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Inhibition of mitochondrial complex I by rotenone  
protects against acetaminophen-induced liver injury
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Abstract: Acetaminophen (APAP) is widely used as an antipyretic analgesic in clinic. However, overdose-related 
severe liver injury is a major concern of this drug. Recently, accumulating evidence indicated an important role of 
mitochondrial abnormality in the pathogenesis of APAP hepatoxicity. Thus, the present investigation was undertaken 
to evaluate the effect of mitochondrial complex I inhibition by rotenone on APAP hepatoxicity. In this study, male 
BALB/c mice were pretreated with 250 ppm of rotenone in food for 3 days, then the animals were intraperitoneally 
injected with 300 mg/kg APAP. After 24 h APAP administration, animals developed severe liver injury as shown by 
the remarkable elevation of ALT and AST and hepatic centrilobular necrosis in line with the reduced liver GSH con-
tent. Strikingly, rotenone treatment markedly attenuated liver injury as shown by the improved liver enzyme release 
and liver morphology and enhanced liver GSH content. Meanwhile, rotenone ameliorated mitochondrial abnormal-
ity, inflammatory response and oxidative stress. Moreover, the downregulation of NOX4, a documented protector 
against APAP hepatotoxicity, was significantly restored by rotenone. However, mitochondrial complex III inhibitor 
AZOX failed to protect liver against APAP-induced injury. Together, these results suggested that inhibition of mito-
chondrial complex I but not mitochondrial complex III played a potent role in protecting against APAP hepatotoxicity.
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Introduction

Acetaminophen (APAP) is strongly recommend-
ed as an analgesic and antipyretic drug in clinic 
[1, 2]. For children, it is one of two recommend-
ed antipyretic drugs. However, acute overdose 
can cause severe liver injury in both humans [3] 
and animals [4, 5]. In the United States, around 
30,000 patients are admitted to hospitals 
every year because of APAP hepatotoxicity, 
accounting for more than 50% of acute liver 
failure and approximately 20% of cases of liver 
transplantation [6].

It is known that therapeutic dose of APAP is 
mainly metabolized in liver by UDP-glucuro- 
nosyltransferases (UTGs) and sulfotransferase 
(SULTs). However, excessive intake of APAP sat-
urates the glucuronidation and sulfation routes, 
resulting in the formation of large amount of 
NAPQI (NADH Coenzyme Q oxidoreductase) 
converted by CYP450, which is then detoxified 

by the conjugation with GSH [7]. GSH is essen-
tial for hepatic function [8]. Once GSH is deplet-
ed, NAPQI covalently binds to critical cellular 
proteins, with the formation of reactive oxygen 
species (ROS), causing hepatocellular necrosis 
and apoptotic cell death, and eventually result-
ing in severe centrilobular hepatotoxicity and 
acute liver failure [9].

In the past years, mitochondrial dysfunction 
was documented as one of the critical mecha-
nisms mediating the onset and progression of 
APAP hepatotoxicity [10]. Thus, targeting mito-
chondria has been considered as a potential 
strategy for the therapy of APAP-induced liver 
injury. Actually, literatures demonstrated that 
proper inhibition of mitochondrial activity under 
pathological conditions could improve organ 
injury [11-16]. Rotenone, a lipophilic natural 
compound, mainly derived from the roots and 
stems of Lonchocarpus and Derris species, is 
the prototype of a number of synthetic insecti-
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cides/acaricides [17]. It acts as a strong inhibi-
tor of complex I of the mitochondrial respiratory 
chain (MRC) [9]. In the present study, to define 
the role of mitochondrial complex I inhibition in 
APAP-induced liver injury, we treated the mice 
with a mitochondrial complex I inhibitor rote-
none before they were exposed to APAP and 
found a striking protective effect of rotenone 
against APAP hepatoxicity possibly through 
inhibiting the activity of those abnormal mito-
chondria and subsequent amelioration of mito-
chondrial oxidative stress and inflammation. 

Materials and methods

Rotenone treatment in model of APAP-induced 
liver injury in mice

Eight-week-old male BALB/c mice weighing 
approximately 20-23 g were purchased from 
Animal Core Facility of Nanjing Medical Uni- 
versity. Animals were fed with standard chow 
ad libitum and allowed free access to water. 
The mice were housed in a temperature-con-
trolled (25±1°C) facility and maintained on a 
12-h:12-h light-dark cycle (lights on at 6:00 
a.m. and lights off at 6:00 p.m.). After 1 week of 
adaption, mice were randomly divided into 
three groups: (1) Vehicle (n=5); (2) APAP (n=7); 
(3) APAP + Rotenone (n=7, APAP and rotenone 
were both from Sigma-Aldrich). Group (1) and 
(2) were fed with jelly diet with vehicle and 
group (3) was fed with the jelly diet with rote-
none at a dose of 250 ppm for 3 days, respec-
tively. Then all the animals were fasted for 12 h 
but kept free access to water before APAP 
administration. After 12 h fasting, group (2) and 
(3) were given a single dose of APAP (300 mg/
kg) by intraperitoneal injection and group (1) 
were injected with equal volume of saline as 
control. All the animals were fed with the food 
and water as before after APAP injection. The 
animals were sacrificed after 24 h of APAP 
treatment. Blood and liver samples were har-
vested immediately for further test. All animal 
experiments procedures were approved by the 
Nanjing Medical University Institutional Animal 
Care and Use Committee. 

Azoxystrobin treatment in model of APAP-
induced liver injury in mice 

The feeding conditions of the mice used to 
study the effect of Azoxystrobin (AZOX) on 
APAP-induced liver injury were consistent with 
the rotenone experiment. The mice were ran-

domly divided into four groups (N=8 per group): 
(1) Vehicle group, (2) AZOX group, (3) APAP 
group, and (4) APAP + AZOX group. The mice in 
AZOX group and APAP + AZOX group were treat-
ed with 25 mg/kg/d AZOX mixed in the jelly diet 
for 3 days, then animals were fasted for 12 h 
but kept free access to water before intraperi-
toneal injection of a single dose of APAP (300 
mg/kg, dissolved in saline). Vehicle and APAP 
groups were only fed with jelly diet with vehicle 
for control. All the animals were fed with the 
same food and water as before after APAP 
injection. After 24 h APAP injection, the mice 
were sacrificed, and the blood and liver tissues 
were harvested for further analyses.

Histological analysis

Harvested liver tissues were cut into small piec-
es and fixed in 4% paraformaldehyde (PFA) and 
embedded in paraffin according to the stan-
dard procedure for further histological analysis. 
Then the embedded liver tissues were cut into 
5 μm thick sections and stained with hematox-
ylin-eosin (H&E) for morphological analysis.

Dihydroethidium (DHE) staining

Cryosections from frozen liver tissues (5 μm) 
were prepared with a Leica CM1900 Scryostat 
(Leica, Germany). The sections were stained 
with DHE solution (2 μM) (S0063, Beyotime, 
China) for 30 minutes in the dark at 37°C, then 
washed 3 times with PBS. Finally, LSM710 
laser confocal microscope (Zeiss, Germany) 
was used to photograph under 543 nm excita-
tion light. 

Determination of liver enzymes 

Blood obtained from the mice was collected 
into the tubes treated with Heparin Sodium 
Solution (Qianhong Bio-pharma, China) (1 IU/
ml) for anticoagulation. After centrifugation at 
1,500 rpm for 10 min at room temperature, the 
plasma was carefully collected into new tubes. 
The plasma enzyme levels of alanine amino-
transferase (ALT) and aspartate aminotransfer-
ase (AST) were assessed by Hitachi 7600 mod-
ular chemistry analyzer according to the ma- 
nufacturer’s instructions (Hitachi Ltd, USA).

Hepatocellular GSH measurement

Liver tissues were homogenized in 1 mL of ice-
cold PBS containing 1 mM EDTA (pH7.5). The 
supernatants were obtained from the tissue 
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homogenization by centrifugation at 10,000 
rpm for 10 min at 4°C. A GSH quantification  
kit (Cat#: A061-1, Jiancheng, Nanjing, China) 
was used for the determination of GSH con- 
tent in liver according to the manufacturer’s 
instructions. 

Hepatic lipid peroxidation (MDA) assay

Lipid peroxidation of liver in mice was evaluat-
ed by measuring thiobarbituric acid (TBA) ac- 
cording to the modified method by Ohkawa 
[19]. Liver tissue (~100 mg) was homogenized 
in 1 mL PBS containing 1 mM EDTA and centri-
fuged at 10,000 × g for 10 min at 4°C. MDA 
content was determined by MDA quantifica- 
tion kit (Cat#: A003-1, Jiancheng, Nanjing, 
China) according to the manufacturer’s instruc-
tions. MDA value was normalized to the hepatic 
cell protein content determined by a BCA kit 
(Cat#: P0010, Beyotime, China). The amount of 
lipid peroxidation was expressed as nmol/mg 
protein.

Western blotting

The homogenized liver tissue was lysed by RIPA 
buffer (Cat#: P0013B, Beyotime, China) and 
protein concentration was determined by BCA 
protein concentration assay kit (Cat#: P0012S, 
Beyotime, China). Proteins from whole liver 
lysates were denatured in 95°C water bath for 
5 min, separated by SDS-polyacrylamide gel 
electrophoresis, and transferred onto PVDF 
membranes. The blots were blocked for 1 h 
with 5% nonfat dry milk in tris-buffered saline 
(TBS) at room temperature, followed by shaking 
incubation overnight with primary antibodies 
against SOD2 (Cat#: BS6734, Bioworld, USA), 
NOX4 (Cat#: ab133303, Abcam, USA), and 
β-actin (Cat#: AP0060, Bioworld, USA) at 4°C. 
After being washed with TBS-T buffer for three 
times, blots were incubated with secondary 
antibody (Cat#: A0208, Beyotime, China) and 
visualized with ECL kits (Cat#: PA112, Tiangen, 
China). 

Quantitative RT-PCR (qRT-PCR) analyses

The mRNA and mtDNA copy numbers were 
detected by qRT-PCR. Total RNA was isolated 
from liver tissue using the Trizol reagent accord-
ing to manufacturer’s instructions (Takara, 
Japan). cDNA was generated from 1 μg total 
RNA using PrimeScript RT reagent Kit (Cat#: 

Table 1. Primers used for real-time PCR
Primer Sequence
IL-6_F 5’-GGCAATTCTGATTGTATG-3’
IL-6_R 5’-GACTCTGGCTTTGTCTTT-3’
IL-1β_F 5’-CAACCAACAAGTGATATTCTCCATG-3’
IL-1β_R 5’-GATCCACACTCTCCAGCTGCA-3’
MCP-1_F 5’-CTTCTGGGCCTGCTGTTCA-3’
MCP-1_R 5’-CCAGCCTACTCATTGGGATCA-3’
ICAM-1_F 5’-CGCTTCCGCTACCATCAC-3’ 
ICAM-1_R 5’-GGCGGCTCAGTATCTCCTC-3’ 
SOD1_F 5’-AGCCCGGCGGATGAAG-3’
SOD1_R 5’-CCTTTCCAGCAGTCACATTGC-3’
SOD2_F 5’-CGGCCTACGTGAACAATCTC-3’
SOD2_R 5’-GATAGCCTCCAGCAACTCTCC-3’
SOD3_F 5’-TTCTTGTTCTACGGCTTGCTAC-3’
SOD3_R 5’-CTCCATCCAGATCTCCAGCACT-3’
NOX4_F 5’-TGTCTGCATGGTGGTGGTATT-3’
NOX4_R 5’-ACCTGAAACATGCAACAGCAG-3’
mtDNA_F 5’-ATCCTCCCAGGATTTGGAAT-3’
mtDNA_R 5’-ACCGGTAGGAATTGCGATAA-3’
mtCytb_F 5’-TTCTGAGGTGCCACAGTTATT-3’
mtCytb_R 5’-GAAGGAAAGGTATTAGGGCTAAA-3’
mtND1_F 5’-GCTTTACGAGCCGTAGCCGT-3’
mtND1_R 5’-CGGTTTGTTTCTGCTAGGGT-3’
mtND2_F 5’-CCATCAACTCAATCTCACTTCTATG-3’
mtND2_R 5’-GAATCCTGTTAGTGGTGGAAGG-3’
mtND3_F 5’-CCCCAAATAAATCTGTA-3’
mtND3_R 5’-CTCATGGTAGTGGAAGT-3’
mtND4_F 5’-GCTTACGCCAAACAGAT-3’
mtND4_R 5’-TAGGCAGAATAGGAGTGAT-3’
mtND4L_F 5’-GCCATCTACCTTCTTCA-3’
mtND4L_R 5’-TAGGGCTAGTCCTACAGC-3’
mtND5_F 5’-GCCAACAACATATTTCAACTTTTC-3’
mtND5_R 5’-ACCATCATCCAATTAGTAGAAAGGA-3’
mtND6_F 5’-GGGAGATTGGTTGATGTA-3’
mtND6_R 5’-ATACCCGCAAACAAAGAT-3’
mtCOX1_F 5’-CAGACCGCAACCTAAACACA-3’
mtCOX1_R 5’-TTCTGGGTGCCCAAAGAAT-3’
mtCOX2_F 5’-GCCGACTAAATCAAGCAACA-3’
mtCOX2_R 5’-CAATGGGCATAAAGCTATGG-3’
mtCOX3_F 5’-CGTGAAGGAACCTACCAAGG-3’
mtCOX3_R 5’-ATTCCTGTTGGAGGTCAGCA-3’
mtATP6_F 5’-CCATAAATCTAAGTATAGCCATTCCAC-3’
mtATP6_R 5’-AGCTTTTTAGTTTGTGTCGGAAG-3’
mtATP8_F 5’-ACATTCCCACTGGCACC-3’
mtATP8_R 5’-GGGGTAATGAATGAGGC-3’
GAPDH_F 5’-GTCTTCACTACCATGGAGAAGG-3’
GAPDH_R 5’-TCATGGATGACCTTGGCCAG-3’
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RR036, TaKaRa, Japan). The PCR primers were 
designed using primer 3 software (available  
at http://frodo.wi.mit.edu/primer3/) and the 
sequences were shown in Table 1. Quantitative 
RT-PCR was carried out using an ABI Prism 
7500 Sequence detection system (Applied 
Biosystems, Foster City, CA) with SYBR Green 
dye as the fluorogenic probe. Cycling conditions 
were 95°C for 10 min, followed by 40 repeats 
of 95°C for 15 s and 60°C for 1 min. mRNA was 
normalized to GAPDH, and were calculated 
using delta method from threshold cycle 
numbers.

Statistical analysis

All data from the experiments were express- 
ed as a mean ± SD. Statistical significance  
was determined by Student’s t test for compari-
sons of two groups. Multigroup comparisons 
were performed using ANOVA multiple compari-
sons followed by Turkey’s post hoc test. Results 
were considered statistically significant when 
P<0.05. 

Results

Effect of rotenone treatment on liver injury 
induced by APAP 

We established an APAP hepatoxicity mouse 
model by IP injection of APAP at a dose of 300 
mg/kg. After 24 h APAP administration, the 
plasma levels of ALT and AST were robustly 
increased, indicating a severe liver injury. 
Strikingly, pretreatment with rotenone marked-
ly blunted the elevation of ALT and AST in blood 
(Figure 1B, 1C). Furthermore, we performed 
H&E staining and observed that APAP treat-
ment resulted in broad hepatic centrilobular 
necrosis, which was significantly attenuated by 
rotenone therapy (Figure 1A). In agreement 
with the amelioration of liver enzyme release 
and morphological damage, APAP-induced 
reduction of GSH content was significantly 
restored in the liver of rotenone-treated ani-
mals (Figure 1D). These results demonstrated 
a protective role of rotenone treatment against 
APAP-induced liver injury.

Figure 1. Rotenone treatment significantly attenuated APAP-induced liver injury. (A) Liver sections were stained with 
H&E and evaluated by microscope (× 100 and × 400). (B, C) The plasma levels of ALT (B) and AST (C) in mice. (D) 
GSH levels in liver was assayed using a commercial kit. Data were expressed as mean ± SD, n=5-7 in each group. 
***P<0.001 compared to vehicle group, ##P<0.01 compared to APAP group, ###P<0.001 compared to APAP group.
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Figure 2. Rotenone treatment ameliorated mitochondrial ab-
normality. A. Copy number of mtDNA in liver was determined 
by qRT-PCR. B. mRNA expression of 13 mitochondrial genes 
in liver was determined by qRT-PCR. Data were expressed as 
mean ± SD, n=5-7 in each group. *P<0.05 compared to the 
vehicle group, **P<0.01 compared to vehicle group, #P<0.05 
compared to APAP group, ##P<0.01 compared to APAP group, 
ns (no significance) compared to APAP group or vehicle group.

Figure 3. Rotenone blunted oxidative stress in the liver of mice received APAP treatment. A. mRNA levels of SOD1 
were determined by qRT-PCR. B. mRNA levels of SOD2 were determined by qRT-PCR. C. mRNA levels of SOD3 were 
determined by qRT-PCR. D. Western blot of SOD2. E. Quantitative analysis of SOD2 Western blots. F. Dihydroethid-
ium (DHE) staining of liver tissues (× 200). G. Oxidative stress marker MDA in liver was measured using a commer-
cial kit. Data were expressed as mean ± SD, n=5-7 in each group. *P<0.05 compared to vehicle group, ***P<0.001 
compared to vehicle group, #P<0.05 compared to vehicle group, ##P<0.01 compared to APAP group, ###P<0.001 
compared to APAP group.
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Rotenone ameliorated mitochondrial abnor-
malities and suppressed oxidative stress in the 
liver of mice received APAP treatment

Recent evidence suggested a critical role of 
mitochondrial dysfunction in the pathogenesis 
of APAP-induced liver injury. Here we observed 
the status of mitochondria by the examination 
of mtDAN copy number and the expressions  
of 13 mitochondrial genes (Figure 2A, 2B). As 
expected, 24 h APAP treatment strikingly low-
ered the levels of mtDNA copy number and the 
mitochondrial gene expressions (Figure 2A, 
2B), suggesting the occurrence of mitochondri-
al abnormality. Furthermore, we examined the 
expressions of antioxidant enzymes SOD1, 
SOD2, and SOD3. Strikingly, APAP administra-
tion resulted in a remarkable reduction of SOD1 

MCP-1 was significantly blocked by rotenone as 
determined by qRT-PCR (Figure 4A-C), which 
might also contribute to the protective effect of 
rotenone against APAP-induced liver injury to 
some extent. 

Effect of rotenone treatment on NADPH oxi-
dase 4 expression in the liver of APAP-treated 
mice

There have been reported that NADPH oxidase 
4 (NOX4) could regulate homocysteine meta- 
bolism and protect against acetaminophen-
induced liver damage in mice [18]. In this study, 
APAP significantly downregulated the protein 
and mRNA levels of NOX4 in mice liver, whi- 
ch was strikingly reversed by rotenone treat-
ment (Figure 5A-C). These results suggested 

Figure 4. Rotenone treatment sup-
pressed liver inflammation in APAP-
treated mice. The inflammatory cyto-
kines of IL-1β (A), IL-6 (B), and MCP-1 
(C) were determined by qRT-PCR. 
Data were expressed as mean ± SD, 
n=5-7 in each group. **P<0.01 com-
pared to vehicle group, ***P<0.001 
compared to vehicle group, #P<0.05 
compared to APAP group. 

Figure 5. Rotenone treatment significantly reversed the decrement of NOX4 
in liver exposed to APAP. A. NOX4 protein level was determined by Western 
blotting, and β-actin was used as loading control. B. Densitometry of the 
Western blots in A. C. mRNA levels of NOX4 were determined by qRT-PCR. 
Data were expressed as mean ± SD, n=5-7 in each group. ***P<0.001 com-
pared to vehicle group, ##P<0.01 compared to APAP group, ###P<0.001 com-
pared to APAP group.

and SOD2 at mRNA levels, 
which was largely normalized 
by rotenone treatment (Figure 
3A, 3B). The mRNA expres-
sion of SOD3 was unaltered 
by APAP, while it was signifi-
cantly enhanced after rote-
none treatment (Figure 3C). 
The protein expression of 
SOD2 was further confirmed 
by Western blotting (Figure 
3D, 3E). Next, DHE staining 
was applied to monitor intra-
cellular ROS. As shown in 
Figure 3F, enhanced ROS in 
liver tissue of APAP-treated 
mice was largely abolished by 
rotenone. Similarly, the in- 
creased oxidative stress ma- 
rker MDA in liver was also 
blocked by rotenone (Figure 
3G). These data indicated 
that rotenone treatment im- 
proved mitochondrial abnor-
mality and blocked oxidative 
stress in liver induced by APAP 
challenge. 

Rotenone suppressed 
APAP-induced inflammatory 
response 

Inflammation is always a dom-
inant phenomenon in APAP 
hepatoxicity. Here we also 
found that APAP-induced up- 
regulation of inflammatory cy- 
tokines of IL-6, IL-1β, and 



Rotenone attenuates acetaminophen-induced liver injury

194	 Am J Transl Res 2019;11(1):188-198

that the restoration of NOX4 after rotenone 
treatment might be beneficial in this experi-
mental setting.

Evaluation of rotenone toxicity in the liver of 
mice

In order to evaluate the hepatotoxicity of rote-
none at the dose used in this study, we com-

inhibition of mitochondrial complex III could not 
protect against APAP hepatotoxicity.

Discussion

In the liver, the majority (~90%) of APAP is 
metabolized by UDP-glucuronosyltransferases 
(UTGs) and sulfotransferase (SULTs), with a few 
(2%) is excreted in the urine [20]. Another 

Figure 6. Rotenone at the dose of 250 ppm in food had no obvious hepa-
toxicity in mice. (A) Liver sections were stained with H&E and evaluated by 
microscope (× 400). (B, C) The plasma levels of ALT (B) and AST (C) in mice. 
Data were expressed as mean ± SD, n=8 in each group. ns (no significance) 
compared to vehicle group.

Figure 7. Rotenone did not significantly affect the mRNA levels of inflamma-
tory mediators in the liver of mice. The inflammatory cytokines of IL-1β (A), 
IL-6 (B), MCP-1 (C), and ICAM-1(D) were determined by qRT-PCR. Data were 
expressed as mean ± SD, n=5-7 in each group. ns (no significance) com-
pared to vehicle group.

pared some indexes of liver 
function in the mice with or 
without rotenone treatment. 
H&E staining of liver tissues 
showed no difference be- 
tween groups in morphology 
(Figure 6A). Moreover, com-
pared with the vehicle group, 
rotenone had no significant 
effect on serum ALT and AST 
levels (Figure 6B, 6C). In addi-
tion, we detected the expres-
sions of inflammatory cyto-
kines by qRT-PCR and found 
that rotenone did not signifi-
cantly affect the mRNA levels 
of IL-1β, IL-6, MCP-1, and 
ICAM-1 in liver (Figure 7A-D). 
These data indicated that 
rotenone at the dose of 250 
ppm in food had no obvious 
hepatoxicity in mice. 

Azoxystrobin treatment failed 
to improve APAP-induced 
hepatotoxicity in mice

We know that MRC is com-
posed of five complexes. Th- 
us, we additionally used an 
inhibitor of mitochondrial co- 
mplex III, azoxystrobin (AZOX), 
to pretreat the mice with or 
without APAP challenge. The 
dose of azoxystrobin used in 
this study has been shown to 
be safe and effective in a 
mouse model [19]. The H&E 
staining showed that AZOX did 
not reverse liver necrosis and 
oxidative stress caused by 
APAP (Figure 8A). Moreover, 
enhanced plasma levels of 
ALT and AST were not blocked 
by AZOX (Figure 8B, 8C). 
These data suggested that 



Rotenone attenuates acetaminophen-induced liver injury

195	 Am J Transl Res 2019;11(1):188-198

potion of APAP is shunted by hepatic cyto-
chrome CYP 2E1 (to a lesser extent with CYP 
1A2 and 3A4) to phase I oxidation, in which a 
highly reactive toxic metabolite, N-acetyl-para-
benzo-quinone imine (NAPQI), is formed [21, 
22]. This minor metabolite is typically harm-
less, since it is mostly conjugated with GSH and 
excreted in bile. However, when large amount of 
APAP saturates sulfation pathway, and the gluc-
uronidation cannot keep up any longer, there is 
an excess generation of reactive NAPQI metab-
olite which consumes GSH, resulting in the 
depletion of GSH stores [23-25]. The excessive 
NAPQI could bind to mitochondrial proteins to 
change the morphology and function of liver 
mitochondria [26, 27], leading to mitochondrial 
oxidative stress and apoptosis [4] and liver fail-
ure [28]. In the present study, we found that 
GSH was significantly depleted by overdose of 
APAP. Meanwhile, the mtDNA copy number and 

the expressions of mitochondrial genes were 
decreased, indicating a mitochondrial abnor-
mality. Mitochondrial dysfunction has a known 
role in mediating APAP-induced hepatotoxicity 
[29]. Under pathological conditions, abnormal 
mitochondria could release massive ROS and 
proapoptotic factors to promote the organelle 
injury and cell death. Thus, in theory, an appro-
priate inhibition of the activity of these injured 
mitochondria might be helpful in protecting 
organelles including mitochondria themselves. 
In agreement with this notion, inhibition of 
mitochondrial complex I activity by rotenone 
strikingly improved the live injury, as well as the 
mitochondrial abnormality. 

Oxidative stress has been found to play an 
important role in APAP-induced hepatocellular 
toxicity, and antioxidant shows protective effect 
against APAP hepatotoxicity [30, 31]. Here we 

Figure 8. Azoxystrobin treatment failed to improve APAP-induced hepatotoxicity of mice. (A) Liver sections in each 
group were stained with H&E (× 100 and × 400) and DHE (× 200). (B, C) The plasma levels of ALT (B) and AST (C) in 
each group of mice. Data were expressed as mean ± SD, n=8 in each group. *P<0.05 compared to vehicle group, 
**P<0.01 compared to vehicle group, ns (no significance) compared to APAP group or vehicle group. 
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found that both SOD1 and SOD2 were signifi-
cantly down-regulated by APAP exposure. It is 
known to us that SOD2 is chiefly located in 
mitochondria [32], with a potent antioxidant 
activity [33]. In addition to the damage to mito-
chondrial DNA, oxidative stress also causes 
damage to lipids and cell membranes [34]. Free 
radicals act on the lipid peroxidation reaction. 
The final product of oxidation is malondialde-
hyde (MDA) which could affect the mitochon-
drial respiratory chain complex and the key 
enzyme activity in mitochondria [35]. MDA can 
also exacerbate the damage of membrane via 
opening the mitochondrial permeability transi-
tion (MPT) pore [36], which can lead to cell 
necrosis because of impaired Ca2+ homeosta-
sis [37]. Therefore, MDA content is a marker of 
the degree of the oxidative damage to the 
membrane system. Here we found a remark-
able reduction of SOD1 and SOD2 accompa-
nied with an enhanced MDA level in liver after 
APAP treatment, suggesting APAP-associated 
dysregulation of SOD1 and SOD2 may lead to 
the increment of ROS production, which in turn 
caused oxidative damage of cell membrane. 
Treatment with rotenone to inhibit the activi- 
ty of the injured mitochondria could reduce 
ROS production and ameliorate membrane 
damage.

Previous studies have also shown the increased 
proinflammatory mediators including IL-1β, IL-6, 
and MCP-1 in liver after the challenge of over-
dose APAP [27, 38]. Also, a number of evidence 
demonstrated that oxidative stress could trig-
ger the inflammatory response in many patho-
logical processes [39, 40]. As a mitochondrial 
complex I inhibitor, the anti-inflammatory prop-
erty of rotenone was also found in a mouse 
model of LPS-induced acute lung injury [41]. In 
agreement with these findings, we found that 
the enhanced mRNA levels of IL-1β, IL-6, and 
MCP-1 in liver tissues were significantly sup-
pressed by rotenone, indicating attenuated 
inflammation.

The main biological function of the NOX family 
protein is to produce ROS. Under the normal 
condition, the ROS produced by this pathway 
can maintain normal physiological activity of 
cells [42]. NOX4 has a physiological role in regu-
lating Hcy flux to remethylation and transsulfu-
ration pathways by redox-dependent regulation 
of BHMT activity [18]. NOX4 deficiency could 
cause the depletion of hepatic GSH stores, 
leading to liver injury under the challenge of 

APAP. In agreement with this concept, we found 
that NOX4 in liver were significantly downregu-
lated by APAP at both mRNA and protein levels, 
which was restored by rotenone administration, 
suggesting that NOX4 might contribute to the 
protective effect of rotenone in this experimen-
tal setting. Particularly, the enhanced NOX4 
might contribute to the restoration of liver GSH 
content to some extent.   

It is known that mitochondrial complex I and III 
are the primary sources of O2·-production in 
mitochondria [43-45]. The superoxide is re- 
leased into the matrix from the complex I, and 
the superoxide produced by the complex III is 
released into both the matrix and the inter-
membrane space [46, 47]. In the absence of 
ADP, electrons from succinate (FADH2-linked 
Complex II substrate) can flow back to complex 
I to produce more O2·-. Thus, complex I is con-
sidered the major ROS-generating site in mito-
chondria under some pathological conditions 
[46, 48]. This may be the reason that using 
AZOX to inhibit the activity of mitochondrial 
complex III failed to improve APAP-induced liver 
injury.

In summary, the present study demonstrated 
that inhibiting the activity of the dysfunctional 
mitochondria in liver exposed to overdose of 
APAP through a mitochondrial complex I inhibi-
tor significantly attenuated liver injury in paral-
lel with the blockade of oxidative stress and 
inflammation. These results suggested a clini-
cal potential in treating APAP hepatoxicity via 
the inhibition of mitochondrial complex I in the 
future. 

Acknowledgements

This work was supported by Grants from the 
National Natural Science Foundation of China 
(nos. 81670647, 81570616, 81770690, 8160- 
0557, 81600532, and 81873599).

Disclosure of conflict of interest

None. 

Address correspondence to: Aihua Zhang and 
Zhanjun Jia, Department of Nephrology, Nanjing 
Children’s Hospital, Affiliated to Nanjing Medical 
University, 72 Guangzhou Road, Nanjing 210008,  
P. R. China. Tel: 0086-25-8311-7309; Fax: 0086-25- 
8330-4239; E-mail: zhaihua@njmu.edu.cn (AHZ); 
jiazj72@hotmail.com (ZJJ)

mailto:zhaihua@njmu.edu.cn
mailto:jiazj72@hotmail.com


Rotenone attenuates acetaminophen-induced liver injury

197	 Am J Transl Res 2019;11(1):188-198

References

[1]	 Chiappini E, Venturini E, Remaschi G, Principi 
N, Longhi R, Tovo PA, Becherucci P, Bonsignori 
F, Esposito S, Festini F, Galli L, Lucchesi B, Mu-
gelli A, Marseglia GL, de Martino M; Italian Pe-
diatric Society Panel for the Management of 
Fever in Children. 2016 update of the Italian 
pediatric society guidelines for management 
of fever in children. J Pediatr 2017; 180: 177-
183, e1.

[2]	 Sheehan WJ, Mauger DT, Paul IM, Moy JN, 
Boehmer SJ, Szefler SJ, Fitzpatrick AM, Jack-
son DJ, Bacharier LB, Cabana MD, Covar R, 
Holguin F, Lemanske RF Jr, Martinez FD, Pon-
gracic JA, Beigelman A, Baxi SN, Benson M, 
Blake K, Chmiel JF, Daines CL, Daines MO, Gaf-
fin JM, Gentile DA, Gower WA, Israel E, Kumar 
HV, Lang JE, Lazarus SC, Lima JJ, Ly N, Marbin 
J, Morgan WJ, Myers RE, Olin JT, Peters SP, 
Raissy HH, Robison RG, Ross K, Sorkness CA, 
Thyne SM, Wechsler ME and Phipatanakul W. 
Acetaminophen versus ibuprofen in young chil-
dren with mild persistent asthma. N Engl J Med 
2016; 375: 619-630.

[3]	 Larson AM, Polson J, Fontana RJ, Davern TJ, 
Lalani E, Hynan LS, Reisch JS, Schiodt FV, Os-
tapowicz G, Shakil AO and Lee WM. Acetamin-
ophen-induced acute liver failure: results of a 
United States multicenter, prospective study. 
Hepatology 2005; 42: 1364-1372.

[4]	 McGill MR, Sharpe MR, Williams CD, Taha M, 
Curry SC and Jaeschke H. The mechanism un-
derlying acetaminophen-induced hepatotoxici-
ty in humans and mice involves mitochondrial 
damage and nuclear DNA fragmentation. J Clin 
Invest 2012; 122: 1574-1583.

[5]	 Guo C, Xie G, Su M, Wu X, Lu X, Wu K and Wei 
C. Characterization of acetaminophen-induced 
cytotoxicity in target tissues. Am J Transl Res 
2016; 8: 4440-4445.

[6]	 Blieden M, Paramore LC, Shah D and Ben-Jo-
seph R. A perspective on the epidemiology of 
acetaminophen exposure and toxicity in the 
united states. Expert Rev Clin Pharmacol 
2014; 7: 341-348.

[7]	 Nelson SD. Molecular mechanisms of the hep-
atotoxicity caused by acetaminophen. Semin 
Liver Dis 1990; 10: 267-278.

[8]	 Chen Y, Yang Y, Miller ML, Shen D, Shertzer 
HG, Stringer KF, Wang B, Schneider SN, Nebert 
DW and Dalton TP. Hepatocyte-specific Gclc 
deletion leads to rapid onset of steatosis with 
mitochondrial injury and liver failure. Hepatol-
ogy 2007; 45: 1118-1128.

[9]	 Lenaz G, Fato R, Genova ML, Bergamini C, Bi-
anchi C and Biondi A. Mitochondrial complex I: 
structural and functional aspects. Biochim Bio-
phys Acta 2006; 1757: 1406-1420.

[10]	 Bajt ML, Farhood A, Lemasters JJ and Jae-
schke H. Mitochondrial bax translocation ac-
celerates DNA fragmentation and cell necrosis 
in a murine model of acetaminophen hepato-
toxicity. J Pharmacol Exp Ther 2008; 324: 
8-14.

[11]	 Sun Y, Zhang Y, Zhao D, Ding G, Huang S, 
Zhang A and Jia Z. Rotenone remarkably at-
tenuates oxidative stress, inflammation, and 
fibrosis in chronic obstructive uropathy. Media-
tors Inflamm 2014; 2014: 670106.

[12]	 Ding W, Xu C, Wang B and Zhang M. Rotenone 
attenuates renal injury in aldosterone-infused 
rats by inhibiting oxidative stress, mitochon-
drial dysfunction, and inflammasome activa-
tion. Med Sci Monit 2015; 21: 3136-3143.

[13]	 Ling S, Shan Q, Liu P, Feng T, Zhang X, Xiang P, 
Chen K, Xie H, Song P, Zhou L, Liu J, Zheng S 
and Xu X. Metformin ameliorates arsenic triox-
ide hepatotoxicity via inhibiting mitochondrial 
complex I. Cell Death Dis 2017; 8: e3159.

[14]	 Hou WL, Yin J, Alimujiang M, Yu XY, Ai LG, Bao 
YQ, Liu F and Jia WP. Inhibition of mitochon-
drial complex I improves glucose metabolism 
independently of AMPK activation. J Cell Mol 
Med 2018; 22: 1316-1328.

[15]	 Zhang Y, Sun Y, Ding G, Huang S, Zhang A and 
Jia Z. Inhibition of mitochondrial complex-1 
prevents the downregulation of NKCC2 and 
ENaCalpha in obstructive kidney disease. Sci 
Rep 2015; 5: 12480.

[16]	 Oliver R 3rd, Friday E, Turturro F and Wel-
bourne T. Troglitazone induced cytosolic acidi-
fication via extracellular signal-response ki-
nase activation and mitochondrial depolari- 
zation: complex I proton pumping regulates 
ammoniagenesis in proximal tubule-like LLC-
PK1 cells. Cell Physiol Biochem 2008; 22: 
475-486.

[17]	 Heinz S, Freyberger A, Lawrenz B, Schladt L, 
Schmuck G and Ellinger-Ziegelbauer H. Mech-
anistic investigations of the mitochondrial 
complex i inhibitor rotenone in the context of 
pharmacological and safety evaluation. Sci 
Rep 2017; 7: 45465.

[18]	 Murray TV, Dong X, Sawyer GJ, Caldwell A, 
Halket J, Sherwood R, Quaglia A, Dew T, Anilku-
mar N, Burr S, Mistry RK, Martin D, Schroder 
K, Brandes RP, Hughes RD, Shah AM and 
Brewer AC. NADPH oxidase 4 regulates homo-
cysteine metabolism and protects against ac-
etaminophen-induced liver damage in mice. 
Free Radic Biol Med 2015; 89: 918-930.

[19]	 Gao AH, Fu YY, Zhang KZ, Zhang M, Jiang HW, 
Fan LX, Nan FJ, Yuan CG, Li J, Zhou YB and Li 
JY. Azoxystrobin, a mitochondrial complex III 
Qo site inhibitor, exerts beneficial metabolic ef-
fects in vivo and in vitro. Biochim Biophys Acta 
2014; 1840: 2212-2221.



Rotenone attenuates acetaminophen-induced liver injury

198	 Am J Transl Res 2019;11(1):188-198

[20]	 McGill MR and Jaeschke H. Metabolism and 
disposition of acetaminophen: recent advanc-
es in relation to hepatotoxicity and diagnosis. 
Pharm Res 2013; 30: 2174-2187.

[21]	 Jaeschke H, Williams CD, Ramachandran A 
and Bajt ML. Acetaminophen hepatotoxicity 
and repair: the role of sterile inflammation and 
innate immunity. Liver Int 2012; 32: 8-20.

[22]	 Yuan L and Kaplowitz N. Mechanisms of drug-
induced liver injury. Clin Liver Dis 2013; 17: 
507-518, vii.

[23]	 Lluis JM, Morales A, Blasco C, Colell A, Mari M, 
Garcia-Ruiz C and Fernandez-Checa JC. Critical 
role of mitochondrial glutathione in the surviv-
al of hepatocytes during hypoxia. J Biol Chem 
2005; 280: 3224-3232.

[24]	 Mytilineou C, Kramer BC and Yabut JA. Gluta-
thione depletion and oxidative stress. Parkin-
sonism Relat Disord 2002; 8: 385-387.

[25]	 Wu K, Guo C, Lu X, Wu X, Pan H and Su M. Im-
pact of perinatal exposure to acetaminophen 
on hepatocellular metabolic function in off-
spring. Am J Transl Res 2016; 8: 5646-5652.

[26]	 Bajt ML, Ramachandran A, Yan HM, Lebofsky 
M, Farhood A, Lemasters JJ and Jaeschke H. 
Apoptosis-inducing factor modulates mitoch- 
ondrial oxidant stress in acetaminophen hepa-
totoxicity. Toxicol Sci 2011; 122: 598-605.

[27]	 Das J, Ghosh J, Manna P and Sil PC. Taurine 
protects acetaminophen-induced oxidative 
damage in mice kidney through APAP urinary 
excretion and CYP2E1 inactivation. Toxicology 
2010; 269: 24-34.

[28]	 Malhi H and Gores GJ. Cellular and molecular 
mechanisms of liver injury. Gastroenterology 
2008; 134: 1641-1654.

[29]	 McGill MR, Staggs VS, Sharpe MR, Lee WM, 
Jaeschke H; Acute Liver Failure Study Group. 
Serum mitochondrial biomarkers and damage-
associated molecular patterns are higher in 
acetaminophen overdose patients with poor 
outcome. Hepatology 2014; 60: 1336-1345.

[30]	 Jaeschke H, McGill MR and Ramachandran A. 
Oxidant stress, mitochondria, and cell death 
mechanisms in drug-induced liver injury: les-
sons learned from acetaminophen hepatotox-
icity. Drug Metab Rev 2012; 44: 88-106.

[31]	 Yoon E, Babar A, Choudhary M, Kutner M and 
Pyrsopoulos N. Acetaminophen-induced he- 
patotoxicity: a comprehensive update. J Clin 
Transl Hepatol 2016; 4: 131-142.

[32]	 Landis GN and Tower J. Superoxide dismutase 
evolution and life span regulation. Mech Age-
ing Dev 2005; 126: 365-379.

[33]	 Liang LP, Waldbaum S, Rowley S, Huang TT, 
Day BJ and Patel M. Mitochondrial oxidative 
stress and epilepsy in SOD2 deficient mice: at-
tenuation by a lipophilic metalloporphyrin. 
Neurobiol Dis 2012; 45: 1068-1076.

[34]	 Ott M, Gogvadze V, Orrenius S and Zhivotovsky 
B. Mitochondria, oxidative stress and cell 
death. Apoptosis 2007; 12: 913-922.

[35]	 Ayala A, Munoz MF and Arguelles S. Lipid per-
oxidation: production, metabolism, and signal-
ing mechanisms of malondialdehyde and 4-hy-
droxy-2-nonenal. Oxid Med Cell Longev 2014; 
2014: 360438.

[36]	 Eskandari MR, Mashayekhi V, Aslani M and 
Hosseini MJ. Toxicity of thallium on isolated rat 
liver mitochondria: the role of oxidative stress 
and MPT pore opening. Environ Toxicol 2015; 
30: 232-241.

[37]	 Orrenius S, Zhivotovsky B and Nicotera P. Reg-
ulation of cell death: the calcium-apoptosis 
link. Nat Rev Mol Cell Biol 2003; 4: 552-565.

[38]	 Lawson JA, Farhood A, Hopper RD, Bajt ML and 
Jaeschke H. The hepatic inflammatory re-
sponse after acetaminophen overdose: role of 
neutrophils. Toxicol Sci 2000; 54: 509-516.

[39]	 Cheresh P, Kim SJ, Tulasiram S and Kamp DW. 
Oxidative stress and pulmonary fibrosis. Bio-
chim Biophys Acta 2013; 1832: 1028-1040.

[40]	 Pereda J, Sabater L, Aparisi L, Escobar J, San-
doval J, Vina J, Lopez-Rodas G and Sastre J. 
Interaction between cytokines and oxidative 
stress in acute pancreatitis. Curr Med Chem 
2006; 13: 2775-2787.

[41]	 Zmijewski JW, Lorne E, Zhao X, Tsuruta Y, Sha 
Y, Liu G, Siegal GP and Abraham E. Mitochon-
drial respiratory complex I regulates neutrophil 
activation and severity of lung injury. Am J 
Respir Crit Care Med 2008; 178: 168-179.

[42]	 Lambeth JD. Nox enzymes, ROS, and chronic 
disease: an example of antagonistic pleiotropy. 
Free Radic Biol Med 2007; 43: 332-347.

[43]	 Turrens JF. Mitochondrial formation of reactive 
oxygen species. J Physiol 2003; 552: 335-
344.

[44]	 Chen Q, Vazquez EJ, Moghaddas S, Hoppel CL 
and Lesnefsky EJ. Production of reactive oxy-
gen species by mitochondria: central role of 
complex III. J Biol Chem 2003; 278: 36027-
36031.

[45]	 Nicholls DG and Budd SL. Mitochondria and 
neuronal survival. Physiol Rev 2000; 80: 315-
360.

[46]	 Han D, Canali R, Rettori D and Kaplowitz N. Ef-
fect of glutathione depletion on sites and to-
pology of superoxide and hydrogen peroxide 
production in mitochondria. Mol Pharmacol 
2003; 64: 1136-1144.

[47]	 Camello-Almaraz C, Gomez-Pinilla PJ, Pozo MJ 
and Camello PJ. Mitochondrial reactive oxygen 
species and Ca2+ signaling. Am J Physiol Cell 
Physiol 2006; 291: C1082-1088.

[48]	 Liu Y, Fiskum G and Schubert D. Generation of 
reactive oxygen species by the mitochondrial 
electron transport chain. J Neurochem 2002; 
80: 780-787.


