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ABSTRACT

Acetaminophen (APAP) overdose causes hepatotoxicity involving mitochondrial dysfunction and c-jun N-terminal kinase
(JNK) activation. Because the safe limit of APAP dosing is controversial, our aim was to evaluate the role of the
mitochondrial permeability transition (MPT) and JNK in mitochondrial dysfunction after APAP dosing considered nontoxic
by criteria of serum alanine aminotransferase (ALT) release and histological necrosis in vivo. C57BL/6 mice were given APAP
with and without the MPT inhibitor, N-methyl-4-isoleucine cyclosporin (NIM811), or the JNK inhibitor, SP600125. Fat droplet
formation, cell viability, and mitochondrial function in vivo were monitored by intravital multiphoton microscopy. Serum
ALT, liver histology, total JNK, and activated phospho(p)JNK were also assessed. High APAP (300 mg/kg) caused ALT release,
necrosis, irreversible mitochondrial dysfunction, and hepatocellular death. By contrast, lower APAP (150 mg/kg) caused
reversible mitochondrial dysfunction and fat droplet formation in hepatocytes without ALT release or necrosis.
Mitochondrial protein N-acetyl-p-benzoquinone imine adducts correlated with early JNK activation, but irreversible
mitochondrial depolarization and necrosis at high dose were associated with sustained JNK activation and translocation to
mitochondria. NIM811 prevented cell death and/or mitochondrial depolarization after both high and low dose APAP. After
low dose, SP600125 decreased mitochondrial depolarization. In conclusion, low dose APAP produces reversible MPT-
dependent mitochondrial dysfunction and steatosis in hepatocytes without causing ALT release or necrosis, whereas high
dose leads to irreversible mitochondrial dysfunction and cell death associated with sustained JNK activation. Thus,
nontoxic APAP has the potential to cause transient mitochondrial dysfunction that may synergize with other stresses to
promote liver damage and steatosis.
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Acetaminophen (APAP) overdose can cause severe liver injury,
including serum alanine aminotransferase (ALT) elevation, hep-
atic necrosis, and acute liver failure (Larson, 2007). APAP toxicity
shows a threshold dose-dependence such that therapeutic
doses are generally considered nontoxic. The threshold dose

causing liver damage varies between individuals. Infants and
adults who are malnourished, alcohol-exposed or taking certain
cytochrome P450 (CYP450)-inducing drugs may have increased
sensitivity to APAP hepatotoxicity (Berling et al., 2012; Riordan
and Williams, 2002; Zimmerman and Maddrey, 1995). The safe
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limit of APAP for therapeutic indications is still controversial
(Goyal et al., 2012; Schilling et al., 2010; Watkins et al., 2006).

Although extensively studied, mechanisms of APAP-induced
liver injury remain incompletely understood. Although most of
the drug is conjugated and excreted as glucuronide or sulfate
conjugates, a small portion of APAP is metabolically activated
by CYP450 enzymes to the toxic reactive metabolite, N-acetyl-p-
benzoquinone imine (NAPQI) (6). NAPQI can be detoxified by
GSH but after an overdose excess NAPQI binds to cellular pro-
teins and initiates toxicity (6).

APAP-induced liver cell damage in vitro and in vivo is pre-
dominantly oncotic necrosis rather than apoptosis (Gujral et al.,
2002). Mitochondria are a primary target of NAPQI (Tirmenstein
and Nelson, 1989). Previous studies show that APAP overdose
causes mitochondrial dysfunction, including respiratory inhibi-
tion, mitochondrial oxidant stress, and onset of the mitochon-
drial permeability transition (MPT), leading to loss of the
mitochondrial membrane potential and decreased hepatic ATP
levels (Hanawa et al., 2008; Kon et al., 2004). The MPT is an abrupt
increase in the permeability of the mitochondrial inner mem-
brane to molecules of less than about 1500 Daltons in molecular
weight (Zoratti and Szabo, 1995). The MPT plays an important
role in development of both necrotic and apoptotic cell death
(Kim et al., 2003). c-Jun N-terminal protein kinase (JNK), a mito-
gen-activated protein kinase (MAPK), undergoes sustained acti-
vation and translocation to mitochondria in mouse hepatocytes
both in vitro and in vivo after APAP exposure (Gunawan et al.,
2006), and JNK activation is reported to mediate the APAP-
induced MPT (Hanawa et al., 2008).

Previous studies indicate that cyclosporin A (CsA) inhibits
the MPT and attenuates APAP hepatotoxicity both in vivo and
in vitro (Kon et al., 2004; Masubuchi et al., 2005; Reid et al., 2005).
NIM811 is a nonimmunosuppressive derivative of CsA that
inhibits the MPT equivalently to CsA in isolated mitochondria,
cultured hepatocytes, and liver grafts after transplantation
(Theruvath et al., 2008; Waldmeier et al., 2002). Because of con-
troversies regarding the safe upper limit for APAP dosing, we
investigated the possibility that APAP might cause MPT-
dependent, NIM811-sensitive mitochondrial dysfunction at
doses of APAP not causing overt hepatic damage. Using an
in vivo mouse model of APAP hepatotoxicity and multiphoton
microscopy, we show that APAP can cause reversible mitochon-
drial depolarization that is blocked by NIM811 at doses below
the threshold causing hepatocellular death, hepatic necrosis,
and transaminase release. This reversible mitochondrial depo-
larization is associated with transient JNK activation and trans-
location to mitochondria.

MATERIALS AND METHODS

Animals. Male C57BL/6 mice (8–9 weeks) were purchased from
Jackson Laboratories (Bar Harbor, Maine). Mice were fasted over-
night and then treated with vehicle (warm saline) or APAP (75–
300 mg/kg, i.p.). NIM811 (Novartis, Basel, Switzerland; 10 mg/kg)
or its vehicle (8% Cremophor EL [Sigma-Aldrich, St. Louis,
Missouri], 8% ethanol in distilled water) was gavaged 1 h before
APAP. In some experiments, the JNK inhibitor SP600125 (10 mg/
kg, Sigma-Aldrich) or its vehicle (8.3% DMSO in normal saline)
was injected (i.p.) 2 h after APAP. Animal protocols were
approved by the Institutional Animal Care and Use Committee.

Alanine aminotransferase. At 6 and 24 h after vehicle or APAP
injection, mice were anesthetized with ketamine/xylazine
(100 mg/kg/, xylazine, i.p.), and blood was collected from the

inferior vena cava. Serum ALT was measured using a commer-
cial kit (Pointe Scientific, Canton, Michigan).

Histology. Livers were fixed by immersion in 4% buffered paraf-
ormaldehyde. Area percent of necrosis was quantified in hema-
toxylin and eosin (H&E)-stained paraffin sections (IP Lab, BD
Biosciences, Rockville, Maryland). To assess steatosis, livers
were frozen, sectioned and stained with Oil-Red-O.

Isolation of subcellular fractions and Western blotting. Mouse liver
mitochondria and cytosolic fractions were isolated by differential
centrifugation, as described (Bajt et al., 2011). Western blotting was
performed using rabbit anti-JNK and anti-phospho-JNK antibodies
(Cell Signaling Technology, Danvers, Massachusetts) (Bajt et al.,
2011). Mitochondrial protein adducts were measured using HPLC
with electrochemical detection, as described (McGill et al., 2012b).

Loading of fluorescent probes. At 6 and 24 h after vehicle or APAP
injection, mice were anesthetized with ketamine/xylazine and
connected to a small animal ventilator via a respiratory tube
(20-gauge catheter) inserted into the trachea. Green-fluorescing
rhodamine 123 (Rh123, 2 mmol/mouse, mitochondrial DW indica-
tor) (Lemasters and Ramshesh, 2007; Theruvath et al., 2008) plus
red-fluorescing propidium iodide (PI; 0.4 mmol/mouse, cell
death indicator) (Shi et al., 2012) or green-fluorescing 4,4-
difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene
(BODIPY493/503, 0.4 mmol/mouse, lipid labeling agent) (Zhong
et al., 2014) plus red-fluorescing tetramethylrhodamine methyl-
ester (TMRM, 2 mmol/mouse, DW indicator) (Lemasters and
Ramshesh, 2007) were infused via polyethylene-10 tubing
inserted into the femoral vein over 10 min.

Intravital multiphoton microscopy. After infusion of fluorescent
probes, individual mice were laparotomized and placed in a
prone position. The liver was gently withdrawn from the abdomi-
nal cavity and placed over a No. 1.5 glass coverslip mounted on
the stage of an inverted Olympus Fluoview 1000 or 1200 MPE mul-
tiphoton microscope (Olympus, Center Valley, Pennsylvania)
equipped with a 25� 1.05 NA water immersion or 30� 1.05 N.A.
silicone oil objective lens and a Spectra Physics Mai Tai Deep Sea
tunable multiphoton laser (Newport, Irvine, California). Rh123
and PI fluorescence was imaged simultaneously using 820-nm
multiphoton excitation. In other experiments, BODIPY and TMRM
fluorescence was imaged using 920-nm multiphoton excitation.
During image acquisition, the respirator was turned off 5–10 s to
eliminate breathing movement artifacts. In some experiments, z-
stacks of green and red fluorescence images were collected from
planes 5.0mm apart. Unless otherwise stated, images were col-
lected 25mm from the liver surface. Pericentral areas were identi-
fied by the sinusoidal configuration. Images in 10 random fields
were analyzed using IP Lab. Nonviable PI-positive cells were also
counted in 10 random fields per liver.

Statistical analysis. Data are presented as means 6 standard
error. Differences between groups were analyzed by ANOVA fol-
lowed by Tukey’s multiple comparison procedure using P< .05
as the criterion of significance.

RESULTS

High but Not Low APAP Causes Macroscopic Liver Injury and ALT
Release That Is Inhibited by NIM811
After vehicle treatment at 6 and 24 h, gross liver appearance
was normal and indistinguishable from untreated mice. After
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300 mg/kg APAP, livers became pale and mottled at 6 h with
frank hemorrhage at 24 h. However, after 150 mg/kg APAP with
and without NIM811 pretreatment, gross liver appearance was
not different from vehicle at both 6 and 24 h. NIM811 pretreat-
ment decreased gross liver injury after 300 mg/kg APAP at both
6 and 24 h. However, some increased pallor remained, especially
at 24 h (Figure 1A and not shown).

Serum ALT, an indicator of liver injury, was 30–35 U/l after
vehicle treatment at 6 and 24 h, which was indistinguishable
from untreated mice (Figs. 1B and C). After 75 and 150 mg/kg
APAP with and without NIM811 treatment, ALT remained
unchanged. After 300 mg/kg APAP, ALT increased markedly to
5104 and 10 526 U/l at 6 and 24 h, respectively. When mice were

pretreated with NIM811, ALT after 300 mg/kg APAP decreased to
1350 and 2947 U/l at 6 and 24 h, representing protection by more
than 70% (Figs. 1B and C).

High Dose but Not Low Dose APAP Causes Hepatic Necrosis That Is
Partially Blocked by NIM811
After vehicle, liver histology after 6 and 24 h was normal and
indistinguishable from untreated mice (Figure 2 and not
shown). After 300 mg/kg APAP, areas of pericentral necrosis
developed at both 6 and 24 h (Figure 2, arrows). Hemorrhagic
areas became prominent after 24 h (Figure 2, asterisks). NIM811
pretreatment decreased hepatic necrosis after 300 mg/kg
APAP from 23.3% to 2.1% at 6 h and from 50.9% to 4.5% at 24 h

FIG. 1. Low dose acetaminophen (APAP) does not cause gross liver changes and aminotransferase (ALT) release. Mice were administered vehicle or APAP at low (75,

150 mg/kg) and high (300 mg/kg) doses. NIM811 (10 mg/kg) or vehicle was gavaged 1 h before APAP. In (A), photographs of livers were taken before tissue harvest at 6

and 24 h after vehicle or APAP injection. Bar is 3 mm. In (B) and (C), serum ALT was measured at 6 and 24 h, separately. *P< .05 versus vehicle; †P< .05 versus 300 mg/kg

APAP.
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(Figure 2, lower right panel). By contrast after 75 and 150 mg/kg
APAP with and without NIM811 pretreatment, liver architecture
remained completely normal.

High Dose APAP Causes Mitochondrial Depolarization and Cell
Death In Vivo at 6 h
At 6 h after vehicle, intravital multiphoton microscopy revealed
punctate green Rh123 fluorescence in virtually all hepatocytes,
indicating polarization of mitochondria (Figure 3A, far left).
Cytosolic and nuclear areas had little green fluorescence. Red PI
labeling of nuclei signifying cell death was absent. By contrast
at 6 h after 300 mg/kg APAP, Rh123 fluorescence became diffuse
and dim in pericentral hepatocytes (Figure 3A far right, dashed
line), indicating release of mitochondrial Rh123 due to depolari-
zation of mitochondria. Additionally within areas with depolar-
ized mitochondria, many nuclei became labeled with red-
fluorescing PI, which identified nonviable hepatocytes (Figure
3A far right, arrows). Overlays of green and red images showed
that in every instance PI-labeled hepatocytes contained depo-
larized mitochondria, as evidenced by dim, diffuse green Rh123
fluorescence. However, many other hepatocytes with dim, dif-
fuse Rh123 fluorescence had not yet labeled with PI. These
results showed that at 6 h after high dose (300 mg/kg) APAP,
mitochondrial depolarization occurred in pericentral hepato-
cytes and that this depolarization preceded onset of cell death.

Low Dose APAP Causes Hepatocellular Mitochondrial Dysfunction
In Vivo at 6 h
At 6 h after 150 mg/kg APAP, many pericentral hepatocytes
showed dim, diffuse Rh123 fluorescence, indicating mitochon-
drial depolarization (Figure 3A middle right, dashed line). Other

hepatocytes had diffuse but relatively bright green Rh123 fluo-
rescence, most likely indicating recent depolarization of mito-
chondria, because Rh123 fluorescence after release from
mitochondria initially increases due to unquenching prior to
eventual diffusion of Rh123 outside the cells (Nieminen et al.,
1990). Despite consistent pericentral mitochondrial depolariza-
tion, PI labeling of nuclei was very rare, indicating the absence
of cell death. These results show that at 6 h after 150 mg/kg
APAP, mitochondrial depolarization occurred in pericentral
areas without cell death. After 75 mg/kg APAP, by contrast,
mitochondria in virtually all hepatocytes remained polarized
and were indistinguishable from the vehicle-treated group
(Figure 3A middle left).

Progression of Mitochondrial Depolarization and Cell Death at 24 h
After High Dose APAP and Recovery of Mitochondrial Dysfunction
after Low Dose
Livers were also imaged by intravital multiphoton microscopy
at 24 h after treatment with 75–300 mg/kg APAP. After high dose
(300 mg/kg) APAP, loss of Rh123 fluorescence indicating mito-
chondrial depolarization became more widespread than after
6 h and remained confined to pericentral regions (Figure 3B far
right, dashed line). PI-labeled nuclei also increased and were
again confined within regions of mitochondrial depolarization
(Figure 3B far right, arrows).

At 24 h after lower dose (150 mg/kg) APAP, Rh123 fluores-
cence was bright and punctate throughout the liver lobule, indi-
cating that mitochondria of pericentral hepatocytes that were
depolarized at 6 h had now repolarized at 24 h (Figure 3B middle
right). Additionally, PI labeling of nuclei was very rare. Overall,
intravital images at 24 h after 150 mg/kg APAP were

FIG. 2. High dose but not low dose acetaminophen (APAP) causes liver necrosis. Mice were treated with vehicle, NIM811 and/or APAP, as described in Figure 1, and

necrosis was assessed by H&E histology. Black arrows identify necrotic areas. Asterisks (*) identify hemorrhage. Bar is 250 mm. Area percent of necrosis was quantified

in liver sections by image analysis of 10 random fields per liver (lower right panel). Necrosis in vehicle and 75 mg/kg APAP groups was absent and not plotted. ND, not

detectable; *P< .05.
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indistinguishable from vehicle treatment (Figure 3B middle
right). Moreover, depolarization without PI labeling after 6 h but
not after 24 h did not change as images were collected at differ-
ent depths into the tissue (Supplementary Fig. 1). Similarly,
intravital multiphoton images of livers at 24 h after 75 mg/kg
APAP were indistinguishable from vehicle treatment (Figure 3B
middle left).

Mitochondrial Protein Adducts and Activation and Mitochondrial
Translocation of JNK After APAP
Formation of mitochondrial protein adducts is an important ini-
tiating event for mitochondrial dysfunction (Jaeschke et al.,
2012). To assess if mitochondrial protein adducts correlated
with cell necrosis, adducts were measured after treatment with
various doses of APAP at 1 h, a time corresponding to the peak

FIG. 3. Low dose APAP causes reversible mitochondrial depolarization without cell death, whereas high dose APAP causes sustained mitochondrial dysfunction accom-

panied by cell death. Mice were treated with vehicle or APAP, as described in Figure 1. Intravital multiphoton microscopy was performed after infusion of Rh123 and PI.

Shown are representative overlay images of green Rh123 and red PI fluorescence collected from livers at 6 h (A) and 24 h (B) after vehicle or APAP treatment. Top and

bottom rows show low and high power images, respectively. Punctate labeling with Rh123 signifies mitochondrial polarization, whereas dim diffuse Rh123 staining

denotes mitochondrial depolarization (dashed line). Nuclear PI labeling signifies cell death (arrows). The higher magnification inset in (A, bottom middle right) illus-

trates dark voids (arrows) in the diffuse Rh123 fluorescence.
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of adduct formation (McGill et al., 2012b). Mitochondrial APAP
protein adducts were clearly detectable after the 150 and 300
mg/kg dose but not after 75 mg/kg (Figure 4A). Mitochondrial
dysfunction and oxidant stress induce JNK activation (Hanawa
et al., 2008). To assess if mitochondrial protein adduct formation
correlates with JNK activation, total JNK, and phosphorylated
JNK (pJNK) levels were measured in cytosolic and mitochondrial
fractions (Figure 4B). After the high dose (300 mg/kg) of APAP,
pJNK levels increased in hepatic cytosol and mitochondria after
both 2 and 6 h (Figure 4B). By contrast, after 150 mg/kg APAP,
pJNK increased in the cytosol and to a small extent in mito-
chondria only after 2 h. After 6 h, total JNK was unchanged
in the cytosol, but pJNK had disappeared in both fractions
(Figure 4A). No JNK activation or mitochondrial translocation
was observed after 75 mg/kg APAP (data not shown). Thus, mito-
chondrial protein adduct formation correlated with the transi-
ent early JNK activation and pJNK translocation to the
mitochondria and with the transient mitochondrial depolariza-
tion at 6 h. However, sustained JNK activation and mitochon-
drial translocation, as observed after the 300 mg/kg dose, was
necessary to induce persistent mitochondrial depolarization
and cell necrosis.

Protection Against Mitochondrial Depolarization by NIM811
Because of previous reports that APAP induces the MPT, which
in turn causes mitochondrial depolarization, we investigated
whether the MPT inhibitor NIM811 would decrease hepatic
mitochondrial depolarization in vivo after APAP treatment. After
high dose (300 mg/kg) APAP with NIM811 pretreatment, sub-
stantially fewer pericentral hepatocytes displayed dim, diffuse
Rh123 fluorescence at both 6 and 24 h (Figure 5 middle and far
right, dashed line). PI labeling of nuclei also decreased (Figure 5
far right, arrows). After low dose (150 mg/kg) APAP, NIM811 pre-
vented mitochondrial depolarization virtually completely at 6 h,

and all hepatocytes displayed bright punctate Rh123 fluores-
cence, which was indistinguishable from NIM811 alone and
vehicle alone (Figure 5 middle and far left, compare to Figure 3).

Protection Against Mitochondrial Depolarization by JNK Inhibition
We then assessed the effect of JNK inhibition with SP600125 on
early mitochondrial depolarization after low dose APAP. Since
the vehicle for SP600125 contained DMSO and DMSO can alter
the metabolism and hence toxicity of APAP (Park et al., 1988;
Yoon et al., 2006), we administered SP600125 2 h after APAP to
avoid vehicle issues. With vehicle treatment, 150 mg/kg APAP
still induced dim and diffuse of Rh123 fluorescence in pericen-
tral area at 6 h, indicating mitochondrial depolarization (Fig. 6
left, dashed line). However, SP600125 substantially decreased
mitochondrial depolarization at 6 h (Figure. 6 left, dashed line,
compared with right). In some instances, pericentral mitochon-
drial depolarization was prevented completely by SP600125
(Figure 6, lower right).

Quantitation of Mitochondrial Depolarization and Cell Death
Rh123 fluorescence and PI labeling were quantified for the vari-
ous treatment groups. After vehicle, no depolarization of mito-
chondria occurred, as indicated by the absence of diffuse Rh123
fluorescence, and no cells were nonviable by nuclear PI labeling
(Figure 7). After 300 mg/kg APAP (high dose), 58.3% of hepato-
cytes (area percent) displayed mitochondrial depolarization at
6 h, which increased to 83.9% at 24 h. NIM811 pretreatment
decreased depolarization to 16.4% and 27.3% at 6 and 24 h,
respectively (Fig. 7A). After 300 mg/kg APAP, nuclear PI labeling
increased from 0/high power field (HPF) after vehicle to 6.5/HPF
at 6 h. Cell killing increased further to 8.8/HPF at 24 h. NIM811
pretreatment before 300 mg/kg APAP decreased nuclear PI label-
ing to 0.07 and 0.5/HPF at 6 and 24 h (Figure 7B). After low dose
(150 mg/kg) APAP, NIM811 decreased depolarization areas from
15.7% to 0.4% at 6 h (P< .05). JNK inhibition with SP600125 also
decreased depolarization areas at 6 h but to a lesser extent from
14.3% to 5% (P< .05) (Figure 7C). Depolarization was absent at
24 h after low dose APAP administration with and without
NIM811 pretreatment. Cell killing (PI labeling) was absent at
both 6 and 24 h after low dose APAP administration with and
without NIM811 pretreatment.

Low Dose APAP Causes Reversible Hepatic Steatosis
After mitochondrial depolarization from APAP, round dark
voids frequently developed within the diffuse cytoplasmic fluo-
rescence of Rh123 (Figure 3A, bottom middle right inset,
arrows). To determine whether these dark voids represented fat
droplets, we stained frozen sections with Oil-Red-O. After
vehicle treatment, Oil-Red-O-stained fat droplets were small
and sparse (Figure 8A left). At 6 h after lower dose (150 mg/kg)
APAP, numerous Oil-Red-O-stained fat droplets became evident
in pericentrial hepatocytes (Figure 8A middle), but by 24 h the
livers had recovered from this steatosis, and fat droplets were
again small and sparse (Figure 8A right). Thus, lower dose
(150 mg/kg) APAP caused both pericentral mitochondrial depo-
larization and steatosis, which was transient and not accompa-
nied by cell death, necrosis, or ALT release.

Hepatic Steatosis Caused by Low Dose APAP Is Associated with
Mitochondrial Depolarization
To assess the relationship of steatosis with mitochondrial depo-
larization after low dose (150 mg/kg) APAP, mice were infused
simultaneously with DW-indicating TMRM and lipid droplet-
indicating BODIPY. After vehicle, virtually all hepatocytes

FIG. 4. APAP-induced mitochondrial protein adducts and JNK activation. Mice

were treated with APAP, as described in Figure 1. In (A), mitochondrial protein

adducts were measured by HPLC after 1 h. In (B), pJNK and total JNK in hepatic

cytosolic and mitochondrial fractions were determined by Western analysis

after 2 and 6 h. LLOQ, lower limit of quantification; PBS, saline.
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FIG. 5. NIM811 decreases hepatocellular cell death and/or mitochondrial depolarization after both low and high dose APAP. Mice were treated with vehicle, NIM811 and

APAP, as described in Figure 1, and multiphoton microscopy was performed. As indicated, shown are representative overlay images of green Rh123 and red PI fluores-

cence collected from NIM811-pretreated livers at 6 and 24 h after vehicle and different doses of APAP. Punctate labeling of Rh123 signifies mitochondrial polarization,

whereas diffuse cellular staining denotes mitochondrial depolarization (dashed line). Nuclear PI labeling signifies cell death (arrows).

FIG. 6. The JNK inhibitor SP600125 decreases hepatocellular mitochondrial depolarization after low dose APAP. Mice were administered vehicle or 150 mg/kg APAP. JNK

inhibitor (SP600125, 10 mg/kg) or vehicle was injected 2 h after APAP. Multiphoton microscopy was performed at 6 h after APAP. As indicated, shown are representative

overlay images of green Rh123 and red PI fluorescence collected from livers at 6 h after low dose APAP. Punctate labeling of Rh123 signifies mitochondrial polarization,

whereas diffuse cellular staining denotes mitochondrial depolarization (dashed line).
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displayed punctate, red fluorescence of TMRM, indicating mito-
chondrial polarization (Figure 8B top left). Fat droplets labeled
by green-fluorescing BODIPY were small and relatively sparse.
At 6 h after low dose (150 mg/kg) APAP, TMRM fluorescence in
pericentral hepatocytes became diffuse with development of
round dark voids, as observed with Rh123 labeling (Figure 8B
bottom right, compare with Figure 3). BODIPY revealed that
these dark voids coincided with fat droplets inside hepatocytes
with depolarized mitochondria (Figure 8B top and bottom mid-
dle). NIM811 decreased both mitochondrial depolarization and
steatosis at 6 h (Figure 8B top right). At 24 h after 150 mg/kg
APAP, mitochondria repolarized (as observed with Rh123), and
the number of BODIPY stained green fat droplets decreased
(Figure 8B bottom right). The percent of BODIPY stained area
was quantified after various treatments. After vehicle, 2.1% of
area was labeled with BODIPY, which increased to 6.4% at 6 h
after 150 mg/kg APAP and then decreased to 1.7% at 24 h.
NIM811 pretreatment decreased steatosis area to 3.0% at 6 h
(Fig. 8C).

DISCUSSION

In vivo in mice, hepatic APAP-protein adduct formation peaks at
0.5–1 h after APAP treatment (23) followed some hours later by
mitochondrial dysfunction and cell death. Liver damage
assessed by ALT release begins at about 3 h after APAP and
increases progressively to peak after 12–24 h (Bajt et al., 2008). If
APAP toxicity is not fatal, ALT typically returns to normal within
4 days (Bhushan et al., 2014). Our data confirm this time-
dependent hepatotoxicity. After 300 mg/kg APAP, ALT

increased, and macroscopic changes of liver appearance (mot-
tling, pallor) and outright necrosis developed at 6 h, which
became more severe by 24 h (Figs. 1 and 2). By contrast, 75 and
150 mg/kg APAP did not induce macroscopic liver changes,
increase ALT or cause pericentral necrosis in agreement with
previous reports (Heinloth et al., 2004). Thus, 75 and 150 mg/kg
doses of APAP were not toxic by conventional indices of hepatic
injury damage, whereas 300 mg/kg dose was unequivocally
hepatotoxic.

Previous studies in cultured mouse hepatocytes show that
toxic doses of APAP induce mitochondrial depolarization and
inner membrane permeabilization (Kon et al., 2004, 2010; Reid
et al. 2005). To visualize changes of hepatic mitochondrial
function in vivo after APAP, we used intravital multiphoton
microscopy. Our studies revealed that mitochondrial depolariza-
tion and cell death developed in pericentral hepatocytes within
6 h after 300 mg/kg APAP and became more severe after 24 h
(Figs. 3 and 6), indicating that this toxic dose of APAP caused sus-
tained and irreversible mitochondrial dysfunction in vivo.
Unexpectedly, mitochondrial depolarization in pericentral hepa-
tocytes also occurred in mice at 6 h after treatment with 150 mg/
kg, which was a “nontoxic” dose of APAP not causing necrosis or
enzyme release. Despite this mitochondrial depolarization,
nuclear PI labeling after 150 mg/kg APAP was not observed at any
time point examined. Indeed, mitochondrial depolarization
observed after 6 h spontaneously reversed after 24 h (Figs. 3 and
6). Mitochondrial images at different distances from the liver
surface confirmed these findings (Supplementary Fig. 1). Thus,
150 mg/kg APAP caused transient mitochondrial dysfunction
that reversed spontaneously and did not induce cell death.

FIG. 7. Protection by NIM811 and SP600125 against depolarization and cell death induced by APAP. Mice were treated with vehicle, NIM811, SP600125 and/or APAP, as

described in Figures 5 and 6. Percent area of mitochondrial depolarization is plotted for various treatment groups for 3–4 livers per group (A and C). PI-labeled nuclei

were also counted (B). N.D., not detectable; *P< .05
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FIG. 8. Low dose APAP induces transient hepatic steatosis. A, Mice were administered vehicle or 150 mg/kg APAP. Steatosis was assessed by oil red O staining after

vehicle and at 6 and 24 h after APAP. Top and bottom rows are low and high power images, respectively. B, Mice were treated with vehicle, NIM811 and APAP, as

described in Figure 1. TMRM and BODIPY were infused, and intravital multiphoton microscopy was performed. Shown are representative images of green BODIPY and

red TMRM fluorescence collected from livers after vehicle, 6 h after APAP, 6 h after APAP plus NIM811, and 24 h after APAP. Bottom left and middle are the separate red

and green channels of the area shown by the inset in the top middle. Note that green BODIPY labeling of fat droplets coincided with round dark cytoplasmic voids in

the TMRM fluorescence. In (C), area percent of BODIPY staining was quantified. *P< .05 versus vehicle; **P< .05 versus 6 h after 150 mg/kg APAP.
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Mitochondrial APAP protein adduct formation is thought to
trigger an initial oxidant stress, which can induce JNK activation
(Saito et al., 2010a). Activated pJNK translocates to mitochondria
during APAP hepatotoxicity, an event that appears to enhance
ROS generation and precipitate the MPT and cell death (Hanawa
et al., 2008; Saito et al., 2010a). Our data confirmed that early JNK
activation and mitochondrial pJNK translocation occurred at 2 h
only after a dose of APAP that triggered relevant mitochondrial
protein adduct formation. Early JNK activation at 2 h correlated
with mitochondrial depolarization at 6 h after these doses. At
the lower nontoxic APAP dose, JNK activation, mitochondrial
pJNK translocation, and mitochondrial depolarization were
transient, reversible events. Consistent with previous in vitro
studies (Kon et al., 2004, 2010), pilot studies failed to show any
mitochondrial depolarization after 2 h (data not shown), indi-
cating that JNK activation and mitochondrial translocation at
2 h occurred prior to mitochondrial depolarization at 6 h.
Nonetheless, transient JNK activation after the lower nontoxic
APAP dose contributed to transient mitochondrial depolariza-
tion, since JNK inhibition with SP600125 decreased this depola-
rization by almost two-thirds (Figs. 6 and 7). Sustained JNK
activation and sustained presence of pJNK in the mitochondria
appears to be necessary for permanent mitochondrial depolari-
zation and development of cell necrosis. This is consistent with
the hypothesis that prolonged JNK activation is needed to
amplify the mitochondrial oxidant stress that triggers the MPT
and causes cell necrosis (Hanawa et al., 2008; Saito et al., 2010a).
The main difference between the nontoxic 150 mg/kg dose and
the toxic 300 mg/kg dose is not the initial depletion of hepatic
GSH but the recovery of these GSH levels, which is substantially
accelerated after the lower dose (23). A faster recovery of hepatic
GSH during the most critical phase of mitochondrial oxidant
stress and peroxynitrite formation was shown to protect dra-
matically against APAP-induced cell death (Saito et al., 2010 b).
These findings stress the importance of prolonged JNK activa-
tion for permanent mitochondrial depolarization and empha-
size possible therapeutic targets to block this process.

No mitochondrial depolarization was observed after admin-
istration of 75 mg/kg APAP (Figure 3), which might be considered
the real maximal safe dose of APAP for mice. Nonetheless, GSH
can become maximally depleted within 1 h leading to NAPQI
protein adduct formation within 2 h even at APAP doses below
those causing hepatic necrosis (Reid et al., 2005). Thus after
treatment with 75 mg/kg APAP, we cannot not exclude the pos-
sibility that mitochondrial dysfunction happened at an earlier
time and had already recovered by 6 h when we first performed
our intravital multiphoton experiments. A dose of 75 mg/kg cor-
responds approximately to the accepted 4 g daily limit for APAP
use by humans, which supports current clinical recommenda-
tions (Schilling et al., 2010). However, mice metabolize APAP
more rapidly than humans (McGill et al., 2012 a). Thus, doses in
humans less than 4 g might still cause transient mitochondrial
dysfunction that synergizes with other hepatocellular stresses
to cause hepatic necrosis and enzyme release.

Previous studies implicate the MPT in the mechanism of
APAP-induced hepatotoxicity (Kon et al., 2004; Masubuchi et al.,
2005; Reid et al., 2005). The MPT inhibitor CsA delays APAP-
induced cell killing in cultured mouse hepatocytes and
decreases hepatic injury in APAP-treated mice (Kon et al., 2004,
2010; Masubuchi et al., 2005). NIM811, a nonimmunosuppressive
CsA analog, blocks the MPT similarly to CsA and protects in vivo
in several experimental models of hepatic injury, including cold
storage/reperfusion injury, small-for-size liver transplantation,
CCl4-induced liver fibrosis, hepatectomy, and cholestasis

(Rehman et al., 2008; Theruvath et al., 2008; Zhong et al., 2007,
2008). Here using intravital multiphoton microscopy, we
showed that NIM811 substantially decreased mitochondrial
depolarization and cell death at both 6 h and 24 h after treat-
ment of mice with 300 mg/kg APAP (Figs. 5 and 6), results that
confirm and extend the conclusion that the MPT is a principal
mechanism contributing to APAP-induced liver injury. NIM811
also blocked transient mitochondrial depolarization at 6 h after
150 mg/kg APAP (Figs. 5 and 6). Thus, reversible mitochondrial
injury after low dose APAP was still related to permeability tran-
sition (PT) pore activity. Similar reversible CsA-sensitive mito-
chondrial depolarization occurs in somatosensory cortex in an
in vivo mouse stroke model (Liu and Murphy, 2009). Moreover in
isolated mitochondria, PT pore opening is well established to be
reversible (Crompton, 1999). Thus, reversible PT pore opening
likely explains the transient nature of mitochondrial dysfunc-
tion after administration of an otherwise nontoxic dose of
APAP.

PT pores have 2 open conductance modes–a Ca2þ-activated
and CsA-sensitive regulated mode associated with early PT pore
opening and an unregulated mode occurring later, which does
not require Ca2þ and is not inhibited by CsA (He and Lemasters,
2002). In cultured mouse hepatocytes, CsA and NIM811 delayed
but did not prevent APAP-induced mitochondrial depolariza-
tion, indicating APAP initially induces a regulated MPT that is
later superseded by an unregulated MPT (Kon et al., 2004). Here,
we found that cytoprotection by NIM811 persisted after 24 h of
APAP administration (Figure 5). This is consistent with previous
in vivo data showing protection in cyclophilin D-deficient mice
after a dose of 200 mg/kg APAP (Ramachandran et al., 2011).
However, this protective effect disappeared when a dose of
600 mg/kg APAP was used (LoGuidice and Boelsterli, 2011). Thus,
both in vitro and in vivo the MPT can be regulated after a moder-
ate stress but is unregulated after a more severe stress. Our
results suggest that NIM811 might have clinical value to prevent
and even treat APAP-induced mitochondrial dysfunction and
hepatotoxicity under certain conditions.

At 6 h after a lower “nontoxic” dose of APAP, round dark
voids appeared in the cytoplasm of hepatocytes with depolar-
ized mitochondria. Intravital multiphoton imaging of BODIPY
identified these voids as lipid droplets, which oil red O staining
of frozen sections confirmed (Figure 8A). However, lipid droplets
disappeared at 24 h when mitochondria repolarized (Figure 8B).
These findings are in agreement with reports that APAP induces
hepatic steatosis in some individuals (Ramachandran and
Kakar, 2009). A proposed mechanism for this steatosis is inhibi-
tion by NAPQI and oxidative stress of fatty acid oxidation
enzymes located in the mitochondria matrix (Chen et al., 2009).
Indeed, acute mitochondrial dysfunction for a variety of reasons
is well established to cause hepatic steatosis (Lemasters, 2013;
Pessayre et al., 2012). Protection by NIM811 against steatosis
implies that PT pore opening is the cause of mitochondrial dys-
function after APAP and the consequent steatotic transforma-
tion of hepatocytes (Fig. 8B).

Mitochondrial depolarization is a strong signal inducing
mitochondrial autophagy, or mitophagy (Kim and Lemasters,
2011; Youle and Narendra, 2011). Thus, MPT-dependent mito-
chondrial depolarization may underlie increased mitophagy
after APAP, as recently reported (Ni et al., 2012). Similarly, rever-
sible mitochondrial depolarization leading to steatosis occurs
after acute ethanol treatment of mice, which may also stimu-
late enhanced hepatic mitophagy (Ding et al., 2010; Zhong et al.,
2014). Thus, mitochondrial depolarization may be a common
event leading both to steatosis and mitophagy. However, once
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cells lose viability, hepatocytes release their fat droplets, such
that steatosis is never present in necrotic regions of the liver.

Legitimate concerns remain regarding the safe upper dose
limit for APAP, currently listed at 4 g/day (Goyal et al., 2012;
Schilling et al., 2010; Watkins et al., 2006). Our data in mice
showed that 150 mg/kg APAP did not induce ALT release, liver
necrosis or macroscopic liver changes (Fig. 1 and 2). By these
conventional criteria of hepatotoxicity in both mice and man,
150 mg/kg would be considered a safe dose. Nonetheless, we
show that this dose causes transient mitochondrial depolariza-
tion, JNK activation, and steatosis (Figs. 3, 4, 7, and 8), which are
adverse biological effects that might synergize with other hep-
atic stresses to produce more overt toxicity. The implication of
our work to human hepatotoxicity is that the absence of transa-
minase release and hepatic necrosis does not necessarily rule
out adverse liver effects at low APAP dosages. Thus, APAP in
humans at less than 4 g may be safe for healthy people but still
contribute to and possibly precipitate overt hepatotoxicity in
patients with other hepatocellular stresses. For example in mal-
nourished patients, transient mitochondrial dysfunction
induced by low dose APAP may become magnified and lead to
overt hepatic damage.

In conclusion, this study shows that even “nontoxic” doses of
APAP that do not cause transaminase release and histological
necrosis can nonetheless lead to transient hepatocellular mito-
chondrial dysfunction and steatosis. Unlike overdose-induced
hepatotoxicity, the effects of subtoxic APAP are comparably mild
and reversible and correlate with transient JNK activation and
mitochondrial translocation. However in patients subjected to
other stresses, APAP-induced transient mitochondrial dysfunc-
tion may lead to overt transaminase release and necrosis. Serial
ingestion of APAP may compound this danger, because there
may be inadequate time for hepatocytes to recover between dos-
ings. Protection against mitochondrial dysfunction by the MPT
inhibitor NIM811 implies that MPT onset plays an important role
in mitochondrial dysfunction after both low and high dose APAP.
These new findings suggest that even “nontoxic” doses of APAP
can nonetheless trigger a transient stress on the mitochondria.
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