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Abstract Acetaminophen (APAP) overdose is the leading cause of drug-induced liver injury, and its

prognosis depends on the balance between hepatocyte death and regeneration. Sirtuin 6 (SIRT6) has been

reported to protect against oxidative stress-associated DNA damage. But whether SIRT6 regulates APAP-

induced hepatotoxicity remains unclear. In this study, the protein expression of nuclear and total SIRT6

was up-regulated in mice liver at 6 and 48 h following APAP treatment, respectively. Sirt6 knockdown in

AML12 cells aggravated APAP-induced hepatocyte death and oxidative stress, inhibited cell viability and

proliferation, and downregulated CCNA1, CCND1 and CKD4 protein levels. Sirt6 knockdown signifi-

cantly prevented APAP-induced NRF2 activation, reduced the transcriptional activities of GSTm and
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nce; GSH, glutathione; GSTa, glutathianone S-transferase a; GSTm, glutathione S-transferase m; H&E, hema-
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NQO1 and the mRNA levels of Nrf2, Ho-1, Gsta and Gstm. Furthermore, SIRT6 showed potential protein

interaction with NRF2 as evidenced by co-immunoprecipitation (Co-IP) assay. Additionally, the protec-

tive effect of P53 against APAP-induced hepatocytes injury was Sirt6-dependent. The Sirt6 mRNA was

significantly down-regulated in P53�/� mice. P53 activated the transcriptional activity of SIRT6 and ex-

erted interaction with SIRT6. Our results demonstrate that SIRT6 protects against APAP hepatotoxicity

through alleviating oxidative stress and promoting hepatocyte proliferation, and provide new insights in

the function of SIRT6 as a crucial docking molecule linking P53 and NRF2.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Acetaminophen (APAP) is a widely used over-the-counter drug
with potent analgesic and antipyretic properties across the world1.
APAP is safe and effective at recommended doses, but overdose of
APAP may cause liver injury progressing to acute liver failure
(ALF) and death. APAP-induced hepatotoxicity is the leading
cause of ALF and a persistent important public health concern in
many countries2. The formation of reactive metabolites N-acetyl-
p-benzoquinone imine (NAPQI) by cytochromes P450 (CYP450)
is the critical event of APAP hepatotoxicity3. Excess NAPQI after
APAP overdoses depletes glutathione (GSH) and covalently binds
to intracellular proteins including mitochondrial proteins to form
APAP adducts, which leads to mitochondrial dysfunction, gener-
ation of reactive oxygen species (ROS), release of mitochondrial
cell death factors, ultimately resulting in nuclear DNA fragmen-
tation and hepatocyte death4.

Despite extensive studies, the mechanisms of APAP-induced
liver injury and hepatocyte death are not fully elucidated. Mito-
chondrial oxidative stress is considered to be the predominant
cellular event in APAP-induced liver injury5. Cellular stress and
liver injury induced by APAP overdose are subsequently followed
by compensatory liver repair and regeneration. The balance be-
tween hepatocytes death and regeneration determines the outcome
of APAP hepatotoxicity6. Thus, it can be realized to treat APAP-
induced liver injury through intervening oxidative stress and liver
regeneration. And it is essential to find potential targets with
simultaneous regulation on the above molecular events.

Sirtuins have emerged as key regulators of many important
biological processes with either histone deacetylase or mono-
ribosyltransferase activity. SIRT6, one of the 7 mammalian ho-
mologs of yeast Sir2, is responsible for deacetylation of histone
H3 Nε-acetyl-lysines 9 (H3K9ac) and 56 (H3K56ac). SIRT6
functions on several important transcription factors and regulatory
proteins, which regulate DNA repair, cell proliferation, inflam-
mation, tumor and aging7. Recently, sirtuin 6 (SIRT6) has been
reported to safeguard cells such as human mesenchymal stem cells
and retinal ganglion cells from oxidative stress8e10, suggesting
that SIRT6 plays a role in redox-related cellular homeostasis
regulation. SIRT6 is also involved in DNA damage repair by
deacetylation of H3K56 at the damaged DNA region11,12. The
function of SIRT6 on cell proliferation varies in different cells.
Overexpressed SIRT6 is reported to cause massive apoptosis in a
variety of cancer cell lines but not in normal, non-transformed
cells13. Additionally, SIRT6 deletion promotes the proliferation
of hematopoietic stem cell and multiple myeloma14,15, but inhibits
the proliferation and enhances the apoptosis of Huh-7 cells8.
The nuclear factor erythroid 2-related factor 2 (NRF2), one of
the master regulators of the antioxidant defense system, mediates
cell survival response. It regulates the expression of a battery of
genes encoding intracellular detoxifying enzymes and antioxidant
proteins through the antioxidant response element (ARE). In
response to oxidative/electrophilic stress, NRF2 is released from
Kelch-like ECH-associated protein 1 (KEAP1 ) and translocates
into the nucleus, and subsequently activates ARE-responsive gene
expression16. Several previous studies have demonstrated that
activation of the NRF2 signaling pathway serves to protect ani-
mals against liver injury produced by various hepatotoxicants,
including APAP. NRF2 is reported to alleviate oxidative stress
induced by APAP, and many bioactive components activating
NRF2eARE signaling pathway exert protective effects against
APAP-induced hepatotoxicity17e19. Recently, it is reported that
SIRT6 activates NRF2eARE signaling pathway against oxidative
stress10,20. Nevertheless, whether SIRT6eNRF2 axis participates
in APAP-induced hepatocyte toxicity has not been determined.

The P53 tumor suppressor protein plays a crucial role in modu-
lation of cell cycle, apoptosis, senescence and metabolism in
response to diverse stimulus such as cellular stress and DNA dam-
age21. In response to moderate cellular stress and damage, P53 was
activated to promote cell survival and repair of genetic damage
through target genes, which mediate cell cycle arrest and facilitate
DNA repair22. Our previous study found that P53 signaling pathway
was associated with compensatory liver regeneration following
APAP-induced hepatotoxicity23. Recently, we revealed a novel role
of P53 in regulating APAPmetabolism and disposition, which serves
as a potential new therapeutic target for liver injury inducedbyAPAP.
P53 is reported to be closely associated with SIRT6. P53 cooperates
with SIRT6 to regulate cardiolipin de novo biosynthesis and gluco-
neogenesis by promoting FOXO1 nuclear exclusion24,25. Moreover,
SIRT6 directly deacetylates P53 to regulate apoptosis and stress
resistance26. However, the complicated relationship among SIRT6,
P53 and NRF2 remains largely unclear and how they participate in
APAP-induced hepatocyte toxicity has not been determined.

Therefore, the aim of the present study is to explore whether
SIRT6 protects against APAP-induced hepatocyte injury and to
determine the underlying relationships among SIRT6, P53 and
NRF2 involved in this hepato-protection.

2. Materials and methods

2.1. Animal experiments

Male C57BL/6 mice (6e8 weeks old) were obtained from Lab-
oratory Animal Center of Sun Yat-sen University (Guangzhou,
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China). P53 knockout and paired wild-type mice (19e20 g) were
established by National Institutes for Food and Drug Control and
Beijing Biocytogen Co., Ltd. (Beijing, China) and purchased from
the National Center of Laboratory Rodents (Beijing, China). The
mice were maintained under controlled conditions (22e24 �C,
55%e60% humidity, and 12-h light/dark cycle) and fed with
standard food and water ad libitum. All experimental procedures
were in accordance with the Regulations of Experimental Animal
Administration issued by the Ministry of Science and Technology
of the People’s Republic of China (http://www.most.gov.cn). All
animal protocols were approved by the Ethics Committee on the
Care and Use of Laboratory Animals of Sun Yat-sen University
(Guangzhou, China). The mice were acclimatized one week prior
to the experiment. APAP solution was made fresh in 0.9% saline
at 40 mg/mL, and C57BL/6 mice were administered a single dose
of 400 mg/kg APAP by intraperitoneal injection. All C57BL/6
mice were killed at 0, 6, 12, 24, 48 and 72 h after APAP treatment.
Serum samples and liver tissues were harvested. Additionally,
P53þ/þ and P53�/� mice (n Z 5) without APAP treatment were
killed, and liver tissues were obtained to investigate Sirt6 mRNA
expression. A portion of the liver was immediately fixed in 10%
buffered formalin for histologic analysis and the remaining tissues
were flash frozen in liquid nitrogen and stored at �80 �C for
further use.
2.2. Histological and biochemical assessment

Formalin-fixed liver tissues were subjected to dehydration in serial
concentrations of ethanol and xylene and then embedded in
paraffin. Three-micrometer thick sections were cut and stained
with hematoxylin and eosin (H&E) according to a standard pro-
tocol. H&E-stained liver sections were observed using a LEICA
DM5000B microscope (Leica, Heidelberg, Germany) and used for
necrosis scoring.

Serum alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) activities were determined using commercially-
available kits (Kefang biotech, Guangzhou, China) on a Beckman
Synchron CX5 Clinical System according to the manufacturer’s
instructions.
Table 1 Sequences of primers used for real-time PCR.

Primer Sequence (50e30)

Nrf2 Forward CTTTAGTCAGCGACAGAAGGAC

Nrf2 Reverse AGGCATCTTGTTTGGGAATGTG

Gsta Forward AAGCCCGTGCTTCACTACTTC

Gsta Reverse GGGCACTTGGTCAAACATCAAA

Gstm Forward ATACTGGGATACTGGAACGTCC

Gstm Reverse AGTCAGGGTTGTAACAGAGCAT

Ho-1 Forward CACAGCACTATGTAAAGCGTCT

Ho-1 Reverse GTAGCGGGTATATGCGTGGG

Gapdh Forward AGGTCGGTGTGAACGGATTTG

Gapdh Reverse GGGGTCGTTGATGGCAACA
2.3. Cell culture and treatment

AML12 cells, a non-tumorigenic mouse hepatocyte cell line, were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and cultured in DMEM/F12 containing
0.005 mg/mL insulin, 0.005 mg/mL transferrin, 5 ng/mL sele-
nium, 40 ng/mL dexamethasone and 10% FBS at standard cell
culture conditions (5% CO2, 95% air). Negative small interfering
RNA (siRNA) or siRNA targeting at Nrf2 and Sirt6 (100 nmol/L;
RiboBio, Guangzhou, China) were transiently transfected using
lipofectamine 2000 siRNA Transfection Reagent (Roche Di-
agnostics, Mannheim, Germany). Cells were treated with doxo-
rubicin (Dox, 125e500 nmol/L) or APAP solution (5 mmol/L) at
24 h after siRNA transfection and incubated for 48 h.

Small interfering RNA (siRNA) was transfected to decrease
Sirt6 level in AML12 cells. The knockdown efficiency of Sirt6
siRNAwas validated by investigating protein expression of SIRT6
using Western blot analysis (Supporting Information Fig. S1).
Three different siRNA sequences of Sirt6 were compared and the
highest one with knockdown efficiency >80% (sequence:
GTGCATGTTTCGTATAAGT) was chosen in the current study.
2.4. Cell viability assay

Cell viability assay was performed according to our previous re-
ported procedures27. Briefly, after Sirt6 siRNA transfection and
APAP treatment, AML12 cells were mixed with 10 mL of Cell
Counting Kit-8 (CCK-8) solution per well and incubated for 1 h at
37 �C. The amount of formazan dye generated by cellular dehy-
drogenase activity was measured for absorbance at 450 nm by a
microplate reader (Molecular Devices, Sunnyvale, CA, USA). The
optical density value of each well represented the survival/pro-
liferation of AML12 cells.

2.5. ROS detection

ROS detection was performed according to our previous reported
procedures27. Briefly, intracellular ROS accumulation was
measured with an oxidation-sensitive fluorescent probe, 6-
carboxy-20,70-dichlorodihydrofluorescein diacetate (Beyotime
Biotechnology, Shanghai, China), which is oxidized to a fluores-
cent compound 2,7-dichlorofluorescein (DCF) in the presence of
ROS. AML12 cells transfected with Sirt6 siRNAwere treated with
APAP solution for 24 h. The medium was removed and the cells
were washed three times with PBS followed by incubation with
10 mmol/L DCFH-DA for 30 min at 37 �C. DCF intensity was
detected using the Flex Station 3 (Molecular Devices) at an
excitation wavelength of 488 nm and an emission wavelength of
525 nm. The protein concentration for each sample was used for
normalization. Fluorescence images were photographed with
ArrayScan VTI high content screening system (Thermo Fisher
Scientific, Rockford, IL, USA).

2.6. Bromodeoxyuridine assay

Proliferation capacity was investigated by bromodeoxyuridine
(BrdU) assay using BrdU (colorimetric) kit (Roche Applied Sci-
ence, CA, USA) according to our previous reported procedures27.
The cells were transfected for 48 h, labeled with BrdU for 24 h,
and then fixed in situ and incubated with an anti-BrdU antibody
for 1.5 h. The absorbance was detected at a wavelength of 370 nm
with a reference wavelength of 492 nm.

2.7. Colony formation assay

The colony formation ability of the Sirt6 knockdown AML12 cells
was assessed using a colony formation assay as described in our
previous reported method28. In brief, the transfected cells growing
in the logarithmic phase were trypsinized with 0.25% Trypsin-
EDTA (Gibco, Carlsbad, CA, USA) and seeded into six-well
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plates at a density of 5000 cells/well. The cells were maintained in
an incubator at 37 �C with 5% CO2 or 14 days. Then the colonies
were fixed with 4% formaldehyde and stained with Diff-Quick
staining kit (Solarbio Science and Technology Ltd., Beijing,
China).

2.8. Co-immunoprecipitation (Co-IP) assay

AML12 cells were cultured according to the method described
above and treated with or without APAP solution for 24 h. The
protein was extracted following the protocol. Co-
immunoprecipitation (Co-IP) was performed using Thermo
Figure 1 Dynamic change of SIRT6 expression is related to APAP injur

single dose of 400mg/kgAPAP by intraperitoneal injection and killed at 0, 6,

sections, (C) serum ALTand (D) ASTactivities from APAP-treated mice ove

Western blot analysis of total and nuclear SIRT6 protein expression in APA

tometric analysis of Western blots (nZ 3�4). Data are expressed as the me
Scientific Pierce Co-IP kit (Thermo Fisher Scientific, Rockford,
IL, USA) according to our previous reported procedures29. Sam-
ples were analyzed by Western blotting using anti-IgG (Merk,
Kenilworth, NJ, USA, AP124), anti-SIRT6 (Cell Signaling Tech-
nology, Shanghai, China, 12486), anti-P53 (Abcam, Cambridge,
MA, China, ab26) and anti-NRF2 (Cell Signaling Technology,
12721).

2.9. Luciferase activity assay

The pGL3-basic vectors containing 3.0 kb upstream of the core
coding region of the specified genes (120 ng/well), Luc-TK
y-responsive liver repair. (A) Male C57BL/6 mice were administered a

12, 24, 48 and 72 h after APAP treatment (nZ 6). (B)H&E-stained liver

r a time course of 0e72 h after 400 mg/kg APAP challenge (nZ 6). (E)

P-treated mice at various time points after APAP challenge. (F) Densi-

an � SD. *P < 0.05, **P < 0.01, ***P < 0.001 versus 0 h.
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(5 ng/well), and overexpression plasmids (60 ng/well) were
transfected to HEK-293T cells in 96-well plates using MegaTrans
1.0 (Origene, Rockville, MD, USA). Luciferase enzymatic activity
was measured by a commercial Dual-Luciferase Reporter Assay
System Kit (Promega, San Luis Obispo, CA, USA) at 24 h after
transfection.

2.10. Quantitative real-time PCR analysis

Total RNA in AML12 cells was extracted using Trizol reagent
(Takara, Kusatsu, Shiga, Japan) and reverse transcribed using a
PrimeScript RT-PCR kit (Takara) according to the manufacturer’s
instructions. Real-time PCR analysis was performed using SYBR
Premix Ex Taq (Takara) with a 7500 real-time PCR system
(Applied Biosystems, Foster City, CA, USA). The DDCT method
was utilized to calculate the relative expression of specific genes,
which was further normalized to the Gapdh mRNA levels. The
sequences of gene-specific primers are listed in Table 1.

2.11. Western blot analysis

As described in our previous study23,30, total and nuclear protein
extracts from AML12 cells and mouse liver tissues were prepared
and quantified by the bicinchoninic acid (BCA) protein assay kits
(Thermo Fisher Scientific). Protein extract was separated in 8%e
12% SDS-PAGE and electrophoretically transferred onto poly-
vinylidene fluoride membranes. Phosphorylated proteins were
blocked with 5% bovine serum albumin in Tris-buffered saline, and
other proteins with 5% nonfat milk in Tris-buffered saline. Mem-
branes were incubated overnight with primary antibodies including
anti-SIRT6 (Cell Signaling Technology, 12486), anti-NRF2
(Abcam, ab62352), anti-phosphated-NRF2 (Abcam, ab76026),
anti-SIRT1 (Cell Signaling Technology, 9475), anti-SIRT2 (Sangon
Figure 2 Effect of Sirt6 knockdown on APAP-induced hepatocytes dam

with Sirt6 siRNA for 24 h and further treated with APAP for 24 h: (A) LD

were measured respectively. Data are expressed as the mean � SD, n Z
#P < 0.05, ###P < 0.001 versus the control siRNA group.
Biotech, Shanghai, China, D221221), anti-SIRT3 (Sangon Biotech,
D221219), anti-SIRT4 (Sangon Biotech, D162208), anti-SIRT5
(Sangon Biotech, D260735), anti-CDK4 (Sangon Biotech,
D120396), anti-CCNA1 (Sangon Biotech, D220575), anti-CCND1
(Sangon Biotech, D220509), anti-Lamin B (Sangon Biotech,
D190800-0100), anti-GAPDH (Cell Signaling Technology, 5174)
and anti-b-actin (Cell Signaling Technology, 4970), followed by
secondary horseradish peroxidase conjugated anti-rabbit IgG anti-
body for 1 h at room temperature. Proteineantibody complexes
were detected using an electrochemiluminescence (ECL) kit
(Engreen Biosystem, Beijing, China) and exposed to an X-ray film
(GE Healthcare, Piscataway, NJ, USA). The intensity of protein
bands was analyzed using ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

2.12. Statistical analysis

Data are expressed as means � standard deviation (SD). To
determine statistically significant difference between two groups,
two-tailed unpaired Student’s t-test was carried out using Graph-
Pad Prism 7 (GraphPad Software Inc., San Diego, CA, USA). For
multiple comparisons, one-way analysis of variance followed by
with Bonferroni post hoc test was used. The difference was
considered statistically significant at P < 0.05.

3. Results

3.1. Dynamic change of SIRT6 expression is related to APAP
injury-responsive liver repair in mice

In this study, a single dose of 400 mg/kg APAP solution caused
massive hepatic toxicity in mice as evidenced by H&E staining of
liver sections (Fig. 1A) and elevated serum ALT and AST
age and oxidative stress injury in vitro. AML12 cells were transfected

H levels, (B) and (C) ROS levels, (D) GSH levels, and (E) SOD levels

5. *P < 0.05, **P < 0.01, ***P < 0.001 versus the untreated group;
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activities (Fig. 1B and C). Centrilobular necrosis was evident at
6 h with necrosis of 40%e50% after APAP administration and
peaked between 12 and 24 h with necrosis of 60%e70%.
Compared with the first 24 h, much less hepatocellular injury and
necrosis was observed at 48 h, but was not yet completely resolved
at 72 h with 10%e20% necrosis. The ALT and AST levels were
increased in parallel to the area of hepatic necrosis. The ALT and
AST activities were significantly elevated with a peak at 12 h after
APAP dosing, subsequently reduced at later time points, and then
tended toward baseline levels by 72 h as previously described23.
These results indicated that APAP-induced liver injury was fol-
lowed by compensatory liver repair in mice.

The protein expression of 7 isoforms involved in sirtuin family
was measured to explore whether sirtuins participated in APAP-
induced acute liver injury (Supporting Information Fig. S2). The
results of Western blot analysis showed that the protein expression
of SIRT1, SIRT2, SIRT3, SIRT5, and SIRT6 in liver tissues was
slightly downregulated after APAP administration, and SIRT4 and
SIRT7 levels were significantly decreased. SIRT1 and SIRT7
levels returned to normal at 72 h, but SIRT6 protein was signifi-
cantly upregulated at 48 and 72 h. The dynamic change of SIRT6
expression was most prominent than other 6 isoforms. It was
further found that the SIRT6 protein levels in nucleus at 6 h
Figure 3 Knockdown of Sirt6 inhibited hepatocellular proliferation in A

using Cell Counting Kit-8 in AML12 cells after Sirt6 siRNA transfection

investigated by BrdU assay. (C) Colony formation assay of AML12 cells w

(E) densitometric analysis of CCNA1, CCND1 and CDK4 proteins were
**P < 0.01, ***P < 0.001 versus the untreated group; #P < 0.05, ##P < 0
following APAP administration were markedly increased
compared with basal levels observed in uninjured livers, which at
other time points were kept at normal levels (Fig. 1D and E). It
suggested that dynamic regulation of SIRT6 was related to APAP
injury initiation, progression and liver repair.

3.2. Sirt6 knockdown potentiates APAP-induced hepatocytes
damage and oxidative stress injury in AML12 cells

To investigate the role of SIRT6 on APAP-induced hepatocytes
damage, short-interfering RNAs (siRNA) was used to knock down
Sirt6 in vitro in cultured AML12 cells. As an indicator of cell death,
lactate dehydrogenase (LDH) activity was measured in cell lysate
and culture medium. Sirt6 knockdown significantly increased LDH
activity following APAP exposure in AML12 cells compared with
the control siRNA group (Fig. 2A), suggesting that Sirt6 was
essential for protection against APAP-induced cytotoxicity.

Oxidative stress is crucial to APAP-induced hepatotoxicity.
Whether Sirt6 contributed to hepatocellular antioxidant defense in
response to APAP was explored using Sirt6-depleted cells. As
described previously, APAP treatment caused large amount of ROS
production in hepatocytes. Sirt6 knockdown further exacerbated
oxidative stress triggered byAPAPas evidenced by higher ROS levels
ML12 cells exposed to APAP. (A) Cell viability assay was determined

and APAP treatment. (B) Proliferation capacity of AML12 cells was

as stained by Diff-Quick after cultured for 7 days. (D) Western blot and

measured. Data are expressed as the mean � SD, n Z 5. *P < 0.05,

.01, ###P < 0.001 versus the control siRNA group.



SIRT6 as a key event linking P53 and NRF2 counteracts APAP-induced hepatotoxicity 95
(Fig. 2B and C). Additionally, APAP significantly reduced
hepatocellularGSH and SODactivity in AML12 cells comparedwith
the control group, which was further aggravated after Sirt6
knockdown (Fig. 2D and E). These results demonstrate that SIRT6
plays an important role in antioxidant stress defense following APAP
exposure.

3.3. Sirt6 knockdown inhibited hepatocyte proliferation in
AML12 cells exposed to APAP

SIRT6 was reported as a novel regulator of cell proliferation.
Therefore, experimentswere conducted to evaluate the role of SIRT6
on cell proliferation in AML12 cells exposed to APAP. The CCK-8
assay was used to detect cell viability (Fig. 3A), and BrdU assay was
carried out to directly determine proliferation capacity of cells with
Sirt6 siRNA and APAP treatment (Fig. 3B). Both the viability and
proliferation of AML12 cells decreased exposed to 5mmol/LAPAP,
which were further exacerbated following Sirt6 siRNA treatment in
the Sirt6 siRNA-treated group compared with the control siRNA
group. The colony formation assay was further carried out in this
study. APAP treatment significantly suppressed the colony-
formation ability of AML12 cells as observed by decreased col-
onies formed byAML12cells comparedwith the control group.Sirt6
knockdown further exacerbated the inhibition of colony-formation
ability in hepatocytes after APAP exposure (Fig. 3C).

The expression of cell cycle associated proteins including
CCNA1, CCND1 and CDK4 in AML12 cells after APAP treatment
was investigated by Western blot analysis. APAP significantly
decreased the protein levels of CCND1 and CDK4 compared with
those in the control group (Fig. 3D and E). AML12 cells trans-
fected by Sirt6 siRNA exhibited reduced CCNA1, CCND1 and
CDK4 protein levels. However, Sirt6 knockdown promoted the
downregulation of CCNA1 and CDK4 protein levels caused by
Figure 4 Effects of knockdown of Sirt6 on the expressions of NRF2 and

of total NRF2, nuclear NRF2, and pNRF2 in AML12 cells were performe

APAP for 24 h. (C) qRT-PCR analysis was performed to measure the Nrf2,

further treated with APAP for 12 and 24 h, respectively. (D) Dynamic chan

Sirt6 siRNA and further treated with APAP. Data are expressed as the m

untreated group; #P < 0.05, ##P < 0.01, ###P < 0.001 versus the control
APAP. These results demonstrate that Sirt6 knockdown inhibits
hepatocyte proliferation in AML12 cells exposed to APAP.

3.4. Knockdown of Sirt6 inhibited NRF2 activation and its
downstream target gene expression

The expression levels of total NRF2, total phosphorylated NRF2,
and nuclear NRF2 were measured in AML12 cells exposed to
APAP after Sirt6 siRNA transfection. APAP exposure upregulated
the levels of total and nuclear NRF2 and p-NRF2 (Fig. 4A and B).
However, Sirt6 knockdown significantly inhibited the phosphor-
ylation and nuclear translocation of NRF2 induced by APAP, but
had no effect on total NRF2 protein expression compared with the
control group. These results suggest that SIRT6 may regulate the
activation of NRF2 and promote nuclear translocation of NRF2 to
initiate transcription of Nrf2 downstream genes.

Further, the mRNA expression of Nrf2 and ARE-driven
detoxification and antioxidant genes was investigated by qPCR
analysis after Sirt6 siRNA and APAP treatment in AML12 cells.
APAP treatment upregulated Nrf2, Ho-1, Gsta and Gstm mRNA
levels in a time-dependent manner (Fig. 4C). Nrf2 mRNA
expression was upregulated at 24 h after APAP treatment. And
Ho-1, Gsta and Gstm mRNA levels in AML12 cells were signif-
icantly increased following APAP exposure for 12 and 24 h. The
mRNA upregulation of these genes by APAP were prevented by
Sirt6 knockdown. Dynamic changes of Ho-1 mRNA after APAP
exposure were observed at a time course of 12 h. The Ho-1 mRNA
expression was significantly upregulated with a peak at 6 h after
APAP treatment, and subsequently reduced at later time points.
AML12 cells transfected by Sirt6 siRNA exhibited the peak value
of Ho-1 mRNA level at 10 h followed by APAP exposure, indi-
cating that Sirt6 knockdown inhibited the NRF2 activation and
thus delayed transcription of Nrf2 downstream genes.
its downstream genes. Western blot (A) and densitometric analysis (B)

d after transfected with Sirt6 siRNA for 24 h and further treated with

Ho-1, Gsta, Gstm mRNA level after transfection with Sirt6 siRNA and

ges of Ho-1 mRNA expression were measured after transfection with

ean � SD, n Z 5. *P < 0.05, **P < 0.01, ***P < 0.001 versus the

siRNA group.
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NRF2 plasmid significantly increased the luciferase reporter
activity of NRF2 target genes including GSTm and NQO1, which
were prevented by SIRT6 knockdown, suggesting that SIRT6
knockdown reduced GSTm and NQO1 transcriptional activities
(Fig. 5A). A luciferase reporter assay further confirmed the
regulation of NRF2 transcription by SIRT6. SIRT6 siRNA pre-
vented the upregulation of NRF2 luciferase reporter activity by
P53, which had no significant difference with the control group
(Fig. 5B). Additionally, the functional interaction between SIRT6
and NRF2 was further confirmed by Co-IP assay using the
endogenous proteins from AML12 cells treated with or without
APAP for 24 h. Co-IP analysis showed that SIRT6 had the po-
tential to interact with NRF2 in AML12 cells, which was not due
to APAP treatment (Fig. 5C and D). These results demonstrate that
SIRT6 could interact with NRF2 and regulate its downstream
transcriptional activity.

3.5. The protective effect of P53 against APAP-induced
hepatocytes injury is Sirt6-dependent

As described in our previous study31, P53 activator Dox could
ameliorate the intracellular ROS induced by APAP treatment. We
Figure 5 SIRT6 interacts with NRF2 and regulates its downstream tra

GSTm transcriptional activity were investigated. Data are expressed as

Reporter þ Vector group; ###P < 0.001 versus the Reporter þ NRF2 gro

scriptional activity after transfected with pcDNA-SIRT6. Data are expressed

group; ###P < 0.001 versus the Reporter þ P53 group. (C) and (D) Co-I

SIRT6 and NRF2 in AML12 cells treated without APAP (C) or with APA
confirmed that P53 siRNA significantly increased LDH levels in
AML12 cells treated by APAP compared with the control siRNA
group, which could not be reversed by Dox (Fig. 6A). Sirt6
knockdown also elevated the LDH levels before or after APAP
exposure at the presence of Dox, suggesting the protective effect
of P53 against APAP-induced hepatocytes injury is Sirt6-depen-
dent (Fig. 6B). To further confirm the relationship between P53
and SIRT6, we compared the gene expression of Sirt6 between
P53þ/þ and P53�/� mice. Sirt6 mRNA levels of liver tissues were
lower in P53�/� mice compared with that in P53þ/þ mice
(Fig. 6C).

A luciferase reporter assay was performed to further confirm
the regulation of P53 in SIRT6 transcription. The results indicated
that P53 plasmid significantly increased the luciferase reporter
activity of SIRT6 (Fig. 6D). Additionally, the molecular link be-
tween SIRT6 and P53 was further investigated by Co-IP assay
using the endogenous proteins from AML12 cells treated with or
without APAP for 24 h. Co-IP analysis indicated that the potential
interaction between P53 and SIRT6 existed in AML12 cells was
independent of APAP treatment (Fig. 6E and F). These results
demonstrate that P53 regulates SIRT6 transcriptional activity and
potentially interacts with SIRT6.
nscriptional activity. (A) Effects of SIRT6 knockdown on NQO1 and

the mean � SD, n Z 5. *P < 0.05, ***P < 0.001 versus the

up. (B) Luciferase analysis was performed to detect the NRF2 tran-

as the mean � SD, nZ 5. ***P < 0.001 versus the Reporter þ Vector

P analysis was performed to detect the potential interaction between

P for 24 h (D).



Figure 6 The protective effect of P53 against APAP-induced hepatocytes injury is Sirt6-dependent. (A) and (B) LDH levels in AML12 cells

transfected with P53 siRNA or Sirt6 siRNA following APAP and Dox treatment for 24 h were detected by the lactate dehydrogenase assay. Data

are expressed as the mean � SD, n Z 5. ***P < 0.001 versus the untreated group; ###P < 0.001 versus the control siRNA group. (C) qRT-PCR

analysis was performed to detect Sirt6 mRNA expression in P53�/� and P53þ/þ mice. Data are expressed as the mean � SD, n Z 5. **P < 0.01

versus the P53þ/þ group. (D) Luciferase analysis was performed to detect the SIRT6 transcriptional activity after transfection with pcDNA-P53.

Data are expressed as the mean � SD, n Z 5. ***P < 0.001 versus the Reporter þ Vector group. (E) and (F) Co-IP analysis was performed to

detect the potential interaction between SIRT6 and P53 in AML12 cells treated without APAP (E) or with APAP for 24 h (F).
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4. Discussion

Sirtuins, as a family of NADþ-dependent class III histone
deacetylases that catalyze post-translational modifications of
proteins, are considered to be master regulators of several cellular
processes, including DNA repair, cell proliferation, inflammation,
tumor and aging7. We had investigated the dynamic changes of
mRNA and protein expression of seven mammalian sirtuins
(SIRT1e7) in APAP injured liver of mice. The change of SIRT6
expression was closely associated with the injury initiation, pro-
gression, regression and repair induced by APAP compared with
other 6 sirtuins. SIRT6 functions on several important transcrip-
tion factors and regulatory proteins9,10 and thus regulates a series
of biological processes including DNA repair and oxidative stress,
which are related with APAP hepatotoxicity. However, the effect
of SIRT6 on APAP-induced liver injury remains unknown.

Several cell lines including mouse primary hepatocytes,
AML12 and LO2 cells were used to screen the concentrations of
APAP for further in vitro experiment according to previous liter-
atures31e33. AML12 cells were selected considering of easy to
stably establishing APAP-injured hepatocyte models and pos-
sessing good proliferation capacity. The viability of AML12 cells
between 70% and 80% at 24 h after APAP treatment was used to
determine the concentration of APAP, and thus 5 mmol/L APAP
was selected. In this study, APAP treatment resulted in
hepatocellular oxidative stress and death as observed by large
amount of ROS production, reduced GSH level and SOD activity,
and increased LDH level in AML12 cells. The dynamic changes
of GSH, H2O2 and MDA levels in mice after APAP treatment had
also been investigated in our previous study23. However, Sirt6
knockdown further aggravated oxidative damage caused by APAP
with higher ROS and LDH levels, lower GSH level and SOD
activity, suggesting that SIRT6 may alleviate APAP-induced
oxidative injury. NRF2, as a master regulator of the antioxidant
defense system, plays a protective role in APAP-induced liver
injury. Whether SIRT6 regulated NRF2 to counteract oxidative
stress caused by APAP was further explored in this study. We
found that Sirt6 knockdown significantly prevented APAP-
induced NRF2 phosphorylation and reduced NRF2 transferring
to the nucleus to initiate transcription of Nrf2 downstream genes in
AML12 cells. The phosphorylation of NRF2 leads to the escape or
release of NRF2 from KEAP1 in response to oxidative stress34,35.
NRF2 is thus stabilized and translocates to the nucleus, causing a
coordinated activation of ARE-responsive gene expression34,35.
Nrf2, Ho-1, Gsta and Gstm mRNA levels in AML12 cells were
significantly upregulated following APAP exposure, which were
prevented by Sirt6 knockdown. Moreover, Sirt6 knockdown
delayed transcription of Nrf2 downstream genes with the peak
value of Ho-1 mRNA level at 10 h. We further verified that SIRT6
knockdown prevented the upregulation of NRF2 luciferase
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reporter activity by P53, and reduced GSTm and NQO1 tran-
scriptional activities. Additionally, SIRT6 potentially interacted
with NRF2 in AML12 cells. These results indicated that knock-
down of SIRT6 inhibited NRF2 activation and its downstream
target gene expression.

Hepatocyte proliferation is crucial to liver repair and de-
termines the final outcome of APAP-induced liver injury. SIRT6
has been confirmed as a key factor to regulate cell proliferation in
AML12 cells exposed to APAP. Sirt6 deficiency inhibited cell
viability and proliferation, and exacerbated the inhibition of
colony-formation ability in AML12 cells after APAP exposure,
indicating that Sirt6 knockdown inhibited hepatocyte prolifera-
tion. Additionally, the expression of cell cycle associated proteins
including CCNA1, CCND1 and CDK4 was further decreased by
Sirt6 knockdown following APAP treatment.

The protective effect of P53 on APAP-induced liver toxicity was
verified in our previous study31. Some studies show that P53 is
closely associated with SIRT6 as evidenced by that P53 not only
cooperated with SIRT6 by promoting FOXO1 nuclear exclusion24,25,
but also could be directly deacetylated by SIRT6. Whether the
protective effect of P53 was related to SIRT6 remained unknown and
was further investigated in this study. The results indicated that Sirt6
knockdown prevented P53 to alleviate hepatocyte damage and
oxidative stress induced by APAP, which could not be reversed by
P53 activator Dox. The Sirt6mRNAwas significantly downregulated
in P53�/� mice compared with that in P53þ/þ mice. Furthermore,
P53 could activate the transcriptional activity of SIRT6 and interact
with SIRT6 in AML12 cells. These results suggest the protective
effect of P53 against APAP-induced hepatocytes injury is Sirt6-
dependent. However, the roles of SIRT6 in P53eSIRT6eNRF2 axis
during APAP-induced liver injury should be further verified in vivo
using Sirt6�/� mice or Adeno-associated virus (AAV) Sirt6 shRNA-
treated mice in the future.

In our previous study, dynamic and coordinated regulation of
NRF2eARE and P53/P21 signaling pathways was confirmed to
be associated with compensatory liver regeneration following
APAP-induced liver injury in mice.17 Additionally, P53 was found
to promote NRF2 activation and the transcription of its down-
stream target genes related to APAP detoxification31. In summary,
this study demonstrates that SIRT6 protects against APAP hepa-
totoxicity through alleviating oxidative stress and promoting he-
patocyte proliferation. SIRT6 may be a crucial molecular event
linking P53 and NRF2 in APAP hepatotoxicity.
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