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ARTICLE INFO ABSTRACT

Keywords: Treatment with nonsteroidal anti-inflammatory drugs (NSAIDs) is associated with various side effects, including
DiCIOfenac' ) cardiovascular and hepatic disorders. Studies suggest that mitochondrial damage and oxidative stress are
Hepatotoxicity important mediators of toxicity, yet the underlying mechanisms are poorly understood. In this study, we iden-
;ﬁz;z;l, dysfunction tified that some NSAIDs, including diclofenac, inhibit autophagic flux in hepatocytes. Further detailed studies

demonstrated that diclofenac induced a reactive oxygen species (ROS)-dependent increase in lysosomal pH,
attenuated cathepsin activity and blocked autophagosome-lysosome fusion. The reactivation of lysosomal
function by treatment with clioquinol or transfection with the transcription factor EB restored lysosomal pH and
thus autophagic flux. The production of mitochondrial ROS is critical for this process since scavenging ROS
reversed lysosomal dysfunction and activated autophagic flux. The compromised lysosomal activity induced by
diclofenac also inhibited the fusion with and degradation of mitochondria by mitophagy. Diclofenac-induced cell
death and hepatotoxicity were effectively protected by rapamycin. Thus, we demonstrated that diclofenac in-
duces the intracellular ROS production and lysosomal dysfunction that lead to the suppression of autophagy.
Impaired autophagy fails to maintain mitochondrial integrity and aggravates the cellular ROS burden, which
leads to diclofenac-induced hepatotoxicity.

Nonsteroidal anti-inflammatory drugs
Reactive oxygen species

liver mitochondria [4]. While mitochondria are the major site of hepatic
ROS production induced by diclofenac, the expression of NADPH oxi-
dase (NOX) and the NOX-dependent generation of superoxide anion

1. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are one of the most
commonly used analgesic and anti-inflammatory agents worldwide.
However, they are associated with various side effects, including
gastrointestinal, cardiovascular, renal and hepatic disorders. Some
NSAIDs have been withdrawn from the market due to fatal cardiovas-
cular and hepatic toxicity. A systematic analysis of the data collected in
the Drug-Induced Liver Injury Network revealed that diclofenac is the
NSAID most frequently implicated in hepatocellular injury development
[1]. Mitochondria are the central organelles responsible for
diclofenac-induced hepatotoxicity. Diclofenac and its reactive metabo-
lites induce apoptosis in human and rat hepatocytes by altering mito-
chondrial function and generating reactive oxygen species (ROS) [2,3].
They also inhibit oxidative phosphorylation and ATP synthesis in rat
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were also increased markedly by diclofenac in other tissues [5,6].
Autophagy is a homeostatic process that induces the recycling of
intracellular materials under conditions of various cellular stresses. The
relationship between ROS and autophagy is complex. At low concen-
trations, ROS serve as signaling molecules for cell growth and survival.
Under nutrient starvation conditions, cells produce ROS and oxidize
ATG4 that is essential for the initiation of autophagosome formation [7].
ROS also induce autophagy indirectly by activating AMPK or by
releasing Atg6/Beclin 1 from suppression by Bcl-2 [8,9]. In some cases,
however, ROS may negatively regulate autophagy. The key
autophagy-related proteins Atg3 and Atg7 are oxidized by ROS in a
thiol-dependent process that prevents LC3 lipidation and autophago-
some maturation [10]. The overproduction of ROS by NOX activation
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Abbreviations MAP1LC3B/LC3B microtubule-associated protein 1 light chain 3
beta
B-actin  actin beta MnSOD manganese-dependent superoxide dismutase
AMPK  AMP-activated protein kinase MPH mouse primary hepatocytes

ATG autophagy-related
BafAl bafilomycin Al

NAC N-acetylcysteine
NOX NADPH oxidase

.CM-H,DCFDA 5- (and-6)-chloromethyl-2/,7'- NSAID nonsteroidal anti-inflammatory drug
dichlorodihydrofluorescein diacetate OCR oxygen consumption rate

COX cyclooxygenase ROS reactive oxygen species

CQ chloroquine ROT rotenone

DRP1 dynamin like 1 SQSTM1/p62 sequestosome 1

GFP green fluorescent protein TFEB transcription factor EB

LAMP1 lysosomal associated membrane protein 1 TMRE  tetramethylrhodamine ethyl ester
impairs autophagic flux by decreasing lysosomal acidification and thus 2. Results

lysosomal activity in neuroblastoma cellular models of Parkinson’s
disease [11-13]. The same is true in the case of oxidative stress-induced
cellular premature senescence. ROS induce the dysfunction of mito-
chondria and then lysosomes, leading to the impairment of autophagic
flux crucial for stress-induced premature senescence [14]. Zheng re-
ported that ginsenoside Ro activates NOX and ROS production in
esophageal cancer cells. The researchers found that ginsenoside-induced
ROS instigate autophagic flux inhibition by impairing
autophagosome-lysosome fusion [15]. Therefore, ROS may either acti-
vate or inhibit autophagy depending on the cellular microenvironment
and conditions of ROS production.

The liver is rich in lysosomes and has a high level of stress-induced
autophagy [16]. Autophagy and lysosomal biogenesis are cellular pro-
tective mechanisms that occur in response to a variety of stresses.
Autophagy plays an important role in maintaining steady-state cellular
metabolic processes in the liver, which is critical for the quality and
quantity control of organelles and cytosolic proteins in hepatocytes.
When the homeostatic regulation of autophagic flux is compromised
either chemically or pathophysiologically, hepatic function is affected
and occasionally leads to cell death. Acetaminophen overdose induces
liver injury, which is the primary cause of acute liver failure. Mito-
chondrial dysfunction and oxidative stress play a critical role in
acetaminophen-induced hepatotoxicity. Acetaminophen induces auto-
phagy, which is a kind of cellular defense machinery, to remove
damaged mitochondria and acetaminophen-induced protein adducts
[17,18]. The long-term consumption of ethanol causes alcoholic liver
disease due to defects in mitochondrial respiration, redox balance and
lipid metabolism, leading to hepatic cell death. While acute ethanol
treatment in mouse liver and primary hepatocytes activates autophagy
to cope with acute cellular adverse events [19,20], chronic alcohol
consumption inhibits autophagy flux due to impaired lysosome
biogenesis and function [21]. In both cases of chemical-induced liver
injury, the pharmacological activation of autophagy protects against
hepatotoxicity in part owing to the efficient removal of damaged protein
and organelles [17,19].

The molecular mechanisms by which NSAIDs induce hepatic injury
have long been studied. However, thus far, little is known about the
effects of NSAIDs on autophagy or the exact role and molecular mech-
anism of autophagy in NSAID-induced hepatotoxicity. In the present
study, we intended to clarify the causal relationship between autophagy
and NSAID-induced hepatotoxicity. We investigated the effects of
autophagy on diclofenac-induced hepatotoxicity. We also analyzed the
cellular response following exposure to NSAIDs in terms of autophagic
flux. The roles of ROS and lysosomes in the cellular autophagic response
were also investigated. Our results provide novel insight into the role of
autophagy in NSAID-induced acute hepatotoxicity.

NSAIDs induce autophagosome accumulation in HepG2 cells and
mouse primary hepatocytes (MPH).

We first investigated the effects of diclofenac on autophagy in HepG2
human hepatoma cells and MPH. We identified that diclofenac increased
LC3-II, SQSTM1 and NBR1 protein levels in HepG2 cells in a concen-
tration- and time-dependent manner (Fig. 1A). The mRNA levels of
mapllc3b and nbrl were not changed, but the level of sqstml was
increased significantly by treatment with diclofenac (Fig. 1B). Due to the
autophagy-independent transcriptional upregulation of sgstm1, we used
NBR1 as a marker of autophagy substrate throughout the experiments.
Diclofenac-induced changes in the abundance of proteins associated
with autophagy were very similar in MPH (Fig. 1C). Fluorescence mi-
croscopy analysis of cells transfected with green fluorescence protein
(GFP)-tagged LC3 confirmed that diclofenac increased the number of
GFP-LC3 puncta (Fig. 1D). Transmission electron microscopy was used
to further investigate the morphological changes induced by diclofenac.
Compared to vehicle control, diclofenac treatment induced the accu-
mulation of representative ultrastructural morphological features of
autophagosomes, including double-membrane vacuolar structures con-
taining undigested cytoplasmic contents (Fig. 1E). To test whether other
NSAIDs showed the same effect on hepatocyte autophagy as diclofenac,
we investigated the effects of 6 NSAIDs on autophagy in HepG2 cells. To
exclude the possible effect of different cytotoxicity of the drugs on
autophagy, we set the highest concentration of all drugs to half of the
IC50 determined by an MTT assay. Immunoblot analysis showed that all
NSAIDs tested in this study induced a remarkable increase in LC3-II,
SQSTM1 and NBR1 levels (Fig. S1). These data demonstrate that
NSAIDs with chemical structures closely related to diclofenac induce the
accumulation of autophagosomes in HepG2 cells.

2.1. Diclofenac inhibits autophagic flux in HepG2 cells and MPH

Based on these findings, we investigated whether diclofenac inhibits
autophagic flux, a measure of autophagic degradation activity that en-
ables the differentiation of the nature of the temporal change in the
number of autophagosomes. Inhibition of either the fusion of autopha-
gosomes with lysosomes or lysosomal activity impairs overall auto-
phagic degradation. We investigated the effects of diclofenac on
autophagic flux using the autophagy inhibitor chloroquine (CQ), a
lysosomotropic agent that inhibits autophagosome-lysosome fusion, or
bafilomycin A1 (BafAl), a V-ATPase inhibitor that blocks the acidifi-
cation of lysosomes. Incubation of HepG2 cells with CQ increased the
expression of LC3-II and NBR1. However, coincubation with diclofenac
failed to further increase the accumulation of the proteins, indicating
that diclofenac inhibits autophagic flux (Fig. 2A). To monitor the flux of
LC3-II, we transfected the cells with the tandem fluorescence-labelled
GFP-mCherry (monomeric red fluorescent protein)-LC3 construct. The
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Fig. 1. Diclofenac induces autophagosome accumu-
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number of both yellow (autophagosome) and red fluorescent puncta markedly without any significant increase in the number of red puncta.
(autolysosome) was increased in cells maintained in nutrient-starved The cells treated with BafA1l also showed a marked increase in the yel-
Earle’s balanced salt solution (EBSS) medium. When the cells were low puncta relative to the red puncta (Fig. 2B and C). Similar results
treated with diclofenac, the number of yellow puncta was increased were observed in MPH treated with diclofenac (Fig. S5A). The
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Fig. 2. Diclofenac suppresses autophagic flux in
human hepatoma cells. (A) HepG2 cells were
treated with diclofenac (500 pM; 24 h) in the
presence or absence of chloroquine (CQ, 50 pM;
4 h) and subjected to Western blot analysis with
antibodies against LC3-II and NBR1. Representa-
tive Western blot images and the relative quan-
tification of the protein are shown. (B) HepG2
cells transfected with GFP-mCherry-LC3 were
incubated under starved conditions and treated
with diclofenac (500 pM; 24 h) or BafAl (100
nM; 8 h). Representative fluorescent images of
the cells are shown. The zoomed images in the
upper right or left corners were magnified from
the small boxed areas in each image (scale bars:

= Autophagosome
mm  Autolysosome

20 pm; magnification, 2 pm). (C) Quantification
of autophagosomes (yellow dots) and autolyso-
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at least 3 independent experiments. ***p < 0.001
and ns, not significant. (For interpretation of the
references to color in this figure legend, the
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percentage of mCherry" puncta relative to the total puncta per cell in
merged images was calculated. The number of mCherry™ puncta
(autolysosomes) per total puncta (autophagosomes and autolysosomes)
was significantly lower in diclofenac- or BafAl-treated cells than in cells
maintained in EBSS. The vehicle-treated cells were not included in the
analysis due to very low numbers of stained vesicles per cell (Fig. 2D).
The inhibition of autophagy by other NSAIDs shown in Fig. S1 was also
confirmed using GFP-mCherry-LC3-transfected cells (data not shown).
Next, we questioned whether cyclooxygenase (COX) inhibitory activity
has to do with the effect of NSAIDs on autophagy. To this end, we
compared the effects of (S)- and (R)-ibuprofen with and without COX
inhibitory activity, respectively, on autophagy in HepG2 cells. We found
that both stereoisomers inhibited autophagy flux to a similar degree
(Fig. 3A and B). Moreover, no change in autophagy marker proteins was
observed when knocking down Cox1 in MPH or treating MPH with
aspirin, a representative COX1/2 inhibitor (Fig. S2). Taken together,
these results suggest that the COX inhibitory activity is not a critical
factor determining the effects of diclofenac on autophagy.

The increase in the number of GFP-LC3 puncta and in the yellow
fluorescence of GFP-mCherry-LC3-transfected cells and the results of
Western blot analysis that showed increased LC3-II and NBR1 protein
levels suggest that NSAIDs may inhibit the late stage of autophagy. To
confirm this hypothesis, we checked whether diclofenac affects the
biogenesis of a preautophagosomal double-membrane structure that
originates from the omegasome. We analyzed the distribution of the
omegasome markers WDFY-mCherry and GFP-LC3 in cells treated with
diclofenac. In line with the Western blot data in Fig. 1A, the number of
LC3 spots was increased by treatment with diclofenac. However, diclo-
fenac did not change the number of WDFY spots. We did not observe the
colocalization of LC3 with WDFY, which was evident in the cells

EBSS

cultured in EBSS (Fig. S3). Finally, we investigated whether diclofenac
impairs autophagic flux in cells with activated basal autophagy. While
rapamycin treatment increased the number of autolysosomes, a marked
increase in the number of autophagosomes was observed under diclo-
fenac treatment in the presence of rapamycin (Fig. S4A). The results
clearly indicate that GFP quenching in lysosomes was impaired in cells
treated with diclofenac. Taken together, these data demonstrate that
diclofenac impairs basal and stimulated autophagic flux at the late stage.

2.2. Diclofenac inhibits lysosomal activity and fusion with
autophagosomes

Autophagic flux may become inhibited when lysosomal hydrolase
activity decreases due to an increase in lysosomal pH or when the fusion
of autophagosomes with lysosomes is inhibited. Therefore, we analyzed
cathepsin B activity in cells treated with diclofenac or cathepsin B in-
hibitor as a control. Diclofenac significantly lowered the enzyme activity
(Fig. 4A). To further investigate the effects of diclofenac on lysosomal
activity, we used Cathepsin Magic Red, which is cleaved in the presence
of active cathepsins to produce a fluorescent product. Diclofenac sub-
stantially reduced the fluorescence intensity, supporting the result of the
lowered cathepsin B activity. (Fig. 4B). Next, we measured lysosomal pH
using DQ-BSA red, a self-quenching fluorescent probe that does not
undergo proteolysis in the acidic environment of lysosomes, or Lyso-
Sensor Green, a pH-sensitive dye that becomes more fluorescent in
acidic organelles. Incubation of the cells with diclofenac led to a strong
reduction in DQ-BSA red and LysoSensor Green fluorescence, indicating
elevated lysosomal pH and thus impaired lysosomal activity (Fig. 4C).
To address whether the inhibition of autophagic flux by diclofenac
resulted from the failure of lysosomes to fuse with autophagosomes, we
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Fig. 3. Autophagy impairment by NSAIDs is inde-
pendent of COX inhibition. (A) Chemical structures
of (S)- and (R)-ibuprofen. HepG2 cells were incu-
bated with (S)-ibuprofen (1, 2, 4 mM) or (R)-
ibuprofen (0.8, 1.6, 3.2 mM) for 24 h. The protein
levels of LC3-II, NBR1 and SQSTM1 were measured
by Western blot analysis. Representative Western
blot images and the relative quantification of pro-
teins are shown. (B) HepG2 cells expressing GFP-
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mCherry-LC3 were incubated for 24 h with (S)-
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transfected cells with GFP-LC3 and examined the colocalization of LC3
with lysosome-associated membrane protein 1 (LAMP1), a marker of
lysosomes and late endosomes, in the absence or presence of diclofenac.
BafAl was used as an inhibitor of autophagic flux that blocks the acid-
ification of lysosomes. The GFP-LC3 puncta accumulated in the presence
of BafA1 were distinctly surrounded by the lysosomal membrane that is
visualized by LAMP1 antibody. In contrast, we were not able to observe
the colocalization of GFP-LC3 and LAMP1 in cells treated with diclofe-
nac, suggesting the inhibition of fusion between autophagosomes and
lysosomes. The quantification of the puncta clearly shows that diclofe-
nac significantly reduced the ratio of the number of GFP-LC3 puncta in
lysosomes to total GFP-LC3 puncta (Fig. 4D).

We investigated whether the reactivation of lysosomal function re-
stores the autophagic activity that is suppressed by diclofenac. For this,
we used clioquinol, which induces lysosomal acidification and thus
hydrolase activity, as a membrane-permeable zinc ionophore [22]. We
also used cells transfected with a plasmid containing transcription factor
EB (p-ENTR-CMV-TFEB), a master transcription factor of lysosomal

SQSTM1

N O N
a O o

0

GFP-mCherry-LC3 (n > 20 cells per experiment). All
data are the mean + SD of at least 3 independent
experiments. **p < 0.01, ***p < 0.001 and ns, not
significant. (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)

3 Autophagosome
mm  Autolysosome

biogenesis and autophagy. The diclofenac-induced accumulation of the
proteins LC3-II and NBR1 was relieved by clioquinol or TFEB (Fig. 5A).
Clioquinol reversed the diclofenac-induced failure in autolysosome
formation, as evidenced by the increased number of red fluorescence
puncta in cells transfected with the GFP-mCherry-LC3 construct
(Fig. 5B). The determination of lysosomal pH using LysoSensor Green
revealed that clioquinol treatment markedly increased the fluorescence
intensity, implying the reacidification of lysosomes (Fig. 5C). Reac-
tivation of autophagic flux and reacidification of lysosomes by clioqui-
nol were also observed in MPH (Figs. S5A and B). Taken together, our
results indicate that diclofenac inhibits autophagic flux by suppressing
the fusion of lysosomes with autophagosomes and by inducing an in-
crease in lysosomal pH and thus decreasing lysosomal activity.

Diclofenac-induced ROS are responsible for the impairment of lyso-
somal activity and autophagy.

We explored the mechanism by which diclofenac inhibits autophagic
flux in hepatocytes. Diclofenac is known to produce superoxide by
inhibiting mitochondrial oxidative phosphorylation or by activating
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NOX depending on the target tissue [5,23]. Evidence suggests that ROS
modulate autophagy differently depending on the cellular environment.
ROS activate autophagy as a survival mechanism to minimize cellular
damage. However, the oxidative stress induced as a result of mito-
chondrial or lysosomal dysfunction impairs autophagy, which is
observed in the cellular model of aging and senescence [14]. We
determined general oxidant, mitochondrial and cytosolic superoxide
and mitochondrial HyO3 levels by measuring the relative fluorescence of
CM-H,DCFDA, MitoSOX, dihydroethidium and Mito-PY1, respectively.
Diclofenac increased the intracellular levels of ROS, mitochondrial and
cytosolic superoxide and mitochondrial HyO2 in a dose-dependent
manner (Fig. 6A). We also found that the NSAIDs tested in this study
increased cellular ROS levels within the concentrations that inhibited
autophagy (Fig. S6). Moreover, the diclofenac-induced impairment of
lysosomal activity and autophagy were completely restored by pre-
treatment with the antioxidant N-acetylcysteine (NAC) or Mito-Tempo,
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Fig. 4. Diclofenac inhibits lysosomal activity and
fusion with autophagosomes. (A) HepG2 cells
were treated with diclofenac or Cathepsin B in-
hibitor (CTBi) for 24 h. Cathepsin B activity was
measured using a cathepsin B activity fluoro-
metric kit. (B, C) The cells were treated with
diclofenac (500 pM; 24 h), and the lysosomal
activity and acidity were analyzed by Magic Red
(B), DQ-BSA Red and LysoSensor Green DND-189
(scale bars: 20 pm) (C), respectively. Nuclei were
stained with DAPI (blue). The fluorescence in-
tensity is calculated using Image J software. (D)
HepG2 cells expressing GFP-LC3 (green) were
incubated with diclofenac (500 pM; 24 h) or
bafilomycin A1l (BafAl, 100 nM; 8 h). The fixed
cells were subjected to immunofluorescence
analysis with antibodies against LAMP1 (red).
Nuclei were stained with DAPI (blue). Represen-
tative confocal microscopy images are shown.
The zoomed images in the upper right corners
were magnified from the small boxed areas in
each image (scale bars: 20 pm; magnification, 2
pm). The relative number of GFP-LC3 spots in
lysosomes versus that of total GFP-LC3 spots was
plotted. All data are the mean + SD of at least 3
independent experiments. **p < 0.01, ***p <
0.001. (For interpretation of the references to
color in this figure legend, the reader is referred
to the Web version of this article.)
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a mitochondria-targeted superoxide scavenger. The increase in the in-
tensity of LysoSensor Green fluorescence indicates that the lysosomal pH
was brought back into the acidic range (Fig. 6B). As a result, the protein
levels of LC3-II and NBR1 were decreased, and the autophagic flux was
recovered by NAC and Mito-Tempo, as evidenced by the increased
number of red fluorescence puncta in GFP-mCherry-LC3-transfected
cells (Fig. 6C and D). The reactivation of autophagic flux by NAC was
also observed in MPH (Fig. S7). As explained earlier in Fig. S4A, auto-
phagic flux was not recovered when diclofenac and rapamycin were
treated simultaneously. Neither the level of ROS nor the lysosomal ac-
tivity was affected under the experimental conditions (Figs. S4B and C).
Finally, transfection of the cells with manganese superoxide dismutase
(MnSOD) decreased the level of mitochondrial superoxide significantly,
which reversed the effects of diclofenac on the lysosomal function and
autophagy (Fig. S8). These data clearly show that the mitochondrial ROS
produced by diclofenac are responsible for the impairment of lysosomal
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Fig. 5. Lysosomal reactivation restores diclofenac-
induced autophagy impairment. (A) HepG2 cells
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Western blot images and the relative quantification
of protein expression are shown. (B) The cells
transfected with GFP-mCherry-LC3 were treated
with diclofenac for 24 h in the absence or presence of
ClioQ (10 pM). The zoomed images are magnified
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activity and autophagy.

Next, we investigated whether NOX-derived ROS contribute to the
suppression of autophagy. Isoforms of NOX enzymes have been identi-
fied in various cells and tissues. NOX3 and NOX4 are the predominant
forms expressed in the liver, while HepG2 cells exclusively express
NOX3 [24,25]. PCR analysis revealed that diclofenac increased the
expression of Nox3 in HepG2 cells (Fig. S9A). However, the knockdown

of the Nox3 gene or pretreatment with ML171, a specific NOX3 inhibi-
tor, marginally alleviated diclofenac-induced autophagy inhibition, if at
all (Fig. S9B). The ROS produced by xanthine oxidase [26] were also not
responsible for the autophagy inhibition induced by diclofenac
(Fig. S9C). From these data, we can conclude that mitochondria are the
major source of ROS, while NOX partially contributes to the
diclofenac-mediated impairment of autophagy.
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Fig. 6. Diclofenac-induced ROS are
responsible for the impairment of lyso-
somal activity and autophagy. (A)
HepG2 cells were treated with diclofe-
nac for 16 h at the indicated concentra-
tions, and the cellular and mitochondrial
ROS levels were measured by quanti-
fying the fluorescence of CM-H,DCFDA,
dihydroethidium, MitoSOX and Mito-
PY1 using flow cytometry. (B-D) The
cells were pretreated with N-acetylcys-
teine (NAC; 2 mM) or Mito-Tempo (20
pM) for 1 h, and further incubated with
diclofenac (500 pM; 24 h). The cells
were stained with LysoSensor Green
DND-189 (scale bar: 20 pm) (B) or sub-
jected to Western blot analysis with an-
tibodies against LC3-II and NBRI.
Representative Western blot images and
the relative quantification of proteins
are shown (C). HepG2 cells expressing
GFP-mCherry-LC3 were incubated as
described in (B) and were analyzed by
confocal microscopy. The zoomed im-
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2.3. Diclofenac induces mitochondrial oxidative stress and dysfunction cytochrome ¢ oxidase subunit I. Diclofenac downregulated the expres-
sion of this mRNA in a dose-dependent manner (Fig. 7A). The oxidative
Studies suggest that mitochondrial dysfunction and ROS production modification of mitochondrial proteins and lipids was also monitored.
play an important role in diclofenac-induced hepatotoxicity [4]. To The oxidation levels of ROS-sensitive mitochondrial proteins were
correlate the production of ROS and mitochondrial function, we first measured by the alkylation of the low pKa cysteine residue using bio-

analyzed mitochondrial DNA damage by quantitative RT-PCR of tinylated iodoacetamide. The oxidation of the mitochondrial lipid
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Fig. 7. Diclofenac induces oxidative
mitochondrial damage and mitochon-
drial dysfunction in human hepatoma
cells. (A, B) HepG2 cells were cultured
with diclofenac for 16 h. (A) Total RNA
was isolated and subjected to qRT-PCR
analysis to measure cytochrome ¢ oxi-
dase mRNA expression. (B) The oxida-
tion levels of ROS-sensitive
0 mitochondrial proteins were measured

0 200400 (MM) by blot analysis using HRP-conjugated
streptavidin. Oxidation of mitochon-
drial lipid cardiolipin and mitochondrial
membrane potential were analyzed by
flow cytometry following staining with
nonyl acridine orange and tetrame-
thylrhodamine ethyl ester (TMRE),
respectively. (C) The cells were incu-
bated with diclofenac (500 pM) or rote-
none (ROT, 100 pM) for 8 h, and the
mitochondria were stained with Mito-
Tracker Red. Images were obtained by
confocal microscopy and analyzed with
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cardiolipin was analyzed using nonyl acridine orange. Diclofenac
increased the level of mitochondrial protein and lipid oxidation in a
dose-dependent manner. The number of cells with low mitochondrial
membrane potential, as measured by the potential-sensitive probe
TMRE, was also increased by diclofenac (Fig. 7B). To ascertain mito-
chondrial dysfunction in response to diclofenac treatment, we evaluated
the morphology and function of mitochondria. Cells treated with
diclofenac were stained with MitoTracker Red, and confocal microscopy
images were analyzed with ImageJ with the Mitochondrial Network
Analysis (MiNA) toolset [27]. Rotenone was used as a positive control.
Out of the 9 parameters tested, the mean and median rod/branch lengths
were significantly reduced by rotenone and by diclofenac (Fig. 7C). The
expression of the fission protein DRP1 was increased by diclofenac in a
dose-dependent manner (Fig. 7D). These results indicate that longer
rods were fragmented into smaller ones and that a few larger networks
were broken up into smaller networks by diclofenac. To understand the
effects of diclofenac on mitochondrial function, we assessed the respi-
ratory profile using a Seahorse Flux Analyzer. Changes in oxygen con-
sumption rate (OCR) were recorded, and areas under the curve were

ATP (RLU)

ImageJ with the Mitochondrial Network
Analysis (MiNA) program. Red lines
indicate mitochondrial networks. Mito-
chondrial networks were analyzed using
the mean branch length and median
branch length supplied by the MiNA
program. (D) The level of fission protein
DRP1 was measured by Western blot
analysis in the cells treated with diclo-
fenac. (E) Mitochondrial function was
analyzed by measuring OCR using a
Seahorse XF Cell Mito Stress Test Kit.
Each indicator was determined by the
Seahorse XF Cell Mito Stress Test Report
Generator. (F) ATP levels were
measured using the CellTiter-Glo assay.
All data are the mean + SD of at least 3
independent experiments. *p < 0.05,
**p < 0.01, ***p < 0.001. (For inter-
pretation of the references to color in
this figure legend, the reader is referred
to the Web version of this article.)
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calculated before and after each treatment with inhibitors of mito-
chondrial oxidative phosphorylation. We observed a significant decline
in mitochondrial respiration in cells treated with diclofenac. Compared
to vehicle treatment, diclofenac treatment decreased the mitochondrial
OCR at every phase measured (Fig. 7E). Consistent with this result, ATP
content was also decreased in cells treated with diclofenac (Fig. 7F).
Similar results were obtained in MPH (Fig. S10). Together, our results
support that diclofenac induces oxidative mitochondrial damage and
mitochondrial fragmentation and dysfunction in hepatocytes.

2.4. Diclofenac inhibits lysosomal colocalization with mitochondria and
mitophagy

The degradation of damaged mitochondria through mitophagy is a
key cellular event for proper mitochondrial quality control and function
in drug-induced liver injury [18]. To determine whether
diclofenac-induced ROS production and lysosomal impairment affect
mitophagy, electron microscopy analysis was performed to visualize
mitochondrial morphology. Fig. 8A shows the accumulation of
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abnormal mitochondria with vacuolization and fragmented cristae in
cells treated with diclofenac. To determine whether damaged mito-
chondria are retained within lysosomal organelles, we expressed
dsRed-mito to fluorescently label mitochondria, and immunofluores-
cence analysis was conducted with a LAMP1 antibody. In control cells, a
significant number of colocalizations between mitochondria and lyso-
somes was observed. In cells treated with BafAl, we found enlarged
lysosomes that colocalized with mitochondria. In contrast, there was
little colocalization in cells treated with diclofenac, indicating the

Diclofenac

[0)

E
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Fig. 8. Diclofenac inhibits lysosomal
colocalization with mitochondria and
mitophagy in hepatocytes. (A) Repre-
sentative images of mitochondria in
HepG2 cells treated with diclofenac
were analyzed by transmission electron
microscopy. The zoomed images are
magnified from the boxed areas of the
images. (B) HepG2 cells expressing
dsRed-mito (red, mitochondria) were
incubated with diclofenac (500 pM) or
BafAl (100 nM) for 8 h under starved
conditions. The fixed cells were sub-
jected to immunofluorescence analysis
with antibodies against LAMP1 (green).
Nuclei were stained with DAPI (blue).
Representative confocal microscopy im-
ages are shown, with the zoomed images
magnified from the boxed areas in the

BafA1

1.59 overlay images. White arrows indicate

@ mitochondria in lysosomes (scale bars:
g .,!é 101 10 pmy; magniﬁcati()?, 2 pm). (FI) Hep3B
éé cells stably e.xpressmg mt—Ke'1ma were
£ pretreated vs.nth .N—acetyilcysteme (NAC,
§-<\r 0.5 2 mM) or clioquinol (ClioQ, 10 pM) for
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= h. Confocal microscopy was analyzed to
0.0- detect the mt-Keima located in mito-

P chondria (mitochondria at neutral pH,

& Q green) and the mt-Keima puncta deliv-

ered to lysosomes (mitochondria at
acidic pH, red). The zoom images were
magnified from boxed areas in overlay
images (scale bars: 20 pm; magnifica-
tion, 2 pm). Mitophagy index was eval-
uated by analyzing the ratio of 561/458
nm. (D, E) HepG2 cells pretreated with
ClioQ (10 pM) for 1 h were incubated
with diclofenac (500 pM) for 24 h.
Mitochondrial function was analyzed by
measuring oxygen consumption rate
(OCR) using the Seahorse XF Cell Mito
Stress Test Kit (D). Each indicator was
determined by the Seahorse XF Cell Mito
Stress Test Report Generator (E). All
data are the mean + SD of at least 3
independent experiments. *p < 0.05,
**p < 0.01. ***p < 0.001 and ns, not
significant. (For interpretation of the
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inhibition of the fusion of mitochondria with lysosomes (Fig. 8B). To
provide additional evidence for the effects of diclofenac on mitophagy
activity, we monitored mt-Keima, a ratiometric pH-sensitive fluorescent
protein that is targeted into the mitochondrial matrix. A low-ratio
mt-Keima-derived fluorescence represents a neutral environment,
whereas a high-ratio fluorescence represents an acidic pH. Thus,
mt-Keima enables differential imaging of mitochondria in the cytoplasm
and those in acidic lysosomes [28]. To monitor the inhibition of
mitophagy, we used Hep3B cells stably transfected with the mt-Keima
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construct where the basal level of mitophagy is relatively high [29].
High levels of acidic mitochondria were found in vehicle-treated control
cells. However, treatment of the cells with autophagic flux inhibitors,
BafAl or CQ, abated the number of acidic mitochondria (Fig. S11). The
cells treated with diclofenac also showed decrease in the red puncta
(acidic mitochondria) and treatment with NAC or clioquinol in the
presence of diclofenac restored the number of acidic mitochondria
(Fig. 8C). As a result, clioquinol improved the mitochondrial function
that was suppressed by diclofenac (Fig. 8D and E). These data indicate
that diclofenac-induced ROS production and lysosomal impairment
inhibit the fusion of the autophagosome containing engulfed mito-
chondria with lysosomes and thus mitophagy, resulting in the impaired
degradation of damaged mitochondria.
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2.5. Rapamycin inhibits diclofenac-induced cell death and liver injury

Given that autophagy protects against liver injury induced by diverse
chemicals, we investigated whether the activation of autophagy by
rapamycin modulates diclofenac-induced cytotoxicity and hepatotoxic-
ity. We pretreated HepG2 cells with or without rapamycin, further
incubated with diclofenac and monitored cell growth and apoptotic cell
death. Diclofenac lowered cell proliferation and increased apoptotic cell
death, which were reversed by pretreatment with rapamycin (Fig. 9A
and B). Rapamycin reduced the protein levels of LC3-II, NBR1 and
SQSTM1 that have been observed to be increased by diclofenac
(Fig. 9C). The viability of HepG2 cells exposed with diclofenac
concomitant with clioquinol was increased, but cotreatment with CQ

Fig. 9. Rapamycin inhibits diclofenac-
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positive cells (right panel). (C) HepG2
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rapamycin (500 nM) for 24 h and
further incubated with diclofenac (500
uM) for 24 h. Expression of the proteins
was analyzed by Western blot analysis
using antibodies against LC3-1I, NBR1,
and SQSTM1 in HepG2 cells incubated
as indicated. (D-F) Male C57BL/6 mice
were injected intraperitoneally with
rapamycin 0.5 h before diclofenac
administration and sacrificed after 6 h.
(D) Serum ALT, AST and LDH measure-
ments were performed using an auto-
mated Chemistry Analyzer (Tokyo Boeki
Medical system, Prestige 24I). (E) Liver
histology was analyzed using H&E
staining. Original magnification, 10X.
Arrows indicate the region of sinusoidal
telangiectasia (scale bar: 100 pm). (F)
Protein extracts were prepared from the
liver homogenates and subjected to
Western blot analysis with antibodies
against LC3-II and SQSTM1. Represen-
tative Western blot images and the
relative quantification of proteins are
shown. All data are mean + SD of at
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showed the opposite result. From these results we can understand that
the impairment of autophagy by diclofenac is one of the causes of cell
death (Fig. S5C). The administration of diclofenac to mice increased the
serum ALT, AST and LDH levels in a dose-dependent manner, while
pretreatment with rapamycin significantly reduced all the serum bio-
markers (Fig. 9D). Histopathology revealed an overall increase in the
infiltration of inflammatory cells in the high-dose group. Although in-
dividual mice differed in their response, some animals in the high-dose
group presented telangiectasis around the portal triad. However, none of
the pathological changes mentioned above were observed in the rapa-
mycin pretreatment group (Fig. 9E). Rapamycin-induced reduction in
the protein abundance of LC3-II and SQSTM1 was also observed in vivo
(Fig. 9F). These data indicate that rapamycin inhibits diclofenac-
induced liver injury, which might be related to autophagy activation.
In conclusion, diclofenac induces intracellular ROS production and
lysosomal dysfunction that lead to the suppression of autophagy.
Impaired autophagy fails to maintain mitochondrial integrity and ag-
gravates the cellular ROS burden, which leads to diclofenac-induced
hepatotoxicity.

3. Discussion

Autophagy is an essential catabolic mechanism for the degradation
of cellular components, long-lived cytosolic proteins and damaged or-
ganelles in response to a variety of stimuli. The dysregulation of auto-
phagy is linked to a wide range of pathologic conditions induced by
diseases, aging and toxic substances [30]. NSAIDs are well tolerated in
general, but gastrointestinal tract bleeding is the main concern for the
use of these drugs. Other serious adverse effects include kidney and liver
toxicity. Diclofenac is the NSAID most frequently reported to induce side
effects predominantly related to hepatocellular and cholestatic types of
liver injury, which leads to liver failure [31,32]. Diclofenac-induced
hepatotoxicity in humans is idiosyncratic. Although the number of
toxicological studies on NSAIDs to develop clinically relevant bio-
markers and useful therapeutic interventions has increased over the last
few decades, the precise mechanism of NSAID-induced hepatotoxicity
remains unclear. As reported earlier, the molecular initiating events in
diclofenac-induced liver injury are mitochondrial damage and ROS
production. Here, we present a critical autophagy-suppressing effect
induced by diclofenac and other structurally related NSAIDs, revealing
the missing connection between ROS and NSAID-induced liver injury.
The key events that determined diclofenac-induced hepatotoxicity were
lysosomal dysfunction and autophagic flux impairment mediated by
mitochondrial ROS. The lack of efficient degradation of damaged
mitochondria by autophagy aggravates cellular oxidative stress and thus
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Fig. 10. The underlying mechanism of NSAID-induced liver injury. Mito-
chondrial damage and ROS production induce lysosomal dysfunction and
autophagy flux impairment. The failure to efficiently degrade damaged mito-
chondria by mitophagy induces additional ROS production, leading to hepa-
totoxicity. See the text for details.
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induces liver injury (Fig. 10). To the best of our knowledge, this is the
first study to demonstrate the causal link between autophagic flux in-
hibition and hepatotoxicity induced by NSAIDs. The results presented in
this study will provide new insight into the molecular mechanisms of
NSAID-induced liver injury.

The effects of autophagy on the toxicity of chemicals are not always
constant but may vary depending on the cellular context: both cytotoxic
and cytoprotective functions have been reported [33]. Autophagy is a
kind of cell death. The induction of autophagy in response to anticancer
drugs is an example of autophagic cell death, although it represents a
cytoprotective mechanism of cells trying to cope with stress [34].
Exposure to some chemicals often leads to autophagic cell death asso-
ciated with toxicity [35,36]. On the other hand, autophagy is a lyso-
somal pathway that comprises cellular survival responses to a wide
range of stresses, such as nutrient deprivation or chemical insult.
Oxidative stress and mitochondrial dysfunction are common mecha-
nisms of a variety of chemical-induced toxicities. Therefore, the selec-
tive removal of damaged mitochondria by autophagy is an important
protective mechanism that limits the production of additional ROS. A
good example is the protection from acetaminophen-induced liver
injury by activating autophagy, in which the sustained activation of
autophagy attenuates mitochondrial oxidative stress and hepatotoxicity
[18,37]. The influences of diclofenac and its metabolites on mitochon-
drial function are well characterized. Diclofenac induces hepatic mito-
chondrial dysfunction through several mechanisms: the uncoupling of
oxidative phosphorylation and increases in cytosolic calcium and ROS
facilitate mitochondrial permeability transition pore opening and the
collapse of mitochondrial transmembrane potential followed by ATP
depletion [32]. However, signal amplification is required for
diclofenac-induced mitochondrial dysfunction to lead to hepatotoxicity.
The novel finding of the present study is the presence of a vicious cycle
comprising mitochondrial damage, ROS production, autophagy inhibi-
tion and damaged mitochondria accumulation to produce additional
ROS that leads to hepatotoxicity. More importantly, most of the NSAIDs
investigated in this study possess similar properties in terms of ROS
production and autophagy inhibition. The results of this study add new
insight into the mechanism of mitochondrial damage and hepatotoxicity
induced by NSAIDs. Kang et al. aimed to investigate the effects of
autophagy induction on diclofenac-induced hepatocyte death; however,
the experimental conditions used to induce autophagy with rapamycin
were not fully verified and therefore insufficient to be compared with
our study [38].

To date, several articles have been published on the effects of NSAIDs
on autophagy. Aspirin induces autophagy in colorectal cancer cells by
activating AMPK and inhibiting mTOR signaling, which contributes to
its protective effects against the development of cancer [39]. Sulindac
also induces autophagic cell death in gastric epithelial cells and in lung
adenocarcinoma cells by inhibiting Akt/mTOR signaling [40,41]. Cele-
coxib induces autophagic death in a myeloid leukemia cell line inde-
pendent of COX-2-inhibitory function [42]. However, some studies have
concluded that celecoxib inhibits autophagy based on the data that the
drug increases the expression of LC3-II and p62 and inhibits lysosomal
function [43]. The effects of indomethacin on autophagy are also
inconclusive. Some papers report that indomethacin induces autophagy,
while others report the opposite [44,45]. The reasons for the discrep-
ancy may arise from insufficient data and improper interpretation of the
results. In some earlier papers describing the effects of NSAIDs on
autophagy, the authors drew conclusions only based on very limited
biochemical data. Another reason for the inconsistency is the use of
inadequate markers for autophagy substrates. Not only diclofenac but
also several other NSAIDs induce the autophagy-independent tran-
scriptional upregulation of sgstm1 and thus the protein level of SQSTM1,
which could mislead the interpretation of the results [46]. Therefore, the
simple detection of increased LC3-II and SQSTM1 protein levels by
NSAIDs does not always indicate the inhibition or induction of auto-
phagy. We therefore used NBR1 expression as a marker for autophagy
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substrates rather than SQSTM1 throughout the study. In this study, we
provide conclusive data that diclofenac inhibits autophagy in hepato-
cytes by showing biochemical evidence of autophagic flux and
morphological and immunocytochemical characterization of
autophagy-related structures, including lysosomes and mitochondria.

The plasma concentration of diclofenac in healthy individuals under
therapeutic doses ranged from 2 to 25 uM depending on the dose and
route of administration [47,48]. However, it is increased in patients with
liver diseases and doubles in patients with hepatic cirrhosis in which
first-pass metabolism and biotransformation are substantially compro-
mised [49]. Moreover, some metabolites of diclofenac possess the
similar characteristics as diclofenac in terms of the inhibition of auto-
phagy (data not shown). For example, in an overdose case who ingested
1500 mg of diclofenac, the plasma concentration of the unchanged drug
went up to about 190 pM [50]. The dose of diclofenac in our animal
experiments was also found to be comparable to that in the overdose
case if we convert it using the standard body surface area normalization
method [51]. Considering the frequent overdose problems, the doses of
the drug that we applied in this study is relevant to the acute toxicity of
diclofenac.

Next, we explored the mechanism by which diclofenac inhibits
autophagic flux. Evidence suggests that ROS modulate autophagy
differently depending on the cellular environment. In general, ROS
activate autophagy as a survival mechanism to minimize cellular dam-
age. Nutrient starvation induces the production of ROS that directly
oxidize and inactivate the delipidation activity of ATG4 on LC3, thus
allowing autophagosomes to be elongated correctly [7]. ROS can induce
autophagy indirectly via activation of AMPK and inhibition of mTOR,
both of which regulate autophagy by the differential phosphorylation of
ULK1 [52]. On the other hand, the oxidative stress induced as a result of
lysosomal and mitochondrial dysfunction impairs autophagy, which is
crucial for oxidative stress-induced cell senescence [14]. The direct
oxidation of key autophagy-related proteins ATG3 and ATG7 by ROS
inhibits LC3 lipidation and autophagosome formation, which have been
reported to be causatively linked to aging and the pathogenesis of many
diseases [10]. ROS increase lysosomal pH, which disrupts
autophagosome-lysosome fusion and decreases lysosomal cathepsin
enzyme activity, leading to the overall impairment of autophagic flux.
Autophagosome-lysosome fusion depends on the pH in an acidic
compartment of cells [53]. ROS-induced lysosomal dysfunction and thus
defective clearance and accumulation of undegraded autophagosomes
contribute to neurodegeneration in 1-methyl-4-phenylpyridinium-in-
duced neuronal cells and in Parkinson’s disease brain samples [11].
Similar results have been found in esophageal cancer cells treated with
ginsenoside. Ginsenoside Ro blocked the autophagosome-lysosome
fusion process by increasing lysosomal pH and attenuating lysosomal
cathepsin activity, resulting in the accumulation of the autophagosome
markers LC3-II and SQSTM1 and the impairment of autophagic flux
[15]. These researchers showed that ginsenoside activates NOX associ-
ated with the lysosomal membrane and generates ROS locally to in-
crease lysosomal pH. Our results are very similar to those observed in
earlier studies demonstrating ROS-induced lysosomal dysfunction and
autophagy flux inhibition.

We observed interesting data regarding different effects of rapamy-
cin on diclofenac-induced impairment of autophagy. Experiments of
pretreatment with rapamycin demonstrated to be protective of diclofe-
nac toxicity (Fig. 9). However, when rapamycin was treated concomi-
tantly with diclofenac, autophagy was still blocked (Fig. S4). Although
the reason for the discrepancy is not fully understood yet, it can be
explained by several mechanisms. Autophagy is one of the major routes
for the clearance of aggregate-prone proteins or damaged organelles.
Therefore, rapamycin treatment facilitates the clearance of abnormal
proteins or mitochondria by autophagy and make the cells more resis-
tant to toxic stimuli [54,55]. The protective effects of rapamycin can
also be attributed to the regulation of the transcription of genes involved
in mitochondrial redox homeostasis, such as RORC1, YY1 and PGCla
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[56]. Therefore, rapamycin pretreatment directly inhibits mitochondrial
dysfunction and ROS formation in cells under various stress conditions
[57,58]. When rapamycin was treated simultaneously with diclofenac,
autophagic flux was still suppressed. Under this condition, rapamycin
did not have any effect on cellular and mitochondrial ROS production
and lysosomal function (Figs. S4B and C). Similar report has been pub-
lished that the cotreatment of rapamycin with diclofenac did not change
cell viability, mitochondrial depolarization and canalicular length, a
measure of hepatocyte polarization [38]. Further studies will be needed
to ascertain the differences in the rapamycin effects on autophagy
depending on the treatment conditions.

One of the key findings of the current study is that diclofenac-
induced mitochondrial ROS cause the impairment of lysosomal acidifi-
cation and consequently lysosomal enzyme activity. The activity of ca-
thepsins B and D determines the efficiency of lysosomal degradation and
autophagic flux [59]. We monitored lysosomal integrity by measuring
cathepsin B activity directly or using Magic Red reagent, which fluo-
resces when cleaved in the presence of active cathepsins. We also
determined lysosomal acidity using DQ-BSA, a self-quenching fluores-
cent probe, and LysoSensor Green, a pH-sensitive dye. All the data un-
equivocally indicate that diclofenac increases lysosomal pH and impairs
lysosomal enzyme activity. Moreover, we also found that diclofenac
disrupts the fusion of autophagosomes and lysosomes, as shown in data
depicting the reduced colocalization of GFP-LC3 with the lysosome
membrane marker LAMP1. We also clearly showed that the reactivation
of lysosomal activity by clioquinol, a zinc ionophore, or the transfection
of TFEB, a transcription factor involved in lysosomal biogenesis,
restored autophagic flux. Similarly, scavenging ROS by a general anti-
oxidant, NAC, or a mitochondria-targeted superoxide scavenger,
Mito-Tempo, restored lysosomal acidity and autophagic flux in cells
treated with diclofenac. The time-course experiments corroborates the
results that ROS production and mitochondrial dysfunction precede the
lysosomal inactivation (Fig. S12). Another possible mechanism of the
defective fusion between autophagosomes and lysosomes could be the
disorganization of the Golgi apparatus by diclofenac (unpublished data).
Although there is no direct evidence regarding the functional link be-
tween the Golgi apparatus and autophagosome-lysosome fusion, the
depletion of COPI coat subunits that is required for ER-Golgi transport
results in defects in early endosomal function and in the inhibition of
autophagic flux [60]. A recent study also demonstrated that CQ impairs
the fusion process by disorganizing the Golgi and endolysosomal sys-
tems [61]. Further studies are needed to clarify the causal relationship
between diclofenac-induced fragmentation of the Golgi and autophagy.

ROS are signaling molecules implicated in the regulation of a variety
of cellular processes under normal physiological and pathological con-
ditions. The accumulation of ROS induces oxidative stress, a condition in
which cellular macromolecules, including proteins, lipids and DNA, are
oxidized and damaged. Therefore, cells have developed enzymatic and
nonenzymatic systems to dispose of ROS and to prevent oxidative stress
[62]. While the major site of diclofenac-induced hepatic ROS generation
is reported to be the mitochondria, NOX also contributes to superoxide
production by NSAIDs in different tissues [5,6]. Our data show that the
expression of Nox3 and the NOX-dependent generation of superoxide
anions were increased markedly by diclofenac. However, silencing the
Nox3 gene or pretreatment with the Nox3-specific chemical inhibitor
ML171 failed to completely restore autophagic activity. As discussed
earlier, mitochondria significantly contribute to diclofenac-mediated
oxidative stress, increased ROS production and apoptotic cell death.
ROS are known to induce lysosomal membrane permeabilization (LMP)
by destabilizing lysosomal membrane and inactivating lysosomal en-
zymes [63]. The crosstalk between the mitochondria and lysosomes are
well described in terms of cellular metabolism as well as many key
processes such as autophagy, proliferation and cell death. Mitochondrial
malfunction induces lysosomal defects either by decreased AMPK
signaling or by cellular mediators such as ROS or caspases [64,65]. The
cellular responses to lysosomal stress again leads to the perturbations in
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communication with mitochondria and suppresses mitochondrial
biogenesis and function [66]. Moreover, the release of lysosomal en-
zymes into the cytosol by LMP activates signaling pathways associated
with the lysosomal pathway of apoptosis that has been found to
contribute to TNF-o signaling, cholestasis and ischemia-reperfusion
injury in the liver [67-69]. Further studies on the functional interde-
pendence between mitochondria and lysosome will provide insight into
understanding the NSAID-induced liver injury.

The mitochondrial quality control system is maintained either by
fusion/fission dynamics or by mitochondrial turnover via mitophagy.
Given the basic role of mitochondrial ROS in virtually all aspects of
cellular physiology, the elimination of the source oxidative stress by
mitophagy is generally accepted as a kind of cellular defense mechanism
to limit the accumulation of ROS and to protect the cell from additional
oxidative damage [70]. When mitochondria experience minor stress,
they maintain their function by fusion with healthy mitochondria. When
they are under additional stress, however, fission is activated to separate
the healthy and unhealthy parts of the mitochondria [71]. In the latter
case, the subsequent clearance of damaged mitochondria by mitophagy
is essential for the completion of the process [72]. In our experiments,
we found that the length of mitochondria in the cells treated with
diclofenac was significantly reduced. Diclofenac treatment also
increased the expression of DRP1 protein, which is responsible for
mitochondrial fission, supporting the idea that the cells experience
enhanced ROS stimuli. Finally, diclofenac suppressed the basal
mitophagy activity that was restored by antioxidants. The impaired
removal of damaged mitochondria by mitophagy underlies several he-
patic disorders. Impaired mitophagy triggers hepatic NLRP3 inflam-
masome activation, which contributes to the progression from simple
steatosis to steatohepatitis [73]. Aging aggravates hepatic
ischemia-reperfusion injury in mice by impairing mitophagy function
via insufficient parkin expression [74]. Moreover, defects in mitophagy
due to lysosomal cholesterol accumulation increased the susceptibility
to hepatotoxicity induced by acetaminophen overdose [75]. Based on
these reports, we propose a novel mechanism of diclofenac hepatotox-
icity: the primary toxic mechanism of diclofenac is mitochondrial
damage and ROS production, as reported previously. Intracellular ROS
induce lysosomal dysfunction and autophagy flux impairment that
prevent the efficient degradation of damaged mitochondria to limit
additional ROS production. The viscous cycle of mitochondrial damage
and autophagy impairment aggravate cellular oxidative stress and
hepatotoxicity (Fig. 10). The results of this study extend our under-
standing of the mechanism of hepatotoxicity induced by NSAIDs and
provide an approach to managing the liver injury induced by these
drugs.

4. Materials and methods
4.1. Animals

Male C57BL/6 mice (aged 7 weeks) were purchased from the Joon-
gang Animal Laboratory Inc and allowed to acclimate for 1 week at room
temperature with a 12:12 h light/dark cycle. The animals were
randomly divided into 5 groups (6-9 mice per group). The vehicle group
(Veh/Veh) was received intraperitoneally with 0.5% DMSO in saline;
diclofenac groups (Veh/Diclo) were administered diclofenac (150 or
200 mg/kg, i.p); rapamycin and diclofenac groups (Rapa/Diclo) were
injected with rapamycin (4 mg/kg, i.p) 0.5 h before diclofenac admin-
istration. Liver tissues were fixed with 10% neutral-buffered formalin
solution embedded in paraffin, and sectioned. Liver sections were
stained with hematoxylin and eosin (H&E). All animal experiments were
performed in accordance with the guidelines of the Institutional Animal
Care and Use Committee of Seoul National University.
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4.2. Antibodies and reagents

The following primary antibodies were used: anti-LC3B (2775), anti-
SQSTM1/p62 (5114), anti-p-Actin (4970), anti-COX2 (12282) and anti-
LAMP1 (9091) were purchased from Cell Signaling Technology. Anti-
DRP1 (sc271583), anti-NBR1 (sc-130380) and anti-MnSOD (sc-
133254) were from Santa Cruz Biochemistry. Anti-COX1 (ab109025)
was from Abcam. Goat secondary antibodies to rabbit IgG labelled with
Alexa Fluor 546 (A11035), Alexa Fluor 488 (A11034), MitoSOX
(M36008), dihydroethidium (DHE; D11347), MitoTracker Red
(M7512), LysosensorGreen DND-189 (L7535), DQ-BSA Red (D12051),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
M6494), 5- (and-6)-chloromethyl-2',7’-dichlorodihydrofluorescein
diacetate (CM-H,DCFDA; C6827) were purchased from Thermo Fisher
Scientific. Acetylsalicylic acid (Aspirin, A5376), allopurinol (A8003),
diclofenac sodium (D6899) and Mito-Tempo (SML0737) were from
Sigma Aldrich. ML171 (4653), and Mito-PY1(4428) were from Tocris
Bioscience. Clioquinol (ClioQ; Santa Cruz Biotechnology, sc-201066),
Magic Red Assay kit (Immuno Chemistry Technologies, 938), and
Annexin-V-FITC and PI kits (BD Biosciences, 556547) were also used.

4.3. Cell culture and confluence measurement

HepG2 human hepatoma cells were obtained from ATCC and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone,
SH30021.01) supplemented with 10% FBS (Gibco, 16000044) and 1%
antibiotics-antimycotics (Gibco, 15250062) in humidified air containing
5% CO, at 37 °C. Mouse primary hepatocyte isolation was performed as
described previously [76]. Cell viability was measured using MTT assay.
Cell confluency was measured by Cytation 3 cell imaging microplate
reader (BioTek). Confluence values were determined from high contrast
brightfield images captured every 2 h for 48 h.

4.4. Western blot analysis

Cell pellets and liver homogenates were lysed in lysis buffer con-
taining protease inhibitor cocktail (Roche) as described previously [76].
Protein bands were detected with Amersham ECL Prime Detection Re-
agent (GE Healthcare Life Sciences, RPN2232).

4.5. Flow cytometry

For measurement of cellular ROS and mitochondrial ROS levels,
detached cells were loaded with CM-H,DCFDA (5 pM), DHE (5 pM),
MitoSOX (5 pM) or Mito-PY1 (10 pM), respectively for 20 min at 37 °C.
To detect mitochondria and mitochondrial membrane potential, cells
were stained with Mitotracker Red (25 nM) and tetramethylrhodamine
ethyl ester (TMRE, 100 nM). A FACSCalibur flow cytometer (BD Bio-
sciences) was used for analysis. Relative change in fluorescence was
analyzed with FlowJo software.

4.6. Identification of oxidized mitochondrial proteins and lipid

Cells were subjected to subcellular fractionation, and the
mitochondria-enriched fraction was then lysed in a pH 6.5 buffer con-
taining BIAM, and the resulting lysates were subjected to blot analysis
with HRP-conjugated streptavidin or immunoblotted antibodies specific
to Prx III as a mitochondrial loading control. To measure the oxidation of
mitochondrial cardiolipin, detached cells were incubated with nonyl
acridine orange (NAO; Thermo Fisher Scientific, A1372), and then were
analyzed by flow cytometry.

4.7. Oxygen consumption rate measurement

Oxygen consumption rate (OCR) was measured using Seahorse
XFe96 or XFp analyzer (Agilent Technologies) according to the
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manufacturer instruction. Cells were treated with oliogomycin (1 pM),
carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP; 1 pM),
and a mixture of antimycin A/rotenone (0.5 pM) for the measurement of
key parameters of mitochondrial respiration.

4.8. Immunofluorescence analysis and confocal microscopy

Immunofluorescence analysis was performed as described previously
[77], with minor modifications. For visualization of the lysosomes, fixed
samples were exposed to a blocking solution and then incubated for 30
min at room temperature with antibodies to LAMP1. The cells were
washed three times with PBS and then incubated for 30 min at room
temperature with Alexa Fluor 488 or 546-conjugated secondary anti-
bodies. For DQ-BSA assay, cells were preloaded with 10 pg/ml DQ-BSA
Red in prewarmed medium for 12 h. They were washed with PBS and
fixed with 4% paraformaldehyde. For measurement of lysosomal acidity
or activity, cells were loaded with Lysosensor Green DND-189 (1 pM) or
Magic Red reagent (Immuno Chemistry Technologies) in a prewarmed
medium for 1 h after treatment. Then the cells were washed three times
with PBS and replaced with phenol red-free DMEM. Images were
captured with a Zeiss LSM 880, Nikon A1R or Leica TCS8 confocal mi-
croscope. For live mt-Keima imaging, Hep3B cells stably expressing
mt-Keima were imaged at two sequential excitations (458 nm, green;
561 nm, red) and 570-695 nm emission range.

4.9. Measurement of autophagic flux using tandem fluorescent-tagged
LC3

HepG2 cells and MPH seeded in 12-well plates with microscope
cover glasses were transfected with GFP-mCherry-LC3 adenovirus for
16 h. After treatment, the cells were fixed with 4% paraformaldehyde
and analyzed using confocal microscopy. Autophagy flux was measured
by counting the cells with GFP+/mCherry+ (yellow) or GFP-/mCherry+
(red) puncta.

4.10. Measurement of cathepsin B activity

Cathepsin B activity was determined by measuring the cleavage of
enzyme-specific substrates in whole cell lysates using a commercially
available fluorescence-based assay kit (Biovision, K140-100) according
to the manufacturer’s protocol.

4.11. Mitochondrial fragmentation

Cells were incubated with MitoTracker Red or expressed with dsRed-
mito, and then confocal microscopic images were analyzed with ImageJ
software with MiNA program [27].

4.12. Transient transfections

HepG2 cells were transfected with the siRNA duplexes targeting
human NOX3 (Bioneer, 50508) or control siRNA using Lipofectamine
RNAIMAX (Invitrogen, 13778075). Mouse primary hepatocytes were
transfected with siRNA duplexes targeting mouse COX1 (Bioneer,
19224). HepG2 cells were overexpressed with TFEB or MnSOD via
transfection of pENTER-CMV-TFEB (Vigene, CH898579) or pCMV-
SPORT6-MnSOD (Korean UniGene CloneID hMU001558) using Lip-
ofectamine 2000 (Invitrogen, 11668019). Transfection was performed
as described previously [78].

4.13. Transmission electron microscopy

Cells were fixed in Karnovsky’s buffer for 4 h at 4 °C. They were then
post-fixed in 2% osmium tetroxide and 0.1 M cacodylate buffer for 2 h,
and embedded in Spurr’s resin, sectioned, doubly stained with uranyl
acetate, and analyzed using a Zeiss transmission electron microscope.
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4.14. gRT-PCR analysis

RNA was prepared from cells using Easy-Blue Total RNA Extraction
Kit (Intron Biotechnology, 17061). cDNA was synthesized using Quan-
tiTect Reverse Transcription Kit (Qiagen, 205313). The resulting cDNA
was amplified by qRT-PCR using iTaq Universal SYBR Green Supermix
(Bio-Rad, 1725121). The sequences of primers used for qRT-PCR are
listed in Table S1.

4.15. Statistical analysis

Experimental data were presented as mean + S.D. in vivo and in vitro
experiments. Data were subjected to student’s t-test or one-way ANOVA
analysis followed by Turkey’s multiple comparison test with GraphPad
Prism 7 (GraphPad). P values < 0.05 were considered statistically
significant.
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