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Abbreviations
ALF

acute liver failure

ALT

alanine transaminase

AMPK

5' AMP-activated protein kinase

ANOVA

analysis of variance

APAP

acetaminophen

AST

aspartate aminotransferase

ATG

autophagy related gene
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chemokine (C-X-C motif) ligand

CYP2E1

Cytochrome P450 2E1

CYP1A2

Cytochrome P450 2E1

DAB

3, 3′ diaminobenzidine tetrahydrochloride

DILI

drug induced liver injury

ECL

enhanced chemiluminescence

ELISA

enzyme linked immunoassay

ERK1/2

extracellular signal–regulated kinases ½

FBS

fetal bovine serum

GSH

glutathione

GPX1

glutathione peroxidase 1

H&E

hematoxylin and eosin

HMGB

high motility group box

HNF4α

hepatocyte nuclear factor 4-alpha

HRP

horseradish peroxidase

HPRT

hypoxanthine-guanine phosphoribosyl transferase

JNK

c-Jun N-terminal kinase

IL-1β

interluekin-1-beta

IL-6

interluekin-6

LC3

Light chain

MDA

malondialdehyde

MIP2

macrophage inflammatory protein 2

mTOR

mammalian target of rapamycin

NAC

N-acetyl cysteine

NAPQI

N-acetyl-p-benzoquinone imine

NRF2

nuclear factor-like 2

PBS

phosphate buffered solution

PCNA

proliferating cell nuclear antigen

PDK4

pyruvate dehydrogenase kindase-4

PRDX1

peroxiredoxin-1
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RIPA

radioimmunoprecipitation assay

SDS-PAGE

sodium dodecyl sulfate-polyacrylamide gel electrophoresis

SERPINA3N

Serine (or cysteine) peptidase inhibitor, clade A, member 3N

SOD1

superoxide dismutase 1

TBARS

thiobarbituric acid reactive substances

TUNEL

terminal deoxynucleotidyl transferase dUTP nick end labeling

ULK1

unc-51 like autophagy activating kinase 1

WT

wildtype
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Abstract
Acetaminophen (APAP) is a commonly used pain and fever reliver but is also the most frequent
cause of drug induced liver injury. The mechanism pertaining acetaminophen toxicity has been
well documented, while mechanisms of hepatotoxicity are not well established. Serine (or
cysteine) peptidase inhibitor, clade A, member 3N (SerpinA3N), a serine protease inhibitor, is
synthesized in the liver but the role of SerpinA3N in relation to APAP-induced liver injury is not
known. Wildtype (WT) and hepatocyte SerpinA3N knockout (HKO) mice were injected

for 12 hours, and markers of liver injury, cell death, and inflammation were assessed.
SerpinA3N expression was highly induced in mice with APAP overdose. SerpinA3N HKO mice
had diminished liver injury and necrosis as shown by lower alanine aminotransferase (ALT) and
interleukin (IL)-6 levels, accompanied by suppressed inflammatory cytokines and reduced
neutrophil infiltration. The reduced oxidative stress was associated with enhanced antioxidant
enzyme capabilities. Taken together, hepatocyte SerpinA3N deficiency reduced APAP-induced
liver injury by ameliorating inflammation and modulating the 5' AMP-activated protein kinaseunc-51 like autophagy activating kinase 1 (AMPK-ULK1) signaling pathway. Our study provides
novel insights into a potential role for SerpinA3N in APAP-induced liver injury.
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intraperitoneally with a single dose of phosphate buffered solution (PBS) or APAP (400 mg/kg)
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Significance Statement
Our studies indicate that SerpinA3N may have a pathophysiological role in modulating APAPinduced liver injury. More specifically, mice with hepatic deletion of SerpinA3N suppressed
inflammation and liver injury to reduce APAP induced hepatotoxicity. Controlling the
inflammatory response offers possible approaches for novel therapeutics, therefore
understanding the pathophysiological role of SerpinA3N in inducing liver injury may add to the
development of more efficacious treatments.
Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023
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Introduction
Drug-induced liver injury (DILI) is a major cause of acute liver failure (ALF), accounting for
over half of the overdose cases reported in the United States. Acetaminophen (N-acetyl-paminophenol, APAP) is a well-known hepatotoxin, and is the commonly used painkiller for
treating mild to moderate pain, but an overdose can result in hepatotoxicity in humans and
mouse models (McGill & Jaeschke, 2013; Ramachandran & Jaeschke, 2018; Yan et al., 2018).
However, incomplete understanding of the mechanism pertaining the pathogenesis of DILI has

A wealth of data has demonstrated that drug induced liver injury is induced through several
mechanisms, including inflammatory response, oxidative stress, and apoptosis (McGill &
Jaeschke, 2013; Ni et al., 2016; Ramachandran & Jaeschke, 2018; Yan et al., 2018). The key
mechanism of hepatotoxicity is the metabolism of APAP by cytochrome P450 enzymes, which
generates N-acetyl-p-benzoquinone imine (NAPQI), a reactive metabolite in the pericentral zone
of the liver. The formation of excess NAPQI in the cell depletes cellular glutathione (GSH), an
intracellular antioxidant, which impairs redox balance, resulting in the formation of protein
adducts that compromise multiple cellular functions. Administration of N-acetyl cysteine (NAC)
at the early phase restores intracellular glutathione levels and scavenge NAPQI to protect
against liver injury. However, many patients present only after this early phase has passed and
there are no treatments available to prevent liver injury in subsequent phases of pathogenesis.
Serine (or cysteine) peptidase inhibitor, clade A, member 3N (SerpinA3N), also referred
to as α-1-antichymotrypsin, belongs to the serpin family of protease inhibitors (Horvath et al.,
2005; Aslam & Yuan, 2020). It is mainly synthesized by hepatocytes and is released in
response to early inflammation. Serpins primarily function by inhibiting their protease activity,
although some may have a non-inhibitory effect. In mice, there are 13 closely related members
in clade A, each with differing tissue and protease specificity (Horvath et al., 2005). Moreover,
several studies have indicated that serpinA3N is the murine orthologue of the human SerpinA3
7
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(Morgan & Kalsheker, 1997; Kalsheker et al., 2002; Horvath et al., 2005). Elevated levels of
SerpinA3 have been reported in several disease pathologies (Cao et al., 2018; Ko et al., 2018,
2019) with SerpinA3 expressed at high levels in liver cancers with potential roles in regulating
apoptosis and invasiveness (Matsuzaki et al., 1981; Cao et al., 2018; Ko et al., 2018, 2019).
Animal models have also shown a role for SerpinA3N in modulating wound healing (Hsu et al.,
2014), neuropathic pain (Vicuña et al., 2015), muscle atrophy disease models
(Tjondrokoesoemo et al., 2015; Gueugneau et al., 2018), neurodegenerative disease (Haile et

et al., 2015; Dalby et al., 2018; Sergi et al., 2018). Importantly, no studies to date have explored
the specific role of SerpinA3N on acute liver injury which remains elusive.
Our findings demonstrate that SerpinA3N was markedly induced in mice with APAP
overdose, and SerpinA3N deficiency in hepatocytes can diminish APAP-induced liver injury and
inflammation. Moreover, we identified a new pathway mediated by SerpinA3N which may
provide fundamental insight for developing unique therapies to control DILI.
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Materials and methods
Animals
A SerpinA3N floxed breeding pair on a mixed C57BL/6J:129S background (stock #027511) was
purchased from the Jackson Laboratory (Bar Harbor, ME). Homozygous floxed SerpinA3N mice
were crossed with Albumin-Cre mice using the Cre-LoxP system to generate hepatocyte
specific SerpinA3N knockout (HKO) mice. All mice used in the study were 12 week old male

overdose was utilized. APAP (400 mg/kg) was dissolved in pre-warmed phosphate buffer
solution (PBS, pH 7.4) prior to administration. Wildtype (WT) and SerpinA3N HKO mice were
allocated to one of the 2 experimental groups: PBS or APAP. Mice were fasted for 12 h to
deplete any cellular glutathione that may be present before injected intraperitoneally with PBS
or APAP (at 2, 4, and 12h). Food was given back to mice after the PBS or APAP treatment.
Mice were killed by CO2 asphyxiation at 2 and 4 h (WT mice only for histology in Fig. 1B) or 12 h
(for WT and SerpinA3N HKO mice) following the injection, and blood and liver were collected.
All animal experimental and care procedures were approved by the University of Connecticut
Institutional Animal Care and Use Committee, and the study was performed in accordance with
the National Institutes of Health guide for the care and use of laboratory animals.

Biochemical analysis
Plasma aspartate aminotransferase (AST), alanine transaminase (ALT) (Point Scientific, Canton,
MI) and liver glutathione (Abcam, Cambridge, MA) levels were measured calorimetrically
following the manufacturer’s instructions. Plasma IL-6 levels were detected by enzyme-linked
immunoassay (ELISA) (Cayman Chemicals, Ann Arbor, MI), following the manufacturer’s
instructions. Levels of hepatic H2O2 were detected fluorometrically using an Amplex Red reagent
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(Thermo Fisher Scientific, Waltham, MA). Liver malondialdehyde (MDA) levels were measured
using thiobarbituric acid reactive substances (TBARS) assay (Ohkawa et al., 1979).

Immunoblotting analysis
Snap frozen liver was homogenized in lysis buffer containing a cocktail of phosphatase and
protease inhibitors. Equal amounts of protein were extracted and processed from five individual
livers per group and homogenates were pooled. Approximately 30 µg of protein was resolved by

specific primary antibodies used are listed in Supplementary Table 1. The following day,
membranes were incubated in the corresponding secondary antibody for 1 hour. The secondary
antibodies used were rabbit anti-goat (R&D Systems Inc., HAF109, LOT #XGD1018061,
1:1000), goat anti-rabbit (Bio-Rad Laboratories, #5160-2104, 1:10,000) and goat anti-mouse
(Bio-Rad Laboratories, 170-6516, LOT #L005680-A, 1:10,000). Immunodetection was
determined using the Pierce enhanced chemiluminescence (ECL) detection system (Thermo
Fisher Scientific, Waltham, MA) and images were obtained using the Image Quant LAS digital
analyzer (GE Healthcare Life Sciences, Pittsburg, PA).

Gene expression analysis by q-PCR
Trizol reagent (Sigma-Aldrich, St Louis, MO) was used to extract total RNA from mouse livers
and then RNA was reverse transcribed with the iScript™ cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, CA). RNA was pooled from n = 5 per group or processed individually as
described. qPCR was carried out using SYBR Green assay in Bio-Rad Cycler detection system.
A PCR master mix containing specific primers was used and mRNA expression was normalized
to the internal reference gene hypoxanthine-guanine phosphoribosyl transferase (HPRT). The
threshold cycle (CT) was determined, and the relative gene expression was calculated as
follows: fold change 2ΔΔCT. Primer sequences are listed in Supplementary Table 2.
10
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Liver histology
Liver samples were fixed in 10% formalin overnight, embedded in paraffin wax and sectioned at
4µm. Liver sections were deparaffinized and then stained with hematoxylin and eosin (H&E) or
used for immunohistochemistry. Liver sections were incubated with goat anti-SerpinA3N (R&D
Systems Inc., AF4709, LOT #CBKW0216081, 1:100) or rabbit anti-F4/80 antibody (Abcam,
ab100790, LOT #GR3229582-3, 1:100) overnight at 4°C and then incubated with horseradish
peroxidase (HRP) conjugated rabbit anti-goat (R&D Systems, HAF109, LOT #XGD1018061,

respectively, for 1 h before detection with 3, 3′ diaminobenzidine tetrahydrochloride (DAB)
substrate (Vector Laboratories, Burlingame, CA) and counterstained with hematoxylin. Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells were detected
using the Dead End Calorimetric TUNEL assay (Promega, Madison, WI) according to the
manufacturer’s instructions. ImageJ (NIH) software was used to quantify the necrotic area
stained and results were presented as percentage of necrotic area relative to the total area of
view. About 5 randomly chosen fields per section were used for all analyses and the number of
mice quantified was indicated.

Statistical Analysis
Data are presented as mean ± SD. Analysis was performed using GraphPad Prism (Version 8;
GraphPad Software Inc., La Jolla, CA). This study is largely exploratory and accordingly the
statistical analysis is descriptive. We performed a total of 196 comparisons from a sample
comprised of 20 independent replicates. Our statistical analysis as detailed below does not
adequately control for experiment-wise type 1 error. A Student’s unpaired t-test was used for
comparisons between two groups. For comparisons of multiple groups, a one-way analysis of
variance (ANOVA) was used to determine differences between genotype and drug treatment.
Statistical significance was set at * P<0.05 unless otherwise indicated. To control for type 1
11
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errors, a Bonferroni correction was conducted on some comparisons and a P value of less than
0.0063 (for Fig. 1E where eight comparisons were tested in the same samples), 0.017 (for Fig.
3A-C where three comparisons were tested in the same samples), 0.0042 (for Fig. 3D and F-H
where twelve comparisons were tested in the same samples), 0.01 (for Fig. 4C-D, G where five
comparisons were tested in the same samples), 0.0083 (for Fig. 4A, E-G where six comparisons
were tested in the same samples) and 0.025 (for Fig. 5 where two comparisons were tested in
the same samples) were considered as statistically significant.
Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023
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Results
SerpinA3N expression is induced in response to APAP-induced liver injury
To determine whether SerpinA3N has a role in DILI, we examined the expression levels of
SerpinA3N in mice with APAP overdose. We found a 10-fold induction of SerpinA3N mRNA (Fig.
1A) and elevated protein levels (Fig. 1C-D) following APAP overdose in liver homogenates of
WT mice compared with WT-PBS group. Additionally, histological assessment in livers showed
a concomitant increase in SerpinA3N expression with APAP at 2 and 4 h (Fig. 1B), which was

These results suggest that SerpinA3N may have a role in the pathogenesis of APAP-induced
liver injury.
SerpinA3N is mainly synthesized by hepatocytes, and therefore we generated
hepatocyte specific SerpinA3N knockout mice. Protein and mRNA analysis revealed complete
ablation of SerpinA3N expression in livers of HKO mice (Fig. 1C-E) and APAP administration
modestly increased SerpinA3N mRNA, but not protein levels in HKO mice (Fig. 1C-E). The
levels of other closely related genes of SerpinA3 in the liver were assessed to determine
whether any of these genes could be compensating for the lack of SerpinA3N. SerpinA3M
expression was found to be relatively high in APAP treated mice compared with PBS treated
mice (Fig. 1D), suggesting a possible increase in SerpinA3 member M to compensate for mostly
ablated N levels. The expression of other SerpinA3 genes including A, B, C, G, H and J was
relatively low compared to SerpinA3N, but was similar among WT and HKO mice (Fig.1E). Our
results suggest that these SerpinA3 members may not play a prominent role in the
pathogenesis of APAP-induced liver injury.
Hepatocyte SerpinA3N-deficiency reduces APAP-induced necrosis and liver injury
Histologically, APAP destroys hepatocytes and induces centrilobular areas of necrosis within 26 h (Hinson et al., 2010). Accordingly, H&E staining in livers of WT and HKO mice subjected to

13
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APAP overdose showed massive necrosis in the centrilobular but not pericentral region
compared with mice treated with PBS (Fig. 2A). However, in Serpina3N HKO mice, there was
reduced bridging necrosis compared with their WT counterparts (Fig. 2A), as indicated by the
reduced percentage of necrotic area (Fig. 2B). The number of hepatocytes with TUNEL positive
cells were similar between WT and HKO mice after 12 hours of APAP overdose which were
located around the centrilobular area (Fig. 2A&B). Furthermore, active CASPASE-3 and
CASPASE-8 were not detected in livers of WT and HKO mice with APAP overdose (Fig. 2C),

In accordance with our assessment of liver histology, APAP-overdose resulted in a ~50fold induction in plasma ALT and AST levels, which are surrogate markers for liver injury (Fig.
2D). However, SerpinA3N HKO mice had lower plasma ALT levels in response to APAP
administration compared with WT-APAP mice (Fig. 2D). APAP overdose causes necrotic cell
death which results in the immune system to release damage-associated molecular patterns
(DAMPs), including high motility group box (HMGB)-1 and HMGB2. In keeping with the
increased APAP-induced liver injury, HMGB1 protein levels were diminished in HKO-APAP
mice compared with WT-APAP mice (Fig. 2E). On the other hand, HMGB2 levels were
increased in HKO-APAP mice compared with WT-APAP mice (Fig. 2E). Hepatic regeneration
and the replacement of necrotic hepatocytes usually follow liver injury to promote tissue mass
and recovery. We found that protein expression of proliferating cell nuclear antigen (PCNA)
levels, a marker for cell proliferation was increased in WT and HKO mice with APAP overdose
which were lower in HKO-APAP mice (Fig. 2F). The reduced cell proliferation was associated
with elevated hepatocyte nuclear factor 4-alpha (HNF4α) levels, a key transcription factor
involved in liver development, which was increased in HKO-APAP mice compared with WTAPAP mice (Fig. 2F), demonstrating that SerpinA3N-deficiency could promote liver growth and
development in the setting of APAP induced liver injury. Taken together, hepatocyte SerpinA3N
deficiency diminished APAP-induced liver injury and reduced necrosis.
14
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Attenuated liver injury in SerpinA3N HKO mice is associated with reduced oxidative damage
The detoxification of NAPQI by GSH is an important aspect in determining the degree of
hepatic injury. Levels of GSH were reduced with APAP administration at 12 hours, however no
differences were detected between WT and HKO mice (Fig. 3A), suggesting that SerpinA3N
may not modulate APAP metabolism. On the other hand, oxidative damage is known to be
induced in mice with APAP overdose, which may contribute to liver injury. Levels of hepatic
MDA and H2O2 were upregulated in mice with APAP overdose (Fig. 3B&C) but only liver MDA

ability of antioxidant enzymes to clear reactive oxygen species (ROS) levels within the cells. To
determine whether the lower oxidative stress in SerpinA3N HKO mice was associated with
alterations in redox balance, we measured several antioxidant enzymes (Catalase, Gpx1, Sod1,
Prdx1). No changes were reported on mRNA levels of Nrf2, Catalase, Prdx1 and Sod1 between
WT-APAP and HKP-APAP mice (Fig. 3D), but protein levels of Prdx1 and Gpx1 in SerpinA3N
HKO-APAP mice were increased compared with WT-APAP mice (Fig. 3E). Additionally, no
changes were reported on protein expression of CATALASE or NRF2 between WT-APAP and
HKO-APAP mice (Fig. 3E). Protein levels of CYP2E1 were also not altered between groups (Fig.
3E), but Cyp1a2 mRNA levels were reduced in HKO-APAP mice compared with WT-APAP mice
(Fig. 3F). Because antioxidant enzymes arise from mitochondria and mitochondrial dysfunction
may be associated with APAP-induced injury, we assessed markers of mitochondrial biogenesis
(Fig. 3G). However, no changes were observed between WT and HKO mice on mRNA levels of
Cytochrome C, Cox I, Cox II and Cox IV (Fig. 3G). Interestingly, pyruvate dehydrogenase
kinase 4 (Pdk4) associated with the mitochondria was lower in HKO-APAP mice compared with
WT-APAP mice (Fig. 3H). Taken together, the attenuated liver damage in HKO-APAP mice may
be associated with lower oxidative damage because of increased protein levels of several
antioxidant enzymes.

15
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Hepatocyte SerpinA3N-deficiency attenuates APAP-induced inflammation and promotes M2
macrophage activation
The inflammatory response following hepatocyte injury plays a crucial role in the
pathological outcome of APAP- induced acute liver failure. In our study, mRNA expression of
F4/80, a marker for mature macrophages, was higher in SerpinA3N HKO-APAP mice compared
with WT-APAP mice (Fig. 4A). This was confirmed by immunohistochemistry staining for F4/80
where higher levels of hepatic macrophages were observed in HKO-APAP mice compared with

to APAP, but no difference was detected with WT-APAP and HKO-APAP mice (Fig. 4C).
Macrophages can be polarized into two distinct forms, known as M1 pro-inflammatory or
M2 anti-inflammatory depending on the stimuli or physiological conditions (Sica & Mantovani,
2012). Accordingly, mRNA levels of M1 macrophage markers IL-6, IL-1β, Cd68 and Cd11c were
diminished in HKO-APAP mice compared with WT-APAP mice (Fig. 4D-E). Tnfα levels were not
different between WT-APAP and HKO-APAP mice (Fig. 4D). M2 markers, Arg1 and Cd163,
were upregulated in HKO-APAP mice compared with WT-APAP mice, although IL-10 levels
were reduced (Fig. 4F), suggesting that activation of macrophages in HKO mice may be due to
increased M2 rather than M1 macrophages. Saa1, an acute phase protein, was increased in
HKO-APAP mice compared with WT-APAP mice (Fig. 4F) while Ccr2 expression was reduced
in HKO-APAP mice (Fig. 4F). Collectively, our data demonstrate that SerpinA3N is induced in
response to inflammation and that SerpinA3N deficiency can attenuate the inflammatory
response by increasing the M2 macrophage phenotype.

Hepatocyte SerpinA3N-deficiency reduces neutrophil accumulation in mice with APAP overdose
The accumulation of hepatic neutrophils at the site of injury plays a central role in
inflammation to promote regeneration (Ramaiah & Jaeschke, 2007). We found that hepatic Ly6g,
chemokine (C-X-C motif) ligand (Cxcl)-1, Cxcl2 and macrophage inflammatory protein-2 (Mip2)
16
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mRNA levels were attenuated in HKO-APAP mice compared with WT-APAP mice (Fig. 5A-C).
To acquire an understanding of how SerpinA3N regulates the inflammatory response, signaling
pathways related to inflammation were investigated (Fig. 5D&E). APAP exposure in mice can
induce mitochondrial dysfunction and c-Jun N-terminal kinase (JNK) activation, which is
involved in hepatocyte cell death. Indeed, JNK activation was induced in response to APAP
overdose; however, no differences were observed between WT-APAP and HKO-APAP mice
(Fig. 5D). A similar alteration was also observed with c-Jun activation, a downstream effector of

with PBS-treated group, but HKO-APAP had higher p38 phosphorylation compared with WTAPAP mice (Fig. 5E). ERK1/2 activation by phosphorylation was similar between WT-APAP and
HKO-APAP mice (Fig. 5E).

Activation of AMPK-ULK1 signaling pathway diminishes APAP-induced liver injury in mice with
SerpinA3N-deficiency
A single i.p. dose of APAP induced a similar increase in AKT phosphorylation in WT and
HKO mice, but no differences were reported in total AKT protein (Fig. 6A). Furthermore, 5' AMPactivated protein kinase (AMPK) was also upregulated in HKO mice in response to APAP, but
phosphorylation was blunted in WT-APAP mice (Fig. 6A). The AKT signaling pathway can
regulate the mammalian target of rapamycin (mTOR) signaling pathway that is essential for cell
metabolism, proliferation and survival (Kim et al., 2011). We found that mTOR activation by
phosphorylation on the ser2448 residue was attenuated in WT-APAP when compared with
HKO-APAP (Fig. 6B). Similarly, phosphorylation of P70S6K, a downstream mediator of mTOR,
was blunted in WT-APAP, compared with that of HKO-APAP, but no differences were observed
with total P70S6K levels (Fig. 6B). Raptor and Rictor are associated with mTOR activation (Kim
et al., 2002; Dos et al., 2004). We found that RAPTOR protein expression was significantly
upregulated in HKO-APAP compared with WT-APAP mice (Fig. 6B).
17
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JNK (Fig. 5D). Interestingly, p38 phosphorylation was reduced in mice with APAP, compared

Molecular Pharmacology Fast Forward. Published on January 12, 2021 as DOI: 10.1124/molpharm.120.000117
This article has not been copyedited and formatted. The final version may differ from this version.

Autophagy plays an important process in cell development and growth, and compelling
evidence demonstrates that autophagy may protect against APAP-induced injury (Igusa et al.,
2012; Ni et al., 2012; Lin et al., 2014; Sydor et al., 2017). The initiating step of autophagy
involves the unc-51 like autophagy activating kinase 1 (ULK1) complex which is modulated by
mTORC1 and AMPK (Kim et al., 2011; Mack et al., 2012). We found that APAP-induced liver
injury suppressed ULK1 phosphorylation in WT-APAP mice which was upregulated in HKOAPAP mice (Fig. 6C). Additionally, BECLIN1 was lower in WT-APAP mice but was increased in
Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

HKO-APAP mice (Fig. 6C). Several autophagy related gene (ATG) proteins, including ATG12
covalently bound ATG5, ATG5, ATG7, ATG12 and ATG16L were reduced in WT mice
administered with APAP but were upregulated with SerpinA3N-deficiency (Fig. 6C). APAP
overdose markedly upregulated p62 protein levels but no differences were reported between
WT and HKO mice (Fig. 6C). Taken together, our data indicate that hepatocyte SerpinA3N
deficiency may modulate the AMPK-ULK1 signaling pathway to reduce APAP-induced liver
injury.
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Discussion
Acetaminophen is therapeutically safe at recommended doses; however, severe liver damage
may result as a side effect that can have fatal consequences (McGill et al., 2012;
Ramachandran & Jaeschke, 2018). Our studies indicate that SerpinA3N has a
pathophysiological role in modulating APAP-induced liver injury. More specifically, mice with
hepatocyte SerpinA3N deficiency have diminished APAP-induced liver injury, reduced
inflammation and neutrophil infiltration which may be associated with autophagy.

stress and physiological conditions (Ramachandran & Jaeschke, 2018). The activity of
autophagy is primarily controlled by the counter regulatory effects of nutrient sensing kinases,
mTOR and AMPK, leading to the formation of LC3 autophagosomes (Kim et al., 2011; Nwadike
et al., 2018). Several studies have demonstrated that autophagy can protect against APAPinduced injury (Igusa et al., 2012; Ni et al., 2012; Lin et al., 2014; Sydor et al., 2017). Of note,
autophagy limits inflammatory cytokine maturation while inhibition of autophagy further
exacerbates liver injury and necrosis (Ilyas et al., 2016; Lalazar et al., 2016; Ni et al., 2016). The
improvement in liver injury in response to APAP in our SerpinA3N deficient mice may be
through the positive regulation of the AMPK signaling pathway. However, autophagy is an
intricate process that is associated with many regulators, including several modifications on the
ULK1 site (Lee et al., 2010; Roach, 2011; Mack et al., 2012). Our study showed that SerpinA3N
deficient mice upregulated ser555 phosphorylation of ULK1 which suggests that autophagy may
be involved to promote autophagosome formation. However, it is important to note that
additional autophagy experiments including assessment of autophagosome quantification, LC3
binding protein turnover and autophagic flux are required to ascertain the involvement of
autophagy in ameliorating APAP-induced liver injury in SerpinA3N knockout mice.
It is worth noting that mTOR phosphorylation was markedly upregulated in SerpinA3N
HKO mice with APAP administration compared with WT-APAP mice, and similarly its
19
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downstream molecule p-P70S6K was also significantly induced. Our findings coincide with a
recent study demonstrating that SerpinA3N expression in skeletal muscle and C2C12 cells were
increased following mTOR inactivation (Gueugneau et al., 2018). Our findings are in
accordance with the abovementioned study suggesting that mTOR may serve as a negative
regulator of SerpinA3N in APAP-induced hepatotoxicity. Furthermore, in contrast to the proinflammatory effect of mTORC2, mTORC1 favors, to some extent, an anti-inflammatory
macrophage polarization that is protective against inflammation. Indeed, our studies

like phenotype. However, additional assessment between mTORC1 (by Raptor phosphorylation)
and mTORC2 (by Rictor phosphorylation) is required to provide a definitive conclusion on the
role of mTOR in this study.
Interestingly, F4/80 levels were higher in SerpinA3N HKO mice, which were not further
induced with APAP administration. Consistent with this, Cd163, a cell marker from the
monocyte/macrophage lineage was also elevated in APAP-induced mice which was further
enhanced in HKO mice. This would suggest that increased macrophage activation would
correlate with a pro-inflammatory response; however, mice with SerpinA3N deficiency had lower
levels of inflammatory cytokines (IL-6, IL-1β, Cd68 and Cd11c). The primary function of
SerpinA3N is to bind to specific proteases to limit inflammation related damage, suggesting that
SerpinA3N may have an anti-inflammatory response. However, our study reported that WT mice
with intact SerpinA3N expression had increased inflammation with concomitant liver injury.
On the contrary, the reduced inflammatory response in hepatocyte SerpinA3N HKO
mice was associated with increased macrophage induction. This contradictory finding suggests
that there may be some form of compensatory effect that may be related to the ablation of
SerpinA3N in hepatocytes. SerpinA3N is mainly synthesized in the liver, so it is not surprising
that other hepatic cell types may be involved, particularly Kupffer cells or stellate cells. Indeed,
macrophages have been shown to express the SERPINA3 protein in the hypothalamus under
20
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pathological conditions (Montesinos-Rongen et al., 2008). In the current study, we did not
assess SerpinA3N levels in Kupffer cells. However, it is possible that macrophage activation
and SerpinA3N levels could be increased to compensate for the ablated SerpinA3N expression
in hepatocytes, as a compensatory consequence. Future studies measuring SerpinA3N levels in
other hepatic cell types are warranted to determine what the specific roles of each cell type
account for. Additionally, studies should identify whether the additional loss of SerpinA3N in
Kupffer cells and hepatocytes (using a double knockout model) provides protection or has

the SerpinA3 members, which are all similar to SerpinA3N, would likely compensate and
therefore ideally the complete loss-of-function of the whole SerpinA3 members may be worth
considering.
In summary, our study suggest that SerpinA3N may be a regulator in APAP-induced
hepatotoxicity and inflammation. Finally, our study may offer novel insights into therapeutic
options to target SerpinA3N to treat APAP-induced liver injury.
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Figure Legends
Fig. 1. SerpinA3N expression is markedly induced in mice with APAP overdose. (A) qPCR
analysis of hepatic SerpinA3N mRNA (B) Representative immunohistochemistry images of
SERPINA3N protein expression in livers of WT mice at 0, 2, 4 and 12 h following APAP (400
mg/kg), scale bar = 100 µm unless otherwise indicated. PP, periportal; PC, pericentral (C)
Protein expression of SerpinA3N in livers of WT and SerpinA3N HKO mice treated with PBS or
APAP for 12 h (D-E) qPCR analysis of SerpinA3 family. Data are presented as mean ± SD, n =

** P<0.01 is considered statistically significant. * P<0.05 and ** P<0.01 (considered statistically
significant) following Bonferroni correction compared with drug treatment or with WT within the
same drug treatment (Fig. 1D-E).

Fig. 2. Hepatocyte SerpinA3N-deficiency diminishes APAP-induced liver injury and
necrosis. (A) Representative images of H&E staining and TUNEL-positive cells in livers of WT
and SerpinA3N HKO mice treated with a single dose of PBS or APAP (400 mg/kg) for 12 h,
scale bar = 100 µm unless otherwise indicated. PP, periportal; PC, pericentral (B) Quantification
of percentage necrotic area and number of TUNEL positive cells in WT-APAP and HKO-APAP
mice (C) Immunoblotting for CASPASE-3, CASPASE-8 and the respective loading control, βACTIN in livers of WT and HKO mice (D) Plasma alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels. Immunoblotting for (E) HMGB1, HMGB2, and (F) HNF4α, PCNA
and the respective loading controls, GAPDH and TUBULIN in livers of WT and HKO mice. Data
are presented as mean ± SD, n = 4 - 5 per group. A Students t-test was used to determine
differences between two groups (Fig. 2B); P<0.05 is considered statistically significant. * P<0.05
and ** P<0.01 (considered statistically significant) following Bonferroni correction compared with
drug treatment (Fig. 2D-E).
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Fig. 3. Hepatocyte SerpinA3N-deficiency reduces oxidative stress in mice with APAP
overdose. Mice were treated with PBS or APAP (400 mg/kg) for 12 h. Levels of hepatic (A)
glutathione (B) malondialdehyde (MDA) and (C) H2O2 (D) qPCR analysis of antioxidant
enzymes (Nrf2, Catalase, Gpx1, Prdx1 and Sod1) (E) Immunoblotting for CYP2E1, NRF2,
CATALASE, GPX1, PRDX1 and the respective loading control, β-ACTIN. qPCR analysis of (F)
Cyp2e1, Cyp1a2 (G) mitochondrial genes (Cytochrome C, Cox I, and Cox IV) and (H) Pdk4.
Data are presented as mean ± SD, n = 4 - 5 per group. ** P<0.01 (considered statistically

compared with drug treatment (Fig. 3A&C) or WT within the same drug treatment (3B, F&H).

Fig. 4. Hepatocyte SerpinA3N-deficiency attenuates hepatic inflammation in mice with
APAP overdose. (A) qPCR analysis of hepatic F4/80 mRNA (B) Representative images of
immunohistochemistry staining for F4/80 in WT-APAP and SerpinA3N HKO-APAP mice, scale
bar = 100 µm (C) Plasma IL-6 levels. qPCR analysis of hepatic mRNA expression of (D) IL-6,
IL-1b, Cd68, Cd11c, TNFα (E) Arg1, Cd163, IL-10 (F) Saa1 and Ccr2. Data are presented as
mean ± SD, n = 5 per group. * P<0.05, ** P<0.01 (considered statistically significant) and ***
P<0.005 (considered statistically significant) following Bonferroni correction compared with drug
treatment (Fig. 4C) or WT within the same drug treatment (Fig. 4A and D-G), respectively.

Fig. 5. Hepatocyte SerpinA3N-deficiency reduces neutrophil accumulation in mice with
APAP overdose. qPCR analysis of hepatic mRNA expression of (A) Ly6G (B) Cxcl1, Cxcl2 and
(C) Mip2. Immunoblotting for (D) c-Jun N-terminal kinases (JNKs) (E) p38 mitogen activated
protein kinases (MAPKs) and extracellular regulated protein kinases (ERKs), and the respective
loading control, GAPDH. Data are presented as mean ± SD, n = 5 per group. * P<0.05 and ***
P<0.005 (considered statistically significant) following Bonferroni correction compared with WT
within the same drug treatment (Fig. 5A-C).
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Fig. 6. Hepatocyte SerpinA3N-deficiency modulates AMPK-ULK signaling pathway to
reduce APAP-induced liver injury. Immunoblotting for (A) AKT-AMPK pathway (B) mTOR
pathway and (C) markers of autophagy (p-ULK1, BECLIN1, ATG3, ATG5, ATG7, ATG12-ATG5,
ATG16L, LC3-I, LC3-II and p62) plus the respective loading controls, GAPDH, TUBULIN and βACTIN.
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Hepatocyte-SerpinA3N deficiency reduces inflammation and promotes autophagy to
attenuate acetaminophen-induced hepatotoxicity
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Supplementary Information: Tables S1-S2

Table S1. List of antibodies used in the study
Antibody

Source

SERPINA3N (mouse)
SERPINA3 (human)
Cytochrome P450 2E1
(CYP2E1)
Peroxiredoxin-1 (PRDX1)
Glutathione peroxidase-1
(GPX1)
CATALASE
Nuclear factor-like 2 (NRF2)
Ser473 phosphorylated-AKT
(p-AKT)
AKT
Thr172 phosphorylated-AMPactivated protein kinase (pAMPK)
AMPK
Thr202/Tyr204
phosphorylated-extracellular
signal–regulated kinases 1/2
(p-ERK1/2)
ERK1/2
Thr180/Tyr182
phosphorylated-p38 (p-p38)
p38
Thr183/Tyr185
phosphorylated-c-Jun Nterminal kinase (p-JNK)
JNK
Ser73 phosphorylated-c-Jun
c-Jun
Tyr705 phosphorylated-signal
transducer and activator of
transcription-3 (STAT3)
Ser2448 phosphorylatedmammalian target of
rapamycin (p-mTOR)
mTOR

Lot Number

Dilution

R&D Systems
R&D Systems
Sigma-Aldrich

Catalogue
Number
AF4709
AF1295
HPA009128

CBKW0216081
KWJ041709A
3675

1:1000
1:1000
1:2000

R&D Systems
R&D Systems

AF3488
AF3798

XLO0317041
XYV0118121

1:1000
1:1000

R&D Systems
Santa Cruz
Biotechnology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology

AF3398
sc-13032

WVM0419021
G1807

1:1000
1:500

4060

23

1:1000

9272

25

1:1000

2535

16

1:1000

Cell Signaling
Technology
Cell Signaling
Technology

5831

4

1:1000

4370

15

1:2000

Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology

4695

21

1:1000

8690

6

1:1000

9228

2

1:1000

4668

12

1:1000

Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology

9252

17

1:1000

9261

14

1:1000

9165

9

1:1000

9145

35

1:1000

Cell Signaling
Technology

5536

5

1:1000

Cell Signaling
Technology

2983

14

1:1000

Ser371 phosphorylated-p70
S6 kinase (p-P70S6K)
P70S6K
RAPTOR
CASPASE-3
CASPASE-8
Proliferating cell nuclear
antigen (PCNA)
Hepatocyte nuclear factor-4alpha (HNF4α)
High motility box group-1
(HMGB1)
High motility box group-2
HMGB2
Autophagy related gene
(ATG)-3
ATG5
ATG7
ATG16L
ATG12
BECLIN1
Ser555 phosphorylated-unc51 like autophagy activating
kinase 1 (p-ULK1)
p62
Light chain 3A/B (LC3A/B)
GAPDH
TUBULIN
β-ACTIN

Cell Signaling
Technology
Cell Signaling
Technology
Santa Cruz
Biotechnology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Santa Cruz
Biotechnology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology
Cell Signaling
Technology

92081

4

1:1000

2708

8

1:1000

sc-81537

J0517

1:500

9662

18

1:1000

4790

2

1:1000

2586

3

1:1000

sc-6556

K0906

1:1000

6893

1

1:1000

141635

1

1:1000

3415

2

1:1000

12994

4

1:1000

8555

4

1:1000

8089

2

1:1000

4180

3

1:1000

3738

3

1:1000

5869

3

1:1000

Cell Signaling
Technology
Cell Signaling
Technology
Santa Cruz
Biotechnology
Santa Cruz
Biotechnology
Sigma Aldrich

5114

5

1:1000

12741

3

1:1000

sc-32233

A2319

1:500

sc-5286

B0519

1:500

A1978

037M-782V

1:5000

Table S2. Mouse primer sequences for qPCR
Gene

Forward Primer Sequence (5’ – 3’)

Reverse Primer Sequence (3’ – 5’)

SERPINA3
(human)
SerpinA3N
(mouse)
U6
Hprt
SerpinA3M
SerpinA3G
SerpinA3H
SerpinA3J
SerpinA3B
SerpinA3C
SerpinA3A
Cyp1a2

GACTCGCAGACAATGATGGTC

GCAAACTCATCATGGGCACC

CAACCCTGAACATCGGGAGT

CTGCAGTCTACAGAGCTGAAACC

CTCGCTTCGGCAGCACA
CACAGGACTAGAACACCTGC
ACAAACTATGACTGTGC
GTGTCGGATGTTGTGCAGTT
GCAGGATGCAGCAGGTC
AATATGACTTCCTGTCCACT
GCAATCACAATAGTCGGATAC
CTTAGTAGAAGAACCAGTC
TCATCACAATAGCCCGATAT
CCGCTCGAGGCAGGGAGATGACT
TCAAGGG
ATAGAAGTTGGAACCTGCCCCC
CCTGTGTTTTCCTCCTTGCCT
GACCCTCACACTCAGATCATC
TGATGCACTTGCAGAAAACA
CTGGATAGCCTTTCTTCTGCTG
ACTTCGGGCCATGTTTCTCT
TCCAAGCCAAAGTCCTTAGAG
ATCGATTTCTCCCCTGTGAA
CTCGCTGGAAAAAGAAGTG
CACACCTACACGCAGGCCGG
CTCACCCGCTCTTTACCTTC
AAGCATGGCGATGAAAGCG
AGTCCAGGCCTTCCAGTTCACT
ACACAAGCACAATAGACGC
TTCCAGCCTAGTTCCTACC
TGGGAGTGTTGTGAAGAGTGA
GTCTGCCCTTTCTCCCTTCT

AACGCTTCACGAATTTGCGT
GCTGGTGAAAAGGACCTCT
AAGAAGGTAGTCTGAACAC
CACCATTTGGGAAGTTCAT
AGGATGTGCTCCAGGCTGTT
GAATCTGAGTGTAAAACACAG
ATAACCTTGCCCATTACAT
AGAGAGTAGTCTGAACAT
CCTTACCCATAACGCTAAT
AACTATGTTTAAACTGATGGCTGT
GGTGACTGTGTC
AGCACCTCCTTGACAGCCTTGTAG
GCCTAATGTCCCCTTGAATCAA
CCTCCACTTGGTGGTTTGCT
ACCAGAGGAAATTTTCAATAGGC
GCACACTGTGTCCGAACTC
GCTGGTAGGTTGATTGTCGT
AGGAGCTGTCATTAGGGACATC
TGTCAAATTCATTCATGGCCT
CCGTCCAGGAGTTCAGAGG
CTGCGCTCCGGAGTGGGAGA
CACACCGGAGACCAAATGATG
ACAACACAACTGGTTCACCGC
GGCTTGATGGTATCACCAG
GTGACTGTAGCTTGGTTTAGG
GTGTCAGTATCATGCTGCG
GCAGTGAAGCCGATGAAGAAC
GGAGGCAAGCATAAGACTG

AGGGAGGTCGAGCTGTTCTC
CCCCAGTGTCCTTACAGAGTG
TGGGTGGGGAAAGCATAACT
TGATGGAAGAGAGGCCTTTCA
TGCGTTGCTCTGGAGATAGA
TCTCCGTTACTTGGGGACAC
TCCAGGTCAGTTAGCCTTGC
CAATTTCTCATGCCGCACAG
TCCAGGTCAGTTAGCCTTGC
TGCCATCATAAAGGAGCCA

GGAGTGTTCACTAAGCGGTCA
GTGCCCAGAGTGGATGTCT
AAGTTGTCGTCACACACCGT
TCAGGCAGTCCAGGAGGTCT
CAGAGTAGTGGGGCAGATGG
CCACACTCAAGAATGGTCGC
CGGTCAAAAAGTTTGCCTTG
AGCTGGAAGATCGAAAGTCCG
CGGTCAAAAAGTTTGCCTTG
AGCACATGTGGTGAATCCAA

Cyp2e1
Il-1β
Tnfα
Il-6
Cd11c
Cd68
Arg-1
Il-10
Nrf2
Catalase
Gpx1
Sod1
Prdx1
Cox II
Cox III
Cox IV
Cytochrome
C
Pdk4
F4/80
Cd163
Saa1
Ly6G
Cxcl1
Cxcl2
Icam
Mip2
Ccr2

