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1 | INTRODUCTION

Mitochondria are the main cellular sites devoted to energy metab-
olism, where most energy-rich compound ATP is synthesized. Thus,
mitochondria are regarded as the powerhouse of cells. Due to its

Abstract

Mitochondrial function is critical in energy metabolism. To fully capture how the mi-
tochondrial function changes in metabolic disorders, we investigated mitochondrial
function in liver and muscle of animal models mimicking different types and stages
of diabetes. Type 1 diabetic mice were induced by streptozotocin (STZ) injection.
The db/db mice were used as type 2 diabetic model. High-fat diet-induced obese
mice represented pre-diabetic stage of type 2 diabetes. Oxidative phosphorylation
(OXPHOS) of isolated mitochondria was measured with Clark-type oxygen electrode.
Both in early and late stages of type 1 diabetes, liver mitochondrial OXPHOS in-
creased markedly with complex IV-dependent OXPHOS being the most prominent.
However, ATP, ADP and AMP contents in the tissue did not change. In pre-diabetes
and early stage of type 2 diabetes, liver mitochondrial complex | and II-dependent
OXPHOS increased greatly then declined to almost normal at late stage of type 2
diabetes, among which alteration of complex I-dependent OXPHOS was the most
significant. In contrast, muscle mitochondrial OXPHOS in HFD, early-stage type 1
and 2 diabetic mice, did not change. In vitro, among inhibitors to each complex, only
complex | inhibitor rotenone decreased glucose output in primary hepatocytes with-
out cytotoxicity both in the absence and presence of oleic acid (OA). Rotenone af-
fected cellular energy state and had no effects on cellular and mitochondrial reactive
oxygen species production. Taken together, the mitochondrial OXPHOS of liver but
not muscle increased in obesity and diabetes, and only complex | inhibition may ame-

liorate hyperglycaemia via lowering hepatic glucose production.
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role in energy metabolism, mitochondrial dysfunction is linked with
development of metabolic disorders, such as diabetes and obesity.
However, current understanding of mitochondrial function in dia-
betes is controversial. Several human studies revealed that activity
of mitochondrial respiratory chain reduced in muscle biopsies from
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type 2 diabetic patients.l'3 Following reports indicated that mito-
chondrial dysfunction may be a consequence rather than cause of
insulin resistance and type 2 diabetes.*® In contrast, some studies
showed that patients or rats with type 2 diabetes had normal mus-
cle mitochondrial function.”? Muscle mitochondrial function is also
widely investigated in high-fat diet (HFD)-induced obese and pre-di-
abetic conditions, and the findings are also contradictory, as mito-
chondrial function has been reported unchanged,'® increased!'?
or deceased.’®* Additionally, it is noteworthy that data on muscle
mitochondrial function/dysfunction in type 1 diabetes are sparse.

Compared to numerous studies focusing on the activity of mi-
tochondrial respiration in skeletal muscle, reports about liver mito-
chondrial function in diabetes were limited and the findings were also
inconsistent, with various results indicating the function decreased,*®
unchanged®® or increased.’”® As different studies used different ex-
perimental paradigms and approaches to address the issue, it is diffi-
cult to integrate all the inconsistent findings on this subject.

The aim of this study was to get a clear picture of mitochondrial
functional alteration in diabetes mellitus. Therefore, the disease
models in our study include pre-diabetic obese mice induced with
HFD, early stage and late stage of both type 1 and type 2 diabetic
mice. The oxidative phosphorylation (OXPHOS) of both liver and
skeletal muscle, two of the most important organs in whole energy
metabolism, was examined.

Moreover, several lines of evidence proved that insulin sensitizers,
including metformin, berberine and thiazolidinediones, were able to
exert their anti-diabetic effects through inhibition of mitochondrial re-
spiratory chain at complex .?* However, whether inhibition of other
complexes than complex | in respiratory chain had beneficial effects
on glucose metabolism remained unknown. As our results showed
that mitochondrial OXPHOS of liver but not skeletal muscle altered
dramatically in the pre-diabetic and diabetic mice, inhibitors to each
complex were tested in the hepatocytes with or without oleic acid (OA)
pre-treatment. Our results indicated only complex | inhibitor rotenone
decreased glucose output in the primary hepatocytes without cytotox-

icity through changing cellular energy state.

2 | MATERIALS AND METHODS
2.1 | Animals

All mice were obtained from SLACCAS (Shanghai, China) and were
maintained in a pathogen-free environment and housed in cages in
groups of four to five mice per cage with constant temperature and
humidity and 12-hour light/dark cycle. All animals had free access
to water and food at all times except for indicated fasting condi-
tions. All procedures involving the care and use of animals were
approved by the ethics committee of Shanghai Jiao Tong University
Affiliated Sixth People's Hospital, and all the procedures were per-
formed according to Shanghai Jiao Tong University Affiliated Sixth
People's Hospital Guidelines for the Care and Use of Laboratory

Animals.
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2.2 | Type 1 diabetic mice

Male C57BL/6J mice (8 weeks) were weighed and fasted overnight
prior to STZ injection. STZ (150 mg/kg) was administrated to in-
duce type 1 diabetes. Briefly, STZ was dissolved in freshly prepared
sodium citrate buffer (pH 4.5), and STZ solution was injected in-
traperitoneally immediately after preparation. For the early stage
of type 1 diabetes, the following experiments were conducted
3 weeks after STZ injection. For the late stage of type 1 diabe-
tes, the following experiments were conducted 3 months after STZ

injection.

2.3 | Type 2 diabetic mice

For early-stage type 2 diabetic animal model, 12-week-old male
C57BL/Ks db/db (db/db) mice, genetically obese and diabetic mice
with leptin receptor deficiency, were used. For late stage of type
2 diabetic animal model, 42-week-old male db/db mice were used.
Corresponding control mice were male C57BL/6J mice with same

age.

2.4 | Pre-diabetic obese mice

C57BL/6J male mice of 7 weeks old were randomized and fed with
HFD (59% of its calories derived from fat, 15% from protein and 26%
from carbohydrate, TP24220, Trophic Diet, China) or regular chow
diet (CD, 1010041, Jiangsu Xietong Pharmaceutical Bioengineering
Co., Ltd.) for 6 months. Bodyweight and random blood glucose were

monitored once a week or every 2 weeks.

2.5 | The intraperitoneal glucose tolerance test
(IPGTT) and insulin tolerance test (ITT)

Mice were fasted overnight (12 hours) before glucose injection (1 g/
kg) for IPGTT and were fasted for 6 hours prior to insulin injection
(1 U/kg for type 1 diabetic mice, and 1.5 U/kg for type 2 diabetic and
pre-diabetic obese mice) for ITT. Blood glucose levels were meas-
ured using tail vein blood with Roche glucometer at 0, 15, 30, 60 and
120 minutes after the injection.

2.6 | Isolation of liver and muscle mitochondria

Animals were killed by cervical dislocation, and liver and skeletal
muscle of hind legs (quadriceps femoris, biceps femoris, soleus,
gastrocnemius) were removed rapidly. Intact mitochondria were
isolated by differential centrifugation, as previously described.??%®
Mitochondrial protein concentration was measured using the
Bradford Protein Assay Kit (Beyotime) following the manufacturer's

instruction.
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2.7 | Mitochondrial oxygen consumption

Mitochondrial oxygen consumption rate (OCR) was meas-
ured at 37°C using a Clark-type oxygen electrode (Strathkelvin
782 Oxygen System) as previously described.?* Briefly, all
measurements were performed in 0.5 mL oxygen electrode
buffer (100 mmol/L KCI, 50 mmol/L Mops, 1.0 mmol/L EGTA,
5.0 mmol/L Kpi, 1 mg/ml defatted BSA, pH 7.4 for liver mito-
chondria; 10 mmol/L Tris/HCI, 5 mmol/L MgCl,, 5.0 mmol/L Kpi,
0.02 mmol/L EGTA/Tris, 0.25 mol/L sucrose, pH 7.4 for muscle
mitochondria). Complex |I-dependent OCR was measured in the
presence of its substrates glutamate (20 mmol/L) and malate
(5 mmol/L), complex lI-dependent OCR was measured in the pres-
ence of succinate (20 mmol/L) with rotenone (7.5 pmol/L), and com-
plex IV-dependent OCR was measured in the presence of TMPD/
Asc (1 mmol/L/10 mmol/L) with rotenone (7.5 pmol/L). After mi-
tochondria were added to the chamber, state 2 respiration was
started when ADP (final concentration 0.1 mmol/L) was injected.
State 3 respiration was initiated by adding referred substrates and
0.2 mmol/L ADP (final concentration). OXPHOS capacity, indi-
cating maximum ADP-unlimited rate of state 3, was determined
by adding 2 mmol/L ADP for evaluation of O, consumption ex-
erted by the maximal ATP synthesis (ATP synthase coupled with a
transmembrane proton transport). Electron transport chain (ETC)
capacity was measured in the presence of 0.2 mmol/L DNP (un-
coupler) to evaluate the uncoupled respiration rate, which was not
limited by the capacity of ATP synthesis. OCRs were calculated
using strathkelvin 782 system and expressed as nmol/L atoms of

O,/minute/mg of mitochondrial protein.

2.8 | Citrate synthase activity

Citrate synthase (CS) activity of liver and muscle mitochondria was

2526 \yith minor modifications.

measured as described previously
Mitochondria were treated with 5% cholate (pH 7.0) before adding
to the reagent cocktail. CS activity was expressed as nmol/min/mg

of mitochondrial protein.

2.9 | Measurement of adenine nucleotide levels

The early-stage STZ-induced type 1 diabetic mice and the cor-
responding controls were fasted overnight, and the specimens
were obtained following anaesthesia with 1% amobarbital intra-
peritoneally injected. After adequate anaesthesia, the mice were
placed supine on an operation table, and a celiotomy was per-
formed to excise liver segments sharply. The liver segment was
putinto microtube and immersed into liquid nitrogen immediately.
For minimizing the degradation of adenine nucleotides (especially
ATP), this procedure was completed within 4 seconds. Then, the
muscle segment was taken from hind legs. After being frozen in

liquid nitrogen for more than 4h, specimens were stored at -80°C.

Specimens (200 mg) were homogenized into 1ml of 6% (v/v) ice-
cold HCIO, and centrifuged at 10 000 g for 10 minutes at 4°C.
The supernatant was neutralized with NaHCO, and filtered prior
to determination by high-performance liquid chromatography
(HPLC).

2.10 | Oil Red O staining

When the mice were killed, liver sections of each mouse were fixed
using 4% paraformaldehyde, and then sent to Wuhan Goodbio tech-
nology CO., LTD, where they were sectioned and stained with hae-
matoxylin and eosin (H&E) or frozen and stained with oil red O. The
slides were observed and photographed under the microscope right

after being stained.

2.11 | Primary hepatocytes isolation

Primary hepatocytes were isolated from male C57BL/6J mice of
8-10 weeks old by a two-step perfusion method as previously de-
scribed with some modifications.?”?® Briefly, the liver was perfused
with 40-50 mL of 0.01 mol/L Hepes buffer (pH 7.4) containing
0.05 mmol/L EDTA, followed by 30-40 mL of a collagenase type-1V
solution (0.5 mg/mL) in 0.025 mol/L Hepes (pH 7.6). The isolated
liver cells were centrifuged at 50 g for 10 minutes and washed
once with fresh medium. The cells were resuspended with 5 mL
DMEM + 0.5 mL 10*PBS + 4.5 mL Percoll and were centrifuged at
70 g for 10 minutes to remove the dead cells. After that, cells were
plated on 0.2% gelatin-coated twelve-well plates in low glucose
DMEM (Gibco) containing 10% FBS and 1% penicillin-streptomy-
cin mixture. The viability of the primary hepatocytes preparation
was at least 85% (as determined by trypan blue exclusion before
plating cells). After 4-6 hours of attachment, the medium was re-
placed by M199 medium (Gibco) supplemented with antibiotics and
100 nmol/L dexamethasone (Sigma-Aldrich).

2.12 | Glucose output assay and Lactate
dehydrogenase (LDH) cytotoxicity assay

Primary hepatocytes on 12-well plates were pre-treated with M199
medium containing antibiotics and 100 nmol/L dexamethasone for
16h overnight before the glucose output assay. After 16 hours, the
cells were rinsed with PBS once and then treated with phenol red-
free, glucose-free DMEM containing substrates needed for gluco-
neogenesis (20 mmol/L lactate, 2 mmol/L pyruvate) and inhibitors
of each mitochondrial complex at different concentrations indicated
in the figure. After the cells were treated for 6 hours, 50 pL culture
medium was taken to measure the glucose concentration. LDH con-
tents in the medium and cells were detected simultaneously using
the culture medium with a LDH-Cytotoxicity Assay Kit (Beyotime)
as instructed.
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2.13 | Fatty acid treatment

OA was dissolved in H,O via being incubated at 75°C thermostatic
water bath; then, OA was bound with fatty acid-free BSA to gain
40 mmol/L OA (with 10% BSA) stock solution. OA was diluted in
DMEM, and the cells were incubated in the presence or absence of
OA at the concentration of 1 mmol/L (with 0.25% BSA) for 20 hours.

2.14 | Measurement of ATP/ADP ratio in primary
hepatocytes

Primary hepatocytes were cultured and treated as described above.
The ATP content and ATP/ADP ratio were measured using biolumi-
nescence assay (Abcam catalog #65313, USA) following manufac-

turer's instruction.

2.15 | Detection of cellular and mitochondrial ROS

Prior to 20 pmol/L 2'7'-dichlorofluorescin diacetate (DCFDA,
Abcam catalog #113851) treatment for 45 minutes, the primary
hepatocytes were treated with indicated inhibitors in the medium
for glucose output determination. The cellular ROS was measured
with excitation at 485 nm (Ex bandwidth: 9 nm) and emission at
535 nm as instructed. The mitochondrial ROS was detected after the
hepatocytes were incubated with 2.5 umol/L MitoSOX Red (Thermo
Fisher Scientific, catalog #M36008) for 10 minutes, and fluores-
cence was detected at 510 nm excitation (Ex bandwidth: 9 nm) and

595 nm emission wavelengths as manufacturer's instruction.

2.16 | Western blot analysis

After treatment with indicated inhibitors of the complexes, the
primary hepatocytes were washed twice with ice-cold PBS and
lysed with RIPA (Beyotime) supplemented with protease and phos-
phatase inhibitor cocktail (Roche). The lysates were boiled at 95°C
for 10 minutes and separated by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE). Then, the separated proteins were transferred
onto a nitrocellulose membrane (GE Healthcare). After blocked with
5% skim milk in the Tris-Buffered Saline Tween-20 (TBST) buffer
for 1 hour at room temperature, the membrane was probed over-
night at 4°C with primary antibody as listed below: phospho-AMPKa
(Thr172) (Cell Signaling Technology 2535), AMPKa (Cell Signaling
Technology 5832) and p-actin (Cell Signaling Technology 3700).
Next day, the membrane was washed and re-blotted with HRP-
conjugated secondary antibody (Cell Signaling Technology) at room
temperature for 1h. Chemiluminescent HRP substrate (Millipore)
was used to visualize protein bands by electrochemoluminescence
(ImageQuant LAS4000). ImageJ was used to quantify the Western
signals. Similar procedure was performed on frozen isolated liver

mitochondria to detect mitochondrial complex |-V expression using

total OXPHQOS rodent WB cocktail (Abcam, ab110413) and VDAC1
(Abcam, ab154856) primary antibody.

2.17 | Statistical analysis

Data are expressed as means + SEM. Two-tailed Student's t test
and one-way ANOVA (SPSS 20.0, Dunnett's multiple comparisons
test for the post hoc test) were used in statistical analysis. A level of

P < .05 was considered as statistically significant.

3 | RESULTS

3.1 | The OCR of liver mitochondria increased at
both early stage and late stage of type 1 diabetes

The quality of isolated mitochondria was evaluated with mitotraker
green staining and transmission electron microscopy (TEM). As
shown in Figure S1, the isolated liver and muscle mitochondria
were stained by mitotraker green, and the TEM images displayed
intact mitochondria with ultrastructure. Then, we assessed main
functional changes in liver and muscle mitochondria isolated from
early-stage type 1 diabetic mice and found out the liver mitochon-
drial OCR of type 1 diabetes increased significantly compared with
that of control (Figure 1A-C, each representing complex |-, II- and
IV-dependent respiration. A representative trace of recording com-
plex I-dependent OCR was shown in Figure S2. However, the skele-
tal muscle mitochondrial OCR from early-stage type 1 diabetic mice
did not change on all tested substrate conditions, except TMPD/
Asc (complex IV substrate)-stimulating condition (Figure 1D-F).
Besides, the complex ll-dependent calcium retention capacity
(CRC) and H,0, production of liver mitochondria increased sig-
nificantly at the early stage of type 1 diabetes (Figure S3F,J), yet
complex I-dependent membrane potential and CS activity in liver
mitochondria were not affected (Figure S3H,L), and there were no
significant differences of liver lipid accumulation in the early-stage
type 1 diabetic mice (Figure S3N,O). Furthermore, we measured
liver mitochondrial function of type 1 diabetic mice at their late
stage of disease progress (3 months after STZ injection). The liver
mitochondrial complex |-, lI-dependent state 3 OCR and over-
all complex IV-dependent OCR of late-stage type 1 diabetic mice
increased markedly, but the complex |- and IlI-dependent state 2,
OXPHOS capacity and ETC capacity of late-stage type 1 diabetic
mice only had an increasing tendency without statistic differences
(Figure 1G-I1). Above all, the increase of complex IV-dependent OCR
was the most significant and steadiest during disease progression
of type 1 diabetes. However, no significant differences in ATP, ADP
and AMP contents of liver and skeletal muscle were observed be-
tween early-stage type 1 diabetic and control mice, although the
abundance of ATP content in muscle was higher than that in liver
(Figure 1J and Figure S4A,C,E,G). We further assessed the protein

expression of complex | to V in isolated liver mitochondria from
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FIGURE 1 The oxygen consumption rate (OCR) of liver but not muscle mitochondria increased in early-stage STZ-induced type 1
diabetic mice. A-C, The OCR of liver mitochondria isolated from early-stage type 1 diabetic and control mice. A, Complex I-dependent
OCR. B, Complex lI-dependent OCR. C, Complex IV-dependent OCR. D-F, The OCR of muscle mitochondria isolated from early-stage type
1 diabetic and control mice. D, Complex |I-dependent OCR. E, Complex |I-dependent OCR. F, Complex IV-dependent OCR. G-I, The OCR

of liver mitochondria isolated from late-stage type 1 diabetic and control mice. G, Complex I-dependent OCR. H, Complex II-dependent
OCR. I, Complex IV-dependent OCR. J, The ATP content of liver and muscle tissue from early-stage type 1 diabetic and control mice. K,

L, Immunoblotting analysis and quantification of protein levels of isolated liver mitochondrial complex components (Cl, ClI, CllI, CIV, CV)
from control and early-stage STZ-induced type 1 diabetic mice. Data are expressed as means + SEM (n = 8). "P<.05 "P<.01, 'P<.001vs

control

early-stage type 1 diabetic and control mice, and no significant dif-
ference was observed between the two groups (Figure 1K,L), indi-
cating the liver mitochondrial OXPHQOS function enhanced without
elevated expression of mitochondrial complexes. In addition, there
was mild liver lipid accumulation in the late-stage type 1 diabetic

mice compared to control mice (Figure S5J,K).
3.2 | The liver mitochondrial OCR increased at early
stage rather than late stage of type 2 diabetes

To examine the change of mitochondrial function during type 2

diabetes, we conducted the same experiments applied to type 1

diabetic mice on early stage and late stage of type 2 diabetic db/
db mice and the corresponding controls. Impaired glucose toler-
ance and insulin resistance were observed in both early- and late-
stage type 2 diabetes (Figures 2A,B and 3A,B). Notably, the oil
red O staining of liver from both early-stage and late-stage type
2 diabetic db/db mice presented significant lipid accumulation
(Figures 2C,D and 3C,D). At the early stage of type 2 diabetes, the
liver mitochondrial complex I- and ll-dependent OCRs increased
significantly (Figure 2E,F). However, the skeletal muscle mito-
chondrial OCR from the same animals did not alter (Figure 2I-K).
Meanwhile, the CRC, mitochondrial membrane potential and H,0,
production of liver and muscle mitochondria from early-stage
type 2 diabetic db/db mice did not alter (Figure S6A-G). At the
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late stage of type 2 diabetes, the change of liver mitochondrial
OCR was not significant as at the early stage, for only the complex
II-dependent OCR remained statistically significant (Figure 3E-
G). In addition, the liver mitochondrial complex Il-dependent
CRC of late-stage type 2 diabetic db/db mice increased, and the
complex I-dependent membrane potential decreased significantly
(Figure S7B,C).

3.3 | The liver mitochondrial OCR increased after
long-term HFD feeding

We obtained a pre-diabetic obese model by feeding C57BL/6J male
mice with HFD for 6 months. At the end-point, the average body-
weight of HFD and control mice was 48.1 + 10.7 vs 29.0 + 10.5g
(P < .001, Figure 4A). HFD mice developed insulin resistance and
impaired glucose tolerance without elevation of fasting blood glu-
cose levels (Figure 4B,C). Long-term HFD exposure resulted in sig-
nificant hepatic lipid accumulation as well (Figure 4D,E), whilst the
CS activity in both liver and muscle mitochondria isolated from

HFD mice was higher than that from control mice (P < .001 and
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P = .0362, Figure 4F,G). In addition, long-term HFD increased liver
complex I-dependent OCR and complex llI-dependent ETC capacity
(Figure 4H.,1), whilst had no effects on liver complex 1V-dependent
OCR and overall muscle mitochondrial OCR (Figure 4J-M). The CRC,
mitochondrial membrane potential of liver and muscle mitochondria
from HFD mice did not changed, but H,0, production decreased
(Figure S8B-H).

3.4 | The mitochondrial complex | inhibitor reduced
hepatic glucose output

As enhanced gluconeogenesis was indicated to play an important
role in hyperglycaemia of diabetes, and our above findings showed
just liver mitochondrial OXPHQOS function increased in both type
1 and type 2 diabetes, we explored the effects of inhibitors to
each complex in OXPHOS system on hepatic glucose output.
Meanwhile, the cytotoxicity of each inhibitor in hepatocytes was
determined with LDH release. After treatment with rotenone, a
specific complex | inhibitor, glucose production in the primary

mouse hepatocytes, was strongly suppressed (Figure 5B). In
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FIGURE 2 The OCR of liver mitochondria increased in early-stage db/db mice. A, B, The IPGTT and ITT for early-stage db/db and control
(con) mice. C, D, Representative images showing oil red O staining of liver sections from control (C) and early-stage db/db (D) mice. E-G,

The OCR of liver mitochondria from early-stage db/db and control mice. E, Complex I-dependent OCR. F, Complex lI-dependent OCR. G,
Complex IV-dependent OCR. H, The CS activity of liver mitochondria isolated from early-stage db/db and control mice. (I-K) The OCR of
muscle mitochondria from early-stage db/db and control mice. |, Complex I-dependent OCR. J, Complex lI-dependent OCR. K, Complex
IV-dependent OCR. L, The CS activity of muscle mitochondria isolated from early-stage db/db and control mice. Data are expressed as
means = SEM (n =8). P <.05, P <.01, P <.001 vs control
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IV-dependent OCR. H, The CS activity of liver mitochondria isolated from late-stage db/db and control mice. Data are expressed as

means + SEM (n = 4-8). P <.05, P <.01, P <.001 vs control

addition, LDH release did not change in the hepatocytes exposed
to rotenone for 6 hours with the same dose range (Figure 5A). But
the effective dose range was similar to or overlapped the toxic
dose of TTFA (complex Il inhibitor), myxothiazol (complex Il in-
hibitor), KCN (complex IV inhibitor) and oligomycin A (complex V
inhibitor, Figure 5C-J). We further investigated the effects of the
inhibitors on hepatic glucose output in the primary hepatocytes
pre-treated with OA, which developed significant lipid accumula-
tion and enhanced gluconeogenesis (Figure S9A-C). The findings
were consistent with the results in the absence of OA and recon-
firmed that only rotenone was able to reduce gluconeogenesis
without cell damage (Figure 6A-J). We also examined the effects
of the inhibitors on glucose consumption and lactate release in
HepG2 cells. Among the compounds, myxothiazol exhibited a sim-
ilar strong action on induction of glucose consumption and lactate
release as rotenone (Figure S10E,F). The in vitro results indicated
that inhibition of liver mitochondrial complex | rather than the
other complexes may alleviate the enhanced gluconeogenesis in
diabetes.

3.5 | The mitochondrial complex | inhibitor reduced
hepatic glucose output through affecting hepatocyte
energy state

We further assessed the energetic state, cellular and mitochon-
drial ROS of primary hepatocytes following treatment with com-

plex I, Il and V inhibitors (representative images were shown in

Figure S11A,B). The ATP content and ATP/ADP ratio decreased with
increasing doses of rotenone and reached a statistically significant
difference at 5 umol/L dosage (Figure 7A,B). Meanwhile, the cellu-
lar and mitochondrial ROS production were not affected by same
dosages of rotenone (Figure 7C,D). Complex Il inhibitor myxothiazol
strongly reduced both cellular ATP and ADP contents to nearly zero
at 50 nmol/L concentration due to visible cytotoxicity (Figure 7E,F);
however, under lower dosage myxothiazol had no effects on both
cellular energy state and ROS production (Figure 7G,H). Complex
V inhibitor oligomycin A had no effects on ATP content, ATP/ADP
ratio, cellular and mitochondrial ROS production at 5 and 10 nmol/L
concentrations (Figure 71-L). We also evaluated the effects of the
inhibitors on AMPK activity, for AMPK has been identified as an in-
dicator of cellular energy status. As shown in Figure 7M,N, 5 umol/L
rotenone resulted in a 2.3-fold increase of p-AMPK/AMPK ratio,
and 10 nmol/L oligomycin A led to a 1.4-fold increase of p-AMPK/
AMPK ratio compared with control. These results indicated that the
reduced glucose output exerted by inhibiting mitochondrial complex
I and V may depend on the reduced cellular energy state rather than
ROS production.

4 | DISCUSSION

One of our significant findings was that the liver mitochondrial
OXPHOS function increased to varying degrees in models tested in
this study. Previously, liver mitochondrial function in diabetes was

seldom investigated, and results were inconsistent. Franko et al?’
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reported that the liver complex I-dependent OCR increased in STZ-
induced type 1 diabetic mice; however, they did not determine the

I* investigated fresh

complex 1V-dependent OCR. Holmstrém et a
tissue instead of isolated mitochondria and found that the liver mi-
tochondrial respiratory capacity decreased in db/db mice, whereas
Buchner et al proved that the amount of mitochondria isolated per
gram of liver from obese mice was less than that from lean mice.%°
Thus, when using same amount of tissue weight to evaluate the res-
piratory function, the results might be influenced by the different
content of mitochondria not by its intrinsic function. In this study, in-
duced OXPHOS was observed in isolated mitochondria from liver in
both pre-diabetic and diabetic mice. We postulate that fuel overload

in the liver may account for this alteration. It is known that GLUT2

is the major glucose transporter of hepatocytes in rodents and hu-
mans.®! Unlike GLUT1, GLUT2 has a high Km value (15-20 mmol/L),
which allows it to transport much more glucose into hepatocytes in
the presence of hyperglycaemia.32 Furthermore, hyperglycaemia is
able to increase GLUT2 mRNA and protein expression in liver.>® In
addition, high level of free fatty acids in obesity and diabetes provide
another type of excess fuel to liver,>* which might explain the en-
hanced mitochondrial OXPHOS function in pre-diabetic obese mice
without hyperglycaemia.

In contrast to liver, we observed that the skeletal muscle mito-
chondrial OXPHQOS function of early-stage type 1, type 2 and pre-di-
abetic mice did not change, which is in accordance with some other

studies.®'° We assume that the unchanged fuel load in myocytes
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might explain this result. It is established that GLUT4 mediates in-
sulin-stimulated glucose transport in muscle and adipose tissue.*> In
the development of insulin resistance and type 2 diabetes, GLUT4
fails to translocate to plasma membrane in response to insulin.
Absolute deficiency of insulin in type 1 diabetes or insulin resis-

tance in type 2 diabetes could diminish GLUT4-mediated uptake
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of glucose from bloodstream in skeletal muscle, leading to reduced
glucose load in myocytes. However, in aforementioned conditions,
skeletal muscle shows higher lipid oxidation during post-absorptive
state.’” Reduced glucose uptake in the myotubes is compensated by
excess triglycerides or free fatty acids in obesity and diabetes. Taken

together, it suggests that skeletal muscle is able to keep energy
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balance even in the severe disturbance of glucose metabolism.
Previous studies reported that both muscle-specific insulin receptor
knockout mice and GLUT4-deficient mice displayed normal glucose
tolerance.®®%? Holmstrém et al found that in obese diabetic (db/db)
mice, the OXPHOS function of glycolytic muscle increased and that

of oxidative muscle decreased.'® Since they investigated fresh tissue

rather than isolated mitochondrial, and red muscles were rich in mi-
tochondria, myoglobin and oxidative enzymes compared with white
muscles,*® it was hard to assess the exact mitochondrial function.
The isolated mitochondria in this study are from the skeletal mus-
cle of hind legs including glycolytic and oxidative muscle. Thus, the

results of our study represent the overall mitochondrial OXPHOS
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FIGURE 7 The effects of complex I, lll and V inhibitors on cellular energy state and ROS production in mouse primary hepatocytes. A,
B, The ATP content and ATP/ADP ratio of primary hepatocytes after treatment with rotenone. C, D, The cellular and mitochondrial ROS
production (measured by DCFDA and Mitosox Red, respectively) of primary hepatocytes after treatment with rotenone. E, F, The ATP
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with oligomycin A. J, K, The cellular and mitochondrial ROS production of primary hepatocytes after treatment with oligomycin A. Data are
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That suggests HFD may up-regulate muscle mitochondrial function
mildly in the absence of OXPHOS alteration.

function in the skeletal muscle. Further experiments will address

specific features of glycolytic and oxidative fibre mitochondria in the

future. In addition, several groups reported that HFD only affected
the respiration of muscle mitochondria with fatty acids, and there
was no change when substrates like pyruvate/glutamate plus malate
and succinate were used.***? |n the present study, we did observe
that CS activity increased in the muscle mitochondria of HFD-

induced pre-diabetic mice, indicating the Krebs cycle was enhanced.

The studies on mitochondrial function in diabetes and obesity
are numerous, but the findings were always inconsistent due to the
different experimental approaches to assess mitochondrial func-
tion, different parts of tissue sample or the different types of animal
model etc being used, which was systematically reviewed by Pinti

et al*® recently. The strength of this study is that it covers not only
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FIGURE 8 A, The patterns of liver mitochondrial OXPHQOS change during type 1 and type 2 diabetes development. The schematic
diagram was based on the ratio of liver mitochondrial state 3 respiration of disease models to corresponding controls (shown as Table S1).
Briefly, the liver mitochondrial OXPHQOS function was increasing continuously during the course of type 1 diabetes, and especially, the
increase of complex IV-dependent OXPHOS function is the most significant. The liver OXPHOS function kept a high level at pre-diabetes
and early stage of type 2 diabetes. Then it declined slowly and returned to nearly normal level at the late stage of type 2 diabetes, among
which the change of complex I-dependent OXPHOS function was the most dramatic, and the complex IV-dependent OXPHOS function
was the least affected. B, The liver OXPHOS contributes differently to anabolism and gluconeogenesis pathways under different energy
homeostasis. In healthy condition, majority of ATP produced by OXPHOS fuels anabolism pathway rather than gluconeogenesis (presented
by the thick and thin arrows). However, in diabetic condition, liver OXPHOS directs much more ATP to gluconeogenesis than anabolic
pathways like glycogen, triglyceride and protein synthesis. Thus, induced liver OXPOHS plays a pivotal role in the vicious circle that

hyperglycaemia and gluconeogenesis interacts as both cause and effect

type 1 and 2 diabetes and two major metabolic organs liver and mus-
cle, but also the different stages of diseases. Moreover, all mitochon-
dria isolation and OXPHOS function measurement are conducted
in the same system, and the results show only liver mitochondrial
function presents dynamic change in pre-diabetes and diabetes, in-
dicating liver mitochondria are sensitive and flexible to the change
of energy homeostasis.

The ATP content in both liver and muscle did not change in
early-stage type 1 diabetic mice. It is known that the dephos-
phorylation of ATP and rephosphorylation of ADP and AMP occur
repeatedly in the course of aerobic metabolism. Our data may
suggest a tight balance between ATP synthesis and expenditure
in diabetic liver. More ATP produced by overheated OXPHOS
leads to more ATP consumption. It is known that hepatic gluco-
neogenesis, an ATP consuming pathway, dramatically enhances in
diabetes.3® This study suggests that, in metabolic disorders, glu-
cose and fatty acids rush into liver to over-activate mitochondrial
OXPHOS. We assume that liver mitochondrial OXPHOS directs

much more ATP to gluconeogenesis than anabolic pathways like
glycogen, triglyceride and protein synthesis in insulin resistance
or insulin deficiency compared with healthy condition. Our data
suggest induced liver OXPHQOS, as a characteristic of diabetes, in
return enhances hepatic gluconeogenesis and deteriorates the hy-
perglycaemia, becoming a pivotal process in the vicious circle of
hyperglycaemia and gluconeogenesis (Figure 8B).

Our study also revealed that the changing pattern of liver
OXPHOS function was quite different between type 1 and type 2 dia-
betes. The liver complex IV-dependent respiration increased the most
in type 1 diabetic mice. However, in type 2 diabetes, the alteration
of liver OXPHOS in complex | was the most significant. Furthermore,
OXPHOS function in liver steadily inclined during type 1 diabetes. In
contrast, enhanced OXPHOS reached the peak at the onset of type 2
diabetes then declined to nearly normal level in the late stage of the
disease (Figure 8A, which is based on the ratio of liver mitochondrial
state 3 respiration of disease models to corresponding controls shown
as Table S1). The different pattern of liver OXPHOS between type 1
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and type 2 diabetes also reflects two distinct mechanisms. Burst of
hyperglycaemia resulted from islet destruction fuels liver respiratory
chain to work overload after type 1 diabetes onset. Parabola-shaped
alteration of liver OXPHQOS in type 2 diabetes indicates the respira-
tory chain becomes overburdened long before disease onset. This
study revealed the difference in liver mitochondrial function between
type 1 and type 2 diabetes, and we demonstrated liver mitochondrial
complex IV may be involved in the progression of type 1 diabetes.
However, in most of published studies the complex |V-dependent res-
piration was rarely investigated in metabolic disorders, so the clinical
implication of this finding needs further exploration.

According to ourin vitro data, only the inhibition of mitochondrial
complex | rather than other complexes in the primary hepatocytes
under normal and lipid accumulated condition markedly decreased
glucose production without cytotoxicity, suggesting inhibitors of
complex II, lll, IV or V may not be safe or feasible for diabetes treat-
ment. Our previous studies demonstrated that berberine, metformin
and rotenone were able to lower glucose through inhibition of mito-
chondrial complex 1.#44° Coincidentally, this study showed that the
liver mitochondrial complex I-dependent respiration was up-regu-
lated greatly in the pre-diabetes and early stage of type 2 diabetes.
Our findings provide pathophysiological evidence for the usage of
complex | inhibitors as anti-hyperglycaemic agents. In addition, our
results warn that it should be prudent to prescribe these agents to
aged patients with long duration of type 2 diabetes, because the in-
duced liver mitochondrial complex I-dependent respiration returned
to nearly normal level as the disease progressed to the late stage.

Last but not least, the limitations of our study are as follows: (a)
C57BL/6J mice instead of wt/db or wt/wt littermates were used
as controls of db/db mice, because the littermates were not com-
mercially available then; (b) the adenine nucleotide levels were only
measured in early-stage type 1 diabetic mice under fasted and an-
aesthetic condition, which might have an impact on the ratio of ATP/
ADP; and (c) our experiment design included measuring state |, I1, Il
respiration, OXPHOS capacity and ETC capacity, but mitochondrial
respiratory control ratio (RCR), an important indicator of coupling,
was not measured. We will include the RCR in our future study.

5 | CONCLUSIONS

Our results demonstrated that the liver mitochondria were more
sensitive and adaptive during metabolic disorders than skeletal
muscle mitochondria. Over-active complex IV and | of liver might be
an important feature during the development of type 1 and type 2
diabetes, respectively. Moreover, our in vitro results indicated that
inhibition of liver complex | rather than other complexes was able
to ameliorate hyperglycaemia through suppressing hepatic glucose
production through reducing cellular energy state.

ACKNOWLEDGEMENTS
This study was mainly conducted at the Shanghai Key Laboratory
of Diabetes Mellitus, Shanghai Diabetes Institute. We acknowledge

all the staff at the platform for their excellent cooperation, and we
specially thank Mrs Junxi Lu for her generous research support. The
content of adenine nucleotides was determined at the Department
of Chemistry, Shanghai Jiao Tong University School of Medicine, and
we are thankful to Mrs Ruolin Yang for her generous support regard-
ing the HPLC techniques.

CONFLICT OF INTEREST
The authors have no conflicts of interest associated with this

manuscript.

AUTHORS’ CONTRIBUTIONS

JY is the guarantor of this work and, as such, had full access to all
the data in the study and takes responsibility for the integrity of
the data and the accuracy of the data analysis. JY designed the
studies. MA carried out the research. XY, MY and WH assisted in
performing research. ZY performed the determining the content of
adenine nucleotides by HPLC. MA and JY interpreted the results
and wrote the manuscript. YB and YY assisted in reviewing and re-
vising the manuscript. All authors approved the final version of the

manuscript.

DATA AVAILABILITY STATEMENT
All data generated or analysed during this study are included in this
published article.

ORCID
Miriayi Alimujiang https://orcid.org/0000-0001-8759-9391

JunYin https://orcid.org/0000-0002-9826-3583

REFERENCES

1. Kelley DE, He J, Menshikova EV, Ritov VB. Dysfunction of mito-
chondria in human skeletal muscle in type 2 diabetes. Diabetes.
2002;51:2944-2950.

2. Mogensen M, Sahlin K, Fernstrom M, et al. Mitochondrial respira-
tion is decreased in skeletal muscle of patients with type 2 diabetes.
Diabetes. 2007;56:1592-1599.

3. Ritov VB, Menshikova EV, Azuma K, et al. Deficiency of electron
transport chain in human skeletal muscle mitochondria in type
2 diabetes mellitus and obesity. Am J Physiol Endocrinol Metab.
2010;298:E49-58.

4. Turner N, Bruce CR, Beale SM, et al. Excess lipid availability in-
creases mitochondrial fatty acid oxidative capacity in muscle: evi-
dence against arole for reduced fatty acid oxidation in lipid-induced
insulin resistance in rodents. Diabetes. 2007;56:2085-2092.

5. Han DH, Hancock CR, Jung SR, et al. Deficiency of the mitochon-
drial electron transport chain in muscle does not cause insulin resis-
tance. PLoS ONE. 2011;6:e19739.

6. Schrauwen-Hinderling VB, Roden M, Kooi ME, et al. Muscular mi-
tochondrial dysfunction and type 2 diabetes mellitus. Curr Opin Clin
Nutr Metab Care. 2007;10:698-703.

7. NairKS, Bigelow ML, Asmann YW, et al. Asian Indians have enhanced
skeletal muscle mitochondrial capacity to produce ATP in associa-
tion with severe insulin resistance. Diabetes. 2008;57:1166-1175.

8. Boushel R, Gnaiger E, Schjerling P, et al. Patients with type 2 di-
abetes have normal mitochondrial function in skeletal muscle.
Diabetologia. 2007;50:790-796.


https://orcid.org/0000-0001-8759-9391
https://orcid.org/0000-0001-8759-9391
https://orcid.org/0000-0002-9826-3583
https://orcid.org/0000-0002-9826-3583

ALIMUJIANG ET AL.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

De Feyter HM, Lenaers E, Houten SM, et al. Increased intramyo-
cellular lipid content but normal skeletal muscle mitochondrial ox-
idative capacity throughout the pathogenesis of type 2 diabetes.
FASEB J. 2008;22:3947-3955.

van den Broek NM, Ciapaite J, De Feyter HM, et al. Increased mito-
chondrial content rescues in vivo muscle oxidative capacity in long-
term high-fat-diet-fed rats. FASEB J. 2010;24:1354-1364.
Gonzalez-Armenta JL, Gao Z, Appt SE, et al. Skeletal muscle mitochon-
drial respiration is elevated in female cynomolgus macaques fed a west-
ern compared with a Mediterranean diet. J Nutr. 2019;149:1493-1502.
Jorgensen T, Grunnet N, Quistorff B. One-year high fat diet af-
fects muscle-but not brain mitochondria. J Cereb Blood Flow Metab.
2015;35:943-950.

Bonnard C, Durand A, Peyrol S, et al. Mitochondrial dysfunction
results from oxidative stress in the skeletal muscle of diet-induced
insulin-resistant mice. J Clin Invest. 2008;118:789-800.

Suga T, Kinugawa S, Takada S, et al. Combination of exercise train-
ing and diet restriction normalizes limited exercise capacity and
impaired skeletal muscle function in diet-induced diabetic mice.
Endocrinology. 2014;155:68-80.

Holmstrom MH, Iglesias-Gutierrez E, Zierath JR, Garcia-Roves PM.
Tissue-specific control of mitochondrial respiration in obesity-re-
lated insulin resistance and diabetes. Am J Physiol Endocrinol Metab.
2012;302:E731-E739.

Bugger H, Chen D, Riehle C, et al. Tissue-specific remodeling of
the mitochondrial proteome in type 1 diabetic akita mice. Diabetes.
2009;58:1986-1997.

Guo Y, Darshi M, MaYY, et al. Quantitative proteomic and functional
analysis of liver mitochondria from high fat diet (HFD) diabetic mice.
Mol Cell Proteomics. 2013;12:3744-3758.

Jorgensen W, Jelnes P, Rud KA, et al. Progression of type 2 diabetes
in GK rats affects muscle and liver mitochondria differently: pro-
nounced reduction of complex Il flux is observed in liver only. Am J
Physiol Endocrinol Metab. 2012;303:E515-E523.

Owen MR, Doran E, Halestrap AP. Evidence that metformin exerts
its anti-diabetic effects through inhibition of complex 1 of the mito-
chondrial respiratory chain. Biochem J. 2000;348(Pt 3):607-614.
Brunmair B, Staniek K, Gras F, et al. Thiazolidinediones, like met-
formin, inhibit respiratory complex I: a common mechanism contrib-
uting to their antidiabetic actions? Diabetes. 2004;53:1052-1059.
Turner N, Li JY, Gosby A, et al. Berberine and its more biologically
available derivative, dihydroberberine, inhibit mitochondrial respi-
ratory complex |: a mechanism for the action of berberine to ac-
tivate AMP-activated protein kinase and improve insulin action.
Diabetes. 2008;57:1414-1418.

Hoppel C, DiMarco JP, Tandler B. Riboflavin and rat hepatic cell
structure and function. Mitochondrial oxidative metabolism in defi-
ciency states. J Biol Chem. 1979;254:4164-4170.

Frezza C, Cipolat S, Scorrano L. Organelle isolation: functional mi-
tochondria from mouse liver, muscle and cultured fibroblasts. Nat
Protoc. 2007;2:287-295.

Lesnefsky EJ, Tandler B, Ye J, et al. Myocardial ischemia decreases
oxidative phosphorylation through cytochrome oxidase in subsar-
colemmal mitochondria. Am J Physiol. 1997;273:H1544-H1554.
Srere PA, Brazil H, Gonen L. The citrate condensing enzyme of
pigeon breast muscle and moth flight muscle. Acta chem scand.
1963;17:129-134.

Chen Q, Hoppel CL, Lesnefsky EJ. Blockade of electron trans-
port before cardiac ischemia with the reversible inhibitor amo-
barbital protects rat heart mitochondria. J Pharmacol Exp Ther.
2006;316:200-207.

Berry MN, Friend DS. High-yield preparation of isolated rat liver pa-
renchymal cells: a biochemical and fine structural study. J Cell Biol.
1969;43:506-520.

Thomas SS, Plenkiewicz J, Ison ER, et al. Influence of monosac-
charide derivatives on liver cell glycosaminoglycan synthesis:

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

WILEY--

3-deoxy-D-xylo-hexose (3-deoxy-D-galactose) and methyl (methyl
4-chloro-4-deoxy-beta-D-galactopyranosid) uronate.  Biochim
Biophys Acta. 1995;1272:37-48.

Franko A, von Kleist-Retzow JC, Neschen S, et al. Liver adapts mi-
tochondrial function to insulin resistant and diabetic states in mice.
J Hepatol. 2014,60:816-823.

Buchner DA, Yazbek SN, Solinas P, et al. Increased mitochondrial
oxidative phosphorylation in the liver is associated with obesity and
insulin resistance. Obesity (Silver Spring). 2011;19:917-924.

Thorens B, Sarkar HK, Kaback HR, Lodish HF. Cloning and functional
expression in bacteria of a novel glucose transporter present in liver,
intestine, kidney, and beta-pancreaticislet cells. Cell. 1988;55:281-290.
Karim S, Adams DH, Lalor PF. Hepatic expression and cellular dis-
tribution of the glucose transporter family. World J Gastroenterol.
2012;18:6771-6781.

Burcelin R, Eddouks M, Kande J, et al. Evidence that GLUT-2 mRNA
and protein concentrations are decreased by hyperinsulinaemia
and increased by hyperglycaemia in liver of diabetic rats. Biochem J.
1992;288(Pt 2):675-679.

Bergman RN. Non-esterified fatty acids and the liver: why is insulin
secreted into the portal vein? Diabetologia. 2000;43:946-952.
Pessin JE, Saltiel AR. Signaling pathways in insulin action: molecular
targets of insulin resistance. J Clin Invest. 2000;106:165-169.

Saltiel AR, Kahn CR. Insulin signalling and the regulation of glucose
and lipid metabolism. Nature. 2001;414:799-806.

Kelley DE, Reilly JP, Veneman T, Mandarino L. Effects of insulin on
skeletal muscle glucose storage, oxidation, and glycolysis in hu-
mans. Am J Physiol Endocrinol Metab. 1990;258:E923-E929.

Bruning JC, Michael MD, Winnay JN, et al. A muscle-specific insulin
receptor knockout exhibits features of the metabolic syndrome of
NIDDM without altering glucose tolerance. Mol Cell. 1998;2:559-569.
Katz EB, Stenbit AE, Hatton K, et al. Cardiac and adipose tissue
abnormalities but not diabetes in mice deficient in GLUT4. Nature.
1995;377:151-155.

Schiaffino S, Reggiani C. Fiber types in mammalian skeletal muscles.
Physiol Rev. 2011;91:1447-1531.

Hoeks J, Briede JJ, de Vogel J, et al. Mitochondrial function, content
and ROS production in rat skeletal muscle: effect of high-fat feed-
ing. FEBS Lett. 2008;582:510-516.

Chanseaume E, Tardy AL, Salles J, et al. Chronological approach of
diet-induced alterations in muscle mitochondrial functions in rats.
Obesity (Silver Spring). 2007;15:50-59.

Pinti MV, Fink GK, Hathaway QA, et al. Mitochondrial dysfunction
in type 2 diabetes mellitus: an organ-based analysis. Am J Physiol
Endocrinol Metab. 2019;316:E268-E285.

Xu M, Xiao Y, Yin J, et al. Berberine promotes glucose consumption
independently of AMP-activated protein kinase activation. PLoS
ONE. 2014;9:e103702.

Hou WL, Yin J, Alimujiang M, et al. Inhibition of mitochondrial com-
plex I improves glucose metabolism independently of AMPK activa-
tion. J Cell Mol Med. 2018;22:1316-1328.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Alimujiang M, Yu X-Y, Yu M-Y, et al.
Enhanced liver but not muscle OXPHOS in diabetes and
reduced glucose output by complex | inhibition. J Cell Mol Med.
2020;24:5758-5771. https://doi.org/10.1111/jcmm.15238



https://doi.org/10.1111/jcmm.15238

