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SIRT1 alleviates hepatic ischemia-reperfusion
injury via the miR-182-mediated
XBP1/NLRP3 pathway
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The hepatoprotection of histone deacetylase sirtuin 1 (SIRT1)
has been identified to attenuate ischemia-reperfusion (IR)-trig-
gered inflammation and liver damage. This study was per-
formed to characterize the function of SIRT1 in hepatic IR
injury. In in vivo assays on liver-specific knockout mice of
SIRT1, we first validated the effect of SIRT1 knockout on liver
damage and XBP1/NLRP3 inflammasome activation. Next, we
examined whether knockdown of XBP1/NLRP3 or miR-182
agomir could reverse the effect of SIRT1 knockout. In
in vitro assays, NCTC1469 cells subjected to hypoxia/reoxyge-
nation (H/R) were transduced with small interfering RNA
(siRNA)/activator of SIRT1 or miR-182 agomir to confirm
the effect of SIRT1 on NCTC1469 cell behaviors as well as
the regulation of miR-182 and the XBP1/NLRP3 signaling
pathway. Hepatic IR injury was appreciably aggravated in
SIRT1 knockout mice, and SIRT1 knockdown abolished the in-
hibition of XBP1/NLRP3 inflammasome activation, which was
reversed by NLRP3 knockdown, XBP1 knockdown, or miR-182
agomir. Mechanistically, miR-182 expression was positively
regulated by SIRT1 in hepatic IR injury in mice, and miR-
182 inhibited the expression of XBP1 by binding to the 30 un-
translated region (UTR) of XBP1. The histone deacetylase
SIRT1 inhibits the downstream XBP1/NLRP3 inflammatory
pathway by activating miR-182, thus alleviating hepatic IR
injury in mice.
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INTRODUCTION
Hepatic ischemia-reperfusion (IR) injury induces high morbidity and
mortality of patients following liver resection and transplantations1,2

As reported, it is the leading cause of liver dysfunction and failure af-
ter liver surgery or transplantation, and satisfactory strategies to
ameliorate hepatic IR injury are limited.3 Emerging studies have un-
raveled the involvement of significant cell death and inflammatory re-
sponses4 and oxidative stress and tissue damage5 in hepatic IR injury.
Interestingly, NLRP3 inflammasome activation has been reported to
possess a critical function in hepatic IR injury.6,7 Notably, researchers
have demonstrated that inflammatory signaling inhibition can
improve liver function and lower hepatocyte apoptosis and neutro-
phil infiltration.8,9 Still, the molecular causes leading to such inhibi-
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tion are poorly understood, and effective treatments have been slow
to emerge.

Recently, there has been exceptional interest in the interaction of mi-
croRNAs (miRNAs) and inflammatory signaling pathways, especially
where attention has also focused on their potential for use as bio-
markers to support early diagnosis and prognosis in the clinic.10,11

Of note, miRNA-182-5p (miR-182-5p) has been proposed to sup-
press liver damage and inflammation by targeting Toll-like receptor
4 (TLR4) in an animal model of hepatic IR injury and a cell model
of lipopolysaccharide-induced inflammation.12 In addition, the
anti-inflammatory effect of miR-182-5p has been proven in cerebral
IR injury by repressing release of tumor necrosis factor-a (TNF-a),
interleukin (IL)-6, and IL-1b.13 Intriguingly, Wang et al.14 pointed
out that miR-182 is a downstream effector of sirtuin 1 (SIRT1), and
SIRT1 binds to the miR-182 promoter and regulates its transcription.
SIRT1 is a histone deacetylase whose activation often functions as a
mediator affecting the inflammatory reaction and suppressing liver
damage following hepatic IR injury.15 Moreover, activation of
SIRT1 represses cellular inflammation by restricting NLRP3 inflam-
masome formation and IL-1b production.16 The evidence presented
by Inoue et al.17 documented that hepatic IR could elevate the produc-
tion of the inflammasome component NLRP3, which in turn leads to
accelerated reactive oxygen species production and hepatocyte
apoptosis in IR liver. Additionally, hepatic XBP1 expression is impli-
cated in the adaptive response to endoplasmic reticulum stress in the
liver, leading to the control of liver injury, hepatocyte apoptosis, and
liver fibrosis.18 This study aims to delineate new mechanisms by
which a histone deacetylase, SIRT1, exerts its beneficial effects against
e Authors.
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Figure 1. Backcrossing changes the genetic

background of SIRT1flox5-6/flox5-6 mice
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hepatic IR injury in mouse models of hepatic IR. miR-182 and the
XBP1/NLRP3 inflammatory pathway appear to be potential targets
of SIRT1.
RESULTS
SIRT1 knockout aggravated hepatic IR injury in mice

In an attempt to investigate whether SIRT1 regulates the downstream
miR-182/XBP1/NLRP3 pathway in hepatic IR injury, we established a
SIRT1 overexpression or knockout mouse model (Figures 1 and 2).
Although the experimental method of establishing SIRT1 knockout
mice has been largely reported, it is still very difficult to screen the
overexpression animal model. Therefore, we decided to use SIRT1
knockout mice as our main experimental animals in the study. We es-
tablished hepatocyte-specific SIRT1 knockout mice via hybridization
of SIRT1flox5-6/flox5-6 with Alb-Cre mice. First, the SIRT1 knockout ef-
ficiency was verified. After extraction of the DNA from the tail tissues
of mice, PCR amplification was performed, followed by agarose gel
electrophoresis (AGE). Subsequently, an ultraviolet imager was
applied to capture the images, and the results regarding the loxP locus
of SIRT1 were identified as follows: (1) homozygote: there were loxP
loci on a pair of homologous chromosomes; the AGE image showed
only one large band; (2) heterozygote: only one homologous chromo-
some had a loxP locus on the ultraviolet image; there were two bands
on the AGE image; and (3) wild-type (WT): there was no loxP locus
Figure 2. Hybrid SIRT1 knockout mice are obtained from hybridizing
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on both homologous chromosomes on the ultra-
violet image, and there was only one band on the
AGE image. The identification of the Cre gene
(Figure 3A) showed that only mice with amplifi-
able-specific bands were Cre mice, and only
SIRT1flox5-6/flox5-6 homozygous mice expressing
Cre recombinase could be SIRT1-LKO mice
(liver-specific knockout mice of SIRT1), while
those without Cre recombinase expression were
used as WT control mice. Quantitative reverse-transcriptase PCR
(qRT-PCR) and western blot analysis results showed that the SIRT1
expression decreased significantly in the liver of SIRT1 knockout
mice (p < 0.01) (Figures 3B and 3C). After that, we established the he-
patic IR model in SIRT1 knockout mice and WT control mice at the
same time and evaluated the IR injury by detecting the serum liver
function and through H&E staining, TUNEL (terminal deoxynucleo-
tidyltransferase [TdT]-mediated deoxyuridine triphosphate nick end
labeling) staining, and immunohistochemistry. In the IR mouse
model, compared with that in WT control mice, the serum level of
alanine aminotransferase (ALT) in SIRT1 knockout mice displayed
a notable increase (Figure 3D). In addition, H&E staining for livers
showed that congestion, vacuolation, and necrosis all increased signif-
icantly in the liver of SIRT1 knockout mice in comparison to those in
the liver of WT control mice (Figure 3E). As illustrated in TUNEL
staining and immunohistochemistry, SIRT1 knockout mice also
showed significantly increased hepatocyte apoptosis (p < 0.05) (Fig-
ure 3F) as well as an elevated immunohistochemical optical density
(IOD) value relative to the WT control mice (Figure 3G).

SIRT1 knockout activated the XBP1/NLRP3 inflammatory

pathway

Subsequently, we explored whether the role of the XBP1/NLRP3 in-
flammatory pathway in hepatic IR injury is regulated by SIRT1.
qRT-PCR and western blot analysis were conducted to detect the
expression of the key proteins of the XBP1/NLRP3 inflammatory
pathway, namely, XBP1, NLRP3, cleaved caspase-1, caspase-acti-
vating recruitment domain (ASC), and nuclear factor kB (NF-kB),
and enzyme-linked immunosorbent assay (ELISA) was used to deter-
mine the expression of the relevant inflammatory factors (IL-1b,
TNF-a, and IL-18) in the liver of mice in response to different treat-
ment. From the results, mice subjected to IR showed a marked eleva-
tion with regard to the expression of key proteins and relevant inflam-
matory factors of the XBP1/NLRP3 inflammatory pathway relative to
the sham-operated mice. Moreover, SIRT1 knockout further upregu-
lated expression of key proteins and related inflammatory factors in
the XBP1/NLRP3 inflammatory pathway inmice subjected to IR (Fig-
ures 4A–4C). Therefore, it was demonstrated that SIRT1 knockout
could aggravate hepatic IR injury in mice by activating the XBP1/
NLRP3 inflammatory pathway.
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Figure 3. SIRT1 knockout aggravates hepatic IR injury in mice

(A) Genotypes of SIRT1 and Cre. (B) Expression of SIRT1 in liver of WT control mice and SIRT1 knockout mice as detected by qRT-PCR. (C) Protein expression of SIRT1 in

liver of WT control mice and SIRT1 knockout mice as detected by western blot analysis, normalized to GAPDH. (D) Serum ALT level of WT control mice and SIRT1 knockout

mice as detected using a specific detection kit. (E) Histomorphology of the liver in WT control mice and SIRT1 knockout mice as observed by H&E staining (original

magnification,�400) and scoring of the IR injury based on Suzuki et al.’s19 standard. (F) Apoptosis of hepatocytes in WT control mice and SIRT1 knockout mice as observed

by TUNEL staining and the calculated apoptotic rate. (G) The Expression of MPO as detected by immunohistochemistry. *p < 0.05, **p < 0.01 versus the sham-operatedWT

mice or knockout mice; #p < 0.05, ##p < 0.01 versus WT control mice subjected to IR. The data are measurement data, presented as mean ± standard deviation. Data

between two groups were compared using an unpaired t test. The experiment was independently repeated three times. n = 10. KO, knockout.
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Silencing of NLRP3 reversed the aggravating effect of SIRT1

knockout on hepatic IR injury in mice

In this part of the experiment, we used NLRP3 small interfering RNA
(siRNA) in SIRT1 knockout mice to further confirm the regulatory
effect of SIRT1 on the XBP1/NLRP3 inflammatory pathway. First,
western blot analysis confirmed the good transfection efficiency of
NLRP3 siRNA (Figure 5A). Next, the results from H&E staining,
TUNEL staining, and immunohistochemistry demonstrated that
the use of NLRP3 siRNA contributed to a markedly reduced degree
of liver injury, ameliorated histomorphology, reduced hepatocyte
apoptosis, and decreased myeloperoxidase (MPO) expression (Fig-
ures 5B–5D). Additionally, silencing of NLRP3 markedly reduced
serum ALT level and IL-1b concentration (Figures 5E and 5F). These
results further confirmed that silencing of NLRP3 was able to reverse
the aggravating effect of SIRT1 knockout on hepatic IR injury inmice.

Silencing of XBP1 reversed the aggravating effect of SIRT1

knockout on mice hepatic IR injury via inhibition of the NLRP3

inflammatory pathway

Furthermore, XBP1 siRNA was used in SIRT1 knockout mice to
further verify the regulatory effect of SIRT1 on the XBP1/NLRP3 in-
flammatory pathway. Western blot results confirmed the good
silencing efficiency of XBP1 siRNA (Figure 6A). In addition, it was
evident that the use of XBP1 siRNA led to a notable decline in the de-
gree of liver injury, an amelioration in terms of histomorphology, as
well as decreases in the serum ALT level (Figures 6B and 6C). More-
over, we used ELISA and western blot analysis to detect the expression
1068 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
of the NLRP3 inflammatory pathway-related proteins and inflamma-
tory factors. From the results, SIRT1 knockout mice treated with
XBP1 siRNA displayed marked decreases with regard to the expres-
sion of NLRP3 inflammatory pathway-related proteins (NLRP3,
ASC, C-caspase-1, and NF-kB) and inflammatory factors (IL-1b,
TNF-a, and IL-18) (Figures 6D and 6E). Therefore, it was confirmed
that the silencing of XBP1 was capable of reversing the aggravating
effect of SIRT1 knockout on hepatic IR injury in mice via inhibition
of the NLRP3 inflammatory pathway.
miR-182 expression was positively regulated by SIRT1 in mice

with hepatic IR injury

Whether SIRT1 also plays a protective role by regulating miR-182 in
the hepatic IR injury model was then explored. We first detected the
miRNA expression profile of WT control mice and SIRT1 knockout
mice using the miRNA microarray profile. It was found that after
SIRT1-specific knockout, the expression of miR-182 was significantly
reduced (Figure 7A). We then continued to determine the expression
of SIRT1 and miR-182 in the WT control mice subjected to sham
operation or IR. Based on the results, the expression of SIRT1 and
miR-182 in the WT control mice subjected to IR was notably lower
than that in the WT control mice subjected to sham operation (Fig-
ure 7B). Since the experimental animals we used were hepatocyte-spe-
cific SIRT1 knockout mice, in order to simulate the hepatic IR injury
in vitro, we used the normal mouse NCTC1469 hepatocytes to estab-
lish the hypoxia/reoxygenation (H/R) model, aiming to further verify
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Figure 4. SIRT1 knockout activates the XBP1/NLRP3 inflammatory pathway

(A) mRNA expression of XBP1, NLRP3, IL-1b, and IL-18 in liver of WT control mice and SIRT1 knockout mice both in response to different treatment. (B) The levels of IL-1b,

TNF-a, and IL-18 in the serum ofWT control mice and SIRT1 knockoutmice both in response to different treatment as detected by ELISA. (C) The protein expression of XBP1,

NLRP3, C-caspase-1, ASC, and NF-kB in liver of WT control mice and SIRT1 knockout mice both in response to different treatment as detected by western blot analysis as

well as the corresponding histogram. *p < 0.05, **p < 0.01 versus the sham-operated WTmice or knockout mice; #p < 0.05, ##p < 0.01 versus WT control mice subjected to

IR. The data are measurement data, presented as mean ± standard deviation. Data between two groups were compared using an unpaired t test. The experiment was

independently repeated three times. n = 10.
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the relationship between IR and SIRT1 and miR-182. The results re-
vealed that the expression of SIRT1 and miR-182 in NCTC1469 he-
patocytes in mice undergoing H/R was significantly lower than that
in hepatocytes in sham-operated mice (Figure 7C). Two different
SIRT1 activators, SRT1720 and resveratrol (RSV), were used to treat
the cultured NCTC1469 hepatocytes, and the expression of SIRT1
and miR-182 was detected. As revealed by the results, SRT1720 and
RSV could upregulate SIRT1 and miR-182 expression (Figure 7D).
After NCTC1469 hepatocytes were activated with SRT1720 and
RSV, we established an H/R model and detected the expression of
SIRT1 and miR-182. After qRT-PCR, we found that SRT1720 and
RSV could upregulate SIRT1 and miR-182 on the basis of the estab-
lished H/Rmodel relative to non-treatment or DMSO treatment (Fig-
ure 7E). Next, we silenced or overexpressed SIRT1 using adenovirus
and detected the expression of miR-182 again. The results demon-
strated that miR-182 was notably upregulated after SIRT1 overex-
pression but downregulated after SIRT1 silencing (Figure 7F).
Through the dual-luciferase reporter gene assay, we found that the
relative luciferase activity of miR-182 was elevated with the increase
of SIRT1 transfected into the cells, showing that SIRT1 could promote
the gene expression of miR-182 by combining with the promoter of
miR-182 (Figure 7G). Finally, a chromatin immunoprecipitation
assay was performed to evaluate the binding activity of SIRT1 to
the miR-182 promoter from chromatin of mouse hepatocytes. The re-
sults in Figure 7H demonstrated that SIRT1 was integrated into the
predicted promoter region. Collectively, these results suggested that
the expression of miR-182 could be positively regulated by SIRT1
in mice with hepatic IR injury.

miR-182 downregulated the expression of XBP1 in mice with

hepatic IR

Furthermore, we continued to verify whether XBP1 mouse hepatic IR
injury is regulated by miR-182, in order to further confirm the integ-
rity of the SIRT1/miR-182/XBP1/NLRP3 pathway. Through a dual-
luciferase reporter gene assay, we found that miR-182 could notably
inhibit the expression of XBP1 by binding with its untranslated region
(UTR) region (Figure 8A). Next, we further verified the inhibitory ef-
fect of miR-182 on the protein expression of XBP1 with the use of
in vitro-cultured hepatocytes (Figure 8B). Finally, the inhibitory effect
of miR-182 on the protein expression of XBP1 in hepatic IR injury
was verified by establishing a mouse hepatocyte H/R model
(Figure 8C).

Overexpression of miR-182 counteracted the aggravating effect

of SIRT1 knockout on hepatic IR injury in mice by inhibiting the

NLRP3 inflammatory pathway

In this part of the experiment, we used miR-182 agomir in SIRT1
knockout mice to further confirm that SIRT1 regulates the XBP1/
NLRP3 inflammatory pathway through miR-182. We first found
that compared with SIRT1 knockout mice treated with agomir nega-
tive treated control (NTC), SIRT1 knockout mice treated with miR-
182 agomir had a significantly reduced degree of liver injury,
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1069
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Figure 5. Depletion of NLRP3 reverses the aggravating effect of SIRT1 knockout on hepatic IR injury in mice

(A) Silencing efficiency of NLRP3 siRNA detected by western blot analysis as well as the corresponding histogram. (B) Liver histomorphology of SIRT1 knockout mice treated

with NS siRNA or NLRP3 siRNA, and scoring of the hepatic IR injury based on Suzuki et al.’s19 standard (original magnification,�400). (C) Apoptosis of hepatocytes detected

by TUNEL staining. (D) MPO expression detected by immunohistochemistry and statistics of mean IOD. (E) Serum ALT level of SIRT1 knockout mice treated with NS siRNA or

NLRP3 siRNA as detected using a specific detection kit. (F) Levels of IL-1b and IL-18 in serum of SIRT1 knockout mice treated with NS siRNA or NLRP3 siRNA as measured

by ELISA. *p < 0.05 versus SIRT1 knockout mice treated with NS siRNA; **p < 0.01 versus SIRT1 knockout mice treated with NS siRNA. The data are measurement

data, presented as mean ± standard deviation. Data between two groups were compared using an unpaired t test. The experiment was independently repeated three times.

n = 10.
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ameliorated histomorphology, and decreased the serum ALT level
(Figures 9A and 9B). Additionally, qRT-PCR confirmed the transfec-
tion efficiency of miR-182 agomir (Figure 9C). Furthermore, the re-
sults from qRT-PCR and western blot analysis displayed that the
expression of the XBP1/NLRP3 inflammatory pathway-related pro-
teins (XBP1, NLRP3, ASC, C-caspase-1, and NF-kB) and inflamma-
tory factors (IL-1b, TNF-a, and IL-18) was markedly lower in SIRT1
knockout mice treated with miR-182 agomir than in those treated
with agomir NTC (Figures 9D and 9E).

DISCUSSION
Hepatic IR injury leads to irreversible liver damage to individuals who
have received liver resection or transplantation surgeries, especially in
those with diseased livers.20,21 Recent evidence provided by Naka-
mura et al.15 from mouse models and human samples has validated
the SIRT1-mediated hepatoprotection in curbing leukocyte infiltra-
tion and proinflammatory cytokine release in mice, as well as
improved hepatocellular function and survival in human liver trans-
plants. Thus, therapeutic improvements may come from fresh ap-
proaches associated with SIRT1, but knowledge of the mechanisms
by which it acts is still very limited. This study clarified that SIRT1
confers hepatoprotective effects against hepatic IR injury by targeting
the miR-182/XBP1/NLRP3 axis.

We first verified that SIRT1 knockout aggravated hepatic IR injury in
mice. SIRT1 is a NAD+-dependent protein deacetylase, and its induc-
tion is associated with multiple physiological processes, including
cellular stress response and immune response.22 SIRT1 deacetylates
1070 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
proteins implicated in the cellular stress response, including those
related to IR injury.23 In addition, SIRT1 activation was demonstrated
by the study of Nakamura et al.24 to rescue livers from IR-induced
damage and hepatocellular death through restoring the p53 signaling.

Furthermore, our findings uncovered that the detrimental effects of
SIRT1 knockout on liver functions were realized through activating
the XBP1/NLRP3 inflammatory pathway. The NLRP3-mediated in-
flammasome represents a significant effector in innate immunity,
and it results in facilitated production of proinflammatory cytokines
in inflammation-related diseases.16 Meanwhile, silencing of NLRP3
reversed the aggravating effect of SIRT1 knockout on hepatic IR
injury in mice. A prior study has pointed to the importance of fully
characterizing the NLRP3-dependent and inflammasome-indepen-
dent pathway in the development of IR injury in the kidney.25 Recent
evidence indicates that siRNA-mediated SIRT1 knockdown appre-
ciably diminished cell autophagy activity and restricted NLRP3 in-
flammasome activation in rat models of cerebral IR.26 Another study
on rat models of metabolic syndrome has suggested that SIRT1 over-
expression and repression of NF-kB/NLRP3 inflammasome induc-
tion abrogate renal glomerular injury by diminishing inflammatory
cell infiltration and IL-1b production.27 A study on NLRP3-deficient
mice validated the relieved hepatic IR injury upon NLRP3 ablation.6

Furthermore, we found that silencing XBP1 reversed the aggravating
effect of SIRT1 knockout on hepatic IR injury inmice via inhibition of
the NLRP3 inflammatory pathway. In a mouse model of IR-triggered
liver inflammation, facilitated NLRP3/caspase-1 activity and XBP1/
NLRP3 activation were witnessed, while XBP1 ablation diminished
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Figure 6. Silencing of XBP1 reverses the aggravating effect of SIRT1 knockout on mice hepatic IR injury via inhibition of the NLRP3 inflammatory pathway

(A) Silencing efficiency of XBP1 siRNA detected by western blot analysis. (B) Liver histomorphology of SIRT1 knockout mice treated with NS siRNA or XBP1 siRNA, and

scoring of the hepatic IR injury based on Suzuki et al.’s19 standard (original magnification,�400). (C) Serum ALT level of SIRT1 knockout mice treated with NS siRNA or XBP1

siRNA as detected using a specific detection kit. (D) Protein expression of NLRP3 and C-caspase-1 in SIRT1 knockout mice treated with NS siRNA or XBP1 siRNA as

detected by western blot analysis, normalized to GAPDH. (E) Levels of IL-1b and IL-18 in serum of SIRT1 knockout mice treated with NS siRNA or XBP1 siRNA as measured

by ELISA. *p < 0.05 versus SIRT1 knockout mice treated with NS siRNA, **p < 0.01 versus SIRT1 knockout mice treated with NS siRNA. The data are measurement

data, presented as mean ± standard deviation. Data between two groups were compared using an unpaired t test. The experiment was independently repeated three times.

n = 10.
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the NLRP3/caspase-1 activity, leading to reduced IL-1b release.28

Additionally, STF-083010, as an inhibitor of XBP1 splicing, has
been suggested to alleviate impairments caused by endoplasmic retic-
ulum stress in IR-induced acute renal failure by restricting cell
apoptosis and inflammation.29

Further mechanistic investigations showed that SIRT1 positively
regulated the expression of miR-182, which was found to repress
the expression of XBP1 in mice with hepatic IR injury. The presence
of miR-182-5p overexpression resulted in diminished TNF-a and
IL-6 production, thus attenuating hepatic IR injury by negatively
regulating TLR4.12 Lee et al.30 has indicated that miR-182 suppressed
IR-induced cardiac cell death by targeting and downregulating
BNIP3. These findings were consistent with our results that miR-
182 overexpression could impede the hepatic IR injury in mice. Prior
evidence also highlighted that the expression level of miR-182 is posi-
tively regulated by SIRT1 due to its binding to the miR-182 pro-
moter.14 Therefore, it is rational to conclude that the alleviatory effect
of SIRT1 on liver damage may implicate the regulation of miR-182.
More importantly, we unraveled that overexpression of miR-182
counteracted the aggravating effect of SIRT1 knockout on hepatic
IR injury in mice by inhibiting the NLRP3 inflammatory pathway.
Previous studies have demonstrated the function of miRNAs in the
control of the NLRP3 inflammatory pathway in the context of liver
inflammation; for example, miR-200a-mediated TXNIP/NLRP3 in-
flammasome inactivation led to curbed hepatic inflammation in rat
models.31 Another miRNA, miR-223, blocked the activation of the
NLRP3 inflammasome in a mouse model of endotoxin acute
hepatitis, mitigating the acute and chronic liver injury.32 In the pre-
sent study, the NLRP3 inflammasome activation was suppressed by
miR-182 overexpression, which resulted in alleviated liver damage.

In conclusion, our study gives new insight into the hepatoprotective
mechanisms of SIRT1 in hepatic IR injury, implying that SIRT1might
be an important mediator of these beneficial effects. SIRT1 ablation
promotes hepatic IR injury by impairing miR-182-mediated XBP1/
NLRP3 pathway inactivation (Figure 10). By targeting innate and
adaptive immune activation, manipulation of SIRT1 signaling should
be considered as a novel means to combat inflammation triggered by
IR in liver transplantation.

MATERIALS AND METHODS
Ethics statement

The study was conducted under the approval of the Ethics Committee
of Eastern Hepatobiliary Surgery Hospital, Navy Medical University
(Second Military Medical University). All animal experiments were
conducted in accordance with the Animal Management Regulations
published by the State Science and Technology Commission of the
PRC in 2017 and the Guide for the Care and Use of Laboratory Ani-
mals published by the National Institutes of Health in 2011. Extensive
efforts were made to ensure minimal suffering of the animals used
during the study.

Experimental animals

Five SIRT1flox5-6/flox5-6 mice with a genetic background of 129/FVB/
Black/Swiss were purchased from Shanghai SLAC Laboratory Animal
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1071
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Figure 7. miR-182 expression is positively regulated by SIRT1 in mice with hepatic IR injury

(A) miRNA expression profile of WT control mice and SIRT1 knockout mice as detected through microarray profiling. Group G refers to WT control mice; group S refers to

SIRT1 knockout mice. (B) miR-182 expression in WT control mice subjected to sham operation or IR as detected by qRT-PCR. (C) Expression of SIRT1 and miR-182 in

NCTC1469 hepatocytes in mice undergoing H/R and sham-operated mice as detected by qRT-PCR, normalized to GAPDH. (D) miR-182 expression in NCTC1469 cells

processed using SRT1720 and RSV detected by qRT-PCR. (E) NCTC1469 cells were induced by SRT1720 and RSV, followed by establishment of H/Rmodel. Samples were

collected after modeling, and qRT-PCR was used to detect the expression of miR-182. (F) Adenovirus was used to overexpress or interfere with SIRT1 in NCTC1469 cells,

and qRT-PCR was used to detect the expression of miR-182. (G) Binding of SIRT1 and the miR-182 promoter as detected by a dual-luciferase reporter gene assay. (H)

Binding activity of SIRT1 to miR-182 promoter from chromatin of mouse hepatocytes as detected by ChIP assay. *p < 0.05. These data are measurement data, expressed as

mean ± standard deviation. Data between two groups were compared using an unpaired t test. Data among multiple groups were compared using one-way analysis of

variance and then analyzed with Tukey’s post hoc test. The experiment was repeated three times.
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(Shanghai, China). Alb-Cre transgenic mice (with a genetic back-
ground of C57BL/6JJ) specifically expressing Cre recombinase in he-
patocytes were purchased from Jackson Laboratory (Bar Harbor, ME,
USA) (Figure 1). SIRT1flox5-6/flox5-6 and C57BL/6J WT mice were hy-
bridized and backcrossed for more than six generations, making their
background become C57BL/6J. The SIRT1flox5-6/Alb-Cre mice were
hybridized with SIRT1flox5-6/flox5-6 mice to obtain SIRT1flox5-6/flox5-6

Alb-Cre mice and the control SIRT1flox5-6/flox5-6 mice in the same
nest33–35 (Figure 2).

Experimental grouping

SIRT1flox5-6/flox5-6 homozygous mice expressing Cre recombinase
were SIRT1-LKO mice, while those without Cre recombinase expres-
sion were used as WT control mice. All of the experimental animals
were fed in a specific pathogen-free environment and fasted for 12 h
before modeling. Based on the time of hepatic ischemia, the mice were
sham operated or subjected to IR (60-min ischemia and then 24-h re-
perfusion).2,36 First, it was verified whether SIRT1 knockout could
affect hepatic IR injury and the XBP1/NLRP3 inflammatory pathway.
The experimental mice were assigned into the following groups:
sham-operated WT control mice, sham-operated SIRT1 knockout
mice, WT control mice subjected to IR, and SIRT1 knockout mice
subjected to IR (n = 10). Second, we verified whether NLRP3 or
XBP1 siRNA could counteract the effect of SIRT1 knockout on
1072 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
hepatic IR injury in mice. Therefore, the SIRT1 knockout mice
were treated with non-specific (NS) siRNA, NLRP3 siRNA, or
XBP1 siRNA (n = 10). Next, we explored whether the expression of
miR-182 was regulated by SIRT1 in mice with hepatic IR injury,
with the experimental mice assigned into sham-operated WT control
mice, sham-operated SIRT1 knockout mice, WT control mice sub-
jected to IR, and SIRT1 knockout mice subjected to IR (n = 10).

For the cell experiment, hepatocytes were grouped as follows: (1) he-
patocytes were used only as normal hepatocytes without any treat-
ment, or treated with SIRT1 knockdown, subjected to H/R, or both
treated with silencing of SIRT1 and subjected to H/R; (2) hepatocytes
were used only as normal hepatocytes without any treatment, or
treated with dimethyl sulfoxide (DMSO), SRT1720 (activator of
SIRT1), or RSV (activator of SIRT1); (3) hepatocytes used for H/R
modeling did not undergo treatment or were further treated with
DMSO, SRT1720, or RSV; (4) hepatocytes were used only as normal
hepatocytes without any treatment, or treated with overexpression or
silencing of SIRT1; and (5) normal hepatocytes were treated with
0.4 mg of SIRT1 interference plasmid, 0.2 mg of SIRT1 interference
plasmid, and 0.2 mg of control plasmid, or 0.4 mg of control plasmid.

Finally, in order to verify whether the XBP1/NLRP3 inflammatory
pathway is regulated by miR-182 in mice with hepatic IR injury,



Figure 8. miR-182 downregulates the expression of

XBP1 in mice with hepatic IR

(A) miR-182 binding site in 30 UTR of XBP1 as evaluated by

a dual-luciferase reporter gene assay. After 48 h of co-

transfection, luciferase activity was detected by calculating

fluorescence intensity. (B) Detection of the expression of

XBP1 in mouse hepatocytes after transfection of miR-182

agomir or miR-182 antagomir by western blot analysis. (C)

On the basis of transfection of the miR-182 agomir into

cultured mouse hepatocytes, a hepatocyte H/R model

was established, followed by detection of the expression

of XBP1 in mouse hepatocytes by western blot analysis.

*p < 0.05. These data are measurement data, expressed

as mean ± standard deviation. Data among multiple

groups were compared using one-way analysis of vari-

ance and then analyzed with Tukey’s post hoc test. The

experiment was repeated three times.
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the SIRT1 knockout mice were treated with agomir NTC or miR-182
agomir (n = 10), XBP1-WT + miRNA, XBP1-WT + miR-182, XBP1-
KO + control miRNA, or XBP1-KO + miR-182 (n = 10). Meanwhile,
normal hepatocytes were further treated with control agomir, miR-
182 agomir, antagomir, or miR-182 antagomir; the hepatocytes
used for H/R model establishment were treated with miR-182 agomir
or control agomir.

Model establishment of 70% hepatic IR

Mice in the experimental group were anesthetized by intraperitoneal
injection of pentobarbital sodium (50 mg/kg) and fixed on a heating
plate. Povidone-iodine (PVI) (5%) was used for disinfection after skin
removal and skin preparation of the abdominal wall. The abdominal
viscera were exposed through a medial longitudinal incision. The sec-
tion of the mouse liver was carefully identified with an operating mi-
croscope, and the specific positions of the left lobe and themiddle lobe
of the liver were determined. The small intestines and other organs
near the porta hepatis were gently pushed to the left iliac region
with a cotton swab (moistened with salt water), and then the porta
hepatis was dissociated. A microvascular clamp was used to clamp
the common trunk of the vein vessels in the left and middle lobes
of the liver in order to make these lobes ischemic, thereby achieving
70% ischemia of the liver tissues. At this time, the color of the
ischemic liver lobes changed, observable under the direct vision of
the naked eyes. The remaining 30% of the liver lobes, namely the right
lobe and the caudate lobe, were given smooth blood circulation, so as
to prevent mesenteric vein congestion. After confirmation of the suc-
cessful occlusion of blood flow, the abdominal cavity was temporarily
closed, and the abdominal wall incision was covered with wet gauze to
avoid fluid loss. Meanwhile, the temperature was monitored through
rectal temperature probes, and the temperature was maintained at
37�C through a heating plate and a heating lamp. After the ischemic
process reached the predetermined time, the microvascular clamp
was removed to start the reperfusion, and a 4-0 polypropylene thread
suture was used for continuous suturing. During the operation, the
temperature of mice was monitored using an animal temperature
maintenance instrument to maintain a constant temperature.
Sham-operated mice did not undergo clamping of vessels. At the
end of the observation period after reperfusion, these mice were anes-
thetized with inhaled methoxyflurane and euthanized by artery
bloodletting.

In the in vivo siRNA interference experiment, 4 h before ischemia, the
SIRT1 knockout mice were injected with Alexa Fluor 488-labeled
siRNA or a mixture of NLRP3 siRNA (2 mg/kg) and mannose-con-
jugated polymer via the tail vein, followed by the model establishment
of 70% hepatic IR.

Model establishment of mouse hepatocytes with H/R

Normal mouse NCTC1469 hepatocytes were purchased from the
Navy Medical University (Second Military Medical University). Cells
were subcultured with Dulbecco’s modified Eagle’s medium (DMEM)
containing high-glucose medium and 10% fetal bovine serum (FBS)
in an incubator at 37�C with 5.0% CO2. The day prior to H/R model
establishment, the O2 concentration of the three-gas incubator was set
at 94%, the CO2 concentration at 5%, and the N2 concentration was
set at 94%; the temperature was set at 37�C, with constant 40% hu-
midity. Cells were taken out from the normal incubator on the day
of experiment, and the culture medium was replaced with ischemic
culture medium (98.5 mmol/L NaCl, 10.0 mmol/L KCl, 0.9 mmol/L
NaH2PO4, 6.0 mmol/L NaHCO3, 1.8 mmol/L CaCl2, 1.2 mmol/L
MgSO4, 40.0 mmol/L sodium lactate, and 20.0 mmol/L HEPES
with the pH value of 6.8). The incubator was then put into an anoxic
culture device. The timing started upon each indicator became stable,
and the cultured cells were taken out from the incubator after 24 h of
hypoxia treatment. When the cells were treated with reoxygenation,
the ischemic culture solution in the cell culture bottle was poured
out and then supplemented with DMEM containing high glucose
and 10% FBS. Finally, the cells were cultured in an incubator at
37�C with 5.0% CO2 for 12 h.

Construction of SIRT1 plasmids and transfection of mouse

hepatocytes

Mouse SIRT1 overexpression plasmid, SIRT1 siRNA, and the corre-
sponding control sequence were designed, synthesized, and
sequenced by the Navy Medical University (Second Military Medical
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1073
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Figure 9. Overexpression of miR-182 counteracts the aggravating effect of SIRT1 knockout on hepatic IR injury in mice by inhibiting the NLRP3

inflammatory pathway

(A) Liver histomorphology of SIRT1 knockout mice treated with agomir NTC or miR-182 agomir, and scoring of the hepatic IR injury based on Suzuki et al.’s19 standard

(original magnification, �400). (B) Serum ALT level of SIRT1 knockout mice treated with agomir NTC or miR-182 agomir as detected using a specific detection kit. (C)

Expression of miR-182 in SIRT1 knockout mice treated with agomir NTC or miR-182 agomir as detected by qRT-PCR. (D) Protein expression of NLRP3 and C-caspase-1 in

the liver of SIRT1 knockout mice treated with agomir NTC or miR-182 agomir as detected by western blot analysis. (E) The levels of IL-1b, TNF-a, and IL-18 in the serum of

SIRT1 knockout mice treated with agomir NTC or miR-182 agomir as detected by ELISA. *p < 0.05 versus SIRT1 knockout mice treated with agomir NTC, **p < 0.01 versus

SIRT1 knockout mice treated with agomir NTC. The data are measurement data, presented as mean ± standard deviation. Data between two groups were compared using

an unpaired t test. The experiment was independently repeated three times. n = 10.
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University). After plasmid amplification and extraction, the cells were
transfected according to the instructions for the Lipofectamine 3000
kit. The vector plasmid was used as the control, and the culture was
continued for 24 h after transfection. After the efficiency of overex-
pression or interference was detected, the next experiment was car-
ried out.

Treatment of mouse hepatocytes with SIRT1 activator SRT1720

and RSV

Mouse hepatocytes were processed by 1 mmol/L SRT1720 (Selleck
Chemicals, Houston, TX, USA) or 10 mmol/L RSV for 24 h. RNA
and protein of the cells were extracted, and qRT-PCR and western
blot analysis were used to detect the activation efficiency. DMSO
was added to the medium as a control.

TUNEL staining

Liver tissues were fixed with 4% paraformaldehyde, embedded in
paraffin, and cut into 4-mm-thick sections. TUNEL staining was
carried out using a one-step TUNEL apoptosis assay kit (C1086,
Shanghai Beyotime Biotechnology, Shanghai, China). The sections
were treated with 20 mg/L DNase-free protease K for 20 min, and
then incubated for 1 h in a mixture of the fluorescent labeling
solution and TdT enzyme at 37�C. The sections were rinsed
with 1� PBS three times and then placed in blocking agent con-
taining 40,6-diamidino-2-phenylindole to stain the nuclei. The
fluorescent fluorescence signals were captured under an inverted
fluorescence microscope (TH4-200, Olympus, Tokyo, Japan). Six
visual fields of each section were randomly selected for apoptosis
measurement.
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H&E staining and histological analysis

Liver tissues were fixed with 4% paraformaldehyde, embedded in
paraffin, and cut into 4-mm-thick sections. The histomorphology
analysis was carried out using H&E staining. The section images
were observed and image by a Leica Microsystems DM2000 micro-
scope (CMS, Wetzlar, Germany). Six visual fields of each section
were randomly selected to evaluate liver injury. According to the stan-
dard proposed by Suzuki et al.,19 three representative indexes of liver
injury (congestion, vacuolation, and necrosis) were rated from 0 to 4
based on the severity (0 for none; 1 for extremely mild; 2 for mild; 3
for moderate; 4 for severe). Finally, the total score of the three repre-
sentative measures for each section was counted and the score results
were compared between each group.

Immunohistochemistry

Liver tissues were fixed with 4% paraformaldehyde, embedded in
paraffin, and cut into 4-mm-thick sections. The paraffin-embedded
sections were treated with standard procedures for immunohisto-
chemistry. The primary antibody (ab25989, Abcam, Cambridge,
UK) to MPO and the horseradish peroxidase-labeled secondary anti-
body were successively used for section incubation. Then, 3,30-diami-
nobenzidine staining was performed to observe the binding degree of
the antibodies. Tissue sections were counterstained with hematoxylin,
after which the section images were captured using the Leica Micro-
systems DM2000 microscope (CMS, Wetzlar, Germany). Six visual
fields of each section were randomly selected through ImagePro
Plus 6.0 (Media Cybernetics, Rockville, MD, USA). The cumulative
IOD and area were calculated and the average IOD value was
analyzed.



Figure 10. Schematicmap concerning the hepatoprotectivemechanisms of

the SIRT1 in hepatic IR injury

SIRT1 might be an important mediator of these beneficial effects. SIRT1 ablation

promotes hepatic IR injury by impairing miR-182-mediated XBP1/NLRP3 pathway

inactivation.
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qRT-PCR

Total RNA was extracted from liver tissues stored in a refrigerator at
�80�C using TRIzol reagent (Thermo Fisher Scientific, Waltham,
MA, USA) according to the standard instructions followed by quan-
tification through NanoDrop. The total RNA (1 mg) was reversely
transcribed into complementary DNA (cDNA) by oligo(dT) primers
and RTs using the RT kit of a HiScript III first-strand cDNA synthesis
kit (MR101-01, R312-01, Vazyme). The relative mRNA expression
was analyzed by comparing the threshold cycle with glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and U6 as the internal
references. The qPCR was conducted using the ChamQ SYBR color
qPCR master mix (high ROX premixed) kit (Q441-02, Vazyme) in
the StepOnePlus (Applied Biosystems, CA, USA). The primers used
are presented in Table 1.

Western blot analysis

The total protein extract was prepared with the liver tissue homoge-
nates using radioimmunoprecipitation assay (RIPA) lysis buffer (the
ratio of liver tissues and RIPA lysis buffer was 50 mg/1 mL). The pro-
tein concentration of the extracted homogenates was determined with
the use of a bicinchoninic acid protein concentration detection kit.
Extracts were resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, electroblotted onto polyvinylidene fluoride mem-
branes (0.45 mm), and probed at 4�C overnight along with primary
antibodies, followed by incubation with horseradish peroxidase-con-
jugated goat anti-rabbit or anti-mouse secondary antibodies. GAPDH
was regarded as the internal reference for total protein expression and
histone H3 for nuclear protein expression. Blots were developed using
enhanced chemiluminescence reagent, and band areas were quanti-
fied using ImageJ software (US National Institutes of Health,
Bethesda, MD, USA). The antibodies used in the experiment were
as follows: SIRT1 (8469S, Cell Signaling Technology, Beverly,
MA, USA), GAPDH (5174S, Cell Signaling Technology, Beverly,
MA, USA), XBP1 (27901S, Cell Signaling Technology, Beverly, MA,
USA), NLRP3 (15101S, Cell Signaling Technology, Beverly, MA,
USA), ASC (13833S, Cell Signaling Technology, Beverly,
MA, USA), C-caspase-1 (3866S, Cell Signaling Technology, Beverly,
MA, USA), NF-kB (8242S, Cell Signaling Technology, Beverly, MA,
USA).

Chromatin immunoprecipitation (ChIP) assay

ChIP was conducted according to the instructions of a ChIP assay kit
(Beyotime, P2078), as previously described.37

ELISA

The bronchoalveolar lavage (BAL) BSA (1:5,000) was diluted with
carbonate buffer solution (CBS, 0.05 mol/L, pH 9.6) and coated
onto 96-well plates (100 mL/well). After 2 h of incubation at 37�C,
the plate was washed four times with PBS and blocked (250 mL/well)
with skimmed milk powder (5 g in 100 mL of deionized water). After
being blocked in a refrigerator at 4�C overnight, the plate was washed
three times with PBS followed by addition of the sample solution at a
density of 50 mL/well and incubation at 37�C for 1 h. The wells with a
control mass concentration of 0 were used as positive control wells.
Enzyme-labeled secondary antibodies diluted in PBS (1:10,000)
were added, 100 mL/well, and incubated at 37�C for 30 min. After in-
cubation, the plate was washed three times with PBS and added with
100 mL of tetramethylbenzidine (TMB) solution for visualization at
37�C for 15 min. The reaction was stopped with 2 mol/L sulfuric
acid solution (50 mL/well). The absorbance at 450 nm of each well
was detected by a microplate reader to plot a curve. Finally, the pro-
tein concentration was calculated according to the curve and formula.

Microarray analysis of the miRNA expression profile in liver

tissues

Initially, 0.2 g of liver tissues was extracted and added with 1 mL of
RNA extraction reagent TRIzol. After lysis, the RNA was extracted,
and its concentration and quality were measured with NanoDrop.
The purity of the RNA was evaluated, and the concentration was
calculated by measuring the optical density of RNA at 230, 280,
and 260 nm of the spectrophotometer. The miRNA molecules in
the experimental sample RNA (the RNA samples used for chip detec-
tion were of high quality and complete, without RNase and genome
pollution) were subjected to fluorescent labeling and hybridization.
These procedures were further used in the hybridization experiment
of the samples. After hybridization, the sections were washed in a
washing tank with gene expression wash buffer reagent. The microar-
ray results were scanned using an Agilent microarray scanner
(catalog #G2565BA, Agilent Technologies, Santa Clara, CA, USA).
The data were read using the feature extraction software 10.7
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Table 1. Primer sequences

Primer sequences (50/30)

GAPDH
F: CGCTAACATCAAATGGGGTG

R: TTGCTGACAATCTTGAGGGAG

SIRT1
F: TAGCCTTGTCAGATAAGGAAGGA

R: ACAGCTTCACAGTCAACTTTGT

XBP1
F: CCCTCCAGAACATCTCCCCAT

R: ACATGACTGGGTCCAAGTTGT

NLRP3
F: GATCTTCGCTGCGATCAACAG

R: CGTGCATTATCTGAACCCCAC

miR-182
F: GCCGAGUGGUUCUAGACUUGCC

R: CTCAACTGGTGTCGTGGA

mmu-miR-182-p

F: GAATTGGTACCCCTTGGTGGAGGCT
TTGCTGAGACC

R: GGAATACGCGTCAGCAGCCAGACCA
GTAAGCCTATG

U6 ATGGACTATCATATGCTTACCGTA
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(Agilent Technologies). Finally, GeneSpring software 11.0 (Agilent
Technologies) was applied for quantile normalization.

Dual-luciferase reporter gene assay

Using mouse genomic DNA as a template, 2,000-bp DNA fragments
containing mouse miR-182 in the putative promoter region were
amplified by PCR. The fragments were cloned into pGL3 luciferase
reporter vector. Next, miR-182-Luc reporter plasmids (200 ng) con-
taining luciferase gene and pRL-TK (50 ng) (Promega, Madison,
WI, USA) were co-transfected with SIRT1 or control vectors
(800 ng) into human HEK293T cells. The luciferase activity was
measured using a dual-luciferase reporter system (Promega,Madison,
WI, USA) and a Centro LB 960 detection system.

The UTR of mouse XBP1 containing the putative target site of miR-
182 was amplified from mouse genomic DNA through PCR and in-
serted into pmiR-REPORT (Ribobio, Guangzhou, China) Themutant
type (MUT) reporter plasmid of the miR-182 complementary site
(TGCCAAA to ACGGTTT) was produced by a QuikChange II
site-directed mutagenesis kit. SHSY5Y neuroblastoma cells were tran-
siently transfected with WT or MUT reporter plasmids and miRNA
agomir with the use of Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA). The primers used are shown in Table 1.

Statistical analysis

Data analysis was performed with the use of SPSS 21.0 (IBM, Ar-
monk, NY, USA). Measurement data were presented as mean ± stan-
dard deviation. An unpaired t test was applied to compare the un-
paired data between two groups, obeying normal distribution and
homogeneity of variance. Data among multiple groups were
compared using one-way analysis of variance (ANOVA), with a
Tukey’s test conducted for a post hoc test. A p value of <0.05 was
indicative of a statistically significant difference.
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