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Abstract

Acetaminophen (APAP) is the leading cause of drug-induced acute liver failure. Sphingosine-1-phosphate (S1P), whose
formation is catalyzed by sphingosine kinase (SPHK)-1 or -2, is a bioactive lipid implicated in human health and disease. Here,
we show that APAP-treated sphKI-deficient (sphK1 ™) mice exhibited markedly less liver damage and reduced inflammation
compared with the wild-type mice. SPHK1 deficiency alleviated APAP-induced endoplasmic reticulum (ER) stress by affecting
the phosphorylation of inositol-requiring enzyme 1o (IREla) and protein kinase R (PKR)-like endoplasmic reticulum kinase
(PERK)-eukaryotic translation initiation factor 2a (eIF2a), levels of activating transcription factor 4 (ATF4), and activation of
activating transcription factor 6 (ATF6). SPHK1 deficiency also inhibited mitochondrial permeability transition (MPT), as
evidenced by the impaired phosphorylation of JNK, apoptosis signal-regulated kinase 1 (ASK1), and glycogen synthase kinase
3p (GSK3p). In addition, SPHKI1 deficiency reduced the levels of histone deacetylase and promoted the acetylation of p65
and STATI, thereby impairing the transcription of inflammatory genes. Supplementation with exogenous S1P significantly
reversed the activation of the PERK-elF2a-ATF4 pathway and ATF6 during ER stress as well as the activation of GSK3p,
ASKI1, and JNK during MPT. Both FTY720, a functional S1P receptor antagonist, and PF543, an SPHK1 inhibitor, significantly
ameliorated APAP-induced liver injury and improved animal survival. Our study reveals a critical role for SPHK1 in mediating
APAP-induced hepatotoxicity by promoting ER stress and MPT.
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capacity of the ER, triggering cellular necrosis if exces-
sively severe or prolonged. The unfolded protein response
is mediated by three distinct sensors in the ER: inositol-
requiring enzyme lo (IREla), activating transcription
factor 6 (ATF6), and protein kinase R (PKR)-like endo-
plasmic reticulum kinase (PERK) [10-14]. In turn, IREla
and PERK-elF2a activate C/EBP-homologous protein
(CHOP), a protein that translocates to the nucleus and
activates the BCL-2 family member BAX and promotes
oxidative stress and inflammation [15]. In addition, IREl«
activates c-Jun N-terminal kinase (JNK), which then forms
a tripartite complex with apoptosis signal-regulated kinase
1 (ASK1) and tumor necrosis factor (TNF) receptor-
associated factor 2 (TRAF2) to induce the expression of
inflammatory genes [16, 17]. Acting as a critical threshold
of mitochondrial stress, JNK plays an important role in the
stress response and induces the mitochondrial permeability
transition (MPT), subsequently compromising ATP pro-
duction and eliciting necrotic cell death [18-22].

Sphingosine-1-phosphate (S1P), a bioactive lipid that has
been implicated in human health and disease, regulates cell
migration, angiogenesis, inflammation, and immune cell traf-
ficking via its receptors, SIPR1—-5 [23-25]. S1P is produced
by the phosphorylation of sphingosine, a reaction catalyzed by
sphingosine kinase 1 or 2 (SPHK1 or SPHK?2). Both SPHK1
and SPHK2 are abundantly expressed in the liver [26, 27].
Intriguingly, SPHK1 induces epithelial-mesenchymal transi-
tion by promoting the autophagy-linked lysosomal degrada-
tion of CDHI1/E-cadherin in hepatoma cells [28]. In addition,
SPHK1 promotes hepatocellular migration and invasion via
the SIP/EDGI axis. Pharmacological inhibition of SPHK1
activity has been shown to inhibit liver tumorigenesis in
diethylnitrosamine-treated mice. However, the role of sphin-
gosine signaling in drug-induced liver injury is unknown. We
now report that ER stress, MPT, and histone acetylation are
significantly diminished in sphKI-deficient (sphKI1~~) mice
exposed to APAP, highlighting a critical role for SPHK1 in
acute liver damage. Therefore, targeting SPHK1 may provide
a novel strategy for treating APAP-induced hepatotoxicity.

Results

Loss of SPHK1 protects hepatocytes from APAP-
induced hepatotoxicity and inflammation

Both SPHK1 and SPHK2 were highly expressed in the WT
mouse liver (Fig. 1a). APAP treatment substantially increased
the levels of SPHKI1 in the liver at 2, 4, 8, and 16 h, whereas
SPHK2 levels remained unchanged (Fig. 1a). In primary
hepatocytes from WT mice, treatment with APAP sig-
nificantly enhanced levels of SPHK1 but not SPHK?2 protein
at 2 and 4 h (Fig. 1a). We next examined the levels of SPHK2

in sphKI~~ mice to determine whether the expression of
SPHK?2 would be upregulated to compensate for the absence
of SPHK1 activity. Following APAP treatment, there was no
significant change in SPHK2 protein levels in the livers of
either WT or sphK1 ™'~ mice (Fig. S1). We next evaluated the
functional role of SPHK1 in APAP-induced hepatotoxicity by
comparing sphKI~~ with WT mice. When treated with
APAP at different doses and time points, the serum levels of
alanine aminotransferase (ALT) and aspartate aminotransfer-
ase (AST) were significantly lower in sphKI~~ mice than in
WT mice (Fig. 1b), whereas the levels of these enzymes in
sthZ*/ ~ mice were identical to those in WT mice (Fig. S2).
Moreover, serum levels of IL-6, TNF-«, and IL-1p at 16h
post APAP treatment were also significantly lower in
sphK1™~ mice (Fig. 1c). Importantly, sphKI~~ mice had a
much higher survival rate than WT mice when treated with a
lethal dose (700 mg/kg) of APAP (Fig. 1d). There was also
much less extensive centrilobular necrosis at 8 and 16 h fol-
lowing APAP treatment in sphK1 ~~ mice than in WT mice,
as assessed by H&E staining (Fig. 1e). Furthermore, terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) of liver sections (Fig. 1f) and propidium iodide
staining (Fig. S3) also revealed a reduction in hepatocyte
necrosis in sphK1~/~ mice when compared to that in WT
mice at 16 h post APAP exposure. PF543, an inhibitor of
SPHKI1, significantly reduced the elevated serum levels of
ALT and AST (Fig. 1g) and improved the survival rate in WT
mice treated with APAP (Fig. 1h). Collectively, these data
indicate that SPHK1 has an essential role in the development
of APAP-induced liver injury.

APAP exposure substantially induced the infiltration of
Ly-6G™ neutrophils (Fig. 2a) and F4/80" macrophages
(Fig. 2b) into hepatic tissues in WT mice, but not in
sphK1™~ mice (Fig. 2a, b). Moreover, APAP exposure
substantially enhanced leukocyte recruitment into the liver
sinusoids of WT mice, but not of sphK1 ™~ mice (Supple-
mentary Video 1). APAP treatment also boosted the
expression levels of 1I-6, Tnf-a, and II-1f mRNAs in WT
mice at 16h post APAP administration. However, the
increases in the expression levels of the mRNAs encoding
these inflammatory cytokines were significantly lower in
sphKI1~'~ (Fig. 2c), but not in sphK2~~ mice (Fig. S4a).
Similar trends were observed for the mRNA levels of
inflammatory chemokines, such as Ccl2, Ccl3, Cxcll, and
Cxcl2 (Fig. 2d, Fig. S4b). Collectively, the above obser-
vations indicate that SPHK1 deficiency mitigates the liver
injury and inflammation induced by APAP treatment.

SPHK1 in resident hepatic cells mediates APAP-
induced liver damage and inflammation

To determine whether APAP-induced hepatotoxicity
depends on SPHKI1 activities in resident hepatic cells or
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infiltrating immune cells, we generated chimeric mice by
transferring bone marrow cells between WT and sphKI /"~
mice (Fig. 3a). Remarkably, when exposed to APAP,
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sphK1™"~ mice engrafted with WT bone marrow displayed
a much lower ALT and AST serum levels than WT control
mice or WT mice engrafted with either sphKI~~ or WT
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<« Fig. 1 APAP treatment reduces liver injury and hepatocyte

necrosis in sphKI~'~ mice. a SPHK1 and SPHK2 protein levels
determined by western blotting in liver tissue of wild-type (WT) mice
treated with APAP (200 mg/kg, i.p.) and in cultured primary WT
hepatocytes treated with APAP (10mm). b WT and sphKI ~~ mice
were treated with APAP (200, 250, 300 mg/kg, i.p., n = 6-8 per group),
and then sera were harvested at 0, 8, 16, and 24 h post APAP treatment.
ALT and AST were assayed by commercial kits. ¢ WT and sphKI '~
mice were treated with APAP (200 mg/kg, i.p., n = 6-8 per group), and
serum levels of inflammatory cytokines IL-6, TNF-a, and IL-1§ were
determined by ELISA. d Survival curve of WT and sphKI ~/~ mice
following treatment of a lethal dose of APAP (700 mg/kg, i.p., n =12
per group). e H&E staining and quantification of necrotic areas (circled
with white dots) in liver sections from WT and sphK1 ™~ mice treated
with APAP (200 mg/kg, i.p.). Scale bar: 200 um. Data represent the
mean ratio of the necrotic area to the total area+SEM. f WT and
sphKI1™~ mice were treated with or without APAP (200 mg/kg, i.p.) for
16 h. TUNEL staining was performed on liver sections; scale bar:
100 um. g WT mice were treated with APAP (200 mg/kg, i.p.) or with
APAP and PF543 (10 mg/kg, i.p., n = 6 per group), and serum levels of
ALT and AST were determined at 16 h post APAP treatment. h Sur-
vival curve of WT mice treated with a lethal dose of APAP (700 mg/kg,
i.p.) and of WT mice treated with APAP and PF543 (5 mg/kg, i.p.,
n=12 per group). *P<0.05; **P <0.01; ***P <0.001 using two-
tailed unpaired Student’s ¢ test.

bone marrow (Fig. 3b). In addition, 1I-6, Tnf-a, II-1f, and
Ccl2 mRNA levels in hepatic tissue from WT mice
engrafted with sphK1~’~ bone marrow or WT bone marrow
were much higher at 16 h post APAP injection than those in
sphK1~"~ mice engrafted with WT bone marrow (Fig. 3c).
Furthermore, the severity of centrilobular necrosis was
significantly lower in sphK1~~ mice engrafted with WT
bone marrow than in WT mice engrafted with either
sphK1™~ or WT bone marrow (Fig. 3d). Together, these
results indicate that SPHK1 in bone marrow-derived cells
does not contribute to the development of acute inflamma-
tory liver injury. Therefore, it is likely that the SPHK1 in
resident hepatic cells mediates APAP-induced acute liver
injury and inflammation.

SPHK1 deficiency reduces APAP-induced JNK
activation and hepatocyte death

Having demonstrated an essential role for SPHKI in
resident hepatic cells in APAP-induced liver injury, we
next isolated hepatocytes and further investigated the
molecular signaling mechanisms underlying the role of
SPHK1 in promoting hepatic cell death. In primary cul-
tures of WT hepatocytes, exposure to APAP for 8h
induced a significant increase in cell death, as evidenced
by staining with propidium iodide (Fig. 4a). However, the
number of necrotic cells was markedly decreased in pri-
mary sphK1~~ hepatocytes compared with that in WT
hepatocytes (Fig. 4a). When mice were treated with
APAP, INK phosphorylation in the liver was significantly
increased in WT mice at 8—16 h, but not in sphK1 ™'~ mice
(Fig. 4b). Similarly, the levels of phosphorylated JNK

were significantly reduced in sphKI ™/~ hepatocytes, as

compared with those in hepatocytes from WT mice
(Fig. 4c). The levels of BAX were increased in WT
hepatocytes 2-8h post APAP exposure, but not in
sphK1~~ hepatocytes. However, BCL-2 levels were
comparable between WT and sphKI " cells (Fig. 4d).
Furthermore, SPHK1 deficiency resulted in reduced levels
of phosphorylated ASKI1 (Fig. S5a) and GSK3p
(Fig. S5b) compared with those in WT hepatocytes. The
above results indicate that SPHK1 deficiency protects
hepatocytes against APAP-induced necrotic cell death by
alleviating sustained JNK activation.

SPHK1 deficiency alleviates ER stress

APAP is metabolized in the liver by the cytochrome P450
isozyme CYP2EI1 into NAPQI, which is then detoxified by
hepatocellular GSH. When challenged with an overdose of
APAP, SPHKI1 deficiency did not result in any change in
the levels of CYP2E1 (Fig. 5a) or GSH (Fig. 5b) in the liver
of sphK1™~ mice, as compared with those in WT mice.
Therefore, the resistance of sphKI ~~ mice to APAP-
induced liver injury cannot be attributed to an increase in
APAP metabolism.

ER stress occurs following APAP administration, and
multiple molecules including CHOP play an essential role
in APAP-induced hepatotoxicity [10]. We then examined
whether SPHK1 deficiency affected signal activation upon
ER stress. There were no differences in the basal levels of
key ER stress markers between sphKI ™~ and WT mice
after an overnight fast. CHOP levels were markedly
increased in WT mice upon APAP exposure. However, in
sphKI1™~ mice, this increase was completely abolished
(Fig. 5c). Moreover, the activation of IREla was severely
affected by SPHKI1 deficiency (Fig. 5d), resulting in
reduced expression of Xbpi(s/t) (Fig S6a), and a decreased
amount of IREl-dependent decay of mRNA (RIDD)
(Fig. S6b). The activation of the PERK-elF2a-ATF4 path-
way was also severely affected by SPHKI1 deficiency
(Fig. Se). Similarly, the levels of uncleaved and cleaved
ATF6 were increased in a time-dependent manner upon
APAP stimulation in WT, but not in sphKI™’~ mice
(Fig. 5f). Further, we examined the expression of ATF6’s
target genes to evaluate ATF6 activation and observed
significant upregulation of HerpUD and Hyoul in the liver
of WT mice treated with APAP, but not in the liver of
sphK1™~ mice (Fig. 5g). In addition, silencing the
expression of IREIl-a, Perk, or Eif2a reduced APAP-
induced hepatocyte death (Fig. 5h). In primary hepatocytes
treated with APAP, the levels of CYP2EL in sphKI~/~
primary hepatocytes were comparable to those in WT pri-
mary hepatocytes after APAP treatment (Fig. S7a). How-
ever, the activation of molecules mediating ER stress was
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Fig. 2 APAP-treated sphK1 ~/~ mice display reduced liver inflam-
mation and leukocyte recruitment. a, b WT or sphK ™~ mice were
treated with APAP (200 mg/kg, i.p.), and then infiltrated a neutrophils
(Ly-6G™) and b macrophages (F4/807) in liver tissues were quantified
at 0, 8, and 16 h after APAP treatment. Scale bar: 100 um; per field of
view (fov, n =238 per group). ¢, d mRNA levels of ¢ inflammatory
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cytokines [I-6, Tnf-a, and Il-1f and d chemokines Ccl2, Ccl3, Cxcll,
and Cxcl2 in liver tissues of WT and sphK1 ~/~ mice at 0, 8, and 16 h
after treatment with APAP (200 mg/kg, i.p.) were measured by
quantitative real-time PCR. Data represent mean relative expression +
SEM. *P<0.05; **P <0.01; ***P <0.001 using two-tailed unpaired
Student’s 7 test.
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Fig. 3 SPHK1 in residential hepatic cells mediates liver injury and
inflammation after APAP treatment. a Schematic protocol used for
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chimeric mice, respectively), or sphK1~'~ mice engrafted with WT bone
marrow (designated as WT—sphK] ~/~ chimeric mice) were treated with

similarly affected by SPHK1 deficiency (Fig. S7b-e). Col-
lectively, these data imply that SPHK1 is not involved in
APAP metabolism but instead promotes ER stress in
response to the presence of hepatotoxic metabolites that are
formed following APAP treatment.

Treatment with tunicamycin (TUN) and thapsigargin
(TG) enhanced the activation of PERK-elF2a-ATF4 and
ATF6 as well as the phosphorylation of IREla in WT but
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APAP (200 mg/kg, n =28 per group), b and serum levels of ALT and
AST were quantified by commercial kits 16 h post APAP treatment.
¢ mRNA levels of 1[-6, Tnf-a, Il-1f3, and Cci2 and d necrotic area in liver
tissue of chimeric mice were quantified by real-time PCR and H&E
staining, respectively. Scale bar: 200 um. Data represent the mean ratio of
the necrotic area to the total area+ SEM. *P <0.05; **P<0.01 using
two-tailed unpaired Student’s ¢ test.

not in sphK1~~ mice (Fig. S8a). Furthermore, sphK1 '~
mice exhibited a significantly higher survival rate than did
WT mice after treatment with a lethal dose of TG
(Fig. S8b). Therefore, SPHK1 deficiency also dampens
UPR activation and cell death in response to other agents
that trigger ER stress, and the protection provided by
SPHK1 deficiency is not only limited to the hepatotoxic
effects induced by APAP.
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APAP does not compromise mitochondrial function
in the absence of SPHK1

APAP-induced hepatotoxicity is characterized by the
extensive production of ROS during drug metabolism.
Mitochondrial ROS levels were increased in WT hepato-
cytes at 4—8 h of APAP exposure. However, in the absence
of SPHK1, the mitochondrial accumulation of ROS was
significantly reduced in APAP-treated hepatocytes (Fig. 6a).
Moreover, upon APAP treatment, SPHKI1 deficiency
resulted in reduced JNK (Fig. 6b), ASK1 (Fig. 6¢), and
GSK3p (Fig. 6d) phosphorylation levels in mitochondria.
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(200 mg/kg, i.p., n = 6-8 per group), liver tissue was harvested at 0, 2, 4,
8, and 16 h post APAP treatment, and western blot was performed to
determine the levels of phosphorylated and total JNK protein. ¢—d pri-
mary hepatocytes from WT or sphK1~~ mice were treated with APAP
(10mwm) for O, 1, 2, 4, and 8 h, and then c levels of phosphorylated and
total JNK protein and d levels of BCL-2 and BAX proteins in total cell
lysates of primary hepatocytes were analyzed by western blotting.

Together, these results indicate that SPHK1 is essential for
the activation of multiple key signaling molecules involved
in MPT.

SPHK1 deficiency alleviates the expression of
inflammatory genes by regulating histone
deacetylases (HDACs)

Upon APAP treatment, IL-6, TNF-a, and IL-1p levels
were significantly increased in supernatants derived from
primary hepatocytes isolated from WT mice but not in
those from sphKI~/~ mice (Fig. 7a). In addition, mRNA
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Fig. 5 SPHK1 deficiency alleviates ER stress during APAP-
induced hepatotoxicity. a—b WT and sphKI/™~ mice were treated
with APAP (200 mg/kg, i.p.), liver tissue was harvested at 0, 2, 4, 8, and
16 h post APAP treatment, and then a levels of CYP2EI in the liver
were determined by western blotting, and b levels of GSH in the liver
were quantified using a GSH assay kit; data represent mean GSH + SEM.
c—f WT and sphKI1~~ mice were treated with APAP (200 mg/kg, i.p.),
liver tissue was harvested at 0, 2, 4, 8, and 16 h post APAP treatment,
and then c protein levels of CHOP, d levels of phosphorylated and total
IREla, e levels of phosphorylated and total PERK-elF2a and ATF4
protein levels, and f levels of cleaved and uncleaved ATF6 in the liver

levels of I1-6, Tnf-a, and II-1f in sphK1~~ hepatocytes
were also significantly lower than those in WT hepato-
cytes (Fig. 7b). Mechanistically, when treated with APAP,
sphK1~'~ hepatocytes exhibited significantly lower levels
of phosphorylated and total TRAF2 (Fig. 7c), as well as
lower levels of phosphorylated p65 (Fig. 7c) and

SIPERK

80
o
S 60
o 40
20
0
o S ¥ a6
RON P |
.000 :',\\@ 5{2 “3’{\
)

siEif2a

Necrotic cell (%!

tissue were determined by western blotting; liver lysates of tunicamycin
(TUN)-treated WT and sphKI~~ mice were included as positive con-
trols. g WT or sphKI ™"~ mice were treated with APAP (200 mg/kg, i.p.),
and then mRNA levels of HerpUD and Hyoul in liver tissues of WT and
sphK1 ~~ mice at 0, 8, and 16 h after treatment with APAP were mea-
sured by quantitative real-time PCR. h Murine AML12 hepatocytes were
transfected with siRNA for Irela, Perk, or Eif2a, or with control siRNA,
and then cells were treated with APAP (10 mm); cell death was quanti-
fied with propidium iodide (PI) staining. Data represent the mean ratio of
the number of necrotic cells to total cell number + SEM. *P < 0.05; **P
<0.01 using two-tailed unpaired Student’s ¢ test.

phosphorylated p38 (Fig. S9) than did WT hepatocytes.
Further, SPHK1 deficiency reduced APAP-induced
phosphorylation of IkB, as well as the nuclear transloca-
tion of p65 (Fig. 7d).

We also examined whether SPHK1 deficiency affected
any epigenetic phenotype in primary hepatocytes after
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Fig. 6 APAP treatment alters mitochondrial permeability transi-
tion in primary hepatocytes from WT and sphKI~~ mice. a Pri-
mary hepatocytes from WT and sphK1 ~~ mice were treated with
10 mm APAP at 0, 4, and 8 h, and then mitochondrial reactive oxygen
species in primary hepatocytes were stained with MitoSOX Red, scale
bar: 200 um. b—d Primary hepatocytes from WT and sphK1 ~~ mice

APAP exposure. There were no significant differences in
methylated levels of H3K4, H3K9, and H3K27 between
sphK1~~ hepatocytes and WT hepatocytes with or without
APAP treatment (Fig. S10a). Although the levels of
H3K9ac were not significantly affected, the decreased level
of H4KS5ac was indeed reversed by SPHKI1 deficiency
(Fig. S10b). Interestingly, the increased protein (Fig. 7e)
and mRNA (Fig. S11) levels of HDAC4, HDACS, and
HDAC7 were significantly lower in sphKI~~ hepatocytes
following APAP treatment than in WT hepatocytes. The
acetylation levels of p65 (Fig. 7f) and STAT1 (Fig. 7g)
were significantly increased in sphK1 ™~ hepatocytes trea-
ted with APAP, as compared with those in APAP-treated
WT hepatocytes (Fig. 7f, g). In addition, SPHK1 deficiency
significantly increased the interaction between acetylated
p65 and STATI after APAP treatment (Fig. 7h), therefore
inhibiting the transcription of proinflammatory genes.
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were treated with 10 mm APAP, and then mitochondrial lysates were
isolated by commercial Mitochondria Isolation Kit. Levels of phos-
phorylated and total proteins of b JNK, ¢ ASKI, and d GSK3f in
mitochondrial lysates were analyzed by western blotting with VDAC1
as the internal loading control and a-tubulin as the negative control.

Exogenous S1P partially reverses the effects of
SPHK1 deficiency

APAP treatment slightly increased S1P levels but not sig-
nificantly (Fig. S12a). However, in sphK1~/~ hepatocytes,
exogenous S1P restored the activation of elF2a and ATF6
levels in response to APAP, but not the levels of CHOP or
IREla phosphorylation (Fig. 8a). In these cells, the activation
of key MPT mediators, including JNK, ASK1, and GSK3p, as
well as TRAF2 was also restored by exogenous S1P (Fig. 8b),
as was the phosphorylation of p65 and p38 (Fig. 8c). In
addition, treatment with FTY720, an antagonist of SI1P
receptors, completely protected WT mice after treatment with
APAP, as evidenced by the significantly reduced ALT and
AST serum levels (Fig. 8d), the significantly decreased serum
and mRNA levels of inflammatory cytokines (Fig. S12b—c),
and the markedly increased survival rate after a lethal dose
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Fig. 7 APAP fails to induce inflammation in the absence of
SPHKI1. a Primary hepatocytes isolated from WT and sphKI ™/~
mice were treated with 10 mm APAP at various time points, and then
levels of inflammatory cytokines IL-6, TNF-a, and IL-1p in cultured
hepatocyte supernatants were assayed by ELISA (n = 6 per group).
b mRNA levels of inflammatory cytokines /-6, Tnf-a, and [I-1f in
APAP-treated WT and sphKI~/~ hepatocytes were quantified by
real-time PCR (n = 4-6 per group). Data represent mean expression
+ SEM. *P <0.05; **P <0.01 using two-tailed unpaired Student’s ¢
test. c—e Primary hepatocytes isolated from WT and sphK1 ~~ mice

(700 mg/kg) of APAP (Fig. 8e). The fact that S1P was
not able to promote the activation of IREla and CHOP

were treated with 10 mm APAP at various time points. Levels of
¢ phosphorylated and total protein of TRAF2 and p65 in total
lysates; d phosphorylated IkBa, total IkB, and total p65 in the
cytosolic fraction and p65 in the nuclear fraction; and e HDAC4,
HDACS, and HDACY7 in total lysates were determined by western
blotting. f—h Primary hepatocytes isolated from WT mice or sphK]
~/~ mice were treated with APAP (10 mMm, 2 h), and then the acet-
ylation of f p65 and g STAT1 as well as h the levels of interaction
between acetylated p65 and STAT1 in total lysates were analyzed by
co-immunoprecipitation.

led us to hypothesize that S1P-independent mechanisms
are involved in activating these proteins. Further,
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Fig. 8 Both S1P-dependent and -independent mechanisms are
involved in APAP-induced acute liver hepatotoxicity. a—c Exo-
genous S1P at various concentrations (0.2, 1.0, and 5.0 ug/ml) was
supplemented in primary WT and sphKI~~ hepatocytes in culture.
a Levels of phosphorylated PERK-elF2a and IREla, protein levels of
CHOP, ATF4, and ATF6; b phosphorylation of JNK, ASKI1, and
GSK3p; and ¢ TRAF2, phosphorylated p65, and p38 were analyzed by
western blotting. d WT mice were treated with APAP (200 mg/kg, i.p.)

through immunoprecipitation, we found that SPHKI
formed a complex with IREla in vivo (Fig. S13a). In
murine AML12 hepatocytes, Irela siRNA transfection
significantly reduced the phosphorylation of ASK1 and
JNK (Fig. S13b). Figure 8i shows the schematic view of
the SPHKI1-mediated molecular signaling mechanism
underlying APAP-induced hepatotoxicity.
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Cell death

or with APAP and FTY720 (10 mg/kg, i.p., n =6 per group), sera
were harvested 16 h post APAP treatment, and levels of ALT and
AST in the control and FTY720-treated mice (5 mg/kg, i.p.) were
measured. e Survival curve of WT mice treated with a lethal dose of
APAP (700 mg/kg) and of WT mice treated with APAP and FTY720
(5 mg/kg, i.p., n=12 per group). f Schematic illustration of the
putative signaling mechanism underlying APAP-induced hepatic
cell death.

Discussion

Understanding the molecular mechanism of APAP-induced
acute liver damage and hepatocyte death is fundamental to
the design of new therapeutic strategies for the treatment of
this type of liver injury. We now report that sphKI~~ mice
exhibit substantially much less liver damage than WT
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control mice following an APAP overdose treatment,
demonstrating that SPHK1 is essential in mediating APAP-
induced acute liver injury. We further demonstrate that
SPHKI1 is not involved in the initial metabolism of APAP.
Instead, SPHK1 promotes APAP-induced ER stress and
mitochondrial dysfunction. ER stress precedes the occur-
rence of MPT in APAP-induced liver injury and other UPR-
triggered cell death-related events [29, 30]. Thus, our study
highlights a previously undescribed mechanism by which
SPHK1 promotes ER stress, thereby enhancing mitochon-
drial dysfunction and inflammation and ultimately causing
APAP-induced hepatotoxicity.

S1P is generated by the phosphorylation of sphingosine
by two sphingosine kinase isoforms: SPHK1 and SPHK2.
There is evidence showing that the expression of SPHK1
can be downregulated by >70% with siRNA without
affecting SPHK2 [31]. We also found that there were no
significant changes in the protein levels of SPHK2 between
WT and sphKI~~ mouse livers with or without APAP
treatment. Despite the functional non-redundancy of these
two enzymes in the production of S1P, our data showed that
the levels of aminotransferases and inflammatory gene
transcription in sthZ’/ ~ mice were similar to those in WT
mice when treated with APAP. Therefore, SPHK1 and
SPHK?2 cannot completely compensate for each other in
mediating APAP-induced hepatotoxicity.

The SPHKI1-S1P axis regulates an array of biological
processes. For example, S1P not only engages extracellular
receptors to regulate a series of downstream signals but also
acts as a secondary messenger directly involved in intra-
cellular signal transduction and regulation [32]. It has been
reported that pharmacological inhibition or genetic defi-
ciency of SPHKs results in the reduced activation of
extracellular signal-regulated kinases in tumor cells [33].
Notably, S1P could efficiently stimulate the phosphoryla-
tion of many key molecules in different cellular signaling
pathways. Therefore, the defective phosphorylation of these
key molecules in sphKI-deficient hepatocytes may be
attributable to the decreased production of SIP in these
cells. The S1P receptor functional antagonist FTY720, an
immunosuppressive agent currently used for the treatment
of multiple sclerosis, has shown promise in reducing the
intracellular levels of S1P [34]. In this study, FTY720
protected WT mice from APAP-induced liver injury and
significantly enhanced survival rates of animals treated with
700 mg/kg APAP. However, exogenous S1P effectively
reversed the effects of SPHKI1 deficiency on TRAF2,
elF2a, and ATF6, but not those on CHOP and IRElaq,
implying that additional S1P-independent mechanisms also
exist. We previously reported that SPHK?2 directly activates
Fyn and downstream STAT3 to promote fibroblast activa-
tion and extracellular matrix production [35]. In hepato-
cytes, SPHK1 interacting with IREla is one of the possible

mechanisms of its activation of ER stress independent of
S1P. In addition, the possibility that SPHK1 binds to other
signaling molecules to promote ER stress or MPT directly
or indirectly cannot be ruled out. Nevertheless, it is clear
that SPHK1 deficiency prevents the activation of major
signaling pathways that elicit ER stress in hepatocytes,
which would otherwise trigger MPT, inflammatory
responses, and ultimately hepatocyte necrosis.

The fact that SPHK1 deficiency dramatically alters gene
transcription in the liver prompted us to hypothesize that
epigenetic mechanisms are involved in this process. Inter-
estingly, the levels of HDAC4, HDACS5, and HDAC7 were
significantly reduced in sphK1I-deficient hepatocytes treated
with APAP. Although there was no significant difference in
the levels of histone acetylation, this reduction is consistent
with the fact that HDAC inhibitors can protect the liver
from other inflammatory conditions [36, 37].

Recent studies have shown that HDACs and the acetyla-
tion of STAT1 and p65 play a vital role in the regulation of
NF-xB transcriptional activity [38, 39]. Here, we showed that
following APAP treatment, the levels of acetylated p65 and
STAT1 were significantly decreased in WT hepatocytes, but
not in sphK1-deficient hepatocytes. Through co-immunopre-
cipitation, we also showed that SPHK1 deficiency promoted
an interaction between STAT1 and p65, subsequently alle-
viating the transcription of inflammatory genes induced by
APAP. Therefore, SPHK1 deficiency inhibits NF-kB tran-
scriptional activity by maintaining p65 in its acetylated
(inactive) state, which is normally regulated by HDACS,
thereby repressing the expression of inflammatory cytokines.

In summary, our study reveals that SPHK1 in hepatocytes
is a critical promotor in the initial phase of APAP-induced
acute liver failure. We have unraveled a critical mechanism
controlling APAP-induced acute liver injury that is mediated
by SPHK1-dependent regulation of ER stress and MPT. Our
data highlight SPHK1 as a potential therapeutic target
against APAP-induced hepatotoxicity and may therefore
open a new avenue to enable effective treatment of APAP-
induced hepatotoxicity and its associated complications.

Materials and methods
Mice

sphK1 ~/~ mice, sthZ_/ ~ mice, and wild-type (WT) control
mice, on a C57BL/6J background and aged 8—10 weeks,
were obtained from the Jackson Laboratory (Bar Harbor,
ME, USA), and were bred and housed at the Animal Care
Facility of Nanjing Medical University under specific
pathogen-free conditions with ad libitum access to a stan-
dard laboratory diet and water. When used in experiments,
male mice at 8—10 weeks old were fasted for 12 h overnight
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and then injected intraperitoneally (i.p.) with APAP (Sigma-
Aldrich, St. Louis, MO) dissolved in warm phosphate-
buffered saline [40]. Prior to injection, animals were fasted
to improve the uniformity of drug administration and to
reduce APAP glucuronidation. Following injection, animals
were fed ad libitum until time of killing [41]. All experi-
mental protocols were approved by the Laboratory Animal
Care and Use Committee at Nanjing Medical University
(NJMUAC No. 053/2016).

Bone marrow transplantation

In brief, donor mice were killed, and bone marrow cells
were harvested from the humerus and femur. Recipient
mice (8 weeks old) were pretreated with antibiotics (Sangon
Biotech, Shanghai, China) and lethally irradiated with two
doses of 5 Gy at a 2-3 h interval. Following this, 107 donor
bone marrow cells were transferred intravenously through
the tail vein into each of the recipients. Donor cells were
allowed to engraft for 8 weeks. Untransplanted sphK1 ™/~
and WT mice were used as controls.

Hepatotoxicity assessment

All sphKI1~~, sphK2™~ mice and WT control mice were
humanely killed, and sera were collected at 8, 16, and 24 h
post APAP treatment. ALT and AST activities were quan-
tified using commercially available kits (Sigma-Aldrich, St.
Louis, MO, USA) according to the manufacturer’s
protocols.

Cell death determination

WT primary hepatocytes or sphKI1 ™~ primary hepatocytes
were seeded in six-well plates, exposed to 10 mm APAP and
analyzed at 0, 4, and 8 h to determine cell death and mor-
phological changes by staining for 30 min with 1 pg/mL
propidium iodide (Sigma-Aldrich). Fluorescence images
were obtained in RGB at 32 bits/channel using an Olympus
IX-73 microscope (Olympus, Tokyo, Japan).

Co-immunoprecipitation

Tissue or cell lysates were incubated overnight at 4 °C with
1 pg of anti-SPHKI1, anti-STATI, or anti-p65 antibodies
(CST, Boston, MA, USA). A 40-uL volume of protein A/G
agarose beads (Roche, Mannheim, Germany) was then
added to lysates and incubated for 46 h. The agarose beads
were pelleted by a brief centrifugation (900 g, 10 min) and
then washed three times with lysis buffer. Immunoprecipi-
tated proteins were eluted by boiling in SDS buffer for
10 min. The protein levels of IREla and acetylation of
STATI and p65 were analyzed by western blotting.
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Measurement of reactive oxygen species (ROS)

For ROS quantification, sphK1~"~ and WT primary hepa-
tocytes were treated with 10 mm APAP for 4 and 8 h and
loaded with MitoSOX Red (Invitrogen, Carlsbad, CA,
USA). ROS levels were determined by measuring the
fluorescence excitation/emission spectra at 485/520 nm
under a fluorescence microscope (Olympus).

Hepatic GSH measurement

Hepatic GSH levels were measured in whole-liver homo-
genates (15-25 mg of liver tissue) using a glutathione assay
kit (Cayman, Ann Arbor, MI, USA) according to the
manufacturer’s instructions.

Statistical analysis

All data are expressed as the means+ SEM. Data were
compared using an unpaired two-tailed Student’s 7 test or a
one-way analysis of variance and Bonferroni multiple
comparisons test with SPSS software (version 17.0 for
Windows, IBM Inc, Chicago, IL, USA). P<0.05, P<0.01,
and P<0.001 were considered significant (*), very sig-
nificant (**), and highly significant (***), respectively.

Additional methodological details are provided in
the Supplementary Materials.
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