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Abstract. In this study, we aimed to determine the preventive 
and therapeutic effects of swimming on insulin resistance 
in high-fat-fed rats. Sprague-Dawley rats were divided into 
4 groups and fed for 8 weeks as follows: i) the control (Con) 
group fed a control diet; ii) the high-fat (HF) group fed a 
high-fat diet; iii) the treatment (ST) group fed a high-fat diet 
and trained with swimming from the 4th week; and iv) the 
prevention (SP) group fed a high-fat diet and trained with 
swimming from the 1st week of the experiment. A hyperin-
sulinemic‑euglycemic clamp was used to evaluate the insulin 
sensitivity of the rats. The ultrastructure of the liver cells was 
observed by electron microscopy. Hepatic lipid accumulation 
was observed by Oil Red O staining. Quantitative RT-PCR and 
western blot analysis were performed to detect the expression 
of proteins related to lipid metabolism, energy metabolism 
and insulin signaling transduction. After 8 weeks of feeding, 
compared with the Con group, the glucose infusion rate (GIR) 
was significantly decreased; a significant lipid accumulation 
was observed in the liver, while the ultrastructure of the liver 
cells was damaged in the HF group. Proteins related to lipid 
metabolism in the liver and skeletal muscle, including FAT 
and FABP were upregulated, while CPT1 and PPAR levels 
were downregulated in the HF group. The levels of the energy-
metabolism-related molecules, AMPKα2, PGC1α, PGC1β 
and MFN2 were downregulated in skeletal muscle in the HF 
group. The expression levels of insulin signaling transduction 
molecules, INSR, IRS1, PI3K/p85, AKT2 and GLUT4, as well 
as the phosphorylation levels of INSR, IRS1, PI3K/p85 and 
AKT2 were lower in skeletal muscles in the HF rats. Compared 
with HF group, the GIR levels were significantly increased in 

the ST and SP groups. Lipid accumulation and damage to the 
ultrastructure of the liver cells were improved in both groups. 
The expression of molecules related to lipid metabolism in the 
liver and skeletal muscle, energy metabolism in skeletal muscle 
and insulin signaling transduction were all markedly upregu-
lated. In conclusion, swimming can effectively improve insulin 
sensitivity and even prevent insulin resistance by affecting 
the expression of proteins related to lipid metabolism, energy 
metabolism and insulin signaling transduction in rats fed a 
high-fat diet.

Introduction

Metabolic diseases, such as diabetes, hypertension, high 
cholesterol levels and coronary heart disease, have become 
increasingly prevalent (1,2). Therefore, finding a reasonable 
method of reducing the risk of developing metabolic disease 
has become a global concern. Insulin resistance, defined as 
the diminished ability of insulin-sensitive tissues to respond 
to insulin, plays a central role in the development of metabolic 
diseases. Insulin resistance is caused by the decreased ability 
of peripheral target tissues, including liver, muscle and fat, 
to respond properly to normal circulating concentrations of 
insulin (3,4). Studies have shown that the prolonged lack of 
exercise and a high-fat diet are the main causes of insulin 
resistance, whereas regular exercise, moderate weight loss, 
as well as a low-fat and low-calorie diet can improve insulin 
sensitivity (5-7).

High energy intake from a high-fat diet may result in fat 
deposition in the liver and skeletal muscle (8). A large number 
of epidemiological data have demonstrated that the incidence of 
insulin resistance and type 2 diabetes in individuals consuming 
a high-fat diet for a prolonged period of time is significantly 
higher than that in the ‘normal’ population  (9,10). Animal 
experiments have also confirmed that fat deposition can 
damage the insulin-sensitive organs, such as skeletal muscle 
and the liver (11). Recent studies have suggested that lipid accu-
mulation in skeletal muscle and the liver correlates closely with 
insulin resistance (12,13).

The liver and skeletal muscles are the main organs of the 
body where glucose and lipid uptake and utilization occur; 
they are also the most important sites for energy metabolism 
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based on the role of insulin. Increased fatty acid intake and/or 
decreased lipid oxidative capacity are the main causes of lipid 
accumulation in the liver and skeletal muscle (14-16).

Exercise can rapidly increase energy consumption, 
promote aerobic oxidation in vivo, and increase the activity of 
lipoprotein lipase and β oxidation of fatty acid, thus reducing 
fat deposition (16). Decreased fat accumulation in the liver 
and skeletal muscle may increase the insulin receptor (INSR) 
binding activity to insulin on the cell membrane, and improve 
insulin resistance (15). Swimming is a popular sport, and may 
be beneficial in the prevention and treatment of metabolic 
diseases.

In the present study, a rat model of insulin resistance was 
established by feeding rats a high-fat diet, and the effects 
of swimming on fat deposition and insulin resistance were 
observed. The ultrastructural changes in liver tissue were also 
observed. Furthermore, fat metabolism, energy metabolism 
and the expression of genes related to the insulin signaling 
pathway were detected in the liver and muscle tissue in order 
to explore the effects of swimming on high-fat diet-induced 
insulin resistance.

Materials and methods

Animals and groups. Male Sprague-Dawley (SD) rats weighing 
approximately 200-220 g were housed in wire-bottom cages to 
prevent coprophagia. The environment was controlled in terms 
of light (12:12-h light-dark cycle commencing at 6:00 a.m.), 
humidity and room temperature (20-23˚C). Apart from pre-
test overnight fasting and the immediate post-operative period, 
the animals were allowed free access to water and chow. The 
normal rodent chow diet was obtained from the Hebei Medical 
University Animal Laboratory (Hebei, China) and contained 
10.3%  fat, 24.2%  protein and 65.5%  carbohydrate  (kcal). 
The high-fat diet consisted of 59.8% fat, 20.1% protein and 
20.1% carbohydrate  (kcal). The animal experiments were 
conducted according to protocols reviewed and approved by 
the Animal Experimental Ethics Committee of Hebei General 
Hospital, Shijiazhuang, China (approval ID: HBGH-2012005).

Seven days after their arrival, the rats were randomly 
divided into 4 groups (n=10 per group): i) the normal control 
group (Con) group fed the control (normal) diet for 8 weeks, 
ii) the high-fat (HF) group fed the high-fat-diet for 8 weeks, 
iii) the swimming treatment (ST) group fed the high-fat-diet 
for 8 weeks and trained with swimming sports from the end 
of the 4th week and iv) the swimming prevention (SP) group 
fed the high-fat-diet and trained with swimming exercise from 
the beginning of the epxeriment. Body weight, food and water 
intake, fasting glucose, insulin lipids and insulin sensitivity 
were measured at the end of the 4th and the 8th week; the rats 
were then sacrificed, and the liver and skeleton muscle tissue 
samples were taken immediately and kept at -80˚C after being 
quick-frozen in liquid nitrogen.

Swimming. Swimming was performed in a 100x50x50 cm 
aquarium, containing clean tap water to a depth of approxi-
mately 2/3. Water temperature was maintained at 30±2˚C. 
The animals in the Con group were placed into the water, but 
were taken out immediately without any swimming exercise. 
The animals in the other groups swam for 10 min daily in the 

initial 2 days, and then their swimming time was gradually 
increased to 45 min daily. All rats swam 5 days/week (2 days 
of rest). Rats in the SP group swam for 8 weeks, while the ST 
rats swam from the 5th to the 8th week.

Biochemistry assay. Blood samples were obtained from the 
abdominal aorta. Blood glucose (BG) levels were measured 
using an Accu-chek Active Meter (ACCU-CHEK® Active; 
Roche Diagnostics GmbH, Mannheim, Germany) and insulin 
levels were analyzed using a Rat Insulin ELISA kit (Crystal 
Chem Inc., Downers Grove, IL, USA). Total cholesterol (TC)
and triglyceride (TG) levels were measured on an automatic 
biochemistry analyzer (Beckman  X20; Beckman  Coulter, 
Brea, CA, USA).

Lee index. The body weight and length of the rats from nose to 
anus were measured on the 4th and 8th week, and the Lee index 
was calculated using the following formula: [3√weight g)/
length (cm)] x1,000.

Oil Red O staining. Frozen sections of liver tissues were used 
for Oil Red O staining of lipid deposits. The selected speci-
mens were thin-sectioned, viewed and photographed under 
an electron microscope (Hitachi H7500; Hitachi Ltd., Tokyo, 
Japan).

Hyperinsulinemic euglycemic clamp. The insulin sensitivity 
of the rats was measured using a hyperinsulinemic euglycemic 
clamp as previously described (11). The rats were put under 
general anesthesia (3% pelltobarbitalum natricum; 60 mg/
kg, intraperitoneally), then catheters were inserted into the 
right jugular vein and carotid arteries of the rats; the catheters 
were subcutaneously exteriorized from the back of the neck. 
The catheters were flushed with isotonic saline containing 
heparin (50 U/ml). The rats were allowed to recover for 3 days. 
Hyperinsulinemic euglycemic clamps were used on fasted, 
awake and unrestrained animals. Insulin (4 mU/kg/min) was 
infused through the jugular vein catheter for 0 to 90 min. A 
variable rate infusion of 30% glucose was used. BG levels 
were monitored using a glucometer (ACCU‑CHEK® Active; 
Roche  Diagnostics  GmbH) and the glucose infusion rate 
(GIR) was adjusted every 5 min as required. Stable GIRs were 
obtained within approximately 60 min of the insulin infusion 
and maintained thereafter.

Electron microscopy. Tissue samples were cut into small 
sections (1x1x2  mm) and fixed in 2.5%  glutaraldehyde, 
post-fixed in 1% osmium tetroxide, dehydrated and then the 
orientated longitudinal sections were embedded in Epon. The 
initial low-power screening of semi-thin (300 nm) sections 
stained with Toluidine blue was then carried out to optimize 
the plane of sectioning, then ultra-thin (60 nm) longitudinal 
sections of each sample were cut. The sections were mounted 
on copper grids and then stained with lead citrate and uranyl 
acetate. Each sample was examined using a transmission elec-
tron microscope (TEM; Hitachi H-7500; Hitachi Ltd.) at an 
accelerating voltage of 80 kV.

Quantitative RT-PCR. Total RNA of all samples was extracted 
using a standard TRIzol (Invitrogen Life Technologies, 
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Carlsbad, CA, USA) RNA isolation method. Reverse transcrip-
tion was carried out according to the instructions of the Easy 
Script First-Strand cDNA Synthesis Super Mix kit (TransGen 
Biotech Co., Ltd., Beijing, China). Quantitative PCR was 
performed on an ABI-7300 PCR System (Applied Biosystems, 
Foster City, CA, USA) using the SYBR-Green  I GoTaq® 
qPCR Master Mix (Promega, Madison, WI, USA) kit. PCR 
was performed as follows: 1 cycle at 95˚C for 5 min, followed 
by 40 cycles at 95˚C for 15 sec, 58˚C for 20 sec and 72˚C for 
30 sec. The primer sequences for PCR are presented in Table I. 
The gene expression of each sample was analyzed in duplicate 
and normalized against the internal control gene, GAPDH. 
The results were expressed as relative gene expression as 2-ΔΔCt 
values. The relative expression of the target genes was obtained 
using the software SDS v1.3.2 provided with the PCR machine.

Western blot analysis. Western blot analysis was performed as 
previously described (17). In brief, the tissues were treated with 
lysis buffer [1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCl 
(pH 7.4); 1 mM EDTA, 1 mM EGTA (pH 8.0); 0.2 mM phenyl-
methylsulfonyl fluoride, 0.2 mM Na3VO4 and 0.5% NP-40]. 
Equal amounts of protein from each sample were separated by 
10% SDS-PAGE and electrotransferred onto PVDF membranes 
(Millipore, Bedford, MA, USA). The PVDF membranes were 
blocked with 5% BSA for 2 h at room temperature, and were 
subsequently incubated with the appropriate diluted primary 
antibodies to glucose transporter (GLUT)4, AMP-activated 
protein kinase (AMPK)α2, peroxisome proliferator-activated 
receptor (PPAR)α, PPARγ, carnitine palmitoyltransferase 
(CPT)1B, CPT1A, peroxisome proliferator activated receptor γ 
co-activator (PGC)1α, PGC1β, mitofusin (MFN)2, INSR, 
insulin receptor substrates (IRS)1, fatty acid translocase (FAT), 
fatty acid binding protein (FABP)1, FABP3, β-actin (all from 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), phos-

phatidylinositol-3-kinase (PI3K), p-PI3K/p85, protein kinase B 
(AKT) or p-AKT2 (all from Cell Signaling Technology, Inc., 
Billerica, MA, USA) overnight at 4˚C.. All the membranes were 
then incubated with the relevant secondary antibodies for 2 h 
at room temperature. Bands were detected with the enhanced 
chemiluminescence (ECL) detection system. β-actin served as 
an internal control protein.

Statistical analysis. Data are represented as the means ± SD. 
Statistical analyses were performed using the SPSS statistical 
package (SPSS 13.0 software). One-way ANOVA was used 
to determine statistically significant differences between all 
groups. A value of P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

General changes in rats at the 4th week. As shown in Table II, 
at the 4th week, no obvious changes were observed in the 
body weight, the TC levels or the Lee index of the rats in any 
of the groups (P>0.05). However, the fasting blood glucose 
(FBG), fasting serum insulin (FINS) and TG levels of the HF 
rats increased, while the GIR markedly decreased in the HF 
rats compared with the Con group (P<0.05). Furthermore, the 
FINS and TG levels of the rats in the SP group rats markedly 
decreased compared with those of the rats in the HF group 
(P<0.05). In particular, the TG levels in muscle tissue mark-
edly increased in the HF rats compared with the Con group, 
but markedly decreased in the ST and SP group rats (P<0.05).

General changes in rats at the 8th week. As shown in Table III, 
at the 8th week, no obvious changes were observed in the TC 
levels in any of the groups (P>0.05). However, the BG, FBG, 
FINS, TG and muscle TG levels, as well as the Lee index 

Table I. Primer sequences for PCR.

	 Size
Gene	 (bp)	 Forward (5'→3')	 Reverse (5'→3')	 GenBank no.

GLUT4	   62	 CCCACAAGGCACCCTCACTA	 TGCCACCCACAGAGAAGATG	 NM_012751
AMPKα2	 133	 ACAGAAGCCAAATCAGGGACT	 CACGGATGAGGTAAGAGAGACT	 NM_019142
PPARα	   71	 GGACTTGAATGACCAGGTTACC	 AGGAGGACAGCATCGTGAAG	 NM_013196
PPARγ	   68	 ACCAGGGAGTTCCTCAAAAGC	 GCAAACTCAAACTTAGGCTCCATAA	 NM_013124
CPT1B	   87	 CCAGGCAAAGAGACAGACTTG	 GCCAAACCTTGAAGAAGCGA	 NM_013200
CPT1A	 132	 TTATCGTGGTGGTGGGTGT	 CGCTCACAATGTTCTTCGTCT	 NM_031559
PGC1α	 168	 AGCCACTACAGACACCGCAC	 CCTTTCAGACTCCCGCTTC	 NM_031347
PGC1β	   72	 GATTCCGAGTTCTTCCAGATTG	 GTCATCCAGGGTCTTGGTAAG	 NM_176075
MFN2	 160	 AGCGTCCTCTCCCTCTGACA	 TTCCACACCACTCCTCCGAC	 NM_130894
INSR	 135	 TTTGCCCAACCATCTGTAAG	 GACCATCCAGGTAGAAGTTTCG	 NM_017071
IRS1	   95	 AAGGAGGTCTGGCAGGTTATC	 ATGGTCTTGCTGGTCAGGC	 NM_012969
PI3K/p85	 135	 GCCTGCTCTGTAGTGGTAGATG	 GGAGGTGTGTTGGTAATGTAGC	 NM_013005
AKT2	   79	 CTGAGATGATGGAGGTAGCG	 CCGAGGAGTTTGAGATAATCG	 NM_017093
FAT	   71	 GTTCAGAAACCAAGTGACCG	 CTCCAACACCAAGTAAGACCAT	 NM_031561
FABP1	   78	 TCAAAGGCATAAAGTCCGTG	 TGTAGACGATGTCACCCAGTG	 NM_012556
FABP3	   91	 AAGGTCAAGTCGGTCGTGA	 TTAGTTCCCGTGTAAGCGTAGT	 NM_024162
GAPDH	 120	 TGAACGGGAAGCTCACTGG 	 GCTTCACCACCTTCTTGATGTC	 NM_017008
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grade of the HF rats markedly increased compared with the 
rats in the Con group (P<0.05). Moreover, all of these indica-
tors decreased in the SP group rats in comparison with the 
HF group rats (P<0.05). Most importantly, the GIR in the HF 
group rats markedly decreased when compared with that in 
the rats from the Con group (P<0.05); however, it returned to 
normal in the SP group (P<0.05). Nevertheless, there were no 
significant differences between the ST and the HF group as 
regards the above‑mentioned indicators (P>0.05).

Swimming reduces lipid accumulation in the liver and 
improves ultrastructural damage to liver cells. The results of 
Oil Red O staining of the liver tissue indicated that there was 
a significant lipid deposition in the HF group rats; by contrast, 
in the ST and SP groups, lipid deposition was markedly 
reduced (Fig. 1).

As can be seen in Fig. 2, a substantial amount of lipid drop-
lets were deposited in the HF group liver cells, the number 
of mitochondria and other organelles was markedly reduced, 
and the ultrastructure of the cells was extensively damaged.  
Although the amount of lipid droplets was reduced in the 

SP and ST groups, the number of mitochondria and other 
organelles markedly increased and ultrastructural damage to 
the cells was markedly decreased in comparison with the HF 
group.

Swimming regulates fat metabolism-related gene expression 
in liver and skeletal muscle. In order to elucidate the effects of 
a high-fat diet and swimming on fat metabolism-related gene 
expression, the expression of 4 factors, FAT, CPT1, FABP and 
PPAR, was detected by quantitative RT-PCR and western blot 
analysis in the liver and skeletal muscle of the rats. The results 
revealed that the mRNA and protein expression of FAT and 
FABP1 was upregulated, while PPARγ and CPT1α expression 
was downregulated in the liver of HF rats compared with the 
Con group. Following swimming, the expressoin of these 
4 factors was upregulated in the ST and SP groups compared 
with the HF group (Fig. 3).

Similar results were observed in the skeletal muscle of rats. 
As shown in Fig. 4, FAT and FABP3 expression was upregu-
lated, while PPARα and CPT1β expression was downregulated 
in the skeletal muscle of rats in the HF group in comparison 

Table II. General changes in rats at the end of the 4th week.

Factor	 Con	 HF 	 ST	 SP

BW (g)	 264.3±7.2	 276.4±10.5	 276.4±10.5	 267.1±6.4
FBG (mmol/l-1)	 3.51±0.25	 3.93±0.27a	 3.93±0.27	 3.64±0.27
FINS (mU/l-1)	 21.66±2.86	 26.17±2.56a	 26.17±2.56	 22.78±2.53b

Blood TG (mmol/l-1)	 0.72±0.14	 1.03±0.22a	 1.03±0.22	 0.75±0.24b

Muscle TG (µmol/g)	 1.87±0.22	 4.68±0.67a	 2.94±0.24b	 2.64±0.44b

TC (mmol/l-1)	 0.86±0.04	 1.04±0.17	 1.04±0.17	 0.91±0.16
Lee index	 301.18±5.52	 311.20±4.69	 311.20±4.69	 303.40±4.56
GIR (mg/kg-1·min-1)	 11.42±1.29	 9.15±1.24a	 9.15±1.24	 10.93±1.33

aP<0.05 vs. Con group; bP<0.05 vs. HF group. Con, control group; HF, group fed high-fat diet; ST, treatment group fed high-fat diet and trained 
with swimming from week 4; SP, prevention group fed high-fat diet and trained with swimming from the start of the experiment; BW, body 
weight; FBG, fasting blood glucose; TG, triglyceride; TC, total cholesterol; GIR, glucose infusion rate.

Table III. General changes in rats at the end of the 8th week.

Factor	 Con	 HF	 ST	 SP

BW (g)	 285.4±8.5	 305.8±11.7a	 292.6±9.8	 289.3±7.9b

FBG (mmol/l-1)	 3.62±0.26	 4.52±0.24a	 4.04±0.32	 3.71±0.22b

FINS (mU/l-1)	 22.27±2.41	 32.33±4.98a	 25.57±4.19	 23.90±2.92b

Blood TG (mmol/l-1)	 0.76±0.10	 1.16±0.22a	 0.93±0.11	 0.81±0.20b

Muscle TG (µmol/g)	 2.30±0.28	 6.50±0.94a	 4.18±0.63b	 3.61±0.44b

TC (mmol/l-1)	 0.87±0.09	 1.10±0.19	 0.95±0.13	 0.95±0.13
Lee Index	 304.67±5.04	 320.71±5.05a	 309.48±5.33	 306.02±8.19b

GIR (mg/kg-1·min-1)	 10.95±1.73	 8.19±1.77a	 9.43±1.51	 10.32±1.58b

aP<0.05 vs. Con; bP<0.05 vs. HF. Con, control group; HF, group fed high-fat diet; ST, treatment group fed high-fat diet and trained with swim-
ming from week 4; SP, prevention group fed high-fat diet and trained with swimming from the start of the experiment; BW, body weight; FBG, 
fasting blood glucose; TG, triglyceride; TC, total cholesterol; GIR, glucose infusion rate.
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Figure 1. Swimming reduces lipid accumulation in the livers of rats. Rats were fed a control or high-fat diet for 8 weeks, and some were trained with swimming 
for 4 or 8 weeks; the rats were then sacrificed and liver tissues were obtained for Oil Red O staining to observe fat deposition in the livers of rats. Lipid deposi-
tion was stained red in the liver tissue. (A) Control group, (B) group fed high-fat diet (HF), (C) treatment group (ST) trained with swimming from week 4, 
(D) prevention group (SP) trained with swimming from the start of the experiment.

Figure 2. Swimming improves ultrastructure damage to liver cells. Rats were fed a control or high-fat diet for 8 weeks, and some were trained with swimming 
for 4 or 8 weeks; the rats were sacrificed. Liver tissues of rats were removed immediately for electron microscopy to indicate the ultrastructural changes in the 
liver cells. Lipid droplets in cells are marked by arrows. (A) Control group, (B) group fed high-fat diet (HF), (C) treatment group (ST) trained with swimming 
from week 4, (D) prevention group (SP) trained with swimming from the start of the experiment.
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with the Con group. Following swinmming, the expression 
of these 4 factors was upregulated in the ST and SP groups 
compared with the HF group.

Swimming upregulates energy metabolism-related gene 
expression in skeletal muscle. In order to elucidate the effects 
of a high-fat diet, as well as swimming on the expression of 
energy metabolism-related genes, the AMPKα2, PGC1α, 
PGC1β and MFN2 levels were detected by quantitative 
RT-PCR and western blot analysis in the skeletal muscle of the 
rats. The results revealed that the expression of these 4 factors 
was downregulated in the skeletal muscle of the HF group rats 
compared with the Con group rats; following swimming, in 
the ST and SP groups, the expression of these 4 factors was 
markedly upregulated compared with the HF group (Fig. 5).

Swimming improves insulin signaling in skeletal muscle. The 
role of insulin-stimulated glucose utilization relies on the 
insulin signaling pathway, as this determines the level of insulin 
resistance in skeletal muscle. Therefore, the expression levels of 
insulin pathway-related factors, INSR, IRS1, PI3K/p85, AKT2 
and GLUT4 in the skeletal muscle of the rats were determined 
by quantitative RT-PCR and western blot analysis.

As shown in Fig. 6, the mRNA and protein expression 
levels of INSR, IRS1, PI3K/p85, AKT2 and GLUT4 were lower 
in the skeletal muscle of the HF rats compared with those in 
the Con group rats. The phosphorylation levels of INSR and 
IRS1 were also decreased in the skeletal muscle of HF rats 
compared with those in the Con group rats. Although there 
were no marked changes in the protein levels of PI3K/p85 and 
AKT2, their phosphorylation levels were significantly lower in 

Figure 3. Swimming regulates fat metabolism-related gene expression in 
liver. Rats were fed a control or high-fat diet for 8 weeks, and trained with 
swimming exercise for 4 or 8 weeks, and were then sacrificed. Liver tissues of 
rats were removed immediately to determine the mRNA and protein expres-
sion levels of fat metabolism-related genes by (A) western blot analysis and 
(C) quantitative RT-PCR. The band density of western blots representing 
the target gene protein expression level is shown in (B). Experiments were 
repeated 3 times (n=3). #P<0.05 vs. Con group; *P<0.05 vs. HF group. Con, 
control group; HF, group fed high-fat diet; ST, treatment group fed high-fat 
diet and trained with swimming from week 4; SP, prevention group fed high-
fat diet and trained with swimming from the start of the experiment. FAT, 
fatty acid translocase; FABP, fatty acid-binding protein; CPT1, carnitine 
palmitoyltransferase 1; PPAR, peroxisome proliferator-activated receptor.

Figure 4. Swimming regulates fat metabolism-related gene expression in 
skeletal muscle. Rats were fed a control or high-fat diet for 8 weeks, and 
some were trained with swimming for 4 or 8 weeks, and were then sacrificed. 
Skeletal muscle of rats was taken immediately and subjected to (A) western 
blot analysis and (C) quantitative RT-PCR to determine the mRNA and pro-
tein expression levels of fat metabolism-related genes. The band density of 
western blots representing the target gene protein expression level is shown in 
(B). Experiments were repeated 3 times (n=3). #P<0.05 vs. Con group; *P<0.05 
vs. HF group. Con, control group; HF, group fed high-fat diet; ST, treatment 
group fed high-fat diet and trained with swimming from week 4; SP, preven-
tion group fed high-fat diet and trained with swimming from the start of the 
experiment. FAT, fatty acid translocase; FABP, fatty acid-binding protein; 
CPT1, carnitine palmitoyltransferase 1; PPAR, peroxisome proliferator-
activated receptor.
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HF rats compared with the Con group rats. Most importantly, 
the expression and phosphorylation levels of these genes in the 
skeletal muscle of the ST and SP group rats were much higher 
compared with those in the HF group rats.

Discussion

Studies have shown that a high‑fat diet, particularly one rich 
in saturated fatty acids, causes fat to be easily deposited due to 
its interference with the oxidation and lipolysis process (9,10). 
Studies employing magnetic resonance spectroscopy found 
that skeletal muscle lipid is associated with insulin resis-
tance (18,19). In healthy individuals without a family history 
of diabetes, insulin sensitivity experiments have shown that 

insulin-stimulated glucose uptake is decreased in individuals 
with a higher skeletal muscle lipid content (20). Fat deposition 
may damage the cell membrane function, resulting in a lipid 
metabolism disorder, leading to insulin resistance through 
the inhibition of glucose transport and oxidation (3,4). Insulin 

Figure 5. Swimming upregulates energy metabolism-related gene expression 
in skeletal muscle. Rats were fed a control or high-fat diet for 8 weeks, and 
some were trained with swimming for 4 or 8 weeks, and were then sacrificed. 
Skeletal muscle of rats was taken immediately and subjected to (A) western 
blot analysis and (C) quantitative RT-PCR to determine the mRNA and pro-
tein expression levels of energy metabolism-related genes. The band density 
of western blots representing the target gene protein expression level is shown 
in (B). Experiments were repeated 3 times (n=3). #P<0.05 vs. Con group; 
*P<0.05 vs. HF group. Con, control group; HF, group fed high-fat diet; ST, 
treatment group fed high-fat diet and trained with swimming from week 4; SP, 
prevention group fed high-fat diet and trained with swimming from the start 
of the experiment. AMPK, AMP-activated protein kinase; PGC, peroxisome 
proliferator-activated receptor γ co-activator; MFN, mitofusin. Figure 6. Swimming improves insulin signaling in skeletal muscle. Rats 

were fed a control or high-fat diet for 8 weeks, and some were trained with 
swimming for 4 or 8 weeks, and were then were. Skeletal muscle of rats was 
taken immediately and subjected to (A) western blot analysis and (C) quan-
titative RT-PCR to determine the mRNA and protein expression levels of 
insulin pathway-related genes. The band density of western blots representing 
the target gene protein expression level is shown in (B). Experiments were 
repeated 3 times (n=3). #P<0.05 vs. Con group; *P<0.05 vs. HF group. Con 
group; *P<0.05 vs. HF group. Con, control group; HF, group fed high-fat diet; 
ST, treatment group fed high-fat diet and trained with swimming from week 4; 
SP, prevention group fed high-fat diet and trained with swimming from the 
start of the experiment. INSR, insulin receptor; IRS1, insulin receptor sub-
strate 1; PI3K, phosphatidylinositol-3-kinas; GLUT4, glucose transporter 4.
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resistance, defined as the diminished ability of insulin-sensitive 
tissues, including liver, muscle and fat to respond to insulin, 
plays a central role in the development of type 2 diabetes 
mellitus (T2DM) and other metabolic diseases, such as obesity 
and metabolic syndrome (2). Insulin resistance is the primary 
predisposing factor for metabolic syndrome; it therefore 
becomes imperative to take effective measures in order to 
regulate lipid metabolism and prevent insulin resistance.

Our study, using rats, found that a high-fat diet leads to 
weight gain, liver fat deposition, ultrastructural damage to cells 
and a significant increase in the FBG, FINS, TG and TC levels 
in blood, thus causing severe insulin resistance. Importantly, 
our results revealed that swimming significantly improved the 
effects induced by a high-fat diet, and that swimming, as a 
preventive measure, produced a more effective result. Another 
study found that a long‑term negative energy balance gener-
ated by exercise training significantly reduced plasma insulin 
levels, whereas insulin sensitivity was improved (21). There 
are also reports that endurance training can improve high-
fat diet-induced insulin resistance by increasing the insulin 
receptor binding activities of the liver and muscle cells (22).

The lipid content in skeletal muscle and liver is determined 
by the dynamic equilibrium between the uptake and disposal 
of fatty acids  (23). FAT binds long-chain fatty acids and 
may function in the transport and/or as a regulator of fatty 
acid transport (24). After entering into cells, fatty acids are 
converted into TGs or are channeled towards the β-oxidaton 
pathway. The entry of fatty acyl-CoA into the mitochondria is 
the rate-limiting step for mitochondrial fatty acid oxidation, 
but long-chain fatty acyl-CoA (LCACoA) cannot permeate 
the mitochondrial membrane directly. Acyl-CoA first reacts 
with carnitine by the catalysis of CPT-1, and then enters the 
mitochondrial matrix (25). FABP is essential for fatty acid 
transport and PPAR plays a key role in fatty acid metabolism 
in the liver and skeletal muscle (26-29). Thus, some abnormal 
steps involved in fatty acid metabolism may contribute to 
fat accumulation in skeletal muscle and the liver. Our study 
suggests that a high‑fat diet leads to increased levels of FAT 
and FABP, and decreased levels of PPAR and CPT1; further-
more, swimming upregulates the expressoin of these factors, 
as it is helpful for lipid cleaning from tissues.

Skeletal muscle, the largest movement system, is an impor-
tant organ for energy metabolism. Studies have shown that 
AMPK is a phylogenetically‑conserved intracellular energy 
sensor (30,31). AMPK can also regulate malonyl CoA levels 
by inhibitting acetyl‑coenzyme A carboxylase (ACC) and 
activating malonyl CoA decarboxylase (MCD) in muscle, 
and has been implicated in the regulation of energy metabo-
lism (32). MFN2, a mitochondrial fusion protein, is involved in 
mitochondrial morphology and metabolism regulation (33-35). 
The transcription factors, PGC-1α and β, are considered master 
metabolic regulators and promoters of mitochondrial biogen-
esis (36,37). Specifically, the activation of AMPK signaling 
cascades are well-characterized upstream modulators of 
PGC-1α gene expression in skeletal muscle (38-40). Therefore, 
the abnormal expression or activity of these signaling mole-
cules may contribute to fat accumulation and insulin resistance 
in skeletal muscle. The regulation of the AMPK pathway 
may reduce ectopic lipid accumulation, improving insulin 
resistance, and thereby mediating beneficial effects in various 

diseases associated with insulin resistance. The present study 
demonstrates that a high-fat diet leads to a decrease in AMPK, 
PGC1α, PGC1β and MFN2 expression, while swimming 
upregulates the expression of these genes in skeletal muscle. 
The results suggest that swimming improves lipid deposition 
and insulin resistance by regulating energy metabolism.

Skeletal muscle tissue is the most important organ 
where insulin-mediated glucose uptake occurs, as >90% of 
insulin‑mediated glucose uptake in the body is by skeletal 
muscles. Therefore, the ability of skeletal muscle glucose 
utilization determines the level of insulin resistance. The utili-
zation of glucose by skeletal muscle stimulated with insulin 
occurs through a series of signaling processes of the INSR/
IRS/PI3K/AKT/GLUT4 pathway  (41,42). Finally, GLUT4 
translocates to the cell membrane and accelerates glucose 
uptake into the cell  (43). Abnormality in any steps of the 
insulin signal transduction pathway may eventually impede 
glucose transportation in skeletal muscle, thereby causing 
insulin resistance. This study demonstrates that a high-fat 
diet inhibits the expression of INSR, IRS1, PI3K/p85, AKT2 
and GLUT4, particularly the phosphorylation of PI3K/p85 
and AKT2. Moreover, swimming restores the levels of these 
factors in skeletal muscle, as it improves insulin resistance by 
strengthening the insulin signaling pathway.

In conclusion, swimming improve high-fat-induced insulin 
resistance by reducing liver and muscle lipid accumulation 
and by regulating energy metabolism and the insulin signaling 
pathway in skeletal muscle.
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