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We aimed to investigate whether swimming exercise could improve insulin resistance (IR) by regulating tripartite motif family
protein 72 (TRIM72) expression and AKT signal pathway in rats fed with high-fat diet. Five-week-old rats were classified into 3
groups: standard diet as control (CON), high-fat diet (HFD), and HFD plus swimming exercise (Ex-HFD). After 8 weeks, glucose
infusion rate (GIR), markers of oxidative stress, mRNA and protein expression of TRIM72, protein of IRS, p-AKTserm, and AKT
were determined in quadriceps muscles. Compared with HFD, the GIR, muscle SOD, and GSH-Px were significantly increased
(p < 0.05, resp.), whereas muscle MDA and 8-OHdAG levels were significantly decreased (p < 0.05 and p < 0.01) in Ex-HFD.
Expression levels of TRIM72 mRNA and protein in muscles were significantly reduced (p < 0.05 and p < 0.01), whereas protein
expression levels of IRS-1, p-AKT**”?, and AKT were significantly increased in Ex-HFD compared with HED (p < 0.01, p < 0.01,
and p < 0.05). These results suggest that an 8-week swimming exercise improves HFD-induced insulin resistance maybe through

a reduction of TRIM72 in skeletal muscle and enhancement of AKT signal transduction.

1. Introduction

Insulin resistance (IR) is the important pathophysiological
basis of diseases such as type 2 diabetes mellitus (T2DM),
hypertension, hyperlipidemia, and obesity [1, 2]. Insulin
primarily acts on liver and fatty tissues, as well as skeletal
muscles. Skeletal muscle, which is responsible for more
than 30% of energy consumption, is the major peripheral
tissue of glucolipid metabolism under insulin stimulation [3].
Several cytokines and peptides, also called myokines, can be
synthesized by skeletal muscle cells in type 2 diabetes and
are possibly involved in IR [4]. Previously, tripartite motif
family protein 72 (TRIM72), also named MGS53, is the one
with three conserved domains known as “molecular bandage”
for muscle cell damage [5-7], while recent studies [8, 9]
found that TRIM72 expression is obviously upregulated in
pathogenesis of IR and acts as an E3 ligase targeting the

insulin receptor and insulin receptor substrate-1 (IRS-1) for
ubiquitin-dependent degradation, subsequently inhibiting
PI3-K/AKT signal transduction. During IR pathogenesis,
abnormally high TRIM72 expression in skeletal muscles was
higher than that in other organs, which was the important
originating mechanism leading to systemic metabolic disor-
ders [10-12]; it suggests that TRIM72 may be a specific muscle
factor in early stage of IR pathological genesis. Moreover,
TRIM72 expression is increased under the condition of
oxidative stress induced with high-fat diet [5]. These findings
suggest that regulation of TRIM72 to AKT signal pathway is
involved in the IR pathogenesis.

The insulin receptor substrate (IRS) family of proteins
plays a central role in insulin signal transduction. Following
activation of the insulin receptor kinase, IRS-1, IRS-2, IRS-
3, and IRS-4 undergo phosphorylation of multiple tyrosine
residues in unique sequence motifs throughout the molecule.
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FIGURE 1: The signaling pathway of high-fat diet induced IR through
TRIM?72 and PI3-K/AKT in skeletal muscle. Whether the swimming
exercise can improve insulin resistance in Sprague-Dawley rats
fed with high-fat diet through inhibiting TRIM72 expression and
activating PI3-K/AKT signal pathway should be further testified.

As the studies shown mice with targeted disruption of the
IRS genes lend some support to both situations. Despite
the absence of IRS-1 and IRS-2, which are the major IRS
expressed in all tissues could induce IR, IRS-1 and IRS-
2 produce different phenotypes [13-18]; this suggests that
IRS-1 and IRS-2 play significant and nonredundant roles
in growth and regulation of glucose homeostasis. Studies
also demonstrated that IRS-3 and IRS-4 show a restricted
tissue distribution and are not critically involved in regulating
growth and glucose homeostasis [19-21]. Although studies
showed that TRIM72 was targeting IRS-1, whether expression
of IRS-2, IRS-3, and IRS-4 is also involved in the TRIM72 in
IR rats fed with high-fat diet should need further studies.

Convincing evidences demonstrate that exercise can
improve IR [22, 23] partially through PI3-K/AKT signal
pathway [24, 25]. However, the detailed mechanisms involved
remain to be verified. We therefore established the IR model
in Sprague-Dawley rats fed with high-fat diet to observe
the effect of swimming exercise on parameters such as lipid
deposition, oxidative stress, and TRIM72 expression in the
skeletal muscles of the IR rats (see Figure 1). Moreover, we
aimed to reveal the possible rule of TRIM72 in IR prevention.
We hypothesized that IR can be effectively improved by
exercise through regulating TRIM72/IRS-1/AKT pathway
and that the decreased TRIM72 may be mediated by the lower
levels of ROS which are induced by exercise.

2. Material and Methods

2.1. Animals. Male Sprague-Dawley rats, aged 5 weeks old
with body weight of 130 + 20g, provided by the exper-
imental animal center of Jiangsu University (certification
number SCXK (Su) 2009-0002), were housed under standard
conditions (22 + 2°C, humidity 50 + 10%, cycles of 12h
light/12 h dark). Experimental procedures were performed in
accordance with the Guidance Suggestions for the Care and
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Use of Laboratory Animals, formulated by the Ministry of
Science and Technology of the People’s Republic of China in
1998, and were approved by the Animal Ethics Committee
of Shanghai Normal University. Thirty Sprague-Dawley rats
were randomly divided into 3 groups: standard diet as
control (CON), high-fat diet (HFD), and HFD plus swim-
ming exercise (Ex-HFD). The control diet contained 65%
carbohydrates, 22% protein, and 13% fat and the high-fat diet
consisted of 40% carbohydrates, 22% protein, and 38% fat.

2.2. Exercise Program. The modifications of exercise program
were conducted in accordance with the Bendford program
[26]. In brief, rats in Ex-HFD group were trained to swim 10—
30 min per session for 5 days to reduce water-induced stress.
Rats were placed in a plastic pool of 150 x 60 x 70 cm® with a
water temperature at 30-32°C; the rats underwent swimming
exercise for 45 min twice/day, 6 days/week, for 8 weeks.

2.3. Blood Samples Collection and Blood Biochemistry.
Twenty hours after the final session of swimming exercise,
all rats were anesthetized by single-dose intraperitoneal injec-
tion of 10% chloral hydrate (50 mg/kg). Blood samples were
collected from abdominal aorta and serum was separated
by centrifugation at 1200x rpm for 10 min. Serum glucose
level was measured using an autoanalyzer (RT-1904C; Rayto,
China). Insulin concentration in serum was determined
using a radioimmunoassay described by Laemmli [27].

2.4. Calculation of Homeostasis Model Assessment of Insulin
Resistance (HOMA-IR). The HOMA-IR was calculated using
the following formula: FBG (mmol/L) x FIN (mIU/L)/22.5
[28], where FBG is fasting blood glucose and FINS is fasting
insulin concentration.

2.5. Euglycemic Clamp Test. The improved Kraegen method
[29] was used to measure the glucose infusion rate (GIR).
Briefly, the rats were injected with 50 mg/kg anesthesia
containing 10% chloral hydrate and then fixed in supine
position. A thin silicon tube was inserted into the jugular vein
to connect with peristaltic pump for infusion of insulin and
peristaltic pump for infusion of 10% glucose through a three-
way tube. Insulin at 4 mU-kg™'-min~" and 10% glucose were
infused through the bilateral veins (constant speed). Blood
sample was collected every 10 min through the venule to mea-
sure the blood glucose level, and GIR was constantly adjusted
until glucose homeostasis was achieved. Six GIR values were
recorded within 60 min under glucose homeostasis, and the
average value was used as the GIR under glucose homeostasis.

2.6. Skeletal Muscle Sampling. After injecting peritoneal
anesthesia with 10% chloral hydrate for 50 mg/kg, the red
quadriceps femoris of the bilateral thighs was isolated, placed
into liquid nitrogen immediately, and stored at —80°C. Subse-
quently, 0.9% normal saline was added to the skeletal muscle
tissue with a ratio of 50 mg:50 L (quality fraction: 10%) to
prepare a tissue homogenate by using an ultrasonic crasher
(40 amp, 5 sec each time, 10 sec for each interval; operation
was repeated five times). The homogenate was centrifuged at
3000 rpm for 15 min under 4°C. Supernatant was collected
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and stored at —20°C for further testing the level of skeletal
muscle TG and oxidative stress parameters.

2.7. Measurement of Free Fatty Acid (FFA), Triglyceride (TG),
and Oxidative Stress Parameters in Skeletal Muscle. The
levels of FFA, TG, SOD, GSH-Px, and MDA in skeletal
muscle were determined with free fatty acid determination
kit (Sigma), triglyceride determination kit (Sigma), super-
oxide dismutase determination kit (Sigma), and glutathione
peroxidase determination kit (Sigma), respectively, follow-
ing the manufacturer’s instructions. The 8-hydroxyl-deoxy-
guanosine (8-OHdG) content was measured using enzyme-
linked immunosorbent assay (ELISA) (R&D, Minneapolis,
USA).

2.8. Quantitative Real-Time PCR Analysis. Total RNA was
extracted and purified from the cells using the RNA iso-
lator Total RNA Extraction Reagent (TaKaRa, Kusatsu, Japan)
and subjected to reverse transcription using the PrimeScript™
RT Master Mix Kit (TaKaRa, Kusatsu, Japan). The real-time
PCR and data collection were subsequently performed as
described previously [30] using the AceQ® qPCR SYBR®
Green Master Mix kit (TaKaRa, Kusatsu, Japan) on ABI 7500
system (ABI, New York, USA). Primers used for the ampli-
fication were as follows: TRIM72-F: 5'-CGAGCAGGA-
CCGCACACTT-3', TRIM72-R: 5'-CCAGGAACATCC-
GCATCTT-3'; insulin receptor substrate-1 (IRS-1) F: 5.
GAAGAAGTGGCGGCACAAGT3', IRS-1 R: 5'-GTCAGG-
CAGAGGCGGTAGAT-3'; IRS-2 F: 5’ -ATACCGCCTATG-
CCTGTCTG-3', IRS-2 R: 5~ AGAAGAAGCTGTCCG-
AGTGG-3'; IRS-3 F: 5'-GCAGAGCAGCAAACATGGTA-
3/, IRS-3 R: 5-GCGAAGATCCAAGACTCAGG-3'; IRS-
4 F: 5" TTGCTGACAGTGCCATTTGC-3', IRS-4 R: 5'-
TGCACTTCTTCCTGCCTAGC-3'; and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) F: 5'-GC ACCGTC-
AAGGCTGAGAAC-3', GAPDHR: 5'-TGGTGAAGACGC-
CAGTGG A-3'. The relative expression levels of the indicated
mRNA normalized against GAPDH mRNA were calculated
using the 27T methods.

2.9. Protein Extraction and Western Blot. Western blot was
performed following standard methods. Briefly, the sam-
ples were placed in protein extraction solution (lysis in
RIPA) and ultrasonicated at maximum speed at 4°C for 30's
(Sonics, Newtown, USA). The homogenate was centrifuged
at 12000 rpm at 4°C for 30 min. After denaturation, the
samples were subjected to 10% SDS-PAGE and transferred
onto polyvinylidene fluoride membranes (Millipore, Biller-
ica, USA). The membranes were then blocked with 5%
nonfat dried milk and incubated with primary antibodies
and followed by incubation with horseradish peroxidase-
(HRP-) linked secondary antibodies. The antibodies used in
the current study were rabbit polyclonal anti-IRS-1 (1:2000,
Cell Signaling Technology, MA, USA), rabbit polyclonal
anti-pIRS-1 (Ser307) (1:2000), rabbit polyclonal anti-IRS-
2 (1:1000, CST), and HRP-linked anti-rabbit IgG (1:2000);
rabbit polyclonal anti-IRS-3 (1:200, Santa Cruz Biotechnol-
ogy, CA, USA), goat polyclonal anti-IRS-4 (1: 200), goat poly-
clonal anti-TRIM72 (1:200), and HRP-linked anti-goat IgG

(1:2000); and mouse monoclonal anti-GAPDH (1:1000) and
HRP-linked donkey anti-goat IgG (1:3000) (KangChen Bio-
tech, Shanghai, China). Immunoreactive protein bands were
visualized with the Pierce ECL Plus Western Blot Substrate
(Thermo Fisher Scientific, Rockford, IL, USA). GAPDH was
performed as an internal loading control, and quantification
of the band intensity was performed using ImageJ software
(NTH) and defined as the fold-change of the CON after being
normalized against GAPDH.

2.10. Statistical Analysis. Firstly, we test the normality of
data distribution; the data with normal distribution were
expressed as mean (M) + standard deviation (SD) and the
data with skewed distribution were log-transformed. Pearson
correlation analysis was performed for the parameters, and
one-way ANOVA for significance was employed for inter-
group data. Multiple comparisons were performed using
LSD. The level of significant difference was set at p < 0.05. All
analyses were completed with SPSS (version 17.0, SPSS Inc.,
233 S Wacker Drive, 11th Floor, Chicago, IL 60606).

3. Results

3.1. Blood Glucose, Blood Insulin, and Insulin Resistance Index.
To evaluate insulin sensitivity, euglycemic clamp was firstly
performed; the results showed that the GIR of group HFD
considerably decreased (p < 0.01) compared with that in
group CON, while the GIR in rats of group Ex-HFD signi-
ficantly increased (p < 0.01) compared with that in group
HED (Figure 2(a)). Furthermore, to assess IR, we next
detected fasting blood glucose (FBG) and fasting blood
insulin (FIN) to calculate HOMA-IR index. As shown in Fig-
ures 2(b), 2(c), and 2(d), there were no significant differences
of FBG among group CON, group HFD, and group Ex-HFD
(p > 0.05, Figure 2(b)); the level of the FIN in group HFD was
significantly higher than that in group CON (p < 0.01); the
FIN in the Ex-HFD group was significantly lower than that in
HED group (p < 0.01, Figure 2(c)); and the HOMA-IR was
markedly increased (p < 0.01) compared with that in group
CON. However, the HOMA-IR was greatly decreased (p <
0.01) compared with that in group HFD (Figure 2(d)). These
results proved that the animal model prepared using high-fat
diet is suitable for the current study, and an 8-week swimming
exercise can improve IR in rats induced by high-fat diet.

3.2. FFA, TG, and Oxidative Stress Parameters in Skeletal Mus-
cles. To observe the lipid accumulation in skeletal muscles
after a long-time high-fat diet in rats, we measured the levels
of FFA and TG. As shown in Table 1, the FFA and TG of the
skeletal muscle in group HFD were significantly higher than
those in group CON (p < 0.01, resp.). The FFA and TG of
the skeletal muscle in group Ex-HFD were significantly lower
than those in group HFD (p < 0.05). Moreover, to confirm
the oxidative stress in skeletal muscles after a long-time high-
fat diet in rats, we also detected the levels of SOD, GSH-Px,
MDA, and 8-OHdG in rat skeletal muscles. For the test, the
levels of SOD and GSH-Px in group HFD were significantly
decreased (p < 0.05, resp.) than those in group CON, while
MDA and 8-OHdAG contents of the skeletal muscles in group
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FIGURE 2: Blood glucose, insulin, and insulin resistance index in the three groups. (a) The fasting blood glucose in three groups at the 8th
week. There were no significant differences in the fasting blood glucose measured after 8-week swimming exercise intervention compared
with the untreated high-fat-diet group. (b) The fasting blood insulin in three groups at the 8th week. There was significant decrease in the
fasting blood insulin that was measured after 8-week swimming exercise intervention compared with the untreated high-fat-diet group. (c)
The GIR of three groups. The GIR is commonly used in evaluating insulin resistance. After training with swimming exercise, GIR in group Ex-
HFD was significantly increased. (d) HOMA-IR value of three groups at the 8th week, which was also selected to evaluate insulin resistance.
After training with swimming exercise, HOMA-IR was improved. ** p < 0.01, versus CON group; “*p < 0.01, versus group HFD group.

HFD obviously increased (p < 0.05 and p < 0.01, resp.).
After 8 weeks of exercise, the SOD and GSH-Px activities in
group Ex-HFD significantly increased compared with those
in group HED (p < 0.05 and p < 0.01, resp.). However, the
MDA and 8-OHdG contents in group Ex-HFD significantly
decreased (p < 0.05 and p < 0.01, resp.). These findings
indicate that 8-week swimming exercise can reduce the lipid
accumulation and the level of oxidative stress in skeletal
muscles of rats after being fed with high-fat diet.

3.3. Quantitative Real-Time PCR Analysis. Since high-fat
diet could induce oxidative stress, we further verified the
effects of exercise on TRIM72 and IRS gene expression in
skeletal muscle induced by oxidative stress after high-fat
diet, and qPCR was performed. As shown in Figure 3, the
mRNA expression of TRIM72 and IRS-3 in group HFD was
significantly higher than those in group CON (p < 0.01
and p < 0.01, resp.); mRNA expression of IRS-1 and IRS-
2 in group HFD was significantly lower than that in group
CON (p < 0.01, resp.). Compared with group HFD, the

mRNA expression of TRIM72 and IRS-3 in group Ex-HFD
significantly decreased (p < 0.01 and p < 0.05, resp.); the
mRNA expression of IRS-1 and IRS-2 in group Ex-HFD was
significantly increased than those in group HEFD (p < 0.01).
No significant differences of mRNA expression of IRS-4 were
shown among the group CON, group HFD, and group Ex-
HED. These findings demonstrate that exercise can decrease
the mRNA expression of TRIM72 and IRS-3 and increase the
mRNA expression of IRS-1 and IRS-2 of skeletal muscles in
rats fed with high-fat diet.

3.4. Western Blot Analysis. TRIM72, pIRS-1%"% IRS-1, IRS-
2, IRS-3, IRS-4, pAKTSCr473, and AKT protein expression
levels were detected by western blot method in skeletal
muscle. To prove the effects of exercise on protein expression
of TRIM72, IRS, and AKT in skeletal muscle induced by
long-term high-fat diet, we performed western blot. As
shown in Figure 4, the TRIM72 protein expression in group
HFD was significantly higher than that in group CON
(p < 0.01); the TRIM72 protein expression in group Ex-HFD
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TaBLE 1: Effect of swimming exercise on FFA, TG, and oxidative
stress parameters in skeletal muscle.

CON HFD Ex-HFD
FRA (nmol/g ) 3> 4077 559+139"  328+0.83"
pro)
TG (mmol/g (55, 1o 0.28 + 0.09** 0.38 +0.18
pro)
SOD(Ug 19571655  12004572°  1815+5.15°
pro)
GSH-Px(U/g 044 010 041£0.09"  0.66 +0.12"
pro)
MDA 1531+2.07  1934+3.32" 1551 +3.72°
(nmol/g pro)
8-OHAG 093541984 53872+ 6171% 418.77 + 42,87
(ng/g pro)

FFA, triglycerides, SOD, GSH-Px, MDA, and 8-OHdG of all rats were
measured at the 8th week of the experiment. Results were expressed as mean
(M) + standard deviation (SD) (n = 10). Differences between groups were
compared by one-way analysis of variance (ANOVA). We could observe an
increase in FFA, TG, MDA, and 8-OHdG and a decrease in SOD and GSH-
Px in IR rats, but exercise could decrease the levels of FFA, TG, MDA, and 8-
OHAG and increase SOD and GSH-Px in skeletal muscle of rats. ** p < 0.01:
versus CON group; “ P < 0.05: versus CON group; #p < 0.01: versus group
HED group; and *p < 0.05: versus group HED group.
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FIGURE 3: Effect of swimming exercise on mRNA expression of IRS-
1and TRIM72 in skeletal muscle. Data are presented as mean + SD.
For each group n = 10. IRS-1: insulin receptor substrate-1, IRS-2:
insulin receptor substrate-2, IRS-3: insulin receptor substrate-3, IRS-
4: insulin receptor substrate-4, and TRIM72: tripartite motif family
protein 72. ** p < 0.01: versus CON group; **p < 0.01: versus group
HED group; *p < 0.05: versus group HED group.

significantly decreased compared with that in group HFD
(p < 0.01). Furthermore, compared with group CON, the
phosphorylation level of IRS-1°7% was significantly
increased (p < 0.01); the expression level of IRS-1 and
IRS-2 protein was significantly decreased in group HFD
(p < 0.01). After swimming exercise for 8 weeks, compared

with group HFD, the phosphorylation level of IRS-1%¢%

significantly decreased (p < 0.01); the expression level of
IRS-1 and IRS-2 protein significantly increased (p < 0.01)
in group Ex-HFD while the expression of IRS-3 and IRS-4
showed no significance among group CON, group HFD, and
group Ex-HFD. In addition, the proteins of pAKT**"*”* and
AKT in group HFD were significantly lower than those in
group CON (p < 0.01 and p < 0.05, resp.), but significantly
increased in group Ex-HFD than those in group HFD
(p < 0.01 and p < 0.05, resp.). These findings suggest that
swimming exercise could decrease the protein expression
of TRIM72, upregulate the protein expression of IRS-1 and
IRS-2, and phosphorylation level of AKT (Ser473) of skeletal
muscles in rats fed with high-fat diet.

4. Discussion

In present study, we tested the levels of oxidative stress
parameters and performed qPCR and western blot to detect
the mRNA and protein of TRIM72, IRS (IRS-1, IRS-2, IRS-
3, and IRS-4), and AKT and protein of phosphorylation of
IRS-1 (Ser307) and AKT (Ser473). The results showed that
the elevation of oxidative stress, TRIM72, and pIRS-1%"’
expression and the reduction of protein expression of IRS-
1 and pAKT ™" of skeletal muscle in rats fed with high-fat
diet, while the swimming exercise was effective in reversing
IR induced by high-fat diet. Our findings indicate that an
8-week of swimming exercise not only effectively reduced
the oxidative stress of skeletal muscle, but also alleviated
the expression of TRIM72, upregulated the AKT signaling
pathway, and reversed IR.

It has been widely accepted that lipid accumulation and
oxidative stress are strongly correlated with the IR in peri-
pheral tissues (muscle and liver) [31-37]. Long-term excessive
intake of high calories could lead to excessive fat accu-
mulation in fat cells, consequently resulting in fats flowing
to other tissues except fat tissues. Ectopic lipid deposition
subsequently occurs, thereby causing cell damage. Studies
[4, 38] have shown that excessive TG accumulation in nonfat
tissue has been known to have a toxic effect on cells and to
reduce sensitivity to insulin, eventually leading to diabetes
and metabolic syndrome [31, 39]. We fed the rats with high-
fat diet, and we noticed that high-fat diet induced the increase
in visceral fat content along with fat decomposition, which
could lead to massive FFA and TG in the skeletal muscle. The
present study also demonstrated that GIR greatly decrease in
rats fed with high-fat diet, and the ISI significantly increased
simultaneously, while HOMA-IR was obviously decreased,
suggesting that the 8-week high-fat diet led to a presence of IR
in rats. However, the GIR and ISI were significantly increased
in rats from the exercise group that were also fed with high-
fat diet, whereas HOMA-IR considerably decreased, implying
that IR genesis and progress in rats fed with high-fat diet can
be effectively relieved by swimming exercise.

Changes in in vivo metabolism (such as massive lipid
accumulation and increased ROS) [10, 40] eventually lead
to cell damage. TRIM72, as a specific cell repair factor of
skeletal muscle, is rapidly and massively transposed toward
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FIGURE 4: Protein expression of TRIM72, IRS-1, IRS-2, IRS-3, and IRS-4 and phosphorylation of IRS-1 (Ser307) and AKT (Ser473) levels in
skeletal muscle were tested by western blot. **p < 0.01: versus CON group; *p < 0.05: versus CON group; P < 0.01: versus group HFD

group; and * p < 0.05: versus group HFD group.

the damaged sites [5]. When experiencing a long-term high-
fat diet, the oxidative stress could occur, which consequently
results in oxidative damage in skeletal muscle cells. Subse-
quently, TRIM72 expression is initiated. Previous studies have
demonstrated that SOD, MDA, GSH-Px, and 8-OHdG can
evaluate the oxidative stress [41-45]. Several studies have
shown that systemic IR can be effectively improved by exer-
cise through reduction of oxidative stress [46, 47]. In the
present study, we tested SOD, MDA, GSH-Px, 8-OHdG, and
TRIM72 levels in the skeletal muscles of rats in all the groups;
the oxidative stress was found increased after long-term

feeding with high-fat diet, and, in HFD group, the TRIM72
showed a significant-level promotion on both mRNA and
protein expression; this is in accordance with Song et al.
[8] (published in “Nature” 2013), although some publications
from different groups showed that HFD treatment does
not alter expression of TRIM72 [48-53]. We analyzed and
inferred the possible reasons: firstly, the differences of the
high-fat diet composition: the multiple researchers use the
high-fat diet with 45% or more calories from fat or extra
cholesterol added. In our study, the high-fat diet only con-
tains 38% calories from fat. Meanwhile, multiple researchers
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performed feeding mice with high-fat diet for a long time
(8 weeks, 16 weeks, or more weeks); secondly, Song et al.
showed that TRIM72 expression increased at the early stage
of IR, in other words, TRIM72 expression increased when
mild IR existed. While the multiple studies fed mice with
high-fat diet (45%, 60.9%, or more calories from fat) for
long, the data showed the seriously impaired insulin action;
it indicated severe IR progression in mice. However, we
fed rats with high-fat diet (38% calories from fat) for 8
weeks, the IR was milder than those mice fed with high-
fat diet (45%, 60.9%, or more calories from fat); it might be
the early stage of IR. Therefore, we observed that TRIM72
expression markedly increased in group HFD, in keeping
with Song et al. In addition, we found that, in HFD group,
the mRNA and protein expression of IRS-1 and IRS-2 were
both notably elevated; the mRNA expression of IRS-3 was
greatly increased, while its protein expression showed no
significance; the mRNA and protein expression of IRS-4
have not obviously changed. However, these levels can be
effectively reduced by an 8-week swimming exercise. In the
present study, we also detected the expression of IRS (IRS-
1, IRS-2, IRS-3, and IRS-4). Meanwhile, the AKT signal was
determined. In the group HFD, pIRS—lser307, IRS-1, IRS-2,
and pAKTS™7 expressions were at a lower level. While 8
weeks of swimming exercise later, these levels of protein were
allincreased. Therefore, we infer that 8-week high-fat diet can
result in high expression of TRIM72 mRNA and protein, and
TRIM72 acts as an E3 ligase targeting the insulin receptor and
IRS-1 for ubiquitin-dependent degradation, then inhibiting
PI3-K/AKT signal transduction and subsequently producing
IR. In the study, we found that the level of IRS-2 increasing
is not relevant to the pathway that we studied, which may be
through other ways.

Previous studies have shown that systemic IR can
be effectively improved by exercise through reduction of
oxidative stress [46]. In the present experiment, relevant
parameters such as expression of TRIM72, IRS, and AKT in
skeletal muscles of rats in Ex-HFD groups showed that oxida-
tive stress reduced after long-term exercise with high-fat diet.
Subsequently, the expression of TRIM72 mRNA and protein
levels was decreased, and insulin signal transduction was
enhanced through swimming exercise. These results suggest
that an 8-week swimming exercise improves HFD-induced
insulin resistance, maybe through a reduction of TRIM72 in
skeletal muscle and enhancement of AKT signal transduc-
tion.

5. Summary

IR induced by high-fat diet can be effectively improved dur-
ing an 8-week swimming exercise. The possible mechanism
in rats fed with high-fat diet during exercise implied that
the degree of damage in the skeletal muscle cells can be
relieved by the decrease in lipid deposition and inhibition of
oxidative stress in skeletal muscles. Consequently, this finding
indicates reduced TRIM72 expression level and increased
IRS-1 protein expression level can enhance skeletal muscular
PI3-K/AKT signal transduction in rat skeletal muscles, then
finally improving IR.

Competing Interests

The authors declare that they have no conflict of interests.

Authors’ Contributions

Jie Qi contributed to data analysis and developed and wrote
the paper. Bo Yang developed the experimental design, con-
tributed to data generation, and reviewed the paper. Cailing
Ren conducted the ceramide analysis, conducted the mRNA
analysis from skeletal muscle tissue, and contributed to paper
writing. Jian Fu analyzed the protein expression in skeletal
muscle and contributed to paper writing. Jun Zhang contrib-
uted to data analysis and commented on the paper. Jie Qi and
Bo Yang contributed to the work equally.

Acknowledgments

This study was supported financially by the National Natural
Science Foundation of China (Grant no. 31571223). The
authors thank Li Hui, Jin Jin, and Li Xu for the assistance
with model establishment and give thanks to the Shen’s team
of Yangzhou University for their help with experimental
processing.

References

[1] A. G. Smith and G. E. O. Muscat, “Skeletal muscle and nuclear
hormone receptors: implications for cardiovascular and meta-
bolic disease,” International Journal of Biochemistry and Cell
Biology, vol. 37, no. 10, pp. 2047-2063, 2005.

[2] C.K. Wu, C. Y. Yang, J. W. Lin et al,, “The relationship among
central obesity, systemic inflammation, and left ventricular
diastolic dysfunction as determined by structural equation
modeling,” Obesity, vol. 20, no. 4, pp. 730-737, 2011.

[3] G. Lastra, S. Dhuper, M. S. Johnson, and J. R. Sowers, “Salt,
aldosterone, and insulin resistance: impact on the cardiovascu-
lar system,” Nature Reviews Cardiology, vol. 7, no. 10, pp. 577-
584, 2010.

[4] D. J. Dyck, “Adipokines as regulators of muscle metabolism
and insulin sensitivity,” Applied Physiology, Nutrition and Meta-
bolism, vol. 34, no. 3, pp. 396-402, 2009.

[5] N.Weisleder, H. Takeshima, and J. Ma, “Mitsugumin 53 (MG53)
facilitates vesicle trafficking in striated muscle to contribute to
cell membrane repair,;” Communicative and Integrative Biology,
vol. 2, no. 3, pp. 225-226, 2009.

[6] S.Kim,]. Seo, Y.-G. Ko, Y.-D. Huh, and H. Park, “Lipid-binding
properties of TRIM72,” BMB Reports, vol. 45, no. 1, pp. 26-31,
2012.

[7] C. Cai, H. Masumiya, N. Weisleder et al., “MG53 nucleates
assembly of cell membrane repair machinery;,” Nature Cell Bio-
logy, vol. 11, no. 1, pp. 56-64, 2009.

[8] R.Song, W. Peng, Y. Zhang et al., “Central role of E3 ubiquitin
ligase MG53 in insulin resistance and metabolic disorders,”
Nature, vol. 494, no. 7437, pp. 375-379, 2013.

[9] J.-S. Yi, J. S. Park, Y.-M. Ham et al., “MG53-induced IRS-
1 ubiquitination negatively regulates skeletal myogenesis and

insulin signalling,” Nature Communications, vol. 4, article 2354,
2013.



(10]

(11]

(12]

(16]

(17]

(19

(20]

(21]

(22]

R. Deepa, R. Pradeepa, C. S. Shanthirani, and V. Mohan, “Asso-
ciation of hypertension with cluster of insulin resistance syn-
drome factors: the Chennai Urban Population Study (CUPS-
12); Acta Diabetologica, vol. 41, no. 2, pp. 49-55, 2004.

T. Tan, Y.-G. Ko, and J. Ma, “Dual function of MG53 in mem-
brane repair and insulin signaling,” BMB Reports, vol. 49, no. 8,
pp. 414-423, 2016.

J. Q. Zhao and H. Lei, “Tripartite motif protein 72 regulates
the proliferation and migration of rat cardiac fibroblasts via the
transforming growth factor-f signaling pathway,” Cardiology,
vol. 134, no. 3, pp. 340-346, 2016.

E. Araki, M. A. Lipes, M.-E. Patti et al., “Alternative pathway of
insulin signalling in mice with targeted disruption of the IRS-1
gene,” Nature, vol. 372, no. 6502, pp. 186-190, 1994.

H. Tamemoto, T. Kadowaki, K. Tobe et al., “Insulin resistance
and growth retardation in mice lacking insulin receptor sub-
strate-1,” Nature, vol. 372, no. 6502, pp. 182-186, 1994.

J. P. Whitehead, P. Humphreys, A. Krook et al., “Molecular
scanning of the insulin receptor substrate 1 gene in subjects with
severe insulin resistance: Detection and functional analysis of a
naturally occurring mutation in a YMXM motif;,” Diabetes, vol.
47, no. 5, pp. 837-839, 1998.

N. Kubota, K. Tobe, Y. Terauchi et al., “Disruption of insulin
receptor substrate 2 causes type 2 diabetes because of liver
insulin resistance and lack of compensatory beta-cell hyperpla-
sia,” Diabetes, vol. 49, no. 11, pp. 1880-1889, 2000.

M. Fasshauer, J. Klein, K. Ueki et al., “Essential role of insulin
receptor substrate-2 in insulin stimulation of Glut4 transloca-
tion and glucose uptake in brown adipocytes,” The Journal of
Biological Chemistry, vol. 275, no. 33, pp. 25494-25501, 2000.

M. Fasshauer, J. Klein, K. M. Kriauciunas, K. Ueki, M. Benito,
and C. R. Kahn, “Essential role of insulin receptor substrate 1
in differentiation of brown adipocytes,” Molecular and Cellular
Biology, vol. 21, no. 1, pp. 319-329, 2001.

S. Sciacchitano and S. I. Taylor, “Cloning, tissue expression,
and chromosomal localization of the mouse IRS-3 gene,” Endo-
crinology, vol. 138, no. 11, pp. 4931-4940, 1997.

S. C. H. Liu, Q. Wang, G. E. Lienhard, and S. R. Keller, “Insulin
receptor substrate 3 is not essential for growth or glucose
homeostasis,” The Journal of Biological Chemistry, vol. 274, no.
25, pp. 18093-18099, 1999.

V. R. Fantin, Q. Wang, G. E. Lienhard, and S. R. Keller,
“Mice lacking insulin receptor substrate 4 exhibit mild defects
in growth, reproduction, and glucose homeostasis;,” American
Journal of Physiology—Endocrinology and Metabolism, vol. 278,
no. 1, pp. E127-E133, 2000.

R. Pruchnic, A. Katsiaras, J. He, D. E. Kelley, C. Winters, and
B. H. Goodpaster, “Exercise training increases intramyocellular
lipid and oxidative capacity in older adults,” American Journal
of Physiology-Endocrinology and Metabolism, vol. 287, no. 5, pp.
E857-E862, 2004.

M. A. Tarnopolsky, C. D. Rennie, H. A. Robertshaw, S. N. Fedak-
Tarnopolsky, M. C. Devries, and M. J. Hamadeh, “Influence of
endurance exercise training and sex on intramyocellular lipid
and mitochondrial ultrastructure, substrate use, and mitochon-
drial enzyme activity, American Journal of Physiology—Regu-
latory Integrative and Comparative Physiology, vol. 292, no. 3,
pp. RI1271-R1278, 2007.

E. B. Arias, L. E. Gosselin, and G. D. Cartee, “Exercise training
eliminates age-related differences in skeletal muscle insulin

[26]

(31]

[34]

(35

[37]

(38]

Journal of Diabetes Research

receptor and IRS-1 abundance in rats,” The Journals of Geron-
tology, Series A: Biological Sciences and Medical Sciences, vol. 56,
no. 10, pp. B449-B455, 2001.

A. Song, C. Wang, L. P. Ren, and J. J. Zhao, “Swimming
improves high-fat induced insulin resistance by regulating lipid
and energy metabolism and the insulin pathway in rats,” Inter-
national Journal of Molecular Medicine, vol. 33, no. 6, pp. 1671~
1679, 2014.

T. G. Bedford, C. M. Tipton, N. C. Wilson, R. A. Oppliger,
and C. V. Gisolfi, “Maximum oxygen consumption of rats and
its changes with various experimental procedures,” Journal of
Applied Physiology, vol. 47, no. 6, pp. 1278-1293, 1979.

U. K. Laemmli, “Cleavage of structural proteins during the
assembly of the head of bacteriophage T4,” Nature, vol. 227, no.
5259, pp. 680-685, 1970.

D. R. Matthews, J. P. Hosker, A. S. Rudenski, B. A. Naylor, D.
E. Treacher, and R. C. Turner, “Homeostasis model assessment:
insulin resistance and B-cell function from fasting plasma
glucose and insulin concentrations in man,” Diabetologia, vol.
28, no. 7, pp. 412-419, 1985.

E. W. Kraegen, D. E. James, S. P. Bennett, and D. J. Chisholm,
“In vivo insulin sensitivity in the rat determined by euglycemic
clamp,” The American Journal of Physiology, vol. 245, no. 1, pp.
E1-E7,1983.

Z. Ma, J. Qi, S. Meng, B. Wen, and J. Zhang, “Swimming
exercise training-induced left ventricular hypertrophy involves
microRNAs and synergistic regulation of the PI3K/AKT/mTOR
signaling pathway,” European Journal of Applied Physiology, vol.
113, no. 10, pp. 2473-2486, 2013.

B. Vozarova, N. Stefan, R. S. Lindsay et al., “High alanine amino-
transferase is associated with decreased hepatic insulin sensitiv-
ity and predicts the development of type 2 diabetes,” Diabetes,
vol. 51, no. 6, pp- 1889-1895, 2002.

K. E Petersen and G. I. Shulman, “Etiology of insulin resistance,”
American Journal of Medicine, vol. 119, no. 5, supplement 1, pp.
$10-S16, 2006.

P-J. Hsiao, K.-K. Kuo, S.-J. Shin et al., “Significant correlations
between severe fatty liver and risk factors for metabolic syn-
drome;” Journal of Gastroenterology and Hepatology, vol. 22, no.
12, pp. 2118-2123, 2007.

G. Targher and G. Arcaro, “Non-alcoholic fatty liver disease and
increased risk of cardiovascular disease,” Atherosclerosis, vol.
191, no. 2, pp. 235-240, 2007.

E. Fabbrini, S. Sullivan, and S. Klein, “Obesity and nonalcoholic
fatty liver disease: biochemical, metabolic, and clinical implica-
tions,” Hepatology, vol. 51, no. 2, pp. 679-689, 2010.

E. K. Speliotes, J. M. Massaro, U. Hoffmann et al., “Fatty liver is
associated with dyslipidemia and dysglycemia independent of
visceral fat: the Framingham heart study,” Hepatology, vol. 51,
no. 6, pp. 1979-1987, 2010.

E. Fabbrini, E. Magkos, B. S. Mohammed et al., “Intrahepatic
fat, not visceral fat, is linked with metabolic complications of
obesity,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 106, no. 36, pp. 15430-15435, 2009.
A. Veilleux, M. Caron-Jobin, S. Noél, P. Y. Laberge, and A.
Tchernof, “Visceral adipocyte hypertrophy is associated with
dyslipidemia independent of body composition and fat distri-
bution in women,” Diabetes, vol. 60, no. 5, pp. 1504-1511, 2011.
J. Y. Fu, J. L. Masferrer, K. Seibert, A. Raz, and P. Needleman,
“The induction and suppression of prostagland in H, synthase
(cyclooxygenase) in human monocytes,” Journal of Biological
Chemistry, vol. 265, no. 28, pp. 16737-16740, 1990.



Journal of Diabetes Research

[40] S. K. Powers, W. B. Nelson, and M. B. Hudson, “Exercise-
induced oxidative stress in humans: cause and consequences,’
Free Radical Biology and Medicine, vol. 51, no. 5, pp. 942-950,
2011.

[41] V. S. Patil, V. P. Patil, N. Gokhale, A. Acharya, and P. Kangokar,
“Chronic periodontitis in type 2 diabetes mellitus: oxidative
stress as a common factor in periodontal tissue injury;” Journal
of Clinical and Diagnostic Research, vol. 10, no. 4, pp. C12-Cl6,
2016.

[42] B.-Q. Xu, P. Yang, and Y.-Q. Zhang, “Hypoglycemic activities

of lyophilized powder of Gynura divaricata by improving

antioxidant potential and insulin signaling in type 2 diabetic

mice,” Food & Nutrition Research, vol. 59, Article ID 29652, 2015.

E. Tatsch, J. A. M. De Carvalho, B. S. Hausen et al., “Oxidative

DNA damage is associated with inflammatory response, insulin

resistance and microvascular complications in type 2 diabetes,”

Mutation Research, vol. 782, pp. 17-22, 2015.

[44] K.Hashimoto, W. Takasaki, I. Sato, and S. Tsuda, “DNA damage
measured by comet assay and 8-OH-dG formation related to
blood chemical analyses in aged rats,” Journal of Toxicological
Sciences, vol. 32, no. 3, pp. 249-259, 2007.

[45] C.J.]Jin, S. H. Yu, X.-M. Wang et al., “The effect of lithospermic
acid, an antioxidant, on development of diabetic retinopathy
in spontaneously obese diabetic rats,” PLoS ONE, vol. 9, no. 6,
article €98232, 2014.

[46] Q. Sun, F. He, M. Li, G. Li, and A. Lu, “Effects of exercise and
diet intervention on oxidative stress in insulin resistant rat,” Wei
Sheng Yan Jiu, vol. 43, no. 6, pp. 885-889, 2014.

[47] D. J. Burkin and R. D. Wuebbles, “A molecular bandage for
diseased muscle,” Science Translational Medicine, vol. 4, no. 139,
Article ID 1391519, 2012.

[48] H. Ma, J. Liu, Z. Bian et al., “Effect of metabolic syndrome on
mitsugumin 53 expression and function,” PLoS ONE, vol. 10, no.
5, article e0124128, 2015.

[49] Y.-M. Ham and S. J. Mahoney, “Compensation of the AKT
signaling by ERK signaling in transgenic mice hearts overex-
pressing TRIM72,” Experimental Cell Research, vol. 319, no. 10,
pp. 1451-1462, 2013.

[50] F. A.Lemckert, A. Bournazos, D. M. Eckert et al., “Lack of MG53
in human heart precludes utility as a biomarker of myocardial
injury or endogenous cardioprotective factor, Cardiovascular
Research, vol. 110, no. 2, pp. 178-187, 2016.

[51] J.Liu, H. Zhu, Y. Zheng et al., “Cardioprotection of recombinant
human MG53 protein in a porcine model of ischemia and reper-
fusion injury;” Journal of Molecular and Cellular Cardiology, vol.
80, pp. 10-19, 2015.

[52] L.-L. Ma, E-J. Zhang, L.-B. Qian et al., “Hypercholesterolemia
blocked sevoflurane-induced cardioprotection against ische-
mia-reperfusion injury by alteration of the MG53/RISK/GSK3 3
signaling,” International Journal of Cardiology, vol. 168, no. 4, pp.
3671-3678, 2013.

[53] H. Yuan, Y. Niu, X. Liu, E Yang, W. Niu, and L. Fu, “Proteomic
analysis of skeletal muscle in insulin-resistant mice: response
to 6-week aerobic exercise,” PLoS ONE, vol. 8, no. 1, Article ID
€53887, 2013.

(43



