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Abstract

Background: Aerobic exercise can promote lipolytic potential, however the effect of aerobic exercise on lipids metabolism in individuals with different 
obesity levels remain unclear. 

Methods and results: Sprague Dawley rats were fed a high-fat diet to establish models of different obesity degrees, and they were subjected to 8 weeks 
of treadmill running. The weight and fat weight of the rats were collected, and blood lipids and leptin levels were measured. Subcutaneous fat samples were 
taken and stained with hematoxylin-eosin (HE) to observe the morphology of adipocytes. The expressions of adipocyte differentiation proteins were determined 
by Western blotting. The aerobic exercise group exhibited significant reductions in body weight, subcutaneous fat weight, and body fat percentage compared 
to the control group. Additionally, there were significant decreases in serum total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C) 
and leptin levels, as well as a decrease in adipocyte volume. Furthermore, high-density lipoprotein cholesterol (HDL-C) levels increased significantly along with 
the expression of adipocyte differentiation proteins Bone morphogenetic protein 4 (BMP4) and drosophila mothers against decapentaplegic protein 1 (SMAD1) 
proliferator activator receptor gamma (PPARγ), etc.

Conclusions: Aerobic exercise significantly improved the body fat and lipid status of obese rats, and the improvement increased with increasing obesity. 
Exercise significantly reduced the volume of adipocytes, and the effect increased with increasing obesity. The effect of exercise on proteins involved in 
differentiation of subcutaneous adipocytes was not affected by obesity level.

ABBREVIATIONS

TC: Total Cholesterol; TG: Triglyceride; LDL-C: Low-
Density Lipoprotein Cholesterol; HDL-C: High-Density 
Lipoprotein Cholesterol; BMP4: Bone Morphogenetic Protein 
4;  SMAD1: Drosophila Mothers Against Decapentaplegic 
Protein 1; ZNF423:  Zinc Finger Protein 423;  PPARγ: 
Proliferator Activator Receptor gamma; FABP4: Fatty Acid-
Binding Protein 4; LPL: Lipoprotein Lipase

INTRODUCTION 

With the improvement of people’s living standards, 
the number of obese individuals has been increasing year 
by year, which has a serious impact on their physical 

health. Obesity is caused by excessive fat accumulation 
in the body, mainly through an increase in the size and/
or number of adipocytes [1-3].White adipocytes play 
a key role in regulating fat mass and energy balance. 
Obesity is the result of imbalanced differentiation of white 
adipocytes in the body. A high-fat diet affects the number 
and size of adipocytes. Poret et al. [4], found that long-term 
consumption of a high-fat diet in rats led to a significant 
increase in the number and size of adipocytes in various 
body regions.

The formation of white adipocytes is regulated 
by numerous factors. Bone morphogenetic protein 
(BMP4) plays a crucial role in the early formation of 
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white adipocytes [5,6]. It sends signals through its 
receptors to form a catalytic cell surface complex, which 
phosphorylates the downstream signal, Drosophila 
Mothers Against Decapentaplegic Protein 1 (SMAD1). 
Subsequently, SMAD1 binds to Zinc finger protein 423 
(ZNF423) to form a complex, which activates peroxisome 
proliferator-activated receptor gamma (PPARγ), a key 
regulator in the nucleus that enhances the differentiation 
of adipocyte precursor cells [7]. Once activated, PPARγ 
binds to fatty acid-binding protein 4 (FABP4), thereby 
promoting the formation of mature adipocytes. In the 
process of individual obesity, the differentiation level of 
adipocytes plays a crucial role. An appropriate level of 
white adipocyte differentiation is essential for maintaining 
metabolic homeostasis. It is well known that exercise is 
an important way to reduce body fat and can regulate the 
differentiation of white adipocytes. However, the impact 
of exercise on adipocyte differentiation in individuals with 
varying degrees of obesity is seldom documented.

Based on the above, in this study, adult rats with 
varying levels of obesity underwent a moderate exercise 
intervention for 8 weeks to determine if aerobic exercise 
can enhance the lipid profile of obese rats and whether 
the extent of improvement differs with increasing 
obesity. Whether exercise reduces the volume of fat 
cells (adipocytes) and if this effect varies with increasing 
obesity. Whether the effects of aerobic exercise on adipose 
differentiation BMP4/PPARγ signaling differ in rats with 
varying levels of obesity.

MATERIALS AND METHODS

Experimental animals 

In this study, forty-four male Sprague-Dawley rats 
weighing approximately 200 grams and aged around 
6 weeks were sourced from Zhejiang Weitong Lihua 
Experimental Animal Technology Co., Ltd. [SCXK 2021-
001] in Zhejiang, China. The rats were housed in controlled 
conditions in the animal facility for five days, with a 
temperature maintained at 25 ± 3°C and a 12-hour light/
dark cycle. The rats were given unrestricted access to 
standard chow and water in their cages. Initially, all rats 
were fed a standard diet for one week. Subsequently, 
8 rats were randomly selected to form the standard 
control group (group C) and continued to receive the 
regular diet. Groups H1, H2, and H3 were fed high-fat 
diets for 4 weeks, 8 weeks, and 12 weeks, respectively. 
To ensure consistency in age among the experimental 
animals, specific feeding schemes are detailed in Figure 
1. The criteria for successfully modeling different levels of 
obesity are as follows: the body weight of group H1, group 
H2, and group H3 exceeds 10% to 20%, 20% to 30%, and 

30% to 50% respectively, of the body weight of the control 
group [8]. During the experiment, the rats’ growth was 
recorded daily, and their weight was measured weekly. 
The standard feed used in the experiment was purchased 
from SLACOM, with the product number P1101F-25. The 
high-fat feed was purchased from Research Diet, model 
D12451, with the specific feed formula detailed in Table 
1. After successfully inducing various levels of obesity, the 
rats were divided into two groups: a quiet control group 
and an exercise group, named CH1 group, EH1 group, 
CH2 group, EH2 group, CH3 group, and EH3 group, each 
comprising 6 rats, as illustrated in Figure 1. Afterward, 
all groups were fed a high-fat diet. All procedures used in 
this study were approved by The Nanjing Sports Institute 
Animals Experiment Ethics Committee and adhered to the 
international ethical standards [9].

Exercise program

In the EH1, EH2, and EH3 groups, rats were first 
subjected to adaptive exercise for three days. They 
exercised for 15 minutes every day at an adaptive speed 
of 8 m/s. After the adaptation period, the rats underwent 
an eight-week treadmill training program. The training 
program was based on the experiment conducted by Fu 
Y et al. [10], and involved training five times a week. The 
exercise program for the rats is shown in Table 1.

Serum index determination

After a successful modeling procedure, the rats were 
anesthetized, and blood samples were collected from 
the abdominal aorta. The serum was then separated by 
centrifugation at 3000 rpm, 4°C, for 15 minutes. Following 
the kit instructions, the levels of total cholesterol (TC), 
triglycerides (TG), low-density lipoprotein cholesterol 

Table 1: Eight-week treadmill training program

Mode of exercise Week Speed (m/s) Time (min)

Treadmill running

Week 1, week 2 8-10 60
Week 3, week 4 10-12 60
Week 5, week 6 12-14 60
Week 7, week 8 13-15 60

Figure 1 Experimental scheme diagram.



Central

Liu X, et al (2025)

Ann Sports Med Res 12(1): 1231 (2025) 3/9

(LDL-C), high-density lipoprotein cholesterol (HDL-C), 
interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), 
insulin, and leptin were measured.

HE staining was used to detect the morphology of 
adipocytes

The adipose tissue was fixed with 4% paraformaldehyde, 
dehydrated, embedded in paraffin, and sectioned. After 
that, it was stained by HE. We analyzed the image using 
Image-Pro Plus 6.0 software. We measured the diameter 
of adipocytes and calculated the cell volume (V=4/3πr^3) 
based on the cell radius. To determine the total volume 
of subcutaneous fat, we utilized its mass and density. 
Finally, we calculated the total number of cells by dividing 
the total fat volume by the volume of a single adipocyte, 
following the specific calculation method outlined in 
Arnold’s literature [11]. Statistical analysis was performed 
to examine the data.

Western blot was used to detect the expression of 
adipose tissue protein

An appropriate amount of subcutaneous adipose 
tissue was collected and lysed at a ratio of 1:1 (weight/
volume). The mixture was homogenized in an ice bath and 
then placed on ice for 10 minutes. After centrifugation at 
4°C for 10 minutes at a speed of 10000 revolutions per 
minute, the supernatant was aspirated, and the protein 
concentration was determined using the bicinchoninic 
acid (BCA) method. A 4% concentrated solution of SDS-
PAGE separation gel was prepared. An appropriate 
amount of protein was sampled, electrophoresed, and 
transferred to a PVDF membrane. The membrane was then 
closed, incubated with the primary antibody, washed with 
TBST three times, incubated with the secondary antibody, 
washed with TBST three times, chemiluminescent signals 
were generated, and the results were photographed and 
analyzed using Image Lab software.

Statistical Analysis

All data were presented in the form of mean ± standard 
deviation. The data were analyzed and plotted using 
SPSS 26.0 and GraphPad Prism 5 software. We conducted 
an independent T-test between Group E and Group H. 
Additionally, a one-way ANOVA was performed to analyze 
the data among groups EH1, EH2, and EH3.

RESULTS

Effects of exercise intervention on body weight, 
subcutaneous fat weight, sebum ratio, and body fat 
ratio of rats

After 8 weeks of treadmill exercise, the body weight 

of rats in groups EH1, EH2, and EH3 showed a significant 
decrease compared to the corresponding control group 
(Figure 2A). Moreover, the subcutaneous fat mass and 
sebum ratio were significantly reduced (Figure 2B,C), and 
the body fat ratio showed an extremely significant decrease 
(Figure 2D). Interestingly, after 8 weeks of exercise, the 
body weight, subcutaneous fat weight, and sebum ratio 
of the EH3 group were significantly higher than those of 
the EH1 group (Figure 2). However, no significant change 
in Lee’s index was observed among any of the exercise 
groups, in comparison to the control group.

Effects of exercise intervention on plasma lipoprotein 
levels, insulin and leptin in rats

Significant differences were observed between the 
exercise intervention groups (EH1, EH2, EH3) and the quiet 
group in terms of serum total cholesterol (TC), low-density 
lipoprotein cholesterol (LDL-C), high-density lipoprotein 
cholesterol (HDL-C), and triglyceride (TG) levels (Figure 
3). Compared with the quiet group, rats in the EH1 group 
showed a significant decrease in serum TG levels (Figure 
3A). Moreover, significant reductions in serum TC and 
LDL-C levels were observed in rats of the EH2 group, along 
with a notable increase in HDL-C levels (Figure 3B,C,D). 
In comparison, the EH3 group exhibited significant 
decreases in serum TG and LDL-C levels, accompanied 
by a significant increase in HDL-C levels (Figure 3A,C,D). 
Furthermore, rats in the EH3 group exhibited a significant 
increase in serum HDL-C levels compared to rats in the 
EH1 group (Figure 3C). Overall, the exercise intervention 
groups (EH1, EH2, EH3) showed significant improvements 
in serum lipid levels, including reductions in TC and LDL-C, 
as well as increases in HDL-C. These results demonstrate 
the beneficial effects of exercise on lipid metabolism. 

The serum insulin concentration of rats in the EH1, 
EH2, and EH3 groups did not show any significant changes 
compared to the corresponding control group (Figure 
3E). However, the serum leptin concentration in the EH2 
group was significantly decreased, and the serum leptin 
concentration in the EH3 group was significantly reduced 
to an even greater extent (Figure 3F).

Influence of exercise intervention on adipocyte area 
and number

After 8 weeks of exercise training, approximately 300 
mg of subcutaneous adipose tissue was collected from the 
rats. Subsequently, the tissue was photographed under a 
200-fold field of view using a microscope (Figure 4A). We 
found changes in the number and volume of adipocytes in 
the sections of rats with varying levels of obesity under 
both control and exercise conditions (Figure 4B). The 
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Figure 2 Exercise reduced the body weight, subcutaneous fat weight, sebum ratio and body fat ratio of rats with different levels of obesity. A body weight, B 
subcutaneous fat weight, C sebum ratio, D the ratio of body fat. Values are presented as mean ± SEM (n=8). a p < 0.05 (versus CH1 group); b p < 0.05 (versus CH2 
group); c p < 0.05 (versus CH3 group); * p < 0.05 (versus EH1 group).

Figure 3 Exercise decreased plasma lipoprotein and increased plasma leptin levels in rats with different levels of obesity. A the content of TG in serum, B the 
content of TC in serum, C the content of HDL-C in serum, D the content of LDL-C in serum, E the content of insulin in serum, F the content of leptin in serum, Values 
are presented as mean ± SEM (n=8). a p < 0.05 (versus CH1 group); b p < 0.05, bb p < 0.01 (versus CH2 group); c p < 0.05, cc p < 0.01 (versus CH3 group); * p < 0.05 
(versus EH1 group).
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DISCUSSION

An individual’s body weight depends on the balance 
of energy metabolism [12]. When anabolism exceeds 
catabolism, the body stores excess energy as fat, which 
leads to weight gain. Exercise accelerates metabolism and, 
with consistent energy intake, can lead to weight loss. A 
study on rats with varying levels of obesity showed a 
significant reduction in body weight after exercise, which 
is consistent with previous reports [13,14]. This indicates 
that exercise plays a role in weight control for obese rats. 
Additionally, exercise significantly reduces subcutaneous 
fat mass, sebum, and body fat percentage in rats, as shown 
in a previous study. Obese rats undergoing exercise 
experienced reduced levels of lipid TC, TG, and LDL-C, and 
an increased level of HDL-C, aligning with previous reports 
[15]. Notably, the EH2 and EH3 groups had particularly 
significant outcomes, suggesting that exercise promotes 
lipid metabolism. Reduced subcutaneous fat mass, sebum, 
and body fat percentage, along with improved blood lipid 
levels, contribute to a decreased risk of coronary heart 
disease and overall health improvements. Furthermore, 

area of subcutaneous adipocytes in the EH1, EH2, and EH3 
groups showed a significant decrease (p < 0.05), while the 
number of adipocytes in the same visual field significantly 
increased (p < 0.05) (Figure 4C). Further analysis revealed 
a positive correlation between the size of adipocytes and 
the concentration of serum leptin (Figure 4D).

Western blot analysis detected fat-differentiated 
proteins after 8 weeks of exercise 

The results demonstrated that the expressions of fat-
differentiated proteins BMP4, SMAD1, ZNF423, PPAR, 
FABP4, and LPL protein were significantly increased in the 
exercise group compared to the control group (p < 0.05). 
Upon further examination of the results, it was noted that 
after 8 weeks of training, the expression of BMP4 was 
significantly higher in the EH1 group compared to the EH2 
and EH3 groups (Figure 5A). The expression of FABP4 in 
the EH2 group was significantly higher compared to the 
EH1 and EH3 groups (Figure 5E). However, the expression 
of LPL was significantly higher in the EH3 group compared 
to the EH1 and EH2 groups (Figure 5F). 

Figure 4 Exercise reduced the volume and size of adipocytes in rats with different levels of obesity.  Representative image (A) and quantification (B, C) of 
Hematoxylin eosin staining (HE) of subcutaneous fat, correlation analysis of adipocyte volume and serum leptin (D). Values are presented as mean ± SEM. a p < 0.05 
(versus CH1 group); b p < 0.05, c p < 0.05 (versus CH3 group); * p < 0.05 (versus EH1 group).
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Figure 5 Exercise increased the expression of adipocytes differentiation-related proteins in rats with different levels of obesity. Representative 
image (G, H) and quantification (A-F) of western blot of BMP4 (A), SMAD1 (B), ZNF423 (C), PPARγ (D), FABP4 (E) and LPL (F) protein expression in 
the subcutaneous fat tissue of rats with different levels of obesity. Targeted bands were normalized by β-actin. Values are presented as mean ± 
SEM (n = 4). Values are presented as mean ± SEM. a p < 0.05 (versus CH1 group); b p < 0.05 (versus CH2 group); c p < 0.05 (versus CH3 group).
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compared to the obesity groups, the body fat percentage, 
LDL-C, and HDL-C levels in the rats of the CH2 and CH3 
groups showed no significant differences. However, the 
body fat percentage and LDL-C level in the CH2 and CH3 
groups were significantly higher, and the HDL-C level was 
significantly lower than those in the CH1 group before 
exercise. This suggests that exercise has a more significant 
impact on lipid metabolism in the CH2 and CH3 groups of 
rats. Overall, the findings of this study suggest that exercise 
intervention has a positive effect on plasma lipoprotein 
levels in rats. Specifically, it leads to a reduction in TC 
and LDL-C levels and an increase in HDL-C levels. These 
findings offer valuable insights into the potential benefits 
of exercise in maintaining a healthy lipid profile.

In this study, it was found that the serum insulin and 
leptin levels of rats increased with obesity. Leptin, a 
hormone primarily secreted by adipocytes, directly acts 
on them and inhibiting cell synthesis in adipose tissue. 
With the increase in obesity, the volume of adipocytes also 
increases, leading to higher levels of leptin. This indicates 
the presence of leptin resistance in obese rats. However, 
exercise has been shown to significantly reverse this 
phenomenon. Exercise helps improve metabolic disorders 
in the body by affecting adipocytes directly and inhibiting 
adipose tissue synthesis. Our study detected an increase in 
adipocyte volume in the context of obesity, resulting in an 
elevated leptin level. This indicates the presence of leptin 
resistance in obese rats. Exercise can help improve the 
metabolic imbalance in the body. Furthermore, previous 
studies have shown inconsistent results regarding the 
effect of leptin concentration on adipocyte differentiation, 
emphasizing the need for further investigation to 
determine the specific reasons.

After 8 weeks of treadmill exercise, the volume of 
adipocytes in obese rats was significantly reduced compared 
to the control group. The volume of adipocytes is closely 
related to intracellular lipid droplets. As the capacity for fat 
storage and the number of lipid droplets increase, the size 
of adipocytes also increases. After exercise, the catabolic 
rate of rats exceeded the anabolic rate, resulting in the 
breakdown of lipid droplets in adipocytes and a reduction 
in adipocyte volume. Therefore, exercise improved the 
expansion of adipocytes caused by a high-fat diet, which 
is consistent with the findings of Pflugradt et al. [16], who 
observed a reduction in adipocyte volume after treadmill 
running and swimming exercises. Mendona et al. [17], 
also found a decrease in the volume of white adipocytes 
in obese mice undergoing aerobic training. These studies 
have shown that the reduction in adipose tissue weight 
is more closely related to adipocyte size rather than the 
number of adipocytes or the level of triglycerides [18], 

which supports the results of this study. Additionally, 
previous studies [19, 20] have shown that the proliferation 
ratio of adipocytes reflects the increase in the number of 
adipocytes to some extent. The proliferation ability of 
adipocytes increased after a high-fat diet in rats, indicating 
that a high-fat diet could promote adipocyte proliferation 
and increase the number of adipocytes. However, the 
proliferation of adipocytes in rats on a high-fat diet did 
not show significant changes after 2, 4, and 6 weeks of 
exercise but increased after 8 weeks. This indicates that 
exercise could reverse the adverse effects of a high-fat diet. 
The response of adipocyte proliferation to exercise factors 
required a certain period of time to accumulate, which 
aligns with the results of this experiment [19,20].

In this experiment, the relative expressions of adipose 
differentiation-related proteins BMP4, SMAD1, ZNF423, 
PPARγ, and FABP4 increased after exercise intervention 
in rats with varying levels of obesity. This suggests 
that exercise can enhance the differentiation of white 
adipocytes, aligning with previous reports [21,22]. Our 
previous study revealed a significant decrease in the 
expression of BMP4, SMAD1, and ZNF423 with increasing 
obesity. In this study, the expression levels of adipose 
differentiation-related proteins significantly increased 
in rats with varying degrees of obesity after exercise 
intervention. This suggests that exercise can reverse the 
effects of obesity on adipose differentiation and inhibit the 
adverse effects of obesity.

BMP4 is an important regulator of the differentiation 
of pluripotent stem cells into adipocytes [23]. During the 
obesity modeling, the expression of BMP4 in rats in the CH1 
group was significantly higher than that in the CH3 group. 
After an 8-week exercise intervention, the expression of 
BMP4 protein in rats in the CH1 group was significantly 
higher than that in the CH2 and CH3 groups. This indicates 
that during the process of directional differentiation 
of pluripotent stem cells into adipocytes, the effect of 
exercise on the differentiation of the CH1 group was more 
significant. BMP4 can bind to downstream SMAD1 and 
translocate to the nucleus along with ZNF423 to regulate 
PPARγ, a marker of adipocyte differentiation, and control 
the late differentiation of adipocytes [24]. During the 
obesity modeling, the expression of the SMAD1 protein 
was higher in the CH2 group compared to the CH1 and 
CH3 groups. After 8 weeks of exercise intervention, there 
was a significant increase in SMAD1 protein expression 
in all three exercise groups, with no significant difference 
among the three exercise groups. ZNF423 is a significant 
factor in determining the differentiation of adipose stem 
cells into adipose precursor cells. After the 8-week exercise 
intervention, ZNF423 protein expression significantly 
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increased in all exercise groups, with no significant 
difference among the three exercise groups. PPARγ is the 
central regulatory protein involved in the differentiation 
of adipose precursor cells. In this study, exercise promoted 
the expression of PPARγ protein in rats, which was 
consistent with findings from several researchers [25-
27]. In summary, exercise promotes the differentiation 
of adipose stem cells into adipose precursor cells, and it 
has a more significant effect on adipocyte differentiation 
in the CH1 group. During the differentiation into mature 
adipocytes, exercise had little impact on adipose cell 
differentiation in rats with different levels of obesity.

Lipoprotein lipase (LPL) is a marker of precursor fat 
cells [28]. After the exercise intervention, the relative 
expression of LPL protein in the adipose tissue of rats 
in different obesity groups significantly increased. This 
suggests that exercise can significantly enhance the 
expression of LPL protein in rats, indicating an increase 
in the number of fat precursor cells in the adipose tissue 
of rats following exercise intervention. Leptin is a crucial 
indicator of mature adipocytes. After exercise, there was 
a significant decrease in serum leptin content, indicating 
a reduction in the number of mature adipocytes in the 
rats. This finding aligns with the observation that the 
total number of adipocytes in the rats remained relatively 
constant after exercise. We also observed a positive 
correlation between leptin levels and the volume of fat 
cells. Following aerobic exercise intervention, there 
was a significant reduction in both fat cell volume and 
leptin levels, with this effect being more pronounced in 
individuals with higher degrees of obesity. 

CONCLUSIONS

Exercise significantly reduced body weight and body 
fat percentage in rats with varying levels of obesity. It 
also improved the status of blood lipids and leptin, with 
enhancements increasing as obesity levels increased. 
Exercise significantly reduced the volume of adipocytes, 
and the reduction effect increased with higher levels of 
obesity. Exercise significantly increased subcutaneous 
adipocyte differentiation BMP4/PPAR signal, but this was 
not affected by the level of obesity. These findings further 
illustrate the importance of exercise in managing weight, 
regulating health, and differentiating fat.
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