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Abstract
In a previous study, we demonstrated the role of polydatin (PD) in protecting against multiple organ dysfunction in sepsis.
The aim of this study is to investigate whether PD protects against lipopolysaccharide (LPS)-induced endothelial barrier
disruption through SIRT3 activation and to disclose the underlying mechanisms. Wild-type mice were injected with LPS and
Evans Blue assay was performed to evaluate vascular permeability. Primary human umbilical vein endothelial cells
(HUVECs) were stimulated with LPS. Endothelial permeability was evaluated by transendothelial electrical resistance
(TER) and FITC-dextran leakage. SIRT3 activity was determined by a Deacetylase Fluorometric kit, and protein expression
level of SIRT3 was detected by western blotting. Mitochondrial function was evaluated by determination of ROS level,
mitochondrial membrane potential and mPTP opening. In endotoxemic mice, PD pretreatment attenuated vascular leakage in
multiple organs while SIRT3 inhibition with 3-TYP reversed the effects of PD. PD treatment in late sepsis also exhibited
barrier protective effects. In HUVECs, PD alleviated LPS-induced F-actin rearrangement, cadherin–catenin complex
dissociation and endothelial hyperpermeability, whereas 3-TYP or SIRT3 siRNA attenuated the protective effects of PD. PD
enhanced SIRT3 deacetylase activity, and attenuated LPS-induced decrease in SIRT3 expression as well. Furthermore, gain-
of-function and loss-of-function strategies also confirmed the role of SIRT3 in enhancing endothelial barrier integrity. It was
further ascertained that PD enhanced SIRT3-mediated deacetylation of SOD2 and cyclophilin D (CypD), thus suppressing
mitochondrial dysfunction and subsequent endothelial barrier dysfunction. In addition, it was revealed that RAGE was
involved in LPS-regulated SIRT3 signaling. Our results suggest that polydatin protects against LPS-induced endothelial
barrier disruption dependent on SIRT3 and can be applied as a potential therapy for sepsis.

Introduction

Sepsis is a major health concern and is associated with high
morbidity and mortality. Sepsis is usually triggered by a

dysregulated host response to infection [1]. Recent studies
showed that microvascular alteration and vascular leakage
are associated with organ dysfunction and high mortality in
sepsis [2, 3]. The endothelial barrier is maintained by
adherens junctions (AJs), tight junctions (TJs) and their
interactions with actomyosin cytoskeleton [4]. Vascular
endothelial cadherin (VE-cadherin) is connected to actinThese authors contributed equally: Jie Wu, Zhiya Deng

* Qiaobing Huang
bing@smu.edu.cn

* Zhongqing Chen
zhongqingchen2008@163.com

1 Department of Critical Care Medicine, Nanfang Hospital,
Southern Medical University, Guangzhou 510515, China

2 Guangdong Provincial Key Lab of Shock and Microcirculation,
Department of Pathophysiology, Southern Medical University,
Guangzhou 510515, China

3 Department of Geriatrics, Shantou Central Hospital,
Shantou 515000, China

4 Department of Critical Care Medicine, the First People’s Hospital
of Chenzhou, Chenzhou 423000, China

5 The First School of Clinical Medicine, Southern Medical
University, Guangzhou 510515, China

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-019-0332-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-019-0332-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-019-0332-8&domain=pdf
http://orcid.org/0000-0001-8888-4493
http://orcid.org/0000-0001-8888-4493
http://orcid.org/0000-0001-8888-4493
http://orcid.org/0000-0001-8888-4493
http://orcid.org/0000-0001-8888-4493
http://orcid.org/0000-0003-2482-949X
http://orcid.org/0000-0003-2482-949X
http://orcid.org/0000-0003-2482-949X
http://orcid.org/0000-0003-2482-949X
http://orcid.org/0000-0003-2482-949X
mailto:bing@smu.edu.cn
mailto:zhongqingchen2008@163.com


cytoskeleton via several protein partners, including β-cate-
nin, p120, and plakoglobin [5]. The stabilization of VE-
cadherin-regulated AJs restores vascular barrier and reduces
the mortality of septic mice [6], suggesting a promising
therapeutic strategy targeting endothelial barrier function in
sepsis.

Polydatin (PD), a traditional Chinese drug extracted from
Polygonum cuspidatum, is an analog of resveratrol (RSV)
with an additional β-D-glucose group. In a previous study,
we identified PD as a new therapeutic agent for multiorgan
dysfunction in sepsis [7]. Here, PD was found to exert a
preventive effect on vascular leakage in multiple organs of
endotoxemic mice (see “Results”). Importantly, the acti-
vating effect of PD on SIRT3 in hemorrhagic shock has
been elucidated [8, 9]. Therefore, we wondered whether PD
protects against LPS-induced endothelial hyperpermeability
via SIRT3 activation.

SIRT3 is an NAD+-dependent protein deacetylase that
belongs to the silent information regulator 2 (SIR2) family.
The targets of SIRT3 are involved in most of mitochondrial
biological processes including ATP generation, reactive
oxygen species (ROS) detoxification, electron transport
chain function, mitochondrial permeability transition pore
(mPTP) regulation and mitochondrial dynamics [10–12].
Recent studies have demonstrated the protective role of
SIRT3 in the development of sepsis [8, 13, 14]. Zeng et al.
revealed that SIRT3 can protect against pericyte loss and
microvascular dysfunction in the lung of septic mice [15].
However, the underlying molecular mechanisms of SIRT3
in regulating endothelial barrier function in sepsis have not
been fully elucidated.

The generation of ROS contributes to dissociation of
VE-cadherin–β-catenin complex and leads to endothelial
hyperpermeability [5]. SIRT3 detoxifies ROS by deace-
tylating a key mitochondrial antioxidant enzyme, man-
ganese superoxide dismutase (SOD2) [9]. Therefore, we
speculated that PD-activated SIRT3 might protect from
LPS-disrupted endothelial barrier via deacetylating
SOD2 and reducing ROS levels. Cyclophilin D (CypD) is
the key component of mPTP and the acetylation of CypD
leads to an increased susceptibility to mPTP opening
[16]. We previously found that SIRT3-mediated CypD
deacetylation suppressed mPTP opening and mitochon-
drial injury in severe hemorrhagic shock [17]. We won-
dered whether SIRT3-mediated CypD deacetylation also
plays a role in PD-mediated endothelial barrier protection
upon LPS stimulation.

Thus, we hypothesized that PD protects against LPS-
induced endothelial barrier disruption via enhancing SIRT3-
mediated deacetylation of SOD2 and CypD. This study
aims to determine the role of PD in protection against LPS-
induced endothelial hyperpermeability and the underlying
mechanisms.

Materials and methods

Animal studies

Wild-type C57 mice (18–20 g) were acquired from the lab
center of Southern Medical University. The protocol was
approved by the Animal Care Committee of the Southern
Medical University of China and was in accordance with
the National Institutes of Health guidelines for ethical ani-
mal treatment. In exploration of the preventive effects of PD
in LPS-induced endothelial barrier disruption, mice
were divided into four groups, the saline group, LPS group,
PD+ LPS group, and PD+ LPS+ 3-TYP group. Mice in
LPS group were applied with 15 mg/kg LPS via intraper-
itoneal injection. Mice in PD+ LPS group were applied
with 30 mg/kg PD via tail vein injection 2 h prior to LPS
injection. Mice in PD+ LPS+ 3-TYP group were applied
with 30 mg/kg PD plus 5 mg/kg 3-TYP via tail vein injec-
tion 2 h prior to LPS injection. After 6 h of LPS application,
200 μL of 0.5% Evans Blue dye was injected through tail
vein. While in exploration of the therapeutic effects of PD
on endothelial barrier function in later sepsis, mice were
divided into three groups, the saline group, LPS group, and
LPS+ PD group. Mice in LPS+ PD group were applied
with LPS injection followed by PD application (30 mg/kg)
via tail vein injection at 18 h. After 24 h of LPS application,
200 μL of 0.5% Evans Blue dye was injected through tail
vein. Then, the mice were sacrificed through cervical dis-
location 30 min later. Via heart puncture, the mice were
perfused with PBS+ 2 mM EDTA for 20 min. The lung,
kidney, liver, and small intestine were harvested and incu-
bated in formamide at 55 °C for 2 days to elute the Evans
Blue dye. The optical density (OD) of the formamide
solution was determined at 620 nm using a Microplate
Reader (SpectraMax M5).

Cells and reagents

Primary human umbilical vein endothelial cells (HUVECs),
ECM medium, fetal bovine serum (FBS), penicillin and
streptomycin were obtained from Sciencell (Carlsbad, CA,
USA). HUVECs harvested between the second and sixth
passage were applied in the experiments. Trypsin was supplied
by Gibco BRL (Grand Island, NY, USA). LPS was acquired
from Sigma (St. Louis, MO, USA). PD was supplied by
Shenzhen Neptunus Pharmaceutical Co., Ltd. SIRT3 inhibitor
3-TYP was synthesized and characterized by the School of
Pharmaceutical Sciences at Southern Medical University based
on the work of Pi et al. [18]. Antibody against SIRT3 (sc-
365175) was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Antibodies targeting β-catenin (ab32572),
VE-cadherin (ab33168), and CypD (ab110324) were acquired
from Abcam (USA). Antibodies recognizing SOD2 (A1340),
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SIRT1 (A0127), and pan acetylated lysine (A2391) were
purchased from Abclonal (China). Rabbit IgG antibody
(B900610) and mouse IgG antibody (B900620) were pur-
chased from Proteintech (USA). Antibody against RAGE
(MAB-11451-100) was acquired from R&D systems (Min-
neapolis, MN, USA) and at 10 μg/mL, this antibody will block
90% of RAGE binding. Antibody against GAPDH (5174) was
acquired from CST (Danvers, MA, USA).

Detection of SIRT1/3 activity

SIRT1/3 deacetylase activity was detected using SIRT1
(Cyclex, Cat#CY-1151V2) and SIRT3 (Cyclex, Cat#CY-
1153V2) Deacetylase Fluorometric Assay kits as described
previously [19]. Briefly, cells were lysed and immunoprecipi-
tated with SIRT1/3 antibody. The final mixture contained 50
mM Tris-HCl (pH 8.8), 4 mMMgCl2, 0.5mM DTT, 0.25mA/
mL lysyl endopeptidase, 1 μM trichostatin A, 200 μM NAD+,
and 5 μL extraction buffer. Fluorescence intensity was deter-
mined at 350 nm/450 nm by Automatic Microplate Reader
(Molecular Devices, Sunnyvale, CA, USA).

Detection of SOD2 activity

The activity of SOD2 was determined using a commercially
available kit (Dojindo Molecular Technology, Kumamoto,
Japan). Briefly, total SOD activity of the immunoprecipitated
proteins was measured by inhibition rate of water-soluble tet-
razolium salt (WST-1) reduction. Potassium cyanide was added
to the lysate during the assay to inhibit both SOD1 and SOD3.
Absorbance was determined at 450 nm using a Microplate
Reader (SpectraMax M5). SOD2 activity was calculated as a
rate of inhibition at which 1U was defined as a 50% decrease
from the control value over a period of 30min at 37 °C.

Western blotting

Protein extracted from HUVECs were separated by SDS-
PAGE and then transferred to the polyvinylidene fluoride
membranes. Blots were incubated with 5% bovine serum
albumin (BSA) to block nonspecific site for 1 h and then
incubated overnight at 4 °C with primary antibodies of
SIRT3, β-catenin, VE-cadherin, SOD2, and CypD at
1:1000. Afterwards, they were incubated with a secondary
antibody for 1 h and signals were measured using chemi-
luminescence reagents (Pierce, USA).

Transfection of siRNA

HUVECs were grown in antibiotic-free ECM in culture dishes
for 24 h and were transfected with target siRNA using Lipo-
fectamine 2000 according to the manufacturer’s instructions.
The sequences of oligonucleotide for control, SIRT3, SOD2

and CypD siRNA were synthesized by GenePharma
(Shanghai, China). The siRNA-targeted sequences were as
follows: control siRNA, sense 5′-UUCUCCGAACGUGUCA
CGUTT-3′ and antisense 5′-ACGUGACACGUUCGGAGA
ATT-3′; SIRT3 siRNA, sense 5′-GGUGGAAGAAGGUCCA
UAUtt-3′ and antisense 5′-AUAUGGACCUUCUUCCACCt
t-3′; SOD2 siRNA, sense 5′- GCAUCUGUUGGUGUCCAA
GTT-3′ and antisense 5′-CUUGGACACCAACAGAUGCT
T-3′; CypD siRNA, sense 5′-UUUGACGUGACCGAACAC
AACAUGC-3′ and antisense 5′-GCAUGUUGUGUUCGGU
CACGUCAAA-3′. Forty-eight hours after transfection, the
cells were collected and processed for following experiments.

Adenoviral infection

The adenoviral vector expressing flag- and GFP-tagged
SIRT3 (Ad-SIRT3) and empty vector (Ad-GFP) were pack-
aged by GeneChem Co. Ltd (Shanghai, China). Cells were
infected with the adenoviruses for 48 h, followed by corre-
sponding experiments.

Immunofluorescent staining of F-actin

HUVECs were plated in Petri dishes and subjected to dif-
ferent treatments. Cells were washed with PBS three times,
and then were fixed with 3.7% formaldehyde and perforated
with 0.5% Triton X-100. Then, cells were blocked with 5%
BSA for 1 h, followed by incubation with rhodamine phal-
loidin at room temperature for 1 h. Finally, cells were washed
with PBS three times and subsequently detected with a con-
focal scanning microscope (Zeiss, Germany).

Co-immunoprecipitation (Co-IP) assays

HUVEC lysate was harvested, and Co-IP assay was per-
formed using an Immunoprecipitation kit from Proteintech
(Chicago, IL, USA). Briefly, 2 μg of antibodies against the
proteins of interest or a negative control IgG of the same
species were added to the cell lysate. Then the IP buffer was
mixed with protein A/G beads. The immunoprecipitate was
separated by SDS–PAGE and analyzed by western blot.

Measurement of ROS level

Level of intracellular ROS was assessed with Dichloro-
fluorescein diacetate (DCFH-DA) from Sigma (USA).
Briefly, HUVECs were incubated with 10 μM DCFH-DA in
dark at 37 °C for 30min, then washed for three times with
PBS. Fluorescence intensity of each sample was detected
through a confocal scanning microscope (Zeiss, Germany).
Mitochondrial ROS level was detected using the MitoSOX
Red (Invitrogen). Cells were incubated with 5 μM MitoSOX
Red reagent in dark at 37 °C for 10min. Cells were washed
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gently three times with PBS. Mitochondrial ROS level was
then determined by the fluorescence intensity.

Determination of transendothelial electrical
resistance

Transendothelial electrical resistance (TER) of HUVEC
monolayer was determined by STX2 electrode and EVOM2

meter according to the manufacturer’s protocol (World Pre-
cision Instruments, USA) [20]. Briefly, 200 μL of HUVECs at
105/mL were seeded onto the transwell upper chamber and
grown to confluence. Resistance values of multiple transwell
inserts of the experimental group were sequentially measured
and the mean was expressed in the common unit (Ω cm2) after
the value of a blank cell-free filter was subtracted.

Dextran transendothelial flux

As previously described [21], HUVECs were grown to con-
fluence on transwell membranes and tracer FITC-labeled
dextran (1 mg/mL) was added to the upper chambers for 45

min. Samples were then collected from upper and lower
chambers. The concentrations of dextran were determined
with a HTS 7000 microplate reader. The permeability of
endothelial monolayer was evaluated as permeability coeffi-
cient of dextran (Pd) calculated as follows: Pd= [A]/t × 1/A ×
V/[L], where [A] is the dextran concentration in bottom
chamber, t is time in seconds, A indicates the membrane area
in cm2, V is the bottom chamber volume and [L] is the con-
centration of dextran in the upper chamber.

Mitochondrial membrane potential assay

Mitochondrial membrane potential (ΔΨm) was measured by
monitoring fluorescence aggregates of JC-1 from Molecular
Probes (Eugene, OR, USA) as previously described [8]. The
formation of JC-1 monomers and their fluorescence linearly
correlated to decrease in membrane potential. Briefly,
HUVECs were incubated with JC-1 at 37 °C for 15min.
Afterwards, the cells were washed three times with PBS and a
fluorescence microscope was used to detect the mitochondrial
membrane potential.

Fig. 1 PD mediated protective effects in LPS-elicited vascular leakage
via SIRT3 activation. Mice were pretreated with PD (30mg/kg) or PD
(30mg/kg) plus 3-TYP (5mg/kg) or saline via tail vein injection for 2 h,
then were injected with 15mg/kg LPS intraperitoneally for 6 h.
a Representative pictures of mouse skin were taken 30min after Evans
Blue injection. b–e Quantitative analysis of vascular permeability using
Evans Blue and expressed as μg of dye per g of tissue. Vascular per-
meability was evaluated in the lung (b), kidney (c), liver (d) and small

intestine (e). n= 5. ∗P < 0.05 versus control, #P < 0.05 versus LPS, &P <
0.05 versus PD+LPS. Mice were injected with 15mg/kg LPS intra-
peritoneally for 24 h, with PD (30mg/kg) or saline administration via
tail vein injection at 18 h. f–i, Quantitative analysis of vascular perme-
ability using Evans Blue and expressed as μg of dye per g of tissue.
Vascular permeability was evaluated in the lung (f), kidney (g), liver (h),
and small intestine (i). n= 5. ∗P < 0.05 versus control, #P < 0.05
versus LPS
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The mPTP opening assay

The opening of mPTP was determined by calcein-AM from
Molecular Probes (Eugene, OR, USA). All procedures com-
pletely complied with the manufacture’s instructions. In brief,
HUVECs were loaded with 1 μmol/L calcein-AM at 37 °C for
20 min, followed by incubation with 1mmol/L CoCl2 to
quench cytosolic and nuclear fluorescence at room tempera-
ture for 15min. The fluorescence was observed by a fluor-
escence microscope.

Statistical analysis

Data was expressed as mean ± SE of at least three inde-
pendent experiments and analyzed using SPSS 16.0 soft-
ware version. Statistical comparisons were performed using
a one-way analysis of variance followed by post hoc pair-
wise comparisons. P < 0.05 was considered significant.

Results

Effect of PD on LPS-induced endothelial barrier
disruption

Previously, we investigated the efficacy of PD in the treat-
ment of sepsis. We found that PD (30mg/kg) improved the

survival rate from 26.7 to 50% in cecal ligation and puncture-
induced septic rats [22]. Given the important role of endo-
thelial barrier dysfunction in the development of sepsis, here,
we further explored the barrier protective effects of PD in
sepsis. Evans Blue assay was performed to determine altera-
tions in vascular permeability in endotoxemic mice at 6 h after
LPS administration. On oral and maxillofacial skin of the
mice, it was observed that LPS caused significant leakage of
Evans Blue dye. Pretreatment of PD ameliorated LPS-induced
vascular leakage significantly (Fig. 1a). Furthermore, quanti-
fication of Evans Blue dye leakage in lung, kidney, liver, and
small intestine showed similar alterations in vascular perme-
ability (Fig. 1b–e). To further reveal the therapeutic effect of
PD on barrier protection in late sepsis, we observed organ
edema by detecting Evans Blue leakage in mice 24 h after
LPS treatment with PD administration at 18 h. It was found
that PD treatment at late sepsis also attenuated vascular
leakage in lung, kidney, liver, and small intestine as well
(Fig. 1f–i). In LPS-treated endothelial cells, PD reversed LPS-
induced F-actin redistribution and cadherin–catenin complex
dissociation (Fig. 2a, b). As we previously demonstrated, LPS
induced endothelial monolayer hyperpermeability in a time-
dependent manner [20]. In present study, PD attenuated LPS-
induced decrease in TER value and increase in FITC-dextran
leakage (Fig. 2c, d). Altogether, these results show that PD
exerts protective effects against LPS-induced vascular barrier
disruption.

Fig. 2 PD mediated protective effects in LPS-induced endothelial
hyperpermeability via SIRT3 activation. HUVECs were pretreated
with PD (50 μM) or PD (50 μM) plus 3-TYP (50 μM) for 2 h, then
were treated with 1 μg/mL LPS or PBS for 12 h. a Distribution of F-
actin in the cytoskeleton was examined using confocal microscopy and
actin filaments were marked with white arrows. b Whole cell lysates
were prepared and probed in co-immunoprecipitation assays with an

anti-VE-cadherin antibody. Western blot assays were then performed
for the immunoprecipitated samples with an anti-β-catenin antibody.
c, d HUVECs were pretreated with PD (50 μM) or PD (50 μM) plus 3-
TYP (50 μM) for 2 h, then were treated with 1 μg/mL LPS or PBS for
24 h. Endothelial monolayer permeability was assessed by TER
(c) and flux of FITC-dextran (d). n= 3. ∗P < 0.05 versus control, #P <
0.05 versus LPS, &P < 0.05 versus PD+ LPS
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PD attenuates LPS-induced SIRT3 downregulation in
endothelial cells

It has been reported that SIRT3 is involved in the regula-
tion of endothelial permeability [23]. Importantly, we have
previously demonstrated that PD can act as an agonist of
SIRT3 [7–9]. To determine whether SIRT3 plays a role in
PD-exerted barrier protective effects, the deacetylase
activity and protein expression of SIRT3 were studied. As
shown in Fig. 3a, LPS induced a significant decrease in
SIRT3 activity over time. Consistent with our previous
findings, PD enhanced SIRT3 deacetylase activity sig-
nificantly (Fig. 3b). The expression of SIRT3 protein was
decreased from 12 to 24 h in response to LPS stimulation
(Fig. 3d). Moreover, we found that PD alleviated LPS-
induced decrease in SIRT3 expression (Fig. 3e). These
results suggest that PD may prevent LPS-induced endo-
thelial barrier disruption by upregulating the SIRT3 activity
and expression.

SIRT3 inhibition eliminates the barrier protective
effects of PD

SIRT3 specific inhibitor 3-TYP was used and the inhibiting
effect of 3-TYP was confirmed (Fig. 3b). To verify the
specificity of 3-TYP, SIRT1 activity was examined and
there was no significant difference (Fig. 3c). 3-TYP
reversed PD-mitigated decrease in SIRT3 expression
caused by LPS (Fig. 3e). Moreover, 3-TYP abrogated the
barrier protective effect of PD in multiple organs of septic
mice (Fig. 1). In HUVECs, 3-TYP diminished PD-mediated
protection against F-actin redistribution, cadherin–catenin
complex dissociation, and endothelial monolayer hyper-
permeability (Fig. 2a–d). We applied SIRT3 siRNA to
further confirm the role of SIRT3 in PD-mediated endo-
thelial barrier protection. Not surprisingly, SIRT3 knock-
down abrogated PD-mitigated F-actin redistribution,
cadherin–catenin complex dissociation, and endothelial
monolayer hyperpermeability (Fig. 4a–d). These results

Fig. 3 SIRT3 deletion abrogated PD-mediated endothelial barrier
protection. HUVECs were transfected with either control siRNA or
SIRT3 siRNA. a Protein expression levels of SIRT3 were measured by
western blot analysis. Transfected HUVECs were pretreated with PD
(50 μM) for 2 h, then followed by LPS (1 μg/mL) treatment for 12 h.
b Distribution of F-actin in the cytoskeleton was examined using
confocal microscopy and actin filaments were marked with white

arrows. c Whole cell lysates were prepared and probed in co-
immunoprecipitation assays with an anti-VE-cadherin antibody.
Western blot assays were then performed for the immunoprecipitated
samples with an anti-β-catenin antibody. d, e Endothelial monolayer
permeability was assessed by TER (d) and flux of FITC-dextran (e).
n= 3. ∗P < 0.05 versus control siRNA+ LPS, #P < 0.05 versus control
siRNA+ PD+ LPS
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indicate that PD attenuates LPS-elicited vascular barrier
disruption through SIRT3 activation.

Role of SIRT3 in LPS-induced endothelial barrier
disruption

Here, the gain-of-function and loss-of-function approaches
were used to confirm the protective role of SIRT3 activation
in LPS-induced barrier disruption. The infection efficiency of
an adenovirus overexpressing SIRT3 was observed with GFP
and SIRT3 expression (Fig. 5a, b). As expected, over-
expressed SIRT3 reversed LPS-induced F-actin rearrange-
ment, cadherin–catenin complex dissociation, and endothelial
hyperpermeability (Fig. 5d–g), mimicking PD-mediated bar-
rier protection. In contrast to SIRT3 overexpression,
SIRT3 siRNA exacerbated LPS-induced F-actin redistribu-
tion, cadherin–catenin complex dissociation, and endothelial
hyperpermeability (Fig. 6c–f). These results fully confirm the
protective role of SIRT3 in LPS-mediated endothelial
hyperpermeability.

PD protects endothelial barrier integrity via SIRT3-
SOD2-ROS signaling

Mounting evidence suggest that SIRT3 can deacetylate and
subsequent activate SOD2, thus promoting ROS clearance
[24–26]. We wondered if SIRT3–SOD2–ROS signaling

mediates the protective effects of PD on LPS-induced
endothelial barrier dysfunction. Results in this study
showed that LPS elicited a significant increase in SOD2
acetylation, as well as decrease in activity. PD pretreatment
inhibited LPS-mediated alterations of SOD2 acetylation and
activity levels (Fig. 7a, b). Consistently, PD strongly atte-
nuated LPS-induced cellular and mitochondrial ROS gen-
eration and MDA increase (Fig. 7c–e). SIRT3
overexpression mimicked PD-mediated protection against
LPS-induced mitochondrial ROS generation (Fig. 5c).
However, the protective effects of PD were abolished by
SIRT3 inhibition with 3-TYP (Fig. 7c–e). Similarly, SIRT3
knockdown intensified LPS-evoked cellular and mitochon-
drial ROS generation (Fig. 6a, b).

Given that mito-TEMPO, a mitochondrially targeted
antioxidant, can enhance SOD2 activity and thus suppress
ROS generation [27], we applied it for the following
experiments. Results showed that mito-TEMPO ameliorated
LPS-induced elevation in endothelial permeability, while 3-
TYP reversed the effect of mito-TEMPO (Fig. 7f, g). To
further confirm the role of SIRT3–SOD2–ROS axis,
SOD2 siRNA was used. The efficiency of SOD2 siRNA
transfection was verified in Fig. 7h. As expected, SOD2
knockdown abolished SIRT3 overexpression-mediated
barrier protection (Fig. 7i–j). The above results suggest
that PD prevents LPS-induced endothelial barrier disruption
through SIRT3–SOD2–ROS axis.

Fig. 4 Effect of PD on alterations of SIRT3 activity and protein
expression in response to LPS challenge. HUVECs were exposed to 1
μg/mL LPS for the indicated times. a SIRT3 activity was determined
using a SIRT3 Assay kit. n= 3. ∗P < 0.05 versus 0 h. b SIRT3 activity
was examined and PD enhanced SIRT3 activity, while 3-TYP inhib-
ited SIRT3 activity. n= 3. ∗P < 0.05 versus control. c SIRT1 activity
was examined and 3-TYP showed no effect on SIRT1 activity. n= 3.

d Protein expression levels of SIRT3 were detected by western blot
analysis. n= 3. ∗P < 0.05 versus 0 h. e HUVECs were pretreated with
PD (50 μM) or PD (50 μM) plus 3-TYP (50 μM) for 2 h, then were
treated with 1 μg/mL LPS or PBS for 12 h. Protein expression levels of
SIRT3 were detected by western blot analysis. n= 3. ∗P < 0.05 versus
control, #P < 0.05 versus LPS, &P < 0.05 versus PD+ LPS
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PD protects endothelial barrier function through
SIRT3-mediated CypD deacetylation

CypD, a key regulator of the mitochondrial mPTP, is
deacetylated by SIRT3, thereby reducing mPTP suscept-
ibility and maintaining mitochondrial function [16, 28].
To determine whether SIRT3-mediated CypD deacetyla-
tion is involved in PD-exerted protective effects upon
LPS-induced endothelial barrier disruption, acetylation
level of CypD was examined. As shown in Fig. 8a,
introduction of LPS led to increased CypD acetylation,
which was ameliorated by PD pretreatment. However, the
effect of PD on LPS-induced CypD acetylation was
abolished by SIRT3 inhibitor 3-TYP. In addition, Co-IP
analysis revealed that PD pretreatment diminished LPS-
elicited dissociation of CypD from SIRT3, while 3-TYP

abrogated the effect of PD (Fig. 8b). The mitochondrial
membrane potential (ΔΨm) and mPTP were then
investigated via JC-1 staining and calcein-AM followed
by CoCl2 quenching, respectively. Results showed that
LPS treatment caused mPTP opening and loss of ΔΨm,
which were attenuated by PD pretreatment. However, 3-
TYP abolished the effects of PD on LPS-mediated
alterations of ΔΨm and mPTP (Fig. 8c, d). CypD
knockdown was then performed and efficiency of
CypD siRNA was confirmed through western blotting
(Fig. 8e). As shown in Fig. 8f, g, CypD knockdown
ameliorated LPS-induced endothelial barrier disruption
significantly. Taken together, these results indicate that
PD alleviates LPS-induced barrier disruption through
SIRT3-mediated deacetylation of CypD and suppression
of mPTP opening.

Fig. 5 Overexpression of SIRT3 reversed LPS-induced ROS genera-
tion and endothelial hyperpermeability. HUVECs were infected with
empty adenovirus vector (Ad-GFP) or adenovirus containing flag- and
GFP-labeled SIRT3 (Ad-SIRT3) for 48 h. a Adenovirus infection
efficiency was identified by GFP expression using a fluorescent
microscope. b Western blot was used to examine the endogenous and
induced SIRT3 levels. Infected HUVECs were treated with LPS (1 μg/
mL) or PBS for 12 h. c Mitochondrial O2

• − were measured by
MitoSOX. d Distribution of F-actin in the cytoskeleton was examined

using confocal microscopy and actin filaments were marked with white
arrows. e Whole cell lysates were prepared and probed in co-
immunoprecipitation assays with an anti-VE-cadherin antibody.
Western blot assays were then performed for the immunoprecipitated
samples with an anti-β-catenin antibody. f–g Infected HUVECs were
treated with LPS (1 μg/mL) or PBS for 24 h. Endothelial monolayer
permeability was assessed by TER (f) and flux of FITC-dextran (g). n
= 3. ∗P < 0.05 versus control or Ad-GFP, #P < 0.05 versus Ad-GFP+
LPS
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Role of RAGE in LPS-regulated SIRT3 activity and
protein expression

A previous study revealed that RAGE was involved in
advanced glycation end product (AGE)-induced decrease in
SIRT3 expression in endothelial progenitor cells (EPCs)
[29]. We have demonstrated that RAGE is involved in LPS-
elicited endothelial hyperpermeability [20]. To investigate
whether RAGE has effect on alteration of SIRT3 signaling
in response to LPS treatment, RAGE blocking antibody was
used. Results showed that RAGE antibody alleviated LPS-
induced decrease in SIRT3 deacetylase activity (Fig. 9a).

Intriguingly, RAGE antibody was able to diminish LPS-
reduced protein expression of SIRT3 as well (Fig. 9b).
Therefore, it is clearly suggested that RAGE is involved in
LPS-induced endothelial barrier disruption via regulating
SIRT3 signaling pathways.

Discussion

The disruption of endothelial barrier in sepsis could dispose
to vascular leak, shock, and organ failure. Considerable
evidences suggest that SIRT3 has a protective role in the

Fig. 6 SIRT3 ablation exacerbated LPS-mediated ROS generation and
endothelial hyperpermeability. HUVECs were transfected with either
control siRNA or SIRT3 siRNA. Transfected HUVECs were stimu-
lated with LPS (1 μg/mL) or PBS for 12 h. a Representative images
and quantification of intracellular ROS formation were measured by
DCFH-DA. b Mitochondrial O2

• − were measured by MitoSOX.
c Distribution of F-actin in the cytoskeleton was examined using
confocal microscopy and actin filaments were marked with white

arrows. d Whole cell lysates were prepared and probed in co-
immunoprecipitation assays with an anti-VE-cadherin antibody.
Western blot assays were then performed for the immunoprecipitated
samples with an anti-β-catenin antibody. e, f Transfected HUVECs
were stimulated with LPS (1 μg/mL) or PBS for 24 h. Endothelial
monolayer permeability was assessed by TER (e) and flux of FITC-
dextran (f). n= 3. ∗P < 0.05 versus control siRNA, #P < 0.05 versus
control siRNA+ LPS or SIRT3 siRNA
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pathogenesis of sepsis [13, 30, 31]. In present study, we
show that PD prevents LPS-induced endothelial barrier
disruption in endotoxemic mice and endothelial cells via
SIRT3 activation. Through deacetylation of mitochondrial
SOD2 and CypD, PD-mediated SIRT3 activation preserved
mitochondrial functions, thus reversing LPS-elicited endo-
thelial hyperpermeability. In addition, RAGE was identified
as a negative regulator of SIRT3 activity and protein
expression in response to LPS challenge.

Apart from PD, several drugs have been reported to
activate SIRT3, including RSV [23], honokiol [32], and
melatonin [33]. However, no specific agonist for SIRT3 has
been found. It should not be neglected that PD can also
activate SIRT1 [34]. Notably, SIRT3 and SIRT1 have been
found to have redundant effects on protecting cells in some

stress conditions. However, it was confirmed that the inhi-
bitor 3-TYP specifically inhibits SIRT3 without affecting
SIRT1, which is consistent with our previous study [9]. And
we also used SIRT3 knockdown approach to confirm the
role of SIRT3 in PD-mediated barrier protection.

Regulation of endothelial permeability is a complex
process involving signaling components that are associated
with AJs, TJs, and cytoskeletal proteins. AJs are composed
of VE-cadherin and its intracellular partners. Cell-adhesive
activity is enhanced by the interaction between VE-cadherin
and β-catenin or plakoglobin, which in turn bind to α-
catenin [35]. The disruption of junctional assembly of VE-
cadherin and β-catenin is one of the key mechanisms
leading to microvascular hyperpermeability [36]. Here, it
was proved that PD-activated SIRT3 contributed to the

Fig. 7 Role of SIRT3-SOD2-ROS axis in PD-mediated barrier pro-
tective effects. HUVECs were pretreated with PD (50 μM) or PD (50
μM) plus 3-TYP (50 μM) for 2 h, then cells were treated with 1 μg/mL
LPS for 12 h. a Whole cell lysates were prepared and probed in co-
immunoprecipitation assays with a pan acetyl-lysine antibody. Wes-
tern blot assays were then performed for the immunoprecipitated
samples with an anti-SOD2 antibody. b SOD2 activity was determined
based on an enzymatic reaction using an SOD2 Assay kit. c Repre-
sentative images and quantification of intracellular ROS formation
were measured by DCFH-DA. d Mitochondrial O2

• − were measured
by MitoSOX. e The lipid peroxidation levels of HUVECs were
measured by MDA assay. n= 3. ∗P < 0.05 versus control, #P < 0.05
versus LPS, &P < 0.05 versus PD+ LPS. f–g HUVECs were

pretreated with mito-TEMPO (1 μM) or mito-TEMPO (1 μM) plus 3-
TYP (50 μM) for 2 h, followed by stimulation with 1 μg/mL LPS for
24 h. Endothelial monolayer permeability was assessed by TER (f) and
flux of FITC-dextran (g). n= 3. ∗P < 0.05 versus control, #P < 0.05
versus LPS, &P < 0.05 versus mito-TEMPO+ LPS. h HUVECs were
transfected with either control siRNA or SOD2 siRNA. Protein
expression levels of SOD2 were measured by western blot analysis. n
= 3. ∗P < 0.05 versus control siRNA. i–j Transfected HUVECs were
infected with control or SOD2 siRNA, and then treated with LPS (1
μg/mL) for 24 h. Endothelial monolayer permeability was assessed by
TER (i) and flux of FITC-dextran (j). n= 3. ∗P < 0.05 versus Ad-GFP
+ LPS, #P < 0.05 versus Ad-SIRT3+ SOD2 siRNA+ LPS
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maintenance of cadherin–catenin complex and actin cytos-
keleton, thus inhibiting LPS-mediated barrier disruption.
Whether alteration of TJs is also implicated in the protection
of PD remains to be further investigated.

Consistent with our previous findings on septic injury in
kidney [8], the deacetylase activity of SIRT3 was down-
regulated in vascular endothelial cells. In the study of LPS-
induced alterations on SIRT3 protein expression, a
decreased expression was also observed. Consistently, Zeng
et al. previously showed a decreased SIRT3 protein
expression in pulmonary endothelial cells after LPS treat-
ment [15]. Intriguingly, the decrease in SIRT3 protein
expression occurred later than changes in deacetylase
activity. It can be presumed that in the initial stage, LPS
mainly influences endothelial permeability by regulating
SIRT3 activity, and that in the later stage, SIRT3 protein
downregulation is also involved. Therefore, we used
SIRT3 specific antagonist as well as overexpression and
knockdown strategies to further verify the involvement of
SIRT3. Notably, we found that PD provided endothelial

barrier protection by, upregulating the activity, as well as
the protein expression of SIRT3.

It has been demonstrated that mitochondrial protections
such as superoxide clearance and mPTP maintenance can
inhibit endothelial hyperpermeability [37, 38]. Previously,
we demonstrated that PD mediated mitochondrial protection
via activating SIRT3 in small intestine during hemorrhagic
shock [9]. In this study, it was established that PD-mediated
mitochondrial protection was involved in endothelial barrier
protection in a sepsis model. SIRT3-mediated SOD2 dea-
cetylation is one of the most important mitochondrial ROS
detoxification mechanisms. In this study, we showed that
PD promoted endothelial barrier function through SIRT3-
mediated SOD2 deacetylation and activation, and sub-
sequent mitochondrial ROS detoxification.

Moreover, the role of SIRT3-CypD signaling in barrier
protection was also identified. SIRT3-mediated deacetyla-
tion suppresses CypD activity, and thus inhibits mPTP
opening and ΔΨm reduction [16]. In present study, CypD
hyperacetylation and decreased interaction with SIRT3

Fig. 8 Effect of SIRT3-mediated CypD deacetylation on PD-mediated
endothelial barrier protection. HUVECs were pretreated with PD (50
μM) or PD (50 μM) plus 3-TYP (50 μM) for 2 h, followed by treatment
with 1 μg/mL LPS for 12 h. a, b Whole cell lysates were prepared and
probed in co-immunoprecipitation assays with a pan acetyl-lysine
antibody (a) and an anti-SIRT3 antibody (b) respectively. Western blot
assays were then performed for the immunoprecipitated samples with
an anti-CypD antibody. c Mitochondrial membrane potential (ΔΨm)
was assessed with JC-1staining: cells in red represent JC-1 aggregates
due to an intact ΔΨm. Conversely, cells in green represent JC-1

monomers due to a disrupted ΔΨm. d Cells were incubated with
calcein-AM and quenching agent CoCl2. The mPTP was monitored by
fluorescence of calcein-AM in the mitochondria by confocal and
brightfield (BF) microscope. e HUVECs were transfected with either
control siRNA or CypD siRNA. Protein expression levels of CypD
were measured by western blot analysis. f–g Transfected HUVECs
were stimulated with LPS (1 μg/mL) or PBS for 24 h. Endothelial
monolayer permeability was assessed by TER (f) and flux of FITC-
dextran (g). n= 3. ∗P < 0.05 versus control siRNA, #P < 0.05 versus
control siRNA+ LPS
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were observed in response to LPS challenge, resulting in
mPTP opening and subsequent ΔΨm reduction. In a rat
model of hemorrhagic shock, inhibition of CypD with
cyclosporine A prevented vascular hyperpermeability [38].
CypD-deficient mice also exhibited reduced lung vascular
leakage in endotoxemia [39]. It implied that, PD might
attenuate the deleterious effects of LPS-induced CypD
acetylation via SIRT3 activation. Similarly, our findings
showed that CypD knockdown reversed LPS-induced
endothelial barrier disruption. Conclusively, it is clear that
PD enhances SIRT3-mediated deacetylation of SOD2 and
CypD and thus inhibits LPS-induced endothelial barrier

disruption by promoting ROS clearance and mPTP main-
tenance in mitochondria.

Reversible protein acetylation is emerging as an impor-
tant posttranslational modification involved in various
mitochondrial processes. SIRT3-mediated deacetylation of
mitochondrial proteins has become a very intense area of
research. Here, it was proved that PD activated the “mito-
chondrial fidelity protein”, SIRT3, and hence exerted
endothelial barrier protection after LPS treatment by
reversible lysine deacetylation of SOD2 and CypD. It could
be speculated that, some other mitochondrial targets of
SIRT3 may also be implicated in PD-mediated barrier
protection.

We previously demonstrated that PD significantly
increased the survival rate of septic rats by protecting the
mitochondria function of renal tubular epithelial cells
(RTECs) [22]. Recently, a study showed that viniferin, a
naturally occurring resveratrol dimer, can alleviate LPS-
induced acute lung injury by activating SIRT3 and restore
macrophage bioenergetic function [40]. Though we used the
SIRT3 specific inhibitor in vivo and SIRT3 siRNA in
endothelial cells to confirm the protective effects of PD in
sepsis, it is possible that some of the beneficial effects of PD
may be related to its effects on non-endothelial cells. And
other signaling pathways may also participate in PD-
mediated barrier protection in sepsis.

In sepsis, Toll-like receptor 4 is the most well-known
receptor for LPS. Besides, RAGE was also demonstrated as
an important pattern recognition receptor binding directly to
LPS. We previously found that LPS upregulated RAGE
expression, and that RAGE was involved in LPS-induced
endothelial hyperpermeability [20]. Involvement of RAGE
in AGE-induced SIRT3 downregulation was evidenced in
endothelial progenitor cells (EPCs) [29]. In present study,
we showed that RAGE was involved in LPS-induced
decrease in SIRT3 deacetylase activity and protein expres-
sion. The underlying mechanisms warrant further
investigations.

Some limitations of this study cannot be ignored. The
human SIRT3 contains two isoforms, a long form (~44
kDa) and a short form (~28 kDa). It has been widely
accepted that the short form SIRT3 primarily resides in
mitochondria and is more likely to exhibit deacetylase
activity [41]. Consequently, in this study, the short form
isoform of SIRT3 was observed. However, in a cardiac
hypertrophy model, discrepancy of the two SIRT3 isoforms
was demonstrated [42]. Further studies need to be done
concerning these two isoforms. Moreover, the molecular
mechanisms underlying LPS-induced alterations of SIRT3
protein expression is yet to be elucidated. PGC-1α-
dependent ERRα-mediated signaling pathway has been
demonstrated to regulate SIRT3 protein expression [27].
Further investigations are required to determine whether

Fig. 9 Involvement of RAGE in LPS-induced alterations of SIRT3
activity and protein expression. HUVECs were pretreated with RAGE
blocking antibody (10 μg/mL) or ECM medium for 1 h, followed by
stimulation with LPS (1 μg/mL) or PBS for 12 h. a SIRT3 activity was
determined using a SIRT3 Assay kit. b Protein expression levels of
SIRT3 were detected by western blot analysis. n= 3. ∗P < 0.05 versus
control or RAGE antibody, #P < 0.05 versus LPS
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this signaling pathway participates in LPS-induced SIRT3
alterations.

In conclusion, this study reveals that PD exerts protective
effects in LPS-induced endothelial barrier disruption via
SIRT3 activation (Fig. 10). During sepsis, SIRT3-mediated
deacetylation of mitochondrial SOD2 and CypD is sup-
pressed, leading to mitochondrial dysfunction and sub-
sequent endothelial hyperpermeability. Our findings shed
light on potential application of PD as a therapy for sepsis
through SIRT3-mediated endothelial barrier protection.
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