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ABSTRACT

Abstract The idiosyncratic characteristics and severity of acetaminophen (APAP) overdose-induced hepatotoxicity render
identifying the predisposing factors and mechanisms of APAP-induced liver toxicity necessary and urgent. Farnesoid X re-
ceptor (FXR) controls bile acid homeostasis and modulates the progression of various liver diseases. Although global FXR de-
ficiency in mice enhances APAP intoxication, the mechanism remains elusive. In this study, an increased sensitivity to
APAP-induced toxicity was found in global Fxr-null (Fxr~/~) mice, but was not observed in hepatocyte-specific or
macrophage-specific Fxr-null mice, suggesting that global FXR deficiency enhances APAP hepatotoxicity via disruption of
systematic bile acid homeostasis. Indeed, more bile acid accumulation was found in global Fxr~/~ mice, while 2% cholestyr-
amine diet feeding decreased serum bile acids and alleviated APAP hepatotoxicity in global Fxr~/~ mice, suggesting that bile
acid accumulation contributes to APAP toxicity. Bile acids were suspected to induce macrophage to release tumor necrosis
factor-o (TNF-a), which is known to enhance the APAP hepatotoxicity. In vitro, deoxycholic acid (DCA), a secondary bile acid
metabolite, significantly induced Tnfa mRNA and dose-dependently enhanced TNF-o release from macrophage, while the
same dose of DCA did not directly potentiate APAP toxicity in cultured primary hepatocytes. In vivo, DCA enhanced TNF-o
release and potentiated APAP toxicity, both of which were abolished by the specific TNF-o antagonist infliximab. These
results reveal an FXR-DCA-TNF-a axis that potentiates APAP hepatotoxicity, which could guide the clinical safe use of APAP.
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Acetaminophen (APAP), also known as paracetamol, is a widely genetic diversity, metabolic disorders (Kucera et al., 2012), viral
used antipyretic and analgesic in clinic. However, APAP over- hepatitis infection (Maddox et al., 2010), and chronic alcohol use
dosing can cause acute liver failure, responsible for nearly 500 (Sato et al., 1981), could affect the propensity of APAP to cause
deaths in the United States alone, and remains the leading acute liver failure. Identifying the predisposing factors and
cause of drug-induced liver injury in several countries (Lee, mechanisms is necessary to understand the pathological

2017). Many risk factors, such as gender (Masubuchi et al., 2011),
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progression of APAP hepatotoxicity and for guiding the rational
safe use of APAP.

APAP, when metabolized mainly by CYP2E1, produces the re-
active metabolite N-acetyl-p-benzoquinone imine, which then
causes depletion of hepatic glutathione (GSH) and stimulates
macrophage activation to release proinflammatory mediators
(Lancaster et al., 2015; Martin-Murphy et al., 2010). Once GSH is
depleted, hepatocyte death is initiated, which is further en-
hanced by tumor necrosis factor-o (TNF-0), particularly under
conditions of GSH depletion (Colell et al., 1998; Matsumaru et al.,
2003; Yan et al., 2016). Thus, any factors that affect APAP meta-
bolic activation, chemoprevention or TNF-a release could influ-
ence the hepatic sensitivity to APAP toxicity. In the APAP-
induced liver injury model, farnesoid X receptor (FXR) activation
by its agonist 3-(2,6-dichlorophenyl)-4-(3’-carboxy-2-chlorostil-
ben-4-yl) oxymethyl-5-isopropylisoxazole (GW4064) alleviated
APAP-induced liver injury, while global Fxr-null mice (Fxr~/")
showed enhanced liver injury (Lee et al., 2010); this effect was
suggested to be through inducing expression of xenobiotic
metabolism-related genes in wild-type (WT) mice, but not Fxr~/
~ mice, leading to an increased metabolism of toxic APAP deriv-
atives and reduced GSH levels (Lee et al., 2010). More recently,
the FXR agonist GW4064 was found to alleviate APAP-induced
liver injury by promoting cell proliferation via pyruvate dehy-
drogenate kinase 4-controlled metabolic reprogramming (Xie
et al., 2016). Although FXR activation is known to ameliorate
APAP-induced hepatotoxicity, the mechanism for how FXR defi-
ciency potentiates APAP hepatotoxicity remains largely
unknown.

FXR is highly expressed in liver and intestine as the primary
regulator of bile acid homeostasis. FXR deficiency causes chole-
stasis in mice and FXR expression is correlated with cholestasis
in humans (Eloranta and Kullak-Ublick, 2008; Sinal et al., 2000).
Prospective studies indicate that bile acid level is a prognostic
biomarker in APAP-induced acute liver failure in patients
(Woolbright et al., 2014). Accumulated toxic bile acids potentiate
hepatotoxicity in various liver injury models or metabolic dis-
eases by causing hepatocellular stress and inducing cell death
(Gumpricht et al., 2005; Sokol et al., 1995, 1998; Woolbright et al.,
2015; Yerushalmi et al., 2001), or activating the macrophage via
inducing NLR family, pyrin domain containing 3 (NLRP3) inflam-
masome activation as inflammatory damage-associated molec-
ular patterns DAMPs (Hao et al., 2017). NLRP3 inflammasome
activation was suggested to result in enhanced metainflamma-
tion and TNF-o release (Samstad et al., 2014; Yan et al., 2018).
However, little is known whether bile acids as potential DAMPs
could induce the release of TNF-a, which is known to potentiate
hepatocyte death in GSH-depleted hepatocytes when mice are
challenged by APAP or other hepatic chemical toxicants (Colell
et al., 1998; Matsumaru et al., 2003; Yan et al., 2016). Thus, the
question arises whether FXR deficiency enhances APAP hepato-
toxicity by increasing bile acid accumulation that in turn stimu-
lates macrophage to release TNF-o, which then increases APAP
hepatotoxicity. To explore the role and mechanism of how FXR
influences APAP toxicity, global Fxr~'~ mice, hepatocyte-specific
Fxr-null (Fxr*"®P) mice, and macrophage-specific Fxr-null
(Fxr®™9) mice, in combination with liquid chromotagraphy-
mass spectrometry (LC-MS) analyses of bile acid levels and bile
acid-treated macrophage cell cultures were used to investigate
whether any liver cell specific-FXR mediated APAP hepatotoxic-
ity and whether FXR deficiency enhanced APAP toxicity via
modulating bile acid-induced TNF-a release from macrophage.

MATERIALS AND METHODS

Chemicals and reagents. APAP, GW4064, lipopolysaccharides from
Escherichia coli O111: B4, cholestyramine, cholic acid, a-muri-
cholic acid, p-muricholic acid, deoxycholic acid (DCA), urso-
deoxycholic acid, hyodeoxycholic acid, lithocholic acid,
taurocholic acid (TCA), tauro-a-muricholic acid, tauro-B-muri-
cholic acid, taurodeoxycholic acid, taurochenodeoxycholic acid,
tauroursodeoxycholic acid, and taurohyodeoxycholic acid were
purchased from Sigma (St Louis, Missouri). Infliximab (INF) was
obtained from Zhongda hospital (Nanjing, China). Cell counting
kit-8 kit was purchased from Dojindo Molecular Technologies
(Rockville, Maryland). Cholestyramine diet (2%) and its matched
control chow diet were made in Research Diets (New
Brunswick, New Jersey). Deionized water was purified using a
Milli-Q system (Millipore, Billerica, Massachusetts). Primers
were ordered from Integrated DNA Technologies (Coralville,
Iowa,).

Animals and treatments. Fxr/~ mice and strain-matched WT
mice, Fxr*HP and Fxr-floxed (Fxr®) mice on a C57BL/6N back-
ground as described previously (Kim et al., 2007). Fxr*3¢ mice
were produced by crossing Fxr™® mice with LysM-Cre on the
C57BL/6N background. The LysM-Cre transgenic line was previ-
ously described (Brocker et al., 2017). FxrAHeP, FxrAMac pxrf/fl
Fxr/~, and matched WT mice were maintained at the National
Cancer Institute (Bethesda, Maryland, USA) and allowed free ac-
cess to food and water until experimental use. The animal vi-
varium was maintained at 25°C + 2°C with a 12/12 h light/dark
cycle and 50% = 10% humidity. Six- to eight-week-old, body
weight-matched male Fxr~/~, Fxr®HeP, Fxr®Ma< and Fxrf mice,
were dosed with APAP at 200mg/kg via IP injection and then
killed 12 or 24h after treatment as indicated. For the GW4064/
APAP animal experiment, 6- to 8-week-old age and body
weight-matched male C57BL/6N mice were used. The mice were
intraperitoneally injected with GW4064 at 30 mg/kg for 5 con-
secutive days and 30min after GW4064 dosing, the overnight-
fasted mice were intraperitoneally dosed with 300mg/kg of
APAP and refed 2 h after APAP dosing until the end of the exper-
iment. All mice were killed 24h after APAP dosing. All experi-
ments were performed at the National Cancer Institute with
mouse handling in accordance with animal study protocols ap-
proved by the National Cancer Institute Animal Care and Use
Committee.

For the APAP/DCA dosing experiment, 6- to 8-week-old male
C57BL/6 mice were obtained from Shanghai SLAC Laboratory
Animal Center (Shanghai, People’s Republic of China). The mice
were dosed with APAP at 150 mg/kg via IP injection and DCA at
30mg/kg dissolved in saline via IP injection at 2h after APAP
dosing. Before IP injection of APAP, the mice were fasted over-
night (14h) with free access to water and refed 2h after APAP
dosing. All mice were killed 24 h after APAP administration. For
the INF/APAP/DCA experiment, mice were pretreated with
6 mg/kg INF once daily via IP injection for 3 consecutive days
and then treated with 200 mg/kg of APAP 30 min after the last
dose of INF, followed by 30mg/kg of DCA 2h after APAP treat-
ment. All mice were killed 24 h after APAP treatment. The selec-
tion of the doses and duration of APAP, DCA, or INF exposure
were based on previous studies (Ferah et al.,, 2013; Hao et al.,
2017; Lee et al., 2010; Saini et al., 2011; Yan et al., 2016; Zhao et al.,
2016). All experiments were approved by the animal ethics com-
mittee of China Pharmaceutical University and performed in ac-
cordance with the Guide for the Care and Use of Laboratory Animals
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Figure 1. GW4064 protects, while farnesoid X receptor (FXR) deficiency enhances, acetaminophen (APAP) -induced liver injury in mice. A and B, Serum alanine amino-
transferase (ALT) and aspartate aminotransferase (AST)levels at 3 or 12 h after APAP dosing in global Fxr~/~ mice and wild-type (WT) mice. C, Liver hematoxylin and eo-
sin (H&E) staining for WT mice and Fxr /™~ mice at 12h after APAP treatment, scale bar 100 um. D, Serum ALT and AST levels. E, tumor necrosis factor (TNF)-o levels in
control or GW4064-treated mice. F, Liver H&E staining for GW4064/APAP-treated mice at 24h after APAP dosing, scale bar 50 um (n=>5 mice per group). Data are pre-
sented as means + SEM. *p <.05 and *p < .01 compared with WT group or GW4064-treated group. ###p < .005 compared with Control group. WT mice treated with
200mg/kg of APAP. Fxr~/~, Fxr-null mice treated with 200 mg/kg of APAP. Vehicle + APAP, APAP-dosed mice pretreated with vehicle; GW4064, APAP-dosed mice pre-

treated with GW4064; Control, control saline-treated mice.

as adopted and promulgated by the U.S. National Institutes of
Health.

Serum aminotransferase analysis. Serum alanine aminotransfer-
ase (ALT) and aspartate aminotransferase (AST) were quantified
using commercial assay kits (Catachem, Bridgeport,
Connecticut) or a standard clinical automatic analyzer as de-
scribed previously (Yan et al,, 2016). In brief, serum samples
were diluted 10 times using saline and then subjected to
analyses.

Bile acid analysis by LC-MS. Bile acids were extracted from mouse
serum and analyzed by LC-MS as described previously (Xie et al.,
2019). In brief, an aliquot of 25 ul serum was deproteinated with
100 pl of acetonitrile containing 1 M d5-UDCA as internal stan-
dard. After centrifugation for 15min at 15 000xg, 100ul of

supernatant was further diluted with 100 pl of water containing
0.1% formic acid. A 5pl aliquot of the supernatants was injected
into an Acquity ultrahigh-performance LC/Synapt G2Si quadru-
pole time-of-flight mass spectrometer (Waters Corporation,
Milford, Massachusetts) equipped with an Acquity BEH C18 col-
umn (100 x 2.1mm internal diameter, 1.7mm, Waters Corp.) for
chromatographic separation.

Gene expression analysis. Total tissue mRNA was extracted from
frozen liver samples using TRIzol reagent (Thermo-Fisher,
Waltham, Massachusetts) with a Percellys bead homogenizer
(Bertin, Rockville, Maryland) using 1mm zirconia/silica beads.
Total RNA was quantified using a NanoDrop spectrophotometer
(NanoDrop Products, Wilmington, Delaware) and 1ug of RNA
was reverse transcribed with c¢DNA synthesis Super Mix
(Quanta Biosciences, Beverly, Massachusetts), followed by a
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Figure 2. Hepatocyte farnesoid X receptor (FXR) does not further potentiate acetaminophen (APAP) toxicity. A and B, serum alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) levels of APAP-treated Fxr*HP mice and Fxr mice. C, Representative hematoxylin and eosin (H&E) staining of APAP-dosed Fxr*H®P mice
and its matched Fxr® mice, scale bar 100 ym. D and E, serum ALT and AST levels of untreated control Fxr*"¢P mice and Fxr® mice. F, Representative H&E staining of
untreated control Fxr*HP mice and Fxr® mice, scale bar 100 ym (n =5 mice per group). Data are presented as means + SEM.

quantitative real-time polymerase chain reaction analysis using
an Applied Biosystems QuantStudio 7 Flex Real-time PCR
System (Thermo-Fisher). Values calculated using the 2ACt
method were normalized to Actb mRNA and expressed as fold
change versus control group (Primers were listed in
Supplementary Table 1).

Histology analysis. Formalin-fixed liver tissues were embedded in
paraffin and 5-pum thick sections were cut for hematoxylin and
eosin (H&E) staining in the Department of Pathophysiology at
the Affiliated Hospital of Nanjing University of Chinese
Medicine (Nanjing, Jiangsu, China, Figs. 7 and 8) and at
Histoserv Inc. (Germantown, Maryland; for other Figures).

Enzyme-linked immunosorbent assay. TNF-o enzyme-linked immu-
nosorbent assay kits for mouse TNF-o were purchased from
Excel (Shanghai, People’s Republic of China). Fifty microliters of
serum was used for analysis.

Cell culture experiments. Raw 264.7 cells were purchased from
ATCC (Manassas, Virginia) and cultured in Dulbecco’s Modified
Eagle’s Medium supplemented with 10% fatal bovine serum and
1% antibiotics (0.5% penicillin and 0.5% streptomycin) for no
more than 10 generations as described previously (Hao et al,,
2017). The tested bile acids were used at a concentration of 50—
200 pM for the indicated time for cell viability assays in 96-well
plates or TNF-o assays in 24-well plates. TNF-o release was de-
termined using the supernatant of DCA-treated RAW264.7 cells
by enzyme-linked immunosorbent assays. Human nontumor
hepatic LO2 cells were purchased from the Chinese Academy of
Sciences (Shanghai, China) and cultured in RPMI 1640 medium
with 10% fatal bovine serum and 1% antibiotics (0.5% penicillin
and 0.5% streptomycin). APAP was dissolved in culture medium
at a dose of 10 mM for 24 h, followed by a cell viability test using
the Cell Counting Kit-8 kit per the manual protocol. The doses

and duration of APAP or DCA exposure were based on previous
studies (Hao et al., 2017; Yan et al., 2016; Zhao et al., 2016).

Kupffer cell isolation. Kupffer cells were isolated as described pre-
viously (Matsuda et al., 2018). In brief, mouse hepatic nonparen-
chymal cells were obtained by the collagenase perfusion
method as described (Yagai et al, 2014). Kupffer cells were
sorted from the nonparenchymal cells by autoMACS Pro
(Miltenyi Biotec, Auburn, California) using fluorescein isothiocy-
anate antimouse F4/80 antibody (Catalog No. 123108, Biolegend,
San Diego, California; RRID: AB_893502) and anti-fluorescein
isothiocyanate microbeads (Catalog No. 130-048-701, Miltenyi
Biotec; RRID: AB_244371). The sorting was repeated to increase
the purity of Kupffer cells. The harvested cells were then
subjected to mRNA extraction using TRIzol reagent (Thermo-
Fisher).

Statistical analysis. Experimental values are presented as mean =+
SEM. Statistical analysis was performed using Prism version
7.05 (GraphPad Software, San Diego, California). Two-tailed t
test was used between 2 groups, whereas one-way analysis of
variance followed by the Dunnett multiple-comparisons test
was used among multiple groups. p Values < .05 were consid-
ered statistically significant.

RESULTS

APAP-Induced Hepatotoxicity Is Enhanced in Fxr~'~ Mice and
Alleviated in GW4064-Treated Mice

To determine whether FXR mediates APAP-induced liver injury
in vivo, the specific FXR agonist GW4064 and global Fxr~/~ mice
were used. Fxr~/~ mice and strain-matched C57BL/6N WT mice
were subjected to treatment with 200 mg/kg APAP. Biochemical
analysis of serum ALT and AST levels demonstrated that APAP
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Figure 3. Loss of macrophage farnesoid X receptor (FXR) expression does not further enhance acetaminophen (APAP)-induced toxicity. A, Breeding scheme of Fxr*Ma®

mice. B, mRNA levels of Kupffer cell Fxr in Fxr*Mac

and Fxr® mice. C, serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels at 6h after

APAP dosing in Fxr®™ and Fxr/ mice. D, serum ALT and AST levels at 24h after APAP dosing in Fxr*™2° and Fxr® mice. E, hematoxylin and eosin (H&E) staining of
liver sections from APAP-dosed Fxr*™2° and Fxr™® mice; scale bar 100 um. F and G, serum ALT and AST levels of untreated control Fxr*™ and Fxr® mice. H, H&E stain-

ing of liver sections from untreated control Fxr*Ma¢
as means * SEM. **p < .005 compared with the Fxr'? group.

significantly increased serum ALT and AST levels in Fxr~/~ mice
compared with WT mice (Figs. 1A and 1B). H&E staining of livers
showed that APAP-treated Fxr/~ mice had significant cellular
damage as compared with the similarly treated WT mice
(Figure 1C). In non-APAP treated control mice, serum ALT and
AST levels were slightly increased in global Fxr /= mice, and no
obvious histological difference was noted between the two gen-
otypes (Supplementary Figs. 1A-C).

and Fxr® mice; scale bar 50 um (n = 4 for Figure 3B, whereas n =5 mice per group for Figs. 3C-H). Data are presented

Consistent with this finding, FXR activation by a 5-day pre-
treatment with GW4064 sharply decreased the APAP-induced
increase of serum ALT and AST levels, and decreased APAP-
induced serum TNF-a release (Figs. 1D and 1E). H&E staining fur-
ther demonstrated that GW4064 treatment also decreased liver
necrosis in APAP-treated mice (Figure 1F). These data demon-
strated that global FXR deficiency potentiated APAP toxicity,
while FXR activation by GW4064 decreased APAP
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Figure 4. Bile acids accumulates more significantly in global farnesoid X receptor
(Fxr)-null mice than Fxr*"®P mice after acetaminophen (APAP) dosing. A, serum
free bile acids at 24 h after APAP dosing. B, Serum conjugated bile acids at 24 h af-
ter APAP dosing (n=>5 mice per group). Data are presented as means * SEM.
*p < .05, *p <.01, and **p < .005 compared with wild-type group. #p < .05, ##p < .01,
and ###p < .005 compared with the Fxr*"®P group. Abbreviations: CA, cholic acid;
a-MCA, a-muricholic acid; PMCA, p-muricholic acid; DCA, deoxycholic acid; UDCA,
ursodeoxycholic acid; HDCA, hyodeoxycholic acid; LCA, lithocholic acid; TCA, tau-
rocholic acid; T«MCA, tauro-a-muricholic acid; TBMCA, tauro-p-muricholic acid;
TDCA, taurodeoxycholic acid; TCDCA, taurochenodeoxycholic acid; TUDCA, taur-
oursodeoxycholic acid; THDCA, taurohyodeoxycholic acid.

hepatotoxicity, together revealing that FXR signaling restricts
APAP-induced liver injury.

Loss of Hepatocyte FXR Does Not Enhance APAP Toxicity
The mechanism by which hepatocyte FXR influences APAP-
induced liver injury was investigated. In WT mice, APAP de-
creased expression of Fxr mRNA as well as FXR target genes
(Supplementary Figs. 1D-F). Consistent with the in vivo data,
APAP treatment at 5 and 10 mM markedly decreased Fxr mRNA
in primary hepatocytes (Supplementary Figure 1G). Thus, APAP
challenge inhibited expression of Fxr mRNA and FXR target
genes, which may be due to increased stress from APAP-
induced inflammation.

FXR is highly expressed in liver, particularly hepatocytes,
while FXR is known to directly act as a hepatocyte protector

since hepatic FXR inhibits endoplasmic reticulum stress-
induced NLRP3 inflammasome activation (Han et al., 2018), sup-
presses TNF-a-induced apoptosis in hepatocytes, and amelio-
rates liver injury (Wang et al., 2018a). Thus, hepatocyte FXR may
directly modulate APAP intoxication. To examine whether he-
patocyte FXR could directly influence APAP intoxication, Fxr*HeP
mice and Fxr'V were subjected to APAP treatment. No signifi-
cant difference was found between Fxrf and Fxr"P mice, as
revealed by serum ALT and AST levels and H&E staining in liv-
ers of APAP-treated mice (Figs. 2A-C); this experiment was re-
peated three times using both age- and body weight-matched
mice, which all yielded the same results that hepatocyte FXR
deficiency did not significantly alter the sensitivity of mice to
APAP-induced toxicity. Similarly, no significant difference was
found between untreated Fxr/® and Fxr*"°P mice (Figs. 2D-F).
Thus, hepatocyte Fxr disruption itself did not further enhance
APAP toxicity.

Loss of Macrophage FXR Does Not Enhance APAP-Induced Toxicity
Since FXR in macrophage was found to directly regulate NLRP3
inflammasome activation (Hao et al., 2017), a role for macro-
phage FXR was suspected to influence the APAP-induced he-
patic toxicity. To examine the direct contribution of
macrophage FXR in modulation of APAP-induced hepatotoxic-
ity, Fxr®™a© mice were generated (Figs. 3A and 3B). Fxr*™*¢ and
age- and body weight-matched Fxr'/?! littermates were chal-
lenged with 200mg/kg APAP. Mice were killed at 6 or 24h after
APAP dosing. However, no significant difference in extent of
toxicity was found between the two genotypes upon APAP treat-
ment at either 6 or 24 h, as revealed by serum ALT and AST lev-
els (Figs. 3C and 3D) and liver H&E staining (Figure 3E). No
significant difference in serum ALT, AST levels and liver H&E
staining were found between Fxr®™2¢ and Fxr’® mice in the ab-
sence of APAP challenge (Figs. 3F-H). These data demonstrate
that macrophage-specific FXR deficiency does not enhance
APAP toxicity.

Global FXR Deficiency Enhances and GW4064 Decreases APAP-
Induced Bile Acid Accumulation

Neither loss of macrophage FXR nor hepatocyte FXR mimicked
the phenotype of global FXR deficiency after APAP dosing, sug-
gesting that FXR protein expression itself in liver cells may not
provide direct chemoprevention. In previous studies, global FXR
deficiency was shown to cause cholestasis that potentiated car-
bon tetrachloride-induced liver injury by increasing accumu-
lated TCA levels (Takahashi et al., 2017) and to potentiate
endotoxin-induced shock by increasing the accumulation of
proinflammatory bile acids (Hao et al.,, 2017). Thus, global FXR
deficiency was suspected to cause more aberrant accumulation
of bile acids, among which, some toxic bile acids could act as
circulated DAMPs to enhance APAP toxicity. To test this hypoth-
esis, serum bile acid levels were measured but were not
changed in APAP-treated Fxr*™2 and Fxr® mice
(Supplementary Figure 2). Given that hepatocyte FXR is known
to modulate bile acid signaling, serum bile acid levels were
measured in global Fxr-null mice and Fxr*"P mice revealing
that bile acids were increased in Fxr*"®P mice compared with
Fxr® mice, while levels of serum bile acids in APAP-dosed Fxr~/
~ mice accumulated to a much greater extent than that in
Fxr“"®P mice (Figs. 4A and 4B). Similarly, bile acid levels were
also examined in untreated control mice. Global FXR deficiency
caused significantly more accumulation of several bile acid
metabolites when compared with hepatocyte-specific FXR defi-
ciency, even under basal conditions (Supplementary Figs. 3A
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Figure 5. Cholestyramine feeding rescues enhanced acetaminophen toxicity in global Fxr-null mice. A, time scheme of experiment procedure. B, serum alanine amino-
transferase levels. C, Hematoxylin and eosin staining analysis, scale bar 100 um. D, quantitation of serum free bile acids level. E, quantitation of serum conjugated bile
acid levels (n =8 mice per group). Data are presented as means + SEM. *p < .05, *p < .01, and **p <.005 compared with chow group. Full names of abbreviated bile acids

were same as Figure 4.

and 3B). GW4064 markedly alleviated almost all the taurine-
conjugated bile acids and decreased the APAP-induced increase
of DCA, a nonconjugated secondary bile acid in serum of APAP-
treated mice (Supplementary Figs. 4A and 4B). These data sug-
gest that increased bile acids may contribute to APAP
hepatotoxicity.

Cholestyramine Feeding Rescues APAP Toxicity in Fxr~/~ Mice

To determine whether accumulation of bile acids could en-
hance APAP toxicity in global Fxr~/~ mice, the bile acid chelator
cholestyramine was employed. Fxr~/~ mice were fed a 2% chole-
styramine diet or control chow diet for 1 week and then treated
with APAP at 200 mg/kg for 24 h (Figure 5A). Cholestyramine diet
feeding significantly alleviated APAP-induced serum ALT levels
and histological damage (Figs. 5B and 5C), accompanied by de-
creased serum bile acid levels (Figs. 5D and 5SE). These data sug-
gest that bile acid accumulation in APAP-dosed Fxr™~ mice
enhanced hepatic toxicity.

DCA Markedly Induces TNF-« Release in Macrophage

Since bile acids accumulate in global Fxr/~ mice and cholestyr-
amine feeding rescued APAP toxicity in these mice, bile acids
may influence the sensitivity differences to APAP toxicity be-
tween Fxr~/~ mice and Fxr*"P mice. Bile acids are known to in-
duce NLRP3 inflammasome activation as proinflammatory
DAMPs (Hao et al., 2017), and NLRP3 inflammasome activation
was suggested to result in enhanced metainflammation and
TNF-o release (Samstad et al., 2014; Yan et al., 2018). When FXR

activation by GW4064 decreased TNF-o release in APAP-treated
mice (Figure 1E), whether and which bile acid induces macro-
phage to release TNF-o to potentiate APAP toxicity was investi-
gated. In Raw264.7 cells, 100 uM DCA, among all tested bile acid
metabolites, was found to significantly increase Tnfa mRNA lev-
els 12h after each compound treatment, with lipopolysacchar-
ides used as a positive control (Figs. 6A and 6B). To further
validate this result, a dose-dependency experiment was per-
formed with DCA at 0, 20, 50, and 100 uM, and DCA was found to
induce TNF-o release dose-dependently in Raw264.7 cells
(Figure 6C). A time-course analyses of Tnfa mRNA levels or TNF-
o release were performed with 100 uM of DCA, and DCA was fur-
ther found to markedly activate TNF-a signaling at both 1, 2, 4,
and 8h, as revealed by a marked induction of Tnfa mRNA levels
that peaked at 1h (Figure 6D), and increased TNF-o release that
peaked at 8h (Figure 6E). The increased TNF-o release was not
due to induced cell death (Figs. 6F and 6G). Furthermore, the
same doses (50-200 uM) of DCA did not directly potentiate
APAP-induced hepatocyte damage in LO2 cells (Figure 6H).
These data suggest that DCA among the bile acids has the po-
tential to synergize with APAP to cause hepatocyte damage via
inducing macrophage to release TNF-o.

DCA Potentiates APAP Hepatotoxicity by Increasing TNF-« Release

To further test whether DCA synergizes with APAP to cause
hepatotoxicity by increasing TNF-o release, overnight-fasted
C57BL/6N mice were treated with control vehicle or 30 mg/kg
DCA 2h after APAP and then killed to collect blood and livers for
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Figure 6. Deoxycholic acid (DCA) induces tumor necrosis factor-o (TNF-o) release in macrophage. A and B, Tnfa mRNA levels induced by free bile acids and taurine-con-
jugated bile acids in macrophage. C, Dose-dependency of DCA-induced TNF-uo protein release at 20, 50, and 100 uM in macrophage. D, Time course of Tnfa mRNA levels
after treating with 100 uM of DCA for 1, 2, 4, and 8h. E, Time course of DCA (100 uM)-induced TNF-« release at 1, 2, 4, and 8h in macrophage. G and H, Cell viabilities
treated with free bile acids and taurine-conjugated bile acids in macrophage. I, DCA at 50-200 uM per se did not directly potentiate acetaminophen toxicity in LO2 cells
(n=6 per group). Data are presented as means + SEM. #p < .05, ##p < .01, and ###p < .005 compared with the control group. Abbreviation: LPS, lipopolysaccharides. Full

name of abbreviated bile acids were same as Figure 4.

further analysis 24 h after APAP administration (Figure 7A). The
results demonstrated that 30 mg/kg of DCA significantly poten-
tiated APAP-induced toxicity, as revealed by significant
increases of serum ALT and AST levels in APAP/DCA-treated
mice as compared with mice treated with DCA alone or APAP
alone (Figs. 7B-D). Consistent with the current hypothesis, se-
rum TNF-o release was significantly increased in APAP/DCA-
treated mice (Figure 7D). In addition, H&E staining showed data
consistent with serum ALT and AST levels (Figure 7E). These
results suggest that increased levels of DCA after APAP dosing
potentiated APAP toxicity.

To further examine whether increased TNF-o release in
DCA/APAP-treated mice contributed to APAP hepatotoxicity, a
TNF-a-specific antagonist INF was used. Mice were pretreated
with INF for 3days and a single IP injection of 150 mg/kg APAP
followed 2h later by a single IP injection of 30mg/kg DCA
(Figure 8A). Mice pretreated with INF had much less serum TNF-
o release (Figure 8B), markedly decreased serum ALT levels and
AST levels (Figs. 8C and 8D), as well as improved liver damage

as histologically assessed (Figure 8E), supporting the view that
INF efficiently alleviated TNF-a release and associated liver in-
jury. These data support the notion that DCA, when dosing after
APAP challenge, potentiated APAP hepatotoxicity by stimulating
TNF-a release, which could be a possible explanation why mice
are more sensitive to APAP toxicity when FXR is inhibited
(Figure 8F).

DISCUSSION

Although global FXR deficiency was documented to sensitize
mice to APAP hepatotoxicity, the mechanism and which cell
type-specific FXR mediates APAP intoxication. This study dem-
onstrated that loss of global FXR signaling potentiated APAP-
induced liver injury; neither hepatocyte-specific nor
macrophage-specific Fxr disruption had a significant impact on
APAP toxicity. Global Fxr disruption showed enhanced accumu-
lation of circulating serum bile acids, among which DCA was
identified to stimulate macrophage to release TNF-o that in
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Figure 7. Deoxycholic acid (DCA) potentiates APAP hepatotoxicity via enhancing tumor necrosis factor-o (TNF-o) release. A, Time scheme of experiment procedure. B-
D, Serum alanine aminotransferase, aspartate aminotransferase, and TNF-« levels in DCA/APAP-treated mice. E, Hematoxylin and eosin staining analysis of liver sec-
tions DCA/APAP-treated mice; scale bar 100 um. Data are presented as means = SEM (n =6 mice per group). *p <.05, *p < .01, and ***p < .005, compared with acetamino-
phen (APAP) group or DCA group as indicated. Control, control saline-treated mice; DCA, 30 mg/kg of DCA-treated mice; APAP, 150 mg/kg of APAP-treated mice;
APAP+DCA, mice treated with 150 mg/kg of APAP and then treated with 30 mg/kg of DCA.

turn could synergize with APAP to induce liver injury. The DCA-
potentiated APAP hepatotoxicity and TNF-o release was further
abolished by the specific TNF-a antagonist INF. These findings
reveal an FXR-DCA-TNF-a axis that modulates APAP hepatotox-
icity (Figure 8F).

Hepatocyte FXR directly protects hepatocytes against in-
flammation (Wang et al., 2008) and cell death (Han et al., 2018;
Wang et al., 2018a), whereas macrophage FXR modulates NLRP3
inflammasome activation (Hao et al,, 2017). However, in this
study, neither hepatocyte-specific Fxr nor macrophage-specific
Fxr disruption was found to directly influence APAP hepatotox-
icity, suggesting that cell-specific FXR could play distinct roles
under different conditions. Similar with the present findings,
hepatocyte-specific Fxr disruption had no role in modulating
the severity of alcoholic liver disease, whereas global loss of
FXR significantly enhanced the alcoholic liver disease (Zhang
et al,, 2018). Fxr/~ mice developed spontaneous liver tumors,
while neither hepatocyte-specific Fxr/~ mice nor intestine-
specific Fxr~/~ mice developed spontaneous liver tumors during
aging (Takahashi et al., 2018). In addition, serum bile acid accu-
mulation in global Fxr~~ mice was more significant than that of
Fxr“HeP mice in APAP-treated mice in the current study. In line
with this point, FXR was reported to regulate carbon tetrachlo-
ride-induced liver injury and liver tumor development by nega-
tively modulating levels of circulating TCA, which could induce
JNK-stress signaling in this model and upregulate MYC expres-
sion in Fxr-deficient hepatocytes (Takahashi et al.,, 2017, 2018).
These studies suggest an important pathophysiological role for

FXR-bile acids axis in preventing liver injury. In addition, al-
though the FXR-DCA-TNF-o axis was demonstrated to at least
partially to mediate APAP intoxication in this study, it remains
a possibility that FXR signaling in extrahepatic tissues also plays
a coordinated role with liver FXR. Deficiency of fibroblast
growth factor 15, encoded by an FXR target gene in intestine,
significantly increases susceptibility to APAP-induced liver in-
jury, although to a lesser extent (Huang et al., 2018). Thus, it is
reasonable to infer that neither any cell type-specific FXR in
liver nor extrahepatic tissues alone, but combined FXR expres-
sion from two or more cell types together with the accumula-
tion of bile acids, coordinate to modulate the extent of APAP
toxicity.

Global FXR disruption results in an increase in the primary
bile acid cholic acid, which could then lead to increased produc-
tion of almost all bile acids, including the proposed biomarker
DCA that could potentiate TNF-a release from macrophage. In
previous studies, DCA was found to induce NLRP3 inflamma-
some activation and potentiate colitis (Zhao et al., 2016) and
sepsis (Hao et al., 2017). These data and earlier studies together
support the view that DCA could act as one proinflammatory
DAMPs to mediate diseases progression.

Increased accumulation of DCA in the global Fxr/~ mice
could be due to enhanced production of cholic acid, the precur-
sor of DCA, as a result of increased expression of CYP7A1 that is
elevated under FXR deficiency (Eloranta and Kullak-Ublick,
2008; Wang et al., 2018b). The mechanism by which DCA accu-
mulates in global Fxr~/~ mice compared with Fxr*HeP mice
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Figure 8. Tumor necrosis factor-o (TNF-0) antagonist infliximab (INF) decreases serum TNF-o levels and alleviated deoxycholic acid (DCA)/acetaminophen (APAP)-in-
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remains undetermined. One possible explanation is that extra-
hepatic FXR, such as intestinal FXR, plays a coordinated role
with hepatocyte FXR to regulate the bile acid homeostasis, par-
ticularly for the secondary bile acid DCA, which is produced in
the intestine by gut microbiota (Matsubara et al, 2013;
Wahlstrom et al., 2016). Indeed, an earlier study demonstrated
that regulation of bile acid homeostasis is dependent on liver
and intestine FXR signaling and DCA is significantly increased

in feces in intestine-specific Fxr-null mice, but not from Fxr*HeP

mice or Fxr /" mice (Kim et al., 2007).

In summary, while Fxr’/~ mice are more sensitive to APAP
toxicity, neither Fxr*HP nor Fxr*™3¢ mice alone show enhanced
APAP-induced hepatic toxicity. DCA elevation under global FXR
deficiency induces macrophage to release TNF-a that potenti-
ates APAP toxicity. Thus, combined FXR deficiency and accumu-
lation of DCA predict more risk for APAP hepatotoxicity,



providing new insights into crosstalk among FXR-mediated
metabolic homeostasis, macrophage activation and liver injury.
FXR signaling is frequently disrupted in various diseases
(Kemper, 2011), such as sepsis (Hao et al., 2017), alcoholic liver
injury (Wu et al., 2014), fibrosis or inflammation (Wang et al.,
2018a), obesity (Kim et al, 2015), and colorectal cancer
(Bayerdorffer et al., 1993), which could be accompanied by chole-
stasis and DCA accumulation (Bayerdorffer et al., 1993; Hao et al.,
2017). In addition, the elderly population also have particularly
high DCA levels (van der Werf et al., 1981). The current finding
suggests that any group with decreased FXR signaling and ele-
vated DCA needs to be carefully monitored under APAP use.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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