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The specific mitochondrial
unfolded protein response in
fast- and slow-twitch muscles
of high-fat diet-induced
insulin-resistant rats

Can Li1, Nan Li1, Ziyi Zhang1, Yu Song1, Jialin Li1, Zhe Wang1,
Hai Bo1,2* and Yong Zhang1*

1Tianjin Key Laboratory of Exercise Physiology and Sports Medicine, School of Exercise and Health,
Tianjin University of Sport, Tianjin, China, 2Department of Military Training Medicines, Logistics
University of Chinese People’s Armed Police Force, Tianjin, China
Introduction: Skeletal muscle insulin resistance (IR) plays an important role in the

pathogenesis of type 2 diabetes mellitus. Skeletal muscle is a heterogeneous

tissue composed of different muscle fiber types that contribute distinctly to IR

development. Glucose transport shows more protection in slow-twitch muscles

than in fast-twitch muscles during IR development, while the mechanisms

involved remain unclear. Therefore, we investigated the role of the

mitochondrial unfolded protein response (UPRmt) in the distinct resistance of

two types of muscle in IR.

Methods: Male Wistar rats were divided into high-fat diet (HFD) feeding and

control groups. We measured glucose transport, mitochondrial respiration,

UPRmt and histone methylation modification of UPRmt-related proteins to

examine the UPRmt in the slow fiber-enriched soleus (Sol) and fast fiber-

enriched tibialis anterior (TA) under HFD conditions.

Results: Our results indicate that 18 weeks of HFD can cause systemic IR, while

the disturbance of Glut4-dependent glucose transport only occurred in fast-

twitch muscle. The expression levels of UPRmt markers, including ATF5, HSP60

and ClpP, and the UPRmt-related mitokine MOTS-c were significantly higher in

slow-twitch muscle than in fast-twitch muscle under HFD conditions.

Mitochondrial respiratory function is maintained only in slow-twitch muscle.

Additionally, in the Sol, histone methylation at the ATF5 promoter region was

significantly higher than that in the TA after HFD feeding.

Conclusion: The expression of proteins involved in glucose transport in slow-

twitch muscle remains almost unaltered after HFD intervention, whereas a

significant decline of these proteins was observed in fast-twitch muscle.

Specific activation of the UPRmt in slow-twitch muscle, accompanied by

higher mitochondrial respiratory function and MOTS-c expression, may
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contribute to the higher resistance to HFD in slow-twitch muscle. Notably, the

different histone modifications of UPRmt regulators may underlie the specific

activation of the UPRmt in different muscle types. However, future work applying

genetic or pharmacological approaches should further uncover the relationship

between the UPRmt and insulin resistance.
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1 Introduction

As the largest metabolic tissue in the body, skeletal muscle

accounts for approximately 40% of body weight and has the ability

to utilize large amounts of blood sugar in the body (1). At rest,

skeletal muscle consumes over 20% of the body’s energy

expenditure (2), while during exercise, skeletal muscle is

responsible for at least 95% of the additional energy consumption

(3). In addition, the consumption rate of postprandial blood glucose

in skeletal muscle is more than 80%~90% (4). Therefore, skeletal

muscle is important for systemic metabolic function and has the

potential to serve as a therapeutic target for metabolic diseases.

As a heterogeneous tissue, mammalian skeletal muscle is

composed of different types of muscle fibers, and different muscle

fibers have specific metabolic characteristics (5). Generally, slow-

twitch muscle composed of type I and IIa fibers has a relatively slow

contraction rate, high glucose/lipid oxidation ratio and high

densities of mitochondria and capillaries. Fast-twitch muscle

consists of type IIx and IIb fibers, which are characterized by a

fast contraction speed, relatively high glycolysis rate and few

mitochondria (5). These disparities may influence the response of

muscles to certain physiological and pathological challenges, such

as exercise (6), aging (7) and insulin resistance (8). Mitochondria

from slow-twitch muscles have an approximately twofold higher

H2O2 scavenging capacity than mitochondria from fast-twitch

muscles (9). Slow-twitch muscles also show higher activities of

antioxidant enzymes than fast-twitch muscles (10). Thus, slow-

twitch muscles usually receive more protection than fast-twitch

muscles in oxidative stress-related diseases (11). Stuart et al. (12)

showed positive correlations between the proportion of type I fibers

in muscle and whole-body insulin sensitivity. In obese and type 2

diabetes (T2D) individuals, the glucose-handling capacity of slow

oxidative muscle fibers was significantly higher than that of fast

glycolytic muscle fibers (8). In summary, glucose transport shows

more protection in slow-twitch muscles than in fast-twitch muscles

during insulin resistance (IR) development, while the mechanisms

involved remain unclear.

Mitochondria are one of the most important organelles in

mammalian skeletal muscle cells, and mitochondrial homeostasis

is essential for the normal function of skeletal muscle.

Mitochondrial dysfunction may lead to metabolic disorders, loss

of muscle mass and contractile dysfunction. Therefore,
02
mitochondria have developed a series of mechanisms to maintain

their homeostasis, including antioxidant machinery, fission and

fusion, mitochondrial biogenesis, mitophagy (13) and the

mitochondrial unfolded protein response (UPRmt) (14). Evidence

suggests that insulin sensitivity in skeletal muscle is closely related

to mitochondrial homeostasis. A previous study showed that the

inhibition of mitochondrial oxidative stress partly preserved insulin

sensitivity in human and rodent muscles (15). Aberrant

mitochondrial fission is associated with mitochondrial

dysfunction and insulin resistance in skeletal muscle (16).

Additionally, mitochondrial respiration is decreased in the

skeletal muscle of individuals with T2D (17). In isolated insulin-

resistant rat skeletal muscle cells, the restoration of insulin-

stimulated glucose uptake induced by melatonin is accompanied

by preserved mitochondrial respiration (18). Overall, approaches to

enhance mitochondrial homeostasis may improve insulin

sensitivity in skeletal muscle.

The UPRmt is an adaptive transcriptional response that was

initially described as a mechanism for cells to maintain

mitochondrial protein homeostasis during mitochondrial

dysfunction, as these organelles are constantly importing and

processing proteins in an unfolded state. Hoogenraad et al. (19)

described the pathway in rat hepatoma cells in which mitochondrial

proteostasis was disturbed by ethidium bromide (EB) treatment,

characterized by the accumulation of unfolded proteins in

mitochondria. Zhao et al. (20) found similar results in

mitochondria that were mildly stressed by overexpression of

DOTC, a mutated ornithine transcarbamylase that cannot

properly fold within mitochondria. Both of their studies

confirmed the restoration of mitochondrial homeostasis and

cellular status after UPRmt activation. The UPRmt is a

mitochondrial stress response by which mitochondria initiate the

transcriptional activation programs of mitochondrial chaperone

proteins and proteases encoded by nuclear DNA to maintain

proteostasis (21). As a stress-triggered process, UPRmt activation

ultimately leads to mitochondrial functional recovery (22),

metabolic adaptations (22), and innate immunity (23) at the

cellular level.

Previous studies have shown that activation of the UPRmt in

multiple tissues exhibits protective roles in a variety of diseases.

Wang et al. (24) reported that UPRmt induced by doxycycline has

protective effects on cardiac infarction, but this protection is absent
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in Atf5-/- mice. This research confirmed the protective effect of

ATF5-dependent UPRmt in myocardial disease. Another study

obtained similar results, confirming that the UPRmt could be

activated in the hearts of mice subjected to chronic hemodynamic

overload, and further boosting UPRmt with nicotinamide riboside

in cardiomyocytes in vitro or in hearts in vivo significantly

ameliorated the decline in mitochondrial respiration induced by

these stresses (25). In addition, Gariani et al. (26) demonstrated that

in long-term high-fat high-sucrose-fed animals, nicotinamide

riboside could increase sirtuin-mediated UPRmt activation,

triggering an adaptive process to increase hepatic b-oxidation and

mitochondrial complex content and activity. A recent study

demonstrated that UPRmt markers were elevated in acute insulin

resistance in skeletal muscle induced by a high-fat diet (27). This

research indicated that mitochondrial damage from a high-fat diet

(HFD) induced the UPRmt as a stress response in skeletal muscle.

As mentioned above, different types of muscle fibers contribute

distinctly to the development of insulin resistance. It is unclear

whether the UPRmt is involved in this muscle type-dependent

metabolic adaptation. Therefore, the purpose of this study was to

investigate the role of UPRmt in the distinct resistance of two types

of muscle in IR. The soleus (Sol) and tibialis anterior (TA) were

selected to represent slow- and fast-twitch muscles, respectively.
2 Materials and methods

2.1 Animals and sample collection

Twenty-four male Wistar rats (8 weeks old) were purchased

from Beijing Vital River Laboratory Animal Technology Co. Ltd. and

then migrated into air-conditioned polypropylene cages under a 12-

h light/dark cycle in our SPF-grade facility. The room temperature

was maintained at 24~27°C and 40-45% relative humidity. After 1

week of acclimatization, rats were randomly divided into two groups:

(1) the control group (n=12) was fed a normal chow diet (14 kcal%

from fat, mainly consisting of corn oil, 66 kcal% from carbohydrate

and 20 kcal% from protein), and (2) the HFD group (n=12) was fed a

high-fat diet (60 kcal% from fat, mainly consisting of lard, 20 kcal%

from carbohydrate and 20 kcal% from protein) for 18 weeks. The

chow diet (HFK, #1032) and the high-fat diet (HFK, #H10060) were

purchased from Beijing HFK Bioscience Co., Ltd. All rats had free

access to food and drinking water. At the end of the final week, 8 rats

from each group were selected for FBG and OGTT tests after 6 h of

fasting. Six hours after those tests, these rats were euthanized under

anesthesia induced by sevoflurane followed by intraperitoneal

injection of pentobarbital sodium. Skeletal muscle tissues and

blood samples were harvested immediately for subsequent

experiments. Simultaneously, 4 rats from each group were selected

for use only in the hyperinsulinemic–euglycemic clamp test and were

then killed by euthanasia. Due to their predominant muscle fiber

type in whole muscle, the Sol muscle is representative of slow

oxidative muscle, and the TA muscle is representative of fast

glycolytic muscle. All animals received proper care, and all animal

experiments were approved and supervised by the Animal Ethics

Committee of the Tianjin University of Sport in accordance with the
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National Research Council’s Guide for the Care and Use of

Laboratory Animals.
2.2 Fasting insulin test, fasting blood
glucose test and oral glucose
tolerance test

The FIN test was used to measure the fasting blood insulin

concentration of the rats. This test was performed by using the blood

sample collected from the last step. The fasting insulin levels in the

plasma were determined using an assay kit (CUSABIO, FIN Elisa kit)

according to the manufacturer’s instructions. Before the FBG and

OGTT, the rats were fasted for 6 h. An FBG test was used to assess the

fasting blood glucose level. Blood samples were collected by pricking the

rat tail tip with a needle. Blood glucose test strips (Roche Accu-Check

Active) were used to determine the FBGof each rat. Homeostasismodel

assessmentof insulin resistance (HOMA-IR)wascalculatedbasedonthe

equation HOMA-IR=serum insulin (mmol/L)×blood glucose (mmol/

L)/22.5 (28).TheOGTTwasused to evaluate the glucose toleranceof the

rats. A 50% glucose Solution was infused by intragastric administration

at a dose of 2 g of glucose per 1 kg of bodyweight, and blood glucosewas

measured every half hour after intragastric administration. This

procedure lasted for 2.5 h. GraphPad Prism 8 was used to establish the

OGTTcurve.Bloodglucose values at each timepointwere recorded, and

continuous curves were drawn. The area under the curve (AUC) was

calculated to evaluate the insulin sensitivity of rats.
2.3 Hyperinsulinemic-euglycemic
clamp test

Four rats were selected from each group for the hyperinsulinemic–

euglycemic clamp test. Anesthesia for selected rats was induced by

sevoflurane, followed by intraperitoneal injection of pentobarbital

sodium after 6 h of fasting. The right jugular and left carotid were

exposed for the following cannulation: a t-branch for glucose and insulin

infusionwas catheterized into the right jugular, andan indwellingneedle

was catheterized into the left carotid for blood sample collection.

Recombinant human insulin (Humulin R) was infused by a peristaltic

pump at a fixed flow rate of 5 mU/kg/min; glucose was infused by

another peristaltic pump, and the infusion rate (GIR) was adjusted

promptly to maintain blood glucose at ~5.0 mM. Carotid blood was

collected for the blood glucose test every 5min for 2 h. Insulin sensitivity

was evaluated by the GIR during the last 30 min of the experiment and

quantified by theAUCof the data collected from this duration. To avoid

the unknown influences exerted by a constant infusion of exogenesis

insulin lasting for 2 h, these rats were then killed by euthanasia after the

clamp test and no longer used for other experiments.
2.4 Mitochondrial isolation from
skeletal muscles

The mitochondrial isolation procedure was based on the

sucrose step density gradient centrifugation method (29). The
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isolation procedure is briefly described as follows: 300 mg of skeletal

muscle tissue was taken from each muscle collected in the last step

for mitochondrial isolation. The muscle tissue was first cut into very

small pieces and then transferred into a Dounce homogenizer for

gentle homogenization. This whole step was performed in ice-cold

MS homogenization buffer (210 mM mannitol, 70 mM sucrose, 5

mM Tris-HCl, 1 mM EDTA, pH 7.5) as quickly as possible. The

suspension was centrifuged at 1000 × g and 4°C for 10 min, and

then the supernatant was transferred into another tube for a 2nd

centrifugation at 12,000 × g and 4°C for 10 min. The precipitate was

crude skeletal muscle mitochondria. The final pellet was

resuspended in a volume and buffer appropriate for subsequent

work. The mitochondrial suspension was carefully applied on top of

the sucrose step density gradient Solution (15 mL of 1.0 M sucrose

gradient Solution over 15 mL of 1.5 M sucrose gradient Solution, 10

mM Tris-HCl, 1 mM EDTA, pH 7.5) in Ultra-Clear centrifuge

tubes. The tubes were centrifuged at 50,000 × g for 20 min. The

purified mitochondria formed a layer at 1.0 M/1.5 M sucrose

interface. The final dilution and resuspension of the purified

mitochondria from the last step were performed according to

previous research (29). Finally, purified and intact mitochondria

were prepared for other experiments.
2.5 Mitochondrial respiration

Skeletal muscle mitochondrial respiratory function was assessed

by an Oroboros Oxygraph-2k (Oroboros Instruments, 10023-01) as

previously described (30). In brief, the MiR05-Kit (Oroboros

Instruments, 60101-01) served as the mitochondrial respiration

medium. Two milliliters of medium was initially injected into the

system, and the O2 calibration procedure for adequate O2

dissolution was immediately performed. Then, 100 mg of

mitochondria was added to the reaction system after O2

calibration, and a mixture of malate (final conc. 2 mM) and

glutamate (final conc. 10 mM) was added to the system when the

O2 consumption curve became steady. This phase of O2

consumption is state 2 respiration. When the curve plateaued,

ADP (final conc. 0.1 mM) was added to the system; the O2

consumption in this phase represents state 3 respiration (ST3).

The final steady curve of O2 consumption followed by ADP

exhaustion represents state 4 respiration (ST4). The respiratory

control rate (RCR) was calculated as ST3/ST4.
2.6 Western blotting and real-time qPCR

Western blotting (WB) was used to determine the expression of

recognized glucose transport markers, UPRmt markers and MOTS-

c in this study. The experiments were performed under the standard

WB procedure, briefly as below. A 100-mg muscle sample cut into

very small pieces or ~5 mg of isolated mitochondria was transferred

into a Dounce homogenizer (200-ml EP tube for mitochondria) with

1 ml (0.05 ml for mitochondria) of RIPA lysis buffer (Beyotime,

P0013B) containing 10 ml (1 ml for mitochondria) of protease and

phosphatase inhibitor cocktail (Thermo Scientific™, #78445) for
Frontiers in Endocrinology 04
thorough homogenization (ultrasonication for mitochondria). The

supernatant was then collected after centrifugation for protein

concentration determination by using a BCA protein assay kit

(Beyotime, P0012). Denaturation was performed with protein

loading buffer (Solarbio, P1040). Denatured proteins were

separated by SDS−PAGE electrophoresis and transferred to 0.22-

mm PVDF membranes (Millipore, Billerica). Immobilon Western

Chemiluminescent HRP Substrate (Millipore, WBKLS0500) was

used for target protein detection after blocking and primary/

secondary antibody incubations of PVDF membranes. Adobe

Photoshop CC was used to quantify the luminance intensity of

the protein bands. The following primary antibodies were used:

Insulin Receptor beta (Abcam, ab69508); IRS-1 (CST, #2382);

Phospho-IRS-1 Ser307 (CST,#2381); AS160 (CST, 2670);

Phospho-AS160 T642 (CST, 8881); Glut4 (Abcam, ab33780);

CHOP (CST, 2895); ATF5 (Abcam, ab184923); HSP60 (CST,

4870S); ClpP (Abcam, ab124822); COX4 (CST, 4850S);b-tubulin
(CST, 2146S) and Mots-c (FabGennix, MOTSC-101AP).

Real-time qPCR was chosen to assess the relative fold change in

MOTS-c. Total RNA was extracted from ~50 mg of tissue by using

the Dynabeads mRNA Purification Kit (Invitrogen™, #61006), and

the operation was performed according to the manufacturer’s

instructions. RNA was reverse transcribed using a High-Capacity

RNA-to-cDNA™ kit (Thermo Scientific™, #4368813), and

quantitative real-time PCR was performed on a 96-well PCR

device (7500 Real-Time PCR System, Applied Biosystems™) by

using SYBR Green Select Master Mix (Applied Biosystems™,

#4472919). All procedures were performed following the

manufacturers’ instructions. b-Actin was used to normalize the

expression levels of target genes, and the relative expression of

MOTS-c was analyzed using the 2−DDCt method. The specific

sequence information for the primers used in this study is as

follows: MOTS-c Forward, 5′-GACACCTTGCCTAGCCACAC-3′;
MOTS-c Reverse, 5′-TGGCTGGCACGAAATTTACCA-3′; b-Actin
Forward, 5′-CCGTAAAGACCTCTATGCCAACA-3′; b-Actin
Reverse, 5′-TATCCATTCTCAAGAGCAGCGAAAG-3′.
2.7 Chromatin immunoprecipitation

In this study, the two kinds of histone modifications on the

ATF5 promoter were detected by ChIP. ChIP experiments and the

subsequent purification of cross-linked DNA were performed using

a SimpleChIP® Enzymatic Chromatin IP Kit (CST, 9003), and all

procedures were performed according to the manufacturer’s

instructions. Anti-H3K4me3 (CST, 9751) and anti-H3K27me3

(CST, 9733) were used to measure the corresponding histone

methylation at the ATF5 promoter region, and rabbit mAb IgG

(CST, 3900) was used as the negative control. The purified DNA

samples from immunoprecipitation were further quantified by RT-

qPCR (7500 Real-Time PCR System, Applied Biosystems™).

Values were normalized to each individual input control. The

primers were specifically designed for the ATF5 gene promoter

region, and the sequences were as follows: ATF5 promoter Forward,

5′- AGGAGGACCATAGGCATTG-3′; ATF5 promoter Reverse, 5′-
GCTAGACAGGCATTCTACCAC -3′.
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2.8 Statistical analysis

The values in this study are presented as the mean ± SD. The

data were analyzed using independent T tests, two-way ANOVA

and two-way ANOVA with repeated measures, followed by a post

hoc Bonferroni’s multiple comparison tests, as appropriate.

Analyses of the main effects (muscle type) and interaction effects

(muscle type×diet protocol) were also conducted. Descriptive and

analytical statistics were examined with SPSS v26.0 software. Results

with p values < 0.05 were considered statistically significant.
3 Results

3.1 A high-fat diet causes systemic
insulin resistance

After 18 weeks of HFD feeding, rats in the HFD group showed a

significant increase in blood insulin concentration (6.98 ± 2.08 vs.

15.54 ± 4.59, p<0.01) and fasting blood glucose (5.75 ± 0.58 vs. 8.29

± 0.6, p<0.05) compared with those in the control group

(Figures 1A, B). Consistent with this, the HOMA-IR index was

significantly increased in HFD rats compared with the controls

(1.67 ± 0.46 vs. 5.37 ± 1.59, p<0.01) (Figure 1C). In the

hyperinsulinemic-euglycemic clamp test, HFD rats showed a

significantly decreased GIR (20.56 ± 3.31 vs. 12.71 ± 1.71, p<0.01)

(Figure 1E). The AUC of the OGTT curve reflected that the glucose

tolerance of HFD rats was much lower than that of the control
Frontiers in Endocrinology 05
group (97.03 ± 2.89 vs. 68.44 ± 2.06, p<0.01) (Figure 1D). These

results indicate that long-term (18 weeks) HFD consumption could

induce whole-body insulin resistance in rats.
3.2 A high-fat diet causes impairment
of glucose transport specifically in
fast-twitch muscle

The Sol and TA were chosen for investigating the process of

HFD-induced adaptation/deterioration of different muscles. To

evaluate the impairment of insulin signaling and glucose

transport in slow- and fast-twitch muscles in response to HFD,

we tested the protein levels of insulin receptor-b (IR-b), p-IRS1,
IRS1, Glut4, AS160 and p-AS160, and the results were as follows:

first, the results of the two-way ANOVA of IR-b expression showed

a significant main effect of muscle type (p<0.05) but no main effect

of dietary intervention. The IR-b content was significantly higher in

Sol than that in TAmuscle (Figures 2A, B). However, the expression

of p-IRS1, the active form of IRS1, and the p-IRS1/IRS ratio showed

a significant decrease (p<0.05) in both Sol and TA in response to the

HFD (Figures 2A–C). Moreover, there was no significant

interaction effect between muscle type and dietary intervention.

Second, we found that the expression of Glut4 in TA muscle was

markedly lower in the HFD group than in the C group (p<0.01)

(Figures 2A, D). Similarly, in comparison to the C group, the

expression of p-AS160 (T642) in the HFD group was significantly

downregulated 0.40-fold (p<0.05) in the TA (Figures 2A, D).
D

A B

E

C

FIGURE 1

Whole-body insulin resistance induced by HFD. Each graph represents (A) fasting blood insulin concentration; (B) fasting blood glucose; (C) HOMA-IR; (D)
the original OGTT curve and its AUC; and (E) glucose infusion rate. (*p<0.05; *p<0.01; n=8 in each group in graphs (A–D), n=4 in each group in graph E).
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Consistent with this, the ratio of p-AS160/AS160 in the TA also

decreased 0.36-fold (p<0.05) in the control group compared to the

HFD group (Figures 2A, E). However, the expression of Glut4,

AS160 and p-AS160 showed no significant changes in the Sol

(Figure 2). The results of the two-way ANOVA of Glut4

expression showed a significant main effect of muscle type

(p<0.05) and a main effect of dietary intervention (p<0.05).

Moreover, there was a significant interaction effect between

muscle type and dietary intervention (p<0.05). These results

revealed that the impairments in glucose transport induced by a

HFD occur specifically in fast-twitch muscles.
Frontiers in Endocrinology 06
3.3 A high-fat diet causes mitochondrial
respiratory dysfunction in
fast-twitch muscle

To investigate the alterations in mitochondrial respiratory function

in different muscles under HFD conditions, mitochondrial respiration

was measured by an Oroboros Oxygraph-2k. The results showed no

significant changes in mitochondrial respiration in Sol muscle after

HFD feeding. In TAmitochondria, a significant decrease in ST3 and an

increase in ST4 were observed in HFD rats compared with control rats

(p<0.05), and the RCR (ST3/ST4) was significantly decreased in this
D

A B

C

FIGURE 3

Mitochondrial respiratory functions in fast- and slow-twitch muscles after HFD intervention. Traces of mitochondrial O2 consumption (A),
Mitochondrial State 4 (B) and State 3 (C) respiration and the respiratory control rate (D) in the Sol and TA under stimulation with the respiratory chain
substrate (malate+glutamate) are shown. (*p<0.05; n=8 for each group).
D

A B

E

C

FIGURE 2

Insulin and glucose transport in fast- and slow-twitch muscles after HFD intervention. (A) The original western blotting results of phosphorylated
IRS1 (S307), IRS1, IR-b, phosphorylated AS160 (T642), AS160 and Glut4 in muscle lysates. (B) Quantification of relative expression of p-IRS1 (S307),
IRS1 and IR-b protein in each group. (C) The ratio of the relative expression of p-IRS1 and total IRS1. (D) Quantification of relative expression of the
p-AS160 (T642), AS160 and Glut4 protein in each group. (E) The ratio of the relative expression of p-IRS1/IRS1. (*p<0.05; **p<0.01; and #p<0.05
when comparison was conducted between muscles; n=8 for each group).
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comparison (p<0.05) (Figure 3). Two-way ANOVA revealed a

significant main effect of muscle type (p<0.05) for ST3 and RCR;

these two parameters were significantly higher in the TA than in Sol

muscle. In summary, mitochondrial respiratory function was decreased

only in the TA but not in the Sol muscle after long-term HFD feeding.
3.4 ATF5-dependent UPRmt is
preferentially activated by HFD in
slow-twitch muscle

Western blotting was used to measure the expression of the

identified UPRmt markers. ATF5 and CHOP are located in multiple

regions in the cell; thus, the expression levels of these proteins were

measured in muscle homogenates. HSP60 and ClpP are located in the

mitochondrial matrix, so these proteins should be measured in isolated

mitochondria. The results showed that the expression level of ATF5was

upregulated by 0.84-fold (p<0.05) inHFD rats compared to the controls

in Sol muscle and was upregulated by 0.43-fold (p<0.05) in TA muscle

(Figures 4A, C). While two-way ANOVA revealed a significant

interaction effect between muscle types and dietary intervention for

the expression ofATF5.No significant changes in the expression level of

CHOPwere observed in either Sol or TAmuscle inHFD rats compared

to the controls (Figures 4A, B). Two-wayANOVA revealed a significant

main effect of muscle type (p<0.05), the expression of CHOP in Sol was

significantlyhigher than that inTAmuscle.Moreover, for the expression

of CHOP, no significant interaction effect between muscle types and

dietary intervention was observed. Regarding Sol mitochondrial

proteins, HFD rats showed markedly upregulated expression of

HSP60 by 4.68-fold (p<0.01) and of ClpP by 1.33-fold (p<0.01)

compared with control rats (Figures 4A, D, E). In TA mitochondria,

only the expression of HSP60 was upregulated 1.44-fold (p<0.05) in

HFD rats compared to control rats (Figures 4A, D). No significant

changes in ClpP were observed in TA mitochondria after HFD
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consumption. Notably, two-way ANOVA revealed no significant

main effect of muscle type for the expression of HSP60 and ClpP, but

it indicated a significant interaction effect between muscle type and

dietary intervention for both HSP60 and ClpP levels (p<0.05). These

results indicated that theactivationof theUPRmtinSolmusclewasmore

profound than that in TA muscle after HFD intervention.
3.5 The expression of MOTS-c decreased
after HFD feeding specifically in fast
TA muscle

MOTS-c is a mitochondria-derived peptide that can participate in

regulating glucose metabolism. Our results showed that the expression

of MOTS-c increased by 0.37 times (p<0.05) in Sol muscle after HFD

feeding. Consistent with the protein expression, compared with the

control group, the mRNA level of MOTS-c in the Sol muscle of HFD-

fed rats was significantly increased by 0.62 times (p<0.05). In the TA,

there was no significant difference in the expression ofMOTS-c protein

or mRNA after HFD feeding (Figure 5). In this section, two-way

ANOVA revealed a significant main effect of muscle type (p<0.05) for

the protein and mRNA levels of MOTS-c. Moreover, it showed a

significant interaction effect of muscle type and dietary intervention for

both the protein and mRNA levels of MOTS-c (p<0.05).
3.6 Epigenetic modulation, which is
associated with transcription promotion,
occurred only in slow-twitch muscle after
HFD feeding

Histone methylations, including H3K4me3 and H3K27me3,

have been proven to be involved in regulating the UPRmt (31,

32), in which H3K4me3 has the effect of activating transcription,
A B

D E

C

FIGURE 4

The relative expression of UPRmt markers in Sol and TA muscles. (A) The original western blots of CHOP and ATF5 from muscle lysates; HSP60 and
ClpP from isolated mitochondria. (B, C) Quantification of the relative expression of CHOP and ATF5 in Sol and TA in each group. (D, E)
Quantification of the relative expression of HSP60 and ClpP in Sol and TA in each group. (*p<0.05; **p<0.01; and #p<0.05 when comparison was
conducted between muscles; n=8 for each group).
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whereas H3K27me3 inhibits transcription. First, we tested the

transcription levels of ATF5 in the Sol and TA muscles of the

HFD group and control group. We found that the mRNA level of

ATF5 in the Sol of HFD rats significantly increased by 1.54 times

compared with that of the control group (p<0.01) (Figure 6A).

Furthermore, the ChIP assay results showed that compared with

that in the control rats, the enrichment of H3K4me3 in the

promoter region of ATF5 in Sol was significantly upregulated by

0.5-fold in HFD rats (p<0.01) (Figure 6B). The enrichment of

H3K27me3 in the promoter region of ATF5 in the TA muscle of

HFD-fed rats was significantly increased by 0.77-fold (p<0.01)

(Figure 6B). Notably, for these two opposite epigenetic

modulations, the findings showed both a significant main effect of

muscle type (p<0.05) and a significant interaction effect between

muscle type and dietary intervention (p<0.05). In summary, both

the higher enrichment efficiency of H3K4me3 at the ATF5

promoter region in Sol muscle and the higher enrichment

efficiency of H3K27me3 at the ATF5 promoter region in TA

muscle may contribute to the more profoundly upregulated ATF5

in Sol muscle than in TA muscle.
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4 Discussion

As a heterogeneous tissue, skeletal muscle differs with respect to

its different muscle fiber types in response to physiological and

pathological stresses. In the present study, a HFD-induced insulin

resistance model was established, and we found that the impairment

in glucose transport in fast-twitch muscle was more pronounced

than that in slow-twitch muscle. The main novelty of this paper is to

reveal that UPRmt is mainly activated in the Sol after HFD feeding,

not in the TA. Along with the activation of the UPRmt, the

maintenance of mitochondrial respiration function and the

upregulated expression of MOTS-c, a mitokine involved in

regulating glucose metabolism, were observed only in the Sol.

Further ChIP experiments revealed that the higher histone

methylation H3K4me3 at the ATF5 promoter region in Sol and

H3K27me3 at the ATF5 promoter region in TA may contribute to

the more pronounced activation of the UPRmt in Sol muscle.

After 18 weeks of HFD feeding, we tested the status of glucose

metabolism in all of the rats. Following a previous study that

discussed the establishment of an insulin resistance rat model
A B

FIGURE 6

The transcription level and histone methylation at the promoter region of ATF5. (A) The transcription level of ATF5 in Sol and TA muscles among the
groups; (B) The H3K4me3 and H3K27me3 enrichment rate of the ATF5 promoter in Sol and TA muscles among the groups. **p<0.01; and #p<0.05
when comparison was conducted between muscles; n=8 for each group; IP, immunoprecipitation; NC, negative control).
A B

FIGURE 5

The relative protein and mRNA expression levels of MOTS-c in slow- and fast-twitch muscles among all groups. (A) The protein expression level of
MOTS-c in the Sol and TA muscles among the groups. (B) Relative fold change in MOTS-c mRNA levels in the Sol and TA muscles among the
groups. (*p<0.05 and #p<0.05 when comparison was conducted between muscles; n=8 for each group).
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induced by long-term high-fat diet feeding (33), we selected the

HOMA-IR (28), OGTT and hyperinsulinemic-euglycemic clamp

test (34) to evaluate systemic glucose metabolism in rats. Our results

indicated that the HFD rats developed systemic insulin resistance.

Different types of muscle fibers contribute differently to

adaptation or deterioration under metabolic stress, such as a HFD

(35). Through further investigation of glucose metabolism in slow-

and fast-twitch skeletal muscles, our results showed that the AS160-

Glut4 axis, the key player in the regulation of glucose transport (36),

was significantly decreased only in TA muscle after HFD feeding.

These results imply that fast-twitch muscle is more susceptible to

HFD than slow-twitch muscle and is more likely to suffer

impairment in glucose metabolism. Meanwhile, slow-twitch

muscles may be more tolerant to HFD. In line with our results, a

previous study indicated that short-chain fatty acyl CoA

dehydrogenase activity was elevated after 8 weeks of HFD feeding

in Sol muscle but was not changed in TA muscle (37). For HFD

versus control diet-fed rats, the glucose uptake in insulin-stimulated

single fibers was significantly (p < 0.05) lower for type II but not

type I fibers (38). A series of studies conducted by Cartee (35, 39)

found that 2 weeks of HFD feeding could cause a significant

decrease in Glut4 expression in type IIb fibers, as well as insulin-

stimulated glucose uptake in multiple fast type II fibers but not type

I fibers. In addition, the insulin-stimulated elevation of p-AS160

(S704) was blunted in type IIx and IIbx fibers in insulin-resistant

rats (39). Consistently, in this study, the disparities in the expression

of proteins involved in glucose transport show that the glucose

transport of slow-twitch muscle remains almost unaltered after

HFD intervention, but glucose transport of fast-twitch muscle was

significantly impaired.

As a stress-triggered mitochondrial protection response, the

UPRmt has gained much attention in recent decades. The canonical

UPRmt transcriptional axis is activated upon mitochondrial protein

misfolding/aggregation in the mitochondrial matrix. In addition,

the UPRmt sirtuin axis and the UPRmt estrogen receptor alpha axis

are likely highly complementary to the canonical UPRmt

transcriptional axis in securing mitochondrial health (40). In the

present study, we mainly focused on the canonical UPRmt

transcriptional axis. The UPRmt transcriptional response involves

activating mitochondrial molecular chaperones and quality-control

proteases (20). The UPRmt in C. elegans is coordinated by multiple

factors, including the transcription factor ATFS-1. Haynes et al.

(41) confirmed that regulation of the UPRmt is conserved from

worms to mammals and that ATF5, the homolog of ATFS-1, is

required for UPRmt activation in mammalian cells. In the present

study, the data showed that in both Sol and TA muscles, the

expression levels of ATF5 and the chaperone HSP60 were

increased after HFD feeding. However, the relative fold change in

these two proteins was more profound in the Sol than in the TA.

The expression of protease ClpP increased only in the Sol. These

results indicate that the HFD-induced UPRmt is mainly activated in

slow-twitch muscle. Consistent with our results, a recent study

demonstrated that the UPRmt could be activated in mouse skeletal

muscle by short-term HFD feeding (27). Similarly, in mouse

epididymal white adipose tissue (eWAT), the UPRmt was

activated after unsaturated fish oil diet (UFD) feeding (42). The
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reasons for the HFD-induced UPRmt have not yet been confirmed,

while some potential mechanisms may be involved in this process.

First, it has been shown that a long-term HFD can lead to

proteostatic perturbation in skeletal muscle. A very recent study

by Fletcher et al. (43) showed that immunoproteasome and total

proteasome function are significantly reduced in obese muscle. In

addition, it is possible that a HFD could induce the elevation of

ROS, which may ultimately activate the UPRmt (20, 44).

Additionally, accumulated fatty acids may lead to mitochondrial

uncoupling and create mitochondrial stress to induce the UPRmt.

In support of this view, a recent study showed that overexpression

of uncoupling proteins in neurons of C. elegans can induce the

UPRmt (45). A HFD is known to induce the expression of

uncoupling proteins in skeletal muscle, and the upregulation is

more pronounced in slow-twitch muscle fibers (46). This may

support the muscle type-dependent activation of the UPRmt by a

HFD in the present study.

Normal mitochondrial function is thought to be crucial for

ensuring glucose metabolism (16). As one of the mitochondrial

quality-control system processes, the UPRmt is considered to be

able to maintain mitochondrial homeostasis and restore

mitochondrial function (47). In the current study, we found that

both in the control and the HFD groups, the malate/glutamate-

dependent mitochondrial respiration of fast-twitch muscle is higher

than that of slow-twitch muscle. This result is consistent with

previous studies (7, 48), the results of which showed that TA has

significantly higher O2 consumption than Sol and first dorsal

interosseus muscle. Notably, preserved mitochondrial respiration

was observed only in Sol muscle under HFD conditions. In the TA

muscle, mitochondrial respiration significantly declined after HFD

intervention. HFD feeding has been reported to impair

mitochondrial respiratory function in multiple tissues, including

skeletal muscle, and to further induce insulin resistance (49, 50).

However, this pathological process has been proven to be muscle

fiber type dependent. Consistent with our study, Pinho et al. (51)

suggested that the alterations in mitochondrial respiration after

HFD feeding occur in a fiber type-dependent manner. In contrast to

the soleus muscle, palmitate oxidation in the epitrochlearis (mixed

muscle type but mainly fast glycolytic) muscle is significantly lower

and increased less than that in the Sol muscle after 8 weeks of HFD

feeding (51). Mitochondrial respiratory function relies on OXPHOS

status, and evidence suggests that the UPRmt is capable of restoring

mitochondrial OXPHOS. Nargund et al. (52) demonstrated that the

UPRmt induced by ATFS-1 promotes OXPHOS recovery during

mitochondrial stress. They found that ATFS-1 associates with both

nDNA and mtDNA under mitochondrial stress and ultimately

leads to respiratory recovery by orchestrating OXPHOS

component assembly and increasing proteostatic capacity (52).

Therefore, compared with that in fast-twitch muscle, the higher

activation of the UPRmt in slow-twitch muscle helps to maintain

mitochondrial respiration, thus protecting glucose metabolism.

In addition to restoring mitochondrial function, the UPRmt

also regulates metabolism by elevating mitochondrial-derived

peptide (MDP) production (53). As an identified MDP, MOTS-c

is a stress-induced mitochondrial-derived 16-amino-acid peptide

encoded by the 12S rRNA sORF in mtDNA. In our study, the
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expression of MOTS-c in the Sol of HFD rats was significantly

higher than that of control rats. In the TA muscle, no significant

changes in MOTS-c were observed in the HFD and control groups.

The UPRmt is positively correlated with MOTS-c, which is

considered a retrograde signal for mitochondria to communicate

with the nucleus in response to mitochondrial stress (54). In the

present study, we also found that the expression of MOTS-c showed

a muscle type-specific pattern in line with UPRmt activation. The

metabolic regulatory role of MOTS-c was first identified in the

process of gene screening for metabolic regulators of human cells,

and that study showed that MOTS-c directly targets skeletal muscle

and regulates insulin sensitivity in mice (55). Recently, Reynolds

et al. (56) indicated that exercise induced the endogenous MOTS-c

level in skeletal muscle, which contributes to elevated lipid

utilization capacity. Growing evidence suggests that MOTS-c

plays a role in coordinating cellular glucose, mitochondrial, and

fatty acid metabolism (55, 57). According to recent research,

MOTS-c exhibits a fiber type-specific expression pattern because

it is positively associated with slow oxidative fibers. The authors

hold the position based on their data that the production of MOTS-

c in muscle cells is increased with aging, and it is tempting to further

speculate that this phenomenon is tied to the greater expression of

MOTS-c in slow-type fibers and the age-related fast-to-slow fiber

type transition (58). Taken together, the findings show that

compared with that in fast-twitch muscle, the higher level of

MOTS-c in slow-twitch muscle, which is positively correlated

with the UPRmt, may help to maintain glucose metabolism.

Emerging evidence shows that epigenetic mechanisms are key

factors to be considered in the coordinated regulation of skeletal

muscle fiber types and metabolic patterns. Based on the results

mentioned before, we found that the activation of the UPRmt was

different in slow and fast-twitch muscles under the same HFD

stress. This disparity may be attributed to the difference in

epigenetic status in slow- and fast-twitch muscles. According to

fundamental studies, epigenetic modulation plays a profound role

in regulating the activation of the UPRmt (32, 59). Therefore, to test
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whether the different statuses of epigenetic modulation of slow- and

fast-twitch muscles contribute to the fiber type-specific activation of

the UPRmt, we studied the epigenetic modulations of ATF5.

Chromatin remodeling has been shown to play a central role in

UPRmt activation. Tian Y et al. (59) demonstrated that activation of

the UPRmt requires the dimethylation of lysine 3 of histone 3

(H3K9) in the presence of met-2 and lin-65, which leads to a

compacted and overall silenced chromatin state, while

simultaneously, some chromatin portions remain loose, favoring

the binding of UPRmt regulators such as DVE-1. On the other

hand, UPRmt activation also requires the conserved demethylases

JMJD-3.1 and JMJD-1.2 (32), which reduce chromatin compaction

by removing methylation from H3K9 and H3K27, respectively (60,

61). Generally, H3K4me3 is regarded as a transcriptionally positive

histone modulation, while H3K27me3 is a transcriptionally

inhibitory histone modulation (62). Our data indicated that the

enrichment rates of H3K4me3 and H3K27me3 on the ATF5

promoter in Sol and TA muscles were significantly opposite after

HFD feeding. Sol had higher H3K4me3 modulation of the ATF5

promoter region than TA, while TA had higher H3K27me3

modulation of the ATF5 promoter after HFD intervention. This is

quite similar to the preferentially activated UPRmt in Sol. Emerging

evidence indicates that the distribution of active histone

modifications, such as H3K4me3, largely differs between fast- and

slow-twitch muscles. A recent study described epigenetic profiling

between fast/glycolytic and slow/oxidative muscles. That study

revealed that the epigenome in Sol muscle was quite different

from that in extensor digitorum longus (EDL) muscle, and they

accounted for the different myocellular characteristics. The study

identified transcription factors with motifs enriched in H3K4me3

peaks, such as MEF2C, PPARA, SOX6 and NFATC2, as they are

known to influence differentiation and lipid metabolism in slow/

oxidative muscle (63). Other studies have demonstrated that slow-

twitch muscles have a unique epigenetic system that regulates gene

expression, which might be closely associated with contractile and

metabolic properties (64, 65). In summary, this differentiated
FIGURE 7

HFD induced the specific activation of the UPRmt in slow- and fast-twitch muscles. (↑, upregulation; ↓, downregulation; !, no change).
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epigenetic modulation of ATF5 may underlie the mechanism

involved in muscle fiber-type-specific UPRmt activation.
5 Conclusions

In this study, the disparities in the expression of proteins

involved in glucose transport show that the glucose transport of

slow-twitch muscle remains almost unaltered after HFD

intervention, but glucose transport of fast-twitch muscle was

significantly impaired. This phenomenon may result from

preferential activation of the UPRmt in slow-twitch muscle

compared to fast-twitch muscle. On the one hand, due to the

mitochondrial repair performed by the UPRmt, mitochondrial

respiratory function in slow-twitch muscle is preserved. On the

other hand, the higher level of MOTS-c, a UPRmt-related mitokine,

may contribute to the maintenance of glucose metabolism in slow-

twitch muscle. Notably, this muscle-type-dependent UPRmt

activation is probably caused by different histone modifications of

the UPRmt regulator (Figure 7). However, future work applying

genetic or pharmacological approaches should further uncover the

relationship between the UPRmt and insulin resistance.
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