Open access

BM) Open
Diabetes

Research
& Care

To cite: Zhang W, Dun Y,

You B, et al. Trimetazidine
and exercise offer analogous
improvements to the skeletal
muscle insulin resistance

of mice through Nrf2
signaling. BMJ Open Diab
Res Care 2022;10:002699.
doi:10.1136/
bmjdrc-2021-002699

Received 17 November 2021
Accepted 13 March 2022

| '.) Check for updates

© Author(s) (or their
employer(s)) 2022. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published
by BMJ.

"Division of Cardiac
Rehabilitation, Department

of Physical Medicine &
Rehabilitation, Xiangya Hospital
of Central South University,
Changsha, Hunan, China
“National Clinical Research
Center for Geriatric Disorders,
Xiangya Hospital of Central
South University, Changsha,
Hunan, China

®Division of Preventive
Cardiology, Department of
Cardiovascular Medicine, Mayo
Clinic, Rochester, Minnesota,
USA

*Division of Cardiac
Rehabilitation, Department

of Cardiovascular Medicine,
Shenzhen Yantian People’s
Hospital, Shenzhen,
Guangdong, China

Correspondence to
Dr Suixin Liu;
liusuixin@csu.edu.cn

Original research

Trimetazidine and exercise offer
analogous improvements to the skeletal
muscle insulin resistance of mice
through Nrf2 signaling

Wenliang Zhang, ' Yaoshan Dun,' Baiyang You,' Ling Qiu,’

Jeffrey W Ripley-Gonzalez," Jing Cheng,* Sigian Fu," Cui Li," Suixin Liu

ABSTRACT

Introduction Insulin resistance (IR) plays a key role in the
pathogenesis and clinical course of patients with multiple
metabolic diseases and diabetes. This study aimed to
explore the effect of trimetazidine (TMZ) on skeletal
muscle IR in mice fed a high-fat diet (HFD) and explore the
possible underlying mechanism.

Research design and methods In vivo, a HFD mouse IR
model was adopted and TMZ and exercise were used to
intervene. Postintervention the following were determined:
blood levels of glucose and insulin, homeostasis model
assessment of IR index, expression of skeletal muscle
insulin signaling-related proteins phosphorylated insulin
receptor substrate 1 (p-IRS1/IRS1) and phosphorylated
protein kinase B (p-AKT/AKT), nuclear factor erythroid 2
related factor 2 (Nrf2) signaling pathway, and oxidative
stress. In vitro, a palmitate-treated C2C12 myotube IR
model was constructed. Cellular glucose uptake, p-IRS1/
IRS1, and p-AKT/AKT were determined, and reactive
oxygen species (ROS) production was analyzed based

on treatments with specific small interfering RNA of Nrf2
with or without TMZ. Western blot was used to obtain the
protein expression level and ROS production by functional
analysis kits.

Results In vivo, TMZ and exercise decreased the blood
glucose and insulin levels and homeostasis model
assessment of IR index, increased skeletal muscle insulin
signaling-related protein ratios of p-IRS1/IRS1 and p-AKT/
AKT, and both interventions activated Nrf2 signaling and
reduced oxidative stress production in HFD mice. In vitro,
TMZ reduced the oxidative stress reaction, increased the
ratios of p-AKT/AKT and p-IRS1/IRS1, and attenuated the
insulin stimulation of PA-induced glucose uptake. However,
in the absence of Nrf2, TMZ failed to resist the effects of
IR.

Conclusions This study showed that TMZ, like exercise,
brought about marked improvements to HFD-induced
skeletal muscle IR through TMZ, a common pathway with
exercise in the form of Nrf2, regulating oxidative stress.
We provide new evidence to support the use of TMZ for
diabetes treatment.

INTRODUCTION
Insulin resistance (IR) is considered to
play a major role in the pathogenesis and

1,2

Significance of this study

What is already known about this subject?

» Insulin resistance (IR) plays a major role in the
pathogenesis and clinical course of patients with
diabetes. Nuclear factor erythroid 2 related factor 2
(Nrf2) is a key regulator of antioxidant signaling, and
there are indications that the redox balance could be
a critical element that contributes toward the con-
tradictory effects of Nrf2 on insulin sensitivity and
resistance. Exercise training is a major therapeutic
strategy against IR. Trimetazidine (TMZ), usually a
treatment for coronary heart disease, has recently
been evidenced to benefit patients with diabetes.

What are the new findings?

» TMZ effectively improves skeletal muscle IR through
regulating the Nrf2 signaling pathway against oxida-
tive stress. TMZ and exercise may share a common
pathway in the form of Nrf2, which regulates oxida-
tive stress.

How might these results change the focus of

research or clinical practice?

» Both TMZ and exercise provide comparable im-
provements of skeletal muscle IR. This study pro-
vides further evidence to support the use of TMZ for
the treatment of diabetes.

clinical course of patients with diabetes.'
With an estimated 425 million (6%) patients
with diabetes worldwide,” gaining further
insights into the pathogenesis of diabetes
and developing novel treatments for IR is of
importance.

Skeletal muscle is the key organ in glucose
disposal. As such, it is the main site and
most important tissue for insulin-stimulated
glucose disposal.* Accordingly, skeletal muscle
IR is often referred to as the vital element of
whole-body IR. Extensive research has identi-
fied oxidative stress as a major causative factor
of IR in association with a high-fat diet (HFD)
and reduced physical activity.”” The defined
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molecular mechanism of skeletal muscle IR pathogen-
esis remains largely unknown. It has been suggested that
lipid overload, specifically in mitochondria, elicits mito-
chondrial dysfunction, increases oxidative stress, and,
therefore, impairs insulin sensitivity in muscles.® Nuclear
factor erythroid 2 related factor 2 (Nrf2) is a main antiox-
idant signaling regulator that could prevent the develop-
ment of metabolic syndrome and related cardiovascular
diseases.” Moreover, newly published data indicate that
the redox balance contributes toward the effects of Nrf2
on insulin sensitivity and resistance.'” However, due to
conflicting evidence, further validation is required.

Exercise training improves metabolic homeostasis,
offering protection from IR, obesity, type 2 diabetes, and
cardiovascular disease.'' '* Exercise can decrease oxida-
tive stress and support mitochondrial function. Our
previous study indicated that exercise enhances mito-
chondrial quality control (MQC) and improves skeletal
muscle function.'” '* Existing evidence also shows that
the benefit from exercise is mediated through oxidative
stress via the Nrf2 pathway,'” wherein exercise activates
Nrf2 in cardiac and skeletal muscle, increasing endur-
ance capacity. In addition, Nrf2, an antioxidative modu-
lator, alleviates muscle damage initiated by oxidative
stress'® and often induces antioxidant gene expression
involved in MQC.

Trimetazidine (TMZ), an antiangina agent, inhibits free
fatty acid oxidation and simultaneously promotes glucose
oxidation by selectively acting on the mitochondrial long-
chain 3-ketoacyl-CoA thiolase.'” '* TMZ also has a role in
regulating oxidative stress; it upregulates Nrf2/heme
oxygenase-1 (HO-1) and downregulates nuclear factor
kappa B signaling, which attenuates cardiac oxidative
stress and cardiomyocyte apoptosis induced by exhaus-
tive exercise.'? Improvement of glucose utilization as well
as the reduction of glycemia and glycated hemoglobin
by the “comparable-to-exercise” effect of TMZ have also
been observed in patients with diabetes.””*' Further, our
previous study indicated that TMZ and exercise both
improve muscle function, increasing loaded swimming
time and inverted hanging time in healthy mice and
HFD-induced obese mice through enhancing MQC."* **
Uruno et al found that specific induction of Nfr2 in skel-
etal muscles markedly ameliorated IR induced via a HFD,
protecting mice from obesity.**

The present study was designed to investigate the effect
of TMZ on skeletal muscle IR in HFD mice and explore
its underlying mechanisms. We hypothesized that TMZ,
like exercise, which has pleiotropic actions could improve
glycemic control and IR.

RESEARCH DESIGN AND METHODS

Animal experiments

Thirty-two male C57BL/6] mice (8 weeks old) were
purchased from the Animal Laboratory Centre of Xiangya
Medical School (Changsha, Hunan, China). These
mice were kept in temperature-controlled (22°C+2°C)

quarters with 12-hour cycles of light and dark and had ad
libitum access to food and water.

Following 1week of adaptive feeding, mice were
randomly separated into the following four groups (n=8
for each group): normal diet (ND), HFD, HFD+exercise
(EX), and HFD+TMZ. Fat made up 45% and 18% of total
calories in the HFD and ND groups, respectively. Mice
in the HFD+EX group underwent an exercise training
program as previously described,'” ** whereas mice in
the HFD+TMZ group were intragastrically administered
TMZ (10mg/kg/day; Schweageer Pharmaceuticals).
Mice in the remaining groups were administered an
equal amount of saline. After 8 weeks, blood and skeletal
muscle samples were obtained from each group.

Exercise training

The HFD+EX group was subjected to moderate-intensity
swim training.”* In brief, an adaptive training protocol
was employed; mice were placed in a Morris water maze
pool (XR-XMI101-R, ZSdichuang, Beijing, China, with
a diameter of 120cm and a depth of 60cm) and swam
for 10min on the first day. Thereafter, this was increased
10min daily until 60 min/day. After swimming, towels
and blowers were used to dry the mice gently. Training
was undertaken between 09:00 and 14:00 when mice
exhibited minimal variations in aerobic capacity.

Biochemical analysis

Blood samples were obtained from each group after
12hours of fasting and then assayed by an insulin assay
kit (A042, Nanjing Jiancheng Bioengineering Institute,
China).

Homeostasis model assessment of IR (HOMA-IR) index
Plasma insulin was determined by ELISA (CSB-E05071m;
Wuhan, Hubei, China) and glucose by glucometer
(Accu-Chek Performa; Roche Diagnostics, Indianapolis,
Indiana, USA). The HOMA-IR index was calculated via
the following formula:

HOMA-IR=fasting glucose (mmol/L)xfasting insulin
(mU/L)/22.5

Gene expression assay

Total RNA was extracted from skeletal (quadriceps
femoris) muscles by TRIzol (Invitrogen, Carlsbad, Cali-
fornia, USA), and the expression of Nrf2 was quantified
by real-time reverse transcription PCR analysis by using
the primers shown in table 1.

Manganese-dependent superoxide dismutase (MnSOD) and
malondialdehyde (MDA) assay

The xanthine oxidase method was used to determine
MnSOD activity in muscle tissues (A001-2; Jiancheng
Bioengineering Institute, Nanjing, Jiangsu, China). Mito-
chondria were isolated (G006; Nanjing Jiancheng Bioen-
gineering Institute) and the thiobarbituric acid method
was applied to detect the content of MDA in mitochondria
(A003-2; Nanjing Jiancheng Bioengineering Institute).

2

BMJ Open Diab Res Care 2022;10:2002699. doi:10.1136/bmjdrc-2021-002699



8 Metabolism

Table 1 Sequence of primers used for rtPCR
Product
Gene Primer length
Nrf2 F—CCTATGCGTGAATCCCAATG 104 bp
R—AAGCGGCTTGAATGTTTGTC
GAPDH  F—GCGACTTCAACAGCAACTCCC 122bp

R—CACCCTGTTGCTGTAGCCGTA

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Nrf2,
nuclear factor erythroid 2 related factor 2.

Cell culture

Cell culture was performed as previously described.”
Briefly, C2C12 mouse myoblasts (Cobioer Biotechnology,
Nanjing, China) were cultured in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum and
penicillin/streptomycin (5000 U/5000 pg/mL; Gibco,
Grand Island, New York, USA). Myotubes were incubated
with 0.75mmol/L of palmitate (PA) postdifferentiation
for 24 hours followed with or without 50 pg/mL TMZ for
24hours.

Small interfering (siRNA) transfection

Negative control and Nrf2 siRNAs (80nmol/L; RiboBio,
Guangzhou, China) were transfected into the cells using
an FECTTM CP Transfection Kit (RiboBio). The cells
were then treated with or without TMZ (50pg/mL) for
24 hours.

Glucose uptake assay
Cells treated with PA were then stimulated with 30 mU/
mL insulin or vehicle for 1hour. Following stimulation,

myotubes were incubated with 500pM of 2-(N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose
(2-NBDG, Invitrogen) for lhour. To remove free
2-NBDG, phosphate-buffered saline was used to wash the
myotubes three times. The fluorescence intensity of cells
containing 2-NBDG was analyzed using a Synergy 2 Multi-
Mode Microplate Reader (BioTek) with excitation and
emission at 485 and 535 nm, respectively.

Western blot analysis

Muscle tissues or cells were lyzed, and proteins were
extracted for immunoblotting with antibodies, including
Nrf2, NAD(P)H:quinone oxidoreductase 1 (NQO-1),
HO-1, phosphorylated protein kinase B (p-AKT), AKT,
insulin receptor substrate 1 (IRS-1), phosphorylated
IRS-1, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Proteintech, Rosemont, Illinois, USA).

2,7-Dichlorodihydrofluorescein diacetate (DCF) and
dihydroethidium (DHE) staining

DCF and DHE staining were performed to assess ROS
generation in myotubes. Briefly, myotubes were stained
with 100 pmol/L DCF and DHE (Yeasen) for 90 min. The
fluorescence intensity of cells containing DCF and DHE
was then estimated using a Synergy 2 Multi-Mode Micro-
plate Reader (BioTek).

Statistical analysis

All results are expressed as the mean+SE of the mean.
One-way analysis of variance with Newman-Keul’s tests
was used to determine differences between group mean
values. The statistical significance was set at p<0.05.
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Figure 1 Exercise and trimetazidine (TMZ) effects on insulin resistance (IR) and insulin signaling. Normal diet-group

(ND), high-fat diet group (HFD), HFD+exercise group (HFD+Ex), and HFD+TMZ group (HFD+TMZ). (A) Blood glucose; (B)
plasma insulin; (C) HOMA-IR index; (D, E) IRS1, p-IRS1, AKT, and p-AKT protein expression were found via western blot.

***Represented p<0.05, p<0.01 in comparison with ND group, respectively; 7,

# #rapresented p<0.05, p<0.01 in comparison with

HFD group, respectively. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HOMA-IR, homeostasis model assessment of
insulin resistance; p-AKT, phosphorylated protein kinase B (AKT); p-IRS1, phosphorylated insulin receptor substrate 1 (IRS-1).
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Figure 2 Exercise and trimetazidine (TMZ) effects on nuclear factor erythroid 2 related factor 2 (Nrf2) signaling pathway and
oxidative stress in high-fat diet (HFD) mouse models. (A) Nrf2-mRNA expression was determined by quantitative PCR. (B,C)
Nrf2 protein expression was determined by western blot. (D, E) Heme oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase
1 (NQO-1) protein expression was determined by western blot. (F, G) Represented the manganese-dependent superoxide
dismutase (MnSOD) activity and malondialdehyde (MDA) content, respectively. *,**Represented p<0.05, p<0.01 in comparison

with normal diet (ND) group, respectively; # *#

represents p<0.05, p<0.01 in comparison with HFD group, respectively. GAPDH,

glyceraldehyde-3-phosphate dehydrogenase; HFD+Ex, HFD+exercise group; HFD+TMZ, HFD+TMZ group.

Statistical analysis was performed using Prism 6 software
(GraphPad, V.6.01).

RESULTS

Effects of exercise and TMZ on IR and insulin signaling
Compared with ND mice, the blood glucose in HFD mice
increased, yet this decreased in HFD+EXand HFD+TMZ
mice compared with the HFD group, though it remained
significantly higher than in ND mice (all p<0.01;
figure 1A). The insulin level in HFD mice increased
(p<0.01) compared with ND mice, and this was lower
in the HFD+EX (p<0.05) and HFD+TMZ (p<0.01) mice
compared with the HFD group (figure 1B).

The HOMA-IR index in HFD mice was significantly
higher than in ND mice, and after exercise or TMZ treat-
ment this decreased considerably to a level slightly higher
than that of ND mice (p<0.01; figure 1C). The p-IRS1/
IRS1 ratios, in addition to p-AKT /AKT, were significantly
reduced following HFD feeding (figure 1D), while these
were fully reversed by either exercise or TMZ treatment
(all p<0.01; figure 1D,E).

Exercise and TMZ effects on the Nrf2 signaling pathway and
oxidative stress in HFD mouse models

In animal models, a HFD downregulated the gene
expression of Nrf2, which further contributed towards
a reduction in Nrf2 protein levels (p<0.05 and p<0.01,
respectively; figure 2A-C). The decreased Nrf2 expression

was accompanied by a reduction in HO-1 and NQO-1
(p<0.01; figure 2D,E), suggesting that a HFD inhibits the
Nrf2 signaling pathway. TMZ and exercise equally reversed
the attenuated Nrf2 signaling pathway (p<0.05 and p<0.01,
respectively). The HFD also induced oxidative stress charac-
terized by a reduction in MnSOD and upregulation of MDA
content. These were reversed by TMZ and exercise (p<0.05
and p<0.01, respectively; figure 2F,G).

TMZ regulates the Nrf2 signaling pathway and resists the
oxidative stress reaction induced by PA

PA treatment suppressed the expression of Nrf2 in muscle
cells,and TMZ treatment reversed this (p<0.05; figure 3A,B).
In parallel, PA also upregulated the expression of oxidative
stress markers, DHE and DCF in muscle cells, while TMZ
significantly downregulated these changes (p<0.05 and
p<0.01, respectively; figure 3C,D). However, this effect of
TMZ was abolished by siNrf2 (Nrf2 small interfering RNA),
providing direct evidence that TMZ-regulated oxidative
stress was Nrf2-dependent. These results suggest that TMZ
might prevent PA-induced oxidative stress through regu-
lating the Nrf2 signaling pathway.

TMZ prevents PA-induced muscle cell IR via the Nrf2
signaling pathway

In the cell culture, we observed that p-IRS1/IRS1 and
p-AKT/AKT ratios were significantly reduced in the
PA-treated cells, while these were fully reversed by TMZ
treatment (all p<0.01; figure 4A,B). Insulin-stimulated
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Figure 5 Proposed pathway of trimetazidine (TMZ) effects on high-fat diet (HFD)-induced muscle insulin resistance (IR). The
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O the inhibiting effects. Fatty acids stimulate the mitochondrial production of reactive oxygen species (ROS) and inhibit the
nuclear factor erythroid 2 related factor 2 (Nrf2) pathway in IR skeletal muscle, contributing to oxidative stress. The excessive
ROS production leads to insulin signaling IRS1/AKT (insulin receptor substrate 1/protein kinase B) inhibition and adversely
impacts insulin sensitivity. Though, exercise and TMZ were observed to activate Nrf2 signaling control, lowering mitochondrial
ROS, resulting in improved insulin sensitivity. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HFD+Ex, HFD+exercise

group.

glucose uptake in the control cells was markedly attenu-
ated in PA-treated cells (figure 4C). This could then be
significantly counteracted by treatment with TMZ (p<0.05;
figure 4C). However, in the absence of Nrf2, TMZ failed
to resist the effects of IR (p<0.05 and p<0.01, respectively;
figure 4A-C).

DISCUSSION

IR serves as a fundamental mechanism in the develop-
ment of diabetes and is a vital issue for public health. In
vivo, we found that TMZ successfully resisted IR induced
by a HFD in mice, suggesting that TMZ has comparable
effects to exercise and might form part of new comple-
mentary strategies to treat muscle IR. In addition, we
found that TMZ could improve PA-induced cell IR in
skeletal C2C12 cells by upregulating the expression of
antioxidant factor Nrf2 and its downstream target genes,
NQO-1 and HO-1. This study showed that TMZ and
exercise provide analogous improvements to the skel-
etal muscle IR of mice through a shared Nrf2 signaling
pathway.

Oxidative stress has a pivotal role in the pathogenesis
of IR and diabetes.” Excessive ROS production may
inhibit insulin signaling, resulting in the reduced phos-
phorylation of IRS-1 and AKT.*> ** Lipotoxicity induced
by saturated fatty acids contributes toward mitochon-
drial dysfunction and ROS production, leading to meta-
bolic abnormalities and muscle IR in mice.?” % Here, we
found that, compared with an ND, 8 weeks of a HFD in
mice resulted in hyperglycemia and hyperinsulinemia,
with an ensuing increased HOMA-IR index. Addition-
ally, in cultured cells, PA significantly impaired insulin-
stimulated glucose uptake. It was observed that IRS1
and AKT phosphorylation decreased in HFD mice and
PA-treated cells, which suggests that the IR model in mice
and C2C12 cells was successfully established.

Nrf2 has been identified as a key regulator responsible
for protection against oxidative stress and controlling the
expression of several antioxidant genes engaged in meta-
bolic homeostasis. The exact mechanisms underlying the
role of Nrf2 in IR are not fully established, and studies
on the role of Nrf2 in obesity and IR have presented
conflicting ﬁndings.lo These studies, using Nrf2 KO
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and Keapl KD mouse models, suggest that deletion or
activation of Nrf2 in different specific tissues may lead
to different effects on IR.*** * In the present study, we
found that PA and a HFD increased the expression of
oxidative stress markers (DHE and DCF) and reduced
MnSOD, leading to an upregulation in MDA content.
Further, Nrf2 was also suppressed and accompanied by
the reduced expressions of HO-1 and NQO-1.

Exercise is an effective strategy against IR induced by
metabolic dysfunction.” It corrects energy metabolism
and increases IRS-1 and AKT phosphorylation.”” ** We
confirmed that exercise significantly improves impaired
metabolism and IR, as shown in previous studies,34 % with
a decreased HOMA-IR index and increased insulin sensi-
tivity. Moreover, exercise could increase Nrf2 expression
in skeletal muscles.” The results of the present study
are in agreement with previous findings showing that
exercise and Stevia rebaudiana extracts attenuate diabetic
cardiomyopathy by the upregulation of Nrf2 in type 2
diabetes rats.”® The findings of our study suggest that
exercise may resist muscle IR following metabolic abnor-
malities through an Nrf2 mechanism, as demonstrated
by the alleviation of muscle IR via activating the Nrf2
pathway.

TMZ, a fatty acid metabolic modulator, has also been
shown to activate Nrf2 to improve oxidative stress," *’
reduce inflammation,™ and protect cardiomyocytes from
mitochondrial dysfunction induced by PA.** Furthermore,
Fragasso et al’ found that in patients with systolic heart
failure, TMZ treatment was associated with improved left
ventricular function and regulated whole-body energy
metabolism. In a previous study, we found that the
body composition in HFD mice significantly improved
following TMZ treatment, with increased muscle mass,
decreased visceral fat, and a trend for a decrease in body
weight.”” These findings suggested that TMZ may bring
about beneficial effects on IR.

Skeletal muscle is an important target organ in IR. We
found that TMZ, similar to exercise, had a beneficial
effect on skeletal muscle in healthy and obese mice by
enhancing MQC." #* Previous studies on patients with
diabetic have shown that TMZ improves glucose usage as
well as reduces glycemia and glycated hemoglobin with
effects comparable to exercise.’*' In the present study, we
observed that TMZ regulated the Nrf2 signaling pathway
against oxidative stress markers MDA and increased
MnSOD in HFD mice as well as decreased DCF and
DHE levels in PA-treated muscle cells. The use of TMZ
could repeal these impairments partially but does not
influence glucose uptake without stimulating insulin. We
also found that TMZ significantly reversed the lowered
phosphorylation of IRS1 and AKT in obese mice and
cells after treatment with PA. Therefore, it is probable
that Nrf2 activation may ameliorate IR by counteracting
HFD-induced oxidative stress and maintaining oxidant
and antioxidant homeostasis. These results indicate that
TMZ has an antioxidant effect attributed to IR reduction,
and that regulation of ROS production is implicated in

glucose metabolism and insulin sensitivity. Importantly,
the combination treatment of TMZ with Nrf2 siRNA also
led to the attenuation of the effect of TMZ, suggesting
that the effects of TMZ and the signaling pathway of Nrf2
are associated. These results imply that the signaling
pathways, including Nrf2 activation, oxidative stress regu-
lation, and insulin signaling, are implicated in TMZ’s
effect on IR.

Limitations and future directions

We only observed the effects of TMZ in comparison to
exercise. Furthermore, in this study, we did not analyze
energy expenditure. In future studies, the possible syner-
gistic effect of TMZ along with exercise on IR could be
analyzed, and further verification of the effect of TMZ
on whole-body energy metabolism could be undertaken
using an animal model.

Conclusions

Our results show that TMZ, similar to exercise, brought
about marked improvements to HFD-induced skeletal
muscle IR (figure 5). Moreover, TMZ appeared to share
a common pathway with exercise in the form of Nrf2,
which regulated oxidative stress. These findings provide
auxiliary evidence to support the use of TMZ in the treat-
ment of diabetes.
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