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Metabolic modulation of acetaminophen-induced
hepatotoxicity by osteopontin
Yankai Wen1,2, Chenchen Wang1, Jinyang Gu3, Chang Yu1,2, Kaixia Wang4, Xuehua Sun4, Yun Sun5,6, Hailong Wu7, Ying Tong1,
Qiang Xia1 and Xiaoni Kong1

Induction of osteopontin (OPN), a well-known pro-inflammatory molecule, has been observed in acetaminophen (APAP)-induced
hepatotoxicity. However, the precise cell source for OPN induction and its role during APAP-induced hepatotoxicity has not been
fully explored. By employing a hepatotoxic mouse model induced by APAP overdose, we demonstrate that both serum and hepatic
OPN levels were significantly elevated in response to APAP treatment. Our in vivo and in vitro studies clearly indicated that the
induced expression of hepatic OPN was mainly located in necrosis areas and produced by dying or dead hepatocytes. Functional
experiments showed that OPN deficiency protected against the APAP-induced liver injury by inhibiting the toxic APAP metabolism
via reducing the expression of the cytochrome P450 family 2 subfamily E member 1 (CYP2E1). Interestingly, this inhibition of
CYP2E1 expression did not occur in unfasted Opn−/− mice, but was significant in fasted Opn−/− mice and maintained for 2 hours
after APAP challenge in fasted Opn−/− mice. In addition, despite the early protective role of OPN deficiency on APAP-induced
hepatotoxicity, OPN deficiency retarded injury resolution by sensitizing hepatocytes to apoptosis and impairing liver regeneration.
Finally, we demonstrated that a siRNA-mediated transient hepatic Opn knockdown could sufficiently and significantly protect
animals from APAP-induced hepatotoxicity and death. In conclusion, this study clearly defines the cell source of OPN induction in
response to APAP treatment, provides a novel insight into the metabolic role of OPN to APAP overdose, and suggests an Opn-
targeted therapeutic strategy for the treatment or prevention of APAP-induced hepatotoxicity.
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INTRODUCTION
Acetaminophen (APAP) is a popular mild analgesic and antipyretic,
but acute liver necrosis and rapid death induced by APAP
overdose has been reported since 1966.1 In the West, APAP
overdose is the main reason for acute liver failure (ALF) related to
drug-induced liver injury.2, 3 Thus far, it is well recognized that the
formation of N-acetyl-p-benzoquinone imine (NAPQI), a toxic
APAP metabolite, is attributed to APAP-induced hepatotoxicity.4, 5

This toxic APAP metabolism reaction is mainly catalyzed by the
cytochrome P450 family 2 subfamily E member 1 (CYP2E1).6

Although a substantial amount of NAPQI can be neutralized with
glutathione (GSH) in vivo, the residual NAPQI can still react with
proteins to form toxic protein adducts. Among the toxic protein
adducts, mitochondrial protein adducts are thought to initiate the
hepatotoxic cascade by leading to increased oxidant stress in the
mitochondria and consequently resulting in mitochondrial dys-
function, hepatocyte necrosis, and the release of damage-
associated molecular patterns (DAMPs), such as HMGB1 and

mitochondrial DNA (mtDNA).7–11 These released DAMPs subse-
quently activate inflammatory responses and further amplify the
injury of hepatocytes.11–14 Therefore, NAPQI, mitochondrial
dysfunction and the inflammatory response are three consecutive
detrimental events of APAP-induced hepatotoxicity.
CYP2E1 is a member of the cytochrome P450 superfamily and is

conserved across mammalian species.5 As an important detox
enzyme, CYP2E1 is essential for metabolizing thousands of
endogenous and exogenous chemicals, and its expression is
induced in response to a variety of conditions, such as alcohol
consumption, diabetes, and obesity, among others.6 Previous
studies have indicated that fasting and alcohol use could enhance
APAP-induced hepatotoxicity in humans, probably due to condi-
tional CYP2E1 induction.3, 15 It has been well recognized that
CYP2E1 is mainly responsible for the toxic metabolic conversion of
APAP to NAPQI, as Cyp2e1 knockout mice showed considerable
resistance to hepatotoxicity and death during APAP overdose,
whereas mice with adenovirus-mediated Cyp2e1 overexpression
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showed increased susceptibility to APAP-induced hepatotoxicity.5, 16

Therefore, these findings collectively indicate that CYP2E1 could
be a therapeutic target for APAP poisoning.
Osteopontin (OPN) is a multifunctional protein involved in

various liver diseases, including alcoholic liver diseases, nonalco-
holic fatty liver diseases, and hepatocellular carcinoma (HCC).17 In
carbon tetrachloride (CCl4)-induced acute liver injury, OPN acts as
a pro-inflammatory chemoattractant to promote the infiltration of
macrophages and neutrophils into necrotic areas.18 However, in a
diethylnitrosamine (DEN)-induced HCC mouse model, OPN has
been reported to negatively regulate TLR signaling and the pro-
inflammatory response by interacting with MyD88 in Kupffer
cells.19 In ischemia/reperfusion (I/R)-induced liver injury, OPN plays
a protective role in hepatic injury and inflammation.20 In addition,
our recent study indicates that OPN facilitates liver regeneration
via interleukin (IL)-6/Stat3 signaling in the model of partial
hepatectomy.21 Therefore, OPN is deeply involved in liver injury,
inflammation, and regeneration. Previous studies have shown
increased OPN expression in mice and patients with APAP
overdose,22, 23 but the precise cell source of OPN induction and
its role during APAP-induced hepatotoxicity has not been fully
explored.
By adopting a hepatotoxic mouse model induced by APAP

overdose, we demonstrate the following: (1) dying and dead
hepatocytes are the major cell sources responsible for OPN
induction in APAP-induced hepatotoxicity; (2) OPN deficiency
significantly improves APAP-induced liver injury by inhibiting the
toxic APAP metabolism via reducing the expression of CYP2E1; (3)
interestingly, this inhibition of CYP2E1 expression does not occur
in unfasted Opn−/− mice, but is significant in fasted Opn−/− mice
and maintained 2 hours after APAP challenge in fasted Opn−/−

mice; (4) despite the early protective role of OPN deficiency on
APAP-induced hepatotoxicity, OPN deficiency retards injury
resolution by sensitizing hepatocytes to apoptosis and impairing
liver regeneration; and (5) a transient hepatic OPN knockdown
significantly protects animals from death caused by APAP
overdose.

MATERIALS AND METHODS
Animals and treatment
All animal studies were approved by the Institutional Animal Care
and Use Committees of Renji Hospital and Shanghai Jiao Tong
University. OPN knockout (Opn−/−) mice (B6.Cg-Spp1tm1Blh/J) were
purchased from the Jackson Laboratory (Bar Harbor, ME). Male
mice aged 8–10 weeks, were fasted for 15–17 hours, and then
administered 300mg/kg or 500 mg/kg (lethal dose) of APAP
(Sigma-Aldrich, St. Louis, MO) via intraperitoneal injection. For
survival experiments in non-fasted mice, the lethal dose of 750
mg/kg was used.

siRNA design and in vivo transfection
siRNA against OPN and negative control (NC) was purchased from
GenePharma (Shanghai, China). The following siOPN sequence
was previously described:24 sense, 5′-GCCAUGACCACAUGGAC-
GAdTdT-3′; anti-sense, 5′-dTdTCGGUACUGGUGUACCUGCU-3′. A
total of 80 µg of siRNA or NC per mouse was delivered by tail vein
injection with Entranster in vivo (Engreen, Beijing, China)
according to the manufacturer’s instructions.

Histological analysis and immunohistochemistry
Liver tissues were collected and fixed in 4% paraformaldehyde for at
least 24 hours. Then, the liver samples were embedded in paraffin
and cut into 5 μm-thick sections. The sections were stained with
hematoxylin and eosin using standard procedures. For immunohis-
tochemistry (IHC), the sections were rehydrated, processed for an
antigen-unmasking procedure, and then incubated with primary
antibodies against mouse OPN (R&D Systems, Minneapolis, MN),

mouse Ly-6G (BioLegend, San Diego, CA), mouse Ki67 (Abcam,
Cambridge, UK), and mouse cleaved caspase-3 (Cell Signaling,
Boston, MA) overnight at 4 °C, followed by horseradish peroxidase-
conjugated secondary antibodies. For each stained section, 6–10
images from random fields were taken, and at least three mice per
group were subjected to each experiment. Image-Pro Plus 6.0 was
used for image analysis of the sections.

Flow cytometry analysis
Liver leukocytes were isolated as we described previously.21

Collected leukocytes were stained with FITC-conjugated anti-
CD45, PE-conjugated anti-CD11b, and APC-conjugated anti-Ly-6G
(eBioscience, San Diego, CA), and analyzed using a BD LSRFortessa
cell analyzer. The purity of the isolated leukocytes was over 90%.
The number of neutrophils was calculated by multiplying the
percentage of each population from the analyzed data by the total
number of leukocytes per liver.

Statistical analysis
Data are expressed as the means ± SEM. Statistical significance
was determined using two-tailed, unpaired or paired Student’s t
test. Survival curves were compared using the log-rank
(Mantel–Cox) test. In all statistical comparisons, a P-value <0.05
was used to indicate a statistically significant difference.
Other methods are included in the supporting materials.

RESULTS
Hepatocytes are the main cell source of increased OPN in wild-
type mice in response to APAP overdose
To investigate the role of OPN in APAP-induced hepatotoxicity, we
used a classic hepatotoxic mouse model and injected fasted wild-
type (WT) mice with a single dose of APAP (i.p., 300 mg/kg). The
serum OPN levels increased immediately at 2 h, reached a peak
from 6 h to 24 h and declined to the basal level at 72 h after APAP
challenge (Fig. 1a). Similarly, the hepatic OPN levels increased at 2
h, reached a peak at 12 h and then declined to the basal level from
48 to 72 h (Fig. 1b). Moreover, IHC analysis showed that the
physiological hepatic OPN level was very low and enriched in cells
surrounding the biliary ducts (Fig. 1c, basal), whereas the APAP
challenge greatly elevated the OPN levels in necrotic areas (Fig. 1c,
2–48 h) and surrounding hepatocytes (Fig. 1c, 12 h; high-power
field). The increased OPN signals in necrotic areas are specific
because there were no OPN signals detectable in the necrotic
areas in Opn−/− mice (Fig. 1c, Opn−/−). To further confirm whether
hepatocytes are the major cell source of OPN induction during
APAP overdose, primary hepatocytes were isolated from WT mice
and treated with APAP in vitro. A significant OPN increase was
observed in the culture supernatant (Fig. 1d), suggesting that
APAP treatment induced OPN from hepatocytes. Interestingly, a
previous study claims that the Kupffer cells are responsible for the
OPN induction during APAP overdose, which is discrepant with
our findings.22 To resolve this discrepancy, we performed
fluorescent double staining with antibodies against OPN and F4/
80 (a Kupffer cell marker). Only a few OPN signals (green)
overlapped with F4/80 signals (red) (sFig. 1), indicating that
Kupffer cells are not the major cell source of OPN induction in
response to 12 h of APAP treatment. Moreover, we isolated
Kupffer cells and treated them with APAP. No OPN induction in
the culture supernatants was detected (Fig. 1d). To further confirm
this finding, we performed another fluorescent double staining
with antibodies against OPN and HNF4α, a nuclear protein
specifically expressed in hepatocytes.25 The majority of the OPN
signals (green) overlapped with the HNF4α signals (red) (Fig. 1e),
strongly indicating that hepatocytes are the major cell source of
APAP-induced OPN expression. It is noteworthy that almost all
cells with OPN and HNF4α double staining showed an abnormal
cytoplasmic distribution of HNF4α instead of its common nuclear
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localization, whereas cells without OPN signals showed normal
HNF4α signals enriched in the nuclei (Fig. 1e). This striking finding
suggests that these OPN and HNF4α double-positive cells may
undergo apoptosis or necrosis, further indicating that OPN is
induced from dying or dead hepatocytes during APAP treatment.

OPN deficiency decreases APAP-induced liver injury at the early
phase
Having demonstrated hepatic OPN induction in WT mice after
APAP treatment, we then employed Opn−/− mice to investigate
their responses to APAP-induced liver injury. Compared with WT
mice, Opn−/− mice were protected against APAP-induced liver
injury, as indicated by markedly attenuated alanine aminotrans-
ferase (ALT)/aspartate aminotransferase (AST) induction (Fig. 2a, b)
and much less hepatic necrosis (Fig. 2c, d) in the first 12 h after

APAP treatment. However, these protective effects were abolished
at 24 h after APAP challenge in Opn−/− mice (Fig. 2a–d). These
findings suggest that OPN deficiency decreases APAP-induced
liver injury 12 h after APAP challenge.

OPN deficiency attenuates the inflammatory reaction in response
to APAP
Given that injured hepatocytes can activate inflammatory
responses to further amplify liver injury (mainly 12–24 h after
APAP),11 we assessed whether OPN deficiency affects inflamma-
tion post-APAP treatment. We isolated intrahepatic leukocytes
from both genotypes with either 12 h of APAP treatment or no
APAP treatment and counted those cells in a hemocytometer.
Although the population of intrahepatic leukocytes was increased
in both WT and Opn−/− mice 12 h after APAP treatment, the

Fig. 1 OPN induction and its cell source in response to APAP overdose. Fasted WT mice were subjected to a single dose of APAP. Dynamic
serum (a) and hepatic (b) OPN level changes in WT mice after APAP challenge (n= 4–11); (c) immunohistochemistry of OPN in the liver with
APAP challenge; representative images are shown (origin magnification ×100, n= 3). Opn−/− is shown as the negative control. Twelve hour-
HPF represents the magnified area at 12 h (origin magnification ×400); (d) OPN levels were measured by ELISA in the culture supernatant of
primary hepatocytes and Kupffer cells treated either with or without APAP (n= 3); (e) double fluorescent staining of HNF4α and OPN in a liver
section 12 h after APAP challenge (origin magnification ×400, n= 3). Data are shown as the means ± SEM, *P < 0.05. HPF high-power field
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number of intrahepatic leukocytes in Opn−/− mice was signifi-
cantly less than that in WT mice (Fig. 3a). Flow cytometry analysis
of these isolated intrahepatic leukocytes further showed a
decreased population of Ly6G+CD11b+ cells (neutrophils) in
Opn−/− mice compared to those in WT mice (Fig. 3b). In addition,
IHC staining of Ly6G further confirmed less hepatic infiltration
of neutrophils in Opn−/− mice within the first 12 h after APAP
treatment (Fig. 3c). Corresponding to the reduced hepatic
infiltration of leukocytes and neutrophils, significantly less
induction of pro-inflammatory cytokines, such as tumor necrosis
factor (TNF)α and IL-6, was observed in Opn−/− mice compared to
that in WT mice 12 h after APAP treatment (Fig. 3d, e).

OPN deficiency protects against APAP-induced mitochondrial
dysfunction and cytotoxicity both in vivo and in vitro
Mitochondrial dysfunction is a detrimental early event (~6 h after
APAP) in the pathogenesis of APAP-induced liver injury and is

caused by increased mitochondrial reactive oxygen species (ROS),
enhanced JNK phosphorylation and its mitochondrial transloca-
tion.26–28 To investigate the impact of OPN deficiency on APAP-
induced mitochondrial dysfunction, total cellular and mitochon-
drial ROS were measured by MDA and MitoSOX Red, respectively.
Compared to WT mice, Opn−/− mice displayed a significantly
weaker ROS induction 6 h after APAP, as demonstrated by
reduced MitoSOX Red signals and MDA values (Fig. 4a, b).
Accordingly, Opn−/− mice showed significantly less JNK phos-
phorylation in hepatic mitochondria than that in hepatic
mitochondria in WT mice (Fig. 4c, d). Furthermore, compared to
WT mice, Opn−/− mice exhibited resistance to APAP-induced
mitochondrial dysfunction, as evidenced by a reduced release of
plasma mtDNA (Fig. 4e). To further support the concept that OPN
deficiency protects against APAP-induced mitochondrial dysfunc-
tion, we isolated primary hepatocytes from both genotypes. Mice
were starved and treated with 5 mM of APAP or PBS in vitro, and

Fig. 2 OPN deficiency decreases APAP-induced liver injury at the early phase. Fasted WT and Opn−/− mice were subjected to a single dose of
APAP. Serum levels of ALT (a) and AST (b) at the indicated time points after APAP treatment (n= 3–6). c Representative images of HE staining in
liver sections of WT and Opn−/− mice at the indicated time points after APAP challenge (origin magnification ×100). d Quantification of
necrotic areas in liver sections by HE staining (n= 3–6). Data are shown as the means ± SEM, *P < 0.05
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mitochondrial dysfunction was evaluated by measuring the
mitochondrial membrane potential ΔΨm (using JC-1 fluorescent
dye) and mitochondrial ROS (using MitoSOX Red dye) 6 h after
APAP treatment. In vitro APAP treatment caused significant
mitochondrial depolarization in both genotypes as indicated by
a dramatic increase in the green/red fluorescence intensity ratio;
however, Opn null hepatocytes showed less mitochondrial
depolarization compared to that in WT mice, as demonstrated
by a smaller ratio of green/red fluorescence intensity (Fig. 5a, b).

Furthermore, impaired accumulation of mitochondrial ROS
was observed in OPN-deficient hepatocytes compared to their
WT counterparts after APAP treatment (Fig. 5c, d). In response
to the protection against mitochondrial dysfunction, acridine
orange and propidium iodide double staining and MTT assays
showed that OPN-deficient hepatocytes were more resistant
to APAP-induced cytotoxicity than WT hepatocytes 12 h after
APAP treatment (Fig. 5e, f). As previous studies demonstrate
that enhanced autophagy can antagonize APAP-induced

Fig. 3 OPN deficiency attenuates the inflammatory reaction in response to APAP. Fasted WT and Opn−/− mice were subjected to a single dose
of APAP. a Hepatic leukocytes of WT and Opn−/− mice after APAP challenge were isolated and counted before or 12 h after APAP challenge
(n= 3). b Quantification of Ly6G+CD11b+ neutrophils by flow cytometry and the exact neutrophil number per liver were calculated by
multiplying the percentage of neutrophils by the total number of leukocytes (n= 3). c Immunohistochemistry of Ly6G in the liver with APAP
challenge. Representative images are shown (origin magnification ×200). Ly-6G-positive cell counts were determined using Image-Pro Plus
(n= 3–10). Serum TNFα (d) and IL-6 (e) levels after APAP challenge were determined by ELISA (n= 3–10). Data are shown as the means ± SEM,
*P < 0.05
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mitochondrial dysfunction and subsequently reduce cellular
oxidative stress and cell necrosis,29, 30 we then measured
autophagy changes in both WT and Opn−/− mice in this model.
Compared to WT mice, Opn−/− mice had very low autophagy
levels in the liver after fasting (sFig. 2, 0 h). APAP treatment rapidly
and dramatically induced autophagy activity to comparable levels
in both genotypes (sFig. 2), indicating that autophagy may not be
involved in the protection of APAP-induced mitochondrial
dysfunction in Opn−/− mice.

OPN deficiency inhibits toxic APAP metabolism
Since our above results showed that OPN deficiency protects
against APAP-induced liver injury, inflammation, and mitochon-
drial dysfunction at the early phase after APAP treatment, we

investigated whether Opn deficiency could affect the toxic APAP
metabolism, which occurred 6 h after APAP treatment. We
examined the expression of hepatic CYP2E1, an enzyme that is
mainly responsible for conversion of APAP to the toxic metabolite
NAPQI. Western blot showed that OPN deficiency does not affect
CYP2E1 expression in regard to physiological conditions (Fig. 6a).
Interestingly, CYP2E1 expression was significantly inhibited in
fasted Opn−/− mice compared to fasted WT mice, and this
inhibition was maintained in fasted Opn−/− mice 2 h after APAP
treatment (Fig. 6a). The CYP2E1 enzyme activity data matched the
CYP2E1 protein levels (Fig. 6b). Moreover, inhibition of CYP2E1 in
Opn−/− mice did not appear to be due to transcriptional
regulation of Cyp2e1 because its messenger RNA showed no
significant changes in both the fasting and fasting plus APAP

Fig. 4 In vivo protection against APAP-induced mitochondrial dysfunction in Opn−/− mice. Fasted WT and Opn−/− mice were subjected to 6 h
of APAP treatment. a Mitochondrial ROS measured by a MitoSOX Red probe in primary hepatocytes from WT and Opn−/− mice after APAP
challenge (n= 3). b Hepatic MDA levels after APAP challenge (n= 4–5). c Western blot analysis of JNK phosphorylation in liver mitochondria
after APAP challenge is shown. PHB1 was used as a loading control in mitochondria. d Quantification of the expression ratio of p-JNK to JNK in
mitochondria from the livers of WT and Opn−/− mice (n= 3–4). e Plasma mitochondrial DNA levels after APAP challenge (n= 3–5); data are
shown as the means ± SEM, *P < 0.05. N.D. not detected
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Fig. 5 In vitro protection against APAP-induced mitochondrial dysfunction in primary hepatocytes with Opn depletion. Isolated primary WT
and Opn−/− hepatocytes were starved and subjected to APAP treatment. a Representative images of mitochondrial membrane potentials in
primary hepatocytes 6 h after APAP treatment determined using JC-1 (origin magnification ×100); b integrated optical density (IOD)
quantification of the ratio of green to red fluorescent intensity (n= 3). c Representative images of mitochondrial ROS in primary hepatocytes
6 h after APAP treatment determined with the MitoSOX Red probe (origin magnification ×100). d Quantification of MitoSOX Red intensity (n=
3). e Representative images of hepatocyte death 12 h after APAP treatment determined with acridine orange and propidium iodide (AO/PI)
staining (origin magnification ×100). Quantification of the percentages of PI-stained dead hepatocytes (n= 3). f Hepatocyte viability 12 h after
APAP treatment determined using the MTT assay (n= 5). Data are shown as the means ± SEM, *P < 0.05
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groups (sFig. 3). Some early studies indicated that increased
ketone bodies can stabilize CYP2E1 but not affect its gene
transcription.31, 32 We then examined the hepatic ketone body
levels in fasted WT and Opn−/− mice with or without APAP
treatment. As shown in Fig. 6c, fasted Opn−/− mice showed
significantly less ketone body levels than fasted WT mice, and the
difference was also significant 2 h after APAP treatment, suggest-
ing that inhibition of CYP2E1 expression in Opn−/− mice was
probably due to reduced hepatic ketone body levels. Ketone
bodies are mainly produced by hepatic mitochondria. We then
evaluated mitochondrial function by measuring hepatic ATP and
complex activities. Under basal conditions, WT and Opn−/− mice
showed comparable hepatic ATP levels and complex activities
(sFig. 4). However, WT mice exhibited higher levels of hepatic ATP
and complex activities than Opn−/− mice after fasting, indicating
that WT hepatocytes had better mitochondrial function than
Opn−/− hepatocytes. To further assess whether this lower hepatic
CYP2E1 level in Opn−/− mice could lead to less NAPQI production,
we quantified APAP-protein adducts using high performance
liquid chromatography (HPLC) assays. APAP treatment greatly
induced APAP-protein adducts in both genotypes, but signifi-
cantly fewer toxic protein adducts were detected in the liver of
Opn−/− mice than in that of WT mice (Fig. 6d). These findings
strongly suggest that OPN deficiency inhibits the toxic APAP
metabolism by decreasing CYP2E1 expression, resulting in

reduced production of NAPQI and subsequent toxic APAP-
protein adducts.

OPN deficiency impairs hepatocyte proliferation and increases
apoptosis in response to APAP
Although OPN deficiency inhibits APAP metabolism and results in
early protection against APAP hepatotoxicity, we surprisingly
found there was no significant survival advantage in Opn−/− mice
compared to that in WT mice during APAP overdose with fasting
(sFig. 5). To explore this paradox, we examined whether OPN
deficiency could affect liver regeneration after APAP treatment
because liver regeneration has been recently recognized as a
critical factor for host recovery during APAP overdose, and our
recent study demonstrated impaired liver regeneration in Opn−/−

mice post-partial hepatectomy.11, 21 Liver repair usually occurred
at 24 h after liver injury. As shown in Fig. 7a, b, OPN deficiency
significantly inhibited hepatocyte proliferation, as demonstrated
by reduced Ki67 staining at 48 h and 72 h after APAP. This
proliferation inhibition may be attributed to attenuated STAT3
phosphorylation in Opn−/− mice 12 h after APAP (sFig. 6A).
Although necrosis is the most emphasized characteristic of APAP-
induced liver injury, apoptosis has recently emerged in APAP-
induced liver injury and is strongly correlated with poor out-
comes.33 We then assessed hepatic apoptosis by measuring the
level of cleaved caspase-3. IHC staining showed increased

Fig. 6 OPN deficiency inhibits toxic APAP metabolism. a Western blot analysis of the basal CYP2E1 levels in normal mouse livers and CYP2E1
levels in the livers of fasted mice with or without 2 h APAP treatment is shown. β-actin was used as a loading control. Quantification of the
hepatic CYP2E1 levels by Image-Pro Plus (n= 4). b Basal CYP2E1 enzyme activity in normal mouse livers and CYP2E1 enzyme activity in the
livers of fasted mice with or without 2 h APAP treatment (n= 4); (c) ketone body levels in the liver of fasted mice with or without APAP
treatment (n= 4). d HPLC analysis of hepatic APAP-protein adduct levels 2 h after APAP challenge (n= 4). Data are shown as the means ± SEM,
*P < 0.05. N.D. not detected
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apoptosis in both genotypes after APAP (Fig. 7c, d). Compared to
WT mice, Opn−/− mice showed significantly higher apoptosis
levels 24 h after APAP treatment (Fig. 7c, d). In addition, capase-3
activity was significantly higher in Opn−/− mice compared to WT
mice 24 h after APAP treatment (Fig. 7e). This increased apoptosis
may be because OPN-deficient hepatocytes were more sensitive
to TNFα-induced cell death (sFig. 6B). These findings indicate that
constant OPN deficiency has detrimental effects on host recovery

from APAP overdose by inhibiting liver regeneration and
promoting apoptosis.

Transient in vivo Opn knockdown protects host against APAP-
induced hepatotoxicity
Given that OPN deficiency protects against early liver injury but
impairs liver regeneration and enhances apoptosis at the late
phase during APAP overdose, we hypothesize that an early

Fig. 7 OPN deficiency impairs hepatocyte proliferation and enhances hepatocyte apoptosis. Fasted WT and Opn−/− mice were subjected to a
single dose of APAP. a Representative images of IHC of Ki67 in the livers of WT and Opn−/− mice after APAP challenge (origin magnification
×200); (b) Ki67-positive hepatocytes (distinguished by morphology and size of the nucleus) were determined using Image-Pro Plus (n= 4–6). c
Representative images of IHC of cleaved caspase-3 in the livers of WT and Opn−/− mice after APAP challenge (origin magnification ×100). d
IOD quantification of cleaved caspase-3 was determined using Image-Pro Plus (n= 3–5). e Caspase-3 activity in the livers at the indicated time
points after APAP challenge (n= 3-4). Data are shown as the means ± SEM, *P < 0.05
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transient OPN knockdown will be an appropriate strategy to
improve APAP-induced liver injury and host death. To test this
hypothesis, we adopted Opn RNAi in hepatotoxicity induced by
APAP overdose. A single dose of Opn siRNA or NC siRNA (NC) (80
µg) was administered intravenously to the WT mice 72 h prior to
APAP treatment; and before APAP administration, all mice were
subjected to fasting for 17 h (Fig. 8a). And efficient hepatic Opn
knockdown was confirmed at 48 h and 72 h after the initial siRNA
challenge; the OPN level was restored 96 h later (Fig. 8b). As we
expected, this early transient Opn knockdown significantly
improved host survival after APAP treatment (Fig. 8c). However,
an OPN neutralizing antibody could not significantly improve the
survival of mice with APAP overdose (sFig. 7). Moreover, we found
that transient Opn knockdown failed to improve the survival rate
in non-fasted mice that received a lethal APAP overdose (sFig. 8).
Consistent with the protective effect in fasted mice, Opn knock-
down showed significantly reduced APAP-induced hepatotoxicity,
as demonstrated by diminished ALT levels and necrosis areas at 12

and 24 h after APAP treatment (Fig. 8d, e). In response to this
reduced hepatotoxicity, siOPN-pretreated mice also exhibited
reduced serum IL-6 and TNFα levels and attenuated neutrophil
infiltration compared to the NC controls (sFig. 9A and B). Similar
observations in Opn−/− mice, siOPN-pretreated mice showed
significantly lower CYP2E1 levels than those of NC controls 2 h
after APAP challenge (Fig. 8f). Unlike the observations in Opn−/−

mice, transient Opn knockdown did not show enhanced apoptosis
levels 24 h after APAP treatment (Fig. 8g), whereas liver
regeneration was still impaired in mice with transient Opn
knockdown (sFig. 9C). Moreover, to exclude the effects of different
degrees of liver injury on liver regeneration and confirm the role
of OPN in promoting liver regeneration in this APAP model, we
treated mice with siOPN or NC immediately after APAP challenge
and found that hepatic regeneration of siOPN-treated mice was
still impaired (sFig. 10). In summary, these findings implied the
therapeutic potential and strategy of OPN in hepatotoxicity
induced by APAP overdose.

Fig. 8 In vivo transient Opn knockdown rescues animals from APAP-induced death. a Schematic of in vivo transient Opn knockdown combined
with APAP overdose. b mRNA levels of hepatic Opn in mice at indicated time points after siOPN treatment (n= 2). c Survival was followed for
60 h after administration of a lethal dose of APAP (n= 10). d Serum ALT levels at the indicated time points after APAP treatment (300mg/kg, i.
p, n= 4–5). e H&E staining in liver sections (n= 4–5, origin magnification ×100). f Western blot of the hepatic CYP2E1 levels 2 h after APAP
challenge. β-actin was used as a loading control. Quantification of the relative hepatic CYP2E1 levels in NC or siOPN-treated mice (n= 3). g IHC
of cleaved caspase-3 in the livers of NC or siOPN-treated mice 24 h after APAP challenge (origin magnification ×100). Data are shown as the
means ± SEM, *P < 0.05. NC negative control
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DISCUSSION
In the present study, we demonstrated OPN induction in an APAP-
induced hepatotoxic mouse model and found that OPN deficiency
protects against APAP-induced liver injury at the early stage but
staggers injury resolution at the late stage. Mechanistically, OPN
deficiency can decrease CYP2E1 expression in fasted mice and, in
turn, reduce production of toxic APAP-protein adducts, resulting
in protection against APAP-induced hepatotoxicity. Additionally,
OPN deficiency retards injury resolution by impairing liver
regeneration and enhancing hepatic apoptosis. More importantly,
transient Opn knockdown showed therapeutic potential for APAP-
induced hepatotoxicity.
Given the matched tendency between serum and hepatic OPN,

we supposed that serum OPN mainly came from the liver. In the
liver, OPN has been previously reported to be mainly expressed in
biliary epithelial cells and activated Kupffer cells.34, 35 However, in
our current study, we found that much less OPN was produced by
Kupffer cells after APAP. Our in vitro studies confirmed that APAP
could not directly induce OPN production in Kupffer cells. We
supposed some other secondary signals may contribute to this
small amount of OPN production by Kupffer cells. Furthermore,
our data clearly defined that dying or dead hepatocytes were the
major cell source of APAP-induced OPN induction and that OPN
production by hepatocytes was directly induced by APAP,
suggesting that OPN may function as a DAMP in APAP-induced
liver injury. In fact, hepatocyte-derived OPN induction has been
reported in MCD diet-fed or TAA-treated animals.36, 37 DAMP-like
OPN might be a potential diagnostic factor in the very early phase
of APAP-induced liver failure.
Hepatic infiltration of neutrophils is commonly recognized as a

detrimental feature in various liver diseases because infiltrated
neutrophils are able to produce excessive ROS and pro-
inflammatory cytokines to induce secondary liver injury. However,
it has been demonstrated that neutrophil infiltration is not
associated with APAP-induced liver injury but is positively
correlated with injury resolution, likely due to neutrophil-
mediated clearance of cell debris.38 Therefore, the reduced
hepatic infiltration of neutrophils in Opn−/− mice may contribute
to delayed injury resolution after APAP treatment.
An interesting finding in our current study was that OPN

deficiency repressed CYP2E1 expression in fasted mice, but not in
unfasted mice. This OPN deficiency was related to CYP2E1
inhibition, probably due to the lower ketone body levels in
Opn−/− mice compared to those in WT mice. As ketone bodies
were produced by the hepatic mitochondria, the lower ketone
bodies in Opn−/− mice might have been attributable to their
impaired mitochondrial function after fasting. Yet, how OPN
regulates mitochondrial function during fasting remains elusive,
and more investigations are necessary.
One possible explanation for the production of ketone bodies

following alcoholic consumption and protection of Opn−/− mice
against alcohol-induced liver injury39 is that OPN deficiency may
inhibit CYP2E1 expression during the process of alcohol metabo-
lism. Given that OPN deficiency may inhibit CYP2E1 expression
through regulating ketone body production, OPN-targeted
hepatotoxicity prevention may be more suitable for fasting and/
or individuals who consume alcohol and are more sensitive to
APAP-induced liver injury.
Although constant OPN deficiency protected liver injury at the

early stage of APAP treatment, this early protection is apparently
not sufficient to reach a survival advantage because OPN-deficient
hepatocytes seem to be more susceptible to TNFα-induced cell
death. This finding is consistent with a previous study showing
that Opn RNAi sensitizes primary and AML12 hepatocytes to
TNFα-induced cell death.20 In our current study, the knockdown
effect of siOPN was lost at 96 h. Therefore, we treated mice with
siOPN 72 h before the APAP challenge, and 24 h after APAP,
apoptosis was no longer observed in the livers of siOPN-treated

mice, which may contribute to the improved survival of siOPN-
treated mice.
In this study, we also used an OPN neutralizing antibody to treat

APAP overdose-induced liver failure. However, OPN neutralization
did not significantly improve the outcomes, which suggests that
intracellular OPN rather than extracellular OPN might play the
predominant role in protecting mice from APAP overdose. By
adopting the transient Opn knockdown approach based on OPN
RNAi, we maintained the beneficial effect of OPN deficiency on
protecting against liver injury induced by APAP overdose and
avoided the detrimental effects of OPN deficiency on sensitizing
hepatocytes to TNFα-induced cell death, which improved host
survival against APAP overdose.
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