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SUMMARY
Acetaminophen (APAP) overdose-caused acute liver failure
is a leading public health problem. However, the precise
molecular mechanism remains not fully understood. In the
present study, we identiﬁed a key epigenetic regulator sirtuin 6 (SIRT6) that plays an essential role in attenuating
APAP overdose-induced liver injury through up-regulation
of FXR-mediated anti-oxidative and anti-inﬂammatory
function, suggesting that SIRT6 may serve as a potential
therapeutic target for the treatment of APAP-induced
hepatotoxicity.

BACKGROUND & AIMS: Excessive acetaminophen (APAP)
intake causes oxidative stress and inﬂammation, leading to fatal
hepatotoxicity; however, the mechanism remains unclear. This
study aims to explore the protective effects and detailed
mechanisms of sirtuin 6 (SIRT6) in the defense against APAPinduced hepatotoxicity.
METHODS: Hepatocyte-speciﬁc SIRT6 knockout mice, farnesoid X receptor (FXR) knockout mice, and mice with genetic or
pharmacological activation of SIRT6 were subjected to APAP to
evaluate the critical role of SIRT6 in the pathogenesis of acute
liver injury. RNA sequences were used to investigate molecular
mechanisms underlying this process.
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RESULTS: Hepatic SIRT6 expression was substantially reduced
in the patients and mice with acute liver injury. The deletion of
SIRT6 in mice and mice primary hepatocytes led to high Nacetyl-p-benzo-quinoneimine and low glutathione levels in the
liver, thereby enhancing APAP overdose-induced liver injury,
manifested as increased hepatic centrilobular necrosis, oxidative stress, and inﬂammation. Conversely, overexpression or
pharmacological activation of SIRT6 enhanced glutathione and
decreased N-acetyl-p-benzo-quinoneimine, thus alleviating
APAP-induced hepatotoxicity via normalization of liver damage,
inﬂammatory inﬁltration, and oxidative stress. Our molecular
analysis revealed that FXR is regulated by SIRT6, which is
associated with the pathological progression of ALI. Mechanistically, SIRT6 deacetylates FXR and elevates FXR transcriptional activity. FXR ablation in mice and mice primary
hepatocytes prominently blunted SIRT6 overexpression and
activation-mediated ameliorative effects. Conversely, pharmacological activation of FXR mitigated APAP-induced hepatotoxicity in SIRT6 knockout mice.
CONCLUSIONS: Our current study suggests that SIRT6 plays a
crucial role in APAP-induced hepatotoxicity, and pharmacological activation of SIRT6 may represent a novel therapeutic
strategy for APAP overdose-induced liver injury. (Cell Mol
Gastroenterol Hepatol 2022;14:271–293; https://doi.org/
10.1016/j.jcmgh.2022.04.011)
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A

cetaminophen (APAP) is a commonly used analgesic
and antipyretic drug. Under therapeutic dosage,
APAP is regarded as safe and effective, but an overdose of
APAP can cause potentially fatal acute liver injury (ALI).1
Following absorption, APAP is transported to the liver for
metabolism and biotransformation. In the liver, phase I
metabolizing enzymes such as cytochrome p450 2E1
(CYP2E1), CYP3A4, and CYP1A2 mediate the metabolism of
APAP to generate reactive N-acetyl-p-benzoquinone imine
(NAPQI), which can covalently bind to the thiol group of
glutathione (GSH) or other proteins, thereby affecting their
therapeutic efﬁcacy and leading to toxicity.1,2 Detoxiﬁcation
of NAPQI is presumably mediated by GSH,3 and phase II
conjugating enzymes (such as UGT1A1 and SULT2A1) that
produce glucuronidated and sulfate products, which are
subsequently excreted into urine via efﬂux transporters
(such as MRP2, MRP3, MRP4, and BSEP).4,5 However, hepatic GSH at the normal level cannot tolerate overproduced
NAPQI upon APAP overdosing, which leads to the generation reactive oxygen species (ROS), which triggers mitochondrial dysfunction, DNA fragmentation, and cell
apoptosis/necrosis.6,7 Such oxidative stress induced by
NAPQI also induces sterile inﬂammation by elevating the
generation of pro-inﬂammatory cytokines, including tumor
necrosis factor (TNF)-a, interleukin (IL)-1b, and IL-68,9 and
contributes to liver damage or even initiates acute liver
failure.10 Therefore, suppressing excessive oxidative stress
and inﬂammation induced by NAPQI in the liver may
represent a good therapeutic strategy against APAP-induced
ALI.

As a member of the nicotinamide adenine dinucleotidedependent histone deacetylases, sirtuin 6 (SIRT6) is able
to deacetylate histones onlysine residues (eg, H3K9, and
H3K56) and have previously been implicated in the regulation of numerous cellular processes and activities. These
include, but are not limited to, cell proliferation/differentiation, aging, cancer, and metabolism.11–14 In addition,
increasing evidence has shown that SIRT6 can regulate the
expression of inﬂammatory genes such as NF-kB and c-Jun
by deacetylating H3K9 on the promoters of these genes,15–17
suggesting that SIRT6 acts as a hepatoprotective gene. We
and others have previously reported that SIRT6 ablation in
the liver of mice can accelerate high-fat diet-induced hepatic
steatosis, alcohol-induced alcoholic liver disease, or carbon
tetrachloride (CCl4)/bile duct ligation-induced ﬁbrotic liver,
respectively.12,18–21 In contrast, liver overexpression or
pharmacological activation of SIRT6 displays an obvious
hepatoprotective effect against liver disease,12,18–21 unlike
other sirtuins (SIRT1 and SIRT3), which have been shown to
have protective effects against liver injury.22–24 However, a
p53-induced recruitment of SIRT6 was reported to potentiate APAP-induced hepatocyte damage in AML12 cells,25
but the in vivo protective effect and mechanism mediated
by SIRT6 in APAP-induced acute liver injury are far from
clear.
Farnesoid X receptor (FXR, NR1H4) is a nuclear receptor
of bile acid-activated transcription factor, which is predominantly expressed in the liver and intestine. Upon activation by its agonist, FXR heterodimerizes with retinoid X
receptor and binds to FXR response elements (FXREs),
which then regulate the transcription of target downstream
genes involved in bile acid synthesis (eg, CYP7A1, CYP8A1,
CYP27A1), uptake/transport (NTCP, BSEP, MRP2/3/4,
OSTa/b), metabolism (CYP3A4, UGT1A1, SULT2A1), and
GSH synthesis (Gclc, Gclm, and Sod2).26,27 In addition to its
regulatory effects on bile acid synthesis and transport, lipid/
glucose homeostasis, and xenobiotic metabolism,28 we and
others have recently shown evidence that FXR activation
confers signiﬁcant hepatoprotection against a-naphthylisothiocyanate/CCl4/bile duct ligation-induced liver
injury, and high-fat diet-induced nonalcoholic fatty liver
disease.29–31 Furthermore, the hepatoprotective effect of
FXR in APAP-induced hepatotoxicity may be attributed to
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the suppression of oxidative stress and inﬂammatory
responses.32–34 Together, these results demonstrate a critical function of FXR in liver injury. However, the mechanism
underlying the regulation of FXR expression and activity in
APAP-induced liver injury needs to be elucidated. Therefore,
we developed a model of APAP-induced ALI in SIRT6
hepatocyte-deﬁcient mice and investigated the role of SIRT6
in APAP-induced hepatic injury.

Results
Hepatic SIRT6 Expression is Remarkably
Reduced in Human and Murine ALI
To investigate the functional impact of SIRT6 on the
progression of ALI, we analyzed SIRT6 expression levels in
healthy individuals and patients with disease-associated
acute liver failure (ALF). Interestingly, hepatic nuclear
SIRT6 protein levels were decreased in patients with
disease-associated ALF relative to those of normal controls,
and no difference in this trend was observed between males
and females (Figure 1, A and B).
To further assess the potential role of SIRT6 in liver
injury, we examined hepatic SIRT6 expression in various
ALI mouse models induced by overdose of APAP, lipopolysaccharide, and CCl4. Consistent with the above ﬁndings,
APAP exposure substantially reduced the expression levels
of SIRT6 in the liver at 3, 6, 9, and 12 hours (Figure 1, C and
Figure 2, A). A similar decrease was observed in liver
samples from mice treated with lipopolysaccharide and CCl4
(Figure 2, A). In parallel to the APAP-induced mouse model,
SIRT6 expression in mice primary hepatocytes (MPHs) was
notably decreased after APAP exposure in a time-dependent
manner (Figure 1, D and Figure 2, B). Taken together, these
results indicate that SIRT6 may be involved in the pathogenesis of human and murine ALI.

Hepatic SIRT6 Deﬁciency Leads to Deterioration
of APAP Overdose-induced ALI
To probe the role of SIRT6 in the development of ALI, we
generated hepatocyte-speciﬁc SIRT6 knockout (SIRT6-LKO)
mice (Figure 4, A). Compared with control mice, hepatic
SIRT6 deletion aggravated APAP-induced liver injury, as
illustrated by the increased serum alanine transaminase
(ALT) and aspartate transaminase (AST) levels, as well as
the percentage of liver weight relative to body weight due to
aggravated necrosis (Figure 3, A and B). Histopathological
morphology also conﬁrmed exacerbated hepatic centrilobular necrosis, accompanied by visible bleeding and
liver cell apoptosis in SIRT6-LKO mice after APAP administration (Figure3, C and D). In conjunction with elevated
necrosis, the apoptosis marker, the Bax/Bcl-2 ratio was
markedly increased in SIRT6-LKO mice (Figure 3, E).
Mechanistically, SIRT6-LKO mice displayed increased hepatic NAPQI levels due to up-regulated CYP3A11 and suppressed OSTb expression (Figure 3, F and G), whereas genes
involved in antioxidants, including Sod2 and Gclc, were
decreased in SIRT6-LKO mice, thereby dramatically
depleting hepatic GSH and SOD levels, leading to fatal ROS
overproduction in the liver (Figure 3, H–J). Consistently,
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exposure of SIRT6-deﬁcient MPHs to APAP caused
remarkably exacerbated cytotoxicity, as evidenced by
elevated ROS generation, cell apoptosis, and reduced GSH
levels (Figure 3, K and L, Figure 4, B). Collectively, our results demonstrate that SIRT6 deﬁciency worsens APAP
overdose-induced hepatotoxicity.

Hepatic SIRT6 Deletion Promotes Inﬂammatory
Inﬁltration in APAP Overdose-induced Mice
To further explore the functional effect of SIRT6 in
APAP-induced ALI, we tested whether inﬂammatory
monocytes were involved in the observed exacerbation of
APAP-induced hepatotoxicity following SIRT6 deﬁciency. Of
note, we observed a signiﬁcant increase in inﬂammatory
CD11b/F4/80þ monocyte inﬁltration and serum release of
pro-inﬂammatory cytokines including IL-1b, IL-6, and TNFa in SIRT6-LKO mice (Figure 5, A and B, Figure 6, A and B).
Corresponding to the increased inﬂammatory inﬁltration,
we found further elevated nuclear NF-kBp65 protein levels
in SIRT6-LKO mice relative to SIRT6ﬂ/ﬂ control mice, and
resulting in elevated IL-1b, IL-6, and TNF-a mRNA expression levels (Figure 5, C and D, Figure 6, C). Likewise, APAPtreated SIRT6-deﬁcient MPHs caused strikingly elevated
inﬂammation levels, as observed by a further increase in the
generation of pro-inﬂammatory cytokines including IL-6
and TNF-a, along with increased pro-inﬂammatory gene
expression (Figure 5, E and F). Overall, these results suggest
that exacerbation of APAP overdose-induced hepatotoxicity
following SIRT6 deﬁciency was associated with deteriorated
hepatic inﬁltration of inﬂammatory cells.

Genetic or Pharmacological Activation of SIRT6
Prominently Improved APAP Overdose-induced
ALI
To conﬁrm the protective role of SIRT6 in APAP
overdose-induced hepatotoxicity, we generated liver SIRT6
overexpression mice models with Ad-SIRT6 adenovirus injection via tail vein (Figure 7, A, Figure 8, A). Following
treatment with APAP, SIRT6 overexpression mice displayed
improved hepatotoxicity, as manifested by the increased
survival rate and lower serum parameters including ALT
and AST (Figure 7, B and C). In addition, the ratio of liver
weight relative to body weight was decreased due to the
alleviation of hepatic centrilobular necrosis, as revealed by
the histological analysis (Figure 7, D-F, Figure 8, B).
Consistently, the ratio of Bax/Bcl-2 was substantially
reduced in liver SIRT6 overexpression mice (Figure 7, G).
Moreover, hepatic NAPQI levels were notably reduced,
whereas GSH was enhanced, leading to a reduction in hepatic ROS generation in Ad-SIRT6-infected mice (Figure 7,
H-J). Gene expression proﬁle analysis revealed that liver
SIRT6 overexpression resulted in an inhibitory expression
of CYP2E1 and CYP3A11, whereas UGT1A11, OSTb, NTCP,
and MRP2 gene expressions were increased, which beneﬁts
APAP detoxiﬁcation (Figure 7, K and L). Moreover, antioxidative genes, including SOD2 and Gclc, were upregulated by SIRT6 overexpression (Figure 7, M).
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Figure 1. Hepatic SIRT6 expression is signiﬁcantly reduced in human and murine acute injured liver. (A) The protein
expression of SIRT6 in liver biopsies and preoperative testing for obstructive jaundice-induced liver injury was measured using
immunohistochemical assay, and hematoxylin was used to determine the nuclei; (B) The mRNA and protein levels of SIRT6
were reduced in liver sections of obstructive jaundice-induced liver injury (n ¼ 7); (C) The mRNA levels of SIRT6 at different
time intervals following APAP injection were determined using quantitative polymerase chain reaction (n ¼ 6); (D) Immunoﬂuorescence staining showed a signiﬁcant reduction of SIRT6 in MPHs after APAP treatment. Data are means ± standard error
of the mean. *P < .05, **P < .01, ***P < .001. Similar results were observed in 3 independent experiments.

Hepatic pro-inﬂammatory cytokine generation analysis
also demonstrated a decrease in TNF-a, IL-1b, and IL-6
(Figure 9, A, Figure 10, A). Liver SIRT6 overexpression
also evidently blocked NF-kBp65 nuclear translocation
(Figure 9, B, Figure 10, B), thereby leading to repression of
TNF-a gene expression and reduction of inﬂammatory
inﬁltration via inhibition of hepatic F4/80 and CD11b
expression (Figure 9, C and D). In agreement, MPHs infected
with Ad-SIRT6 displayed a prominent ameliorative effect on
APAP-induced liver cytotoxicity, as revealed by the elevated
GSH level and lower ROS generation and cell apoptosis
(Figure 9, E-G, Figure 10, C). Furthermore, SIRT6

overexpression also protected against APAP-induced
cellular inﬂammation, as evidenced by the reduced release
of pro-inﬂammatory cytokines and suppression of proinﬂammatory gene expression (Figure 9, H, Figure 10, D).
To address the important role of SIRT6 deacetylase activity in hepatoprotection against APAP-induced liver injury,
a mutant SIRT6 adenovirus (Ad-SIRT6(H133Y)) with deﬁcient deacetylase activity obtained by disrupting the
deacetylase domain of SIRT6 was constructed as previously
described.18,35 Interestingly, Ad-SIRT6(H133Y) infection
failed to reverse the APAP-induced hepatotoxicity, as
revealed by the unchanged ratio of liver weight relative to
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APAP-induced hepatotoxicity was effectively suppressed
based on serum biochemical and liver histological analysis,
as well as an improved liver cell apoptosis (Figure 12, A-D).
MDL-800 administration also signiﬁcantly enhanced antioxidative genes and NAPQI detoxifying genes, leading to a
decrease in NAPQI generation and an improvement in hepatic ROS accumulation (Figure 12, E, Figure 13, A and B).
Moreover, MDL-800 administration substantially reduced
APAP-induced NF-kBp65 nuclear translocation and
decreased pro-inﬂammatory cytokine release via inhibition
of their gene expression (Figure 12, F-H).
To further elucidate the importance of SIRT6 in mediating MDL-800-derived hepatoprotection against APAPinduced liver injury, hepatocyte-deﬁcient SIRT6 mice were
treated with MDL-800. Consistently, SIRT6 deletion signiﬁcantly diminished the protective effects of MDL-800 against
APAP-induced hepatotoxicity, as revealed by the unaltered
serum TNF-a, ALT, and AST levels, and liver cell apoptosis,
accompanied by an unchanged CD11b/F480 level
(Figure 14, A-C). Taken together, these data suggest that
genetic or pharmacological activation of SIRT6 in the liver
could effectively alleviate APAP overdose-induced ALI.

SIRT6 Interacts With FXR and Activates its
Transcriptional Activity

Figure 2. Hepatic SIRT6 expression is reduces in acute
injured liver and MPHs. (A) The protein expression of SIRT6
in liver sections of mice treated with APAP, lipopolysaccharide (LPS), and CCl4; (B) APAP treatment decreased the
expression of SIRT6 in MPHs in a time-dependent manner.

body weight and serum ALT and AST levels (Figure 11, A
and B). Moreover, deﬁciency of SIRT6 deacetylase activity
marginally caused hepatoprotective effects against APAPinduced hepatotoxicity in mice injected with Ad-mSIRT6
compared with mice injected with Ad-ctrl, as demonstrated by compromised hepatoprotection of SIRT6 activation in the suppression of liver cell apoptosis, hepatic
inﬂammation, oxidative stress, liver cell apoptosis, and
APAP detoxiﬁcation (Figure 11, C–J).Taken together, our
study revealed the importance of SIRT6 deacetylase activity
in protection against APAP-induced hepatotoxicity.
We then validated whether pharmacological activation of
SIRT6 could improve liver injury. Mice were intraperitoneally injected with MDL-800, a recently identiﬁed SIRT6
allosteric activator. Following MDL-800 administration,

To further explore the mechanism of SIRT6-induced
protective effects against ALI, we performed RNA
sequencing (RNA-seq) from livers of Ad-GFP or Ad-SIRT6
infected mice after APAP exposure, and our data indicated
that 388 genes were changed in accordance with SIRT6
overexpression, with 171 upregulated and 217 downregulated genes (Figure 15, A). GO analysis suggested that
the inﬂammatory response and superoxide dismutase activity signaling pathways were altered (Figure 15, B).
Likewise, genes involved in APAP metabolism and
inﬂammation were signiﬁcantly changed, especially those
involved in FXR signaling, which has been shown to play
an essential role in the pathological progression of APAPinduced ALI via regulation of inﬂammation and oxidative
stress (Figure 15, C).
We next studied the molecular mechanism by which
SIRT6 regulates FXR signaling. Consistently, our quantitative polymerase chain reaction data conﬁrmed that genetic
or pharmacological activation of SIRT6 effectively upregulated the expression of FXR and its target genes, Shp and
Bsep (Figure 15, D). Previous studies have indicated that
FXR acetylation plays critical roles in maintaining stability,
preventing degradation, and regulating its target gene
transcriptional activity.15,36 However, whether APAP treatment affects acetylation levels have not yet been explored.
Thus, we evaluated FXR deacetylation by SIRT6 in MPHs
after transfection of cells with Ad-SIRT6. Co-immunoprecipitation assays revealed a direct physical interaction between FXR and SIRT6, which led to the deacetylation and
stability of FXR to activate this pathway, whereas the
upregulation of FXR and Bsep was diminished in AdSIRT6(H133Y)-infected MPHs (Figure 15, E-G, Figure 16,
A). Indeed, we observed a remarkable increase in FXR-luc
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Figure 3. Hepatic SIRT6 deﬁciency deteriorates APAP overdose-induced acute liver injury. Occurrences at 12 hours
following APAP injection. (A) Serum ALT and AST levels of SIRT6-LKO and control mice after APAP injection; (B) SIRT6-LKO
mice displayed higher ratio of liver weight relative to body weight after APAP injection; (C and D) H&E and TUNEL assay
showed deteriorated centrilobular necrosis and liver cell apoptosis in SIRT6-LKO mice after APAP administration; (E) Western
blotting indicated an increased rate of hepatic Bax relative to Bcl2 expression in SIRT6-LKO mice after APAP administration;
(F) ELISA assay showed increased NAPQI levels in APAP-treated SIRT6-LKO mice; (G) Hepatic SIRT6 knockout leads to
change of genes involved in APAP metabolism; (H) Hepatic SIRT6 deﬁciency decreased the expression of anti-oxidative genes
including SOD2 and Gclc; (I) Hepatic GSH and SOD levels were reduced in SIRT6-LKO mice after APAP treatment; (J) Hepatic
ROS levels were increased in SIRT6-LKO mice after APAP treatment; (K and L) SIRT6 deletion leads to elevated ROS generation and cell apoptosis in MPHs. Data are means ± standard error of the mean; n ¼ 6 to 8 mice/group. *P < .05, **P < .01,
***P < .001. Similar results were obtained in 3 independent experiments.

activity after SIRT6 overexpression (Figure 16, B). FXR is a
constitutive transcription factor of the nuclear receptor that
binds to FXRE in the promoter region of its target gene to

regulate its transcriptional activity. We further conﬁrmed
that SIRT6 enhanced the transcriptional activity of BSEP-luc
using a luciferase reporter assay (Figure 16, C), suggesting

Figure 4. Genotyping of hepatocyte SIRT6 deﬁcient
mice and GSH levels in
MPHs. (A) Genotyping of hepatic SIRT6 deletion mice and
Wb data showed the deletion of
SIRT6 in hepatocytes. (B) Hepatocyte GSH levels were
decreased in Sirt6 deﬁciency
MPHs after 12 hours post
APAP injection. Data are means
± standard error of the mean;
n ¼ 6 per group. *P < .05, **P <
.01, ***P < .001. Similar results
were observed in 3 independent experiments.
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Figure 5. Hepatic SIRT6 deletion promotes inﬂammatory inﬁltration in APAP overdose-induced mice. Occurrences at 12
hours following APAP injection. (A) The protein levels of F4/80 and CD11b were determined using immunoﬂuorescence, and
the nuclei were stained with DAPI; (B) ELISA assay showed an increase in serum pro-inﬂammatory cytokines including IL-1b
and TNF-a in SIRT6-LKO mice after APAP injection; (C and D) Nuclear NF-kBp65 protein level (C) and TNF-a mRNA level (D)
were elevated in SIRT6-LKO mice after APAP treatment; (E and F) SIRT6 deletion increased the expression of proinﬂammatory genes (E) and cytokine release (F) in MPHs. Data are means ± standard error of the mean; n ¼ 6 to 8 mice/
group. *P < .05, **P < .01, ***P < .001. Similar results were obtained in 3 independent experiments.

that FXR may act as a candidate target for SIRT6-mediated
protective function.
Taken together, our results revealed that SIRT6 can
reduce cytotoxicity by deacetylating FXR to enhance FXR
protein stabilization and FXR transcriptional activity.

FXR Deﬁciency Compromises Genetic or
Pharmacological SIRT6 Activation-mediated
Hepatoprotective Effects Against APAP
Overdose
Subsequently, we explored whether the protective effects of SIRT6 are dependent on FXR in APAP-induced liver
necrosis, oxidative stress, and inﬂammatory response
in vivo. The global deletion of FXR mice (FXR-KO) and wildtype (WT) mice were injected with Ad-SIRT6 adenovirus via
the tail vein, and then exposed to APAP. Compared with WT

mice, FXR-KO mice exhibited a compromised amelioration
of APAP-induced hepatotoxicity, as revealed by the high
serum ALT and AST levels, along with profound centrilobular necrosis and ROS generation (Figure 17, A-C). In
parallel, hepatic NAPQI levels were relatively high, whereas
GSH and SOD levels were lower in FXR-KO mice, even when
injected with Ad-SIRT6 adenovirus (Figure 17, D-F).
Consistently, the protective role of SIRT6 in inﬂammation
was also impaired in FXR-KO mice, as indicated by a
signiﬁcantly high level of pro-inﬂammatory cytokine production and extensive inﬂammatory inﬁltration (Figures 17,
G and H). A similar detrimental effect was observed in
MDL800-treated mice in which FXR deletion mostly abrogated the protective effects of MDL-800 treatment
(Figure 17, I-N, Figure 18, A and B). Consistent with the
in vivo results, FXR knockout partly abrogated SIRT6
overexpression-mediated hepatoprotective effects against
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Figure 6. Hepatic SIRT6 deletion worsens inﬂammatory inﬁltration in APAP overdose-induced mice. (A) Flow cytometry
assay showed a signiﬁcant increase in inﬂammatory CD11b/F4/80þ monocyte inﬁltration; (B) ELISA assay showed an increase
of serum IL-6 in SIRT6-LKO mice after 12 hours post APAP injection; (C) The expression of IL-1b in SIRT6-LKO mice after 12
hours post APAP injection. Data are means ± standard error of the mean; n ¼ 6 to 8 mice/group. *P < .05, **P < .01, ***P <
.001.

inﬂammatory response, oxidative stress, and liver cell
apoptosis, as evidenced by the decrease in NF-kBp65 protein expression, ROS generation, and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
levels in MPHs (Figure 18, C). These data suggest that FXR
deﬁciency can blunt the genetic and pharmacological activation of SIRT6-mediated protection against APAP
overdose-induced hepatotoxicity.

FXR Activation Mitigated APAP-induced
Deteriorative Hepatotoxicity in Hepatocytespeciﬁc SIRT6 Deﬁciency Mice
To further validate the role of FXR in mediating the effect
of SIRT6 in ALI, SIRT6-LKO mice were orally administered
obeticholic acid (OCA), a typical FXR agonist, for 5 days,
followed by APAP administration. Compared with vehicle
treatment, OCA pretreatment can effectively reverse SIRT6
deﬁciency-mediated hepatotoxicity induced by APAP, as
indicated by lower serum ALT and AST levels, accompanied
by an improvement in pro-inﬂammatory cytokine generation, including TNF-a and IL-6 (Figure 19, A-C). Moreover,
OCA-induced FXR activation effectively alleviated APAPinduced hepatic centrilobular necrosis and liver apoptosis
in SIRT6-LKO mice (Figure 19, D). Overall, our results
revealed that the hepatoprotective effects of SIRT6 are
dependent on FXR activation during the development of
oxidative stress, necrosis, apoptosis, and inﬂammatory
response after APAP overdose in the liver of mice.

Discussion
In the present study, we have revealed a critical role of
SIRT6 in the inhibition of inﬂammatory response and
oxidative stress against APAP overdose-induced hepatotoxicity using both animal and MPH cell models. Our study
started with the ﬁnding that hepatic SIRT6 expression is
signiﬁcantly reduced in patients with disease-associated
ALF and in the models of MPH cells and ALI mice with
overdose of APAP treatment. Using mouse models of

hepatocyte-speciﬁc SIRT6 knockout or overexpression, we
conﬁrmed that hepatocyte-speciﬁc SIRT6 deﬁciency can
enhance the hepatotoxicity induced by an APAP overdose,
whereas mice with SIRT6 overexpression are prominently
resistant to APAP overdose-induced liver injury. The results
indicated that hepatic SIRT6 levels were related to the
severity of APAP-induced liver injury. Similarly, SIRT6
activation by a small molecule signiﬁcantly alleviated APAPinduced ALI in mice. Mechanistically, SIRT6 is able to
deacetylate and stabilize FXR, thus promoting FXR transcriptional activity. More importantly, FXR deﬁciency displayed impaired hepatoprotective effects in mice with SIRT6
activation either through genetic or pharmacological approaches, providing proof of concept that SIRT6 overexpression and activation may represent a novel therapeutic
approach for the treatment of APAP-induced ALI.
Once administered, APAP is rapidly absorbed by intestine and transferred to the liver. The conversion of APAP to
the reactive metabolite NAPQI by CYP2E1 and CYP3A4
represents the initial step of liver injury. NAPQI can react
with GSH, thus depleting the most important cellular redox
regulator GSH,2,7 leading to oxidative stress. On these bases,
it is not difﬁcult to explain why suppressing CYP2E1 and
CYP3A4 activity in the liver can lead to reduced hepatic
toxicity upon high-dose APAP treatment.37,38 We found that
changing hepatocyte SIRT6 levels affected the hepatic
expression of CYP2E1 and CYP3A4 during APAP-induced
liver injury, suggesting that hepatocyte SIRT6 is a regulator ofAPAP metabolism. In contrast, hepatocyte SIRT6deﬁcient mice showed high levels of NAPQI in the liver
during APAP-induced liver injury. One possible explanation
is that hepatic SIRT6 deﬁciency is associated with the
decreased efﬂux transport of NAPQI, as indicated by the
result that SIRT6 deﬁciency can reduce the expression of
efﬂux transporters, such as BSEP, MRP2, and OSTa/b, which
are involved in the hepatic NAPQI elimination pathway.39,40
In parallel, mice with liver overexpression or pharmacological activation of SIRT6 demonstrated an elevated
expression of efﬂux transporters and a relatively lower
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Figure 7. SIRT6 overexpression prominently improves APAP overdose-induced acute liver injury. Occurrences at 12
hours following APAP injection. (A) Quantitative polymerase chain reaction data showed a hepatic overexpression of SIRT6 in
Ad-SIRT6-infected mice; (B) SIRT6 overexpression increased the survival rate after indicated time of APAP injection; (C) SIRT6
overexpression decreased serum ALT and AST levels after APAP treatment; (D) SIRT6 overexpression reduced the ratio of liver
weight relative to body weight in APAP-injected mice; (E and F) APAP-induced centrilobular necrosis (E) and liver cell
apoptosis (F) were improved in Ad-SIRT6-infected mice; (G) SIRT6 overexpression decreased the ratio of hepatic Bax relative
to Bcl2 expression; (H) ELISA assay showed a decrease of NAPQI levels in Ad-SIRT6-infected mice; (I and J) Hepatic GSH (I)
and ROS (J) levels were decreased in Ad-SIRT6-infected mice after APAP treatment; (K and L) Hepatic SIRT6 overexpression
altered genes involved in APAP metabolism; (M) Hepatic SIRT6 overexpression increased anti-oxidative genes including SOD2
and Gclc. Data are means ± standard error of the mean; n ¼ 6 to 8 mice/group. *P < .05, **P < .01, ***P < .001. Similar results
were obtained in 3 independent experiments.

Figure
8. SIRT6
overexpression decreases APAP
overdose-induced necrosis.
After 12 hours post APAP injection, (A) Wb data showed
overexpression of SIRT6 in AdSirt6 infected mice; (B) Quantiﬁcation of necrosis area and
tunnels positive cells in adSirt6- or ad-Gfp-infected mice
after APAP treatment. Data are
means ± standard error of the
mean; n ¼ 6 to 8 mice/group.
*P < .05, **P < .01, ***P < .001.
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Figure 9. Hepatic SIRT6 overexpression suppresses inﬂammatory inﬁltration after APAP treatment. Occurrences at 12
hours following APAP injection. (A) Serum pro-inﬂammatory cytokine including TNF-a and IL-6 were decreased in Ad-SIRT6infected mice after APAP injection; (B) SIRT6 overexpression decreased nuclear NF-kBp65 protein level; (C) Immunoﬂuorescence data indicated that the protein levels of F4/80 and CD11b were decreased in Ad-SIRT6-infected mice after APAP
injection; (D) SIRT6 overexpression increased GSH levels in MPHs; (E–G) SIRT6 overexpression decreased ROS (E) and cell
apoptosis (F and G) in MPHs; (H) SIRT6 overexpression decreased pro-inﬂammatory cytokine release in MPHs. Data are
means ± standard error of the mean; n ¼ 6 to 8 mice/group. *P < .05, **P < .01, ***P < .001. Similar results were obtained in 3
independent experiments.

NAPQI level in the liver. Our hypothesis is partially supported by He et al, who report displayed that SIRT6 overexpression promoted cholesterol efﬂux by increasing the
expression of efﬂux transporters ABCA1 and ABCG1.41
Moreover, another possible explanation is that hepatic
SIRT6 deﬁciency led to the suppression of the detoxiﬁcation
process of NAPQI by downregulating UGT1A1 mRNA,
thereby impeding excretion of NAPQI to urine. There is
evidence that increased UGT1A1 mRNA levels and enzymatic activity are related to enhanced APAP urinary clearance and protective function against APAP-induced
injury.42,43 We observed that liver SIRT6 overexpression
resulted in elevated UGT1A1 mRNA levels in the liver, which
are associated with low NAPQI levels, underlining a central
role of SIRT6 in mediating APAP detoxiﬁcation through

phase II conjugating enzymes. Together, the decreased hepatic NAPQI levels in mice mediated by liver overexpression
or pharmacological activation of SIRT6 may be relevant to
the elevated expression of efﬂux transporters and phase II
metabolizing enzymes.
After GSH depletion, additional NAPQI binds to cellular
and mitochondrial proteins, causing mitochondrial
dysfunction and oxidative stress. As an essential detoxiﬁcation factor, GSH can affect the onset and recovery of
APAP-induced liver injury.44 SIRT6 plays a critical role in
redox signaling in the liver, and its downregulation is closely
related to enhanced oxidative stress via excessive ROS
generation,16,19 implying that the maintenance of normal
SIRT6 levels is important to reduce APAP-induced liver
damage. Similar to the report by Kim et al,19 we found that
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Figure 10. Hepatic Sirt6
overexpression
reduces
APAP-induced inﬂammation. (A) Serum IL-1b was
decreased
in
ad-Sirt6infected mice after 12 hours
post APAP injection; (B) The
nuclear NF-kBp65 protein
level was not affected in adSirt6- or ad-Gfp-infected
mice without APAP treatment; (C and D) The GSH
levels (C) and inﬂammatory
genes expression (D) in adSirt6-infected MPHs after
APAP administration. Data
are means ± standard error
of the mean; n ¼ 6 to 8
/group. *P < .05, **P < .01.

hepatocyte SIRT6-deﬁcient mice showed low levels of GSH,
which is relevant to the reduced mRNA levels of Gclc, Gclm,
and Sod2, which encode GSH synthesis enzymes. However,
liver overexpression of SIRT6 or pharmacological activation
of SIRT6 by MDL-800 can remarkably enhance liver GSH
levels by upregulating the expression levels of these genes,
subsequently leading to attenuation of APAP-induced hepatotoxicity. These results suggest that SIRT6-mediated GSH
generation may serve as a vital contributor to the prevention APAP-induced liver injury. Indeed, our hypothesis was
supported by Zhou et al,25 who showed that SIRT6 knockdown could inhibit the activation of NRF2, a master regulator of the antioxidant defense system, and NRF2’s
downstream gene expression in the AML12 cell model,
thereby being responsible for worsening APAP-induced
hepatotoxicity.25 However, in contrast to the in vitro results of Zhou et al, we revealed the hepatoprotective effect
of SIRT6 against APAP-induced liver injury in mouse model.
The hepatoprotective mechanism of SIRT6 against APAPinduced liver injury in mice was, in part, associated with
the regulation of FXR expression and transcriptional activity. Therefore, the discrepancy between the hepatoprotective mechanism of SIRT6 in vitro and in vivo needs
to be further investigated.
It is known that NAPQI-induced hepatotoxicity and
subsequent excessive inﬂammatory innate responses are
the main factors inducing acute liver damage.45 Indeed,
massive neutrophil and macrophage inﬁltration into liver is
regarded as a hallmark of APAP-mediated acute liver

inﬂammation.10 Therefore, suppressing the inﬁltration of
inﬂammatory monocytes is, at least partially, an effective
therapeutic strategy against APAP-induced inﬂammatory
injury. In the present study, we indicated for the ﬁrst time
that loss of SIRT6 in hepatocytes resulted in ampliﬁed
inﬁltration of inﬂammatory monocytes during APAP treatment, as manifested by the increased expression of hepatic
F4/80 and CD11b. As a result, NF-kB signaling is activated,
and the levels of pro-inﬂammatory cytokines (eg, IL-1b, IL-6,
and TNF-a) in the liver and serum were increased, thereby
accelerating liver inﬂammatory injury. In contrast, such a
negative regulatory pattern of SIRT6 in NF-kB-mediated
inﬂammation response was not observed in SIRT6ﬂ/ﬂ control mice. Liver overexpression or pharmacological activation of SIRT6 can notably reduce APAP-induced
inﬂammatory monocyte recruitment, subsequently abating
liver inﬂammatory injury via inhibition of NF-kB nuclear
translocation. Our ﬁndings are conﬁrmed by several recent
reports, in which they demonstrated that SIRT6 deﬁciency
increased the number of neutrophils and macrophages,
thereby enhancing inﬂammation-mediated activation of
hepatic stellate cells.19,21,46 Similarly, several studies have
recently revealed that HDACs including SIRT6 and the
acetylation of STAT1 and NF-kBp65 play essential roles in
the regulation of NF-kB transcriptional activity,15,47 thus
attenuating inﬂammation. Our study proved that SIRT6
plays a vital anti-inﬂammatory role by restricting NF-kB
target gene promoters or abating inﬂammatory signaling
molecules, in APAP-induced inﬂammatory liver damage.15
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Figure 11. Mutant SIRT6 deacetylase domain fails to alter APAP-induced liver injury. Occurrences at 12 hours following
APAP injection, (A) liver percentage and (B) serum ALT and AST levels in Ad-Ctrl- or Ad-Sirt6 (H133Y)-infected mice after
APAP injection; (C and D) H&E and TUNEL assay showed no change of centrilobular necrosis and liver cell apoptosis in AdSirt6 (H133Y) mice after APAP administration. (E) Western blotting indicated no change of hepatic Bax relative to Bcl2
expression in Ad-Sirt6 (H133Y) mice after APAP administration. (F–H) No change of GSH levels (F), hepatic antioxidantive
genes expression (G), NAPQI and APAP-metabolism related genes expression (H). (I and J) Mutant SIRT6 deacetylase domain
failed to alter change the expression of hepatic F4/80 and serum inﬂammatory cytokines levels. Data are means ± standard
error of the mean; n ¼ 6 to 8 /group. *P < .05, **P < .01.

Therefore, genetic or pharmacological activation of SIRT6 in
the liver can block NF-kB nuclear translocation and mitigate
its transcriptional activity, thus attenuating the release of
pro-inﬂammatory cytokines by suppressing the recruitment
of inﬂammatory monocytes in the liver.

We found that SIRT6 overexpression or activation is
critical in decreasing oxidative stress and inﬂammation by
promoting NAPQI excretion and detoxiﬁcation by upregulating the expression of efﬂux transporters (eg, Bsep and
MRP2) and phase II metabolizing enzymes, respectively.
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Figure 12. Pharmacological activation of SIRT6 improves APAP overdose-induced acute liver injury. Occurrences at 12
hours following APAP injection. (A) MDL-800 treatment decreased hepatic centrilobular necrosis levels after APAP treatment;
(B) MDL-800 treatment reduced serum ALT and AST levels after APAP treatment; (C and D) MDL-800 treatment decreased
liver cell apoptosis (C) and the ratio of Bax relative to Bcl2; (E) MDL-800 administration increased hepatic SOD2 expression and
decreased hepatic ROS levels after APAP treatment; (F) MDL-800 treatment decreased nuclear NF-kBp65 protein levels after
APAP treatment; (G and H) MDL-800 treatment decreased pro-inﬂammatory cytokine release (G) and gene expression (H) .
Data are means ± standard error of the mean; n ¼ 6 to 8 mice/group. *P < .05, **P < .01, ***P < .001. Similar results were
obtained in 3 independent experiments.

Meanwhile, SIRT6 can elevate GSH generation by inducing
the expression of antioxidant genes (eg, Gclc, Gclm, and
Sod2) and attenuate the inﬁltration of inﬂammatory
monocytes by inhibiting NF-kB-mediated inﬂammatory
signaling. However, the precise molecular mechanisms
involved remain unknown. To address these regulatory
mechanisms, RNA-seq analysis was performed. We found
that liver overexpression of SIRT6 is related to the activation of the FXR signaling pathway, as evidenced by the
elevated expression of its target genes, including SHP and
BSEP. Indeed, we and others have previously corroborated
the protective effect of FXR against APAP-induced hepatotoxicity mainly via regulation of oxidative stress and

inﬂammation.32–34,48 As a bile acid receptor, FXR activation
is associated with the regulation of genes encoding bile acid
synthesis (eg, CYP7A1, CYP8B1, and CYP27A1), uptake (eg,
NTCP and OATPs), transport/excretion (eg, BSEP, MRP2/3/
4, and OSTa/b), and detoxiﬁcation (eg, UGT1A1, and
SULT2A1),32,33 all of which are related to detoxiﬁcation and
excretion of APAP. On the other hand, FXR activation also
contributes to enhanced GSH levels via induction of the
synthesis enzymes (Gclc, Gclm, and Sod2),32,33 which are
also involved in decreasing NAPQI-induced liver toxicity.
Moreover, the direct interaction between FXR and NF-kB
confers critical anti-inﬂammatory features of FXR in hepatoprotection.49,50 Based on the fact that SIRT6 together
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Figure 13. Pharmacological activation of Sirt6 affects APAP metabolism. (A and B) MDL-800 treatment changed hepatic
NAPQI levels (A) and genes involved in APAP metabolism (B). Data are means ± standard error of the mean; n ¼ 6 to 8 mice/
group. *P < .05.

with FXR regulates APAP-induced hepatotoxicity by
decreasing oxidative stress and inﬂammation, and more
importantly, hepatic overexpression or pharmacological
activation of SIRT6 can potentiate FXR expression level, it
cannot be assumed that SIRT6 may regulate FXR activity.
SIRT6 possesses histone deacetylase activity, which normally functions as a transcriptional repressor by deacetylating H3K9 and H3K56 on histones that bind the promoters
of genes.18,51 Here, we show that SIRT6 can deacetylate FXR,
subsequently elevating FXR expression and reinforcing its
transcriptional activity, which reveals the function of SIRT6 in
direct activation of gene regulation. The deacetylation level of
FXR has been shown to be important for its transcriptional
activity.52,53 The regulatory pattern identiﬁed by us is similar
to the regulatory mode of SIRT6 to PPARa,12 in which SIRT6
activates PPARa activity via NCOA2 K780 deacetylation.12
SIRT6 interacts with FXR followed by binding with FXRE in
an FXR-dependent manner and then induces transcription of
FXR genes downstream, suggesting that FXR may serve as a
downstream gene of SIRT6. Analogously, hepatocyte SIRT1
affects the activity of FXR largely through transcriptional
regulation.36,54,55 Our results indicate that the hepatoprotective effect of liver SIRT6 is strikingly impaired in
FXR-deﬁcient mice, which further conﬁrms the critical role of
FXR in SIRT6-mediated hepatoprotection against APAPinduced liver injury. In contrast, hepatic FXR activation by
OCA can rescue SIRT6 deﬁciency-mediated deterioration of
liver damage induced by APAP. These results reveal a crucial
role for theSIRT6-FXR axis in the regulation of APAP-induced
hepatotoxicity. However, 2 other possibilities regarding the
regulation of FXR by SIRT6 cannot be rigorously excluded in
the current study. First, SIRT6 harbors the well-known LXXLL
motif in its coactivator domain, which is commonly found in
FXR-binding coactivators, possibly inﬂuencing the conformation of binding pocket SIRT6 when binding to FXR, thus
enabling the increased binding recruitment of FXR coactivators. Second, SIRT6 may activate FXR via deacetylation
and activation of a member of the FXR complex, such as a
coactivator acetyltransferase (eg, p300, C/EBPa). Therefore,
the precise mechanism by which SIRT6 regulates the transcriptional activity of FXR requires further investigation.

In conclusion, we found an important role of SIRT6 in
APAP-induced hepatotoxicity. Hepatocyte-speciﬁc SIRT6
deﬁciency in mice aggravates hepatic oxidative stress and
inﬂammatory damage induced by APAP overdose. APAPinduced liver injury can potentially be attributed to the
inhibition of the FXR signaling pathway. However, liver
overexpression and pharmacological activation of SIRT6 in
mice can lead to signiﬁcant protective effects against
APAP-induced hepatotoxicity via attenuation of hepatic
oxidative stress and inﬂammation. Mechanistically, SIRT6
can deacetylate FXR and subsequently increase FXR transcriptional activity, thereby promoting NAPQI excretion,
enhancing hepatic GSH levels and suppressing the
recruitment of inﬂammatory monocytes. In addition, mice
with FXR deletion exhibited obvious resistance to SIRT6mediated protective effects against APAP overdose, in
both liver overexpression and MDL800 activation models.
In contrast, FXR activation by OCA in mice with
hepatocyte-speciﬁc SIRT6 deﬁciency clearly improved
APAP-induced hepatotoxicity. Therefore, our study demonstrates that speciﬁcally targeting hepatocyte SIRT6 or
the SIRT6-FXR axis may be a promising therapeutic strategy for APAP-induced ALI.

Methods
Clinical Tissues Preparation
Liver samples from biopsy and preoperative testing for
obstructive jaundice-induced acute liver injury were
collected from the First Afﬁliated Hospital of Guangzhou
University of Chinese Medicine as previously reported.56
Written informed consent was obtained from all patients
involved in this study. The protocol for clinical tissue
preparation was approved by the ethics committees of the
First Afﬁliated Hospital of Guangzhou University of Chinese
Medicine (No: ZYYECK(2019)008) and subject to the
guidelines of the 1975 Declaration of Helsinki.

Animal Models
Male C57BL/6J mice aged 6 to 8 weeks were purchased
from the Model Animal Research Center of Guangzhou
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Figure 14. SIRT6 deletion diminishes MDL-800-induced protective effects against APAP treatment. Occurrences at 12
hours following APAP injection. (A) Serum TNF-a, ALT, and AST levels in SIRT6 knockout and control mice treated with or
without APAP. (B) H&E and TUNEL assay showed no change of centrilobular necrosis and liver cell apoptosis in MDL-800
treated SIRT6-LKO mice after APAP administration. (C) MDL-800 failed to alter change the expression of hepatic F4/80 in
SIRT6-LKO mice treated with or without APAP. Data are means ± standard error of the mean; n ¼ 6 to 8 /group. *P <
.05, **P < .01.
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Figure 15. SIRT6 directly interacts with FXR and activates its transcriptional activity. (A–C) RNA-seq from livers of adGfp- or ad-SIRT6-infected mice after 12 hours APAP exposure; (D) Genetic or pharmacological activation of SIRT6
increased the expression of FXR and its target genes following 12 hours post APAP injection; (E) Co-immunoprecipitation
assay indicated a direct interaction of FXR and SIRT6; (F) SIRT6 overexpression decreases the acetylation of FXR; (G)
Immunoﬂuorescence data showed that SIRT6 overexpression upregualted FXR and its target gene dependent on its
deacetylates; Data are means ± standard error of the mean; n ¼ 6 to 8 mice/group. *P < .05, **P < .01, ***P < .001. Similar
results were obtained in 3 independent experiments.

University of Chinese Medicine. Hepatic SIRT6-deﬁcient
mice were kindly provided by Jinhan He and Yongsheng
Chang, and were generated and used as previously
described.21 For inducing hepatic SIRT6 overexpression,
mice were injected through the tail vein with 1 to 2  109
PFU per adenovirus expressing SIRT6 (Ad-SIRT6, OBiO,
Shanghai, China) or adenovirus expressing green ﬂuorescent protein (Ad-Gfp, OBiO, Shanghai, China).57 To pharmacologically activate SIRT6, MDL-800,a SIRT6 allosteric
activator, was intraperitoneally injected twice (100 mg/kg,

24 hours pre and 4 hours post) as previously reported.58
Nr1h4 knockout (FXR-/-) mice were purchased from Jackson Laboratory and maintained as previously reported.33 To
pharmacologically activate FXR, mice received a daily
gavage of OCA (40 mg/kg) for 5 days as previously reported.3 All mice were kept in 12-hour (light/dark) cycle
animal facility with a relative humidity of 50% to 70% and
free access to unrestricted food and water. Animal experimental protocols were approved by the Animal Ethics
Committee of Guangzhou University of Chinese Medicine
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Figure 16. SIRT6 affects the stability and transcriptional activity of FXR. (A) Sirt6 overexpression increase the stability of
FXR. (B and C) Sirt6 overexpression increased the trancrptional activity of FXR (B) and BSEP (C). Data are means ± standard
error of the mean; n ¼ 6 to 8 /group. *P < .05, **P < .01.

Figure 17. FXR deﬁciency compromises genetic or pharmacological SIRT6 activation-mediated protective effects
against APAP overdose. Occurrences at 12 hours following APAP injection. (A) FXR deﬁciency compromises the effect of
SIRT6 on serum ALT and AST alteration; (B) SIRT6 overexpression failed to alter hepatic ROS generation in FXR knockout
mice; (C) FXR knockout reduced the effect of SIRT6 on hepatic centrilobular necrosis and liver cell apoptosis; (D–F) The effects
of SIRT6 overexpression on the change of NAPQI (D), GSH (E), and SOD (F) levels were weakened in FXR-KO mice; (G) FXR
knockout abrogated the protective effects of SIRT6 overexpression on serum pro-inﬂammatory cytokines; (H) FXR knockout
reduced the effect of SIRT6 on hepatic NF-kBp65 expression; (I) The effect of MDL-800 on the ratio of liver weight relative to
body weight was diminished in FXR-/- mice; (J) The effect of MDL-800 on serum ALT and AST alteration was compromised in
FXR-/- mice; (K–M) MDL-800 treatment failed to change the hepatic NAPQI (K), GSH (L), and SOD (M) levels in FXR-/- mice; (N)
MDL-800 treatment did not change the serum pro-inﬂammatory cytokines in FXR-/- mice. Data are means ± standard error of
the mean; n ¼ 6 to 8 mice/group. *P < .05, **P < .01, ***P < .001. Similar results were obtained in 3 independent experiments.
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Figure 18. FXR deﬁciency abrogates genetic or pharmacological SIRT6 activation-mediated protective effects against
APAP overdose in vivo and in vitro. (A) FXR deﬁciency compromises the effect of MDL-800 on serum IL-1b alteration; (B)
FXR knockout reduced the effect of MDL-800 on hepatic centrilobular necrosis and liver cell apoptosis; (C) FXR knockout
reduced the protective effect of SIRT6 in MPHs. Data are means ± standard error of the mean; n ¼ 6 to 8 mice/group.

(No. 20201013002). All animal studies complied with the
ARRIVE guidelines.59,60

Cell Culture
MPHs were isolated from C57BL/6J or SIRT6alb-/-mice as
previously described56 and cultured in RPMI-1640 medium
(10% fetal bovine serum, 100 units/mL penicillin, and 0.1
mg/mL streptomycin). Cells were infected with Ad-Gfp or
Ad-SIRT6 for 12 hours, followed by exposure to APAP (10
mM) for another 24 hours. The cells were then collected for
subsequent analyses.

Acetaminophen Treatment
The APAP-induced hepatotoxicity experiments were
conducted as previously reported.33 Brieﬂy, mice were fasted overnight and received 300 mg/kg via intraperitoneal
injection, mice were sacriﬁced 12 hours post APAP injection,
and serum and liver tissues were collected for subsequent
detection. The survival rate experiments were conducted
with a lethal dose of APAP (700 mg/kg), and the death
period was recorded within 72 hours. Serum ALT and AST,
hepatic GSH, SOD, and NAPQI levels were measured using a
reagent kit purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China), according to the manufacturer’s instructions.

Histology and Immunoﬂuorescence
For hematoxylin and eosin (H&E) staining, liver tissues
were ﬁxed in 10% neutral-buffered formalin, embedded in
parafﬁn, and cut into 4-mm sections. Sections were processed for routine H&E staining and examined under a
light microscope (Olympus) by an experienced hepatopathologist from the First Afﬁliated Hospital of Chinese
Medicine. Immunoﬂuorescence was performed at Servicebio (Wuhan, China) according to the established protocols. Liver sections or MPHs were incubated with
primary antibodies against F4/80 (Santa Cruz), CD11b
(Abcam), and FXR (Abcam) at 4 oC overnight. After being
washed 4 times with phosphate-buffered saline (PBS), the
sections were incubated with secondary antibodies for 1
hour at 37 oC. Fluorescence images were obtained using a
confocal laser scanning microscope (Leica) or a microscope (Olympus).

TUNEL Assay
MPHs or liver tissues were ﬁxed in 4% paraformaldehyde solution, embedded and frozen, and cut in 30mm sections by a freezing microtome. TUNEL levels were
detected using a TUNEL assay kit (C1089, Beyotime) according to the manufacturer’s instructions. Imaging was
performed using a ﬂuorescence microscope (Leica Microsystems Ltd, Wetzlar, Germany).
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Figure 19. FXR activation
mitigates APAP-induced
deteriorative hepatotoxicity in hepatic SIRT6
deﬁciency mice. (A) FXR
activation reduced serum
ALT and AST levels in
APAP-treated SIRT6-LKO
mice; (B–C) FXR activation
reduced serum inﬂammatory cytokines including
TNF-a (B) and IL-6 (C) in
APAP-treated SIRT6-LKO
mice; (D) FXR activation
reduced
hepatic
centrilobular necrosis and liver
cell apoptosis in APAPtreated SIRT6-LKO mice.
Data are means ± standard
error of the mean; n ¼ 6 to
8 mice/group. *P < .05,
Similar
results
were
observed in 3 independent
experiments.

ROS Determination
ROS levels were measured as previously reported.56
Brieﬂy, pretreated MPHs were incubated with DHE (5 mM,
KeyGENBioTECH) for 30 minutes according to the manufacturer’s instructions. The cells were observed under a
ﬂuorescence microscope (Olympus, Tokyo, Japan). For hepatic ROS measurement, mice were injected with DHE (10
mM, 10 ul) via the tail vein, and the livers were harvested 1
hour later. ROS levels were measured using Berthold
Technologies LB983 NC100.

to attribute sequences to each sample. The clustering of the
index-coded samples was performed on a cBot Cluster
Generation System using TruSeq PE Cluster Kit v3-cBot-HS
(Illumia) according to the manufacturer’s instructions. After
cluster generation, the library preparations were sequenced
on an Illumina NovaSeq platform, and 150 bp paired-end
reads were generated. Raw data (raw reads) of fastq format
were ﬁrstly processed through in-house perl scripts. HTSeq
v0.6.1 was used to count the reads numbers mapped to each
gene, and then FPKM of each gene was calculated based on
the length of the gene and reads count mapped to this gene.

Enzyme-linked Immunosorbent (ELISA) Assay
Serum or cell culture media levels of inﬂammatory cytokines including TNF-a, IL-6, and IL-1b, were measured
using indicated an ELISA kit according to the manufacturer’s
instructions (Abclonal, Wuhan, China). Hepatic NAPQI was
determined using an ELISA kit from Ruixinbio (Quanzhou,
China) following the manufacturer’s instructions.

RNA Sequencing
RNA-seq was conducted and analyzed at Berry Genomics
Corporation, Beijing, China. Brieﬂy, A total amount of 1 mg
RNA from Ad-Gfp- or Ad-Sirt6-infected mice after APAP
exposure was used as input material for the RNA sample
preparations and NEBNext Ultra RNA Library Prep Kit for
Illumina (NEB) was used to conduct sequencing following
manufacturer’s recommendations. Index codes were added

Western Blotting
Protein samples from cells or liver tissues were lysed
and homogenized in RIPA lysis buffer and protein concentrations were determined using abicinchoninic acid protein
assay kit (Beyotime, Biotechnology, Beijing, China). Nuclear
and cytoplasmic proteins were extracted using the Nuclear
and Cytoplasmic Protein Extraction kit according to the
manufacturer’s instructions (Beyotime Biotechnology, Beijing, China). In total, 80 to 100 mg of protein were loaded
onto a 10% SDS-PAGE gel, and the separated proteins were
transferred to polyvinylidene diﬂuoride membranes. Western blot assays were performed using antibodies speciﬁc for
rabbit anti-Bcl2, rabbit anti-Bax, rabbit anti-SIRT6, mouse
anti-b-actin (Abclonal, Wuhan, China), and rabbit anti-NFkBp65 (Cell Signaling Technology, Danvers, MA).
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Protein Interaction and Acetylation Assays
MPHs were harvested and lysed in lysis buffer containing
protease inhibitors as previously described. Lysates were
immunoprecipitated with anti-SIRT6 (Proteintech)/anti-FXR
(Abclonal, Wuhan, China) antibodies or the mouse/rabbit lgG.
The total lysates or corresponding immunoprecipitated samples
were immunoblotted with anti-SIRT6 and anti-FXR antibodies.
For acetylation assays, Ad-Gfp or Ad-SIRT6 infected
MPHs were exposed to APAP (10 mM) treatment for 24
hours. Cells were lysed in lysis buffer containing protease
and acetylase inhibitors (Beyotime Biotechnology, Beijing,
China). Anti-FXR antibody was used to immunoprecipitate
endogenous FXR in protein samples, and acetylated FXR was
detected with an acetyl-Lysine antibody (Abclonal, Wuhan,
China) using Western blotting.

Table 1.Primer Information for Gene Ampliﬁcation
Primer
SIRT6(h)

F1: CCCACGGAGTCTGGACCAT
R1: CTCTGCCAGTTTGTCCCTG

SIRT6(m)

F1: CTCCAGCGTGGTTTTCCACA
R1: GCCCATGCGTTCTAGCTGA

Cyp3a11(m)

F1: CTGGAGGTGATGTTGAGTGTT
R1: TGCTAGCCTAAGCATTGGAC

Cyp2e1(m)

F1: CGTTGCCTTGCTTGTCTGGA
R1: AAGAAAGGAATTGGGAAAGGTCC

Ugt1a11(m)

F1: TCTGCTTCTTCCGTACCTTCT
R1: GCTTCAGGTGCTATGACCACAA

Ostb(m)

F1: AGATGCGGCTCCTTGGAATTA
R1: GGCTGCTTCTTTCGATTTCTG

Ntcp(m)

F1: CAAACCTCAGAAGGACCAAACA
R1: GTAGGAGGATTATTCCCGTTGTG

Oatp1a1(m)

F1: GTGCATACCTAGCCAAATCACT
R1: CCAGGCCCATAACCACACA

Sod2(m)

F1:CAGACCTGCCTTACGACTATGG
R1: CTCGGTGGCGTTGAGATTGTT

Gclc(m)

F1: CTACCACGCAGTCAAGGACC
R1: CCTCCATTCAGTAACAACTGGAC

Bcl2(m)

F1: GCTACCGTCGTGACTTCGC
R1: CCCCACCGAACTCAAAGAAGG

Bax(m)

F1: AGACAGGGGCCTTTTTGCTAC
R1: AATTCGCCGGAGACACTCG

TNFa(m)

F1: CAGGCGGTGCCTATGTCTC
R1: CGATCACCCCGAAGTTCAGTAG

IL-6(m)

F1: CTGCAAGAGACTTCCATCCAG
R1: AGTGGTATAGACAGGTCTGTTGG

IL-1b(m)

F1: GAAATGCCACCTTTTGACAGTG
R1: TGGATGCTCTCATCAGGACAG

Fxr(m)

F1: CAGAAATGGCAACCAGTCATGTA
R1: AAATCTCCGCCGAACGAA

Shp(m)

F1: CAGGTCGTCCGACTATTCTGT
R1: AGGCTACTGTCTTGGCTAGGA

Bsep(m)

F1: AGCAGGCTCAGCTGCATGAC
R1: AATGGCCCGAGCAATAGCAA

Abcc2(m)

F1: GTGTGGATTCCCTTGGGCTTT
R1: CACAACGAACACCTGCTTGG

Abcc3(m)

F1: CTGGGTCCCCTGCATCTAC
R1: GCCGTCTTGAGCCTGGATAAC

Abcc4(m)

F1: AGGAGCTTCAACGGTACTGG
R1: GCCTTTGTTAAGGAGGGCTTC

b-actin(m)

F1: GGCCAACCGTGAAAAGATGA
R1: CAGCCTGGATGGCTACGTACA

Quantitative Polymerase Chain Reaction
Total RNA from liver tissues or cells was extracted using
TRIzol reagent (Takara) and reverse-transcribed to cDNA
using a high-capacity cDNA reverse-transcription kit
(Applied Biological Materials Inc, Vancouver, Canada). The
resulting cDNA were subjected to quantitative real-time
polymerase chain reaction analysis (PowerUpTM SYBRTM
Green Master Mix). All gene expressions were normalized to
b-actin, and speciﬁc primer sequences are shown in Table 1.

Dual-luciferase Reporter Assay
Luciferase reporter assays were performed as previously
reported.33 Brieﬂy, HepG2 cells were cultured in 24-well
plates and SIRT6 expressing plasmids (pcDNA3.1-SIRT6)
were co-transfected with plasmids containing hFXR-luc or
hBSEP-luc into cells, and the pGL3-CMV Renilla luciferase
plasmid and, pcDNA3.1-entry vector was used as a control.
pcDNA3.1-SIRT6 was generated from Tsingke (Beijing,
China). After 48 hours, the cells were harvested, and luciferase activity was measured using the Dual Luciferase Reporter Assay System (Promega). Relative luciferase activity
was corrected for Renilla luciferase activity of pCMV-RL-TK
and normalized to the activity of the control.

Flow Cytometry Assay
According to the extraction and separation method of
primary mouse liver cells described in 2.1, perfusion ﬂuid
containing type II collagenase was injected into the inferior
vena cava of mice. The liver was removed, added to RPMI
1640 basal medium, ground, and ﬁltered in a cell ﬁlter (70
mm) to collect the ﬁltrate. The obtained ﬁltrate was centrifuged again at 1500 rpm  3 minutes to collect the supernatant ①. PBS was added to the precipitate, mixed, and
centrifuged twice at 50g  3 minutes to collect the supernatant ②. Liquid ① and ②were mixed and centrifuged at
500g  5 minutes to collect the precipitation. Again, 3 mL
PBS was added to the precipitate, and then gently mixed
into 3 mL 33% Percoll cell separation solution. The precipitates were collected by centrifugation at room temperature at 1500g  20 minutes and re-suspended with 200 uL
PBS. FITC anti-mouse F4/80 antibody and PE anti-mouse
CDllb antibody were added, mixed, and incubated at 4  C

Sequences

for 30 minutes under dark conditions. Then, 1 mL PBS
containing 5% bovine serum albumin was added and
centrifuged at 2000 rpm  5 minutes to wash the unbound
antibodies. The cells were suspended with 500 uL sheath
solution and detected by ﬂow cytometry.

Statistical Analysis
Data processing and statistical analysis complied with
the previously described recommendations on experimental
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design and analysis in pharmacology.61 All results in the
ﬁgure and text were expressed as means ± standard error
of the mean; data were evaluated and statistical differences
between groups were assessed using the Student t test and
1-way analysis of variance followed by a post-hoc Tukey
test for multiple group comparisons using GraphPad Prism
(Version 6.0). The curves of survival rates were analyzed
using a repeated-measures 2-way analysis of variance. Statistical signiﬁcance was set at P < .05.
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