the entire body and appear to be involved in the development of metabolic diseases (35).
Hepatokines can have beneficial or detrimental effects on metabolic health by regulating energy-related
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signaling pathways (6,7).In other words, it has been shown that the liver influences lipid and glucose
metabolism by releasing hepatokines into the blood, and NAFLD appears to be associated with alterations in
hepatokine production (3). Fibroblast growth factor 21 (FGF21) is a hepatokine primarily secreted from the
liver and acts on various tissues (8). FGF21 directly regulates fat metabolism and reduces hepatic fat
accumulation in an insulin-independent manner (3). Additionally, FGF21 reduces potential NAFLD risk
factors, including obesity, dyslipidemia, and insulin insensitivity. Therefore, FGF21 is a potential
pharmaceutical candidate for diseases such as NAFLD, dyslipidemia, and type 2 diabetes (8). Leukocyte
cell-derived chemotaxin 2 (LECT?2) is another hepatic hepatokine whose plasma levels are higher in
individuals with type 2 diabetes and NAFLD compared to healthy individuals (9,10). In fact, serum LECT2
levels reflect hepatic fat content (11). Deletion of the LECT2 gene in mice has been shown to improve insulin
sensitivity (11). Follistatin is also a hepatokine expressed in the liver, serving as one of the main regulators
of liver biology and playing a significant role in liver pathology and regeneration (12). It has been observed
that follistatin is associated with metabolic diseases, and its plasma levels are elevated in patients with type 2
diabetes, NAFLD, and NASH (13). Physical activity and exercise can potentially be effective in managing
NAFLD by reducing intrahepatic lipid (IHL) content. Cross-sectional studies have shown that higher levels
of physical activity are associated with lower IHL levels (14). In this regard, it has been reported that 12
weeks of high-intensity interval training (HIIT) significantly reduces intrahepatic fat levels (15,16). Since the
liver is the center of metabolism, physical activity can alter the synthesis and secretion of hepatokines and
affect whole-body homeostasis (6,7). Regarding changes in hepatic hepatokines in response to exercise,
based on our search, there are very few studies. In one study, changes in LECT2 were examined after a
period of aerobic-resistance exercise training and it was shown that its plasma levels were significantly
reduced in obese women with non-alcoholic fatty liver disease (17), whereas plasma levels remained
unchanged after a single bout of intense and moderate physical activity in healthy men (18). It has also been
shown that a single session of high-intensity exercise produces a greater increase in circulating FGF21
compared to moderate intensity (18), And in obese mice, 4 weeks of aerobic and resistance training
significantly increased FGF21 compared to the control group (19). Furthermore, plasma follistatin also
increased after physical activity, independent of exercise intensity (18). However, its hepatic expression in
mice fed a high-fat diet was lower after a period of aerobic exercise compared to the sedentary control group
(20). Therefore, since the results of existing studies appear contradictory and changes in hepatic hepatokines
in response to exercise training have not been clearly defined, and given that exercise intensity is a key
variable and protocols with higher intensity typically produce the greatest therapeutic effects (21),
considering the scarcity and inconsistency of findings, and the importance of exercise intensity as a key
variable, the aim of this study is to investigate the effect of 8 weeks of high-intensity interval training on the
gene expression of FGF21, follistatin, and LECT?2 in rats with non-alcoholic fatty liver disease. This study
can help better understand the effect of high-intensity exercise on hepatokines and their interaction with
metabolic disorders.

2 Materials and Methods

2.1Study Subjects

In this study, twenty-four male Wistar rats were obtained from the Pasteur Institute of Iran and housed in
an environment with a temperature of 22 + 1°C, humidity of 55%, and a 12:12 light-dark cycle (12 hours
light, 12 hours dark) in standard polycarbonate cages (4 rats per cage). After one week of acclimation to the
laboratory environment, the animals were divided into 3 groups of 8 rats each based on weight matching
(initial average weight: 230 grams): 1- healthy control, 2- fatty liver control, 3- fatty liver + high-intensity
interval training. Except for the healthy control group, induction of non-alcoholic fatty liver disease was
performed in the other two groups. All care procedures were conducted in accordance with the guidelines for
the use and care of laboratory animals, and ethical principles were observed. Additionally, this project was
reviewed by the Research Ethics Committee of the University of Mazandaran and approved with the code
IR.UMZ.REC.1399.018.

2.2 Induction of Fatty Liver

To induce fatty liver, a synthetic glucocorticoid, dexamethasone (Darou Pakhsh Pharmaceutical
Company, Iran), was injected at a dose of 10 mg per kg body weight for 4 days in the rats (22). Before
implementing the protocol, dexamethasone induction was piloted on 3 rats to assess the degree of fatty liver.
After examining histological samples and confirming fat droplets in the liver tissue, disease induction was
performed on the diseased groups.
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2.3 Training Protocol

The animals in the training groups began the high-intensity interval training (HIIT) protocol after one
week of familiarization with the treadmill (three sessions per week, 10 minutes each). The high-intensity
interval training consisted of 6 bouts of 3-minute running at 40 m/min with 3-minute active recovery at 20
m/min between bouts at a 15% incline. In this protocol, speed, incline, and activity duration were
progressively increased. The initial speed started at 15 m/min, and 1-2 m/min was added per session based
on the rats' ability. By the end of the fifth week, the speed reached 40 m/min and remained constant until the
end of the training period. The treadmill speed during active recovery started at 12 m/min, with 1-2 m/min
added each week. The training lasted 8 weeks, with a frequency of 5 sessions per week. The current protocol
is a modified version of previous research protocols (23).

2.4 Anesthesia and Tissue Extraction Method

After 8 weeks, at the end of the training period and 48 hours after the last training session, and under
fasting conditions (8-12 hours), the rats were anesthetized by intraperitoneal injection of a combination of
ketamine solution (30-50 mg per kg) and xylazine (3-5 mg per kg). The liver tissue was quickly removed,
washed with physiological saline, and transferred to microtubes. It was then frozen in liquid nitrogen and
transferred to a freezer at -80°C.

2.5 RNA Extraction, cDNA Synthesis, and Gene Expression

Total RNA was extracted from liver tissue using the Denazist kit. To RNase & DNase-free microtubes,
100 mg of the homogenized sample was added, followed by 1 ml of lysis buffer (DR1). The samples were then
incubated for 5 minutes. The microtubes containing the samples were centrifuged at 12,000 rpm for 10
minutes at 4°C. The supernatant was transferred to new microtubes. The resulting pellet, containing tissue
fragments, was discarded, and 200 ul of chloroform was added per ml of DRI buffer. The mixture was
vigorously shaken for 15 seconds and incubated at room temperature for 3 minutes. The mixture was
centrifuged at 12,000 rpm for 15 minutes at 4°C. After centrifugation, three phases formed. The upper
aqueous phase contained RNA. This phase was carefully separated and transferred to a new microtube. To
the new microtubes, ethanol was added in half the volume of the transferred liquid, mixed well, and
transferred to a column placed inside a collection tube. The microtubes were then centrifuged at 8,000 rpm
for 2 minutes. The liquid collected in the collection tube was discarded, and the column was returned to the
collection tube. 500 ul of DR2 buffer was added to the column and centrifuged at 10,000 rpm for 1 minute.
The liquid collected in the collection tube was discarded, and the column was returned to the collection tube.
After adding 200 ul of DR2 buffer, the column and collection tube were centrifuged at 13,000 rpm for 3
minutes. Next, the column was placed in a new microtube. 50 ul of DR3 buffer was added to it, and after 2
minutes, it was centrifuged at 1,000 rpm for 2 minutes. The liquid collected at the bottom of the microtube
was transferred back to the column, and after 2 minutes of incubation at laboratory temperature, it was
centrifuged at 13,000 rpm for 2 minutes. The resulting solution contained RNA. The quality and quantity of
the extracted RNA were evaluated using agarose gel electrophoresis and UV spectrophotometry (Nanodrop,
Mabna Iranian, Iran). The extracted RNA was transferred to a freezer at -80°C until further experimental
steps. The extracted RNA samples were then used for cDNA synthesis after removing genomic contaminants
with DNase I, RNase-free enzyme (SinaClon, Iran).

In this study, cDNA synthesis was performed using the Yekta Tajhiz Azma kit (Iran) according to the
company's instructions. For this purpose, 2 ug of total RNA was synthesized into cDNA using Oligo-dT
primer according to the manufacturer's instructions. The tubes containing cDNA were stored at -80°C until
use in real-time PCR reactions. In this research, specific primers for amplifying the FGF21, LECT2,
Follistatin, and HPRT1 genes were designed using Primer 5 software, and the primer sequences were
subsequently synthesized by Bioneer Company (South Korea). The forward and reverse primer sequences for
the above genes are shown in Table 1.
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Table 1. Primers Used in the Real-Time PCR Process
Sequence Access number Product

Length
(Base Pairs)

F-5'"- NM_001108405.1 167
ACTCTACTCAAAGAACCCAAAGGC-3'
R-5-GCAGAAACCTCTTCCCGACA-3'
(FST)
F 5'-TTCTTTGCTGACCTGCTGGAT -3 NM 012583.2 123
R 5'-TATGTCCCCCGTTGACTGGT-3’

Following the optimization of standard PCR conditions, including the determination of the optimal
annealing temperature for the target genes, Real-Time PCR was performed using the Corbett Rotor-Gene
6000 instrument and the Sybergreen kit.

The Real-Time PCR reactions were carried out in a final volume of 20 ul, with each reaction performed
in duplicate. The reaction mixture consisted of 2 ul of cDNA, 8 ul of RealQ Plus 2x Master Mix (Ampligon,
Denmark), 0.5 ul of each forward and reverse primer, and 9 ul of nuclease-free water.

The thermal cycling protocol for Real-Time PCR was as follows: an initial denaturation step at 95°C for
15 minutes, followed by 40 cycles of denaturation at 95°C for 30 seconds, primer annealing at 57°C for 30
seconds, and extension at 72°C for 30 seconds. A melting curve analysis was subsequently performed to
verify the specificity of the amplification.

The relative expression levels of the target genes were calculated using the 2—AACT (Livak) method.

2.6 Statistical Analysis

The Kolmogorov-Smirnov (KS) test was used to determine the normality of data distribution, and
Levene's test was used to check the homogeneity of variances. One-way analysis of variance and LSD post-
hoc test were used to determine significant differences between groups. Data analysis was performed using
SPSS software (version 23), with a significance level set at P < 0.05.

3 Results

The initial, final, and weight change values of the rats in the different groups are presented in Table 2.
One-way analysis of variance showed no significant differences in initial weights among the groups.
Additionally, final weights and weight changes (final weight — initial weight) showed no statistically
significant differences among the groups, indicating baseline homogeneity between the groups.

Table 2. Values (Mean + Standard Deviation) of Subjects' Weights in the Different Study Groups

NAFLD + High-intensity interval NAFLD control Healthy control
training grou
weight(gr)

315/80+25/52 19/1+335.02 13/28+316 final
weight(gr)

Weight
changes (gr)
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3.1 Gene Expression Results

The results of one-way ANOVA (Table 3) indicated no significant differences in LECT2 gene expression
among the experimental groups (Fops=1.02 , P =.4) Similarly, relative expression of FGF21 was higher in
the NAFLD control group compared to the healthy control group, though this difference was not statistically
significant. Furthermore, no significant differences were observed among the experimental groups (Fops =
0.59, P = 0.5). Regarding follistatin gene expression, the results also showed no significant differences
between the groups (Fops= 0.8, P = 0.4).

Table 3. Relative Expression (Mean + Standard Deviation) of Genes in the Liver Tissue of the Study Groups

NAFLD + High-intensity interval NAFLD control Healthy control Variable group

4/28+./48 4/56+1/1 3/51+./7

4 Discussion

The aim of this research was to investigate the effect of high-intensity interval training on the gene
expression of hepatokines in rats with non-alcoholic fatty liver disease. The results showed that none of the
studied genes exhibited statistically significant differences among the groups after 8 weeks of training.

Leukocyte cell-derived chemotaxin 2 (LECT2) is a hepatic secretory protein initially identified as a
neutrophil chemotactic factor (24). Studies have shown that its plasma levels increase in obesity, type 2
diabetes, and non-alcoholic fatty liver disease (9,10). Laboratory studies have also demonstrated that LECT?2
induces inflammation in vascular endothelium and directly inhibits insulin signaling in C2C12 myotubes and
3T3-L1 adipocytes (18). Lan et al (2014) showed that LECT2 expression in the liver and its circulating
concentration in mice are negatively regulated by the AMPK enzyme (11). Willis et al. (2020) and Chikamoto
et al. (2016) also showed that LECT? increases after a period of high-fat diet feeding (9,22). This is
consistent with reduced AMPK expression and phosphorylation under satiety and high-calorie feeding
conditions, clearly indicating an inverse relationship between LECT2 expression and AMPK phosphorylation
in the liver (11). Sargeant et al in 2018 showed that 60 minutes of moderate-intensity treadmill exercise had
no effect on circulating LECT?2 concentrations up to 6 hours post-exercise in lean and overweight men (25).
In the study by Willis et al (2018), plasma LECT?2 levels remained unchanged after a single bout of intense
and moderate exercise in healthy men (18). In the present study, no significant change in LECT2 gene
expression was observed, which aligns with the findings of these human studies. One possible reason for this
response is the negative regulation of LECT2 by AMPK and its increased activity after exercise, which may
prevent significant changes in gene expression.

FGF21 is a hepatokine primarily secreted from the liver and plays a role in regulating fat and glucose
metabolism in various tissues (8). Despite the numerous beneficial effects of FGF21 on glucose and lipid
homeostasis and insulin sensitivity in animal models, circulating FGF21 levels increase in humans and
animals with diet- or genetically-induced obesity, indicating FGF21 resistance in obesity (25,26). Plasma
FGF21 levels also increase in patients with metabolic syndrome, type 2 diabetes, and non-alcoholic fatty
liver disease (26). The data from the present study also showed that the relative expression of the FGF21
gene was higher in the diseased control group compared to the healthy group, although this difference was
not statistically significant. Regarding the effect of exercise training on improving insulin resistance and its
relationship with FGF21, the results are highly contradictory. Some studies report increases (27), some
decreases (28,29), and others no changes (26,30). The results of the present study showed that FGF21 gene
expression was higher in the fatty liver control group compared to the healthy control, but the difference was
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not statistically significant. Additionally, HIIT training had no significant effect on this gene, which aligns
with some animal and human studies (26,30). This varied response is likely due to differences in intensity,
duration, type of exercise, and animal or human models.

Follistatin is a glycosylated plasma protein that is a member of the TGFp family (5). It has recently been
reported that follistatin is expressed not only in the liver but also in skeletal muscles and white and brown
adipose tissues (31,32). Its plasma levels in obese individuals or those with metabolic disorders have been
reported variably, and the reasons for these differences are still unclear (25). Studies have shown that
aerobic exercises may reduce hepatic follistatin expression or have no effect (20). In the present study, no
significant differences were observed among the groups. Given the limited and contradictory results
available, further research is needed to investigate potential mechanisms and the effect of exercise intensity
on follistatin.

5 Conclusion

Overall, the results of the present study showed that interval training had no effect on the gene expression
of FGF21, follistatin, and LECT?2 in the liver tissue of rats with fatty liver. These findings suggest that the
effect of exercise on hepatokines may require longer protocols, higher intensity, or a combination of exercise
and dietary changes. Additionally, for a better understanding of the interactions between these hepatokines
and their roles in response to exercise and other metabolic disorders, future studies with human and animal
samples, longer training periods, and simultaneous measurement of protein and mRNA are recommended.
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