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Abstract: Obesity is commonly accompanied by chronic tissue inflammation and leads to insulin
resistance. Aerobic exercise is an essential treatment for insulin resistance and has anti-inflammatory
effects. However, the molecular mechanisms of exercise on obesity-associated inflammation and
insulin resistance remain largely unknown. Here, we evaluated the effects of aerobic exercise on
inflammation and insulin resistance in skeletal muscles of high-fat diet (HFD) mice. Male C57BL/6J
mice were fed a high-fat diet or a normal diet for 12 weeks, and then aerobic training was performed
on a treadmill for 8 weeks. Body weight, fasting blood glucose, food intake levels, and glucose
and insulin tolerance were evaluated. The levels of cytokines, skeletal muscle insulin resistance,
and inflammation were also analyzed. Eight weeks of aerobic exercise attenuated HFD-induced
weight gain and glucose intolerance, and improved insulin sensitivity. This was accompanied by
enhanced insulin signaling. Exercise directly resulted in a significant reduction of lipid content,
inflammation, and macrophage infiltration in skeletal muscles. Moreover, exercise alleviated HFD-
mediated inflammation by suppressing the activation of the NF-κB pathway within skeletal muscles.
These results revealed that aerobic exercise could lead to an anti-inflammatory phenotype with
protection from skeletal muscle insulin resistance in HFD-induced mice.

Keywords: insulin resistance; inflammation; aerobic exercise; skeletal muscle; NF-κB pathway

1. Introduction

Obesity is becoming a global epidemic considering that its incidence increases yearly
and that it increases the health burden of associated complications of insulin resistance
(IR) and diseases such as cardiovascular disease [1]. Importantly, IR is a key feature of
obesity and type 2 diabetes mellitus (T2DM). Chronic inflammation plays a causal role
in the development of IR [2,3], which is associated with a variety of tissues, including
adipose tissue, skeletal muscle, liver, pancreas islet, and even the brain [4,5]. However, the
mechanisms underlying IR-linked inflammation remain poorly understood.

As the largest metabolic organ and the most prominent site of insulin-mediated
glucose uptake in humans, the skeletal muscle plays an important role in glucose and lipid
homeostasis [6]. It is well-established that skeletal muscle myocytes express and secrete
numerous cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α).
Most myokines are regulated mainly by exercise and muscle function and are involved in
glucose and lipid metabolism and inflammation. Surprisingly, immune cells, especially
macrophages, may induce myocyte inflammation, adversely regulate myocyte metabolism,
and contribute to insulin resistance via paracrine effects [7]. TNF-α plays a critical role
in inflammation and the development of IR [8,9]. TNF-α exerts proinflammatory effects
mainly by activating the nuclear factor kappa-B (NF-κB) and c-Jun N-terminal kinase
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(JNK) pathways [10,11]. The activation of NF-κB in obesity can increase inflammation in
macrophages, adipocytes, and muscle [12,13]. Moreover, extensive research has shown that
the activation of inflammatory pathways gives rise to the development of IR [14]. Thus,
the suppression of chronic inflammation in skeletal muscle may be one of the protective
strategies against IR.

As a crucial part of the prevention and treatment of diabetes and metabolic diseases,
physical exercise can reduce inflammation and improve IR. Regular exercise can improve
insulin signaling in skeletal muscle and promote insulin sensitivity [15–18]. Moreover,
exercise has the potential to modulate inflammatory processes by affecting specific in-
flammatory signaling pathways that can interfere with the signaling pathways of glucose
uptake [19]. Previous studies have confirmed that exercise modulates the NF-κB pathways
and improves insulin sensitivity in skeletal muscle [20,21]. These taken together, it is clear
that chronic inflammation plays a fundamental role in the development of IR, and exercise
may improve IR and glucose metabolism by reducing inflammation in skeletal muscle.

Here, we hypothesized that exercise-induced improvement in insulin sensitivity of
skeletal muscle may be related to decreasing immune cell infiltration and attenuating NF-
κB-related inflammation in high-fat diet (HFD) mice. We examined the effects of aerobic
exercise on IR and chronic inflammation in HFD-induced obese mice, as well as the related
role of the NF-κB pathway and insulin signaling pathway.

2. Materials and Methods
2.1. Animals and Diets

Five-week-old male C57BL/6J mice were obtained from Beijing Huafukang Laboratory
Animal Technology Co., Ltd. (Beijing, China) and were housed in a controlled room at
22–25 ◦C on a 12 h day/night cycle with free access to food and water. After 5 days
of acclimation, the mice were randomly divided into two groups. The normal control
group (NC, n = 20) continued eating regular food (3.87 kcal/g, 2.79% energy as fat, 1025,
Huafukang), while the high-fat diet (HFD, n = 30) group was fed with a high-fat diet
(5.24 kcal/g, 60% energy as fat, H10060, Huafukang). IR was diagnosed if the AUC during
GTT of the HFD group was 1.2 times higher than that of the NC group. After 12 weeks of
diet, the mice were randomly allocated into the following four groups: normal sedentary
(NS, n = 8), normal exercise (NE, n = 8), HFD sedentary (HS, n = 8), and HFD exercise (HE,
n = 8). Body weight and fasting blood glucose concentration were measured once a week.
Blood was collected from the tail vein.

2.2. Exercise Protocol

All mice in the exercise groups were tested for exercise capacity before beginning the
exercise training sessions. In the exercise capacity test, the treadmill speed was initially
set at 10 m/min. Exercise capacity was determined by the graded increase in treadmill
speed (3 m/min every 3 min) with an incline of 0% until exhaustion. The animals were
adapted to the procedure by increasing the duration and speed of running for 3 days con-
secutively before beginning the exercise training sessions. In accordance with the classical
treadmill exercise model [22], aerobic exercise training was performed on a treadmill with
an incline of 0◦, 15–20 m/min (55–65% VO2max), 60 min/day, 5 days/week, for 8 weeks.
Mice in the sedentary groups were placed on the treadmill for the same duration as the
exercise-trained mice.

2.3. Glucose Tolerance Test and Insulin Tolerance Test

After an overnight fast, the mice received an intraperitoneal injection of glucose
(2 g/kg). Blood samples were obtained from the tail vein at 0, 30, 60, 90 and 120 min after
the glucose challenge. The mice were fasted for 4 h and injected with insulin (0.5 U/kg) for
the insulin tolerance test (ITT) (Figure 1). Blood glucose concentrations were measured by
a glucometer (Roche Ltd., Basel, Switzerland).
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Figure 1. Experimental design of the study. GTT, glucose tolerance test; ITT, insulin tolerance test.

2.4. Sample Collection

After 20 weeks of intervention, the mice were euthanized using isoflurane inhalation
after fasting for 12 h and 48 h at the end of the last exercise session. Blood samples
were collected after removal of the eyeball, and then the mice were killed by cervical
dislocation. After that, the whole blood samples were allowed to clot by leaving them
undisturbed at room temperature for 30 min. Then, the clot was removed to obtain the
serum by centrifugation at 3000 rpm for 15 min at 4 ◦C, and the supernatant was taken as
experimental serum. The skeletal muscles, adipose tissue, and liver were dissected and
weighed quickly. Serum and tissues were stored at −80 ◦C for subsequent use.

2.5. Serum Analysis

The serum levels of triglyceride (TG), total cholesterol (TC), high-density lipoprotein
(HDL), and low—density lipoprotein (LDL) were measured with appropriate kits (Njjcbio,
Nanjing, China) using a clinical chemistry analyzer (AU5800, Beckman, Sacramento, CA,
USA). The fasting insulin (FINS) (EZRMI-13K, Millipore, Billerica, MA, USA), tumor
necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-10 (IL-10) (AD3051Mo,
AD3364Mo, and AD2837Mo, Andygene, Beijing) levels were measured using enzyme-
linked immunosorbent assay (ELISA) kits. Homeostasis model assessment of insulin
resistance (HOMA—IR) was determined using the following equation: HOMA—IR =
[FINS (mU/L) × FPG (mmol/L)]/22.5.

2.6. Morphometric Analysis

The left gastrocnemius muscles were dissected rapidly, and the muscle tissues were
weighed and fixed with 4% polyaldehyde for 24 h. Serial 8–10 µm thick transverse sections
were stained with hematoxylin and eosin. The right gastrocnemius muscles were frozen in
optimal cutting temperature compound, sectioned with a cryostat into 10 µm thick sections,
and stained with Oil Red O. The average areas of the myofibers and lipid deposits in each
of the images were measured using the image analysis software Image-Pro Plus 6.0.
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2.7. Western Blot Analysis

The protein concentrations in the quadriceps muscles were detected using the BCA pro-
tein assay kit. The total protein (40 µg or 80 µg) was separated on 10% SDS-polyacrylamide
gels and transferred to polyvinylidene fluoride membranes. The immunoblots were incu-
bated at 4 ◦C overnight with primary antibodies, including inhibitor of kappa B (IκB-α)
(1:10,000, 9242), NF-κB (1:2000, 8242), insulin receptor substrate 1 (IRS-1) (1:500, 2382),
phosphoinositide 3-kinase (PI3K p85, 1:5000, 4292), protein kinase B (AKT) (1:10,000, 9272),
phosphorylated Akt (p-Akt, Ser 473, 1:1000, 4060), and glucose transporter type 4 (GLUT4)
(1:1000, 2213), all of which were obtained from Cell Signaling Technology, Inc., Beverly,
MA, USA. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, YM3029, Immunoway,
Plano, TX, USA) was used as a loading control (1:20,000). The process was followed by
incubation with the secondary antibodies at room temperature for 2 h. The anti-rabbit
antibody-HRP conjugate was used at 1:10,000 as the secondary antibody. After incubation,
the blots were detected with enhanced chemiluminescence. Protein bands were captured
using an Azure Biosystems C300 imaging system (Azure Biosystems, Dublin, CA, USA),
and optical densities were quantified using ImageJ (RRID: SCR_003070) software.

2.8. Quantitative Real-Time Polymerase Chain Reaction Analyses

Total RNAs were isolated from the quadriceps muscles using TRIzol RNA isolation
reagent (Invitrogen, Carlsbad, CA, USA) and subjected to conventional cDNA synthesis and
real-time polymerase chain reaction (PCR). The levels of gene expression were calculated
based on the 2∆∆CT method. The primer sequences and expected product size for the genes
amplified are listed in Table 1 (all primers were synthesized by Sangon Biotech Co., Ltd.,
Shanghai, China).

Table 1. Primer sequences.

Gene Primer Sequences (5′-3′) Product Size

TNF-α
Forward Primer CCCTCACACTCAGATCATCTTCT

199 bp
Reverse Primer GCTACGACGTGGGCTACAG

MCP-1
Forward Primer AAGAAGGAATGGGTCCAGACA

140 bp
Reverse Primer GCTTCAGATTTACGGGTCAACT

iNOS
Forward Primer TCCATGCTAATGCGAAAGG

197 bp
Reverse Primer CTTGTCACCACCAGCAGTAGTT

Arg-1
Forward Primer ACAGCAGAGGAGGTGAAGAGTAC

100 bp
Reverse Primer AGTCAGTCCCTGGCTTATGGT

IL-10
Forward Primer TTGCCAAGCCTTATCGGA

103 bp
Reverse Primer ACCCAGGGAATTCAAATGC

NF-κB
Forward Primer AGGACCTATGAGACCTTCAAGAGTA

145 bp
Reverse Primer GGAAGGTGTAGGGCTGCG

GLUT4
Forward Primer TTGGCTCCCTTCAGTTTGG

233 bp
Reverse Primer CCTTTTCCTTCCCAACCATT

β-actin
Forward Primer GTGCTATGTTGCTCTAGACTTCG

174 bp
Reverse Primer ATGCCACAGGATTCCATACC

2.9. Statistical Analysis

All the results are presented as the mean ± SD. Statistical analyses were performed
using SPSS statistical software (v.26, SPSS Institute, Chicago, IL, USA) and GraphPad Prism
software (v.7, GraphPad software Inc., San Diego, CA, USA). The repeated-measures analy-
sis of variance (ANOVA) was used to analyze the differences in body weight, fasting blood
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glucose, and food intake. Grouped data were examined by two-way ANOVA with Bonfer-
roni’s multiple-comparison test. A p value < 0.05 was considered statistically significant.

3. Results
3.1. Aerobic Exercise Attenuated HFD-Induced Adiposity

During the 12 weeks of HFD, the body weight, fasting blood glucose level, and food
intake increased in HFD mice (Figure 2A–C). There was a significant difference in body
weight and fasting blood glucose from the fourth week. After 12 weeks of diet intervention,
IR was diagnosed if the AUC during GTT of the HFD mice were 1.2 times higher than
that of the NC group. The success rate of the IR mice model was 78.57%. After 8 weeks of
aerobic exercise, the results showed that exercise had limited the mice’s weight and fasting
blood glucose gain compared with the HS group (Figure 2D,E) but had no clear effect on
their average food intake (Figure 2F). The decreased body weight of aerobic exercise-treated
mice was largely attributable to the reduced mass of white adipose tissue (WAT) deposits,
including subcutaneous (p = 0.0002), and epididymal fat (p < 0.0001). Compared with HS
mice, the changes in the liver (p = 0.6508) and skeletal muscles (p > 0.05) were not significant
(Figure 2H). These results suggested that aerobic exercise alleviated HFD-induced adiposity,
while that was not associated with muscle mass.
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Figure 2. Aerobic exercise attenuated HFD-induced adiposity. (A) Body weight, (B) fasting blood
glucose, and (C) food intake during the 12-week feed. (D) Weekly changes in body weight, (E) fasting
blood glucose, and (F) food intake during eight weeks of exercise. (G) Glucose tolerance test (GTT)
and AUCGTT after 12 weeks of the high-fat diet. (H) Tissue weights of the mice. NC, normal control,
n = 20; HFD, high-fat diet, n = 30. NS, normal sedentary; NE, normal + exercise; HS, HFD sedentary;
HE, HFD + exercise. Sub Fat, subcutaneous fat, Epi Fat, epididymal fat. Values are means ± SD
(n = 8 per group). * p < 0.05, ** p < 0.01 vs. NS group; # p < 0.05, ## p < 0.01 HS group.
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3.2. Aerobic Exercise Reduced HFD-Induced IR and Dyslipidemia

To investigate whether aerobic exercise could improve IR and glucoregulatory capacity,
we measured GTT, ITT, FINS, and HOMA-IR (Figure 3). The blood glucose concentrations
in the HS mice were significantly higher than those in the NS group for the duration of the
experiment (p < 0.0001). Aerobic exercise-treated mice exhibited reduced blood glucose
levels at 0 min and 60 min after glucose and insulin challenge (Figure 3A,B; p < 0.0001). The
GTT and ITT data revealed that glucose intolerance and IR were ameliorated by aerobic
exercise. Aerobic exercise significantly decreased the serum insulin levels and HOMA-IR
in HFD mice under fasting conditions (Figure 3E,F; p < 0.0001).
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Figure 3. Aerobic exercise improved HFD-induced insulin resistance and dyslipidemia. (A) GTT.
(B) Insulin tolerance test (ITT). (C) AUC of GTT. (D) AUC of ITT. (E) Serum insulin level of mice
fasted for 12 h. (F) The value of HOMA-IR. (G) Oil Red O staining of lipid droplets in skeletal
muscle (scale bar = 100 µm). CON, normal control; HFD, high-fat diet; S, sedentary; E, exercise.
NS, normal sedentary; NE, normal + exercise; HS, HFD sedentary; HE, HFD + exercise. * p < 0.05,
** p < 0.01 vs. NS group; # p < 0.05, ## p < 0.01 HS group.

Moreover, serum TC and TG levels decreased in HE mice in response to exercise
(Table 2). Oil Red O staining was used to determine the accumulation of neutral lipids in
skeletal muscle (Figure 3G). We found that HE mice were protected from lipid accumulation
in muscles compared with HS mice (Figure 3H; p < 0.0001). These results indicated that
8 weeks of exercise training may have reduced hyperglycemia, hyperinsulinemia, IR, and
dyslipidemia in HFD mice.

Table 2. Effects on metabolic parameters after eight weeks of aerobic exercise.

Blood
Lipids

(mmol/L)
NS NE HS HE p Value

TC 2.62 ± 0.43 3.02 ± 0.53 4.67 ± 0.40 ** 3.89 ± 0.70 *,##
HS vs. NS p < 0.0001
HE vs. HS p = 0.007
HE vs. NS p = 0.041
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Table 2. Cont.

Blood
Lipids

(mmol/L)
NS NE HS HE p Value

TG 0.59 ± 0.07 0.60 ± 0.09 0.88 ± 0.19 ** 0.72 ± 0.07 *,##
HS vs. NS p < 0.0001
HE vs. HS p = 0.008
HE vs. NS p = 0.017

HDL 3.14 ± 0.59 3.21 ± 0.55 3.75 ± 0.73 * 3.55 ± 0.24
HS vs. NS p =0.033
HE vs. HS p = 0.465
HE vs. NS p = 0.275

LDL 0.15 ± 0.08 0.14 ± 0.06 0.32 ± 0.13 ** 0.31 ± 0.13
HS vs. NS p = 0.003
HE vs. HS p = 0.891
HE vs. NS p = 0.894

Data are presented as mean ± SD, n = 8. * p < 0.05 vs. NS; ** p < 0.01 vs. NS; ## p < 0.01 vs. HS. NS, normal
control + sedentary; NE, normal control + exercise; HS, high-fat diet + sedentary; HE, high-fat diet + exercise; TG,
triglycerides; TC, total cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

3.3. Aerobic Exercise Upregulated IRS-1/PI3K/AKT Signaling in Skeletal Muscle

Skeletal muscle glucose uptake occurs due to activation of the IRS-1/PI3K/AKT
pathway, and GLUT4 is the major glucose transporter in skeletal muscle [23–25]. According
to western blot analysis, aerobic exercise improved the protein levels of IRS-1 (p < 0.0001),
PI3K (p = 0.031) and GLUT4 (p = 0.0063) (Figure 4B,C,E). Moreover, the levels of AKT
and p-AKT expression were determined. The expression of p-AKT in the skeletal muscle
was significantly decreased in HS mice (p = 0.0013), and the protein levels of p-AKT were
slightly increased in the HE mice compared with the HS group (Figure 4D, p = 0.8688). In
addition, an elevated mRNA expression of GLUT4 was also found (p < 0.0001; Figure 4F).
The results indicated that exercise remarkably improved glucose uptake in muscle, which
might induce activation of the IRS-1/PI3K/AKT signaling pathway to promote the GLUT4
expression and translocation.
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Figure 4. Aerobic exercise attenuated insulin resistance through the upregulation of IRS−
-1/PI3K/AKT signaling. (A) Western blot images and quantifications of muscle samples, includ-
ing: (B) IRS−-1, (C) PI3K, (D) p-−AKT/AKT, and (E) GLUT4. (F) mRNA expression of GLUT4 in
skeletal muscle. Values are expressed as the mean ± SD. CON, normal control; HFD, high-fat diet; S,
sedentary; E, exercise. ** p < 0.01 vs. NS group; # p < 0.05, ## p < 0.01 HS group (n = 6).
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3.4. Aerobic Exercise Attenuated Skeletal Muscle Inflammation in HFD Mice

Inflammation is associated with skeletal muscle IR. In our study, the results of ELISA
illustrated the effects of exercise on TNF-α, IL-1β, and IL-10 levels in the serum of mice
with HFD-induced obesity. There were significantly higher levels of TNF-α (p < 0.0001) and
IL-1β (p = 0.001) in the serum of HFD mice compared with the NC group (Figure 5A,B),
and aerobic exercise significantly decreased the level of TNF-α (p < 0.0001). The level of
anti-inflammatory cytokine IL-10 was remarkably increased in the HE mice compared
with the HS mice in serum (p < 0.0001) (Figure 5C). Meanwhile, the protein levels of IL-1β
and IL-10 levels in skeletal muscle of mice were evaluated. We found that the level of
IL-1β was significantly decreased (p < 0.0001) and the anti-inflammatory cytokine IL-10 was
remarkably increased (p < 0.0001) in the HE mice compared with the HS mice. (Figure 5D,E).
The changes of inflammatory cytokines in skeletal muscle are similar to those in serum.
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Figure 5. Aerobic exercise attenuated skeletal muscle inflammation. (A) TNF-α, (B) IL-1β, and
(C) IL-10 levels in serum by ELISA. (D) IL-1β and (E) IL-10 levels in skeletal muscle by ELISA.
(F) Hematoxylin and eosin (H&E) staining of skeletal muscle (scale bar = 50 µm). Black arrows
indicate inflammatory infiltration. CON, normal control; HFD, high-fat diet; S, sedentary; E, exercise.
NS, normal sedentary; NE, normal + exercise; HS, HFD sedentary; HE, HFD + exercise. * p < 0.05,
** p < 0.01 vs. NS group; ## p < 0.01 HS group. n = 6–9.

Furthermore, inflammation of skeletal muscle was evaluated using hematoxylin and
eosin (H&E) staining. The results showed many inflammatory cells in the HS group, and
exercise alleviated inflammatory infiltration in skeletal muscles of the HFD mice (Figure 5F).
Macrophage infiltration is a hallmark of chronic inflammation. Macrophage infiltration is
a hallmark of chronic inflammation. These findings revealed that aerobic exercise could
decrease inflammatory response in mice with HFD-induced obesity by altering the levels
of cytokines and dramatically reducing macrophage infiltration.

3.5. Aerobic Exercise Attenuated HFD-Activated NF-κB Signaling and Regulated Inflammatory
Cytokines in Skeletal Muscle

To understand the mechanism of the NF-κB signaling pathway of the HFD model
in exercise training, the mRNA and protein levels of NF-κB of the gastrocnemius of the
four groups were studied. As shown in Figure 6B, NF-κB levels were significantly higher
in the HS group compared with the NS group (p < 0.0001). Aerobic exercise significantly
decreased the expression of NF-κB (p < 0.0001). Surprisingly, there was a significant increase
in the protein expression of IκB-α (Figure 6C; p = 0.006). In addition, the data showed that
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the mRNA expression of NF-κB in the HE group was significantly higher than that in the HS
group (Figure 6E; p < 0.0001), and aerobic exercise significantly decreased the levels of NF-
κB and remarkably increased the protein level of IκB-α (p < 0.0001), suggesting that aerobic
exercise could reduce skeletal muscle inflammation by the NF-κB signaling pathway.
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Figure 6. Aerobic exercise ameliorates skeletal muscle inflammation in HFD-fed mice. (A) Western
blot images and quantifications of muscle samples, including: (B) NF-κB and (C) IκB-α, n = 6.
(D) mRNA expression of TNF-α, NF-κB (E), iNOS (F), MCP-1 (G), IL-10 (H), Arg-1 (I) in skeletal
muscle. Values are expressed as the mean ± SD. CON, normal control; HFD, high-fat diet; S,
sedentary; E, exercise. * p < 0.05, ** p < 0.01 vs. NS group; # p < 0.05, ## p < 0.01 HS group. n = 6.

Growing evidence shows that macrophages also accumulate in skeletal muscle and
may constitute the predominant inflammatory cells in skeletal muscle in obesity [26]. To
characterize the infiltration of macrophages, we examined the inflammatory and anti-
inflammatory factors expression in the skeletal muscle. Proinflammatory markers related
to immune cell activation were increased in HFD mice (Figure 6D–F; p < 0.0001), while
anti-inflammatory markers were reduced in skeletal muscle (Figure 6H,I; p < 0.0001).
Moreover, aerobic exercise significantly decreased the mRNA levels of TNF-α (p < 0.0001),
iNOS (p = 0.007), and MCP-1(p = 0.0212). The level of anti-inflammatory cytokines IL-10
(p = 0.0073) and Arg-1 (p = 0.0032) were remarkably increased in muscle tissue.

4. Discussion

Skeletal muscle insulin resistance is a hallmark of obesity and type 2 diabetes melli-
tus [27]. Aerobic exercise reduces inflammation and improves insulin resistance in many
tissues, including skeletal muscle [28]. In this study, we demonstrated that 8 weeks of
aerobic exercise mitigated HFD-induced weight gain, insulin resistance, and chronic in-
flammation in the skeletal muscle of mice. Moreover, aerobic exercise attenuated insulin
resistance by regulating the IRS-1/PI3K/AKT and the TNF-α/NF-κB signaling pathways.
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Consistent with previous reports [29,30], we showed that exercise could improve
systemic glucose tolerance and insulin sensitivity in HFD mice. The IRS-1/PI3K/AKT
pathway is one of the main regulatory pathways of IR and has integrative roles in glucose
and lipid metabolism [31]. Skeletal muscle glucose uptake occurs when insulin acts via the
IR and IRS-1 to phosphorylate and thereby activate AKT, and consequent translocation of
the insulin-sensitive glucose transporter GLUT4 to the sarcolemma occurs [25,32]. Aerobic
exercise is an effective way to stimulate GLUT4 expression in skeletal muscle. According to
our study, although there were no significant differences found in the protein expression
in the phosphorylation of AKT protein between HE mice and control mice, inhibited IRS-
1/PI3K/AKT pathway and GLUT4 protein content were observed in the skeletal muscles
of the HFD mice, and aerobic exercise reversed the inactivation of the pathway. Taken
together, these results suggest that aerobic exercise ameliorates insulin resistance in skeletal
muscle and that the IRS-1/PI3K/AKT/GLUT4 pathway plays a role in glucose metabolism.

The improved insulin sensitivity in the HE mice was accompanied by decreased
inflammation in skeletal muscles. Obesity and IR are highly associated with inflammatory
responses and cytokines [33,34]. Obesity or ectopic fat accumulation induces an innate
immune response with subsequent recruitment of immune cells, which ultimately leads
to the development of IR [35–37]. Macrophage infiltration and phenotypes changing are
the main characteristics of obesity-linked inflammation [14,38]. TNF-α has been shown
to promote insulin resistance in different ways [39,40]. There is evidence indicating that
treatment with anti-TNF antibodies improves hepatic IR [41]. MCP-1 increase early in
skeletal muscle and visceral AT of mice fed a HFD, and the increase in MCP-1 appears
to precede the increase in macrophages and the activation of cytokines [42]. TNF-α and
iNOS are crucial for macrophage polarization into M1 proinflammatory phenotypes, while
IL-10 and Arg-1 can alter activated (M2) phenotypes. Under stimulation, adipocytes and
myocytes secrete more chemokines, which induce immune cell migration. For better
visibility of the situation of macrophage polarization in skeletal muscle, macrophages
should be identified by direct immunofluorescence staining in future studies. Moreover,
NF-κB is an inflammatory pathway associated with IR and obesity [43]. Consistent with
relevant studies, we found that the HFD mice exhibited increased TNF-α and NF-κB levels
in serum and muscle tissues.

Exercise can modulate the inflammatory response by regulating specific inflammatory
signaling pathways that can interfere with the signaling pathways of glucose uptake [44,45].
Our findings are consistent with the anti-inflammatory effects of exercise and its preven-
tive effect on IR [46–48]. Here, we found that aerobic exercise regulated inflammatory
factors, including significantly decreased proinflammatory cytokines and increased levels
of anti-inflammatory factors in the skeletal muscle, suggesting that exercise may reduce the
infiltration of macrophages thereby reducing inflammation. In the classical pathway, TNF-α
activates IκB kinase (IKK) and phosphorylates IKKβ, and induces degradation of IκB-α,
thereby resulting in the nuclear translocation of NF-κB and inducing an inflammation-
related transcription process [49]. Exercise can inhibit NF-κB, leading to decreased expres-
sion of inflammatory proteins [50,51]. In our study, aerobic exercise significantly reduced
NF-κB mRNA and protein expression in skeletal muscles. Few studies have explored
the changes in IκB-α expression due to exercise. To better interpret the exercise-induced
inflammatory response, further studies should evaluate IκB-α phosphorylation changes.
NF-κB is also a downstream molecule of the PI3K/AKT signaling pathway [52]. The acti-
vation of IKK can also phosphorylate IRS-1 at serine residue, thereby impeding tyrosine
phosphorylation and causing IR [53]. Therefore, the improvement of IR by exercise is
probably due to the reduction of inflammation. In skeletal muscle, the NF-κB pathway may
also be important for adaptation to aerobic exercise training.

5. Conclusions

In conclusion, our findings demonstrated that aerobic exercise attenuated HFD-related
IR in skeletal muscle, which may be associated with the reduced TNF-α/NF-κB signaling
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and activated IRS-1/PI3K/AKT pathway. We also found aerobic exercise decreased the
number of and altered phenotypes of macrophages in skeletal muscle, which needs more
evidence in further studies. The present study may provide a basis for a new therapeutic
strategy for IR. Further studies are needed to fully understand the specific mechanism of
the NF-κB pathway in chronic inflammation in skeletal muscle.

Author Contributions: N.L. and Y.Z. (Yue Zhou) conceived the study and designed the experiments.
N.L. wrote the manuscript. N.L., H.S. and Q.G. carried out the experiments. N.L., Q.G. and L.Z.
analyzed the data. Y.G., Y.Z. (Yuhang Zhang) and J.J. contributed to the sample collection. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Fundamental Research Funds for the Central Universities
and the Research Funds of Beijing Sport University (Grant No. 20211011).

Institutional Review Board Statement: All animal procedures were performed in accordance with
Beijing Sport University Institutional Animal Care and Use Committee–approved protocols (Animal
ethical approval reference number: 2022023A).

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Collaborators, G.B.D.O.; Afshin, A.; Forouzanfar, M.H.; Reitsma, M.B.; Sur, P.; Estep, K.; Lee, A.; Marczak, L.; Mokdad, A.H.;

Moradi-Lakeh, M.; et al. Health Effects of Overweight and Obesity in 195 Countries over 25 Years. New Engl. J. Med. 2017, 377,
13–27. [CrossRef] [PubMed]

2. Saltiel, A.R.; Olefsky, J.M. Inflammatory mechanisms linking obesity and metabolic disease. J. Clin. Investig. 2017, 127, 1–4.
[CrossRef] [PubMed]

3. Lee, Y.S.; Olefsky, J. Chronic tissue inflammation and metabolic disease. Genes Dev. 2021, 35, 307–328. [CrossRef] [PubMed]
4. Hotamisligil, G.S. Inflammation, metaflammation and immunometabolic disorders. Nature 2017, 542, 177–185. [CrossRef]

[PubMed]
5. Wu, H.; Ballantyne, C.M. Metabolic Inflammation and Insulin Resistance in Obesity. Circul. Res. 2020, 126, 1549–1564. [CrossRef]

[PubMed]
6. Williams, K.; Ingerslev, L.R.; Bork-Jensen, J.; Wohlwend, M.; Hansen, A.N.; Small, L.; Ribel-Madsen, R.; Astrup, A.; Pedersen, O.;

Auwerx, J.; et al. Skeletal muscle enhancer interactions identify genes controlling whole-body metabolism. Nat. Commun. 2020,
11, 2695. [CrossRef] [PubMed]

7. Wu, H.; Ballantyne, C.M. Skeletal muscle inflammation and insulin resistance in obesity. J. Clin. Investig. 2017, 127, 43–54.
[CrossRef]

8. Rada, I.; Deldicque, L.; Francaux, M.; Zbinden-Foncea, H. Toll like receptor expression induced by exercise in obesity and
metabolic syndrome: A systematic review. Exerc. Immunol. Rev. 2018, 24, 60–71.

9. Kalliolias, G.D.; Ivashkiv, L.B. TNF biology, pathogenic mechanisms and emerging therapeutic strategies. Nat. Rev. Rheumatol.
2016, 12, 49–62. [CrossRef]

10. Khan, I.M.; Perrard, X.Y.; Brunner, G.; Lui, H.; Sparks, L.M.; Smith, S.R.; Wang, X.; Shi, Z.Z.; Lewis, D.E.; Wu, H.; et al.
Intermuscular and perimuscular fat expansion in obesity correlates with skeletal muscle T cell and macrophage infiltration and
insulin resistance. Int. J. Obes. (Lond.) 2015, 39, 1607–1618. [CrossRef]

11. Han, M.S.; Jung, D.Y.; Morel, C.; Lakhani, S.A.; Kim, J.K.; Flavell, R.A.; Davis, R.J. JNK expression by macrophages promotes
obesity-induced insulin resistance and inflammation. Science 2013, 339, 218–222. [CrossRef]

12. Arkan, M.C.; Hevener, A.L.; Greten, F.R.; Maeda, S.; Li, Z.W.; Long, J.M.; Wynshaw-Boris, A.; Poli, G.; Olefsky, J.; Karin, M.
IKK-beta links inflammation to obesity-induced insulin resistance. Nat. Med. 2005, 11, 191–198. [CrossRef] [PubMed]

13. Sachs, S.; Zarini, S.; Kahn, D.E.; Harrison, K.A.; Perreault, L.; Phang, T.; Newsom, S.A.; Strauss, A.; Kerege, A.; Schoen, J.A.; et al.
Intermuscular adipose tissue directly modulates skeletal muscle insulin sensitivity in humans. Am. J. Physiol. Endocrinol. Metab.
2019, 316, E866–E879. [CrossRef] [PubMed]

14. Rohm, T.V.; Meier, D.T.; Olefsky, J.M.; Donath, M.Y. Inflammation in obesity, diabetes, and related disorders. Immunity 2022, 55,
31–55. [CrossRef] [PubMed]

15. Bird, S.R.; Hawley, J.A. Update on the effects of physical activity on insulin sensitivity in humans. BMJ Open Sport Exerc. Med.
2016, 2, e000143. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJMoa1614362
http://www.ncbi.nlm.nih.gov/pubmed/28604169
http://doi.org/10.1172/JCI92035
http://www.ncbi.nlm.nih.gov/pubmed/28045402
http://doi.org/10.1101/gad.346312.120
http://www.ncbi.nlm.nih.gov/pubmed/33649162
http://doi.org/10.1038/nature21363
http://www.ncbi.nlm.nih.gov/pubmed/28179656
http://doi.org/10.1161/CIRCRESAHA.119.315896
http://www.ncbi.nlm.nih.gov/pubmed/32437299
http://doi.org/10.1038/s41467-020-16537-6
http://www.ncbi.nlm.nih.gov/pubmed/32483258
http://doi.org/10.1172/JCI88880
http://doi.org/10.1038/nrrheum.2015.169
http://doi.org/10.1038/ijo.2015.104
http://doi.org/10.1126/science.1227568
http://doi.org/10.1038/nm1185
http://www.ncbi.nlm.nih.gov/pubmed/15685170
http://doi.org/10.1152/ajpendo.00243.2018
http://www.ncbi.nlm.nih.gov/pubmed/30620635
http://doi.org/10.1016/j.immuni.2021.12.013
http://www.ncbi.nlm.nih.gov/pubmed/35021057
http://doi.org/10.1136/bmjsem-2016-000143
http://www.ncbi.nlm.nih.gov/pubmed/28879026


Nutrients 2022, 14, 3730 12 of 13

16. Fisher, G.; Gower, B.A.; Ovalle, F.; Behrens, C.E.; Hunter, G.R. Acute Effects of Exercise Intensity on Insulin Sensitivity under
Energy Balance. Med. Sci. Sports Exerc. 2019, 51, 988–994. [CrossRef] [PubMed]

17. de Matos, M.A.; Vieira, D.V.; Pinhal, K.C.; Lopes, J.F.; Dias-Peixoto, M.F.; Pauli, J.R.; de Castro Magalhães, F.; Little, J.P.; Rocha-
Vieira, E.; Amorim, F.T. High-Intensity Interval Training Improves Markers of Oxidative Metabolism in Skeletal Muscle of
Individuals With Obesity and Insulin Resistance. Front. Physiol. 2018, 9, 1451. [CrossRef]

18. He, Y.; Qiu, R.; Wu, B.; Gui, W.; Lin, X.; Li, H.; Zheng, F. Transthyretin contributes to insulin resistance and diminishes exercise-
induced insulin sensitivity in obese mice by inhibiting AMPK activity in skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 2021,
320, E808–E821. [CrossRef]

19. Röhling, M.; Herder, C.; Stemper, T.; Müssig, K. Influence of Acute and Chronic Exercise on Glucose Uptake. J. Diabetes Res. 2016,
2016, 2868652. [CrossRef]

20. Yu, Q.; Xia, Z.; Liong, E.C.; Tipoe, G.L. Chronic aerobic exercise improves insulin sensitivity and modulates Nrf2 and NFkap-
paB/IkappaBalpha pathways in the skeletal muscle of rats fed with a high fat diet. Mol. Med. Rep. 2019, 20, 4963–4972.
[CrossRef]

21. Sriwijitkamol, A.; Christ-Roberts, C.; Berria, R.; Eagan, P.; Pratipanawatr, T.; DeFronzo, R.A.; Mandarino, L.J.; Musi, N. Reduced
skeletal muscle inhibitor of kappaB beta content is associated with insulin resistance in subjects with type 2 diabetes: Reversal by
exercise training. Diabetes 2006, 55, 760–767. [CrossRef] [PubMed]

22. Hoydal, M.A.; Wisloff, U.; Kemi, O.J.; Ellingsen, O. Running speed and maximal oxygen uptake in rats and mice: Practical
implications for exercise training. Eur. J. Cardiovasc. Prev. Rehabil. 2007, 14, 753–760. [CrossRef] [PubMed]

23. Foley, K.; Boguslavsky, S.; Klip, A. Endocytosis, recycling, and regulated exocytosis of glucose transporter 4. Biochemistry 2011, 50,
3048–3061. [CrossRef]

24. Douen, A.G.; Ramlal, T.; Rastogi, S.; Bilan, P.J.; Cartee, G.D.; Vranic, M.; Holloszy, J.O.; Klip, A. Exercise induces recruitment
of the “insulin-responsive glucose transporter”. Evidence for distinct intracellular insulin- and exercise-recruitable transporter
pools in skeletal muscle. J. Biol. Chem. 1990, 265, 13427–13430. [CrossRef]

25. Wang, J.; Khodabukus, A.; Rao, L.; Vandusen, K.; Abutaleb, N.; Bursac, N. Engineered skeletal muscles for disease modeling and
drug discovery. Biomaterials 2019, 221, 119416. [CrossRef]

26. Fink, L.N.; Costford, S.R.; Lee, Y.S.; Jensen, T.E.; Bilan, P.J.; Oberbach, A.; Bluher, M.; Olefsky, J.M.; Sams, A.; Klip, A. Pro-
inflammatory macrophages increase in skeletal muscle of high fat-fed mice and correlate with metabolic risk markers in humans.
Obesity (Silver Spring) 2014, 22, 747–757. [CrossRef]

27. Li, M.E.; Lauritzen, H.; O’Neill, B.T.; Wang, C.H.; Cai, W.; Brandao, B.B.; Sakaguchi, M.; Tao, R.; Hirshman, M.F.; Softic, S.; et al.
Role of p110a subunit of PI3-kinase in skeletal muscle mitochondrial homeostasis and metabolism. Nat. Commun. 2019, 10, 3412.
[CrossRef]

28. Gopalan, V.; Yaligar, J.; Michael, N.; Kaur, K.; Anantharaj, R.; Verma, S.K.; Sadananthan, S.A.; Le, G.T.T.; Goh, J.; Velan, S.S. A
12-week aerobic exercise intervention results in improved metabolic function and lower adipose tissue and ectopic fat in high-fat
diet fed rats. Biosci. Rep. 2021, 41, BSR20201707. [CrossRef]

29. Cheng, F.; Dun, Y.; Cheng, J.; Ripley-Gonzalez, J.W.; Jiang, W.; You, B.; Liu, S. Exercise activates autophagy and regulates
endoplasmic reticulum stress in muscle of high-fat diet mice to alleviate insulin resistance. Biochem. Biophys. Res. Commun. 2022,
601, 45–51. [CrossRef]

30. Pillon, N.J.; Gabriel, B.M.; Dollet, L.; Smith, J.A.B.; Sardon Puig, L.; Botella, J.; Bishop, D.J.; Krook, A.; Zierath, J.R. Transcriptomic
profiling of skeletal muscle adaptations to exercise and inactivity. Nat. Commun. 2020, 11, 470. [CrossRef]

31. Huang, X.; Liu, G.; Guo, J.; Su, Z. The PI3K/AKT pathway in obesity and type 2 diabetes. Int. J. Biol. Sci. 2018, 14, 1483–1496.
[CrossRef] [PubMed]

32. Suchacki, K.J.; Tavares, A.A.S.; Mattiucci, D.; Scheller, E.L.; Papanastasiou, G.; Gray, C.; Sinton, M.C.; Ramage, L.E.; McDougald,
W.A.; Lovdel, A.; et al. Bone marrow adipose tissue is a unique adipose subtype with distinct roles in glucose homeostasis. Nat.
Commun. 2020, 11, 3097. [CrossRef] [PubMed]

33. Liu, J.; Ibi, D.; Taniguchi, K.; Lee, J.; Herrema, H.; Akosman, B.; Mucka, P.; Salazar Hernandez, M.A.; Uyar, M.F.; Park, S.W.; et al.
Inflammation Improves Glucose Homeostasis through IKKbeta-XBP1s Interaction. Cell 2016, 167, 1052–1066. [CrossRef]

34. Burini, R.C.; Anderson, E.; Durstine, J.L.; Carson, J.A. Inflammation, physical activity, and chronic disease: An evolutionary
perspective. Sports Med. Health Sci. 2020, 2, 1–6. [CrossRef] [PubMed]

35. Fujisaka, S. The role of adipose tissue M1/M2 macrophages in type 2 diabetes mellitus. Diabetol. Int. 2021, 12, 74–79. [CrossRef]
[PubMed]

36. Orliaguet, L.; Ejlalmanesh, T.; Alzaid, F. Metabolic and Molecular Mechanisms of Macrophage Polarisation and Adipose Tissue
Insulin Resistance. Int. J. Mol. Sci. 2020, 21, 5731. [CrossRef] [PubMed]

37. Chazaud, B. Inflammation and Skeletal Muscle Regeneration: Leave It to the Macrophages! Trends Immunol. 2020, 41, 481–492.
[CrossRef] [PubMed]

38. Rehman, A.; Pacher, P.; Hasko, G. Role of Macrophages in the Endocrine System. Trends Endocrinol. Metab. 2021, 32, 238–256.
[CrossRef]

39. Hotamisligil, G.S.; Shargill, N.S.; Spiegelman, B.M. Adipose expression of tumor necrosis factor-alpha: Direct role in obesity-linked
insulin resistance. Science 1993, 259, 87–91. [CrossRef]

http://doi.org/10.1249/MSS.0000000000001872
http://www.ncbi.nlm.nih.gov/pubmed/30550514
http://doi.org/10.3389/fphys.2018.01451
http://doi.org/10.1152/ajpendo.00495.2020
http://doi.org/10.1155/2016/2868652
http://doi.org/10.3892/mmr.2019.10787
http://doi.org/10.2337/diabetes.55.03.06.db05-0677
http://www.ncbi.nlm.nih.gov/pubmed/16505240
http://doi.org/10.1097/HJR.0b013e3281eacef1
http://www.ncbi.nlm.nih.gov/pubmed/18043295
http://doi.org/10.1021/bi2000356
http://doi.org/10.1016/S0021-9258(18)77362-6
http://doi.org/10.1016/j.biomaterials.2019.119416
http://doi.org/10.1002/oby.20615
http://doi.org/10.1038/s41467-019-11265-y
http://doi.org/10.1042/BSR20201707
http://doi.org/10.1016/j.bbrc.2022.02.058
http://doi.org/10.1038/s41467-019-13869-w
http://doi.org/10.7150/ijbs.27173
http://www.ncbi.nlm.nih.gov/pubmed/30263000
http://doi.org/10.1038/s41467-020-16878-2
http://www.ncbi.nlm.nih.gov/pubmed/32555194
http://doi.org/10.1016/j.cell.2016.10.015
http://doi.org/10.1016/j.smhs.2020.03.004
http://www.ncbi.nlm.nih.gov/pubmed/35783338
http://doi.org/10.1007/s13340-020-00482-2
http://www.ncbi.nlm.nih.gov/pubmed/33479582
http://doi.org/10.3390/ijms21165731
http://www.ncbi.nlm.nih.gov/pubmed/32785109
http://doi.org/10.1016/j.it.2020.04.006
http://www.ncbi.nlm.nih.gov/pubmed/32362490
http://doi.org/10.1016/j.tem.2020.12.001
http://doi.org/10.1126/science.7678183


Nutrients 2022, 14, 3730 13 of 13

40. Kirchgessner, T.G.; Uysal, K.T.; Wiesbrock, S.M.; Marino, M.W.; Hotamisligil, G.S. Tumor necrosis factor-alpha contributes to
obesity-related hyperleptinemia by regulating leptin release from adipocytes. J. Clin. Investig. 1997, 100, 2777–2782. [CrossRef]

41. Wree, A.; McGeough, M.D.; Inzaugarat, M.E.; Eguchi, A.; Schuster, S.; Johnson, C.D.; Pena, C.A.; Geisler, L.J.; Papouchado, B.G.;
Hoffman, H.M.; et al. NLRP3 inflammasome driven liver injury and fibrosis: Roles of IL-17 and TNF in mice. Hepatology 2018, 67,
736–749. [CrossRef] [PubMed]

42. Lee, Y.S.; Li, P.; Huh, J.Y.; Hwang, I.J.; Lu, M.; Kim, J.I.; Ham, M.; Talukdar, S.; Chen, A.; Lu, W.J.; et al. Inflammation is necessary
for long-term but not short-term high-fat diet-induced insulin resistance. Diabetes 2011, 60, 2474–2483. [CrossRef] [PubMed]

43. Baker, R.G.; Hayden, M.S.; Ghosh, S. NF-kappaB, inflammation, and metabolic disease. Cell Metab. 2011, 13, 11–22. [CrossRef]
44. Guedes, J.M.; Pieri, B.; Luciano, T.F.; Marques, S.O.; Guglielmo, L.G.A.; Souza, C.T. Muscular resistance, hypertrophy and strength

training equally reduce adiposity, inflammation and insulin resistance in mice with diet-induced obesity. Einstein (Sao Paulo) 2020,
18, eAO4784. [CrossRef] [PubMed]

45. Luo, W.; Zhou, Y.; Tang, Q.; Ai, L.; Zhang, Y. Modulation of TRIB3 and Macrophage Phenotype to Attenuate Insulin Resistance
After Downhill Running in Mice. Front. Physiol. 2021, 12, 637432. [CrossRef]

46. Huang, Z.; Tang, J.; Ji, K. Exercise prevents HFD-induced insulin resistance risk: Involvement of TNF-alpha level regulated by
vagus nerve-related anti-inflammatory pathway in the spleen. Diabetol. Metab. Syndr. 2021, 13, 124. [CrossRef]

47. Zhang, G.; Yu, P.; Liu, X. Swim Training Attenuates Inflammation and Improves Insulin Sensitivity in Mice Fed with a High-Fat
Diet. Int. J. Endocrinol. 2017, 2017, 5940732. [CrossRef]

48. Martins, F.M.; de Paula Souza, A.; Nunes, P.R.P.; Michelin, M.A.; Murta, E.F.C.; Resende, E.; de Oliveira, E.P.; Orsatti, F.L.
High-intensity body weight training is comparable to combined training in changes in muscle mass, physical performance,
inflammatory markers and metabolic health in postmenopausal women at high risk for type 2 diabetes mellitus: A randomized
controlled clinical trial. Exp. Gerontol. 2018, 107, 108–115. [CrossRef]

49. Ghosh, S.; Hayden, M.S. New regulators of NF-kappaB in inflammation. #N/A 2008, 8, 837–848. [CrossRef]
50. Jiang, X.; Zhang, Y.; Hu, W.; Liang, Y.; Zheng, L.; Zheng, J.; Wang, B.; Guo, X. Different Effects of Leucine Supplementation and/or

Exercise on Systemic Insulin Sensitivity in Mice. Front. Endocrinol. (Lausanne) 2021, 12, 651303. [CrossRef]
51. Cavalcante, P.A.M.; Gregnani, M.F.; Henrique, J.S.; Ornellas, F.H.; Araujo, R.C. Aerobic but not Resistance Exercise Can Induce

Inflammatory Pathways via Toll-Like 2 and 4: A Systematic Review. Sports Med. Open 2017, 3, 42. [CrossRef] [PubMed]
52. Athari, S.S. Targeting cell signaling in allergic asthma. Signal Transduct Target Ther. 2019, 4, 45. [CrossRef] [PubMed]
53. de Alvaro, C.; Teruel, T.; Hernandez, R.; Lorenzo, M. Tumor necrosis factor alpha produces insulin resistance in skeletal muscle

by activation of inhibitor kappaB kinase in a p38 MAPK-dependent manner. J. Biol. Chem. 2004, 279, 17070–17078. [CrossRef]
[PubMed]

http://doi.org/10.1172/JCI119824
http://doi.org/10.1002/hep.29523
http://www.ncbi.nlm.nih.gov/pubmed/28902427
http://doi.org/10.2337/db11-0194
http://www.ncbi.nlm.nih.gov/pubmed/21911747
http://doi.org/10.1016/j.cmet.2010.12.008
http://doi.org/10.31744/einstein_journal/2020AO4784
http://www.ncbi.nlm.nih.gov/pubmed/31553356
http://doi.org/10.3389/fphys.2021.637432
http://doi.org/10.1186/s13098-021-00712-w
http://doi.org/10.1155/2017/5940732
http://doi.org/10.1016/j.exger.2018.02.016
http://doi.org/10.1038/nri2423
http://doi.org/10.3389/fendo.2021.651303
http://doi.org/10.1186/s40798-017-0111-2
http://www.ncbi.nlm.nih.gov/pubmed/29185059
http://doi.org/10.1038/s41392-019-0079-0
http://www.ncbi.nlm.nih.gov/pubmed/31637021
http://doi.org/10.1074/jbc.M312021200
http://www.ncbi.nlm.nih.gov/pubmed/14764603

	Introduction 
	Materials and Methods 
	Animals and Diets 
	Exercise Protocol 
	Glucose Tolerance Test and Insulin Tolerance Test 
	Sample Collection 
	Serum Analysis 
	Morphometric Analysis 
	Western Blot Analysis 
	Quantitative Real-Time Polymerase Chain Reaction Analyses 
	Statistical Analysis 

	Results 
	Aerobic Exercise Attenuated HFD-Induced Adiposity 
	Aerobic Exercise Reduced HFD-Induced IR and Dyslipidemia 
	Aerobic Exercise Upregulated IRS-1/PI3K/AKT Signaling in Skeletal Muscle 
	Aerobic Exercise Attenuated Skeletal Muscle Inflammation in HFD Mice 
	Aerobic Exercise Attenuated HFD-Activated NF-B Signaling and Regulated Inflammatory Cytokines in Skeletal Muscle 

	Discussion 
	Conclusions 
	References

