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Improved hepatic lipid metabolism and adiposity in obese rats

Abstract Objective To explore the sequential effects of hypoxic exercising on miR-27/PPARy and lipid metabolism target
gene and protein expression levels in the obesity rats’ liver. Methods 13-week-old male diet-induced obesity rats were randomly
divided into three groups (n=10): normal oxygen concentration quiet group (N), hypoxia quiet group (H), hypoxic exercise group
(HE). Exercise training on the horizontal animal treadmill for 1 h/d, 5 d/week for a total of 4 week, and the intensity of horizontal

treadmill training was 20 m/min (hypoxic concentration was 13.6%). Comparison of the weights of perirenal fat and epididymal fat
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in rats across different groups and calculation of Lee’s index based on body weight and body length of rats in each group were done.
And the serum concentrations of total cholesterol (TC), triglyceride (TG), low density lipoprotein cholesterol (LDL-C), high-density
lipoprotein cholesterol (HDL-C) levels were detected. RT-PCR and Western Blot were used to detect the levels of miR-27, PPARYy,
CYP7A1 and CD36. Results

expression level of PPARy was gradually increased. The expression levels of miR-27 in HE group were significantly lower than N

Hypoxic exercise decreased the expression levels of miR-27 in the obese rats’ liver, however, the

group (P<0.05). The expression levels of PPARy mRNA in N group were significantly lower than H group (P<0.05), especially lower
than HE group (P<0.01). The protein expression of PPARy protein in N group was significantly lower than that other groups (P<
0.01). The expression of lipid metabolism-related genes and proteins increased in the obese rats’ liver. The expression of CYP741
mRNA in N group was significantly lower than H group (P<0.05), especially lower than HE group (P<0.01). The expression of
CYP7ALI protein in the obese rats’ liver in N group was extremely lower than H group and HE group (P<0.01). The protein
expression of CD36 in N group was significantly lower than that in HE group (P<0.05). Hypoxia exercise improved the related
physiological and biochemical indexes of lipid metabolism disorder. The perirenal fat weight of obese rats in HE group was
extremely lower than N group and H group (P<0.01), and the perirenal fat weight in N group was significantly higher than H group
(P<0.05). The epididymal fat weight in N group was significantly higher than H group (P<0.05), and extremely higher than HE
group (P<0.01). The Lee’s index in HE group was extremely lower than N group and H group (P<0.01). The serum concentration of
TC in obese rats in HE group was extremely lower than N group and H group (P<0.01). The serum concentration of TG in HE group
was extremely lower than N group and H group (P<0.01). The serum concentration of LDL-C in N group was extremely higher than
HE group (P<0.01). The serum concentration of HDL-C in N group was extremely lower than H group (P<0.01). Conclusion Hypoxia
and hypoxia exercise may negatively regulate the levels of PPARY by inhibiting miR-27 in the obese rats’ liver, thereby affecting the
expression of downstream target genes CYP7A1 and CD36, and promoting cholesterol, fatty acid oxidation and HDL-C transport in
the liver, and ultimately the lipid levels in obese rats were improved. The effect of hypoxia exercise on improving blood lipid is

better than simple hypoxia intervention.
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According to data released by the World Health
Organization (WHO) in 2020, global obesity rates

(PPARY),
metabolism efficiency

thereby influencing the body’s lipid

[10-121 " Given the liver’s central

have tripled since 1975. Approximately 25% of the
world’s population is now classified as overweight,
with obese individuals accounting for up to 50% of
Obesity and its
complications pose a significant threat to human

this overweight population.
health. Research findings, both domestically and
internationally, consistently demonstrate that hypoxic
training not only aids in weight and fat loss!", but
also improves physiological function. It helps prevent
and manage obesity-related cardiovascular and lipid
metabolism disorders while reducing disease risk>*.
Recent studies have highlighted the close relationship
between miRNAs and lipid metabolism. By regulating
the expression of key enzymes involved in lipid
synthesis, transport, breakdown, and oxidation at the
post-transcriptional level, miRNAs have become a
key focus in lipid metabolism research®’!. Among
these miRNAs, miR-27 modulates downstream lipid
metabolism-related genes and proteins by regulating
peroxisome proliferators-activated receptor gamma

role in lipid metabolism, most studies on miR-27-
mediated lipid regulation have focused on hepatic
tissue. However, few studies have investigated how
hypoxic training affects miR-27 expression and its
subsequent role in PPARy-mediated lipid metabolism
regulation. In this study, we adopted obese rats to 4
weeks of hypoxic training and assessed the relative
expression levels of miR-27/PPARy and downstream
lipid metabolism-related genes and proteins in the
liver. Our goal was to elucidate the mechanism by
which hypoxic training mediates lipid metabolism
regulation through the miR-27/PPARy pathway in
obesity. The research results not only reveal the
molecular mechanism of lipid metabolism regulation
by hypoxia exercise but also provide a theoretical
basis for artificially creating a hypoxia exercise
environment to intervene in chronic diseases such as
obesity. This enriches the methods of strengthening
non-medical health interventions proposed in the
“Healthy China 2030 Planning Outline” and leverages
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the positive role of scientific fitness in the prevention
of chronic diseases. Consequently, it will promote the
improvement of people’s quality and level of healthy
life and strategy  of
“Implementing Healthy China”.

implement the national

1 Materials and methods

1.1 Laboratory animals

200 Sprague Dawley (SD) rats (male, 5 weeks
old, SPF grade, (176.47+10.75) g) were purchased
from Beijing Viton Lihua Laboratory Animal
Technology Co. Ltd., with the production license
SCXK (Beijing) 2012-0001 and experimental animal
practitioner’s induction certificate 1115032300009.
The SD rats were randomly divided into two groups:
the regular feed group (n=20, (176.26+10.62) g, fed
with rodent breeding material) and the high-fat feed
group (n=180, (176.54+10.80) g, fed with D12451
high-fat feed from Research Diets, Inc., USA). There
was no significant difference in body weights between
the two groups. The animal model for this experiment
was constructed and trained in the animal room of the
Institute of Sports Science of the State General
Administration of Sport (ABSL-3), where the room
temperature was maintained at (22+1)°C and the
humidity at (55+2)%. The animal room was adjusted
to the circadian rhythm of the rats, adopting a daytime
darkness and nighttime light mode with lighting
alternated every 12 h to ensure that the rats were
awake during daytime training. Animal experiments
were conducted in accordance with the ethical
policies and procedures approved by the Ethics
Committee of Qufu Normal University (approval No.
2020046).
1.2 Construction of obesity animal model

After 8 weeks of feeding, 20 rats from the high-
fat feed group and 20 rats from the normal feed group
were randomly selected for comparison and analysis
to determine the success of modeling. The criteria for
modeling success were as follows: the average body
weight, fat body ratio, and Lee’s index of rats in the
high-fat feed group were significantly higher than
those in the regular feed group; serum total
cholesterol (TC), triglycerides (TG), and low-density
lipoprotein cholesterol (LDL-C) were significantly
higher in the high-fat feed group compared to the
regular feed group, whereas high-density lipoprotein
cholesterol (HDL-C) was significantly lower in the

high-fat feed group. Rats in the high-fat feed group
whose body weight exceeded the average body weight
of the normal feed group by more than 20% were
considered nutritionally obese and could be used as
research subjects in this experiment.
1.3 Experimental grouping and exercise program

A total of 97 nutritionally obese SD rats were
successfully modeled. A 1-week adaptive training
period was conducted to assess the exercise ability of
the rats, during which the speed was incrementally
increased from 16 m/min to 25 m/min and the
exercise time from 20 min/d to 60 min/d. Based on
the adaptation of the model animals to the treadmill
training, 17 SD rats were eliminated. The remaining
80 rats were then randomly divided into 8 groups.
Five of these groups were used in other experimental
designs, while the remaining 3 groups were utilized in
the present experiment (n=10; there was no significant
difference in the body weights of the animals across
groups). These groups were: the normoxic sedentary
group (group N), the hypoxic sedentary group (group
H), and the hypoxic training group (group HE). All
training groups underwent endurance training on a
horizontal treadmill at an intensity of 20 m/min, with
continuous exercise for 1 h/d, 5 d/week. The hypoxic
concentration was set at 13.6%, equivalent to an
altitude of 3 500 m.
1.4 Experimental sampling

After all the animals were trained and allowed to
recover for 24 h, sampling was conducted. The rats
were fasted for 12 h before sampling and then
anesthetized by
pentobarbital sodium hydrate at a dose of 50 mg/kg.
Body
experimental animals were fixed on an ice-cooled
sampling plate on the experimental bench, and the

intraperitoneal injection of 2%

length and weight were measured. The

abdominal cavity was opened to collect blood from
the abdominal aorta for subsequent separation of
blood and serum. The right lobe of the liver was
excised from its upper edge and divided into two
equal portions. The left portion of the liver was used
for quantitative real-time PCR, while the right portion
was used for Western blot detection. The right portion
of the liver was rinsed in pre-cooled saline to remove
blood, blotted on filter paper, frozen in liquid
nitrogen, and stored in an ultra-low-temperature
refrigerator at —80° C for further testing. The right
perirenal fat and epididymal fat were also excised,
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quickly rinsed in pre-cooled saline to remove blood,
drained on filter paper, and weighed on an electronic
balance.
1.5 Physiological and biochemical indices

The body length of the rats was measured using a
soft ruler, and their weight was determined using an
electronic scale. The Lee’s index of the rats was
calculated according to the following formula. The
concentrations of TC, TG, LDL-C, and HDL-C were
detected using a semi-automatic biochemical analyzer
(Beckman, AU480).

Lee’s index = /(weight/g) /(length/cm)x 10
1.6 Real-time PCR

Liver tissue (100 mg) was retrieved from the
ultra-low temperature refrigerator, crushed in a mortar
containing liquid nitrogen, and total RNA was
extracted strictly according to the Trizol method. The
purity of the extracted total RNA was assessed using
the A,/A,, ratio, and the integrity of the RNA was
evaluated by agarose gel electrophoresis.
1.6.1 Detection of mRNA expression

Reverse transcription was performed to generate
cDNA strictly according to the instructions of the kit
(RR370A, Takara Bio). The reaction conditions were:
37°C for 85°C for 5s, followed by
maintenance at 4°C, and the samples were stored at
-20° C for further testing. Using the synthesized
cDNA as the template and B-actin as the internal

15 min,

reference, three replicate wells were designed for each
sample. The assay was carried out in a real-time
fluorescence quantitative PCR instrument (ABI 7300)
strictly according to the instructions of the reagent kit
(RR8200A, Takara Bio). The reaction conditions for
quantitative PCR were as follows: pre-denaturation at
95°C for 30 s; 95°C for 5 s followed by 60°C for 31 s,
for a total of 40 cycles of PCR reaction.
1.6.2 Detection of miRNA expression

The process of reverse transcription to generate
cDNA was carried out strictly according to the
instructions of the kit (purchased from Beijing
Tiangen Biochemical Technology Co., Ltd.). The
synthesized cDNA was used as the template, and U6
was used as the internal reference. Three replicate
wells were designed for each sample, and the
detection was performed in a real-time fluorescence
quantitative PCR instrument (ABI 7300) following
the instructions of the kit (purchased from Beijing

Tiangen Biochemical Technology Co., Ltd.). The
reaction conditions were as follows:

(1) Pre-denaturation at 94°C for 2 min.

(2) PCR reaction at 94°C for 20 s, 63°C for 20 s,
and 72°C for 30 s, repeated for a total of 5 cycles.

(3) PCR reaction at 94°C for 20 s and 60°C for
34 s, repeated for a total of 40 cycles.

Real-time fluorescence quantitative PCR was used
to obtain the values of each sample to be tested. The
average cycle threshold (C,) value of 3 replicates was
calculated, and the A A C, value was then calculated
using the formula: A A C,= (C, (experimental group
target gene)—C,(experimental group internal reference
gene)) — (C(control group target gene) — (C/(control

27456 yalue of

group internal reference gene)). The
each sample to be tested was then calculated,
representing the relative expression of each sample.
The primers used in the experiment were
designed and synthesized by Shanghai Bioengineering

Co., and their sequences are shown in Table 1.

Table 1 Primer sequences for RT-PCR

Gene Primer sequence
miR-27 5P AGAGCUUAGCUGAUUGGUGAACAG
U6 5P CATTGCTGACAGGATGCAGAAG
PPARy upstream CGGTTGATTTCTCCAGCATT
downstream GGACGCAGGCTCTACTTTGA
CYP741  upstream ACACGCTCTCCACCTTTGAC
downstream GAGGCTGCTTTCATTGCTTC
CD36 upstream TGGCAAAGAATAGCAGCAAG
downstream CAGTGAAGGCTCAAAGATGG
P-actin upstream CATTGCTGACAGGATGCAGAAG
downstream GAGCCACCAATCCACACAGAGT

1.7 Western blot

Approximately 100 mg of liver tissue was
retrieved from the ultra-low temperature refrigerator,
crushed in a mortar containing liquid nitrogen, and a
protein lysate and protease inhibitor (purchased from
Biyuntian Biotechnology Co., Ltd.) were added. After
centrifugation, the protein concentration of the
samples was determined using the BCA method. The
concentration of all samples was adjusted to 4 g/L
with deionized water and buffer, and the proteins were
denatured by heating in boiling water for 10 min and
then stored in the refrigerator at —20° C for further

measurement.
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A 10% gel was used for 1.5h at a constant
voltage of 120 V, followed by transfer to a PVDF
membrane (Millipore) at a constant current of 200 mA
for 1h. The membrane was blocked with 5%
skimmed milk powder (BD Company, USA) for 1 h,
and the primary antibody (PPARY polyclonal antibody
12 2 000; CYP7AL polyclonal antibody 1 : 5 000;
CD36 polyclonal antibody 1 : 1 000) was added and
incubated overnight on a shaker at 4°C. After washing
with TBST, the secondary antibody (1 : 10 000) was
added and incubated at room temperature for 1 h. The
membrane was washed again with TBST, and a
luminescence solution was added to the membrane for
development and fixation in a darkroom. The film was
scanned, and the grayscale values of the protein bands
were analyzed using Quantity One software to
determine the relative expression of the target protein
compared to the internal reference protein.

1.8 Statistical analysis

All data in this study were statistically analyzed
using SPSS 22.0 software. Initially, the parameters
were tested for normality using P-P plots and the
Shapiro-Wilk test. If the data were not normally
distributed, they were transformed to achieve a

0.41

*

normal distribution. Between-group differences in the
means were analyzed using one-way ANOVA. Results
are expressed as meantstandard deviation (meant
SD). P<0.05 indicates a significant difference, and P<
0.01 indicates a highly significant difference. The
experimental data were plotted using GraphPad Prism
6.0 software.

2 Results

2.1 Hypoxia and hypoxia training downregulate
miR-27 PPARYy

expression

expression and upregulate

According to Figure 1, the experimental results
showed that the hepatic miR-27 expression in obese
rats of the HE group was significantly lower than that
in the N group (P<0.05). The hepatic PPARy mRNA
expression in obese rats of the N group was
significantly lower than that in the H group (P<0.05)
and was highly significantly lower than that in the HE
group (P<0.01). The PPARy protein
expression in obese rats of the N group was highly

hepatic

significantly lower than that in the other groups
(P<0.01).
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Fig. 1 Relative expression of miR-27 and PPARY in the obesity rat liver

* Indicates that the difference in means between the two groups is significant (P<0.05). ** Indicates that the difference in means between the two

groups is highly significant (P<0.01).
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2.2 Hypoxia and hypoxia training promote the
expression of PPARy downstream target genes in
the liver of obese rats
2.2.1
hepatic CYP7A1 expression in obese rats

According to Figure 2, the hepatic CYP7A1

Hypoxia and hypoxia training upregulate

sk

=

Relative expression
of CYP7A1 mRNA
i
T

.

N H HE

mRNA expression in obese rats of group N was
significantly lower than that in group H (P<0.05) and
highly significantly lower than that in group HE (P<
0.01). The hepatic CYP7A protein expression in obese
rats of group N was highly significantly lower than
that in groups H and HE (P<0.01).
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Fig. 2 Relative expression of CYP7A1 in the obesity rat liver

* Indicates that the difference in means between the two groups is significant (P<0.05); ** Indicates that the difference in means between the two

groups is highly significant (P<0.01).

222
hepatic CD36 expression in obese rats

Hypoxia and hypoxia training upregulate

According to Figure 3, the experimental results
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showed that the hepatic CD36 protein expression of
obese rats in the HE group was significantly higher
than that in the N group (P<0.05).
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Fig. 3 Relative expression of CD36 in the obesity rat liver

* Indicates that the difference in means between the two groups is significant (P<0.05).

2.3 Effects of hypoxic and hypoxic training on
physiological and biochemical indexes of obese rats

According to Table 2, the perirenal fat weight of
experimental animals in the HE group was
significantly lower than that in the N and H groups
(P<0.01), and the perirenal fat weight of obese rats in

the H group was significantly lower than that in the N

group (P<0.05). The epididymal fat weight of obese
rats in the N group was significantly higher than that
in the H group (P<0.05), and it was extremely
significantly higher than that in the HE group
(P<0.01). Lee’s index in the HE group was extremely
significantly lower than that in the N and H groups
(P<0.01).
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Table 2 Physiological and biochemical characteristics of obese rats

Group n  Perirenal fat/g  Epididymal fat/g Lee’sindex = TC/(mmol-L™')  TG/(mmol-L™") LDL-C/(mol'ml™) HDL-C/(mol-ml™")
N 10 2.80+0.83 8.44+1.63 171+6 1.75+0.23 1.08+0.39 0.22+0.06 0.87+0.18
H 10 2.30+0.29" 7.13+0.86" 169+3 1.68+0.24 0.95+0.13 0.17+0.06 1.22+0.24™
HE 10 1.49+0.36™% 6.13£1.60" 163+4"% 1.23£0.21"% 0.66+0.09""* 0.12+0.06" 1.03+0.27

*P<0.05, **P< 0.01, compared with group N; * P<0.01, compared with group H.

The serum TC concentration of obese rats in the
HE group was significantly lower than that in the N
and H groups (P<0.01). The serum TG concentration
of obese rats in the HE group was significantly lower
than that in the N and H groups (P<0.01). The serum
LDL-C concentration of obese rats in the HE group
was significantly lower than that in the N group (P<
0.01). The serum HDL-C concentration of obese rats
in the H group was significantly higher than that in
the N group (P<0.01).

3 Discussion

Domestic and international research results
consistently demonstrate that hypoxic training not
only aids in reducing body weight and body fat!'"*!, but
also helps adjust bodily functions, prevent and treat
obesity-induced cardiovascular and lipid metabolism
disorders, and lower disease risk. The primary

mechanism involves hypoxia training influencing the

expression of  genes related to lipid
metabolism™ "% This influence subsequently
regulates the levels of lipid metabolism-related

enzymes and proteins encoded by these genes!'”.
Such regulation accelerates cholesterol metabolism
and efflux, promotes fatty acid catabolism and
oxidation, and inhibits fatty acid synthesis. These
changes improve lipid metabolism levels, ultimately
contributing to the prevention and treatment of
diseases associated with lipid metabolism disorders!'®],

It is now reported that miR-27 is closely related
to lipid metabolism. It regulates the expression of key
enzymes involved in lipid synthesis, transport,
catabolism, and oxidation at the post-transcriptional
level, making it a hot spot in the study of lipid

st9200 Tuciferase

metabolism mechanism reporter
gene analysis has shown that miR-27 specifically
binds to the 3' untranslated region (3'UTR) of PPARy
and inhibits its expression, demonstrating that PPARy
is a target gene of miR-27"*'**, In one study, Western
diet (high-fat diet, HFD/HFD-HF) was shown to

potentially inhibit PPARy through upregulation of

miR-27b-5p, thereby promoting the progression from
simple fatty liver to fibrosis. These findings suggest
that miR-27b-5p could serve as an early diagnostic
marker or therapeutic target, but this study focused on
the study of the targeted disease, primarily focused on
disease pathogenesisi®®!. Our current study similarly
observed significantly reduced hepatic PPARy protein
expression in obese rats of the control group (N)
compared to other experimental groups (P<0.01).
Additionally, our investigation employed hypoxic/
which
enhanced PPARY protein expression and consequently

hypoxic training intervention, notably
improved lipid metabolism. PPARy can affect lipid
metabolism by regulating the expression of multiple
target genes. For example, it can influence lipid
metabolism by regulating the expression of the target
gene CYP7A12, lipid

metabolism process in the body™2°!. It has also been

thereby affecting the
shown that PPARy can affect fatty acid transport and
metabolism by regulating the expression of the target
gene CD36!*7,

In summary, hypoxia training may affect the
PPARYy level in the liver of obese rats by regulating
the expression of miR-27, which in turn regulates the
expression of downstream lipid metabolism-related
target genes. This ultimately influences the lipid
metabolism process in obese rats®™*!. Therefore,
based on the experimental results, we analyzed and
discussed the changes in each key index during the
regulation of lipid metabolism by hypoxia and
hypoxia training. This analysis aims to compare the
effects of hypoxia and hypoxia training on lipid
metabolism, on the one hand, and to reveal the
pathways through which hypoxia training regulates
lipid metabolism, on the other hand.

3.1 Effects of hypoxia and hypoxia training on
the expression of miR-27 and its target gene
PPARY in the liver of obese rats

Numerous studies have shown that miR-27 is

closely associated with obesity, and down-regulation

of miR-27 can increase lipid accumulation in
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hepatocytes?'>%. However, research findings differ
regarding the trend of hypoxia affecting the
expression level of miR-27. Some studies have shown
that hypoxic stimulation induces up-regulation of
miR-27 expression®'!, When preadipocytes were
placed in 1% O, (simulating the oxygen concentration
in the adipose tissue of obese mice), this stimulation
led to a 2-fold and 1.5-fold increase in preadipocyte
miR-27a and miR-27b, respectively. Lin et al. %
demonstrated that after adipocytes were placed in
21% O, for 24 h, the levels of miR-27a and miR-27b
expression decreased, whereas the expression of miR-
27a and miR-27b remained high under 1% O,
conditions, which is consistent with the inhibition of
adipogenesis by hypoxial*~*.

The results of the present experiment showed
that hypoxia stimulation led to a decrease in the
expression of miR-27 in the liver of obese rats (P>
0.05), while the expression level of miR-27 in the
liver of obese rats with hypoxia training intervention
was significantly decreased (P<0.05). These results
suggest that both hypoxia and hypoxia training can
down-regulate the expression of miR-27 in the liver of
obese rats, with hypoxia training having a more
significant effect on the expression of miR-27 in the
liver of obese rats, which differs subtly from the
findings of Lin ef al. The reasons for this difference
may be based on the following three factors: (1) Lin

et al.B¥

experimented with cultured cells, whereas the
present study was conducted with living tissues;
(2) Lin et al.P’* exposed cells to 1% O,, whereas the
present study was conducted with obese rats placed in
a simulated hypoxic environment with 13.6% O,; and
(3) Lin et al. B! detected miR-27 expression in
adipocyte precursors, whereas the present study
examined the expression of miR-27 in the liver tissues
of obese rats. It has also been shown that hypoxia
inhibits PPARy/fatty acid synthase (FASN), promotes
glycolysis, reduces fatty acid oxidation, and induces
cardiomyocyte apoptosis through upregulation of
miR-27/miR-195 in
targeted inhibition of miR-27/miR-195 may partially

cardiomyocytes, therefore,
restore cardiomyocyte viability and reduce apoptosis.
In contrast to our conclusions, our results showed that
the hypoxic environment also caused a significant
decrease in miR-27 expression levels, but fat was
more vigorously metabolized in liver tissues, and the
reason for this different result may be related to the
different hypoxic conditions used and whether there is

any specificity between tissues*.

PPARy serves as a target gene of miR-27", and
when hypoxia and hypoxia training affected the
expression level of miR-27, the expression level of
PPARYy in the liver of obese rats was subsequently
altered. Szostak et al.®® randomly divided high-fat
chow-fed male ApoE(-/-) mice into an exercise group
and a control group, and detected changes in the
expression levels of PPARa, PPARB/S, and PPARy in
the endothelium of the aorta of the mice after 3
months of training. They found that training
significantly increased the expression level of PPARYy
in the mouse aorta. Chu et al.”’” simulated myocardial
infarction by culturing h9c2 cells under hypoxic
conditions and found that the expression level of
PPARy in the hypoxic group of h9c2 cells was
significantly increased, effectively inhibiting the
inflammatory response of the myocardium. Liu
et al.®¥ found that 30 d of autonomic training could
significantly increase the expression level of PPARy
in the colon of C57B1/6J mice. Spangenburg et al."*”
used acute platform running exercise and 12 weeks of
platform running training to conduct exercise
intervention in 5-8-month-old female SD rats to
explore the effect of the two training methods on the
expression level of PPARy mRNA in different skeletal
muscles. The results showed that 24 h after recovery
from a single acute table running exercise, there was
in the PPARy mRNA
levels in the rat
gastrocnemius compared to before the
exercise. However, the expression levels of PPARy
mRNA in the metatarsal and gastrocnemius muscles
of the rats in the long-term training group were both
significantly elevated (P<0.05). Song et al. Y
experimentally found that PPARy gene and protein
expression levels in rat liver were significantly
elevated in both 4-week training and 1-week pre-
acclimatization (P<0.05). Meng et al.*"! constructed
an obesity model in male SD rats and, after 8 weeks

of training, found that all three intensities of training

no significant difference

expression metatarsal and

muscles

could elevate the concentration of PPARy in rat
plasma. The PPARy mRNA expression levels in the
adipose tissues of rats in the three different training
intensity groups were all significantly higher than
those of the control group (P<0.05). Slivka et al.'™
recruited 11 male volunteers and took the lateral
femoral muscle of the volunteers by muscle biopsy
before exercise. The lateral femoral muscle was taken
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again after 1 h of exercise at 60% maximal power and
4h of recovery. The results showed that training
induced a significant increase in the level of PPARYy in
the lateral femoral muscle. Consistent with the results
of most current studies, the results of this experiment
showed that both hypoxia and hypoxia training could
cause a highly significant increase in hepatic PPARy
mRNA and protein expression in obese rats (P<0.01).
This experiment also found that hypoxia significantly
increased the hepatic PPARy mRNA expression in
obese rats (P<0.05) and caused a highly significant
increase in the expression of PPARY protein (P<0.01).
The experimental results suggested that the regulation
of PPARy mRNA and protein expression in the liver
of obese rats by training and hypoxic training showed
the same elevated trend. The elevated expression of
PPARY regulated the efficiency of fatty acid oxidation
and cholesterol transport, enabling more lipids to be
oxidized and transported out of the liver into the
blood. This not only reduced the accumulation of fat
in the liver and prevented the generation of fatty liver
but also reduced the body’s fatty acid content and
reduced lipogenesis, thus improving blood and body
fat levels.

In addition, this showed the
following results. (1) The liver miR-27 expression of

experiment

obese rats in the hypoxia group was reduced, though
not significantly. In contrast, the liver PPARy mRNA
and protein expression of obese rats in the hypoxia
group was extremely significantly elevated (P<0.01).
This may be due to the fact that PPARy is regulated
by multiple miRNAs simultaneously, and miR-27
synergized with other miRNAs to significantly elevate
the PPARy mRNA and protein expression levels.
(2) The liver miR-27 expression in obese rats in the
hypoxia group was lower than that in the control
group, and the hypoxia training group had a
significantly lower expression than the control group
(P<0.05). Meanwhile, the liver PPARy mRNA
expression of the target gene of miR-27 in obese rats
in the hypoxia group was significantly higher than
that in the control group, and the hypoxia training
group had an extremely significant increase compared
to the control group (P<0.01). The expression of the
target gene of miR-27 in the liver of obese rats in the
hypoxia and hypoxia training groups was significantly
higher than that in the control group (P<0.01). The
expression of PPARy protein in the liver of obese rats
in the hypoxia training group was significantly higher

than that in the quiet control group. These results
indicate that the expression of miR-27 and PPARy
mRNA and protein in rat liver showed a negative
correlation, which is consistent with current research
findings.
3.2 Effects of hypoxia and hypoxia training on
the expression of target genes downstream of
PPARY in the liver of obese rats

Hypoxia and hypoxia training elevated PPARy
mRNA and protein expression levels in the livers of
obese rats, which inevitably induced changes in the
expression of downstream target genes of PPARY,
thereby affecting the process of lipid metabolism!*,
Studies have shown that PPARy primarily influences
lipid metabolism by regulating
cholesterol metabolism and fatty acid metabolism.

two pathways:

The cholesterol metabolism pathway affects lipid
metabolism by regulating the expression of target
genes ABCAI and CYP7AI through PPARy™Y, while
the fatty acid metabolism pathway affects lipid
metabolism by regulating the expression of target
genes CD36, ATGL, LPL, L-FABP, and SREBPI
through PPARY?"*). The end result of both pathways
can cause changes in lipid metabolism.

3.2.1

hepatic cholesterol metabolism in obese rats

Effects of hypoxia and hypoxia training on

CYP7A1 plays an important role in cholesterol
synthesis and metabolism and is the most important
regulatory gene in this process!**]. It is positively
regulated by PPARy™>”.  Pinto et al BV
experimentally found that the hepatic CYP741 mRNA
expression in rats in the aerobic exercise group was
1.7-fold higher than that in the control group. Coté et
al. ®? found that the hepatic CYP74/ mRNA
expression in the training group was higher than that
in the control group, although the difference between
the means of the two groups was not significant
(P>0.05).

In the
expression of CYP741 mRNA and protein in the liver

present experimental results, the
tissues of obese rats in the training group was also
higher than that in the control group, but the
difference was not significant, which was consistent
with the experimental results of Coté et al.®” The
results of the present experiments showed that the
expression of CYP741 mRNA in the livers of obese
rats in the hypoxic group was significantly higher than

that in the control group (P<0.05), and the expression
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of CYP7A1 protein was highly significantly higher
than that in the control group. Additionally, the
expression of CYP74] mRNA and protein in the
hypoxia training group was significantly higher than
that in the control group (P<0.01).

These findings suggest that hypoxia and hypoxia
training can promote the expression of CYP7A1 in the
same tissue by up-regulating the expression level of
PPARY in the liver of obese rats. This, in turn, affects
the cholesterol production and transportation in liver
tissues. This process not only adjusts the cholesterol
content of liver cells but also influences the
production of cholesterol in liver tissues and affects
the transport of cholesterol produced by liver tissues,
which in turn elevates the level of HDL-C in the
blood™?.,

3.2.2 Effects of hypoxia and hypoxia training on
hepatic fatty acid metabolism in obese rats

PPARY can not only regulate hepatic cholesterol
metabolism but also hepatic fatty acid metabolism
through target genes®. Numerous studies have
shown that PPARy can positively regulate
downstream target genes such as CD36, ATGL, LPL,
L-FABP, and SREBPI™->*°  Elevated PPARy
expression in the organism promotes the expression of
many of these target genes, which in turn promotes
fatty acid metabolism and reduces fatty acid content
in tissues””.. CD36 affects the efficiency of fatty acid
oxidative

metabolism by regulating the

transmembrane transport of fatty acids"™**”. Talanian

et al.

found that 6 weeks of high-intensity
intermittent endurance training increased the capacity
of fatty acid transport in skeletal muscle, where the
expression of CD36, a closely related transport
carrier, was significantly increased (P<0.05), allowing
more fatty acids to enter the mitochondria for
oxidative energy supply. Kurosaka et al.!®) observed
in their study of the relationship between adipose
tissue lipolysis and hepatic fat uptake that hepatic
fatty acid translocase (FAT)/CD36 protein expression
was 2.09-fold higher in the dietary-restricted group
compared to the obese group (P<0.01). The
modification of FAT/CD36 expression induced by
exercise prevented dietary-restriction-induced hepatic
lipid accumulation in obese rats. Tunstall et al. %
found that after 9 d of moderate-intensity power
cycling training, the expression of CD36 gene in
human skeletal muscle tissues was significantly

elevated (P<0.05). Chen et al.'®! in investigating the
protective effect of hypoxic pre-adaptation against
lipotoxicity in H9c2 cardiomyocytes and neonatal rat
found that
treated cardiomyocytes showed a significant increase

cardiomyocytes, short-term  hypoxia-
in CD36 protein expression. Mwaikambo et al. '*
experimentally revealed that with the prolongation of
hypoxia, the level of CD36 expression in human
retinal pigment epithelial cells increased linearly.
Ortiz-Masia et al. '®! obtained similar results when
studying the effect of hypoxia on macrophages,
finding that hypoxia could mediate the up-regulation
of HIF-1 and CD36 expression.

Some scholars also studied the effects of 2 weeks

%1 and

of  high-intensity intermittent training
continuous hypoxial®”! on the expression of CD36 in
rats and found that the expression of CD36 was
similarly significantly elevated (P<0.05). Holloway
et al.'®® found that after 2 h of cycling at 60% VO

the content of CD36 in skeletal muscle increased

2max>

significantly, and similarly, the efficiency of oxidized
fatty acids in skeletal muscle and mitochondria was
also significantly increased, with both changes
showing a consistent trend.

The results of this experiment concluded that the
liver CD36 mRNA and protein expression of obese
rats in the training group was extremely significantly
higher than that of the N group (P<0.01), which was
consistent with the results of most current studies. In
the present experiment, the intergroup difference
between the liver CD36 mRNA expression of the
hypoxia training group and the mean value of the
control group was not significant, but the protein
expression of liver CD36 in the hypoxia training
group was significantly higher than that of the control
group. This suggests that this process is a very
important factor in the development of liver CD36
protein expression. However, the expression of CD36
protein in the liver of obese rats in the hypoxia
training group was significantly higher than that in the
control group, suggesting that there may be post-
transcriptional regulation in this process, which in
turn elevated the expression level of CD36 protein in
the liver of obese rats.

3.3 Effects of hypoxia and hypoxia training on
physiological and biochemical indexes of obese rats

Currently, serum levels of TC, TG, LDL-C, and
HDL-C are commonly used indicators to study
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abnormalities in blood lipid metabolism. Numerous
studies have shown that obesity is often accompanied
by elevated blood TC, TG, and LDL-C levels, as well
as a decrease in HDL-C concentration'® "), However,
training, hypoxia, and hypoxia training can cause
different degrees of improvement in blood lipid
levels!”!,

The results of this experiment showed that after 4
weeks of training, the concentrations of serum TC,
TG, and LDL-C in rats in the H, NE, and HE groups
showed significant decreases, and the concentrations
of serum HDL-C in rats in the hypoxia and training
groups were higher than those in the control group (P<
0.05), which was similar to the findings of Li et al.".
Peng et al.'”! performed chronic intermittent hypoxia
intervention in rats and found that in the hypoxia
intervention group, the serum levels of TC and TG
appeared to be
Jovandaric et al.

significantly reduced in rats.

4] compared the study of 50
perinatally hypoxic oxygen-requiring neonates with
50 unoxygenated healthy neonates and determined
TC, HDL, LDL, and TG levels in the two groups after
hypoxia classification. It was found that the levels of
TC, TG, LDL, and HDL were significantly lower than
those of the control group. This phenomenon may be
due to the oxidation and peroxidation of lipids in the
circulation of hypoxic neonates and their removal

Guo et al. U

from the peripheral circulation.
experimentally proved that 16 weeks of aerobic
exercise could affect cholesterol metabolism and lipid
metabolism in obese patients and improve
dyslipidemia, with a significant decrease in serum TC,
TG, and LDL-C, but no significant difference in
HDL-C, which is highly consistent with the changes
in the hypoxic training group in this experiment.

These findings suggest that hypoxia training
mainly changes blood lipid levels by regulating the
concentrations of TC, TG, and LDL-C"®". There is no
evidence that HDL-C plays a role in this process. The
reason for this phenomenon may be that the body’s
blood levels of TC and TG are reduced, and the HDL-
C requirement used to transport the two to maintain a
normal level of both to meet the body’s needs does
not show significant changes.

Hypoxia and hypoxia training induced long-term
changes in plasma TC, TG, LDL-C, and HDL-C in

obese rats, ultimately leading to corresponding

changes in the physiological indices of the rats. Li
et al. " experimentally found that body weight!”),
perirenal fat, and epididymal fat in the hypoxia group
were significantly lower than those in the control
group (P<0.05). Both the exercise group and the
intermittent hypoxia training group showed highly
significant decreases relative to the control group (P<
0.01). Lei et al."”" experimentally found that the lipid
levels of obese rats were improved after 4 weeks in
both the normoxic training group, the hypoxic quiet
group, and the hypoxic training group. Among these,
the Lee’s index of obese rats in the 4-week group of
intermittent hypoxic training was significantly
decreased (P<0.05). This presented the same changes

as the results of this experiment.
4 Research limitations

(1) This study was limited to PCR and Western
blot for protein expression analysis in obese rat livers,
lacking alternative experimental approaches (e. g.,
immunohistochemistry or mass spectrometry) to cross-
validate the findings. Additionally, while miR-27 was
investigated, comparative analyses of its isoforms
(e. g., miR-27a-3p/-5p) were not conducted, which
may provide further mechanistic insights.

(2) Although we demonstrated that exercise-
mediated modulation of the miR-27/PPARy pathway
improves lipid metabolism-related protein and gene
expression, the study did not employ miR-27
inhibitors or gene interference techniques. Future
cellular-level experiments are warranted to confirm
the causal relationship.

5 Conclusion

Both hypoxia and hypoxia training can

negatively regulate PPARy levels by inhibiting
hepatic miR-27, thereby affecting the expression of
downstream target genes CYP741 and CD36. This
process promotes hepatic cholesterol and fatty acid
oxidation and enhances HDL-C transporter activity,
ultimately inducing changes in physiological indexes
related to lipid metabolism disorders in obese rats and
improving lipid levels. In this process, the effect of
hypoxia training was superior to that of hypoxia
alone. Therefore, hypoxia training can be used as an
effective intervention for the prevention and control of
lipid metabolism-related diseases.
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(R RIZ 3N+ SmiR-27/PPARyif 2% o0 & BB ¥
KRR ERME B RK AR

;fL ,{ 1)%* ]‘77[3 Z’:\\ 2)%* i’% Hi%z) ﬁi —Fi/"J-S) ﬁ%jf_li“ ﬂb %)fi 5,6)%*%* 5]-: 5%2)***
(VTR E B, BrT 2731555 Y MBI AR TR E R, BT 2731655
Y HETAE @R, HIE 2768005 © v EIFPER RIS, H 5 266100;
D FRAM KR HE R, KO 1160255 © A2 K- B BB AT oL, K% 116025)

WE BE MRS I 0 A BUIFIE T miR-27/PPARy M H R WA AR DGR | K 1 B 35 A F s
Fik 13 R HENE SD B REAHLA A3 4L (n=10): #ELHA (N4D) . A LHA (H4) MREIIZGA (HE4).
ORI A VIR Y 20 m/min (IEAWIE 13.6%), 202301 hvd, 5 A/, a8, W SEIST . MSsgiEe, WikE.
R Lee” s48%0; RMiig P B BEEE (TC) . HW=FE (TG). MREEARHEAARE R (LDL-C) % B i IR E
B (HDL-C) /K5 SCHT2¢)65E ik PCR Ml Western blot 1l miR-27. PPARy, CYP7A1 MICD36 HHXf £k, &R KAV
YRR T AR K BUITFIE miR-27 FEIK T T 1 PPARy 635 . HE ZHNIEJHE R BUITIE miR-27 2658 WM T N4 (P<0.05); N4
REJEA BUAFIE PPARy mRNA £ AR B M T HYL (P<0.05), HARZEMMTHEL (P<0.01), NZLALKERHATAE PPARY 5 114
R ERTHMA (P<0.01) o AR EATIERR A OCIE AN 1 I R 3 . N AL ME K BUIFIE CYP741 mRNA
KRB DFMTHA (P<0.05), HWBFEMRTHEA (P<0.01). NAMREKFAFIECYPTALE A s BE KT HA4LM
HE4] (P<0.01), NZIAERERFIFIECD36 & kA& B E T HELL (P<0.05), REIZUE T MG S AHSC A 2R Ak
$8br. HE AR S BN EEW B3 T NAMHL4 (P<0.01), NAMEKEE IR EE D E R THA (P<0.05);
NAAERER BN S Mg iy it i 3/ THA (P<0.05), HWE S THEA (P<0.01); HEAHNEHEKRE Lee’ s 4820 b E (LT
NAIFIHZL (P<0.01). HEZIAEMAR BT TCHREEN B LT NAURMHAL (P<0.01); HEZIAEER B TG v i i #1I%
FNAFMHA (P<0.01); NAMEKER MG LDL-CHEM B T HEA (P<0.01); NI B % HDL-C ¥ AR b 2%
EFHA (P<0.01). £ ARSAFIIR SN LR T BE 8 1 AR RE K U E miR-27 1fif 7 845 PPARY /K-, BEIfT LA T Ji7 #5k
[H CYP741 M1 CD36 fFeik . AEUEITIENBRE RS . JETRR &AL A HDL-C 5415, SRl IO R RS Bk . ARE DI g
BB TR Ll I AA T T

XegIE  REIZE, miR-27, PPARy, JEEAHR
HESES G842 DOI: 10.16476/j.pibb.2025.0249 CSTR: 32369.14.pibb.20250249
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