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ABSTRACT

Acute liver failure is a serious consequence of acetaminophen (APAP)-induced hepatotoxic liver injury with high rates of
morbidity and mortality. Transforming growth factor beta 1 (TGFb1) is elevated during liver injury and influences
hepatocyte senescence during APAP-induced hepatotoxicity. This study investigated TGFb1 signaling in the context of
inflammation, necrotic cell death, and oxidative stress during APAP-induced liver injury. Male C57Bl/6 mice were injected
with 600 mg/kg APAP to generate liver injury in the presence or absence of the TGFb receptor 1 inhibitor, GW788388, 1
h prior to APAP administration. Acetaminophen-induced liver injury was characterized using histological and biochemical
measures. Transforming growth factor beta 1 expression and signal transduction were assessed using
immunohistochemistry, Western blotting and ELISA assays. Hepatic necrosis, liver injury, cell proliferation, hepatic
inflammation, and oxidative stress were assessed in all mice. Acetaminophen administration significantly induced necrosis
and elevated serum transaminases compared with control mice. Transforming growth factor beta 1 staining was observed
in and around areas of necrosis with phosphorylation of SMAD3 observed in hepatocytes neighboring necrotic areas in
APAP-treated mice. Pretreatment with GW788388 prior to APAP administration in mice reduced hepatocyte cell death and
stimulated regeneration. Phosphorylation of SMAD3 was reduced in APAP mice pretreated with GW788388 and this
correlated with reduced hepatic cytokine production and oxidative stress. These results support that TGFb1 signaling plays
a significant role in APAP-induced liver injury by influencing necrotic cell death, inflammation, oxidative stress, and
hepatocyte regeneration. In conclusion, targeting TGFb1 or downstream signaling may be a possible therapeutic target for
the management of APAP-induced liver injury.
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Acute liver failure (ALF) is a relatively uncommon hepatic disor-
der with high rates of morbidity and mortality. Acute liver fail-
ure in Western Europe and the United States is most commonly
a result of acetaminophen (APAP) toxicity, with the prevalence

in the United States approaching 50% of all cases of ALF (Bernal
et al., 2010, 2015). Acetaminophen can cause hepatotoxic injury
that exceeds the regenerative capacity of the liver and therefore
liver failure occurs. Acetaminophen-induced ALF is associated
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with mitochondria dysfunction in hepatocytes, hepatic necrosis
and inflammation (Blazka et al., 1995; Boyd and Bereczky, 1966;
Meyers et al., 1988).

Acetaminophen is normally glucuronidated or sulfated and
subsequently excreted in urine. However, when high concentra-
tions are ingested, APAP is metabolized by cytochrome p450 2E1
(Cyp2E1) into the toxic metabolite N-acetyl-p-benzoquinone
amine (NAPQI) (Dahlin et al., 1984). Glutathione (GSH) is an anti-
oxidant that inhibits NAPQI formation but GSH becomes de-
pleted in the cytoplasm and mitochondria during hepatotoxic
doses of APAP (Du et al., 2014; Xie et al., 2014). This results in the
generation of oxidative stress, the phosphorylation of c-jun
N-terminal kinase (JNK), mitochondrial permeability transition
pore opening and ultimately cell death (Bajt et al., 2006, 2007;
Kon et al., 2004; Nakagawa et al., 2008). As multiple signaling
pathways can influence JNK activity, it is possible that other
proteins regulate this cell death-signaling pathway.

Transforming growth factor beta 1 (TGFb1) is a multifunc-
tional cytokine that plays roles in numerous cell processes in-
cluding cell proliferation, growth inhibition, development,
extracellular matrix formation, and cell death. Transforming
growth factor beta 1 transduces its signal by binding a heterote-
tramer receptor complex made up of TGFb receptor 1 (TGFbR1)
and TGFb receptor 2 ultimately resulting in the phosphorylation
of SMAD2 and SMAD3 (Abdollah et al., 1997; Zhang et al., 1996).
Transforming growth factor beta 1 has been shown to be a pri-
mary driver of hepatic fibrosis, though recently other research-
ers and ourselves have shown TGFb1 is upregulated during ALF
in mice, indicating it may have a direct role in acute liver injury
(Bird et al., 2018; McMillin et al., 2014). In patients with hepatitis
B that causes acute-on-chronic liver failure, there are significant
increases in TGFb1, which correlates strongly with increased
disease severity and decreased survival (Yu et al., 2015). In addi-
tion, hepatic TGFb1 mRNA and plasma TGFb1 concentrations
are significantly increased in patients with APAP overdose com-
pared with healthy controls (Miwa et al., 1997). Furthermore,
TGFb1 has been shown to increase phosphorylation of JNK,
which gives support that this pathway may influence signaling
pathways leading to APAP-induced hepatocyte necrosis
(Jablonska et al., 2010).

To date, little is known about the exact role of TGFb1 in the
early stages of APAP-induced ALF. Therefore, the aims of this
study were to assess the role of TGFb1 and its downstream sig-
naling and how they contribute to liver pathology in a mouse
model of APAP hepatotoxicity. Gaining knowledge of this area
may help identify the potential role of this pathway as a thera-
peutic target for management of APAP-induced ALF.

MATERIALS AND METHODS

Materials. GW788388 was purchased from Tocris Bioscience
(Minneapolis, Minnesota). Hematoxylin QS was purchased from
Vector Laboratories (Burlingame, California). Catalyst alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
assays were purchased from IDEXX Laboratories (Westbrook,
Maine). Antibodies against TGFb1, proliferating cell nuclear an-
tigen (PCNA), phosphorylated JNK (pJNK), and JNK were pur-
chased from Santa Cruz Biotechnology (Dallas, Texas).
Interleukin 1 beta (IL-1b) and tumor necrosis factor alpha (TNFa)
Duoset ELISA kits were purchased from R&D Systems
(Minneapolis, Minnesota). A TGFb1 ELISA kit and superoxide
dismutase 1 (SOD1) antibody were purchased from Invitrogen
(Carlsbad, California). The GSH assay, terminal deoxynucleo-
tidyl transferase dUTP nick end labeling (TUNEL) staining kit

and Cyp2E1 antibody were purchased from Abcam (Cambridge,
Massachusetts). PathScan Phospho-Smad3 (pSMAD3) (Ser423/
425) Sandwich ELISA Kit and a pSMAD3 antibody were pur-
chased from Cell Signaling Technology (Danvers,
Massachusetts). All other chemicals and reagents were pur-
chased from MilliporeSigma (Burlington, Massachusetts) unless
otherwise noted, and were of the highest grade available.

APAP model of ALF. In vivo experiments were performed using
fasted male C57Bl/6J (25–30 g; The Jackson Laboratory, Bar
Harbor, Maine). Acute liver failure was induced in mice via a
single intraperitoneal injection of 600 mg/kg of APAP dissolved
in warm saline. In a subgroup of mice, the TGFbR1 antagonist,
GW788388, was injected into the peritoneum at 1 mg/kg 1 h prior
to APAP injection. After APAP injection, mice were placed on
heating pads set to 37�C to ensure they remained normother-
mic. Hydrogel and rodent chow were placed on cage floors to
ensure access to food and hydration. At multiple time points up
to 24 h following APAP injection, mice were euthanized and tis-
sue and serum were collected. For mice pretreated with
GW788388 or DMSO, mice were euthanized 2, 4, or 6 h following
APAP or saline injection. All animal experiments in this study
were performed in accordance with the Animal Welfare Act,
and the Guide for the care and use of Laboratory Animals, and
were approved by the Baylor Scott & White Health IACUC
committee.

Primary hepatocyte culture and treatment. All perfusion solutions
were prepared freshly and warmed to 37�C before use.

Mice were anesthetized with isoflurane and perfused
through the right atrium of the heart into the inferior vena cava,
with a solution of HBSS (Hank’s balanced salt solution) supple-
mented with 10 mM HEPES, 0.5 mM EGTA, and 0.5 mg/ml gen-
tamicin sulfate. The perfused solution drained via the portal
vein which was cut before starting the perfusion. After this per-
fusion, the liver was placed into a sterile Kimax dish, and fur-
ther perfused with 1–2 mg/ml collagenase B (Roche Diagnostics,
Indianapolis, Indiana) in HBSS supplemented with 5 mM CaCl2,
for 15 min. The remaining cell slurry was passed through
100 mm cell strainers to remove any undigested liver tissue.
The cells were washed with ice cold DMEM/F12 medium con-
taining HEPES (10 mM) and FBS (10%). After centrifugation at 50
� g for 5 min, the cells were mixed with 30% Percoll (GE
Healthcare Life Sciences, Pittsburgh, Pennsylvania), in DMEM/
F12/HEPES/FBS medium, and spun at 200 � g for 7 min. The pel-
leted cells were washed with medium to remove all Percoll. The
cells were counted and seeded at a density of 0.25 � 106 cells/
well in 6-well plates coated with a solution of rat collagen type I.
Over 95% of cells had hepatocyte characteristics, being binucle-
ated, polygonal cells. The hepatocytes were incubated in
DMEM/F12/HEPES/FBS medium for the next 24 h, and then
maintained in William’s E medium containing cell maintenance
supplements (Combo kit CM400 from Gibco), at 37�C, 5% CO2.
The maintenance medium was changed every 2 days, and the
cells were treated with 10 mM–10 mM APAP for 24 h 3–4 days af-
ter being plated.

Liver histology and function assessments. Paraffin-embedded livers
were cut into 4 lm sections and mounted onto positively
charged slides (VWR, Radnor, Pennsylvania). Slides were depar-
affinized and stained with Hematoxylin QS (Vector
Laboratories) followed by staining with eosin Y (Amresco,
Solon, Ohio) and rinsed in 95% ethanol. The slides were then
dipped into 100% ethanol and subsequently through 2 xylene
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washes. Coverslips were mounted onto the slides using
CytoSeal XYL mounting media (ThermoFisher). The slides were
viewed and imaged using an Olympus BX40 microscope with an
Olympus DP25 imaging system (Olympus, Center Valley,
Pennsylvania). Necrotic areas were calculated using �20 field
views, drawing areas devoid of hepatocyte nuclei and area was
calculated using ImageJ software (National Institutes of Health,
Bethesda, Maryland). In each mouse, the necrosis from 10 fields
was quantified and averaged together to determine necrotic
area.

Liver function was assessed by measuring serum ALT and
AST levels using a Catalyst One serum chemistry analyzer from
IDEXX Laboratories, Inc. In addition, hepatic GSH levels were
measured in liver homogenates using a commercially available
kit according to instructions from the manufacturer. Levels of
GSH were normalized to total protein of lysate.

TUNEL assay and immunohistochemistry. TUNEL assays and im-
munohistochemistry were performed on liver sections cut and
deparaffinized as outlined above. The TUNEL assay was per-
formed according to the protocol supplied from the manufac-
turer with no modifications. For immunohistochemistry,
antibodies against TGFb1, pSMAD3, and PCNA were incubated
overnight at 4�C. Subsequent secondary antibody incubation
and color development using 3,30-diaminobenzidine substrate
was performed using kits from Vector Laboratories according to
the manufacturer’s instructions. Sections were counterstained
with Hematoxylin QS. TUNEL and immunohistochemical
stained slides were scanned by a Leica SCN400 digital slide
scanner. Transferase dUTP nick end labeling and pSMAD3 stain-
ing was quantified by converting images to grayscale and quan-
tifying positive staining area using ImageJ software.
Proliferating cell nuclear antigen quantifications were calcu-
lated by manually counting ten �20 fields per mouse for posi-
tively stained hepatocytes.

ELISA assays. Livers were homogenized using a Miltenyi Biotec
gentleMACS Dissociator (San Diego, California) and total protein
was quantified using a ThermoFisher Pierce BCA Protein Assay
kit (Waltham, Massachusetts). For the Mouse Duoset IL-1b and
TNFa ELISA kits, capture antibodies were incubated overnight in
96-well plates. After this, the assay was performed according to
the instructions provided from R&D Systems. PathScan
Phospho-Smad3 (Ser423/425) Sandwich ELISA kit was per-
formed in liver lysates according to the instructions from Cell
Signaling Technology. The ThermoFisher TGFb1 ELISA kit was
performed in liver lysates, serum, or primary hepatocyte super-
natants according to manufacturer’s instructions, except the
acid activation step was skipped to ensure that only activated
TGFb1 was measured in our samples. For each ELISA kit, the to-
tal input for each sample was 100 lg of protein or 100 ll of undi-
luted conditioned cell media. Absorbance was read using a
SpectraMax M5 plate reader from Molecular Devices
(Sunnyvale, California). Data were reported as TGFb1, pSMAD3,
IL-1b, or TNFa concentration per mg of total lysate protein or
per ml of conditioned cell media.

Immunoblotting. Liver tissue was homogenized using a
Miltenyi Biotec gentleMACS Dissociator and total protein was
quantified using a ThermoFisher Pierce BCA Protein Assay
kit. SDS-PAGE gels (10%–15% v/v) were loaded with 20–40 lg
of protein diluted in Laemmli buffer per each tissue sample.
Specific antibodies against Cyp2E1, pJNK, JNK, SOD1, and b-
actin were used. All imaging was performed on an Odyssey

9120 Infrared Imaging System (LI-COR, Lincoln, Nebraska).
Data are expressed as fold change in fluorescent band inten-
sity of target antibody divided by b-actin or JNK, which were
used as loading controls. The values of vehicle or control
groups were used as a baseline and set to a relative protein
expression value of 1. Band intensity quantifications were
performed using ImageJ software.

Statistical analyses. All statistical analyses were performed using
Graphpad Prism software (Graphpad Software, La Jolla,
California). Results were expressed as mean 6 SEM. For data
that passed normality tests, significance was established using
the Student’s t test when differences between 2 groups were an-
alyzed, and analysis of variance when differences between 3 or
more groups were compared followed by a post hoc Tukey test.
If tests for normality failed, 2 groups were compared with a
Mann-Whitney U test or a Kruskal-Wallis ranked analysis when
more than 2 groups were analyzed. Differences were considered
significant for p values less than .05.

RESULTS

APAP Administration Generated Hepatocyte Necrosis and Depleted
GSH
Acetaminophen injection into mice was initially validated to
cause significant hepatotoxic liver injury with centrilobular ne-
crosis becoming evident 2 h following APAP injection and pro-
gressing throughout the 24 h time course (Figs. 1A and 1B). This
increase in necrosis was mirrored by significantly elevated con-
centrations of serum ALT (Figure 1C) and serum AST (Figure 1D)
in APAP-treated mice beginning 2 h after injection when com-
pared with vehicle-treated mice. As APAP-hepatotoxicity is de-
pendent on a depletion of hepatic GSH, we assessed GSH levels
which were significantly suppressed in our APAP-treated mice
until 6 h following injection when compared with vehicle-
treated mice (Figure 1E).

TGFb1 Signaling Was Upregulated During APAP-Induced
Hepatotoxicity
By immunohistochemical staining, TGFb1 expression was in-
creased in APAP-treated mice compared with saline-treated
controls with staining concentrated around areas of hepatic ne-
crosis with expression observed in hepatocytes outside the ne-
crotic area in the 2 and 4 h post acetaminophen-treated groups
(Figure 2A). Transforming growth factor beta 1 protein expres-
sion was significantly increased in liver homogenates from
APAP-treated mice at 2, 4, and 6 h following APAP administra-
tion when compared with control mice (Figure 2B). This in-
crease in hepatic TGFb1 expression was also found in the
serum, with significantly increased expression found in all
APAP-treated mice 2 h following injection with the highest con-
centrations observed 4 and 6 h following acetaminophen ad-
ministration (Figure 2C). To see if hepatocytes were able to
increase their expression of TGFb1 during APAP-induced liver
injury, TGFb1 was measured in the media of primary hepato-
cytes treated with increasing concentrations of APAP. The treat-
ment of primary hepatocytes with APAP at 100 mM, 1 mM, or 10
mM concentrations led to a significant increase in secreted
TGFb1 compared with the basal group (Figure 2D).

To determine if TGFb1 signaling was being transduced,
phosphorylation of SMAD3 was measured and was found to be
increased in the livers from APAP-treated mice compared with
control-treated mice, with staining found predominately in
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hepatocytes neighboring necrotic tissue (Figure 3A). There was
a significant increase in pSMAD3 expression at 4 h following
APAP administration that remained significantly elevated up to
24 h after injection (Figure 3B).

GW788388 Treatment Reduced APAP-Induced Liver Injury
In an effort to determine if the elevation of TGFb1 in livers from
APAP-treated mice contributed to pathology, TGFb1 signaling
was inhibited in vivo through injection of the TGFbR1 antagonist
GW788388 into vehicle- and APAP-treated mice. GW788388
treatment significantly reduced centrilobular necrosis in APAP-
treated mice 6 h following APAP injection compared with

DMSO-treated controls (Figs. 4A and 4B). In addition, ALT and
AST were significantly reduced in GW788388-treated APAP mice
6 h after APAP injection compared with DMSO-treated APAP
mice (Figs. 4C and 4D). Hepatic GSH levels were significantly
suppressed in both DMSO- and GW788388-treated APAP mice
with GW788388 treatment leading to a significant decrease in
vehicle-treated mice but no significant differences in the APAP-
treated groups at any measured time point (Figure 4E). The only
significant changes observed regarding necrosis, ALT and
AST occurred 6 h following APAP injection, therefore the re-
mainder of this study focused on this time point after APAP
injection.

Figure 1. Acetaminophen-induced liver injury and hepatic necrosis. A, Hematoxylin and eosin (H&E) stains in liver sections from vehicle and time course APAP-treated

mice. B, Percentage of hepatic necrosis calculated from H&E images in vehicle and time course APAP-treated mice. C, Serum ALT concentration in vehicle and time

course APAP-treated mice. D, Serum AST concentration in vehicle and time course APAP-treated mice. E, Hepatic GSH levels measured in vehicle and time course

APAP-treated mice. *p < .05 compared with vehicle-treated mice.
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To see if the hepatoprotective effects of GW788388 could be
a result of changes in APAP metabolism, hepatic Cyp2E1 expres-
sion was assessed. Cyp2E1 expression was found to be signifi-
cantly decreased in DMSO-treated APAP mice and not in
GW788388-treated mice (Figs. 5A and 5B).

Hepatic Cell Death, Inflammation, and Oxidative Stress Were
Reduced in APAP-Treated Mice Administered GW788388
Because GW788388 treatment reduced APAP-induced liver in-
jury, its direct inhibition of TGFb1 signaling and its downstream
consequences were assessed. By immunohistochemistry,
GW788388 treatment attenuated the APAP-induced increase in

pSMAD3 immunoreactivity (Figure 6A). These findings were val-
idated with ELISA assays, which demonstrated a significant in-
crease in pSMAD3 levels in APAP þ DMSO-treated mice when
compared with DMSO-treated controls or the GW788388-treated
mice groups (Figure 6B). Furthermore, because TGFb1 signaling
has been demonstrated to increase JNK phosphorylation
thereby promoting hepatocyte cell death during APAP-induced
liver injury (Xie et al., 2014), pJNK expression was assessed in
GW788388-treated mice. There was increased phosphorylation
of JNK in liver homogenates from APAP þ DMSO-treated mice
compared with the vehicle-treated groups and treatment with
GW788388 significantly reduced pJNK expression in APAP-

Figure 2. Hepatic TGFb1 signaling was increased in APAP-treated mice. A, Images of immunohistochemistry for TGFb1 in liver sections from vehicle and time course

APAP-treated mice. B, TGFb1 concentration in liver homogenates from vehicle and APAP-treated time course mice as measured with ELISA. C, Serum TGFb1 levels as

measured by ELISA in samples from vehicle and time course APAP-treated mice. D, TGFb1 concentration measured by ELISA in conditioned media from primary hepa-

tocytes treated with the indicated doses of APAP. *p < .05 compared with vehicle-treated mice.
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treated mice (Figs. 6C and 6D). As JNK signaling can lead to ne-
crotic cell death, DNA fragmentation was assessed by TUNEL
staining. There was a significant increase in hepatic TUNEL
staining in APAP and DMSO-treated mice that was significantly
reduced in APAP and GW788388-treated mice (Figs. 6E and 6F).

As an early event following APAP-induced liver injury, there is
increased production of pro-inflammatory cytokines, recruitment
of immune cells, and increased oxidative stress in the liver (Du
et al., 2016). In this study, hepatic expression of IL-1b and TNFa

were significantly increased in APAP þ DMSO-treated mice com-
pared with vehicle-treated mice and APAP þ GW788388-treated
mice had significantly reduced levels compared with APAP þ
DMSO-treated mice (Figs. 7A and 7B). The expression of SOD1, a

protein that reduces oxidative stress by catalyzing the formation
of oxygen and hydrogen peroxide from superoxide (McCord and
Fridovich, 1969), was decreased in APAP-treated mice adminis-
tered DMSO compared with mice treated with APAP þ GW788388,
which demonstrates that TGFb1 signaling inhibits the ability of
the liver to handle oxidative stress (Figs. 7C and 7D).

Pretreatment With GW788388 Promotes Proliferation of Hepatocytes
Following APAP-Induced Injury
As APAP-induced hepatic injury is known to stimulate hepatocyte
proliferation as a mechanism to restore liver function, PCNA immu-
nostaining and quantification were performed. APAP-treated mice
had significantly increased staining for PCNA compared with

Figure 3. Phosphorylation of SMAD3 in increased in APAP-treated mice. A, Images of immunohistochemistry for pSMAD3 in liver sections from vehicle and time course

APAP-treated mice. B, Quantification of pSMAD3 expression in immunohistochemical images in vehicle and time course APAP-treated livers. *p < .05 compared with

vehicle-treated mice.
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Figure 4. GW788388 treatment reduced APAP-induced liver injury. A, Hematoxylin and eosin (H&E) stains in liver sections from vehicle and time course APAP-treated

mice injected with DMSO or GW788388. B, Percentage of hepatic necrosis calculated from H&E images in vehicle and time course APAP-treated mice injected with

DMSO or GW788388. C, Serum ALT concentration in vehicle and time course APAP-treated mice injected with DMSO or GW788388. D, Serum AST concentration in vehi-

cle and time course APAP-treated mice injected with DMSO or GW788388. E, Hepatic GSH levels measured in vehicle and time course APAP-treated mice injected with

DMSO or GW788388. *p < .05 compared with vehicle-treated mice injected with DMSO. #p < .05 compared with DMSO-treated mice injected with APAP at same time

point.

Figure 5. Inhibition of TGFb1 signaling restored decreased Cyp2E1 expression in APAP-treated mice. A, Immunoblot for Cyp2E1 in liver homogenates from vehicle and

APAP-treated mice injected with DMSO or GW788388 with b-actin used as a loading control. B, Quantification of Cyp2E1 and b-actin immunoblots in livers from vehicle

and APAP-treated mice injected with DMSO or GW788388. *p < .05 compared with vehicle-treated mice injected with DMSO.
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vehicle-treated controls (Figs. 8A and 8B). Most cells staining posi-
tive for PCNA were hepatocytes and mice pretreated with
GW788388 had an even greater number of PCNA-stained hepato-
cytes compared with DMSO-treated controls (Figs. 8A and 8B).

DISCUSSION

The data presented support that APAP-induced hepatic injury
led to increased TGFb1 expression and downstream signaling

in the liver and increased TGFb1 levels in the serum. TGFb1 li-
gand expression was found predominately in areas of hepatic
necrosis whereas phosphorylation of SMAD3 was observed in
hepatocytes in perinecrotic areas. Inhibition of TGFb1 signal-
ing via GW788388 treatment reduced hepatic necrosis, liver in-
jury, and improved liver function through the reduction of
hepatocyte cell death and hepatic inflammation. A working
schematic of TGFb1 signaling in the context of APAP-induced
hepatotoxicity is presented in Figure 9. Together, the data

Figure 6. TGFb1-induced hepatocyte cell death was reduced in APAP-treated mice by treatment with GW788388. A, Immunohistochemistry for pSMAD3 in liver sec-

tions from vehicle and 6 h APAP-treated mice injected with DMSO or GW788388. B, Relative pSMAD3 protein expression as measured by ELISA assay in vehicle and 6

h APAP-treated mice administered DMSO or GW788388. C, Immunoblot for pJNK and JNK in liver homogenates from vehicle and 6 h APAP-treated mice injected with

DMSO or GW788388. D, Quantification of pJNK and JNK immunoblots in livers from vehicle and 6 h APAP-treated mice injected with DMSO or GW788388. E, TUNEL

staining images in liver sections from vehicle and 6 h APAP-treated mice injected with DMSO or GW788388. F, Quantification of TUNEL staining in vehicle and 6

h APAP-treated mice injected with DMSO or GW788388 expressed in percent area. *p < .05 compared with vehicle-treated mice injected with DMSO. #p < .05 compared

with 6 h APAP-treated mice injected with DMSO.
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support that inhibition of TGFb1 activity or downstream
signaling may be beneficial for the management of APAP-
induced liver injury.

In the liver TGFb1 has classically been thought to be involved
with hepatic fibrosis with 6- and 10-week administration of
APAP at 300 mg/kg found to induce liver fibrosis and the hepatic
upregulation of TGFb1 mRNA in mice (Bai et al., 2017). In the
model of azoxymethane-induced ALF with hepatic encephalop-
athy in mice, the levels of circulating TGFb1 are increased and
using a pan TGFb or TGFb1 neutralizing antibody improved

survival (McMillin et al., 2014, 2019). In an acute liver injury
model involving injection of anti-Fas antibodies, hepatic TGFb1
mRNA is upregulated and inhibition of TGFb1 activity reduced
hepatic apoptosis and mortality (Grant et al., 2018). Hepatic
TGFb1 mRNA has been shown to be upregulated during CCl4-
and APAP-induced hepatotoxicity with increased mRNA expres-
sion being highest after 24 h of treatment (Jeon et al., 1997).
Inhibition of TGFb1 signaling in the liver during APAP-induced
ALF has been shown to reduce hepatocyte senescence and im-
prove hepatic function and outcomes in mice (Bird et al., 2018).

Figure 7. Hepatic inflammation and oxidative stress in APAP-treated mice was increased by TGFb1 signaling. A, IL-1b protein concentration as measured by ELISA as-

say in liver homogenates from vehicle and 6 h APAP-treated mice injected with DMSO or GW788388. B, TNFa protein concentration as measured by ELISA assay in liver

homogenates from vehicle and 6 h APAP-treated mice injected with DMSO or GW788388. C, SOD1 immunoblot in liver homogenates in vehicle and 6 h APAP-treated

mice administered DMSO or GW788388. D, Quantification of SOD1 immunoblots in livers of vehicle and 6 h APAP-treated mice injected with DMSO or GW788388. *p <

.05 compared with vehicle-treated mice injected with DMSO. #p < .05 compared with 6 h APAP-treated mice injected with DMSO.

Figure 8. GW788388 treatment increased hepatocyte proliferation in APAP-treated mice. A, PCNA immunohistochemistry in liver sections from vehicle and APAP-

treated mice administered DMSO or GW788388. B, Percent of PCNA-positive hepatocytes stained per field in vehicle and APAP-treated mice injected with DMSO or

GW788388. *p < .05 compared with vehicle-treated mice injected with DMSO. #p < .05 compared with 6 h APAP-treated mice injected with DMSO.

MCMILLIN ET AL. | 557

Deleted Text:  
Deleted Text: ;
Deleted Text: ours


A recent report demonstrated that activation of latent TGFb1 by
plasma kallikrein occurred during APAP-induced liver injury
identifying another level of TGFb1 signaling regulation in this
model (Li et al., 2018). This study demonstrated that TGFb1 was
significantly upregulated during APAP-induced ALF in the liver
and that inhibition of TGFb1 receptor activity by treatment with
GW788388 improved outcomes. Taken together, our data sup-
port a role of TGFb1 in APAP-induced necrosis, whereas other
studies show a longer upregulation beyond 24 h influencing se-
nescence and regeneration. Collectively, previous studies and
this study demonstrate the potential of this pathway as a thera-
peutic target for management of this disease state outside of
the early therapeutic window provided by N-acetylcysteine
(Smilkstein et al., 1988).

The cellular localization of hepatic TGFb1 expression is dif-
ferent depending on the disease state of the liver. Independent
of disease state, primary hepatocytes and primary hepatic stel-
late cells have been shown to express and secrete TGFb1
(Dropmann et al., 2016). During cholestasis due to bile duct liga-
tion in rats and mice, TGFb1 expression has been shown to be
increased and downstream signaling is transduced in cholan-
giocytes (Luo et al., 2005; Wu et al., 2016). Transforming growth
factor beta 1 has been shown to be expressed in primary rat
Kupffer cells and exposure to hepatitis B virus particles signifi-
cantly increased their expression of TGFb1 (Li et al., 2012).
Therefore, it is evident that there may be multiple hepatic sour-
ces of TGFb1 during liver disease and dysfunction. In this study,
it was shown that TGFb1 expression localizes to hepatocytes in
the liver during the early stages of APAP-induced injury, though
in situ hybridization studies find that during later time points
macrophages are the primary producer of TGFb1 (Bird et al.,
2018). However, whereas we observed TGFb1 staining in ne-
crotic areas that was likely a result of infiltrating immune cells,
we also observed that hepatocytes in areas away from necrotic
tissue stain positive for TGFb1. This gives support that hepato-
cytes in APAP-treated mice produce the TGFb1 ligand even
when they are not undergoing necrosis and therefore this
allows for these hepatocyte populations to induce signaling in
neighboring hepatocytes, possibly contributing to the hepato-
cyte necrosis observed. This ability of hepatocytes to produce
TGFb1 was validated in this study as primary hepatocytes sig-
nificantly increased TGFb1 secretion following APAP adminis-
tration. One interesting note is that transforming growth factor
beta 2 (TGFb2) has been shown to be expressed in the liver.
Transforming growth factor beta 2 mRNA and protein have

been shown to be upregulated during bile duct ligation in rats
(Zepeda-Morales et al., 2016). In addition both TGFb1 and TGFb2
have been shown to be significantly upregulated 24 h following
CCl4 injection (Dropmann et al., 2016). A greater characterization
of the specific role of each TGFb ligand in the context of APAP-
induced liver injury could provide additional insight into this
signaling pathway during this disease state.

One of the core characteristics of APAP-induced ALF is the
presence of centrilobular hepatocyte necrosis. This observation
occurs at both lower (300 mg/kg) and higher (600 mg/kg) concen-
trations of APAP in mice (Bhushan et al., 2014). The process of
necrosis has been determined to be a consequence of high con-
centrations of APAP being metabolized to the toxic metabolite
NAPQI, which results in the depletion of GSH, the formation of
protein adducts, increased oxidative stress and decreased mito-
chondrial respiration (Davis et al., 1974; Meyers et al., 1988; Yan
et al., 2010). During this state of oxidative stress there is activa-
tion of the MAP kinase JNK, a key driver of hepatocyte necrosis.
Administration of the JNK inhibitor SP600125 to mice injected
with 800 mg/kg APAP was found to significantly reduce hepatic
necrosis without influencing GSH levels (Gunawan et al., 2006).
This improvement in the degree of necrosis without influencing
GSH was similar to what we observed in our APAP-treated mice
administered GW788388. In contrast, given that we observed an
attenuation of APAP-induced suppression of Cyp2E1 expression
by GW788388 treatment without the concomitant rescue of GSH
depletion, we would suggest that the changes in Cyp2E1 in our
treatment groups are likely a reflection of reduced hepatocyte
necrosis observed in GW788388-treated mice.

Although the activation of JNK signaling has been shown
during APAP-induced liver injury, there are other pathways that
can influence JNK signaling such as IL-1, TNF, and TGFb1 (Jiang
et al., 2017; Tada et al., 2001). We find that the pJNK to JNK ratio
is increased during APAP-induced liver injury, as others have
shown, and pretreatment with GW788388 in APAP-treated mice
significantly reduced pJNK expression compared with DMSO-
treated mice administered APAP. It is possible that total hepatic
JNK levels may change during APAP-induced necrosis or due to
treatments during this disease state. That being said, significant
changes in total JNK due to APAP or GW788388 administration
were not observed in this study. As TGFb1 has been shown to
induce pJNK signaling, it is likely that inhibition of TGFbR1
via GW788388 inhibited this signaling pathway leading to the
reduction of hepatic necrosis observed in GW788388-treated
mice.

Figure 9. Working schematic of effects of TGFb1 signaling in APAP-treated mice. During APAP-induced hepatotoxicity, TGFb1 is increased in injured and dying hepato-

cytes. Transforming growth factor beta 1 is able to bind the TGFbR1/TGFbR2 heterodimer on hepatocytes resulting in increased phosphorylation of pSMAD3. As a result

of induction of TGFb1 signaling, hepatocyte proliferation is inhibited and cell death is induced. The combination of these deleterious effects exacerbates APAP-induced

liver injury.
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Hepatic inflammation is associated with many forms of liver
injury including ischemia-reperfusion injury, viral hepatitis, pri-
mary biliary cirrhosis, primary sclerosing cholangitis, and other
liver disorders. During APAP-induced liver injury, inflammation
is induced but may be considered beneficial due to macrophages
digesting cellular debris of necrotic tissue to help stimulate re-
generation. In patients with APAP-induced ALF, there is a signifi-
cant increase in hepatic TGFb1 protein, increased proliferation of
resident and infiltrating macrophages and increased pro-
inflammatory cytokine expression (Antoniades et al., 2012). In this
study, APAP administration generated an increase in both TNFa

and IL-1b, which were able to be significantly reduced in mice
were pretreated with GW788388. Serum and hepatic expression
of TNFa has been demonstrated to increase in APAP-treated mice
(Yan et al., 2016). Increases in pro-IL-1b have been shown during
APAP-induced liver injury and mice with genetic knockout of toll-
like receptor 9 have reduced pro-IL-1b expression, reduced serum
ALT levels and improved survival compared with wild type mice
(Imaeda et al., 2009). However, mice with genetic knockout of the
receptor for IL-1 administered 300 mg/kg APAP have no differen-
ces in plasma ALT levels or hepatic necrosis when compared with
wild type mice administered APAP (Williams et al., 2010).
Transforming growth factor beta 1 signaling can induce pro-
inflammatory signaling as during CCl4-induced liver injury in
mice, SMAD3 overexpression led to increased circulating IL-1b

and IL-6 levels compared with wild type mice (Niu et al., 2016).
That being said, it is still not clear whether modulating the im-
mune response leads to an improvement in outcomes during
APAP-induced liver injury. Based on the current understanding of
the role of inflammation during APAP-induced liver injury, it is
likely that the effects regarding necrosis and regeneration by
GW788388 treatment are more important in improving outcomes
than modulating the inflammatory response. More studies are
necessary to characterize the interaction between inflammation,
TGFb1 signaling, and liver injury in this model.

Hepatotoxicity from APAP is associated with a great degree
of oxidative stress. Rapidly following APAP administration in
mice there is a dose-dependent increase in reactive oxygen spe-
cies and reactive nitrogen species prior to overt histological
changes (Shuhendler et al., 2014). In addition to this, NAPQI has
the ability to form protein adducts in mitochondria, impairing
cellular respiration resulting in increased reactive oxygen spe-
cies production (Neal et al., 2015; Qiu et al., 1998). In this study,
we identified that the antioxidant SOD1 was significantly de-
creased in APAP-treated mice and that GW788388 treatment
was able to increase SOD1 expression. Although the mechanism
was not identified, it is possible that antagonism of SMAD sig-
naling with GW788388 increased Nrf2 signaling as there is an
antagonistic relationship between these 2 signaling pathways
as established in multiple animal models (Chen et al., 2017;
Prestigiacomo and Suter-Dick, 2018; Wang et al., 2016). In addi-
tion, inhibition of Nrf2 with siRNA in mice demonstrated that
levels of SOD1 protein were decreased (Xue et al., 2016).
Interestingly, GW788388 treatment alone reduced GSH levels in
the livers of vehicle-treated mice, suggesting a possible interac-
tion with Nrf2 and GSH metabolism, though this would be con-
tradictory to the protective effect of GW788388 treatment
observed in all other measures of liver toxicity studied. That be-
ing said, more mechanistic studies are needed to fully classify
the role of TGFb1 signaling in oxidative stress associated with
APAP-induced liver injury.

Hepatic regeneration is a key component of the resolution of
APAP-induced ALF. In sublethal doses of APAP in rodents, se-
rum ALT concentrations and necrosis generally peak around 12

h post-injection and return to normal levels in approximately
72 h post-injury in mice administered 300 mg/kg APAP
(Bhushan et al., 2014, 2017). Transforming growth factor beta 1
has been shown to directly inhibit DNA synthesis in primary
hepatocytes and the application of the thrombospondin-1 an-
tagonist LSKL, which would inhibit TGFb1 activation, facilitated
liver regeneration at up to 48 h post 70% partial hepatectomy in
mice (Kuroki et al., 2015; McMahon et al., 1986). In addition, p21
expression as a marker of senescence is increased in APAP-
induced liver injury and inhibition of TGFbR1 reduced p21 ex-
pression and increased 5-bromo-20-deoxyuridine staining in
hepatocytes (Bird et al., 2018). These previous studies support
that TGFb1 could promote APAP-induced liver injury by inhibit-
ing regeneration of the liver. This was supported by
data from this study where PCNA staining was increased in
APAP-treated mice. In addition to this, inhibition of TGFb1 sig-
naling with GW788388 treatment led to an even greater increase
in PCNA-positive hepatocytes. Together, these data indicate
that TGFb1 can inhibit hepatocyte proliferation and therefore
could influence the regenerative phase of APAP-induced liver
injury.

In conclusion, TGFb1 was upregulated during APAP-induced
hepatic injury and induced downstream signaling in hepato-
cytes neighboring necrotic areas. Inhibition of TGFb1 signaling
with GW788388 improved multiple aspects of APAP pathology
including necrosis, inflammation, oxidative stress, and regener-
ation, which ultimately resulted in reduced liver injury.
Therefore, targeting the TGFb1 ligand or its downstream
receptor-mediated signaling may be an effective therapeutic
target to improve the management of APAP-induced ALF.
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