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Abstract

Accidental or intentional misuse of acetaminophen (APAP) is the leading cause of acute liver
failure in the Western world. Although mechanisms that trigger APAP-induced liver injury (AILI)
are well known, those that halt the progression of APAP liver disease and facilitate liver recovery
are less understood. Heparan sulfate proteoglycans (HSPGs) bind to and regulate various tissue
injury factors through their heparan sulfate (HS) chains, but the importance of HSPGs in liver
injury /in vivo remains unknown. Here, we examined the role of syndecan-1, the major cell-surface
HSPG of hepatocytes, in AILI. Ablation of syndecan-1 in mice led to unopposed progression of
liver injury upon APAP overdose. However, direct APAP hepatoxicity and liver injury at early
times post-APAP overdose were unaffected by syndecan-1, suggesting that syndecan-1 influences
later mechanisms that lead to liver repair. The exuberant liver injury phenotypes in syndecan-1 null
(Sdc17) mice were traced to a deficiency in protein kinase B (Akt) activation in hepatocytes,
which led to a delayed increase in glycogen synthase kinase-38 (GSK-34)-mediated hepatocyte
apoptosis. Inhibition of Akt worsened, whereas inhibition of GSK-38 and caspases protected mice
from AILI. Moreover, administration of purified syndecan-1, HS, or engineered heparan
compounds containing 2- O-sulfate groups rescued SacZ~~ mice from AILI by potentiating Akt
signaling and inhibiting GSK-38-mediated apoptosis in hepatocytes. In addition, HS showed a
significantly prolonged therapeutic efficacy as compared to A-acetylcysteine.

Conclusion: These results demonstrate that 2- O-sulfated domains in syndecan-1 HS halt disease
progression and promote liver repair by enhancing hepatocyte survival in AILI. We propose that
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syndecan-1 is a critical endogenous factor that controls the balance between prosurvival signaling
and apoptosis in hepatocytes in APAP liver disease.

Heparan sulfate (HS) regulates many factors implicated in tissue injury, such as growth
factors, cytokines, and matrix components(!2) HS binds specifically to these molecules and
regulates their function by affecting their activity, stability, conformation, or destination.
These observations suggest that HS is an important modulator of tissue injury, but precisely
how HS regulates injury and repair mechanisms /7 vivo remains ill defined. HS is
ubiquitously expressed inside, on, and in the surrounding environment of all adherent cells.
HS in vivois found covalently conjugated to specific core proteins as HS proteoglycans
(HSPGs).() HS is comprised of un-branched, repeating disaccharide units of hexuronic acid,
either glucuronic acid (GIcA) or iduronic acid (IdoA), alternating with an unsubstituted or
N-substituted glucosamine on which the substituents are either acetate (GIcNAc) or sulfate
(GIcNS). In HS biosynthesis, a nonsulfated HS precursor is polymerized on specific serine
residues of HSPG core proteins and then extensively modified in the Golgi by A-deacetylase
N-sulfotransferases, C5 epimerase, 2- O-sulfotransferase (20ST), 60STs, and 30STs.(®
These reactions proceed largely in a sequential manner, but do not go to completion,
resulting in highly heterogeneous mature HS chains. This unique and complex modification
pattern of HS enables HS to interact with many molecules and regulate diverse biological
processes(® but the contribution of specific HS modifications in biological processes i vivo
has yet to be clearly determined.

The syndecan family of type | transmembrane cell-surface HSPGs, comprised of four
members in mammals (syndecan-1 through-4), is the major source of HS.(!) Syndecans
function primarily as receptors for HS-binding molecules at the cell surface and as soluble
modulators of molecular interactions in the extracellular environment when released from
the cell surface by ectodomain shedding. Surprisingly, mice lacking syndecan-1 or —4 do not
show major developmental abnormalities, but do show striking pathological phenotypes
when injured or infected.(1:2:5) suggesting that certain postdevelopmental functions of
syndecans are specific and cannot be compensated for by other syndecans or other HSPGs.
Reinforcing this view, accumulating evidence suggests that syndecan-1 is an important
modulator of both infectious and sterile tissue injury.(3:5) In humans, syndecan-1
ectodomains are elevated in blood of patients with sepsis, hemorrhagic shock, and ischemia-
reperfusion injury, among other fluids from infected or injured tissues.®) In mice, ablation of
syndecan-1 leads to drastically altered responses to infectious or inflammatory stimuli.(®)
Syndecan-1 null (Sacz~~) mice show significantly increased tissue damage in several
models of sterile inflammation(6-8) but are markedly protected from bacterial infection in the
lung, skin, and cornea.®:9:19) These results suggest that syndecan-1 is an important factor
that orchestrates tissue injury responses, but that certain pathogens have either adapted or
evolved to subvert these functions of syndecan-1 to promote their survival.

Syndecan-1 is expressed abundantly in the liver on the sinusoidal surface of hepatocytes,
(7.8.11) syggesting that syndecan-1 plays an important role in hepatic responses to agents that
are metabolized by the liver and those that cause liver disease. Indeed, syndecan-1 mediates
the hepatic clearance of triglyceride-rich lipoproteins(1) and is up-regulated in hepatocytes
infected with hepatitis C virus.(12) Acetaminophen (APAP) is a widely used analgesic that is
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considered safe at therapeutic doses, but provokes various degrees of liver damage, which
can lead to liver failure and even death, when ingested at supratherapeutic doses. In fact,
APAP overdose is the leading cause of acute liver failure (ALF) of any etiology in the
Western world. In the United States alone, APAP overdose accounts for more than 56,000
emergency room visits and 2,600 hospitalizations annually and carries a 26% mortality rate
without liver transplantation.(!3-15) Although it is well known that the generation of A-
acetyl-p-benzoquinone imine (NAPQI), the hepatotoxic metabolite of APAP, instigates liver
injury,(16) the biological programs that result in disease progression and perpetuation of liver
injury versus healing are less understood. Here, we show that syndecan-1 is a critical
endogenous factor that protects against APAP liver disease by promoting hepatocyte survival
and liver repair.

Materials and Methods

A detailed description of reagents is provided in the Supporting Information.

MOUSE MODEL OF APAP-AND CONCANAVALIN A-INDUCED LIVER INJURY

Wild-type (Wt) littermates and SacZ~~ mice on the C57BL/6J background were used (6- to
8-week-old females and males). Unchallenged SacZ~~ mice are fertile and healthy with
normal tissue morphology, complete blood counts, and serum chemistry parameters(’-8)
Mice were housed in microisolator cages in a specific pathogen-free facility accredited by
the American Association for Laboratory and Animal Care in a 12-hour light/dark cycle and
fed a basal rodent chow ad /ibitum. All animal experiments were approved by the
Institutional Animal Care and Use Committee of Boston Children’s Hospital (Boston, MA)
and complied with U.S. federal Guidelines for the Care and Use of Laboratory Animals. For
Concanavalin A (ConA)-induced liver injury, mice were injected intravenously with 25
mg/kg of ConA. At 24 hours postinjection, mice were euthanized, blood was collected, and
serum levels of alanine aminotransferase (ALT) and aspartase aminotransferase (AST) were
measured using an automated Roche Cobas 6000 serum chemistry analyzer (Department of
Laboratory Medicine, Boston Children’s Hospital). For APAP-induced liver injury, mice
were fasted overnight (12-15 hours) to reduce hepatic glutathione (GSH) levels before
APAP treatment. APAP was dissolved in warm (55°C) pyrogen-free phosphate-buffered
saline (PBS) immediately before each experiment, cooled to 37°C, and injected
intraperitoneally at 500 or 625 mg/kg. In some experiments, mice were injected
intraperitoneally with 0.5 mg/kg of purified syndecan-1 ectodomain, HS, heparin, or
modified heparan compounds, 200 mg/kg of lithium, 1 mg/ kg of triciribine, 25 mg/kg of
Ac-DEVD-CMK, or 50 mg/kg of N-acetylcysteine (NAC) before or after APAP
administration as indicated. Doses were determined as those minimally required in our
preliminary experiments. All reagents were prepared in PBS except triciribine and Ac-
DEVD-CMK, which were dissolved in ethanol and diluted to the indicated dose in PBS. At
the indicated times, mice were euthanized and serum levels of ALT and AST were
measured. Liver lobes were also isolated and processed for immunoblotting, cell-based
assays, fluorescence-activated cell sorting (FACS), and histopathological and
immunohistochemical (IHC) analyses as described.

Hepatology. Author manuscript; available in PMC 2019 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nam et al.

Page 4

CELL-BASED ASSAYS

Primary Wt and SdcZ~~ hepatocytes were isolated from perfused livers by collagenase
digestion.(1) Briefly, mice were cannulated through the portal vein and after nicking the
inferior vena cava, perfused with 20 mL of Hank’s balanced salt solution (HBSS) containing
5 mM of ethylenediaminetetraacetic acid followed by 20 mL of HBSS containing 1 mg/mL
of collagenase and 1 mM of CaCl2. Livers were isolated, torn, shaken loose in hepatocyte
culture medium (Dulbecco’s modified Eagle’s medium with 25 mM of glucose, 20% fetal
bovine serum, 100 1U/mL of penicillin G, and 100 g/ mL of streptomycin), and filtered
through a 70-zm cell strainer. Cells were washed once with culture medium, overlaid with
70% Percoll, and centrifuged at 800g for 10 minutes. Hepatocyte pellets were collected,
washed, and counted, and viability was determined by trypan blue. Hepatocyte preparations
with a viability >90% were plated onto type | collagen precoated 24-well plates at 5 x 10°
cells/well. The culture medium was changed at 6 hours postplating to remove detached
hepatocytes and cultured for an additional 18 hours before use. Primary hepatocytes were
incubated with 40 mM of APAP in hepatocyte culture medium, and cell viability was
measured with the nonradioactive cytotoxicity assay kit at the indicated times. For
measurement of GSH consumption, primary hepatocytes plated on six-well plates precoated
with type | collagen were incubated with 40 mM of APAP for 0-24 hours, washed,
trypsinized, and transferred to a microfoge tube. Trypsinized cells were counted,
centrifuged, lysed by freeze-thawing, and the GSH concentration in cell lysates was
determined with the GSH assay Kkit.

HISTOPATHOLOGICAL ANALYSES

Isolated livers were fixed in 4% paraformaldehyde/ PBS for 2 days at 4°C, paraffin-
embedded, and sectioned. Liver sections (5 pm) were stained with hematoxylin-eosin (H&
E) or immunostained with anticleaved caspase-3, anti-phospho-GSK-32 (glycogen synthase
kinase-3) or anti-phospho-Akt (protein kinase B) and Alexa 594 secondary antibodies.
Brightfield images were captured using the Zeiss Axio Imager Z1 upright microscope (Carl
Zeiss Microscopy, Peabody, MA, USA), and fluorescence images were captured using the
Apotome 3-D optical sectioning technology.

STATISTICAL ANALYSIS

Results

All data are expressed as mean + SEM. Statistical significance between the experimental and
control groups was analyzed by two-tailed unpaired Student ¢test, between multiple groups
by one-way analysis of variance (ANOVA) followed by Dunnett’s post-hoc test, and Kaplan-
Meier survival curves by log-rank test using GraphPad Prism software (version 5.0b; Graph-
Pad Software Inc.), where Pvalues <0.05 were determined to be significant.

APAP CAUSES SEVERE LIVER INJURY IN SYNDECAN-1-DEFICIENT MICE

We initially examined the hypothesis that if syndecan-1 is indeed important in the
pathogenesis of liver injury, then hosts without syndecan-1 will respond differently to agents
that cause liver damage, such as APAP and ConA. The hepatotoxic effects of APAP are
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primarily attributed to the inactivation of mitochondrial and cytoplasmic proteins by NAPQI
conjugation and NAPQI-mediated depletion of cellular GSH,17) whereas ConA causes
hepatic damage through membrane-bound tumor necrosis factor alpha (TNFa) on T cells.
(18) Wt and Sdc2~~ mice were injected intraperitoneally with 500 mg/kg of APAP or
injected intravenously with 25 mg/kg of ConA, and liver injury was assessed by measuring
serum levels of ALT and AST and by liver histopathology at 24 hours postinjection. ALT
and AST levels were significantly increased by approximately 4- and 5-fold, respectively, in
Sdc1~~ mice injected with APAP compared to Wt mice treated identically (Fig. 1A).
Histological evaluation revealed that necrosis emanating from the central veins was more
severe and widespread in SacZ~ livers compared to Wt livers (Fig. 1B). At a higher dose of
APAP (625 mg/kg), SacI~~mice also showed significantly elevated serum transaminase
levels (Supporting Fig. S1) and increased mortality compared to Wt mice (Fig. 1C).
However, liver damage was similar in Wt and SacZ~~ mice administered Con A, and even
slightly reduced in SacZ~~mice (Fig. 1A), suggesting that syndecan-1 does not affect
hepatic damage caused by membrane-bound TNFa. These observations suggest that
syndecan-1 prominently protects against APAP-induced liver injury (AILI).

SYNDECAN-1 ATTENUATES APAP-INDUCED LIVER INJURY IN AN HS-DEPENDENT

MANNER

To pursue how syndecan-1 protects against APAP liver disease, we first examined whether
administration of purified syndecan-1 could rescue SacI~~ mice from severe liver injury and
whether the effect is mediated by a specific structural component of syndecan-1. Sac1~~
mice were pretreated with purified syndecan-1 ectodomain, HS, chondroitin sulfate (CS), or
syndecan-1 core protein lacking both HS and CS, and liver damage was assessed at 24 hours
post-APAP. Serum ALT levels were significantly reduced by 99% and 86% in mice given
syndecan-1 ectodomain or HS, respectively, compared to control mice that were given APAP
only, whereas CS and core protein virtually had no protective effect (Fig. 2A). Although
some centrilobular necrosis was still evident in livers of mice given syndecan-1 ectodomain
or HS, the necrotic area was substantially smaller compared to mice given APAP only or
APAP and CS (Fig. 2B). These results establish that HS chains of syndecan-1 protect against
AILLI.

We next explored the therapeutic effects of HS in AILI by comparing its effects with those
of A-acetyl-cysteine (NAC), a clinical antidote for APAP overdose.(!9 However, NAC has a
limited time window of efficacy, and delayed or prolonged treatment can have a negative
impact on the clinical outcome.(@0) For instance, the mortality rate can be increased up to 15-
fold in patients who receive NAC >12 hours post-APAP ingestion.(1) Furthermore,
unintentional APAP overdose accounts for nearly half of the cases in the United States and
these patients tend to be treated late with NAC, leading to greater morbidity and mortality.
(15) NAC effectively reduced ALT levels in SacZ~~ mice when given 1 hour pre-APAP, but
not when administered 3 or 10 hours post-APAP (Fig. 2C), consistent with its limited
window of efficacy. On the other hand, HS significantly reduced ALT levels not only when
mice were pretreated, but also when given at 3 or 10 hours post-APAP (Fig. 2C). These
results indicate that HS has a significantly prolonged therapeutic efficacy, as compared to
NAC, and that HS attenuates AILI through a mechanism distinct from that of NAC.
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Furthermore, these findings suggest that syndecan-1 and HS, either alone or in combination
with NAC, could provide a new therapeutic strategy to mitigate AILI, especially in treating
patients admitted after NAC treatment is no longer effective.

2-O-SULFATED DOMAINS IN HS ATTENUATE AILI

Having demonstrated that HS chains of syndecan-1 protect against AILI, we next
investigated the impact of HS sulfation because sulfate modifications are thought to govern
HS functions.(?2) We first tested the effects of chemically desulfated heparin compounds,
each selectively lacking sulfate groups at the A=, 2- O, and 6- O-positions. As expected,
unmodified heparin, which is a structural and functional pharmaceutical analog of HS,
significantly reduced APAP-induced liver damage as assessed by serum ALT (Fig. 3A) and
histological analyses (Fig. 3C). However, whereas A-and 6- O-desulfated heparin compounds
were similarly protective as unmodified heparin, 2- O-desulfated heparin did not mitigate
AILI (Fig. 3A,C).

To confirm the results from the chemically desulfated heparin studies, we next examined the
effects of engineered heparosan on AILI. Unmodified heparosan is a capsular
polysaccharide from Escherichia colithat has an identical structure to unmodified HS. Two
different sulfated heparosan derivatives, A-sulfated and A- and 2- O-sulfated heparosan, were
synthesized for this study using a chemoenzymatic approach.(@3 Administration of
heparosan or A-sulfated heparosan did not reduce ALT levels (Fig. 3B) or liver necrosis
(Fig. 3C) in SdcI~~ mice subjected to APAP overdose. However, similar to HS, A= and 2-O-
sulfated heparosan significantly reduced ALT levels (Fig. 3B) and markedly diminished liver
necrosis (Fig. 3C). These data indicate that 2- O-sulfated domains are critical in the ability of
HS to suppress AILI.

SYNDECAN-1 HALTS THE PROGRESSION OF APAP LIVER DISEASE

To determine how syndecan-1 inhibits AILI, we next assessed whether syndecan-1 ablation
affects hepatic GSH depletion as a measure of excess NAPQI formation and activity. The
rate and extent of GSH depletion and resynthesis were similar in Wt and SacZ~~ livers, with
maximal depletion by 4 hours post-APAP and almost complete repletion by 12 hours post-
APAP (Fig. 4A). Furthermore, isolated primary Wt and SdcZ~~ hepatocytes were similarly
susceptible to APAP-induced cell death (Fig. 4B), and GSH consumption in primary Wt and
Sdc1~~ hepatocytes incubated with APAP was similar (Fig. 4C). These data indicate that
syndecan-1 does not affect the formation and toxicity of NAPQI or its inactivation by GSH.

We next evaluated the time course of liver injury by APAP. The pathogenesis of AILI in
mice closely resembles that of the human disease, except that peak toxicity is observed
earlier in mice (6-12 hours) than in humans (24-48 hours).7) In mice, NAPQI formation
and GSH depletion begin immediately post-APAP dosing and continue for 34 hours.(24)
Hepatocyte necrosis begins during this time and continues until around 12 hours post-APAP
overdose, around which time a tissue repair response starts and continues until
approximately 72 hours post-APAP.(?4) ALT levels similarly increased in Wt and SdcI~~
mice up to 12 hours post-APAP, at which time ALT levels started to decline in Wt mice (Fig.
4D). In contrast, ALT levels continued to increase and high levels were sustained in Sacz~~

Hepatology. Author manuscript; available in PMC 2019 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nam et al.

Page 7

mice at 24 hours post-APAP (Fig. 4D). Histological analyses also showed a similarly
progressive liver injury up to 12 hours post-APAP in both backgrounds, but markedly
worsened injury in SdcI~- livers, characterized by hepatocyte necrosis and inflammatory
cell infiltrates surrounding centrilobular regions, was observed at 24 hours post-APAP (Fig.
4E). These results indicate that syndecan-1 does not play a critical role in the onset of AILI.
Instead, these data suggest that syndecan-1 protects against APAP-induced liver disease by
halting the progression of liver injury and facilitating liver repair. Consistent with this idea,
proliferating cell nuclear antigen expression, a marker of cell proliferation, was markedly
reduced in Sdc2~~ livers compared to Wt livers at 12 and 24 hours post-APAP (Supporting
Fig. S2). Furthermore, in preliminary studies examining the role of syndecan-1 in
furosemide-induced liver injury where significant liver toxicity is observed by 5 hours after
furosemide injection, but liver damage is most severe at 24 hours after furosemide, (25:26)
ALT levels were significantly increased by 4-fold in Sac2~~ mice injected with furosemide
compared to Wt mice treated identically (Supporting Fig. S3). These results suggest that
syndecan-1 may also halt the perpetuation of liver injury in acute liver diseases other than
AILI.

SYNDECAN-1 DEFICIENCY INHIBITS Akt ACTIVATION AND ENHANCES GSK-38-MEDIATED
HEPATOCYTE APOPTOSIS IN APAP LIVER DISEASE

Tissue repair is strongly regulated by growth factors. Removal of growth factors or
inhibition of signaling can result in cell death and progression of tissue damage.(?”)
Activation of phosphoinositide 3-kinase-Akt signaling by growth factors is an important
pathway that facilitates tissue repair by enhancing cell proliferation and survival. Akt
stimulation by growth factors facilitates liver regeneration,(28) and cell-surface HSPGs serve
as coreceptors for various heparinbinding growth factors that promote tissue repair, such as
hepatocyte growth factor (HGF) and fibroblast growth factors (FGFs).(1:22) We therefore
examined whether syndecan-1 influences Akt signaling in APAP-overdosed mice. At 12
hours post-APAP, the time point where ALT levels begin to decline in Wt mice but continue
to increase in SdcZ”~mice, IHC analysis revealed widespread expression of Ser473-
phosphorylated Akt (pAkt) in Wt, but not in Sacz~~ livers (Fig. 5A), which was confirmed
by immunoblotting of liver extracts (Fig. 5B). Interestingly, levels of both FGF-2 and HGF
in total liver extracts were similar in Wt and SdcZ~~mice (Supporting Fig. S4), suggesting
that syndecan-1 increases Akt activation by potentiating growth factor signaling, but not its
expression levels.

We next assessed whether syndecan-1 regulates inactivation of GSK-38 by Akt. GSK-38is a
Ser/Thr protein kinase and is one of the principal physiological targets of Akt.(2%9) Unlike
most kKinases where phosphorylation leads to activation, phosphorylation of GSK-3 (Ser9)
by Akt results in its inactivation.(2%) Furthermore, silencing of GSK-3, but not GSK-3a,,
using antisense oligonucleotides has been shown to attenuate APAP-induced liver damage,
(30) suggesting that GSK-38 is an important mediator. At 12 hours post-APAP, similar to
pAkt, the signal for pGSK-38 was markedly increased in Wt, but not in Sadcz~" livers by
IHC (Fig. 5A) and immunoblotting (Fig. 5B).
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GSK-3 mediates apoptosis induced by many apoptotic factors,(31) and hepatocyte apoptosis
is a common feature of many liver diseases, including AILI.(32-38) Akt signaling promotes
cell survival, in part, by inhibiting GSK-3-mediated apoptosis.(37) We therefore examined
whether syndecan-1 modulates hepatocyte apoptosis in APAP liver disease. Expression of
cleaved caspase-3, a marker of apoptosis, was markedly increased in SacZ~~ livers
compared to Wt livers at 12 hours post-APAP (Fig. 5A), which was confirmed by
immunoblotting for cleaved caspase-3 (Fig. 5B) and FACS analysis of Annexin V binding to
primary hepatocytes (Supporting Fig. S5). Apoptosis was apparently triggered by signals
derived from neighboring necrotic hepatocytes given that apoptotic hepatocytes in SacZ~~
livers were especially evident in areas surrounding the centrilobular necrotic area (Fig. 5A).
At a higher dose of APAP (625 mg/kg), delayed apoptosis starting at around 12 hours and
continuing at 24 hours post-APAP was also observed in Wt livers by both Annexin V
binding and cleaved caspase-3 immunoblotting (Supporting Fig. S6), indicating that the
observed apoptotic phenotypes are not restricted to the SacZ~~background. Together, these
data suggest that syndecan-1 halts the progression of AILI and facilitates liver repair by
enhancing Akt activation and inhibiting GSK-38-mediated hepatocyte apoptosis.

To pursue this hypothesis, we examined the effects of inhibitors of Akt (triciribine), GSK-343
(lithium), and caspase-3 (Ac-DEVD-CMK) on AILI. ALT levels were significantly
increased in Wt mice treated with APAP and triciribine relative to those given APAP only
(Fig. 6A), demonstrating that Akt inhibition worsens liver damage. In contrast, AILI was
significantly attenuated by lithium (Fig. 6B) and Ac-DEVD-CMK (Fig. 6C) in susceptible
Sdc1~~ mice, indicating that inhibition of GSK-34 or caspase-3 activity mitigates liver
damage. Furthermore, because the inhibitors were given several hours post-APAP challenge,
these results indicate that Akt facilitates, whereas GSK-33 and caspase-3 impede, recovery
from APAP-induced liver damage. Delayed administration of LiCl and Ac-DEVD-CMK,
and also purified syndecan-1 ectodomain and HS, similarly impeded liver injury in Wt mice
injected with a higher dose of APAP (625 mg/kg; Supporting Fig. S7), indicating that the
phenotypes observed in SdcZ~~mice are not restricted to this background. Akt inhibition by
triciribine was confirmed by immunoblotting for pAkt in liver extracts, whereas GSK-343
inhibition by lithium was confirmed by immunoblotting for g-catenin (Supporting Fig. S8).
Triciribine and Ac-DEVD-CMK were dissolved in ethanol, and not dimethyl sulfoxide
(DMSO), and diluted to the indicated dose in PBS to rule out the inhibitory effect of DMSO
on cytochrome P450 (CYP) enzymes.(38) Ethanol can also induce CYP enzymes and
potentially exacerbate AILI, but at the low concentration used in this study, it did not affect
ALT levels in both Wt and SdcZ~~ mice. These data indicate that unopposed GSK-343
mediated hepatocyte apoptosis leads to progressive liver injury in APAP-injected Sdc1~
mice. Interestingly, GSK-34 ablation in mice results in extensive hepatocyte apoptosis and
embryonic lethality.3%) Thus, too little or too much GSK-34 activity can promote hepatocyte
apoptosis, suggesting that GSK-38 has dual functions in hepatocyte apoptosis depending on
the triggering signal. Alternately, the role of GSK3g inactivation may be to promote liver
repair, and the delayed apoptosis observed may be a default pathway related to the failure to
regenerate.
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2-O-SULFATED DOMAINS IN SYNDECAN-1 HS ENHANCE Akt ACTIVATION AND INHIBIT
HEPATOCYTE APOPTOSIS IN AILI

Having shown that activation of Akt and subsequent inhibition of GSK-3b-mediated
hepatocyte apoptosis are deficient in SacZ~~ livers and that these aberrant signaling
responses underlie the increased susceptibility of SdcZ~~mice to AILI, we next tested
whether purified syndecan-1 ectodomains and 2- O-sulfated heparan compounds can rescue
these deficiencies. Treatment of SdcZ~~ mice with purified ectodomain, HS, or A- and 2-O-
sulfated heparosan markedly increased pAkt and phosphorylated GSK-38 (pGSK-3p) levels
in livers, whereas 2- O-desulfated heparin and heparosan had minimal effects compared to
mice given APAP only (Fig. 7A,B). Furthermore, mice given syndecan-1 ectodomain, HS,
or N- and 2- O-sulfated heparosan, but not 2- O-desulfated heparin or heparosan, showed
substantially reduced signal for cleaved caspase-3 compared to mice given APAP only (Fig.
7C). Immunostaining of liver sections confirmed that syndecan-1 ectodomain and heparan
compounds containing 2- O-sulfate groups enhance Akt activation and inhibit GSK-35-
mediated hepatocyte apoptosis (Supporting Fig. S9). However, few apoptotic hepatocytes
were still evident in livers of mice administered N- and 2- O-sulfated heparosan (Supporting
Fig. S9), suggesting that intact ectodomain and HS are more effective at inhibiting
hepatocyte apoptosis than the engineered heparosan compound. Cumulatively, these data
indicate that 2- O-sulfated domains in syndecan-1 HS attenuate the progression of AILI by
enhancing Akt signaling and inhibiting GSK-3B-mediated hepatocyte apoptosis.

Discussion

In this study, we identified a function of syndecan-1 in potently inhibiting AILI. Sdc1~~
mice were significantly more susceptible to AILI compared to Wt mice as demonstrated by
increased transaminase levels and centrilobular necrosis, and decreased survival. These
pathological phenotypes were rescued by administration of purified syndecan-1 ectodomain
or HS, but not core protein, indicating that syndecan-1 protects against AILI through its HS
chains. Remarkably, we also found that this protective activity is dependent on 2- O-sulfate
groups of HS. This strict requirement for a particular HS modification was surprising,
because HS activities in general are thought to depend more on the overall organization of
HS domains and net negative charge than on the fine structure.(49 Our study also showed
that syndecan-1 attenuates AILI independent of NAPQI activity and after GSH has already
recovered. Instead, syndecan-1 facilitates later events that lead to liver repair, which were
traced to a potentiation of prosurvival Akt signaling and inhibition of delayed GSK-34-
mediated hepatocyte apoptosis, which apparently is the default pathway when syndecan-1 is
absent. Syndecan-1 is therefore a critical endogenous factor that shifts the balance from a
detrimental, injury-perpetuating apoptotic pathway to a beneficial prosurvival pathway in
APAP liver disease.

The observed specificity of syndecan-1 HS and 2- O-sulfated heparan compounds indicates
the importance of specific molecular interactions rather than nonspecific electrostatic effects.
Thus, a key to fully understanding this unprecedented liver repair mechanism in AILI will be
future studies to identify the molecular targets regulated by 2- O-sulfated domains in
syndecan-1 HS. HS positively regulates several heparin-binding molecules that activate Akt
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signaling, promote cell survival, and facilitate liver repair and regeneration, such as HGF,
epidermal growth factors, FGFs, and Wnts.(4142) Furthermore, 2- O-sulfate groups are
required for HS to potentiate prosurvival signaling by many heparin-binding growth factors.
(22) Hence, the requirement for 2-O-sulfate groups and Akt signaling points to the possibility
that syndecan-1 HS accentuates prosurvival signaling by several heparin-binding growth
factors to protect against AILI. However, most growth factors require other sulfate groups in
addition to 2- O-sulfates for full activation.(?2) Moreover, the observation that 2- O-sulfated
heparosan, which contains GIcA but no IdoA, enhances Akt signaling and attenuates APAP-
induced liver damage suggests that 2- O-sulfated glucuronic acid (GIcA2S) groups may be
essential. Although 2- O-sulfation occurs mostly on IdoA and rarely on GIcA in most
naturally occurring HS, higher levels of GIcA2S are found in liver HS.(43) These data
suggest an intriguing possibility where GIcA2S-containing domains in syndecan-1 HS
promote hepatocyte survival and liver recovery in APAP liver disease. However, our results
do not completely exclude the possibility that 2- O-sulfated iduronic acid—containing
domains can function similarly. Regardless, the strict requirement for 2- O-sulfate groups
revealed in this study suggests that syndecan-1 HS may regulate a previously unidentified
factor that potentiates Akt signaling and facilitate liver repair in APAP liver disease. A
recent study showed that syndecan-1 HS binds to and inhibits the antimicrobial peptide,
CRAMP, in a 2- O-sulfate—dependent manner(19) suggesting that unique biological targets
specifically regulated by 2- O-sulfate motifs exist in vivo.

A hallmark of fulminant hepatic failure is often the rapid induction of hepatocyte
apoptosis4) However, the role of hepatocyte apoptosis in AILI is rather controversial.
APAP overdose induces central features of apoptosis, such as release of mitochondrial
cytochrome ¢ and activation of caspases.(33:34) Furthermore, cleaved caspase products are
increased in APAP-overdosed patients, caspase inhibitors protect against APAP-induced
liver injury in rodent models(33:38) and a NAC/prostaglandin E2 combinatorial treatment
mitigates APAP-induced liver damage in zebrafish, in part, by reducing caspase activation
and hepatocyte apoptosis.®) Despite these data strongly pointing to the importance of
apoptotic cell death in AILLI, several studies have also provided evidence that caspase
activation is transient and limited post-APAP overdose and is insufficient to cause apoptotic
hepatocyte death.(46:47) Our studies also showed that there are few apoptotic hepatocytes in
Wt mice injected with 500 mg/kg of APAP. However, consistent with a report showing
induction of hepatocyte apoptosis at a higher dose of APAP,(34) delayed apoptosis starting at
around 12 hours post-APAP and continuing at 24 hours post-APAP was also observed in Wt
mice injected with a higher dose of 625 mg/kg of APAP. Furthermore, liver injury can
continue to occur even after levels of circulating APAP have declined to undetectable levels,
(48) and NAC effectively suppresses AILL if given early, but is not as effective when given at
later times post-APAP. These observations suggest an important role for propagation of
preexisting injury rather than continuation of de novo direct injury.

Based on these findings, we propose that APAP overdose activates an apoptotic response in
hepatocytes, which perpetuates liver injury, but the response is halted and fails to go to
completion when hepatocytes express sufficient levels of syndecan-1 or when supplied with
syndecan-1 or 2- O-sulfated heparan compounds. Furthermore, the discordant observations
of hepatocyte apoptosis in AILI may be attributed to differences in the expression level of
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syndecan-1, especially in patients. In support of this idea, there are anecdotes of individuals
consuming massive quantities of APAP without liver injury(®) whereas, in some cases,
individuals develop ALF although they have not taken doses of APAP exceeding the
recommended daily maximum of 4 .9 Examining whether low expression of syndecan-1
is a risk factor for AILI may be well worth trying. In addition, given that hepatocyte
apoptosis is of major importance in many liver diseases,*4) the use of selectively 2-O-
sulfated heparan compounds, capable of correcting the imbalance in prosurvival and
apoptotic signaling in hepatocytes, may also have broader utility in treating liver disorders
other than AILI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations:

20ST 2-O-sulfotransferase

AlLI APAP-induced liver injury
Akt protein kinase B

ALF acute liver failure

ALT alanine transaminase
ANOVA analysis of variance

APAP acetaminophen

AST aspartate transaminase
ConA concanavalin A

CsS chondroitin sulfate

CYP cytochrome P450

DMSO dimethyl sulfoxide

FACS fluorescence-activated cell sorting
FGFs fibroblast growth factors
GlcA glucuronic acid

GIcA2S 2-0O-sulfated glucuronic acid
GIcNAc N-acetylglucosamine

GSH glutathione

GSK-3B glycogen synthase kinase-3p
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HBSS Hank’s balanced salt solution
H&E hematoxylin-eosin
HGF hepatocyte growth factor
HS heparan sulfate
HSPG heparan sulfate proteoglycan
IdoA iduronic acid
IHC immunohistochemical
NAC N-acetylcysteine
NAPQI N-acetyl-p-benzoquinone imine
pAkt phosphorylated Akt
PBS phosphate-buffered saline
p-GSK-3B phosphorylated GSK-3p
Sdcl- syndecan-1 null
TNFa tumor necrosis factor alpha
Wt wild type
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FIG. 1.
Sdc1~"mice show increased susceptibility to AILI. (A) Wt and SacZ~mice were injected

intraperitoneally with APAP (500 mg/kg) or injected intravenously with Con A (25 mg/kg),
and serum levels of ALT and AST were measured at 24 hours post-injection. Data shown are
mean = SEM (APAP group: n = 23 for Wt, n = 17 for SacZ~~; Con A group: n = 5 for Wt, n
=7 for Sdc1~~; *Pvalues vs. Wt group, Student t test). (B) Representative H&E-stained
liver sections of mice at 24 hours post-APAP (500 mg/kg; original magnification, x100). (C)
Survival curve of Wt and SacZ~~ mice injected with 625 mg/kg of APAP (*P vs. Wt, log-
rank test).

Hepatology. Author manuscript; available in PMC 2019 May 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Page 17

Nam et al.
A
15000+
-y
= 12000+
'—
o |
< 90004
5 6000
Q
n
3000+
U-
C
12000
S 90004
2
[
I 6000-
£
c
& 3000
O-

B
Control +Sdc1 ecto
Control +Sdc1ecto +HS +CS  +Core Prot +HS
Il +NAC *p=0.035 *p=0.032
[ +Hs
T
| — [ 1
1 h-Pre 3 h-Post 10 h-Post
FIG. 2.

Exogenous syndecan-1 rescues SdcZ~~ mice from APAP-induced liver damage in an HS-
dependent manner. (A) SacZ~~ mice were injected intraperitoneally with PBS (control) or
0.5 mg/kg of purified syndecan-1 ectodomain, HS, CS, or core protein (Core Prot) 1 hour
pre-APAP injection (500 mg/kg), and serum ALT levels were measured at 24 hours post-
APAP (mean + SEM; n = 8 for all groups; “P< 0.05, one-way ANOVA followed by
Dunnett’s test). (B) Representative H&E-stained liver sections from APAP+PBS (control),
APAP+Sdcl ecto, APAP+HS, and APAP+CS groups (original magnification, X100). (C)
Sdc1~~ mice were injected with 0.5 mg/kg of HS or 50 mg/kg of NAC at 1 hour before, 3
hours after, or 10 hours after APAP, and serum ALT levels were determined at 24 hours post-
APAP (mean + SEM; n = 7 in all groups; *Pvalues between NAC and HS groups).
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FIG. 3.
2-O-sulfated heparan compounds inhibit AILI. (A) SdcZ~-mice were injected

intraperitoneally with PBS (control) or 0.5 mg/kg of heparin, A-desulfated heparin (NDS-
heparin), 2- O-desulfated heparin (20DS-heparin), or 6- O-desulfated heparin (60DS-
heparin) 1 hour pre-APAP injection (500 mg/kg), and serum ALT was determined at 24
hours post-APAP. Data shown are mean = SEM (n = 5 for PBS and heparin groups, n = 6 for
all modified heparin groups; “P< 0.05, one-way ANOVA followed by Dunnett’s test). (B)
Sdc1~~ mice were injected intraperitoneally with PBS (control) or 0.5 mg/kg of HS,
heparosan, N-sulfated heparosan (NS-heparosan), or A~ and 2- O-sulfated heparosan
(NS20S-heparosan) 1 hour pre-APAP injection, and serum ALT was measured at 24 hours
post-APAP (mean £ SEM; n = 6 for all groups; *P < 0.05, ANOVA followed by Dunnett’s
test). (C) Representative H&E-stained liver sections at 24 hours post-APAP from mice
treated without or with heparin, HS, or modified heparan compounds (original
magnification, x100).
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FIG. 4.

Syndecan-1 deficiency does not affect direct APAP hepatotoxicity, but interferes with
hepatic repair in AILI. (A) Wt and SdcZ~~ mice were injected with APAP (500 mg/kg) and
total liver GSH levels were measured at the indicated times (mean £ SEM; n = 4 in both Wt
and Sac1~~groups). (B) Primary hepatocytes isolated from Wt or SacZ~~ livers were
incubated with 40 mM of APAP and cell viability was determined (n = 4). (C) Wt and
Sdc1~~ primary hepatocytes were incubated with 40 mM of APAP and GSH levels were
measured (n = 4). (D) Serum ALT levels in Wt and SdcZ~~ mice were measured at the
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indicated times post-APAP injection (n = 5; *Pbetween Wt and SdcZ~~at 24 hours post-
APAP). (E) Representative H&E-stained Wt and SacZ~~ liver sections at the indicated times
post-APAP (original magnification, x100).
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FIG. 5.
Syndecan-1 ablation inhibits Akt signaling and GSK-38 inactivation and enhances

hepatocyte apoptosis in AILI. Wt and SacZ~~ mice were injected with APAP (500 mg/kg)
and livers were isolated at 12 hours post-APAP. (A) Liver sections were immunostained with
anti-pAkt (Ser473), anti-pGSK-34 (Ser9), or anticleaved caspase-3 antibodies (original
magnification, x100), and (B) liver lysates were immunoblotted for pAkt, total Akt,
pGSK-3p, total GSK-3, cleaved caspase-3, and S-actin.
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FIG. 6.
Inhibition of Akt aggravates, whereas inhibition of GSK-34 or caspases protects against,

AILI (A) Wt mice were injected with vehicle (2% EtOH/PBS) or Akt inhibitor (triciribine
at 1 mg/kg) at 5 hours post-APAP, and ALT was measured at 24 hours post-APAP (mean +
SEM; n = 6; *Pvs. APAP 1 vehicle). (B) Sdc2”~mice were injected with vehicle (PBS) or
LiCl (200 mg/kg) at 5 hours post-APAP, and ALT was determined at 24 hours post-APAP (n
= 5; *Pvs. APAP 1 vehicle). (C) SdcI~~mice were administered vehicle (EtOH/PBS) or
Ac-DEVD-CMK (25 mg/kg) at 3 hours post-APAP, and ALT was determined at 24 hours
post-APAP (mean + SEM; n = 5; *Pvs. APAP 1 vehicle).
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FIG. 7.
2-O-sulfated heparan compounds enhance Akt activation and GSK-3g inactivation and

inhibit caspase-3 activation in AILI. SacZ”~mice were injected with 0.5 mg/kg of HS, 2-O-
desulfated heparin (20DS-HP), heparosan (H), A- and 2- O-suflated heparosan (NS20S-H),
or purified syndecan-1 ectodomain (Sdcl) at 1 hour pre-APAP, and livers isolated at 12 hours
post-APAP were homogenized and liver lysates were immunoblotted for (A) pAkt and total
Akt, (B) pGSK-38and total GSK-34, or (C) cleaved caspase-3 and S-actin.
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