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Background/Objective. Impaired glucose tolerance (IGT) is an intermediate metabolic state between normal and diabetes and
shows insulin resistant (IR) which to be linked with mitochondria dysfunction. This study is aimed at investigating whether
aerobic exercise increases Mfn2 to promote mitochondrial function and improve glucose tolerance and insulin sensitivity in
mice with high-fat diet. Methods. Male C57BL/6J mice were randomly divided into six different experimental groups (8
animals/group): (1) normal group (NOR), (2) normal control group (NC), (3) normal + exercise group (NE), (4) IGT group
(IGT), (5) IGT control group (IC), and (6) IGT+ exercise group (IE).The exercise group received aerobic exercise for 8 weeks.
After the intervention, a blood glucose meter was used to detect the level of glucose tolerance in the mouse’s abdominal cavity;
a biochemical kit was used to detect serum lipid metabolism indicators, malondialdehyde, and superoxide dismutase levels; the
ELISA method was used to detect serum insulin and mouse gastrocnemius homogenate LDH, PDH, SDH, and CCO levels.
Western blot method was used to detect the protein expression levels of NOX4, PGC-1α, and Mfn2 in the gastrocnemius
muscle of mice. Results. (1) Mice with high-fat diet for 30 weeks showed impaired glucose tolerance, insulin resistance, and
lipid metabolism disorders. The level of LDH, PDH, SDH, and CCO in the gastrocnemius homogenate of mice was reduced.
The expressions of NOX4 protein were significantly upregulated, while the expressions of PGC-1α and Mfn2 proteins were
significantly downregulated. (2) 8-week aerobic exercise improved the disorders of glucose and lipid metabolism in IGT mice
and increased homogenized LDH, PDH, SDH, and CCO levels, and the expressions of NOX4, PGC-1α, and Mfn2 proteins in
the gastrocnemius muscle of mice were reversed. It is speculated that aerobic exercise can accelerate energy metabolism.
Conclusion. (1) C57BL/6 mice were fed high fat for 30 weeks and successfully constructed a mouse model of reduced diabetes;
the mice with reduced diabetes have impaired glucose tolerance, insulin resistance, and lipid metabolism disorders; (2) 8 weeks
of aerobic exercise improve glucose tolerance, reduce glucose tolerance in mice, reduce insulin resistance, improve lipid
metabolism disorders, and reduce oxidative stress; (3) 8-week aerobic exercise reduces skeletal muscle NOX4 expression and
increases glucose tolerance; reduces the expression of LDH, PDH, SDH, and CCO in mouse skeletal muscle; increases the
expression level of mitochondrial fusion protein 2 and PGC-1α; improves glucose tolerance; reduces energy metabolism of
mouse skeletal muscle; reduces oxidative stress; and reduces insulin resistance. It is speculated that aerobic exercise can
accelerate energy metabolism. This process may involve two aspects: firstly, increase the expression level of oxidative
metabolism enzymes and promote the tricarboxylic acid cycle; secondly, increase the expression of Mfn2 and accelerate
mitochondria fission or fusion to regulate energy metabolism, thereby reducing oxidative stress and insulin resistance.
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1. Introduction

Impaired glucose tolerance (IGT) is an intermediate metabolic
state between normal and diabetes [1], which accompanied
with metabolic syndromes such as hyperinsulinemia, lipid
metabolism disorders, and obesity [2]. IGT shows insulin
resistant (IR) and will develop into type 2 diabetes mellitus
(T2DM) [3]. People with IGT have moderate to severe muscle
insulin resistance [4]; therefore, skeletal muscle reduces the
uptake and utilization of glucose under the action of insulin.

Skeletal muscle is a main site of energy consumption and
metabolism and plays a vital role in the body’s metabolic bal-
ance. More and more reviews focused on that mitochondrial
morphology, and bioenergetics may be linked to the etiology
of IR in skeletal muscle [5–8]. Mitochondria is a dynamic retic-
ulum of networked tubules that undergo fission and fusion,
continuously [9, 10]. Mitochondrial dynamic behavior plays a
vital role in bioenergetics function, cell viability, mitochondrial
health, and quality control, and disruption of mitochondrial
dynamics has been found in IR [8, 9, 11]. Mitochondrial dys-
function can lead to increase reactive oxygen species (ROS)
synthesis, thereby affecting the basic function and structure of
mitochondria, such as the mitochondrial respiratory chain,
mitochondrial DNA, and mitochondrial membranes, as well
as matrix proteins and related enzyme activities [11]. When
the mitochondrial respiratory chain is affected, it will cause a
vicious cycle, resulting in a decrease in the activity of the respi-
ratory chain complex, synthesizing more ROS, and affecting
ATP synthesis.

Insulin resistant mice on a long-term high-fat diet (HFD)
showed a decline in skeletal muscle mitochondrial function
[4], and it is mainly manifested as the expression of mitochon-
drial fission genes increased, while the expression of mitochon-
drial fusion genes decreased [12]. Mitochondrial fusion is a
main factor for maintaining respiratory activity and then
increase the bioenergetics capacity of the cells. Mitofusin 2
(Mfn2) identified to mediate mammalianmitochondrial fusion
is a dynamin-related protein with GTPase activity located in
the outer membrane of mitochondria, and it is abundantly
expressed inmuscle [13]. It is not only closely related to the fis-
sion and fusion of mitochondria but also plays an important
role in mitochondrial morphology changing and mitochon-
drial function regulating [14, 15]. Mfn2 can stimulate substrate
oxidation, respiration, and the expression of subunits involved
in respiratory complexes [16]. Mfn2 repression can decrease
the pyruvate and oxidation rates of glucose and reduces mito-
chondrial membrane potential in myotubes [17]. Subjected to
an excess nutrient environment such as in type 2 diabetes or
obesity increases mitochondrial fission and decreases mito-
chondrial fusion, which is closely related to uncoupled respira-
tion [17]. Under normal circumstances, the expression ofMfn2
in muscle tissue is regulated by peroxisome proliferator-
activated receptor γ coactivator-1β (PGC-1β), but when exter-
nal stimuli and energy demand increase, peroxisome
proliferator-activated receptor γ coactivator-1α (PGC-1α) par-
ticipates in its regulation [18]. PGC is the main mechanism
responsible for regulating the transcription of Mfn2.

Mitochondrial dysfunction is closely related to the
occurrence and development of metabolic diseases. Exercise

is an effective nonpharmaceutical intervention that can be
used to manage and treat a wide range of lifestyle-related
metabolic diseases [19, 20]. Aerobic exercise can improve
skeletal muscle function and ameliorate IR, so aerobic exer-
cise has important research value in the prevention and
treatment of IGT. However, the mechanism how aerobic
exercise ameliorates IR is still unclear. In the present study,
we examine the skeletal muscle metabolic enzymes and the
expression of protein NOX4, PGC-1α, and Mfn2 to provide
potential mechanisms for the therapeutic effect of exercise
on IGT treatment.

2. Materials and Methods

2.1. Animals. Two-week old male C57BL/6J mice used in
this study were purchased from Wushi Experimental Ani-
mal Supply (Fuzhou, China). The mice were placed under
standard controlled conditions (temperatures: 24–25°C,
humidity: 45–55%, light: 12 h dark-night cycle), and after
one week of acclimatization, animals were randomly divided
into six different experimental groups (8 animals/group): (1)
normal group (NOR), (2) normal control group (NC), (3)
normal + exercise group (NE), (4) IGT group (IGT), (5)
IGT control group (IC), and (6) IGT+ exercise group (IE).
Mice in NOR were maintained on a regular diet (RD)
(3.42 kcal/g, 22.47% kcal protein, 65.42% kcal carbohydrates,
and 12.11% kcal fat) for 30 weeks. Mice in IGT were fed with
a high-fat diet (HFD) (4.73 kcal/g, 20% kcal protein, 35%
kcal carbohydrates, 45% kcal fat) for 30 weeks. Mice in the
NC and NE groups received a regular diet, and mice in the
IC and IE groups received a high-fat feeding for 30 weeks.
After 30 weeks of rearing, mice in the NE and IE group receive
8 weeks of treadmill exercise. During these 8 weeks, the feeding
conditions ofmice in four groups were unchanged. Body weight
was recorded every two weeks regularly. Intraperitoneal injec-
tion of glucose tolerance test (IPGTT) was conducted at the
end of the 38th week. All experimental protocols conducted
on the mice were approved by the Institutional Animal Care
and Use Committee, Fujian Normal University (approval No.:
IACUC-20190025). After the material collection, the experi-
mental mice were euthanized by cervical dislocation method.

2.2. Treadmill. The mice in the exercise group received 12m/
min (75% maximum oxygen uptake) treadmill exercise
intervention for 8 weeks at 60min/time for 5 days/week,
always in the afternoon. The speed of 8m/min was as the
initial speed and increased every min until the speed is
12m/min, then performed at 12m/min exercise intensity
for 50 minutes; finally, the speed decreased every min until
the speed is 8m/min.

2.3. Detection of Serum Samples. For IPGTT, mice were
fasted for 12h and performed with an intraperitoneal injec-
tion of glucose load (2 g/kg of body weight), and glycemia
was measured before injection and at 15, 30, 60, 90, and
120min after injection. The area under the curve (AUC)
was calculated for blood glucose (bg) during the IPGTT
using the following equation: AUC = AUC = 0:5 ∗ ðbg0 +
bg30Þ/2 + 0:5 ∗ ðbg30 + bg60Þ/2 + 1 ∗ ðbg60 + bg120Þ/2
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[21]. The mice were fasted overnight and sacrificed at the
38th week. The fast blood glucose level was measured by
glucometer (Jiancheng, Nanjing, China). The levels of lipid
index (TG, TC, LDL-C, HDL-C), insulin, malondialdehyde
(MDA), and superoxide dismutase (SOD) in serum were
collectively tested using ELISA kits (Jiancheng, Nanjing,
China), respectively, according to the manufactures’ protocol.
The homeostasis model assessment of insulin resistance
(HOMA-IR) was calculated by fasting blood glucose ðmmol/LÞ
× fasting insulin ðmIU/LÞ/22:5.
2.4. Western Blot Analysis. Total protein was extracted from
the gastrocnemius in a RIPA-protease inhibitor PMSF cocktail
(Beyotime) on ice and determined by the BCA method
(P0009, Beyotime). An equal amount of protein samples
(20μg) was separated by 10% sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE) and electropho-
retically transferred to a polyvinylidene fluoride membrane
(PVDF), and then, nonspecific binding sites were blocked with
5% (M/V) dissolved skimmedmilk powder (Bio-Rad) at room
temperature for 2 hours. Subsequently, the membranes
probed, respectively, with anti-Mfn2 (86 kDa, 1 : 1000 dilution,
Bioss, Beijing, China), anti-PGC-1α (91kDa, 1 : 1000 dilution,
Bioss, Beijing, China), anti-NOX4 (66kDa, 1 : 1000 dilution,
Bioss, Beijing, China), and anti-GAPDH (36kDa, 1 : 1000
dilution, Bioss, Beijing, China) antibodies at 4°C overnight.
Afterward, the incubation of horseradish peroxidase- (HRP-)
conjugated secondary antibody (1 : 10000) was performed for
1 hour at 37°C. Finally, immunoreactive bands were detected
by the ChemiImager 5500V2.03 software. GAPDH was used
to normalize the protein loading as an internal control.

2.5. Enzyme-Linked Immunosorbent Assay. Lactate dehydro-
genase (LDH), pyruvate dehydrogenase (PDH), succinate
dehydrogenase (SDH), and cytochrome c oxidase (CCO) of
muscle tissue homogenate were detected by ELISA kit (Sen-
BeiJia, Nanjing, China), respectively.

2.6. Statistical Analysis. Results were presented asmeans ± SE.
Curve fitting was performed using the SigmaPlot 11.0 software
(SYSTAT Software Inc., Chicago, IL, USA). Statistical signifi-
cance was assessed using unpaired or paired Student’s t-tests
and ANOVA wherever appropriate. Differences were consid-
ered statistically significant by p < 0:05.

3. Results

3.1. High-Fat Diet Induced Impaired Glucose Tolerance in
C57BL6J Mice. HFD was provided to induce IGT in
C57BL6J mice, and the body weight was measured every 2
weeks. HFD mice show a significant increase in the body
weight compared to the control (Figure 1(a)). After fed with
HFD for 30 weeks, IPGTT was performed to identify the
occurrence of glucose intolerance in HFD mice. As displayed
in Figures 1(b) and 1(c), 2 h blood glucose level and the area
under the curve (AUC) were enhanced significantly in HFD
mice (IGT) compared to control mice (NOR) with regular
diet (NOR: 24:87 ± 0:90, n = 3; IGT: 44:52 ± 1:14, n = 5, p
< 0:05). Further analysis of HOMA-IR shows that HFD
induces insulin resistance (NOR: 0:64 ± 0:05, n = 16; IGT:

1:83 ± 0:48, n = 45, p < 0:01) (Figure 1(d)). These suggested
that HFD mimic the IGT model in vivo successfully.

3.2. Effects of High-Fat Diet on Lipid Metabolism in C57BL/
6J Mice. To determine the effects of HFD on lipid metabo-
lism in IGT mice, the levels of lipid index were employed
in current study. The serum TC, TG, and LDH levels were
increased, and the level of HDL was decreased (Table 1),
which revealed that high-fat diet significantly increased lipo-
genesis in C57BL/6J mice.

3.3. Aerobic Exercise Alleviates the Impaired Glucose
Tolerance (IGT) Induced by High-Fat Diet. The body weight
was measured during 8 weeks of aerobic exercise. Moreover,
8 weeks of exercise training after 30 weeks of HFD feeding
decreased body weight in the IE group compared with the
IC group (Figure 2(a)). The level of 2 h blood glucose and
AUC elevated in IC mice compared to NC mice (NC:
25:55 ± 2:11, n = 5; IC: 37:51 ± 1:33, n = 13, p < 0:01), and
this situation was reversed after 8 weeks’ aerobic exercise
(IC: 37:51 ± 1:33, n = 13; IE: 32:51 ± 1:66, n = 9, p < 0:05)
(Figures 2(b) and 2(c)). The insulin resistance in IE mice
was assessed with an insulin tolerance test after 8 weeks’ aer-
obic exercise, and fasting insulin (FINS) levels decreased in
IE mice (IC: 4:69 ± 0:06, n = 4; IE: 3:40 ± 0:02, n = 4, p <
0:01) (Figure 2(d)), and the HOMA-IR values were lowered
than in IC mice (IC: 1:74 ± 0:04, n = 4; IE: 0:91 ± 0:02, n = 4,
p < 0:01) (Figure 2(e)). These results suggested that aerobic
exercise could suppress IR and mitigate obesity in IC mice.

3.4. Aerobic Exercise Improves LipidMetabolism.Aerobic exer-
cise improved the lipid metabolism in IGT mice by reducing
the levels of TC, TG, and low density lipoprotein (LDL-C)
and increased the level of high density lipoprotein (HDL-C)
(Table 2). Taken together, these results suggested that aerobic
exercise promoted lipid metabolism, attenuated lipid accumu-
lation of IGT mice, and stabilized lipid metabolism.

3.5. Aerobic Exercise Reduces Oxidative Stress Induced by
High-Fat Diet.MDA concentration is a biomarker of lipid per-
oxidation, and the study demonstrated that oxidative stress
leads to lipid peroxidation leading by the formation of harmful
products by MDA [22]. SOD is a main antioxidant enzyme
responsible for ROS removal [23–25]. Thus, these two can
be used as indicators to measure oxidative stress. The level of
MDA was elevated in the IC group compared to NC signifi-
cantly (NC: 5:72 ± 0:33μmol/L, n = 4; IC: 25:74 ± 1:93μmol/
L, n = 4, p < 0:01), and aerobic exercise was significantly
reduced the levels of MDA compared with the IC group (IC:
25:74 ± 1:93μmol/L, n = 4; IE: 15:80 ± 0:41μmol/L, n = 4, p
< 0:01), while the level of SOD was lower in the IC group
compared to NC significantly (NC: 103:59 ± 5:34μmol/L, n
= 5; IC: 65:16 ± 8:19μmol/L, n = 5, p < 0:01), and aerobic
exercise was significantly increased the level of SOD compared
with the IC group (IC: 65:16 ± 8:19μmol/L, n = 3; IE: 129:82
± 6:87μmol/L, n = 8, p < 0:01) (Figure 3).

3.6. Aerobic Exercise Increases Mitochondrial Oxidase Activity.
IR conditions are characterized by changes in mitochondrial
activity in skeletal muscle which caused by reduction of
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mitochondrial mass or mitochondrial dysfunction, and mito-
chondria is involved in different kinds of biological processes
in eukaryotic cell. One of the most important functions of
mitochondria is oxidation ability. The activity of skeletal mus-
cle mitochondrial oxidase (LDH, PDH, SDH, CCO) all
decreased in the IC group compared to the NC group, while
reversed after 8 weeks’ aerobic exercise (Figure 4, and see
Table 3 for specific data).

3.7. Aerobic Exercise Reverses the Expression of NOX4, PGC-
1α, and Mfn2 in Skeletal Muscle of IGT Mice. The expres-
sions of NOX4, PGC-1α, and Mfn2 were altered in skeletal
muscle of IGT mice; NOX4 was increased in the IC group
compared with the NC group, but PGC-1α and Mfn2 were

decreased in the IC group. After 8-week aerobic exercise,
these proteins in the IE group all reversed (Figure 5).

4. Discussion

Impaired glucose tolerance (IGT) is a progressive metabolic
disease but not at the level defining diabetes, which is char-
acterized by a higher glucose response to an intraperitoneal
injection glucose than normal plasma [26, 27]. In our study,
high-fat diet (HFD) was used to establish a model for IGT in
C57BL/6J mice according to Surwit et al. [28], and then, we
use 8-week aerobic exercise intervention to explore the effect
on IGT mice. Our major findings are the following: (1) aer-
obic exercise alleviated the IGT in HFD induced mice, and
the IPGTT experiment showed that the glucose intolerance
was significantly alleviated after aerobic exercise according
to the blood glucose level before and 2h after the intraperi-
toneal injection of glucose; (2) aerobic exercise stabilized
lipid metabolism and reduced oxidative stress; (3) 8-week
aerobic exercise improves mitochondrial oxidation function
of skeletal muscle in mice fed with high-fat diet; and (4) the
expressions of NOX4, PGC-1α, and Mfn2 were altered in
gastrocnemius muscle of IGT mice, and the changes of these
proteins were reversed after 8-week aerobic exercise. Hence,
our results, we emphasized the effects of aerobic exercise on
skeletal muscle mitochondrial dynamics in HFD mice, and
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Figure 1: High-fat diet-induced impaired glucose tolerance in C57BL6J mice. (a) Body weight of two groups during fed with different diet.
(b) Blood glucose response to an intraperitoneal glucose load after 30 weeks fed with normal diet and high-fat diet. (c) Area under the curve
of blood glucose at the 30th week. (d) The HOMA-IR in two groups. Values are expressed as mean ± SE. n = 6. Compared with the control
group (NOR), ∗p < 0:05 and ∗∗p < 0:01.

Table 1: Glucolipid metabolism in the NOR and IGT groups
(M± SE, n = 3-4).

Indexes NOR IGT

TC (mmol/L) 4:10 ± 0:45 11:14 ± 0:87∗∗

TG (mmol/L) 0:52 ± 0:07 0:98 ± 0:05∗∗

LDL-C (mmol/L) 0:31 ± 0:02 1:67 ± 0:16∗∗

HDL-C (mmol/L) 1:65 ± 0:10 0:96 ± 0:17∗

Data presented as mean ± SE. Compared with the NOR group, ∗p < 0:05
and ∗∗p < 0:01.
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Figure 2: Aerobic exercise alleviates the impaired glucose tolerance (IGT) induced by high-fat diet. (a) Body weight of four groups (NC, NE,
IC, IE). (b) Blood glucose response to an intraperitoneal glucose load after 8 weeks’ aerobic exercise. (c) Area under the curve of blood
glucose 8 weeks’ aerobic exercise. (d, e) The fasting insulin and HOMA-IR in four groups. Values are expressed as mean ± SE. n = 6.
Compared with the NC group, ∗p < 0:05 and ∗∗p < 0:01. Compared with the IC group, #p < 0:05 and ##p < 0:01.

Table 2: Glucolipid metabolism in IGT mice after 8 weeks (M± SE, n = 3-8).

Indexes NC NE IC IE

TC (mmol/L) 3:13 ± 0:32 2:70 ± 0:55 13:14 ± 0:63∗∗ 6:88 ± 0:20##

TG (mmol/L) 0:35 ± 0:05 0:28 ± 0:03 0:63 ± 0:06∗ 0:40 ± 0:05#

LDL-C (mmol/L) 0:36 ± 0:02 0:26 ± 0:02 2:14 ± 0:39∗∗ 1:05 ± 0:08#

HDL-C (mmol/L) 0:35 ± 0:05 0:28 ± 0:03 0:63 ± 0:06∗ 0:40 ± 0:05#

Data presented as mean ± SE. ∗∗p < 0:01 compared with the NC group; #p < 0:05 and ##p < 0:01 compared with the IC group.
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Figure 4: The concentration of LDH, PDH, SDH, and CCO detected in gastrocnemius tissue homogenate from four groups. Data presented
as mean ± SE. ∗p < 0:05 and ∗∗p < 0:01 compared with the NC group; #p < 0:05 and ##p < 0:01 compared with the IC group.

Table 3: The changes of skeletal muscle mitochondrial oxidase in IGT mice after 8 weeks (M± SE, n = 3-8).

Indexes NC NE IC IE

LDH (μmol/L) 1:38 ± 0:04 1:61 ± 0:11 1:09 ± 0:05∗∗ 1:41 ± 0:04##

PDH (U/L) 4:98 ± 0:18 5:73 ± 0:30 4:26 ± 0:27∗ 5:06 ± 0:20#

SDH (IU/L) 182:13 ± 4:31 195:9 ± 13:59 162:5 ± 5:44∗ 205:83 ± 12:44##

CCO (U/L) 6:25 ± 0:25 6:45 ± 0:26 5:13 ± 0:32∗ 6:33 ± 0:19#

Data presented as mean ± SE. ∗p < 0:05 and ∗∗p < 0:01 compared with the NC group; #p < 0:05 and ##p < 0:01 compared with the IC group.
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aerobic exercise is an effective treatment for alleviation of
IGT.

In modern society, obesity due to HFD and physical
inactivity can lead to various chronic diseases such as cardio-
vascular disease, type 2 diabetes, and cancer, all of which are
associated with insulin resistance [29]. Skeletal muscle, with
its mass and high rate of insulin-stimulated glucose trans-
port, represents an essential metabolic tissue in the develop-
ment of IR [30]. Thus, obesity-induced skeletal muscle
dysfunction can lead to metabolic disorders, especially insu-
lin resistance [31]. In addition, obesity can lead to abnormal-
ities in skeletal muscle, including protein turnaround,
glucose taker act reduction, lipid metabolic disorders, and
mitochondrial dysfunction, which resulted in or from insu-
lin resistance [32, 33]. As one of the important mechanisms
for inducing insulin resistance, skeletal muscle mitochondria
play a key role in regulating insulin resistance [34]. Merz
et al. demonstrated that skeletal muscle-specific STX4 reme-
diates HFD-induced insulin resistance via suppressing mito-
chondrial fission [35]. The reduced mitochondrial capacity
in skeletal muscle is suggested to underlie IR development
in obesity and type 2 diabetes [36]. Therefore, understanding
the link between mitochondria and IR is important for
developing treatments to alleviate IR-related skeletal muscle
disease, thereby improving overall health.

Exercise as an effective nonpharmaceutical intervention
can be used to manage and treat a wide range of lifestyle-
related metabolic diseases [19, 20]. Regular aerobic and
resistance exercise have been demonstrated to improve the
metabolic disorders of diabetes and its complications by

inducing body composition, glycemic control, insulin sensi-
tivity, and controlling lipid profile [37–39]. In this study,
HFD-induced mice displayed higher insulin resistance and
lipid metabolism disorder, while 8-week aerobic exercise
showed a compensatory effect on the alterations, so aerobic
exercise alleviated the impaired glucose tolerance in high-
fat diet-induced mice.

Malondialdehyde (MDA) concentration is a biomarker
of lipid peroxidation, which is the result of oxidative stress
[22]. As shown in Figure 5, aerobic exercise decreased the
elevated MDA concentration in IGT mice, and the change
of SOD which as an antioxidant is just the opposite. SOD
as a member of antioxidant system converts the generated
superoxide anion radical into hydrogen peroxide; then,
reducing superoxide anions interacts with nitric oxide to
form nitrite, so the main role of SOD is ROS scavengers in
the body [23–25]. In addition, Leelarungrayub et al. reported
that moderate-intensity aerobic dance for six weeks could
reduce malondialdehyde (MDA) and increase total antioxi-
dant capacity (TAC) among inactive women [40]. Mice fed
with high-fat diet after 8 weeks of swimming training, the
expression of SOD in skeletal muscle significantly increased,
and the expression of MDA significantly decreased [41].
These results confirm that aerobic exercise improves the
body’s antioxidant capacity. Studies also have shown that
aerobic exercise is an important potential strategy to
increase the oxidation capacity of skeletal muscle mitochon-
dria [42]. This is consistent with our results that aerobic
exercise increases the activity of mitochondrial oxidase in
skeletal muscle (Figure 3).
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Figure 5: Expression of NOX4, PGC-1α, and Mfn2 in skeletal muscle with or without aerobic exercise. (a) Representative protein bands of
NOX4, PGC-1α, and Mfn2. (b–d) Protein levels of NOX4, PGC-1α, and Mfn2 in the NC, NE, IC, and IE groups evaluated by Western
blotting, with GAPDH as an internal control for normalization. Data presented as mean ± SE. ∗p < 0:05 and ∗∗p < 0:01 versus NC;
#p < 0:05 and ##p < 0:01 versus IC. Each group consisted of 4-6 rats.
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Mitochondria are important energy metabolism organ-
elles located in the double-layer membrane structure of
eukaryotic cells, which are places for cell aerobic respiration
and oxidative phosphorylation. The function of mitochondrial
aerobic respiration is completed by the respiratory chain on
the inner mitochondrial membrane, and mitochondrial respi-
ratory chain is the main place for mitochondria to synthesize
ATP and also for ROS generation. In our study, aerobic exer-
cise improves the function of mitochondrial respiratory chain
in skeletal muscle from HFD mice (Figure 4). In contractile
skeletal muscle, the production of ROSmainly originates from
NOX4 [43, 44]. Studies have pointed out that inhibitors of
NOX4 can increase insulin sensitivity [45], and swimming
exercise can reduce the NOX4 level in an IR model [46].
Our results also show that aerobic exercise reduces the expres-
sion of NOX4 in the muscles from IGT mice, and these all
indicate that 8 weeks of aerobic exercise can reduce the level
of oxidative stress in IGT mice.

PGC-1α is an important transcriptional coactivator that
regulates cell energy metabolism. PGC-1α expression and its
cotranscription activity were reduced in skeletal muscle of
humans with T2DM or prediabetic individuals [47]. Trans-
genic mice overexpressing PGC-1α in muscle show an
increased mitochondrial mass [48]. After a long period of exer-
cise (high-speed oxidation type especially), the expression of
PGC-1α can be increased in skeletal muscle [49, 50]. Our
results shown that the expression of PGC-1α decreased in mus-
cle from HFD-induced IGT mice and reversed after aerobic
exercise (Figure 5(b)). PGC-1α is not only the main regulator
of mitochondrial biogenesis [51, 52] but also other regulators
acting on mitochondrial quality control systems (fusion/fission
and mitophagy) [53]. PGC-1α controls the expression of Mfn2
through interaction with the transcription factor ERRα [18,
54]. Mfn2 is highly expressed in skeletal and is crucial for mito-
chondrial fusion [14]. The function of mitochondria depends
on their quality control, and an essential of this quality control
is the high plasticity of their dynamic structure, which enables
them to change continuously by fusion and fission processes
[9]. The balance between mitochondrial fusion and fission
can be broken through lipid accumulation, resulting in mito-
chondrial dysfunction such as loss of mitochondrial membrane
potential, reduction of oxygen consumption, and elevation of
ROS production. Studies have pointed out that when a null
mutation occurs in the Mfn2 gene, the expression of Mfn2
decreases, and the mitochondrial fusion in the cell is inhibited,
resulting in cell dysfunction which include the reduction of glu-
cose oxidation level, the conversion of cell energy metabolism
to glycolysis, the tricarboxylic acid cycle, and the electron trans-
port chain restrained [55]. When the expression of Mfn2
increases, it can increase cellular oxidative phosphorylation
and glycogen utilization [17]. Mfn2 expression in skeletal mus-
cle is decreased in high-fat diet-induced obese mice; thereby,
mitochondrial respiratory function and ATP content are
decreased [56]. Studies have shown that high-fat diet induces
IR in rats, which is related to the decrease of Mfn2 expression
in skeletal muscle tissue, and the production of ROS increased
[57]. Mfn2 deficiency causes mitochondrial dysfunction, which
leads to enhance ROS production. This study found that the
expression of Mfn2 protein in skeletal muscle from IGT mice

was lower than that from the NC group, and the concentration
of skeletal muscle mitochondrial oxidases LDH, PDH, SDH,
and CCO was also significantly reduced. After 8 weeks of aero-
bic exercise intervention, IGT mice skeletal muscle Mfn2
protein expression was significantly increased, and the concen-
tration of mitochondrial oxidases LDH, PDH, SDH, and CCO
was reversed, indicating that 8-week aerobic exercise can reduce
the oxidative stress level of IGT mice and improve mitochon-
drial function by increasing the expression of Mfn2 in skeletal
muscle. It was well known that exercise training can enhance
muscle mitochondrial function and improve systemic metabolic
homeostasis [58]. Exercise activates the signal network to con-
trol mitochondrial remodeling coordinately, including mito-
chondrial biogenesis, mitophagy, and dynamics [59].

To sum up, upregulation of mitochondrial mass and
function, also referred to as mitochondrial biogenesis, is
instrumental in exercise training-induced improvement of
skeletal muscle function and whole body metabolic homeo-
stasis [60, 61]. Skeletal muscle, with its mass and high rate
of insulin-stimulated glucose transport, represents an essen-
tial metabolic tissue in the development of IR [30]. Exercise
increases mitochondrial biogenesis and mitochondrial oxi-
dase content in skeletal muscle, reduces oxidative stress,
and improves muscle function. Thus, exercise improves
high-fat diet-induced systemic insulin resistance partly by
enhancing skeletal muscle metabolic capacity. We believe
that aerobic exercise is a suitable method to stimulate skele-
tal muscle cells, to cause adaptive changes in cell structure
and function, to stabilize the dynamic balance of mitochon-
drial fusion and fission, and to promote mitochondrial func-
tion, thereby reduce insulin resistance.

5. Conclusion

Several studies have reported that exercise maintains the bal-
ance between mitochondrial fusion and fission under normal
conditions, but few studies have assessed the impact of exer-
cise on IGT-induced dysfunction of mitochondrial dynamics
in skeletal muscles. Our study provides a possible mechanism:
aerobic exercise increases the expression level of metabolic
enzymes, accelerates the metabolism of energy by promoting
the tricarboxylic acid cycle, reduces the generation of oxidative
stress, increases the Mfn2 protein, promotes mitochondrial
fusion, and improves energy metabolism, thereby improving
IGT oxidative stress and insulin resistance.

Data Availability

The animal experiment data used to support the findings of
this study are available from the corresponding author upon
request.

Conflicts of Interest

The authors declared no conflict of interests regarding the
publication of this manuscript.

8 Journal of Diabetes Research



Acknowledgments

The authors thank the laboratory team for their technical
assistance.

References

[1] D. M. Nathan, M. B. Davidson, R. A. DeFronzo et al.,
“Impaired fasting glucose and impaired glucose tolerance,”
Diabetes Care, vol. 30, no. 3, pp. 753–759, 2007.

[2] M. A. Abdul-Ghani, D. Tripathy, and R. A. DeFronzo, “Con-
tributions of beta-cell dysfunction and insulin resistance to
the pathogenesis of impaired glucose tolerance and impaired
fasting glucose,” Diabetes Care, vol. 29, no. 5, pp. 1130–1139,
2006.

[3] M. Kanat, A. Mari, L. Norton et al., “Distinct β-cell defects in
impaired fasting glucose and impaired glucose tolerance,”Dia-
betes, vol. 61, no. 2, pp. 447–453, 2012.

[4] E. W. Kraegen, G. J. Cooney, and N. Turner, “Muscle insulin
resistance: a case of fat overconsumption, not mitochondrial
dysfunction,” Proceedings of the National Academy of Sciences,
vol. 105, no. 22, pp. 7627-7628, 2008.

[5] K. H. Fisher-Wellman and P. D. Neufer, “Linking mitochon-
drial bioenergetics to insulin resistance via redox biology,”
Trends in Endocrinology and Metabolism: TEM, vol. 23,
no. 3, pp. 142–153, 2012.

[6] D. M. Muoio and P. D. Neufer, “Lipid-induced mitochondrial
stress and insulin action in muscle,” Cell Metabolism, vol. 15,
no. 5, pp. 595–605, 2012.

[7] J. O. Holloszy, ““Deficiency” of mitochondria in muscle does
not cause insulin resistance,” Diabetes, vol. 62, no. 4,
pp. 1036–1040, 2013.

[8] M. Liesa and O. S. Shirihai, “Mitochondrial dynamics in the
regulation of nutrient utilization and energy expenditure,” Cell
Metabolism, vol. 17, no. 4, pp. 491–506, 2013.

[9] H. M. Ni, J. A. Williams, and W. X. Ding, “Mitochondrial
dynamics and mitochondrial quality control,” Redox Biology,
vol. 4, pp. 6–13, 2015.

[10] S. Rovira-Llopis, C. Bañuls, N. Diaz-Morales, A. Hernandez-
Mijares, M. Rocha, and V. M. Victor, “Mitochondrial dynam-
ics in type 2 diabetes: pathophysiological implications,” Redox
Biology, vol. 11, pp. 637–645, 2017.

[11] D. C. Chan, “Mitochondrial dynamics and its involvement in
disease,” Annual Review of Pathology, vol. 15, no. 1, pp. 235–
259, 2020.

[12] J. W. Heo, M. H. No, D. H. Park et al., “Effects of exercise on
obesity-induced mitochondrial dysfunction in skeletal mus-
cle,” The Korean Journal of Physiology & Pharmacology : Offi-
cial Journal of the Korean Physiological Society and the Korean
Society of Pharmacology, vol. 21, no. 6, pp. 567–577, 2017.

[13] O. M. de Brito and L. Scorrano, “Mitofusin 2 tethers endoplas-
mic reticulum to mitochondria,” Nature, vol. 456, no. 7222,
pp. 605–610, 2008.

[14] D. Bach, S. Pich, F. X. Soriano et al., “Mitofusin-2 determines
mitochondrial network architecture and mitochondrial
metabolism:,” The Journal of Biological Chemistry, vol. 278,
no. 19, pp. 17190–17197, 2003.

[15] J. Gӧbel, E. Engelhardt, P. Pelzer et al., “Mitochondria-endo-
plasmic reticulum contacts in reactive astrocytes promote vas-
cular remodeling,” Cell Metabolism, vol. 31, no. 4, pp. 791–808.
e8, 2020.

[16] A. Zorzano, M. I. Hernández-Alvarez, M. Palacín, and
G. Mingrone, “Alterations in the mitochondrial regulatory
pathways constituted by the nuclear co-factors PGC-1α or
PGC-1β and mitofusin 2 in skeletal muscle in type 2 diabetes,”
Biochimica et Biophysica Acta, vol. 1797, no. 6-7, pp. 1028–
1033, 2010.

[17] S. Pich, D. Bach, P. Briones et al., “The Charcot-Marie-Tooth
type 2A gene product, Mfn2, up-regulates fuel oxidation
through expression of OXPHOS system,” Human Molecular
Genetics, vol. 14, no. 11, pp. 1405–1415, 2005.

[18] F. X. Soriano, M. Liesa, D. Bach, D. C. Chan, M. Palacín, and
A. Zorzano, “Evidence for a mitochondrial regulatory pathway
defined by peroxisome proliferator-activated receptor-γ coac-
tivator-1α, estrogen-related receptor-α, and mitofusin 2,” Dia-
betes, vol. 55, no. 6, pp. 1783–1791, 2006.

[19] R. J. Sigal, G. P. Kenny, D. H. Wasserman, C. Castaneda-
Sceppa, and R. D. White, “Physical activity/exercise and type
2 diabetes,” Diabetes Care, vol. 29, no. 6, pp. 1433–1438, 2006.

[20] S. R. Colberg, R. J. Sigal, B. Fernhall et al., “Exercise and type 2
diabetes: the American College of Sports Medicine and the
American Diabetes Association: joint position statement exec-
utive summary,” Diabetes Care, vol. 33, no. 12, pp. 2692–2696,
2010.

[21] Q. Zhang, X. Sun, X. Xiao et al., “Maternal chromium restric-
tion leads to glucose metabolism imbalance in mice offspring
through insulin signaling and Wnt signaling pathways,” Inter-
national Journal of Molecular Sciences, vol. 17, no. 10, p. 1767,
2016.

[22] L. F. C. França, A. Vasconcelos, F. R. P. da Silva et al., “Peri-
odontitis changes renal structures by oxidative stress and lipid
peroxidation,” Journal of Clinical Periodontology, vol. 44, no. 6,
pp. 568–576, 2017.

[23] G. Drews, P. Krippeit-Drews, and M. Düfer, “Oxidative stress
and beta-cell dysfunction,” Pflugers Archiv : European Journal
of Physiology, vol. 460, no. 4, pp. 703–718, 2010.

[24] M. Banerjee and P. Vats, “Reactive metabolites and antioxi-
dant gene polymorphisms in type 2 diabetes mellitus,” Redox
Biology, vol. 2, pp. 170–177, 2014.

[25] G. Marrazzo, I. Barbagallo, F. Galvano et al., “Role of dietary
and endogenous antioxidants in diabetes,” Critical Reviews in
Food Science and Nutrition, vol. 54, no. 12, pp. 1599–1616,
2014.

[26] R. E. Pratley and C. Weyer, “Progression from IGT to type 2
diabetes mellitus: the central role of impaired early insulin
secretion,” Current Diabetes Reports, vol. 2, no. 3, pp. 242–
248, 2002.

[27] X. Tian, Y. Zhang, H. Li et al., “Palmatine ameliorates high fat
diet induced impaired glucose tolerance,” Biological Research,
vol. 53, no. 1, p. 39, 2020.

[28] R. S. Surwit, C. M. Kuhn, C. Cochrane, J. A. McCubbin, and
M. N. Feinglos, “Diet-induced type II diabetes in C57BL/6J
mice,” Diabetes, vol. 37, no. 9, pp. 1163–1167, 1988.

[29] M. Ng, T. Fleming, M. Robinson et al., “Global, regional, and
national prevalence of overweight and obesity in children
and adults during 1980-2013: a systematic analysis for the
Global Burden of Disease Study 2013,” Lancet (London,
England), vol. 384, no. 9945, pp. 766–781, 2014.

[30] C. E. Fealy, A. Mulya, C. L. Axelrod, and J. P. Kirwan, “Mito-
chondrial dynamics in skeletal muscle insulin resistance and
type 2 diabetes,” Translational Research : The Journal of Labo-
ratory and Clinical Medicine, vol. 202, pp. 69–82, 2018.

9Journal of Diabetes Research



[31] R. A. DeFronzo and D. Tripathy, “Skeletal muscle insulin
resistance is the primary defect in type 2 diabetes,” Diabetes
Care, vol. 32, Supplement_2, pp. S157–S163, 2009.

[32] J. Calonne, L. Isacco, J. Miles-Chan et al., “Reduced skeletal
muscle protein turnover and thyroid hormone metabolism in
adaptive thermogenesis that facilitates body fat recovery dur-
ing weight regain,” Frontiers in Endocrinology, vol. 10, p. 119,
2019.

[33] T. R. Koves, J. R. Ussher, R. C. Noland et al., “Mitochondrial
overload and incomplete fatty acid oxidation contribute to
skeletal muscle insulin resistance,” Cell Metabolism, vol. 7,
no. 1, pp. 45–56, 2008.

[34] S. Di Meo, S. Iossa, and P. Venditti, “Skeletal muscle insulin
resistance: role of mitochondria and other ROS sources,” The
Journal of Endocrinology, vol. 233, no. 1, pp. R15–R42, 2017.

[35] K. E. Merz, J. Hwang, C. Zhou et al., “Enrichment of the exo-
cytosis protein STX4 in skeletal muscle remediates peripheral
insulin resistance and alters mitochondrial dynamics via
Drp1,” Nature Communications, vol. 13, no. 1, p. 424, 2022.

[36] V. B. Ritov, E. V. Menshikova, J. He, R. E. Ferrell, B. H. Good-
paster, and D. E. Kelley, “Deficiency of subsarcolemmal mito-
chondria in obesity and type 2 diabetes,” Diabetes, vol. 54,
no. 1, pp. 8–14, 2005.

[37] R. J. Sigal, G. P. Kenny, N. G. Boulé et al., “Effects of aerobic
training, resistance training, or both on glycemic control in
type 2 diabetes,” Annals of Internal Medicine, vol. 147, no. 6,
pp. 357–369, 2007.

[38] D. Umpierre, P. A. Ribeiro, C. K. Kramer et al., “Physical activ-
ity advice only or structured exercise training and association
with HbA1cLevels in type 2 diabetes,” Journal of the American
Medical Association, vol. 305, no. 17, pp. 1790–1799, 2011.

[39] P. Zhang, T. Li, X. Wu, E. C. Nice, C. Huang, and Y. Zhang,
“Oxidative stress and diabetes: antioxidative strategies,” Fron-
tiers of Medicine, vol. 14, no. 5, pp. 583–600, 2020.

[40] D. Leelarungrayub, K. Saidee, P. Pothongsunun,
S. Pratanaphon, A. YanKai, and R. J. Bloomer, “Six weeks of
aerobic dance exercise improves blood oxidative stress status
and increases interleukin-2 in previously sedentary women,”
Journal of Bodywork and Movement Therapies, vol. 15, no. 3,
pp. 355–362, 2011.

[41] W. Zhang, Y. Dun, B. You et al., “Trimetazidine and exercise
offer analogous improvements to the skeletal muscle insulin
resistance of mice through Nrf2 signaling,” BMJ Open Diabetes
Research & Care, vol. 10, no. 2, 2022.

[42] Z. Yan, M. Okutsu, Y. N. Akhtar, and V. A. Lira, “Regulation of
exercise-induced fiber type transformation, mitochondrial
biogenesis, and angiogenesis in skeletal muscle,” Journal of
Applied Physiology, vol. 110, no. 1, pp. 264–274, 2011.

[43] S. P. Gray, E. Di Marco, J. Okabe et al., “NADPH oxidase 1
plays a key role in diabetes mellitus-accelerated atherosclero-
sis,” Circulation, vol. 127, no. 18, pp. 1888–1902, 2013.

[44] L. F. Ferreira and O. Laitano, “Regulation of NADPH oxidases
in skeletal muscle,” Free Radical Biology & Medicine, vol. 98,
pp. 18–28, 2016.

[45] A. Bettaieb, J. X. Jiang, Y. Sasaki et al., “Hepatocyte nicotin-
amide adenine dinucleotide phosphate reduced oxidase 4 reg-
ulates stress signaling, fibrosis, and insulin sensitivity during
development of steatohepatitis in mice,” Gastroenterology,
vol. 149, no. 2, pp. 468–480.e10, 2015.

[46] J. Qi, X. Luo, Z. Ma et al., “Swimming exercise protects against
insulin resistance via regulating oxidative stress through Nox4
and AKT signaling in high-fat diet-fed mice,” Journal of Dia-
betes Research, vol. 2020, Article ID 2521590, 9 pages, 2020.

[47] J. C. Yoon, P. Puigserver, G. Chen et al., “Control of hepatic
gluconeogenesis through the transcriptional coactivator
PGC-1,” Nature, vol. 413, no. 6852, pp. 131–138, 2001.

[48] J. Lin, H. Wu, P. T. Tarr et al., “Transcriptional co-activator
PGC-1α drives the formation of slow-twitch muscle fibres,”
Nature, vol. 418, no. 6899, pp. 797–801, 2002.

[49] K. Baar, A. R.Wende, T. E. Jones et al., “Adaptations of skeletal
muscle to exercise: rapid increase in the transcriptional coacti-
vator PGC-1,” FASEB Journal : Official Publication of the Fed-
eration of American Societies for Experimental Biology, vol. 16,
no. 14, pp. 1879–1886, 2002.

[50] R. Matiello, R. T. Fukui, M. E. Silva et al., “Differential regula-
tion of PGC-1alpha expression in rat liver and skeletal muscle
in response to voluntary running,” Nutrition & Metabolism,
vol. 7, no. 1, p. 36, 2010.

[51] R. C. Scarpulla, R. B. Vega, and D. P. Kelly, “Transcriptional
integration of mitochondrial biogenesis,” Trends in Endocri-
nology andMetabolism: TEM, vol. 23, no. 9, pp. 459–466, 2012.

[52] G. K. Sakellariou, T. Pearson, A. P. Lightfoot et al., “Mitochon-
drial ROS regulate oxidative damage and mitophagy but not
age- related muscle fiber atrophy,” Scientific Reports, vol. 6,
no. 1, article 33944, 2016.

[53] M. E. Patti and S. Corvera, “The role of mitochondria in the
pathogenesis of type 2 diabetes,” Endocrine Reviews, vol. 31,
no. 3, pp. 364–395, 2010.

[54] Y. Chen and G.W. Dorn, “PINK1-phosphorylated mitofusin 2
is a Parkin receptor for culling damaged mitochondria,” Sci-
ence, vol. 340, no. 6131, pp. 471–475, 2013.

[55] V. P. Skulachev, “Mitochondrial filaments and clusters as
intracellular power-transmitting cables,” Trends in Biochemi-
cal Sciences, vol. 26, no. 1, pp. 23–29, 2001.

[56] R. Liu, P. Jin, L. Yu et al., “Impaired mitochondrial dynamics
and bioenergetics in diabetic skeletal muscle,” PLoS One,
vol. 9, no. 3, article e92810, 2014.

[57] D. Sebastián, M. I. Hernández-Alvarez, J. Segalés et al., “Mito-
fusin 2 (Mfn2) links mitochondrial and endoplasmic reticu-
lum function with insulin signaling and is essential for
normal glucose homeostasis,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 109,
no. 14, pp. 5523–5528, 2012.

[58] B. Egan and J. R. Zierath, “Exercise metabolism and the molec-
ular regulation of skeletal muscle adaptation,” Cell Metabo-
lism, vol. 17, no. 2, pp. 162–184, 2013.

[59] Z. Gan, T. Fu, D. P. Kelly, and R. B. Vega, “Skeletal muscle
mitochondrial remodeling in exercise and diseases,” Cell
Research, vol. 28, no. 10, pp. 969–980, 2018.

[60] V. A. Lira, C. R. Benton, Z. Yan, and A. Bonen, “PGC-1alpha
regulation by exercise training and its influences on muscle
function and insulin sensitivity,” American Journal of Physiol-
ogy Endocrinology and Metabolism, vol. 299, no. 2, pp. E145–
E161, 2010.

[61] I. R. Lanza, D. K. Short, K. R. Short et al., “Endurance exercise
as a countermeasure for aging,” Diabetes, vol. 57, no. 11,
pp. 2933–2942, 2008.

10 Journal of Diabetes Research


	The Effect of Aerobic Exercise on the Oxidative Capacity of Skeletal Muscle Mitochondria in Mice with Impaired Glucose Tolerance
	1. Introduction
	2. Materials and Methods
	2.1. Animals
	2.2. Treadmill
	2.3. Detection of Serum Samples
	2.4. Western Blot Analysis
	2.5. Enzyme-Linked Immunosorbent Assay
	2.6. Statistical Analysis

	3. Results
	3.1. High-Fat Diet Induced Impaired Glucose Tolerance in C57BL6J Mice
	3.2. Effects of High-Fat Diet on Lipid Metabolism in C57BL/6J Mice
	3.3. Aerobic Exercise Alleviates the Impaired Glucose Tolerance (IGT) Induced by High-Fat Diet
	3.4. Aerobic Exercise Improves Lipid Metabolism
	3.5. Aerobic Exercise Reduces Oxidative Stress Induced by High-Fat Diet
	3.6. Aerobic Exercise Increases Mitochondrial Oxidase Activity
	3.7. Aerobic Exercise Reverses the Expression of NOX4, PGC-1α, and Mfn2 in Skeletal Muscle of IGT Mice

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments

