
Mitochondrial dysfunction in skeletal muscle
contributes to the development of acute insulin
resistance in mice

Hyunjung Lee1, Tae Youl Ha1,2, Chang Hwa Jung1,2, Farida Sukma Nirmala1,2, So-Young Park3, Yang Hoon Huh4 &
Jiyun Ahn1,2*

1Research Group of Natural Material and Metabolism, Korea Food Research Institute, Wanju, Republic of Korea; 2Department of Food Biotechnology, University of Science
and Technology, Daejeon, Republic of Korea; 3Department of Physiology, College of Medicine, Yeungnam University, Daegu, Republic of Korea; 4Center for Electron
Microscopy Research, Korea Basic Science Institute, Cheongju, Republic of Korea

Abstract

Background Although mounting evidence indicates that insulin resistance (IR) co-occurs with mitochondrial dysfunc-
tion in skeletal muscle, there is no clear causal link between mitochondrial dysfunction and IR pathogenesis. In this
study, the exact role of mitochondria in IR development was determined.
Methods Six-week-old C57BL/6 mice were fed a high-fat diet for 2 weeks to induce acute IR or for 24 weeks to induce
chronic IR (n = 8 per group). To characterize mitochondrial function, we measured citrate synthase activity, ATP con-
tent, mitochondrial DNA (mtDNA) content, and oxygen consumption rate in gastrocnemius and liver tissues. We intra-
peritoneally administered mitochondrial division inhibitor 1 (mdivi-1) to mice with acute IR and measured
mitochondrial adaptive responses such as mitophagy, mitochondrial unfolded protein response (UPRmt), and oxidative
stress (n = 6 per group).
Results Acute IR occurred coincidently with impaired mitochondrial function, including reduced citrate synthase ac-
tivity (�37.8%, P < 0.01), ATP production (�88.0%, P < 0.01), mtDNA (�53.1%, P < 0.01), and mitochondrial respi-
ration (�52.2% for maximal respiration, P < 0.05) in skeletal muscle but not in liver. Administration of mdivi-1
attenuated IR development by increasing mitochondrial function (+58.5% for mtDNA content, P < 0.01;
4.06 ± 0.69 to 5.84 ± 0.95 pmol/min/mg for citrate synthase activity, P < 0.05; 13.06 ± 0.70 to
34.87 ± 0.70 pmol/min/g for maximal respiration, P < 0.001). Western blot analysis showed acute IR resulted in in-
creased autophagy (mitophagy) and UPRmt induction in muscle tissue. This adaptive response was inhibited by mdivi-
1, which reduced the mitochondrial oxidative stress of skeletal muscle during acute IR.
Conclusions Acute IR induced mitochondrial oxidative stress that impaired mitochondrial function in skeletal muscle.
Improving mitochondrial function has important potential for treating acute IR.
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Introduction

Insulin maintains glucose homeostasis by stimulating glucose
uptake in peripheral tissues, primarily adipose and skeletal

muscle (SKM), and reducing gluconeogenesis in liver. Insulin
resistance (IR) is characterized by the inability of tissues to re-
spond appropriately to insulin.1 Intake of foods high in fat and
sugar can cause caloric excess that drives obesity, IR, and
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impaired insulin signalling. IR is an important risk factor for
type 2 diabetes, coronary heart disease, and non-alcoholic
fatty liver disease.2 IR is also accompanied by reduced mito-
chondrial content of SKM.3 Because SKM accounts for
60–70% of insulin-stimulated glucose uptake in the whole
body,4 IR in SKM is a major obstacle to normoglycaemia.5

Mitochondria are dynamic organelles that contribute to
oxidative stress mediation, cellular redox state, and cell signal-
ling. Because mitochondria are central to cellular energy me-
tabolism, they play major roles in metabolic disorders, such
as reduced ATP synthesis, reactive oxygen species (ROS) gen-
eration, and apoptotic cell death with a high-fat diet (HFD).6

The preliminary evidence linking mitochondrial dysfunction
to IR comes from studies of obese and insulin-resistant individ-
uals who had defective lipid metabolism and lower SKM mito-
chondria oxidative capacity than healthy lean controls.7

Mitochondrial capacity for oxidative metabolism is lower in
insulin-responsive tissues of patients.3,8 First-degree relatives
of individuals with T2DM have decreased mitochondrial respi-
ration, suggesting that mitochondrial dysfunction precedes
T2DM onset.9 Moreover, compromised mitochondria can pro-
mote diabetes pathogenesis, especially in cases of hereditary
mitochondrial disease. However, the role of mitochondria in
IR development is still controversial, because mitochondrial
dysfunction does not always occur with IR.10,11

Mitochondria constantly undergo fusion and fission, which
establish a dynamic mitochondrial network. The physiological
importance of mitochondrial dynamics for the regulation of
mitochondrial function has been reported in neurodegenera-
tive disease and cancer.2,3 In the case of IR, mitochondrial fis-
sion is increased in SKM from diet-induced obese mice.4

Moreover, the inhibition of mitochondrial fission improves
muscle insulin signalling and systemic insulin sensitivity,
which suggest that aberrant mitochondrial fission is casually
associated with mitochondrial dysfunction and IR.

To clarify the relationship between mitochondrial dysfunc-
tion and IR severity in SKM, we compared insulin sensitivity
and mitochondrial function of mice fed a 2-week HFD with
those of mice fed a 24-week HFD (HFD-S and HFD-L, respec-
tively). Also, to determine the role of mitochondrial plasticity
in the development acute IR, we treated HFD-S mice with
mdivi-1, a mitochondrial fission inhibitor, and measured insu-
lin sensitivity and mitochondrial function.

Materials and methods

Animals

Five-week-old male C57BL/6 mice were obtained from Orient
Bio (Seongnam, Korea). After a week of acclimation, mice
were fed a control diet (CD) or a 60% high-fat diet
long-term for 24 weeks (HFD-L). For short-term HFD feeding
(HFD-S), we fed mice a CD for 22 weeks and then a 60%

HFD for 2 weeks. On the day of sacrifice, we compared
HFD-S and HFD-L mice with age matched CD mice. Mitochon-
drial division inhibitor 1 (mdivi-1) is a quinazolinone deriva-
tive that selectively inhibits dynamin-related protein 1
(DRP1)-dependent mitochondrial fission and was purchased
from Sigma-Aldrich (St. Louis, MO). Mdivi-1 was dissolved in
DMSO and diluted with sterile water for intraperitoneal injec-
tion into mice. We injected HFD-S mice with 50 mg/kg body
weight of mdivi-1 twice, 24 and 6 h before sacrifice.

Blood measurements

We collected blood, centrifuged samples at 3600 g for 20 min,
and stored at�80°C until use. Serum glucose levels weremea-
sured with a commercial kit (Shinyang Chemical Co., Busan,
Korea). Enzyme-linked immunosorbent assay kits were used
to measure serum insulin levels (ALPCO Diagnostics, Salem,
NH, USA). We calculated homeostatic model assessment-IR
(HOMA-IR) from fasting glucose and insulin levels.

Glucose tolerance and insulin sensitivity test

We performed intraperitoneal glucose tolerance tests (IPGTT)
and intraperitoneal insulin tolerance tests (IPITT) to measure
IR. Prior to each test, mice were fasted for 4 h, a baseline
blood sample was taken from their tail, and each mouse in-
traperitoneally received either a 2 g D-glucose/kg body
weight (bw) or 0.75 U insulin/kg bw for the IPGTT or the
IPITT, respectively. We collected tail blood samples at 15,
30, 60, 90, and 120 min after injection and analysed immedi-
ately for glucose content using the Accu-Check Performa In-
strument (Roche Diagnostics, Basel, Switzerland).

Hyperinsulinaemic-euglycaemic clamp

We performed a hyperinsulinaemic-euglycaemic clamp as pre-
viously described.12 Briefly, after overnight fasting, we per-
formed a 2 h hyperinsulinaemic-euglycaemic clamp with a
900 pmol/kg priming dose and a continuous infusion of human
regular insulin (Novolin, Denmark) at 15 pmol/kg/min, and
infused 20% glucose at variable rates to maintain constant
glucose concentrations of 5–6 mM. We estimated insulin-
stimulated rates of whole-body glucose uptake using a
continuous infusion of [3-3H] glucose (PerkinElmer Life and
Analytical Sciences, Waltham, MA, USA) through the clamps
(0.1 μCi/min). To estimate insulin-stimulated glucose uptake
in individual tissues, we administered 2-deoxy-D-[1-14C]
glucose (2-[14C]DG; PerkinElmer Life and Analytical Sciences)
as a bolus (10 μCi) 75 min after starting clamps. We
calculated rates of insulin-stimulated whole-body glucose
uptake by dividing [3H] glucose infusion rates [disintegrations
per minute (dpm/min)] by specific activities of plasma
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glucose (dpm/μmol) during the final 30 min of the clamp.
Hepatic glucose production during clamps was determined
by subtracting the glucose infusion rate from the
whole-body glucose uptake rate. We calculated glucose
uptake in SKM from the plasma 2-[14C]DG profile, which was
fitted with a double exponential or linear curve using MLAB
(Civilized Software, Silver Spring, MD, USA) and tissue 2-[14C]
DG-6-P content.

Mitochondria analysis

Protein extraction was performed in RIPA buffer (Thermo
Fisher Scientific, Rockford, IL, USA). Citrate synthase activity
was measured in the protein fraction with a spectrophotome-
ter using a commercial kit (Sigma-Aldrich, St. Louis, MO, USA)
and adjusted by protein content. We determined ATP content
using an ATP luminescence detection assay system (ATPlite,
PerkinElmer, Waltham, MA, USA). The mitochondrial fraction
was isolated using the Mitochondrial Isolation Kit for Tissue
(Thermo Fisher Scientific) and used for the measurement of
complex I activity using a Complex І Enzyme Activity Assay
Kit (Abcam, Cambridge, UK). To measure mitochondria con-
tent, we extracted total DNA from muscle using phenol/chlo-
roform/isoamyl alcohol (25:24:1) followed by ethanol
precipitation. The content of mtDNA was calculated using
real-time quantitative PCR (qRT-PCR) bymeasuring the thresh-
old cycle ratio (ΔCt) of a mitochondrial-encoded gene (Cox5,
forward 50-ACTATACTACTACTAACAGACCG-30, reverse 50-
GGTTCTTTTTTTCCGGAGTA-30) versus a nuclear-encoded gene
(Cyclophilin A, forward 50-ACACGCCATAATGGCACTGG-30, re-
verse 50-CAGTCTTGGCAGTGCAGAT-30).

Quantitative real time-polymerase chain reaction
(qRT-PCR) assay

We extracted total RNAs from muscle using RNeasy Fibrous
Tissue Mini Kit (Qiagen, Germantown Rd, MD, USA) and from
liver tissue using NucleoSpin® RNA Plus kit (Macherey-Nagel,
Bethlehem, PA, USA). The ReverTra Ace qPCR RT Master Mix
(Toyobo, Osaka, Japan) was used to synthesize cDNA. We
performed qRT-PCR with SYBR Green Master Mix (Toyobo)
and a StepOne™ PCR System (Applied Biosystems, Foster City,
CA, USA). Primer sequences are listed in Supporting Informa-
tion, Table S1.

Bioenergetics of extensor digitorum longus (EDL)
myofibre and isolated muscle mitochondria

To isolate EDL myofibres, we dissected the EDL muscle and
digested with DMEM supplemented with collagenase II and
1% antibiotics for 1 h. We gently triturated EDL muscle

through a fire-polished glass pipette and transferred intact sin-
gle fibres to newmedium. The oxygen consumption rate (OCR)
was measured in EDL muscles using a previously described
method with minor modifications.13 Briefly, collagenase-
digested single muscle fibres were seeded into XF24 wells
and the OCR was measured with a Seahorse XF24 Analyzer
(Agilent, Santa Clara, CA, USA). After basal OCR measurement,
we injected mitochondrial inhibitor, oligomycin (1 μM), a mi-
tochondrial uncoupler, carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP; 400 nM), pyruvate (10 mM), and ro-
tenone to inhibit the mitochondrial complex. Next, we per-
formed a bicinchoninic acid (BCA) assay to determine the
concentration of muscle protein and normalized to total pro-
tein content. The respiratory O2 consumption in themitochon-
drial fraction isolated from gastrocnemius or liver tissues was
measured as previously described.14 For the electron flow ex-
periment, we used 10 μM pyruvate, 2 mM malate, and 4 μM
FCCP as substrate. The final concentrations were 2 μM rote-
none, 10 mM succinate, 4 μMantimycin A, and 100mM ascor-
bate with 0.2 mM TMPD. Rotenone and antimycin A were
used to inhibit complex I and complex III respiration. The flow
of electrons through each complex (I–IV) was determined
using specific substrates: pyruvate and malate for complex I,
succinate for complex II, and ascorbate/TMPD for complex
IV. Coupling experiments (rates of state2, state3, state4O,
and state3 μ) were performed using 80 μMpalmitoyl-carnitine
and 0.5 mM malate as substrate and oligomycin as a coupling
agent. FCCP was used as an uncoupling agent to evaluate the
effect of HFD feeding on maximal respiration rate. The final
concentrations were 4 mM ADP, 10 μM oligomycin, 10 μM
FCCP, and 10 μM antimycin A.

Western blot analysis

We extracted protein fractions with RIPA buffer (Thermo
Fisher Scientific, Rockford, IL, USA) containing protease and
phosphatase inhibitors (Thermo Fisher Scientific), separated
20 μg of protein from each sample by 12% SDS-PAGE, and
electrophoretically transferred the protein to a
polyvinylidene difluoride membrane. Blocked membranes
were incubated overnight at 4°C with primary antibodies,
then incubated with horseradish peroxidase-conjugated
anti-rabbit or anti-mouse Ig. Immunoreactive bands were vi-
sualized by enhanced chemiluminescence solution (Thermo
Scientific). Band quantitative analysis was performed using
ImageJ software (National Institutes of Health, Bethesda,
MD, USA). Antibodies against T-OXPHOS (ab110413, 1:1000)
(Abcam), Mfn1 (sc-50330, 1:1000), Mfn2 (sc-100560,
1:1000), Opa1 (sc-30573, 1:1000), Fis1 (PA1–41082, 1:1000),
DRP1 (#5391, 1:1000), p-DRP1 (#3455, 1:1000), PGC1α
(ST1202, 1:1000), PGC1β (sc-373771, 1:1000), PPARδ (PA5–
29678, 1:1000), p70 S6 Kinase (#2708, 1:1000), p-p70 S6
Kinase [Thr389 (#9205, 1:1000)], LC3 (#2775, 1:1000), p62
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(BD, 610832, 1:1000), Atg5 (#12994, 1:1000), p-S556-ULK1
(OABF01248, 1:1000)], p-S757-ULK1 (#6888, 1:1000)], PINK1
(#6946, 1:1000), Parkin (ab15954, 1:1000), HSP25 (ADI-SPA-
801-D, 1:1000), TNX2 (#14907, 1:1000), CLPP (ab124822,
1:1000), 4-HNE (ab46545, 1:1000), β-actin (sc-47778,
1:1000), and VDAC (#4661, 1:1000) were used. β-actin and
VDAC were used as reference proteins for total protein and
mitochondrial fraction, respectively.

Liver lipid measurement

For liver histology, we fixed liver tissues with 10% formalde-
hyde solution, embedded in paraffin, and stained with
haematoxylin–eosin. Hepatic lipids were extracted according
to the conventional Foch method.15 Total triglyceride (TG)
and total cholesterol (TC) were measured using commercial
kits (Shinyang Chemical Co., Busan, Korea) according to man-
ufacturer protocols.

Transmission electron microscopy (TEM)

We studied the ultrastructural characteristics of mitochon-
dria using TEM. First, gastrocnemius and liver tissues were
fixed in 2% glutaraldehyde and 2% paraformaldehyde in
0.1 M PBS (pH 7.4) at 4°C for 12 h and then post-fixed with
1% osmium tetroxide for 1 h. The tissues were embedded
in pure Epon 812 mixture after dehydration in an ethanol se-
ries and infiltration in a propylene oxide : epon mixture se-
ries. Ultra-thin sections (~70 nm) were cut with a model
MT-X ultramicrotome (RMC, Tucson, AZ, USA) and stained
with 2% uranyl acetate and 0.2% lead citrate. We used a
Cryo-TEM (JEM-1400 Plus, 120 kV) and Bio-HVEM (JEM-
1000BEF, 1000 kV) (Jeol, Japan). The percentage of the sur-
face area was calculated, and the mean percentage of the
surface area for each animal was used to determine the over-
all mean for each group.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 8
software (San Diego, CA, USA). We used one-way ANOVA to
compare quantitative data among groups and the Bonferroni
post hoc test to adjust for multiple comparisons (P < 0.05).

Results

HFD feeding induces IR development

To examine whether the length of time on a HFD affects IR
development, we fed mice a HFD for 2 weeks to induce acute
IR and 24 weeks to induce chronic IR. We found that

increases in mouse body weight and metabolic organ weight
were dependent on the HFD feeding period (Figure S1a, b).
Serum cholesterol and high-density lipid (HDL)-cholesterol
significantly increased on a HFD (P < 0.01) (Table S2).

Both HFD-S and HFD-L significantly increased fasting blood
glucose, insulin levels, and HOMA-IR (P< 0.01) (Figure 1A–C).
Fasting blood glucose and HOMA-IR further increased with a
longer HFD feeding period. We found HFD feeding induced
glucose intolerance and IR, according to glucose tolerance
and insulin sensitivity tests (Figure 1D,E). However, length
of feeding period did not make a difference.

HFD changed mRNA expression levels of glucose 6-phos-
phatase, phosphoenolpyruvate carboxykinase, and phospho-
fructokinase in liver and SKM, but the length of the HFD
feeding period made no difference (Figure S1c). Measure-
ments of fatty acid oxidation (FAO)-related genes by
qRT-PCR demonstrated that the HFD-evoked upregulation
of FAO was only observed in HFD-L mouse SKM (Figure
S1d). However, increases in hepatic FAO-related genes were
observed in both HFD-S and HFD-L mice, with greater upreg-
ulation in HFD-S mice than in HFD-L mice (Figure S1e). An in-
crease in FAO was induced by the activation of AMPK, which
promotes a metabolic switch from glucose oxidation to FAO16

in SKM (Figure S1f). A HFD impaired insulin signalling, and the
effect was more severe in HFD-L mice (Figure S1g).

To better understand the effect of a HFD on whole-body
and tissue-specific glucose metabolism, we performed
hyperinsulinaemic-euglycaemic clamp studies. HFD feeding
resulted in progressive decreases in glucose infusion rate and
glucose turnover, indicating systemic IR (Figure 1F, G). We also
observed a gradual decrease of glucose uptake in the SKM
with a HFD (Figure 1H). In contrast, the increased clamp he-
patic glucose production caused by HFD-S persisted in the
HFD-L group (Figure 1I). These findings suggest that short-term
HFD is sufficient to cause systemic IR and that incremental IR
progression can be observed after 24 weeks of HFD feeding.

Acute IR impairs mitochondrial function in SKM

As reduced mitochondrial capacity in SKM is suggested to un-
derlie IR development,3,17,18 we measured the mitochondrial
function of gastrocnemius muscle in HFD-S and HFD-L mice.
We found that HFD significantly decreased citrate synthase
activity, ATP production, and mtDNA content (P < 0.01).
The decreases were significantly greater for acute IR than
chronic IR (P < 0.05) (Figure 2A–C). Mitochondrial biogene-
sis-related genes were upregulated by HFD (Figure 2D)

To measure the mitochondrial function, we performed
extracellular flux analysis in EDL muscle fibres. In brief, we
measured basal OCR and OCR after sequential exposure to
the ATP synthase inhibitor oligomycin A, the uncoupler FCCP,
pyruvate, and electron transport chain inhibitors antimycin
A/rotenone (Figure 2E). Basal respiration did not change with
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HFD-S but increased with HFD-L (Figure 2F). HFD-S significantly
decreased the FCCP-evoked maximal respiration (P < 0.05),
whereas HFD-L had no effect (Figure 2F).

Next, we examined how SKM mitochondria responded to
HFD-induced IR. We isolated the mitochondrial fraction
from SKM and performed an electron flow assay by

Figure 1 Induction of insulin resistance (IR) with short-term and long-term high-fat diets (HFDs) in C56BL/6 mice. Fasting glucose levels (A), plasma in-
sulin levels (B), and HOMA-IR (C) of control diet (CD), 2 weeks of HFD (HFD-S)-, and 24 weeks of HFD (HFD-L)-fed mice. (D) Glucose tolerance test (left)
with area under curve (AUC, right). (E) Insulin sensitivity test (left) with AUC (right). (F) Glucose infusion rate and (G) glucose turnover measured by
hyperinsulinaemic-euglycaemic clamp. (H) Impaired muscle glucose uptake measured by 2-[14C]deoxyglucose (2-DG) uptake. (I) Hepatic glucose produc-
tion (HGP) during clamp. Values expressed as means ± SEM (n = 8). *P< 0.05, **P< 0.01, significantly different from CD. Mean differences detected by
one-way ANOVA test.

#
P < 0.05,

##
P < 0.01, significant difference between HFD-S and HFD-L. Mean differences detected by Student’s t-test.
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Figure 2 Impairment of skeletal mitochondrial function in acute IR. (A) Citrate synthase activity in gastrocnemius muscles from CD, HFD-S, and HFD-L
groups. (B) Total ATP content in gastrocnemius muscles normalized to CD mice. (C) The mitochondrial DNA (mtDNA) content calculated as the ratio of
Cox5 to Cyclophilin A DNA levels measured by quantitative PCR in gastrocnemius muscles. (D) Relative gene expressions for mitochondrial biogenesis
and mtDNA replication measured by qRT-PCR. (E) Representative oxygen consumption rate (OCR) curves, showing the response for each agent in iso-
lated EDL myofibres. (F) Mitochondrial respiration by OCR quantification. (G) Complex-dependent respiration determined by electron flow assay in
mitochondrial proteins. (H) OCR quantification to measure complex-dependent respiration. (I) Respiratory coupling determined by mitochondrial cou-
pling assay. (J) OCR quantification to measure mitochondrial respiratory coupling. (K) Expression of OXPHOS Complexes in gastrocnemius muscles. (L)
Quantification of OXPHOS complex expression by densitometry analysis. (M) Complex I activity in gastrocnemius muscles. (N) Representative mito-
chondrial morphology imaged by transmission electron microscopy (TEM). (O) Quantitative analyses of images to measure the mitochondrial surface
area (n = 5). (P) Immunoblot analyses of proteins related to mitochondrial dynamics. Values expressed as means ± SEM (n = 8). *P < 0.05, **P < 0.01,
significantly different from CD. Mean differences detected by ANOVA test. #P < 0.05, ##P < 0.01, significant difference between HFD-S and HFD-L.
Mean differences detected by Student’s t-test.
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monitoring the flow of electrons from complex I to complex
IV in the presence of FCCP, an uncoupler that carries pro-
tons away through the inner membrane without forming a
proton gradient. Therefore, this system does not produce
ATP. Defects in a specific complex are determined by a de-
crease or increase in oxygen consumption when a
complex-specific substrate is provided. We used rotenone
and antimycin A to inhibit complex I and complex III respi-
ration. The flow of electrons through each complex (I–IV)
was determined using pyruvate and malate for complex I,
succinate for complex II, and ascorbate/TMPD for complex
IV. As shown in Figure 2G, H, complex I and complex II res-
piration significantly decreased with HFD-S (P < 0.05). Inter-
estingly, HFD-L did not affect complex I-dependent
respiration and significantly increased complex
II-dependent respiration relative to a CD. HFD had no effect
on complex IV respiration.

Mitochondrial coupling is the process by which electron
flow generates proton motive force via proton extrusion. To
investigate mitochondrial electron flow in HFD-S induced IR,
we performed a mitochondrial coupling assay of SKM from
mice with CD or HFD-S. We determined the effect of HFD
on basal respiration (state 2), phosphorylating respiration in
presence of ADP (state 3), resting respirations in presence
of oligomycin (state 4o), maximal respiration in presence of
FCCP (state 3 μ), and the response to antimycin A (Figure
2I). We found that state 3 OCR significantly decreased with
HFD-S (Figure 2J, P < 0.05).

We measured the expression levels of electron transport
chain proteins and found that expressions of complexes I, II,
IV, and V decreased with HFD-S (Figure 2K, L). With HFD-L,
only complex II expression decreased. HFD-S also reduced
complex I enzyme activity (Figure 2M). In addition, TEM
showed a decrease in matrix density, loss of cristae structure,
and smaller and shorter mitochondria in HFD-S mice (Figure
2N). Quantitative morphometric analyses revealed a signifi-
cant decrease in the mitochondrial content of HFD-S SKM
(P < 0.01) (Figure 2O). Western blot analysis of key mito-
chondrial components showed increased DRP1 expression
in HFD-S mice (Figure 2P). Taken together, these results indi-
cate that that HFD-S, but not HFD-L, damages mitochondrial
function in SKM.

Short-term and long-term HFD have variable
effects on hepatic mitochondrial function

HFD-induced hepatic steatosis and lipid accumulation in-
creased as the HFD duration increased (Figure 3A, B). TC con-
tent was significantly higher with HFD-L than HFD-S (Figure
3C). However, increased triglyceride levels did not depend
on HFD duration (Figure 3D).

Next, we measured mitochondrial function in the livers of
HFD-S and HFD-L mice. Only HFD-S decreased citrate

synthase activity (Figure 3E). HFD increased ATP content in
liver, but we found no differences in mtDNA content or mito-
chondrial ultrastructure (Figure 3F–H).

The mitochondrial coupling assay showed that HFD-S de-
creased complex I- and complex II-dependent respirations in
liver tissues (Figure 3I, J). In contrast to HFD-S, HFD-L signifi-
cantly increased complex I- and complex IV-dependent respi-
rations (P < 0.01 and P < 0.05, respectively) and significantly
decreased complex II-dependent respiration in liver tissues
(P < 0.01).

HFD did not affect complex I protein expression or activity
(Figure 3K, L). Protein expressions of PGC1α/β and PPARδ did
not change in steatotic liver tissues (Figure 3M).

Mdivi-1 improves acute IR by recovering
mitochondrial function

As described above, we found that acute IR induced by HFD-S
impaired mitochondrial dynamics and mitochondrial function
in SKM. Inhibiting mitochondrial fission is known to improve
insulin signalling in muscle.19 Similarly, we found that glucose
uptake and mitochondrial respiration improved in PA-in-
duced insulin-resistant C2C12 cells treated with mdivi-1
(Figure S2a–c). Thus, we hypothesized that improved mito-
chondrial function could attenuate the development of acute
IR caused by HFD. To test this hypothesis, we administrated
mdivi-1 to HFD-S mice and performed the glucose tolerance
test (Figure 4A). Mdivi-1 treatment decreased fasting
blood glucose levels and improved glucose intolerance
(Figure 4B–D). However, mdivi-1 treatment did not change
body weight (Figure S3a) or blood lipid profile (Table S3). As-
partate aminotransferase and alanine aminotransferase anal-
yses demonstrated that mdivi-1 treatment did not result in
hepatotoxicity (Table S3).

Upon further examination of mitochondrial function, we
found that mdivi-1 treatment significantly increased mtDNA
content (P < 0.01) and citrate synthase activity (P < 0.05)
(Figure 4E, F). We performed extracellular flux analysis in iso-
lated EDL myofibres and found that mdivi-1 treatment signif-
icantly increased maximal respiration (**P < 0.001) (Figure
4G, H). An electron flow assay showed that both complex
I-dependent and complex II-dependent respiration increased
in the gastrocnemius of mdivi-1 treated mice (Figure 4I, J).
Mdivi-1 treatment also increased complex I enzyme activity
(Figure 4K).

Mitochondrial coupling assay confirmed that mdivi-1 treat-
ment increased state 3 and state 4o respirations (Figure 4L,
M). Western blot analysis showed that mdivi-1 treatment in-
creased protein expression of oxidative phosphorylation
(OXPHOS) complex subunits (Figure 4N).

To determine how mdivi-1 treatment improved mitochon-
drial dysfunction induced by HFD-S, we measured mitochon-
drial biogenesis related factors and observed that mdivi-1
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Figure 3 Hepatic mitochondrial dysfunction was not observed in acute IR. (A) Representative haematoxylin and eosin (H&E)-liver sections from CD,
HFD-S, and HFD-L mice. Hepatic lipid profiles, including total lipid content (B), total cholesterol (TC, C), and triglyceride (TG, D). (E) Citrate synthase
activity in liver tissues from CD, HFD-S, and HFD-L groups. (F) Total ATP content in liver tissues. (G) The mitochondrial DNA (mtDNA) content calculated
as the ratio of COX5 to Cyclophilin A DNA levels measured by quantitative PCR in liver tissues. (H) Mitochondrial morphology imaged by transmission
electron microscopy (TEM). (I) Complex-dependent respiration determined by electron flow assay in mitochondrial proteins. (J) OCR quantification to
measure complex-dependent respiration. (K) OXPHOS complex expression in liver tissues. (L) Complex I activity in liver tissues. (M) Expressions of PGC1
and PPARδ measured by western blot.
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Figure 4 Mdivi-1 administration improved acute IR via increased mitochondrial function. (A) Workflow for mdivi-1 injections. (B) Blood glucose levels
in plasma from vehicle DMSO or mdivi-1 administrated HFD-S mice. (C) Glucose tolerance test result. (D) AUC of glucose tolerance test result. (E) Mi-
tochondrial DNA content in gastrocnemius muscles of mdivi-1 treated mice versus normalized vehicle. (F) Citrate synthase activity in gastrocnemius
muscles of mdivi-1 group normalized to vehicle. (G) OCR measurements in EDL myofibres. (H) Analysis of mitochondrial respiration by OCR quantifi-
cation. (I) Electron flow assay in isolated mitochondrial fraction of gastrocnemius muscles. (J) OCR quantification to measure complex-dependent res-
piration. (K) Complex I activity in gastrocnemius muscles. (L) Mitochondrial respiratory coupling assay in isolated mitochondrial fraction of
gastrocnemius muscles. (M) Quantification of respiratory coupling. (N) Expression of OXPHOS complex in gastrocnemius muscles. (O) Relative gene
expressions for mitochondrial biogenesis and mtDNA replication measured by qRT-PCR. (P) Western blot analysis for expression of PPARδ, PGC1α/
β, S6K, and p-S6K in gastrocnemius muscles. (Q) Mitochondrial morphology imaged by transmission electron microscopy (TEM). (R) Immunoblot anal-
yses of proteins related to mitochondrial dynamics. Values expressed as means ± SEM and mean differences detected by Student’s t-test. *P < 0.05,
**P < 0.01, ***P < 0.001 versus Vehicle, n = 5.
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significantly upregulated transcriptional regulators of
mitochondrial biogenesis, including pgc1, nrf1/2, and tfam
(Figure 4O). PPARδ activation improves glucose metabolism
and insulin sensitivity by inducing FAO, which is dependent
on PGC1α and PGC1β.20 Additionally, activation of PPARδ
and PGC1α increases mitochondrial gene expression and
function.21,22 We found that mdivi-1 treatment increased ex-
pression of PPARδ and PPARγ coactivator 1 (PGC1) proteins in
gastrocnemius tissue (Figure 4P). Mdivi-1 treatment also de-
creased phosphorylation of protein S6 kinase.

We next observed mitochondrial morphology via TEM and
found that muscle treated with mdivi-1 had a higher fre-
quency of elongated mitochondria than vehicle-treated mus-
cle (Figure 4Q). Consistent with mitochondrial morphology,
there were lower levels of proteins involved in mitochondrial
fission (DRP1 and Fis1), whereas mdivi-1 treatment increased
levels of fusion-associated factors such as optic atrophy 1
(Opa1) and mitofusins 1 and 2 (Mfn1/2) (Figure 4R). These re-
sults indicate that mdivi-1 inhibition of mitochondrial fission
improved acute IR induced by HFD-S by improving mitochon-
drial function.

Mdivi-1 decreases mitophagy and mitochondrial
unfolded protein response (UPRmt) caused by
acute IR

To address the cause mitochondrial dysfunction in SKM after
HFD-S, we measured autophagy-related markers. As shown in
Figure 5A, HFD-S and HFD-L increased LC3-II and decreased
p62/SQSTM1, a protein degraded by autophagy. This finding
indicated increased autophagic flux during IR. We also ob-
served increased Atg5 with HFD-S and HFD-L. Collectively,
these results suggest the induction of canonical autophagy
with HFD.

ULK1 contains various phosphorylation sites, including
S757 for ULK1 inactivation by mammalian target of
rapamycin complex (mTOR) 1 and S556 for ULK1 activation
by AMPK.23 We observed that ULK1 phosphorylation on
S556 increased with HFD-S but not HFD-L (Figure 5A). A
HFD did not affect S757 phosphorylation on ULK1. Mitophagy
is the autophagic turnover of damaged mitochondria that
maintains mitochondrial integrity.24 DRP1-dependent mito-
chondrial fission is required to initiate mitophagy.25 HFD-S in-
creased DPR-1 phosphorylation and PTEN-induced kinase 1
(PINK1) expression (Figure 5A), suggesting induction of
mitophagy by HFD-S. However, HFD-L decreased PINK1 and
Parkin expression. In contrast, mdivi-1 treatment effectively
reversed changes in the protein expression of autophagy
markers. We observed mdivi-1 treatment decreased LC-II ac-
cumulation, Atg5 expression, and ULK1 phosphorylation
(Figure 5B). These results suggest that autophagy induction
by HFD-S resulted from an adaptive response to mitochon-
drial damage.

UPRmt is a conserved adaptive transcriptional stress re-
sponse that promotes recovery of mitochondrial function.26

We examined whether UPRmt was involved in the perturba-
tion of mitochondrial function with HFD-S. We measured
mRNA expression of ATF5, a transcription factor that medi-
ates mammalian UPRmt,27 in SKM tissues and found that
HFD-S induced ATF5 upregulation (Figure 5C). Then we inves-
tigated UPRmt activation by measuring UPRmt biomarkers
that are downstream targets of ATF5 (Figure 5D). Similar to
ATF5 findings, we found upregulation of HSP25, TNX2, and
CLPP with HFD-S and HFD-L, though the increase was greater
with HFD-S than HFD-L. Conversely, mdivi-1 treatment de-
creased expression of ATF5 and UPRmt biomarkers (Figure
5E,F). Overall, these data indicate that mitochondrial dysfunc-
tion during IR induced UPRmt.

Finally, we investigated how oxidative stress affected mito-
chondrial dysfunction caused by HFD. ROS are an important
mediator of metabolic dysfunction.28 To address whether ox-
idative stress-induced lipid peroxidation is associated with
mitochondrial dysfunction in HFD-S, we measured expression
of 4-hydroxynonenal (4-HNE) expression in the mitochondrial
fraction. Derived from lipid hydroperoxides, 4-HNE inhibits
mitochondrial function by the formation of protein
adducts.29 We found that HFD-S, but not HFD-L, increased
mitochondrial 4-HNE (Figure 5G). This finding indicates that
HFD-S induced oxidative stress of mitochondria. Interestingly,
mdivi-1 treatment decreased 4-HNE expression (Figure 5H).
In conclusion, these results showed that mitochondrial oxida-
tive stress is crucial to induce mitochondrial dysfunction
which is associated with HFD-S and subsequent IR.

Discussion

Considerable evidence indicates that impaired OXPHOS is as-
sociated with IR development and metabolic disease.30 How-
ever, it is not clear whether impaired mitochondrial oxidative
activity causes IR or vice versa. In this study, we show that im-
paired mitochondrial function causes acute IR induced by
HFD-S. Furthermore, improved mitochondrial function atten-
uates glucose intolerance in acute IR. Therefore, impaired mi-
tochondrial function contributes to development of acute IR
in mice.

The primary evidence linking mitochondrial dysfunction to
IR comes from a study of obese and IR individuals who had
reduced SKM mitochondrial oxidative capacity.31 Further,
diabetes-prone individuals have decreased mitochondrial
respiration.32 Previously, a comparison of mice fed a HFD
for 2 weeks with those fed a HFD for 12–16 weeks suggested
that glucose intolerance by a long-term HFD resulted from in-
flammation in white adipose tissue and SKM.33 However,
short-term HFD-fed mice had no changes in inflammatory
markers; thus, the cause of IR development due to
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short-term HFD remains unknown. Thus, we hypothesized
that mitochondrial dysfunction is involved in acute IR devel-
opment. To prove this hypothesis, we induced IR by feeding
mice a HFD for 2 or 24 weeks to induce acute IR or chronic
IR, respectively, and compared mitochondrial function in
SKM and liver. Consistent with a previous study,34 2 weeks
of HFD was sufficient to induce IR, though IR severity in-
creased with longer HFD duration.

Mitochondria are the major site of fatty acid β-oxidation
and accumulation of hepatic fatty acid can lead to hepatic
IR.35 Thus, mitochondrial dysfunction is involved in the devel-
opment hepatic fatty acid-induced IR. We found that hepatic
lipid content increased as HFD duration increased. However,
mitochondrial dysfunction did not increase as HFD duration

increased. Moreover, HFD increased ATP synthesis. Collec-
tively, mitochondrial dysfunction was not observed in the
liver under conditions of IR. The reason for this uncoupling
is unclear, but it has been postulated that mitochondrial dys-
function is not a prerequisite for liver steatosis.36

Because SKM is responsible for most insulin-stimulated
glucose uptake in the body, dysregulation of SKM metabolism
has a profound effect on systemic glucose homeostasis and
insulin sensitivity.37 In acute IR, a decrease in mitochondrial
content was confirmed by measurements of mitochondrial
DNA content and mitochondrial surface volume. The mtDNA
copy number can be determined by the mtDNA/nuclear DNA
(ncDNA) ratio by qRT-PCR.38 This analysis must be carefully
considered under conditions of muscle atrophy where the

Figure 5 Mitochondrial oxidative stress is crucial for mitochondrial dysfunction in acute IR. (A) Western blot analysis for the expression of autophagy
and mitophagy related markers in gastrocnemius tissues from CD, HFD-S, and HFD-L mice. (B) Western blot analysis of autophagy-related markers in
gastrocnemius muscles from vehicle DMSO or mdivi-1 administrated HFD-S mice. (C) qRT-PCR analysis for ATF5 expression in gastrocnemius muscles
from CD, HFD-S, and HFD-L mice (n = 8). (D) Western blot analysis of UPRmt targets in gastrocnemius muscles. (E) qRT-PCR analysis for ATF5 expression
in gastrocnemius muscles from vehicle DMSO or mdivi-1 administrated HFD-S mice (n = 5). (F) Western blot analysis of UPRmt targets in gastrocnemius
muscles. (G) Western blot analysis of 4-HNE in gastrocnemius muscles from CD, HFD-S, and HFD-L mice. (H) Western blot analysis of 4-HNE in gastroc-
nemius muscles from vehicle or mdivi-1 treated mice.
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nuclear density is increased.39 We and another group demon-
strated that a HFD causes muscle atrophy.40,41 In the current
study, however, the decrease of muscle mtDNA content un-
der acute IR conditions was negligible because 2 weeks of
HFD feeding was insufficient to induce muscle atrophy.

Mitochondrial bioenergetics can be used to understand
real-time cellular metabolism in EDL myofibres42 and isolated
mitochondria.14 We found that SKM of HFD-S mice had lower
maximal respiration and spare respiratory capacity. Electron
flow and mitochondrial coupling assays using isolated mito-
chondria confirmed that HFD-S mice had lower mitochondrial
respiration than controls. Conversely, HFD-L mice had in-
creased OCR in myofibres and mitochondria isolated from
muscle, suggesting that a chronic HFD increases mitochon-
drial function in SKM to offset an oversupply of fatty acids.
Among the biochemical measurements for mitochondrial
function, cardiolipin content, citrate synthase activity, and
complex I activities are the biomarkers that exhibit the stron-
gest association with mitochondrial content, whereas com-
plex IV activity is strongly associated with OXPHOS capacity
in human SKM.43 We observed greater mitochondrial dys-
function in SKM from HFD-S mice than from HFD-L mice, as
shown by citrate synthase activity, ATP content, and mtDNA
content. Measurements of mitochondrial bioenergetics using
the Seahorse XF24 Analyzer also showed similar results.
These findings provide a strong rationale for the involvement
of mitochondrial dysfunction in the development of acute IR.

Mitochondrial dynamics is the balance of fission and fusion
events. Mitochondrial fusion is controlled by Mfn1, Mfn2,
and Opa1, whereas mitochondrial fission is controlled by
DRP1 and mitochondrial fission factor.44 Dysfunctional mito-
chondrial dynamics is associated with various diseases.45 Mi-
tochondrial fission is increased in obese mice; inhibiting
mitochondrial fission by mdivi-1 improves muscle insulin
signalling and systemic insulin sensitivity.19 Consistent
with this information, we observed that mitochondrial
fission increased as DRP1 expression increased in the
muscles of HFD-S mice. Mdivi-1, a putative DRP1 inhibitor, in-
hibits palmitate-evoked IR by reducing mitochondrial
fragmentation.19 Recently, mdivi-1 was shown to attenuate
IR induced by 4 weeks of HFD supplementation in mice.46

We also found that mdivi-1 diminished the reduction in glu-
cose uptake caused by fatty acids and also increased OCR in
C2C12 cells. Additionally, mdivi-1 treatment reduced glucose
intolerance by increasing mitochondrial function in HFD-S
mice. Mitochondrial dysfunction in HFD-S mice suggests that
boosting mitochondrial function may be a therapeutic strat-
egy for IR.

Malfunction of autophagy has been linked to the incidence
of type 2 diabetes; the activation of autophagy has been
shown to increase insulin sensitivity in insulin-responsive tis-
sues such as muscle and liver in mice.47 In our study, short-
term HFD-induced autophagy, as shown by increased LC3-II
and Atg5 expression and decreased p62 expression.

These findings indicate that the accumulation of dysfunc-
tional mitochondria induces autophagy. Mitochondrial dam-
age induces stress responses and adaptations, such as
mitophagy and UPRmt.48 Mitophagy is a highly selective type
of autophagy that selectively degrades damaged mitochon-
dria to ensure the overall quality of mitochondria.24

Mitophagy is regulated by Parkin and PINK1 in mammals,
and mutations in these two genes are associated with
Parkinson’s disease.24 Mitophagy can occur via Parkin-
independent mechanisms, such as those activated by
receptor-mediated mitophagy. Dysfunctional mitochondrial
are specifically recognized by receptors, such as FUDNC1,
NIX, BNIP3, PHB2, NLRX1, and BCL2L13, which connect mito-
chondria with LC3-II in the autophagosomal membrane.49,50

DRP1 is involved in the regulation of autophagy and is acti-
vated by phosphorylation on Ser616.51 In acute IR, DRP1
phosphorylation and increased PINK1 expression induce
mitophagy. However, autophagy induction decreases after
mdivi-1 treatment. These findings suggest that mitophagy
can result from acute IR-evoked mitochondrial damage.

UPRmt is an adaptive transcriptional response activated by
misfolded protein in the mitochondria.52 UPRmt is regulated
by ATFS-1 in C. elegans or ATF-5 in mammals, which has both
a mitochondrial targeting sequence and a nuclear localization
sequence.53 Under homeostatic conditions, ATF-5 is imported
into themitochondrial matrix and degraded by the protease.54

However, under mitochondrial stress, mitochondrial import of
ATFS-1 decreases and nuclear accumulation of ATFS-1
increases. Thus, UPRmt activation occurs when import effi-
ciency of the mitochondrial network decreases. Impairment
of OXPHOS genes, such as complex III or IV, also activates
the UPRmt.55 We found that HFD-S caused upregulation of
ATF5 and an increase in UPRmt related markers in muscle
tissue, suggesting short-term HFD-induced UPRmt in SKM tis-
sue. Similar to mitophagy, mdivi-1 treatment reduced UPRmt.
Our results suggest that mitochondrial damage from HFD-S in-
duced mitophagy and UPRmt as stress responses in muscle
tissue.

Compared with HFD-S, HFD-L exerts less damage to mito-
chondrial function in SKM tissues, such as increased mito-
chondrial biogenesis, ATP production, complex I activity,
and mitochondrial respiration. The reason for this phenome-
non is unclear, but it may be that increased autophagy and
the induction of UPRmt may affect mitochondrial function
because we observed increased autophagy (autophagic flux
and the phosphorylation of ULK-1 and DRP1) and UPRmt (in-
duction of ATF5 and its targets) in SKM from mice with
chronic IR.

Excessive ROS production is a key trigger and regulator of
IR.56,57 Mitochondria are regarded as the major site of ROS
production, predominantly in electron transport chain com-
plexes I and III.58 ROS produced during oxidative phosphory-
lation primarily trigger oxidative damage to mitochondria
and other macromolecules, such as DNA, proteins, and
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lipids.59 Cell membrane phospholipids, including linoleic acid
and arachidonic acid, are major targets for 4-HNE, a destruc-
tive by-product formed in mitochondria by cardiolipin
oxidation.60,61 Besides membrane lipids, proteins and DNA
are the principal targets of 4-HNE attack.62 Thus, 4-HNE is a
critical biomarker for oxidative stress. We showed that
HFD-S increased 4-HNE levels in the mitochondrial fraction
of muscle tissue, indicating that mitochondrial oxidative
stress is induced by short-term HFD. Similarly, a short-term
high-calorie diet is known to increase mitochondrial oxidative
stress and expression of OXPHOS enzyme in brain.63 Mito-
chondrial oxidative stress inhibits insulin signalling and inter-
feres with acetyl-CoA oxidation, consequently resulting in
IR.56 We saw that mdivi-1 treatment reduced 4-HNE levels
as IR decreased, suggesting that mitochondrial oxidative
stress leads to acute IR development in SKM.

In conclusion, we show that short-term HFD-induced acute
mitochondrial dysfunction in SKM, indicating that mitochon-
drial dysfunction is a prerequisite for acute IR. In HFD-S mice
with acute IR, oxidative stress-induced mitochondrial damage
and led to mitochondrial dysfunction. Increased mitochon-
drial activity reduced glucose intolerance in acute IR. In con-
clusion, mitochondrial dysfunction in SKM plays a major role
in acute IR development in mice.
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