International Immunopharmacology 89 (2020) 107036

journal homepage: www.elsevier.com/locate/intimp

Contents lists available at ScienceDirect

International Immunopharmacology

Hesperetin, a SIRT1 activator, inhibits hepatic inflammation via AMPK/ R

CREB pathway

a,l

Si-wei Wang

Fang Zheng", Xin-tian Zhu', Zheng-cai Xu®, Feng Zhang

Check for
updates

, Wen Wang™“', Hao Sheng“, Yong-feng Bai®, Yuan-yuan Weng®, Xue-yu Fan®,

a,d,e,

& Department of Core Facility, Affiliated Quzhou Central Hospital, Zhejiang Chinese Medical University, Quzhou 324000, China
Y Department of Neurobiology and Acupuncture Research, The Third Clinical Medical College, Zhejiang Chinese Medical University, Hangzhou 310053, China
© Department of Acupuncture, Quzhou Municiple Hospital of Traditonal Chinese Medicine, Quzhou 324000, China

d Zhejiang University School of Medicine, Hangzhou 310058, China

€ Department of Clinical Laboratory, Affiliated Quzhou Central Hospital, Zhejiang Chinese Medical University, Quzhou 324000, China

f Wenzhou Medical University, Wenzhou 325000, China

ARTICLE INFO ABSTRACT

Keywords: Silent mating type information regulation 2 homolog 1 (SIRT1) is an important inflammatory regulator, which
Hesperetin epigenetically reprograms inflammation by altering the acetylation of NF-kB. Hesperetin, as a common flavo-
SIRT1 noid, has been proven to have a significant effect on acute inflammatory diseases. However, the detailed mo-
Inflammation lecular mechanism by which hesperetin alleviates inflammatory response and accompanied tissue injury is
ERMF;)]; poorly understood. Our results show that SIRT1 is required for the inhibitory effect of hesperetin on in-

flammation. Hesperetin suppresses the acetylation of RelA/p65 to reduce NF-kB activity by inducing SIRT1
expression. Mechanistically, hesperetin increases SIRT1 expression through AMPK/CREB pathway. Additionally,
the protective effect of hesperetin against LPS/D-GalN-induced hepatitis in mice is also dependent on SIRT1. Our
study suggests that hesperetin is an SIRT1 activator and could be potential candidates for the treatments of

inflammatory conditions.

1. Introduction

Most liver diseases are accompanied by inflammation and oxidative
stress, regardless of the aetiology of the underlying disorder. Excessive
and uncontrolled inflammation leads to irreversible damage to the
hepatic parenchyma and loss of liver function [1]. There are currently
no effective treatments to protect hepatic cells and improve liver
function in acute and chronic inflammatory liver diseases. Co-admin-
istration of lipopolysaccharide (LPS) and D-galactosamine (D-GalN) in
mice has been widely used as an animal model of inflammatory liver
disease [2,3]. This model is characterized by the rapid activation of
Kupffer cells (KCs), the inherent macrophages in liver tissue and the
major source of pro-inflammatory mediators after liver injury [3,4].
Nuclear factor kappa-B (NF-kB) plays a pivotal role in LPS/D-GalN-

induced inflammation and acute liver injury [3,5,6]. NF-xB activates
the expression of a wide range of host genes that control the in-
flammatory and immune responses, such as TNF-a, IL-1f and IL-18
[7-9]. These inflammatory cytokines and chemokines aggravate LPS/D-
GalN-induced liver injury.

Silent mating type information regulation 2 homolog 1 (SIRT1), an
NAD *-dependent protein deacetylase, is an important inflammatory
regulator [10,11]. As a major metabolic regulator, SIRT1 epigenetically
reprograms inflammation by altering the acetylation of histones and
transcription factors such as NF-xkB [12]. The transgenic mice with
moderate overexpression of Sirtl under the control of its natural pro-
moter show reductive activation of proinflammatory cytokines, such as
TNFa and IL-6, and lowered lipid-induced inflammation via down-
modulation of NF-kB activity [13]. Activation of SIRT1 by resveratrol

Abbreviations: Hes, hesperetin; SIRT1, Silent mating type information regulation 2 homolog 1; AMPK, AMP-activated protein kinase; CREB, cyclic AMP response-
element-binding protein; NF-kB, nuclear factor kappa-B; NAM, Nicotinamide; Resv, resveratrol; LPS, lipopolysaccharide; D-GalN, D-galactosamine; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; H&E, hematoxylin and eosin; IL-6, interleukin-6; TNF-a, tumor necrosis factor alpha; IL-1p, interleukin-1beta; IL-

18, interleukin-18; NLRP3, NLR family pyrin domain containing 3

* Corresponding author at: Department of Central laboratory, The people’s hospital of Quzhou, 2 Zhongloudi Road, Quzhou 324000, China.

E-mail address: felix.f.zhang@outlook.com (F. Zhang).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.intimp.2020.107036

Received 12 August 2020; Received in revised form 5 September 2020; Accepted 21 September 2020

1567-5769/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/15675769
https://www.elsevier.com/locate/intimp
https://doi.org/10.1016/j.intimp.2020.107036
https://doi.org/10.1016/j.intimp.2020.107036
mailto:felix.f.zhang@outlook.com
https://doi.org/10.1016/j.intimp.2020.107036
http://crossmark.crossref.org/dialog/?doi=10.1016/j.intimp.2020.107036&domain=pdf

S.-w. Wang, et al.

promotes deacetylation and proteasome degradation of RelA/p65 and
suppression of transcriptional activation by NF-kB [10]. Conversely,
decreased nuclear SIRT1 level/activity increase NF-xB RelA/p65 ac-
tivity and amplify proinflammatory gene expression during chronic
inflammation. When challenged with a high-fat diet, liver-specific Sirt1
knockout mice develop hepatic steatosis and hepatic inflammation
[14].

Hesperetin is a natural compound belonging to the flavanone class
of flavonoids [1]. It widely exists in fruits, vegetables and Chinese
traditional medicinal herbs in the form of glycosides like hesperidin and
neohesperidin. Hesperetin has various of bioactivities, including anti-
oxidant, anti-inflammatory and epigenetic modification capacity
[15-17]. Previous studies revealed that hesperetin and its glycoside
hesperidin had hepatoprotective effect on acute liver injury
[1,2,18,19]. However, the detailed molecular mechanism by which
hesperetin inhibits inflammation and attenuates liver injury is poorly
understood. In our previous study, we found that Quzhou Fructus
Aurantii, which was rich in hesperidin and neohesperidin, had an in-
hibitory effect on NF-kB activity [20]. Recently, we observed that he-
speretin significantly induced SIRT1 expression in vitro. Therefore, we
wonder if hesperetin plays its anti-inflammatory role via upregulation
of SIRT1. In this study, we explored the underlying mechanism for
hesperetin to alleviate hepatic inflammation. Our findings support the
crucial role of SIRT1 in hesperetin associated hepatic protection in LPS/
D-GalN challenged mouse model.

2. Materials and methods
2.1. Chemicals and reagents

Hesperetin (CAS# 520-33-2, HPLC = 98%), Resveratrol (CAS#
501-36-0), EX-527 (CAS# 49843-98-3) and 666-15 (CAS# 1433286-70-
4) were purchased from Shanghai Yuanye Biological Technology,
China. Nicotinamide (NAM, #S1761) was purchased from Beyotime
Biotechnology, China. Compound C (#B3252) was purchased from
ApexBio, USA. Lipopolysaccharide (#L2630) and D-galactosamine
(#12662) were purchased from Sigma, USA.

2.2. Cell culture

The RAW 264.7, AML12 and 293T cell line were all obtained from
the Shanghai Bank of Cell Lines (Shanghai, China). RAW 264.7 cells
were cultured in RPMI-1640, and AML12, 293T cells were in DMEM.
All these were containing 10% fetal bovine serum (FBS, BBI Life
Sciences Corporation, China), 100 U/mL penicillin, and 100 U/mL
streptomycin at 37 °C in a humidified atmosphere with 5% CO,. The
source of the cell line was Identified by STR profiling and tested for
mycoplasma contamination.

2.3. Animal experiments

All Animal experiments were conducted in Zhejiang University of
Traditional Chinese Medicine, China. Male BALB/c mice (22-25 g)
were provided by the Experimental Animal Center of Zhejiang
University of Traditional Chinese Medicine. All animals were kept
under standard conditions with having free access to distilled water and
common pelleted food. After one week of acclimation, the mice were
randomly distributed into 4 groups of 10 mice: control group, which
was orally administered saline for 5 days; LPS/D-GalN group, which
was also orally administered saline for 5 days; LPS/D-GalN + Hes
group, which was orally administered 50 mg/kg hesperetin for 5 days;
LPS/D-GalN + Hes + EX-527 group, which was orally administered
hesperetin and received intraperitoneal injection of EX-527 (2 mg/mL)
for 5 days. Two hours after the last administration, the LPS/D-GalN,
LPS/D-GalN + Hes and LPS/D-GalN + Hes + EX-527 group received a
single intraperitoneal injection of LPS (6 pg/kg) and D-GalN (800 mg/
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kg), while control group received the same dose of saline injection.
Animals were sacrificed for an experimental evaluation under an-
esthesia within 6 h of administration of LPS/D-GalN.

Serum alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) were detected by biochemical analyzer according to
the manufacturer’s instruction (DiaSys Diagnostic Systems, Shanghai,
China).

Liver tissues were fixed in 10% formalinand and processed into
paraffin sections. Then the sections were stained with hematoxylin and
eosin (H&E) staining.

2.4. Immunohistochemical staining

The paraffin-embedded sections were deparrafinized and performed
antigen retrieval as previously described [21]. MaxVision HRP-Polymer
anti-Rabbit IHC Kit (MXB Biotechnologies, Fuzhou, China) was used to
develop signal. The antibody against F4/80 (1:200 dilution) was pur-
chased from Cell Signaling Technology (Cat #2370).

2.5. SIRT1 enzyme activity test

SIRT1 enzyme activity was measured using SIRT1 Inhibitor/
Activator Screening Kit (Catalog # K325-100, BioVision, USA) ac-
cording to the manufacturer's protocol. The fluorescent signal was
measured by Synergy Microplate Reader (BioTek, USA).

2.6. Cell viability test

RAW264.7 or AML12 cells were treated with various concentrations
Hes (0, 5, 10, 25, 50, 100 uM) overnight. Afterwards, 20 pL of 5 mg/mL
MTT (Solarbio, China) was added to each well and incubated for 4 h at
37 °C. Then cell supernatant was abandoned and 100 pL of formanzan
was added to each well. After shaking at room temperature for 15 min,
spectrophotometric absorbance was measured by Synergy Microplate
Reader (BioTek, USA) at 570 nm.

2.7. siRNA and transfection

SIRT1 siRNA was purchased from GenePharma, Shanghai, China.
The transfection was performed using Lipofectamine 2000 reagent from
Life Technologies (Carlsbad, CA) according to the manufacturer's pro-
tocol. Briefly, 10 uL Lipofectamine 2000 was diluted with 250 uL Opti-
MEM medium (Life Technologies, Cat #31985070) for 5 min at room
temperature. 10 pL siRNA (20 uM) was diluted with 250 pL Opti-MEM
medium. Then, the diluted Lipofectamine 2000 was incubated with the
diluted siRNA for 20 min at room temperature. After that, the mixture
was added to the 293T or RAW264.7 cells in a well of 6-well plate. 8 h
later, cells were changed with fresh medium.

2.8. Luciferase reporter assay

PNF-xB-luc (#D2206) was purchased from Beyotime Biotechnology,
China. The transfection was performed using Lipofectamine 2000 re-
agent from Life Technologies (Carlsbad, CA) according to the manu-
facturer's protocol. Luciferase activity was measured with a Dual-
Luciferase Reporter Assay Kit (Beyotime Biotechnology, China) ac-
cording to the manufacturer’s instructions. The fluorescent signal was
measured by Synergy Microplate Reader (BioTek, USA).

2.9. ELISA assay

Tumor necrosis factor alpha (TNF-a), interleukin-18 (IL-18) and
interleukin-13 (IL-1) were determined using ELISA kits (MEIMIAN,
China) according to the manufacturer's protocol.
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Table 1
The primers used in this study for real time PCR.

International Immunopharmacology 89 (2020) 107036

Description Sense primer (5'—3’) Antisense primer (5'—3")

I-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
I-18 TTCAGGCAGGCAGTATCACTC GAAGGTCCACGGGAAAGACAC
Tnf-a CTGAACTTCGGGGTGATCGG GGCTTGTCACTCGAATTTTGAGA
Nirp3 TGGATGGGTTTGCTGGGAT CTGCGTGTAGCGACTGTTGAG
I-18 GACTCTTGCGTCAACTTCAAGG CAGGCTGTCTTTTGTCAACGA
Sirt1 TGATTGGCACCGATCCTCG CCACAGCGTCATATCATCCAG
Gapdh TGAGGCCGGTGCTGAGTATGT CAGTCTTCTGGGTGGCAGTGAT

2.10. Quantitative Real-time PCR

Total RNA from cells was collected using Trizol Reagent (#DP424,
Tiangen Biotech Co. Ltd., Beijing, China) according to the instruction of
the manufacturer. In brief, cDNA was generated by Maxima Reverse
Transcriptases (#EP0751, Thermo Fisher Scientific, USA). Quantitative
PCR was performed with SGExcel FastSYBR Mixture (#B532955-0005,
Sangon Biotech Co., Ltd., Shanghai, China) on Roche LightCycler® 480
Quantitative PCR System (Indianapolis, USA). All gene expression data
were normalized to Gapdh expression level. Primers are listed in
Table 1.

2.11. Western blotting

The protein extraction method was according to our previous study
[21,22]. In total, the equal amounts of proteins were loaded onto so-
dium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE),
and separated proteins were transferred to polyvinylidene fluoride
(PVDF) membranes. Then the membranes were blocked with 1% casein
at room temperature for 1 h and incubated overnight at 4 °C with the
primary antibodies against anti-phospho-AMPKa (1: 1000, #2535, Cell
Signaling Technology), anti-AMPKa (1: 1000, #5831, Cell Signaling
Technology), anti-Sirtl (1: 1000, #9457, Cell Signaling Technology),
anti-Sirtl (1: 500, ab110304, Abcam), anti-NF-kB p65 (1: 1000, #4764,
Cell Signaling Technology), anti-acetyl-NF-xB p65 K310 (1: 200,
ab19870, Abcam), anti-acetyl-NF-kB p65 K310 (1: 1000, #3045, Cell
Signaling Technology), anti-NLRP3 (1: 1000, #15101, Cell Signaling
Technology), anti-IL-1f3 (1: 1000, #12242, Cell Signaling Technology),
anti-IL-18 (1: 500, ab71495, Abcam), anti-TNF-a (1: 500, ab1793,
Abcam), anti-CREB (1: 1000, #9197, Cell Signaling Technology), anti-
phospho-CREB (1: 1000, #9198, Cell Signaling Technology) and anti-p-
actin (1: 3000, #3700, Cell Signaling Technology). Immunoreactive
bands were visualized using Tanon 4200SF system (Tanon Bio-
technology, Shanghai, China).

2.12. Statistical analysis

The quantitative data are presented as mean *+ SD values. Analysis
was performed using GraphPad Prism software, version 5.0 (GraphPad
Software, La Jolla, CA). The statistical significance of the differences
between groups was determined by ANOVA. P values of < 0.05 were
considered statistically significant and P values of < 0.01 were con-
sidered statistically highly significant.

3. Results

3.1. Hesperetin stimulates SIRT1 expression and inhibits NF-kB p65
acetylation

More than a decade ago, flavonoids were found to have SIRT1 ac-
tivation property [23]. Hesperetin (4-methoxy-3,5’,7’-trihydroxy-
flavanone), mainly derived from the immature fruit of Citrus L. (Ru-
taceae), is one kind of the dihydroflavonoids (Fig. 1A). To examine
whether hesperetin could modulate SIRT1 activity, we incubated

hesperetin at various concentrations with purified SIRT1 protein and
measured the alteration of SIRT1 activity. The SIRT1 inhibitors EX-527
and NAM, and resveratrol, a well-known SIRT1-activator [24], were
used for positive controls and benchmarks of the change of SIRT1 ac-
tivity (Fig. 1B). Unexpectedly, neither dose of hesperetin can activate
SIRT1 in vitro (Fig. 1B), suggesting that hesperetin may not be able to
modulate SIRT1 activity directly. Next, we examined the effect of he-
speretin on SIRT1 expression. As shown in Fig. 1C, hesperetin sig-
nificantly promoted Sirt] mRNA expression in RAW 264.7 cells. Re-
sveratrol has been known to promote intracellular SIRT1 activity
through allosteric effect and upregulation of SIRT1 expression [25].
Our result revealed that the stimulatory effect of hesperetin on SIRT1
expression was comparable to resveratrol (Fig. 1C). In addition, we
found hesperetin promoted the expression of SIRT1 in RAW 264.7 and
AML12 cells in a dose-dependent manner (Fig. 1D), but had no sig-
nificant effect on cell viability (Fig. S1).

In previous studies, hesperetin and its derivatives were reported to
possess anti-inflammatory activity. The transcription factor NF-«kB
regulates multiple aspects of immune functions and serves as a pivotal
mediator of inflammatory responses [26]. SIRT1 inhibits NF-«xB activity
by physically interacting with the RelA/p65 subunit of NF-kB and
deacetylating RelA/p65 at lysine 310 [10,27]. RAW 264.7 cells treated
with LPS dramatically induced NF-kB p65 acetylation at lysine 310,
while the addition of hesperetin greatly reduced its acetylation
(Fig. 1E). The change of NF-kB p65 acetylation by hesperetin was
consistent to the expression of SIRT1 and the extent was similar to re-
sveratrol treatment at the same dose (Fig. 1F).

3.2. Hesperetin suppresses NF-kB activation and inflammatory responses in
macrophages

The acetylation of p65 at lysine 310 is necessary for the complete
activation of NF-kB [28]. To determine whether hesperetin treatment
suppresses the transcriptional activity of NF-kB, we conducted luci-
ferase reporter assay in 293T and RAW 264.7 cells. As NF-kB activators,
IL-1P, TNF-a and LPS could effectively stimulated luciferase activities
in both 293T and RAW 264.7 cells (Fig. 2A). Pre-treatment with he-
speretin significantly reduced NF-kB transcriptional activity with IL-1f3,
TNF-a or LPS stimulation reflecting by luciferase activities (Fig. 2A).
Furthermore, the enhanced mRNA expression of II-1f, II-18, Tnf-a, II-6
and Nlrp3, which were NF-kB target genes, was significantly down-
regulated by hesperetin (Fig. 2B). Consistent with this, the intracellular
amount of NLRP3, IL-18, IL-1f3, TNF-a protein and the secretary IL-18,
IL-1B, TNF-a were also inhibited by hesperetin (Fig. 2C and D), in-
dicating decreased LPS-induced inflammatory responses.

3.3. SIRT1 is required for the inhibitory effect of hesperetin to NF-«xB
activity

To determine whether SIRT1 is indispensable to the reduction of
NF-kB transcriptional activity by hesperetin, we inhibited SIRT1 via
RNAI or chemical inhibitors in 293T cells expressing luciferase reporter
which was driven by promotor containing typical NF-kB binding motifs.
As shown in Fig. 3A, hesperetin did not suppressed NF-kB activity in
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Fig. 1. Hesperetin stimulates SIRT1 expression and inhibits the acetylation of NF-kB p65. (A) Chemical structure of hesperetin (Hes). Its molecular weight is 302.29.
(B) A colorimetric assay was performed to measure SIRT1 enzyme activity in the presence of DMSO, Hes (50, 100, 200 uM), NAM (1 uM), EX-527 (100 nM) and Resv
(50 uM). Values were expressed as mean + SD (n = 6). (C) RAW 264.7 cells were treated with various concentrations of Hes (50, 100, 200 uM) or resveratrol (Resv,
50 uM) overnight. The mRNA expression of Sirt] were determined by RT-PCR. Values were expressed as mean = SD (n = 3). *p < 0.05, “p < 0.01; NS, not
statistically significant. (D) RAW 264.7 and AML12 cells were treated with various concentrations of Hes (0, 5, 10, 25, 50, 100 uM) overnight. The amount of SIRT1
was measured by western blotting. (E) RAW 264.7 cells were treated with DMSO, LPS (200 ng/mL), LPS (200 ng/mL) + Hes (25, 50 or 100 uM) overnight. The
amount of p65, acetyl-p65 and B-actin were measured by western blotting. (F) RAW 264.7 cells were treated with DMSO, LPS (200 ng/mL), LPS (200 ng/mL) + Hes

(100 pM) and LPS (200 ng/mL) + Resv (100 pM) overnight. The amount of SIRT1, acetyl-p65 and B-actin were measured by western blotting.

SIRT1 knockdown 293T cells. Similarly, SIRT1 inhibitor EX-527 and
NAM abrogated the inhibitory effect of hesperetin on NF-kB activity
(Fig. 3B). Moreover, we inhibited SIRT1 activity in RAW 264.7 cells by
inhibitor or siRNA to examine the effect of hesperetin on p65 acetyla-
tion. As shown in Fig. 3D, LPS-induced p65 acetylation was repressed
by hesperetin in RAW 264.7 cells, while EX-527 and NAM counteracted
this inhibitory effect (Fig. 3C). Likewise, hesperetin, no matter the low
or high dose, can’t suppress of in LPS-induced p65 acetylation in SIRT1
knockdown cells (Fig. 3D). The inhibitory effect of hesperetin on NF-xB
activity through SIRT1 mediated deacetylation of RelA/p65 can also be
verified by changes in the expression level of NF-kB downstream target
genes. The qPCR results showed that the down-regulation of II-1f, Il-18,
Tnf-a, II-6 and Nlrp3 mRNA expression by hesperetin in LPS-treated
RAW 264.7 cells were reversed by EX-527 and NAM (Fig. 3E). These
results indicate that hesperetin-mediated inhibition of inflammatory
response is dependent on SIRT1.

3.4. Hesperetin increases SIRT1 expression through AMPK/CREB pathway

SIRT1 expression changes in various physiological conditions,
which is induced during low energy status, and repressed during energy
excess states [29]. Cyclic AMP response-element-binding protein
(CREB) is the most well-studied transcription factor modulating Sirtl
expression, which increases SIRT1 level upon nutrient starvation [30].
CREB is activated by phosphorylation in response to various signals. As
shown in Fig. 4A, hesperetin increased the phosphorylation of CREB
after LPS stimulation in RAW264.7. 666-15, a potent and selective
CREB inhibitor [31], counteracted hesperetin-induced activation of
CREB and upregulation of SIRT1 in both mRNA and protein levels
(Fig. 4A and B), suggesting CREB was involved in the modulation of
Sirt]l expression by hesperetin.

Flavonoids have always been considered as natural AMP-activated
protein kinase (AMPK) activators [32]. Indeed, we confirmed that he-
speretin was an effective AMPK activator, which promoted the
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Fig. 2. Inhibitory effect of hesperetin on NF-kB activation and inflammatory responses in vitro. (A) 293T and RAW 264.7cells were transiently transfected with the
PNFkB-luc. 293T cells were left untreated (No Add) or treated overnight with Hes (25, 50, 100 uM), Hes (25, 50, 100 uM) + IL-1f (50 ng/mL) or TNF-a (20 ng/mL).
RAW 264.7 cells were left untreated (No Add) or treated overnight with Hes (25, 50, 100 uM), Hes (25, 50, 100 uM) + LPS (200 ng/mL). Values were expressed as

+

mean

18, Tnf-a, II-6 and Nirp3 were determined by RT-PCR. Values were expressed as mean

SD (n = 6). (B) RAW 264.7 cells were treated with DMSO, LPS (200 ng/mL), LPS (200 ng/mL) + Hes (100 pM) overnight. The mRNA expression of Il-1f, Il-

+

SD (n = 3). (C) The amount of NLRP3, IL-18, IL-13, TNF-a and [B-actin were

measured by western blotting. (D) The IL-18, IL-1f3 and TNF-a concentrations in cell supernatant were determined by ELISA. Values were expressed as mean *= SD
(n = 6).*p < 0.05, "p < 0.01, versus DMSO group; *p < 0.05, **p < 0.01, versus LPS group.

phosphorylation of AMPK in a time- and dose-dependent manner
(Fig. 4C). CREB is the downstream target of AMPK [33]. AMPK phos-
phorylates CREB and activates its transcriptional activity. Inhibition of
AMPK activation by a selective inhibitor Compound C abolished he-
speretin-induced phosphorylation of CREB (Fig. 4D). Meanwhile, it also
diminished the upregulation of SIRT1 expression in both mRNA and
protein levels by hesperetin treatment (Fig. 4D and E). These data
suggested that hesperetin enhanced SIRT1 expression through AMPK/
CREB pathway.

3.5. SIRT1 is required for the remission of LPS/D-GalN-induced hepatic
inflammation in hesperetin-treated mice

To determine the role of SIRT1 in hesperetin derived alleviation of
inflammation in vivo, we examined the effect of hesperetin on LPS/D-
GalN-induced hepatic inflammation with or without SIRT1 inhibitor.
Consistent with previous study [1], the administration of hesperetin
protected liver from inflammatory injury, reflecting by reduced levels
of liver injury markers such as ALT and AST in LPS/D-GalN-induced
mice (Fig. 5A). The serum pro-inflammatory cytokines including IL-13
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(20 ng/mL) + Hes (100 pM) + EX-527 (100 nM). Values were expressed as mean = SD (n = 6). (C) RAW 264.7 cells were treated with DMSO, LPS (200 ng/mL),
LPS (200 ng/mL) + Hes (100 uM), LPS (200 ng/mL) + Hes (100 pM) + NAM (1 uM) and LPS (200 ng/mL) + Hes (100 uM) + EX-527 (100 nM) overnight. The
amount of acetyl-p65 and f-actin were measured by western blotting. (D) RAW 264.7 cells were transiently transfected with siRNA-Sirtl (siSIRT1). Then the cells
were left treated overnight with DMSO, LPS (200 ng/mL), LPS (200 ng/mL) + Hes (25, 50 or 100 uM). The amount of SIRT1, acetyl-p65 and B-actin were measured
by western blotting. (E) RAW 264.7 cells were treated with LPS (200 ng/mL), LPS (200 ng/mL) + Hes (100 uM), LPS (200 ng/mL) + Hes (100 uM) + NAM (1 uM)
and LPS (200 ng/mL) + Hes (100 pM) + EX-527 (100 nM) overnight. The mRNA expression of Il-1f, II-18, Tnf-a, II-6 and Nirp3 were determined by RT-PCR. Values
were expressed as mean + SD (n = 3). *p < 0.05, "p < 0.01; NS, not statistically significant.

and TNF-a were also lowered by hesperetin (Fig. 5B). These effects EX-527 also invalidated the inhibitory effect of hesperetin on the mRNA
were largely attenuated by co-administration of SIRT1 inhibitor EX-527 expression of II-1f, II-18, Tnf-a and Nlirp3 upon LPS/D-GalN challenge
(Fig. 5A and B). The H&E and F4/80 immunohistochemical staining of (Fig. 5D).

liver tissue section revealed that the alleviation of LPS/D-GalN-induced

liver damage and inflammatory cell infiltration by hesperetin was

counteracted by SIRT1 inhibition (Fig. 5C). The inhibition of SIRT1 by
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Fig. 4. Hesperetin increases SIRT1 expression through inducing AMPK activity and CREB transcriptional activity in RAW 264.7 cells. (A) RAW 264.7 cells were
treated with DMSO, LPS (200 ng/mL), LPS (200 ng/mL) + Hes (100 uM), LPS (200 ng/mL) + Hes (100 uM) + 666-15 (1 uM) for 16 h. The amount of phospho-
CREB, CREB, SIRT1 and B-actin was measured by western blotting. (B) The mRNA expression of Sirtl were determined by RT-PCR. Values were expressed as
mean *+ SD (n = 3). (C) RAW 264.7 cells were treated with Hes (100 uM) at different time (0, 2, 4, 8, 16, 24 h) or treated with various concentrations of Hes (0, 5,
10, 25, 50, 100 pM) for 16 h. The amount of phospho-AMPK and AMPK was measured by western blotting. (D) RAW 264.7 cells were treated with DMSO, LPS
(200 ng/mL), LPS (200 ng/mL) + Hes (100 uM), LPS (200 ng/mL) + Hes (100 pM) + Compound C (CompC, 100 nM) for 16 h. The amount of phospho-AMPK,
AMPK, phospho-CREB, CREB, SIRT1 and B-actin was measured by western blotting. (E) The mRNA expression of Sirt] were determined by RT-PCR. Values were

expressed as mean + SD (n = 3). *p < 0.05, “p < 0.01.

4. Discussion

Flavonoids has attracted increasing interest recently, especially for
their activation of SIRT1 in inflammation and related diseases.
However, the mechanism by which flavonoids activate SIRT1, and
whether it is important to their inhibitory effect on inflammation re-
mains largely unknown. Here, we report that SIRT1 is required for the
inhibitory effect of hesperetin on inflammation. Hesperetin suppresses
the acetylation of RelA/p65 to reduce NF-kB activity by inducing SIRT1
expression. Mechanistically, hesperetin increases SIRT1 expression
through AMPK/CREB pathway. Furthermore, we demonstrate that the
protective effect of hesperetin against LPS/D-GalN-induced hepatitis in
mice is dependent on SIRT1 (Fig. 6).

It has been shown that the complementary and alternative medical
therapies, together with dietary supplements is very beneficial to re-
lieve hepatitis [34]. Hesperetin, as a common flavonoid, has been
proven to have a significant effect on acute inflammatory diseases
[35,36]. NF-«B is the major regulator for LPS induced hepatitis in vivo
and activated inflammatory response of RAW264.7 cells in vitro [5,37].
Hesperetin and its glycosides can alleviate LPS-induced hepatitis

[1,2,38]. Of importance, this effect is related to the effect of hesperetin
on inhibiting NF-kB activity. We confirmed that hesperetin is an ef-
fective inhibitor for NF-kB transcriptional activity in vitro by luciferase
reporter assay. However, it remains elusive how hesperetin inhibits NF-
kB activity. In current study, we found that SIRT1 was necessary for
hesperetin to inhibit NF-xB activity. Hesperetin modulates NF-kB
transcriptional activity by promoting the expression and activity of
SIRT1 and deacetylating RelA/p65 on lysine residue K310. Meanwhile,
hesperetin relieves LPS-induced hepatitis, mainly through SIRT1 as
well.

In recent years, it has been reported that many small molecular
natural compounds, such as resveratrol, quercetin, etc., can activate
SIRT1 [23]. Resveratrol is the most reported and well-defined natural
small molecular SIRT1 activator [23]. SIRT1 activity is modulated at
several levels, including transcriptional control, post-translational
modifications, the interaction with other proteins, and substrate
abundance [30]. Our study shows that hesperetin promotes the ex-
pression of intracellular SIRT1, but has no direct effect on SIRT1 ac-
tivity in cell-free system. In terms of transcription regulation, CREB and
carbohydrate response element binding protein (ChREBP) have been
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Fig. 5. Role of SIRT1 in remission of LPS/D-GalN induced hepatic inflammation in hesperetin-treated mice. Male BALB/c mice were injected single i.p. with LPS
(6 pg/kg) and D-GalN 800 mg/kg, after oral Hes (50 mg/kg/day) alone or oral Hes (50 mg/kg/day) + i.p. EX-527 (1 mg/mL/day) for 5 days. (A) Serum ALT and AST
levels in each group. (B) Serum TNF-a and IL-1f levels in each group. Values were expressed as mean * SD (n = 10). (C) The representative images of H&E and F4/
80 immunohistochemical staining in livers from each group (Magnification 400 X ). Black arrow denotes central venous hyperemia; yellow arrow denotes in-
flammatory cell infiltration; white arrow denotes the loss of hepatic architecture-vacuolation. Scale bar = 300 pm. (D) The mRNA expression of Il-16, Il-18, Tnf-a and
NIrp3 were determined by RT-PCR. Values were expressed as mean = SD (n = 3). *p < 0.05, “p < 0.01.

Fig. 6. Schematic diagram of the mechanism.
Hesperetin inhibits hepatic inflammation by pro-
moting SIRT1 expression. In depth, hesperetin acti-
vate AMPK to phosphorylate CREB, which regulates
Sirt]l transcription. Sirtl affects NF-xB activity by
inhibiting its acetylation, resulting in reduced pro-
duction of inflammatory factors. AMPK can affect
SIRT1 activity through two approaches. On one
hand, AMPK regulates SIRT1 activity indirectly by
modulating the ratio of NAD* and NADH. On the
other hand, AMPK controls SIRT1 expression by
phosphorylating CREB and promoting its nuclear
translocation and transcriptional activity. The NF-xB
subunits are not direct phosphorylation targets of
AMPK, while the inhibition of NF-kB signaling is
mediated by several downstream targets of AMPK,
e.g., SIRT1, PGC-1a, p53, and FoxO factors.
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proved to be crucial transcription factors regulating SIRT1 expression
[30]. CREB can promote SIRT1 expression by binding to the CREB
binding site on the SIRT1 promoter. Conversely, the binding of ChREBP
on SIRT1 promoter inhibits its expression. In this study, we find that
hesperetin promotes SIRT1 expression by increasing CREB transcrip-
tional activity.

AMPK, as a central intracellular energy sensor, plays a key role in
maintaining cellular metabolic homeostasis [39]. AMPK regulates
bunch of gene transcription via modification of a variety of transcrip-
tion factors closely associated with cell metabolism [40]. AMPK pro-
motes the phosphorylation of CREB and ChREBP, enhancing or in-
hibiting their transcriptional activity respectively [33]. Flavonoids have
always been considered as natural AMPK agonists, and many of their
pharmacological activities are bound to the activation of AMPK [41]. In
current study, our findings indicate that hesperetin induces SIRT1 ex-
pression in inflammatory cells mainly through activation of AMPK.
Certainly, AMPK can also elevate SIRT1 activity by enhancing the mi-
tochondrial metabolism and thereafter increasing the abundance of
intracellular NAD™ [42]. Our study does not rule out this possibility.
However, we can see that after hesperetin treatment, SIRT1 expression
increased significantly. Obviously, this increase will also have a sig-
nificant effect on the total activity of SIRT1 in the cells. Therefore, we
can infer reasonably that hesperetin may increase these two variables,
namely expression and activity of SIRT1, through AMPK to enhance the
deacetylase activity of SIRT1 on NF-kB. Another evidence supporting
SIRT1’s dominant role in inflammatory response in macrophage is that
the addition of SIRT1 inhibitors (especially EX-527) not only com-
pletely counteracted the inhibitory effect of hesperetin on inflammatory
gene expression, but also further promoted their expression. The in-
creased part of inflammatory gene expression should be interpreted as
the inflammatory effect which was caused by EX-527 induced inhibi-
tion of SIRT1 on its basal expression level.

In conclusion, our findings indicate that the regulation of SIRT1 is
one of the most important mechanisms of hesperetin’s anti-in-
flammatory activity. SIRT1 is a critical metabolic regulator. The reg-
ulatory effect of hesperetin on SIRT1 is not only effective in the treat-
ment of acute hepatitis, but it may have a greater potential application
in chronic metabolic diseases and accompanying inflammatory condi-
tions.
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