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Organochloride pesticides 
impaired mitochondrial function 
in hepatocytes and aggravated 
disorders of fatty acid metabolism
Qian Liu1,2,3,*, Qihan Wang4,*, Cheng Xu2,3, Wentao Shao2,3, Chunlan Zhang2,3, Hui Liu2,3, 
Zhaoyan Jiang1 & Aihua Gu2,3

p,p’-dichlorodiphenyldichloroethylene (p, p’-DDE) and β-hexachlorocyclohexane (β-HCH) were two 
predominant organochlorine pesticides (OCPs) metabolites in human body associated with disorders 
of fatty acid metabolism. However, the underlying mechanisms have not been fully clarified. In this 
study, adult male C57BL/6 mice were exposed to low dose of p, p’-DDE and β-HCH for 8 wk. OCPs 
accumulation in organs, hepatic fatty acid composition, tricarboxylic acid cycle (TCA) metabolites and 
other metabolite profiles were analyzed. Expression levels of genes involved in hepatic lipogenesis 
and β-oxidation were measured. Mitochondrial function was evaluated in HepG2 cells exposed to 
OCPs. High accumulation of p, p’-DDE and β-HCH was found in liver and damaged mitochondria 
was observed under electron microscopy. Expression of genes in fatty acid synthesis increased and 
that in mitochondrial fatty acid β-oxidation decreased in OCPs treatment groups. OCPs changed 
metabolite profiles in liver tissues, varied hepatic fatty acid compositions and levels of several TCA 
cycle metabolites. Furthermore, MitoTracker Green fluorescence, ATP levels, mitochondrial membrane 
potential and OCR decreased in HepG2 cells exposed to OCPs. In conclusion, chronic exposure to OCPs 
at doses equivalent to internal exposures in humans impaired mitochondrial function, decreased fatty 
acid β-oxidation and aggravated disorders of fatty acid metabolism.

Organochlorine pesticides (OCPs) are one type of persistent organic pollutants (POPs) that have caused world-
wide concerns for human health. They are resistant to degradation and can accumulate at high levels in the 
human body1. Considerable quantities of these OCP compounds are detectable in our ecosphere2, although they 
were banned in the 1970s and 1980s because of their toxicity to humans.

Recent data showed that OCPs remain prevalent, worldwide, in the environment. In soil measurements, the 
mean concentration of total dichlorodiphenyltrichloroethane (DDT) ranged from 0.2 to 129.1 ng/g and total 
hexachlorocyclohexane (HCH) from 0.1 to 379.3 ng/g3–8. In air, total DDT and HCH levels ranged from 2.5 to 
789.3 pg/m and 15 to 274.7 pg/m, respectively9–11. In water, 52.5 and 43.7 ng/L of total DDT and HCH, respectively, 
was detected12. Dietary intake accounted for more than 90% of the OCPs burden in the general population13.

Various blood levels of OCPs were documented in populations from several countries14–16. In India, reported 
serum levels were as high as 743 ng/mL for DDT and 627 ng/mL for HCH16. More surprising, OCPs were even 
detected in umbilical cord blood, with concentrations reaching 3.1 ng/mL for DDT and 1.1 ng/mL for HCH17. 
This suggested potential harm to fetal development during pregnancy.

Health effects of OCPs, for example, reproductive interference and immunological toxicity, were previously 
studied18. Recently, there has been more focus on the influences of OCPs on metabolism19–21. However, the 
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underlying molecular mechanisms for how OCPs would lead to disorders in fatty acid metabolism have not yet 
been fully clarified.

Recently, we reported for the first time that high accumulation of both p, p’-dichlorodiphenyldichloroethylene 
(p, p’-DDE) and β -HCH in adipose tissues based on the population study and importantly, showed that these 
OCPs were associated with higher fatty acid levels in the human liver22. We demonstrated lipogenesis induced 
by both p, p’-DDE and β -HCH in hepatocytes. How these OCPs affect fatty acid degradation and other meta-
bolic pathways, however, remains unknown. In our present study, we exposed mice to p, p’-DDE and β -HCH 
for 8 weeks at a dose equivalent to their internal exposure doses in humans. The underlying molecular changes 
contributing to disorders of hepatic fatty acid metabolism were investigated, as well as other relevant effects on 
hepatic metabolism.

Results
Accumulation of p, p’-DDE and β-HCH in the liver and alteration of hepatic fatty acid content.  
Eight-week exposure of mice to p, p’-DDE or β -HCH led to different levels of OCP accumulation in organs. Both 
compounds were abundantly detected in adipose tissues. Among parenchymal organs, liver was the primary site 
of p, p’-DDE and β -HCH accumulation (Fig. 1).
β -HCH exposure led to significantly elevated levels of hepatic saturated fatty acids (SFA) and decreased pol-

yunsaturated fatty acids (PUFA) (Fig. 2D). SFA elevation was primarily caused by stearate (C18:0) accumulation 
(Fig. 2A). Notably, among monounsaturated fatty acids (MUFA), vaccenate (C18:1) levels were significantly ele-
vated (Fig. 2B). Meanwhile, decreased PUFA levels were primarily caused by decreases in linoleate (C18:2) and 
γ -linolenate (C18:3) (Fig. 2C).

There were no differences in serum liver enzymes levels (Supplement Table 2) and increment of body weight 
among groups (Fig. S1).

Pathological changes in liver tissues. Haemotoxylin eosin (HE) staining showed cytoplasmic vacuola-
tion of peri-portal and centri-lobular hepatocytes in mouse liver after exposed to p, p’-DDE or β -HCH (Fig. 3A). 
Scattered clusters of mitochondria were mildly to markedly enlarged and often irregularly shaped in the majority 
of hepatocytes after chronic p, p’-DDE or β -HCH exposure. The mitochondria cristae had been markedly dam-
aged, with relatively abnormal mitochondrial architecture. Moreover, a number of lipid droplets were observed 
in OCPs exposure groups (Fig. 3B). Hepatic TG level increased after β -HCH exposure (Fig. 3C) as well as a trend 
after p, p’-DDE exposure.

Decreased expression of genes involved in mitochondrial fatty acid β-oxidation. We then 
measured mRNA expression of key enzymes for mitochondrial fatty acid β -oxidation and fatty acid synthesis. 
As shown in Fig. 2E, mRNA expression of carnitine palmitoyl transferase 1α  (Cpt1α ), short chain acyl-CoA 
dehydrogenase (Scad), medium chain acyl-CoA dehydrogenase (Mcad) and long chain acyl-CoA dehydrogenase 
(Lcad), enzymes responsible for fatty acid β -oxidation, were significantly lower in the β -HCH group (Fig. 2E). The 
differences were further confirmed at the protein level (Fig. 2F and G). These findings suggested impairment of 
mitochondrial fatty acid β -oxidation, consistent with the pathological defects seen in mitochondria. Furthermore, 
mRNA levels of fatty acid synthase (Fas), acetyl-CoA carboxylase (Acc) and stearoyl CoA desaturase 1 (Scd1) 
were higher in both p, p’-DDE and β -HCH groups (Fig. 2E), suggesting enhanced hepatic lipogenesis in mice 
exposed to OCPs, consistent with our previous observations in human liver22.

Changes in hepatic tricarboxylic acid (TCA) cycle metabolites. The metabolites involved in the 
mitochondrial TCA cycle in liver were measured by GC/MS. Malate and fumarate levels significantly decreased 
in mice exposed to β -HCH (Fig. 4C and D). In contrast, more pyruvate was converted into lactate (Fig. 4B). These 
results suggested the inefficiency in hepatic mitochondrial TCA cycle in these mice.

Figure 1. The levels of p, p’-DDE and β-HCH residues in the relevant primary organs (lung, liver, brain, 
spleen, kidney, heart, fat). (A) Exposure to p, p’-DDE, (B). Exposure to β -HCH, adjusted by tissue wet weight 
(mg/kg tissue, n =  3/group).
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Changes in liver metabolomics profiles. Changes in hepatic metabolomics after p, p’-DDE or β -HCH 
exposure were further analyzed by LC/MS. Principal component analysis (PCA) and orthogonal projections to 
latent structures discriminant analysis (OPLS-DA) score plots of both positive and negative mode data revealed 
distinct metabolite profiles in liver tissues from p, p’-DDE, β -HCH and control groups (Fig. 5). The fold-changes 

Figure 2. Influence on fatty acid metabolism in mouse livers exposed to p, p’-DDE and β-HCH. 
Quantitative analysis of individual saturated fatty acids (SFA, A), monounsaturated fatty acids (MUFA, B) and 
polyunsaturated fatty acids (PUFA, C), as well as total fatty acid content (D) in the liver. Expression of genes 
involved in hepatic fatty acid β -oxidation and synthesis (E), n =  5/group. Expression of Acc, Fas, Scd1, Mcad, 
Scad and Lcad proteins in mouse livers detected by Western blot using GAPDH as an internal control (F and 
G, n =  3/group). Data are expressed as means ±  SEM. *P <  0.05, **P <  0.01, ***P <  0.001, compared with the 
control group.
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of identified metabolites after p, p’-DDE and β -HCH exposures are presented in Supplement Table 3. It was very 
interesting that trends for changes in the majority of metabolites were similar for the two OCP compounds. 
The identity of these affected metabolites implied perturbations in phospholipid, fatty acid and amino acid 
metabolism.

Figure 3. (A) Representative haematoxylin and eosin staining revealed gradual enhancement of hepatocellular 
fatty degeneration with looser cell gaps and arrangements (scale bars: 100 μ m, 50 μ m) in liver tissue from mice 
exposed to p, p’-DDE or β -HCH. (B) Representative electron micrographs of liver from mice exposed to p, p’-
DDE or β -HCH (6000× , 25000× ). Mitochondria (M) were mildly enlarged, matrices were electron-lucent and 
cristae were damaged. Lipid droplets (L) formed and loose organelle gaps were observed in OCP treated groups. 
(C) TG content in livers of mice exposed to p, p’-DDE or β -HCH (n =  5/group). The data are presented as the 
mean ±  SEM. *P <  0.05 compared with the control group.

Figure 4. TCA cycle metabolites in livers of mice exposed to p, p’-DDE or β-HCH. Contents of malate (A), 
fumarate (B), α -ketoglutarate (C) and lactate (D), n =  5/group. (E) A schematic diagram showing the TCA 
cycle. Data are expressed as means ±  SEM. *P <  0.05 compared with the control group.
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Impairment of mitochondrial function and fatty acid β-oxidation by p, p’-DDE and β-HCH in 
HepG2 cells. Fluorescence intensity of MitoTracker Green which labelled mitochondria decreased (Fig. 6A), 
as well as ATP levels, in HepG2 cells treated with p, p’-DDE or β -HCH (Fig. 6B). This was potentially caused by 
both decreased mitochondria number and TCA cycle deficiency, leading to an overall decrease in ATP produc-
tion. Flow cytometry results showed that the ratios of aggregate/monomer (red/green JC-1 fluorescence) in the 
treated groups were significantly lower than in the control (Fig. 6C) which indicated that p, p’-DDE and β -HCH 
decreased mitochondrial membrane potential.

The oxygen consumption rate (OCR) in HepG2 cells was decreased in a dose-dependent manner after p, 
p’-DDE (Fig. 6D) or β -HCH (Fig. 6E) treatments. Compared with control cells, basal respiration rates were sig-
nificantly decreased, by 15.5% with 10 ng/mL p, p’-DDE and by 17.8 and 24.8% with 10 and 100 ng/mL β -HCH 
treatments, respectively (Fig. 6F). Furthermore, proton leak, maximal respiratory capacity and ATP turnover 
were significantly declined in p, p’-DDE (10 ng/mL) and β -HCH (10 and 100 ng/mL) exposed groups, compared 
with control group (Fig. 6G–I). These results indicated that there was mitochondrial dysfunction after OCP treat-
ments although there was no notable cytotoxicity at that doses in HepG2 cells (Fig. S2).

Oil Red O staining in cells after incubation with either OCP indicated cellular lipid accumulation (Fig. 7A), 
which was further confirmed by increased TG content in cells (Fig. 7B). The expression of CPT1α , SCAD and 
MCAD, enzymes responsible for fatty acid β -oxidation, were significantly lower in cells treated with p, p’-DDE 
or β -HCH (Fig. 7C–E).

Discussion
We recently found that p,p’-DDE and β -HCH were two predominant OCPs metabolites among all different OCPs 
detected in human body and they were associated with disorders of lipid metabolism22. In this study, we for the 
first time showed that these two representative OCPs could lead to changes in metabolite profile in liver (Fig. 5), 
impair hepatic mitochondria function (Fig. 6) and disrupt fatty acid β -oxidation and TCA cycle (schematically 

Figure 5. Metabolite profiles in liver tissues from control, p, p’-DDE and β -HCH groups, obtained by LC/
MS analysis in positive (A and B) and negative (C and D) ion modes. (A and C) PCA score plots; (B and D) 
OPLS-DA score plots.
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Figure 6. Effects on mitochondrial function in HepG2 cells treated with p, p’-DDE or β-HCH. (A) 
Fluorescence microscopic images showing amount, location and fluorescence intensity of mitochondria and 
quantitative levels of mitochondrial fluorescence intensity per cell, based on MitoTracker Green staining. (B) ATP 
levels in HepG2 cells. (C) Detection of mitochondrial membrane potential by JC-1 staining and flow cytometry. 
The Y-axis shows the ratio of red to green fluorescence. (D and E) Effects on cellular oxygen consumption rate 
(OCR). Quantitative histogram of OCR results for baseline (F), proton leak (G), maximal respiratory capacity (H) 
and ATP turnover (I). *P <  0.05, **P <  0.01, ***P <  0.001 compared with the control, ##P <  0.01 compared with 
10 ng/mL β -HCH. Each data point is the mean ±  SEM from three separate experiments.
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Figure 7. Effects on lipid metabolism in HepG2 cells treated with p, p’-DDE or β-HCH. (A) Oil Red O 
staining of HepG2 cells. Accelerated lipid accumulation in HepG2 cells treated with p, p’-DDE or β -HCH. Red 
dot (arrowhead) shows a lipid droplet and pale blue circle shows the cell nucleus. Cells were treated with p, p’-
DDE or β -HCH for 24 h. Cells were observed under a magnification of 40× , with scale bar indicating 50 μ m.  
(B) Cellular TG content after 24-hour incubation with p, p’-DDE or β -HCH. C and D: Changes in mRNA 
expression of genes involved in hepatic fatty acid β -oxidation in HepG2 cells incubated with p, p’-DDE (C) 
or β -HCH (D). (E) Protein levels of SCAD and MCAD in HepG2 cells incubated with p, p’-DDE and β -HCH 
detected by Western blot using GAPDH as an internal control. *P <  0.05, **P <  0.01, ***P <  0.001 compared 
with the control, #P <  0.05 compared with 1 ng/mL p, p’-DDE, ##P <  0.01 compared with 10 ng/mL β -HCH, 
###P <  0.001 compared with 10 ng/mL β -HCH. Each data point represents the mean ±  SEM from three separate 
experiments.
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shown in Fig. 8). Deficient fatty acid β -oxidation and enhanced lipogenesis in concert led to increased hepatic 
SFA and decreased PUFA levels (Fig. 2).

Our previous population study22 and others23 found that disorders of fatty acid metabolism caused by OCPs 
were partially due to induction of lipogenesis through activation of SREBP1c-regulation24. However, no report 
ever examined the influence of OCPs on fatty acid degradation. The findings in this study provided another 
mechanism that impaired mitochondrial fatty acid β -oxidation by OCPs played a role in the disorders in hepatic 
fatty acid metabolism. Both defects could result in increased SFA and decreased PUFA levels in the liver, the met-
abolic changes similar as observed in rats23. The major risk of fatty acid accumulation is its potential to provide 
excessive substrates for triglyceride synthesis and then associated with steatosis25. Moreover, cholesteryl esters 
derived from SFA were reported to be atherogenic26.

Our findings that OCPs decreased mitochondria number and ATP levels were consistent with previous obser-
vations in rats27. In addition, we provided new evidences for mitochondria dysfunction, including decreased 
membrane potential, defects in OCR and decreased ATP production in OCP exposure group. Meanwhile, the 
expression of key enzymes in mitochondrial fatty acid β -oxidation decreased and TCA cycle was defected. 
Modulation of the TCA cycle by β -HCH has been reported during hepato-carcinogenesis28. We observed sim-
ilar effects on hepG2 cells by p, p’-DDE and β -HCH. This implied impairment of mitochondrial function as an 
important and early event accounting for the hepatic metabolic disorders caused by OCPs, prior to detectable 
biochemical abnormalities.

In previous studies which investigating the toxicological effect of OCPs in rodents, the doses of p, p’-DDE and 
β -HCH used ranged from 2–50 mg/kg29–31 and 100–500 mg/kg32,33, respectively. To mimic internal exposures 
in the human body, we selected low doses in this study that were close to the low level of the range detected in 
humans and environment12,34,35. Such doses did not cause abnormalities in serum liver enzymes, but subcel-
lular pathological changes as well as changes in metabolites profiles in liver tissues already occurred. To those 
non-occupationally populations who are usually exposed to low but persistent environmental OCPs, our findings 
might give more information about the low-dose effects on metabolism in the body. Adipose tissues tended to 
have highest accumulation of OCPs in the body similar as we observed in this study and the levels increased with 
exposure time36. In human, the OCPs levels were only measured in serum or adipose tissues due to the availability 
of samples. Though the values in human adipose tissues varied between studies, they could reach up to 19 mg/kg37 
for p,p’-DDE and 33.9 mg/kg38 for β -HCH in non-occupational populations. Furthermore, levels of OCPs were 
fold higher in population living in the area of potential source of environmental contaminations39. Therefore, the 
OCPs accumulated in adipose tissue might serve as a source of contaminants reaching liver through constant 
releasing into circulation.

In conclusion, the present study updated our understanding of p’-DDE and β -HCH and their contributions to 
disorders of hepatic lipid metabolism. They showed a tendency to accumulate in the liver, impairing mitochon-
drial function and leading to changes of hepatic metabolites profiles. In addition to inducing lipogenesis in hepat-
ocytes, p, p’-DDE and β -HCH can disrupt mitochondrial fatty acid β -oxidation, in turn, aggravating disorders of 
fatty acid metabolism in the liver (Fig. 8). Since OCPs could lead to changes in multiple physiological processes 
involved in lipid metabolic disorder, our results suggested a need for awareness of environmental OCP exposure 
and its metabolic effects in various populations.

Figure 8. Schematic summary of potential biological hazards of OCPs (p, p’-DDE and β-HCH) and 
mechanism of their effects on hepatic accumulation of fatty acids, through damage of mitochondrial 
function in hepatocytes, decreased fatty acid β-oxidation and increased fatty acid synthesis. 
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Methods
Chemicals. p, p’-DDE was from Tokyo Chemical Industry (Shanghai, China, B0133-1 g, purity > 99.0%, CAS 
No. 72-55-9). β -HCH was from Aladdin (Shanghai, China, H114177-100 mg, CAS No. 319-85-7). Both were of 
research grade.

Animal experiment procedures. Male adult C57BL/6 mice (Shanghai SLAC Laboratory Animal Co., Ltd. 
Shanghai, China) were fed a standard chow diet. They were treated with p, p’-DDE (1 mg/kg/day, DDE group), 
β -HCH (10 mg/kg/day, HCH group) or vehicle (control group), each administered by oral gavage once per day 
for 8 wk (n =  8/group). On the day of sacrifice, blood samples were collected from all mice by the retro-orbital 
venous sinus and key organs (lung, liver, brain, spleen, kidney, heart, fat) were harvested. The experiment protocol 
was approved by the local Ethical Committee of Nanjing Medical University. In addition, all experiments were 
performed in accordance with relevant guidelines and regulations.

Determination of clinical biochemical indicators in serum and accumulation of p, p’-DDE and 
β-HCH levels in organs. Biochemical indicators of liver and kidney function, serum lipids and glucose were 
measured with an automatic biochemical analyser. Accumulation of p, p’-DDE and β -HCH in various organs was 
determined using an Agilent 7890 A gas chromatography mass spectrometry (GC-MS) (Agilent Technologies, 
Santa Clara, CA, USA) as previously described22.

Haematoxylin and eosin (HE) staining, electron microscopy and Oil Red O staining.  
Paraffin-embedded livers were cut into section of 5 μ m thickness and stained with haematoxylin and eosin (HE). 
Liver tissue samples were also examined on the JEOL-1010 transmission electron microscope. For Oil Red O 
staining, HepG2 cells treated with p, p’-DDE or β -HCH were fixed in a 10% formalin solution and stained with 
Oil Red O (Nanjing Senbeijia Biological Technology Co., Ltd. Nanjing, China).

Assay of triglycerides content. Triglyceride (TG) content was measured by a colorimetric assay 
(Applygen Technologies Inc., Beijing, China) using liver homogenate or HepG2 cells after lipid extraction by 
chloroform and methanol (1:3, v/v). All samples were determined in duplicate and TG values were expressed as 
μ mol of TG/g of protein.

Measurement of hepatic metabolite profiles and levels of fatty acids and tricarboxylic acid 
(TCA) cycle metabolites in liver. Hepatic metabolite profiles were analysed using an Agilent 1290 Infinity 
Liquid Chromatography System (Agilent Technologies) equipped with a 2.1 ×  100 mm C18 reverse-phase col-
umn with 1.8-μ m particle size (Waters Corp., Milford, MA, USA) as described previously40. Mass spectrometry 
was performed on an Agilent 6530 Accurate-Mass QTOF/MS (Agilent Technologies) equipped with an electro-
spray ionisation source. Data for each ionisation technique were acquired in positive and negative ion modes. 
LC data were acquired and processed using Mass Hunter Qualitative Analysis Software (version B.03.01; Agilent 
Technologies). The MS analysis system was used to identify metabolites corresponding to those in the METLIN 
database (http://metlin.scripps.edu). SIMCA-P+  11.0 software (Umetrics AB, Umea, Sweden) and online tool 
MetaboAnalyst 3.0 (http://www.metaboanalyst.ca/MetaboAnalyst) were used for PCA, partial least squares dis-
criminant analysis (PLS-DA) and OPLS-DA analyses. A t-test was used to identify those candidate metabolites 
obtained from PLS-DA modelling that were statistically different from those in the control group.

Fatty acids in liver tissue were measured by gas chromatography as previously described41,42. TCA cycle 
metabolites in liver tissue were assayed with a Shimadu QP-2010 ultra GC/MS43.

Determining mRNA expression of genes involved in lipid metabolism by quantitative real-time PCR.  
Total RNA was isolated from liver tissues or cells with TRIzol (Invitrogen, Carlsbad, CA, USA). cDNA was syn-
thesised with PrimeScript™  RT Master Mix (Takara, Dalian, China). Quantitative real-time PCR with SYBR 
Green was performed with an ABI 7900 HT fast real-time system (Applied Biosystems, Foster City, CA, USA). 
Relative mRNA expression was calculated by the 2−ΔΔCt method using GAPDH as the internal control. The 
primer sequences are listed in Supplement Table 1.

Detection of proteins involved in fatty acid metabolism by Western blot. Total proteins of cell 
lysate or liver homogenates were separated on SDS-PAGE, then transferred to polyvinylidene fluoride mem-
branes (Millipore, Billerica, MA, USA). The antibodies used in western blot assay were anti-Acetyl-CoA 
Carboxylase (ACC); anti-Fatty Acid Synthase (FAS), and anti-SCD1 antibodies (Cell Signaling Technology, 
1:1000); anti-Mcad, anti-LCAD and anti- SCAD antibodies (Abcam, 1:1000). The immune complexes were 
detected by enhanced chemiluminescence (Millipore, Billerica, MA, USA). Anti-GAPDH (Beyotime, 1:1000) 
was as an internal control. The band was quantified using Image Lab software (BioRad laboratories, Hercules, CA, 
USA). Each experiment was performed at least twice.

Mitochondrial function in hepatocytes. HepG2 cells were cultured in DMEM supplemented with pen-
icillin/streptomycin and 10% fetal bovine serum (FBS). When cells reached 50% confluence, p, p’-DDE (0, 1, 
10 ng/mL) or β -HCH (0, 10, 100 ng/mL) were added. Cell viability was determined with a cell counting Kit-8 
(CCK-8) assay (Vazyme Biotech Co.,Ltd. Nanjing, China).

After HepG2 cells were incubated with p, p’-DDE and β -HCH for 24 h, MitoTracker Green solution (final con-
centration: 20 nM, Beyotime, Haimen, China) was added and cells incubated at 37 °C for 45 min. Mitochondrial 
green fluorescence intensity was observed with a fluorescence microscope. ATP levels in cells were determined 
with a luciferase-luciferin ATP assay kit (Beyotime, Haimen, China) and the ATP contents normalised to protein 
concentrations. The cationic dye JC-1 was used to detect the mitochondrial membrane potential in HepG2 cells 
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incubated with p, p’-DDE or β -HCH, according to the protocol provided with the mitochondrial membrane 
potential assay kit (Beyotime, Haimen, China). Oxygen consumption rates (OCR) were measured with a Seahorse 
XF96 Extracellular Flux analyser (Seahorse Bioscience, North Billerica, MA, USA) to assess mitochondrial dys-
function. In brief, after baseline measurements of OCR, OCR was measured after sequentially adding to each well 
oligomycin, FCCP and antimycin A/rotenone. OCR was automatically recorded by the XF96 software.

Data analysis. All experiments were performed in triplicate and repeated at least twice. All values are pre-
sented as means ±  SEM of the indicated number of independent experiments.

Statistical significances of multiple treatments were determined by one-way ANOVA and Bonferoni or 
Dunnett’s multiple comparison test with SPSS 20.0. A P value <  0.05 was designated as statistically significant.
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