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Abstract
Sepsis is life-threatening organ dysfunction caused by a deregulated host response to infection. Endothelial dysfunction is
the initial factor leading to organ dysfunction and it is associated with increased mortality. There is no effective drug to treat
sepsis-induced endothelial dysfunction. In this study, we detected a favorable effect of tubeimoside I (TBM) in ameliorating
sepsis-induced endothelial dysfunction. To unveil the mechanism how TBM protects against sepsis-induced endothelial
dysfunction, we examined TBM’s effects on oxidative stress and apoptosis both in vivo and in vitro. TBM treatment
alleviated oxidative stress by decreasing NOX2 and Ac-SOD2/SOD2 and decreased apoptosis by inhibiting cleaved caspse3
and Bax/Bcl-2. Notably, sepsis induced a significant decrease of SIRT3 expression in vascular endothelium, while TBM
treatment reversed SIRT3 expression. To clarify whether TBM provides protection via SIRT3, we knockdown SIRT3 using
siRNA before TBM treatment. Then, the cytoprotective effects of TBM were largely abolished by siSIRT3. This suggests
that SIRT3 plays an essential role in TBM’s endothelial protective effects and TBM might be a potential drug candidate to
treat sepsis-induced endothelial dysfunction.

Introduction

Sepsis is life-threatening organ dysfunction caused by a
deregulated host response to infection [1]. This new defi-
nition highlights the central role of organ dysfunction in the
pathogenesis of sepsis. The occurrence of organ dysfunction
is related to endothelial dysfunction [2, 3]. Cells which are
located in the innermost layer of blood vessels are called
endothelial cells, they form a semipermeable barrier and
regulate vascular permeability, hemostasis, inflammation,

and microcirculatory flow. In early sepsis, endothelial cell
biomarkers of permeability and hemostasis are increased
and vascular endothelial growth factor is reduced. And
these changes are associated with increased mortality [4].
Therefore, developing novel therapeutic strategies for
treating endothelial dysfunction in sepsis is of fundamental
importance.

SIRT3 is a nicotinamide adenine dinucleotide
(NAD+)-dependent histone deacetylase, which is a member
of the sirtuins family. Due to the diversity of protein targets,
SIRT3 is a regulator of numerous cellular processes [5]. In
recent years, SIRT3 was reported to function in endothelial
metabolism, angiogenesis, and cardiovascular disease [6].
In sepsis, SIRT3 protects against acute kidney injury and
cognitive dysfunction [7–9]. Although SIRT3 can protect
against pericyte loss and microvascular dysfunction in the
lung of septic mice [10], the underlying molecular
mechanisms of SIRT3 in regulating endothelial dysfunction
in sepsis have not been fully elucidated.

Tubeimoside I (TBM) is a triterpenoid saponin purified
from tubeimu (the tuber of Bolbostemma paniculatum
(Maxim.) Franquet) [11, 12]. In traditional Chinese medi-
cine, tubeimu has been used to treat acute mastitis, snake
bites, detoxication, inflammatory diseases, and tumors for
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over 1000 years. In recent years, TBM was reported to
possess good antineoplastic activity in many types of can-
cers [13–15]. TBM is also an effective anti-inflammatory
drug [16–19]. However, the effect and the mechanisms of
TBM in sepsis-induced endothelial dysfunction are unclear.

In this study, we detected that TBM could protect against
sepsis-induced endothelial dysfunction by inhibiting oxi-
dative stress and apoptosis both in vivo and in vitro. And its
protective effects could be abolished by siSIRT3. These
results demonstrated that TBM protected endothelium in
sepsis via SIRT3 and TBM might be a new drug to treat
sepsis-induced endothelial dysfunction.

Materials and methods

Materials

TBM (BP1415) was purchased from Chengdu Biopurify
Technology Development Co. Ltd (www.biopurify.cn).
Lipopolysaccharide (LPS) (L2880) was purchased from
Sigma (St. Louis, MO, USA). Matrigel (356234) was pur-
chased from BD (New York, NY, USA). Cell Counting Kit-
8 (CCK8) (B34304) was purchased from Bimake (Houston,
TX, USA). Reactive Oxygen Species (ROS) Assay Kit
(S0033) was purchased from Beyotime (Shanghai, China).
Primary antibodies against SOD2 (24127-1-AP), SIRT3
(10099-1-AP), GAPDH (60004-1-Ig), Bax (50599-2-Ig),
Bcl-2 (12789-1-AP), and secondary antibodies (Goat anti-
mouse, SA00001-1; Goat anti-rabbit, SA00001-2) were
purchased from Proteintech Group (Chicago, IL, USA).
Primary antibodies against cleaved caspase3 (#9664) and
SIRT1 (#9475) were purchased from CST (Danvers, MA,
USA). Primary antibodies against NADPH oxidase 2
(NOX2) (sc-130543) were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Primary antibodies
against Ac-SOD2 (ab137037) were purchased from Abcam
(Cambridge Biomedical Campus, Cambridge, UK). All other
reagents were obtained from common commercial sources.

Cell culture and treatment

Primary human umbilical vein endothelial cells (HUVECs)
were isolated and cultivated as described previously [20].
Briefly, HUVECs were harvested by type I collagenase
digestion at 37 °C and then cultured in M199 supplemented
with 20% fetal bovine serum, 20 μg/ml endothelial cell
growth supplement, 100 μg/ml heparin, 2 mM L-glutamine,
and 1% penicillin and streptomycin. Six to ten passage cells
were used for experiments. In experiments, HUVECs were
digested with 0.25% trypsin and inoculated in six-well
plates and grew to 80–90%. Then, cells were divided into
four groups, those were Ctrl (control), TBM, LPS, and

LPS+ TBM. TBM (0–2 μM) was added to the TBM and
LPS+ TBM group, and 1 h later, LPS (10 μg/ml) was added
to the LPS and LPS+ TBM group. LPS treatment lasted for
12 or 24 h and cells were collected for detection. To confirm
the function of SIRT3, siSIRT3 was transfected into LPS+
TBM+ siSIRT3 group cells before LPS treatment. siSIRT3
was designed using BLOCK-iT™ RNAi Designer (Thermo
Scientific, Waltham, MA, USA) and synthesized by RiboBio
(Guangzhou, China). Target sequences of siSIRT3 were
GCAACCTCCAGCAGTACGA. Cells were transfected with
siSIRT3 using Lipofectamine RNAiMax (Thermo Scientific,
Waltham, MA, USA) according to the manufacturer’s
instructions. Twelve hours after siSIRT3 transfection, TBM
was added. And LPS was added 1 h later after TBM was
added. Note that cells should be washed with PBS and fresh
media should be added to cells before adding drugs. And the
volume of medium should be accurately measured with
micropipette.

Animals

Wild-type male C57BL/6 mice were bought from the
Laboratory Animal Center of Chongqing Medical Uni-
versity. Mice were raised in standard specific pathogen free
room and were allowed free access to water and chow.
Animal experiments were approved by the Animal Ethic
Committee of Chongqing Medical University. And animal
experiments were conducted according to the National and
Institutional Guidelines for Animal Care and Use.

Cecal ligation and puncture (CLP)

Mice with weight of 25–30 g were subjected to CLP
according to the protocol described by Rittirsch et al. [21].
Briefly, 20 mice were divided into four groups (n= 5/group),
those were Ctrl, TBM, CLP, and CLP+ TBM. PBS (Ctrl
and CLP) or 4 mg/kg TBM (TBM and CLP+ TBM) was
given to mice by intraperitoneal injection 1 h before CLP.
Then, mice were anesthetized by isoflurane inhalation. The
cecum was exteriorized and ligated with 4-0 silk at 1/3 of the
cecum. The distal cecum was punctured twice using a 21-
gauge needle, and a small amount of feces was squeezed out
to ensure patency of holes. The cecum was relocated to the
cavum abdominis. The abdominal incision was closed in
layers. To prevent dehydration, all mice were subcutaneously
injected with sterile isotonic sodium chloride solution (5 ml
per 100 g body weight). Ctrl mice underwent the same sur-
gical procedures, except ligation and puncture.

Tissue preparation and vascular reactivity assay

At 12 h post CLP, mice were killed by cervical dislocation.
Thoracic aortas and superior mesenteric arteries were
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separated and placed in cold physiological salt solution
(PSS) of the following composition: NaCl 119 mM, KCl
4.7 mM, NaHCO3 25 mM, CaCl2 2.5 mM, KH2PO4

1.2 mM, MgSO4 1.2 mM, and glucose 5.5 mM [22].
Adhering tissues were cleaned carefully to avoid destroying
endothelial cells. Vessels were cut into 3-mm rings. Vas-
cular reactivity assay was done using DMT620 system
(Danish Myo Technology, Denmark). The arterial rings
were mounted in chamber filled with warmed (37 °C),
oxygenated (95% CO2/5% O2) PSS. Rings were equili-
brated with 0.3 g resting tension for 60 min. Viability of the
vessel was confirmed by two contractile responses to KCl
(60 mM)-PSS. Cumulative dose–response curve was con-
structed to acetylcholine (Ach).

Western blotting

HUVECs or shredded mesenteric arteries were lysed on ice
for 30 min using lysis buffer, and centrifuged at 12,000 × g
for 15 min. Because many protein targets to be detected, we
pooled mesenteric arteries of the same group of mice for
protein extraction. Protein concentration of the supernatant
was determined using the Bradford method and proper
amount of protein was used for western blotting. Proteins
were separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis, transferred to polyvinylidene fluoride
membranes, and probed with appropriate primary anti-
bodies. Membrane-bound primary antibodies were detected
with secondary antibodies which were conjugated with
horseradish peroxidase. Finally, membranes were detected
with chemiluminescence (Beyotime, Shanghai, China).
Each protein target was detected four times. All four
replicates were used for statistical analysis.

Morphological analysis

At 12 h post CLP, mice thoracic aortas were harvested and
immersed in 4% paraformaldehyde at room temperature for
at least 24 h. Samples were then embedded with paraffin,
sectioned longitudinally into 5 μm thickness and depar-
affinized with xylene. Finally, the slides were stained with
HE and viewed by a Leica DM4B upright microscope
(Leica, Heidelberg, Germany).

Tube formation assay

Matrigel was put into a 4 °C refrigerator to melt. Twenty-
four-well plates and 1 ml tips were also put into the 4 °C
refrigerator to cool. Matrigel (250 μl) were added into each
well of a 24-well plate. The 24-well plate was incubated
at 37 °C and 5% CO2 for 30 min to solidify matrigel.

HUVECs were digested and resuspended in culture media
and cell concentration was 7 × 104/ml. HUVECs (3.5 × 104)
were inoculated onto matrigel and cultivated at 37 °C and
5% CO2 for 6 h. Tubes can be visualized and imaged using
a phase contrast inverted microscope and number of meshes
was analyzed using ImageJ (V.1.31).

For vessels, mice thoracic aortas were collected at 12 h
post CLP and cut into 1-mm rings. Then, vessel rings were
buried in the matrigel and proper volume of media was
added. Vessel rings were cultivated at 37 °C and 5% CO2

for about 1 week. Tubes can be visualized and imaged using
a phase contrast inverted microscope and number of meshes
was analyzed using ImageJ (V.1.31).

Cell viability assay

Cell viability was evaluated by CCK8 according to the
manufacturer’s instructions. Briefly, cells were digested
with trypsin and seeded in 96-well plates at a density of 1 ×
104 cells/well and cultured for 24 h. Then, cells were treated
as described. At the end of treatment, culture media were
removed and 100 μl of M199 together with 10 μl of the
CCK8 solution were added to each well. Then, cells were
incubated at 37 °C for 1–4 h. Finally, OD450 was detected
using a microplate spectrophotometer (Thermo Scientific,
Waltham, MA, USA). The effect of TBM on cell viability
was expressed as the percentage cell viability compared
with the Ctrl group which was set at 100%.

ROS detection

ROS was detected using ROS Assay Kit according to the
manufacturer’s instructions. Briefly, cells were seeded in
six-well plates and cultured for 24 h. Then, cells were
treated as described. At the end of treatment, culture media
were removed and cells were washed with PBS. M199
containing 10 μM 2,7-dichlorodi-hydrofluorescein diacetate
was added to each well. Then, cells were incubated at 37 °C
for 20 min. Finally, cells were washed three times using
PBS and imaged using a Leica DMI8 immunofluorescence
microscope (Leica, Heidelberg, Germany). The excitation
wavelength is 488 nm and the emission wavelength is
525 nm.

Statistical analysis

All data are presented as means ± standard deviation. All
analyses were performed with GraphPad Prism 8.0 software.
Comparisons between multiple groups were performed using
one-way analysis of variance followed by Dunnett’s post hoc
test. p < 0.05 was taken as statistically significant.

Tubeimoside I improves endothelial function in sepsis via activation of SIRT3 899



Results

TBM improved the structure and function of
vascular endothelium in septic mice

In sepsis, the structure and function of vascular endothelium
are always destroyed. To assess whether TBM ameliorates
vascular endothelial dysfunction in sepsis, we evaluated

endothelial function using vascular reactivity assay at 12 h
post CLP. As Fig. 1A–E shows, vascular reactivity to Ach
(an indicator of endothelium-dependent diastolic function)
was significantly decreased by CLP. But relaxation to Ach
in TBM-treated mice was similar with that in Ctrl mice.
Further, we detected the integrity of vascular endothelium
using HE staining. CLP induced endothelial cells shed and
TBM preserved the integrity of vascular endothelium

Fig. 1 TBM improved the structure and function of vascular
endothelium in septic mice. Wild-type C57BL/6 mice (n= 5/group)
subjected to CLP and mice were intraperitoneally injected with PBS
(Ctrl and CLP group) or 4 mg/kg TBM (TBM and CLP+ TBM group)
1 h before CLP. At 12 h post CLP, thoracic aortas were collected and
examined using vascular reactivity assay, HE staining or capillary
sprout assay. Representative raw tracings show concentration-
dependent diastole to Ach (1 nM–10 μM) in the thoracic aorta taken
from Ctrl (A), TBM (B), CLP (C), and CLP+ TBM (D) mice. E The
mean concentration–response curves elicited with cumulatively added
Ach on the thoracic aorta obtained from different treatment groups.

Differences among Ctrl, TBM, CLP, and CLP+ TBM were analyzed
using one-way analysis of variance (ANOVA) followed by Dunnett’s
post hoc test. Vertical bars represent standard deviation (SD). *p <
0.05 compared with Ctrl; #p < 0.05 compared with CLP. F Repre-
sentative HE staining images in each group. Red arrow indicates
detached endothelial cells. Scar bar: 50 μm. G Representative images
of vessel sprouts in each group. Scar bar: 300 μm. H Statistical ana-
lysis of sprouts in each group. Differences among Ctrl, TBM, CLP,
and CLP+ TBM were analyzed using one-way analysis of variance
(ANOVA) followed by Dunnett’s post hoc test. Data are expressed as
means ± SD, n= 4. *p < 0.05; ***p < 0.001.
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(Fig. 1F). Finally, we also detected the angiogenic capacity
of endothelial cells using the aortic ring assay. As shown in
Fig. 1G, H, TBM improved angiogenic capacity of septic
mice vessels significantly. These results demonstrated that
TBM could improve the structure and function of vascular
endothelium in septic mice.

TBM reduced oxidative stress of vessels in septic
mice

It was reported that sepsis-induced endothelial dysfunction
was associated with oxidative stress. NOX2 is an essential
superoxide producer, while superoxide dismutase (SOD2) is
an important antioxidative molecule. Redox balance is
influenced by activity of NOX2 and SOD2. And activity of
SOD2 can be increased through deacetylation by SIRT3. To
explore how TBM influenced oxidative stress in vivo, we
detected NOX2, Ac-SOD2, SOD2, and SIRT3 in vessels by
western blotting. NOX2 and Ac-SOD2/SOD2 were
increased in CLP mice vessels, while TBM inhibited
expression of NOX2 and the ratio of Ac-SOD2/SOD2
(Fig. 2A–C). Sepsis inhibited expression of SIRT3, while
TBM restored expression of SIRT3 (Fig. 2A, D). These

results implied that TBM effectively reduced oxidative
stress of vessels in septic mice.

TBM inhibited apoptotic signaling pathway in
vessels of septic mice

Apoptosis is a direct cause of endothelial dysfunction in
sepsis. Thus, we detected whether TBM could relieve
endothelial apoptosis in vivo using western blotting. As
shown in Fig. 3, cleaved caspase3 and the ratio of Bax/
Bcl-2 increased by CLP could be restored by TBM treat-
ment. All these results demonstrated that TBM might exert
protection by suppressing endothelial apoptosis in septic
mice.

TBM improved cell viability and tube formation in
LPS-treated HUVECs

To investigate TBM’s effects on endothelium more directly,
we isolated primary HUVECs and simulated CLP using
LPS. As shown in Fig. 4, TBM could improve the cell
viability and tube formation of HUVECs which were
inhibited by LPS.

Fig. 2 TBM reduced oxidative stress of vessels in septic mice.Wild-
type C57BL/6 mice (n= 5/group) subjected to CLP and mice were
intraperitoneally injected with PBS (Ctrl and CLP group) or 4 mg/kg
TBM (TBM and CLP+ TBM group) 1 h before CLP. At 12 h post
CLP, mesenteric arteries were collected and examined using western
blotting. A Representative western blotting results of NOX2, Ac-
SOD2, SOD2, and SIRT3. B Statistical analysis of the NOX2/GAPDH
in each group. Differences among Ctrl, TBM, CLP, and CLP+ TBM
were analyzed using one-way analysis of variance (ANOVA) followed
by Dunnett’s post hoc test. Data are expressed as means ± SD, n= 4.

*p < 0.05; **p < 0.01. C Statistical analysis of the Ac-SOD2/SOD2 in
each group. Differences among Ctrl, TBM, CLP, and CLP+ TBM
were analyzed using one-way analysis of variance (ANOVA) followed
by Dunnett’s post hoc test. Data are expressed as means ± SD, n= 4.
***p < 0.001. D Statistical analysis of the SIRT3/GAPDH in each
group. Differences among Ctrl, TBM, CLP, and CLP+ TBM were
analyzed using one-way analysis of variance (ANOVA) followed
by Dunnett’s post hoc test. Data are expressed as means ± SD, n= 4.
**p < 0.01; ***p < 0.001.
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Fig. 3 TBM inhibited apoptotic signaling pathway in vessels of
septic mice. Wild-type C57BL/6 mice (n= 5/group) subjected to CLP
and mice were intraperitoneally injected with PBS (Ctrl and CLP group) or
4mg/kg TBM (TBM and CLP+TBM group) 1 h before CLP. At 12 h
post CLP, mesenteric arteries were collected and examined using western
blotting. A Representative western blotting results of apoptotic proteins.
B Statistical analysis of the cleaved caspase3/GAPDH in each group.
Differences among Ctrl, TBM, CLP, and CLP+TBM were analyzed
using one-way analysis of variance (ANOVA) followed by Dunnett’s post
hoc test. Data are expressed as means ± SD, n= 4. ***p < 0.001. C Sta-
tistical analysis of the Bax/Bcl-2 in each group. Differences among Ctrl,
TBM, CLP, and CLP+TBM were analyzed using one-way analysis of
variance (ANOVA) followed by Dunnett’s post hoc test. Data are
expressed as means ± SD, n= 4. **p < 0.01; ***p < 0.001.

Fig. 4 TBM improved cell viability and tube formation in LPS-
treated HUVECs. HUVECs were treated as described in materials
and methods. TBM (0–2 μM) was added to the TBM and LPS+ TBM
group, and 1 h later, LPS (10 μg/ml) was added to the LPS and LPS+
TBM group. After LPS treatment, cells were collected for detection
using CCK8 (LPS treated for 24 h) or tube formation assay (LPS
treated for 12 h). A Cell viability detected with CCK8. Differences
among groups were analyzed using one-way analysis of variance
(ANOVA) followed by Dunnett’s post hoc test. Data are expressed as
means ± SD, n= 4. ***p < 0.001. B Tube formation was detected
using endothelial cell tube formation assay. Scar bar: 500 μm. C Sta-
tistical analysis of endothelial cell tube formation ability expressed as
number of meshes. Differences among Ctrl, TBM, CLP, and CLP+
TBM were analyzed using one-way analysis of variance (ANOVA)
followed by Dunnett’s post hoc test. Data are expressed as means ±
SD, n= 4. *p < 0.05; **p < 0.01.
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Fig. 5 TBM alleviated oxidative stress in LPS-treated HUVECs.
HUVECs were treated as described in Fig. 4. Then, cells were
examined using ROS assay kit or western blotting. A Representative
results of ROS staining in each group. Scar bar: 300 μm. B Statistical
analysis of ROS fluorescence intensity. The relative fluorescence
intensity of ROS per field was determined using Image Pro Plus.
Differences among groups were analyzed using one-way analysis of
variance (ANOVA) followed by Dunnett’s post hoc test. Data are
expressed as means ± SD, n= 4. *p < 0.05; **p < 0.01. C Repre-
sentative western blotting results of NOX2, Ac-SOD2, SOD2, and
SIRT3. D Statistical analysis of the NOX2/GAPDH in each group.

Differences among groups were analyzed using one-way analysis of
variance (ANOVA) followed by Dunnett’s post hoc test. Data are
expressed as means ± SD, n= 4. ***p < 0.001. E Statistical analysis of
the Ac-SOD2/ SOD2 in each group. Differences among groups were
analyzed using one-way analysis of variance (ANOVA) followed by
Dunnett’s post hoc test. Data are expressed as means ± SD, n= 4.
***p < 0.001. F Statistical analysis of the SIRT3/GAPDH in each
group. Differences among groups were analyzed using one-way ana-
lysis of variance (ANOVA) followed by Dunnett’s post hoc test. Data
are expressed as means ± SD, n= 4. **p < 0.01; ***p < 0.001.
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TBM alleviated oxidative stress and apoptosis in
LPS-treated HUVECs

To illuminate the underlying mechanism, we investigated
TBM’s effects on oxidative stress and apoptosis in LPS-
treated HUVECs. As shown in Fig. 5A, B, intracellular
ROS enhanced by LPS was significantly inhibited by TBM.
LPS increased expression of NOX2 and the ratio of Ac-
SOD2/SOD2. While TBM could reverse these alterations
(Fig. 5C–E). In addition, TBM could restore the expression
of SIRT3 which was decreased in LPS-treated HUVECs
(Fig. 5C, F).

Besides, we also determined the effects of TBM on
apoptosis in LPS-treated HUVECs. We detected expression
of key apoptotic proteins using western blotting. LPS
induced a prominent apoptotic effect in HUVECs; TBM
could resist apoptosis in a dose-dependent manner. The
antiapoptotic effect of TBM was supported by decreased
levels of cleaved caspase3 and Bax/Bcl-2 (Fig. 6)

SIRT3 plays an essential role in the cytoprotective
effects of TBM in LPS-treated HUVECs

To examine SIRT3’s function in the protective roles of TBM
in LPS-treated HUVECs, we knockdown expression of
SIRT3 using siRNA. First, we designed and synthesized a
siSIRT3, and confirmed its efficiency and specificity using
western blotting. As shown in Fig. S1, siSIRT3 could
knockdown SIRT3 efficiently and specifically. Then,
SIRT3’s function in cell viability, antioxidative, and anti-
apoptotic effects of TBM were examined. As Fig. 7A
shown, siSIRT3 reversed the promotional effects of TBM on
cell viability significantly. In addition, the inhibitive effects
of TBM on NOX2 expression and the Ac-SOD2/SOD2 ratio
were abolished by siSIRT3 (Fig. 7B–D). The antiapoptotic
effect of TBM also largely abolished by siSIRT3. As shown
in Fig. 7F–H, siSIRT3 increased cleaved caspase3 and Bax/
Bcl-2 significantly. These results indicated that TBM might
protect against sepsis-induced endothelial dysfunction
through the SIRT3 signaling pathway.

Discussion

In this study, we examined the effects of TBM on endo-
thelial function of septic mice. In vivo, TBM improved the
integrity of endothelium, endothelium-dependent diastolic
function, and angiogenic ability of vessels in septic mice. In
vitro, TBM improved cell viability and tube formation of
LPS-treated HUVECs. Also, our results demonstrated that
TBM could inhibit oxidative stress and apoptosis caused by
CLP or LPS. To unveil how TBM could inhibit oxidative
stress and apoptosis, we knockdown expression of SIRT3

using siSIRT3. We found that TBM’s protective effects on
LPS-treated endothelial cells were abolished by siSIRT3.
According to our results, TBM might protect against
endothelial dysfunction via SIRT3.

Fig. 6 TBM inhibited apoptotic signaling pathway in LPS-treated
HUVECs. HUVECs were treated as described in Fig. 4. Then, cells
were examined using western blotting. A Representative western
blotting results of apoptotic proteins. B Statistical analysis of the
cleaved caspase3/GAPDH in each group. Differences among groups
were analyzed using one-way analysis of variance (ANOVA) followed
by Dunnett’s post hoc test. Data are expressed as means ± SD, n= 4.
**p < 0.01; ***p < 0.001. C Statistical analysis of the Bax/Bcl-2 in
each group. Differences among groups were analyzed using one-way
analysis of variance (ANOVA) followed by Dunnett’s post hoc test.
Data are expressed as means ± SD, n= 4. **p < 0.01; ***p < 0.001.
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Sirtuins family contains seven members (SIRT1–7) [23].
Among these sirtuins, SIRT1 has been reported to play
protective roles in a variety of organ injuries in sepsis, such

as lung injury, kidney injury, liver injury, and heart injury
[24–27]. But there is no study on SIRT1’s effect on sepsis-
induced endothelial dysfunction. We examined expression

Fig. 7 Pretreatment of siSIRT3 abolished the cytoprotective effects
of TBM in LPS-treated HUVECs. HUVECs were treated as
described in Fig. 4. To confirm the function of SIRT3, siSIRT3 was
transfected into the LPS+ TBM+ siSIRT3 group cells before LPS
treatment. After LPS treatment, cells were collected for detection using
CCK8 (LPS treated for 24 h) or western blotting (LPS treated for 12 h).
A Cell viability detected with CCK8. Differences among groups were
analyzed using one-way analysis of variance (ANOVA) followed by
Dunnett’s post hoc test. Data are expressed as means ± SD, n= 4.
**p < 0.01; ***p < 0.001. B Representative western blotting results of
NOX2, Ac-SOD2, SOD2, and SIRT3. C Statistical analysis of the
NOX2/GAPDH in each group. Differences among groups were ana-
lyzed using one-way analysis of variance (ANOVA) followed by
Dunnett’s post hoc test. Data are expressed as means ± SD, n= 4.
*p < 0.05; **p < 0.01. D Statistical analysis of the Ac-SOD2/ SOD2 in
each group. Differences among groups were analyzed using one-way

analysis of variance (ANOVA) followed by Dunnett’s post hoc test.
Data are expressed as means ± SD, n= 4. **p < 0.01; ***p < 0.001.
E Statistical analysis of the SIRT3/GAPDH in each group. Differences
among groups were analyzed using one-way analysis of variance
(ANOVA) followed by Dunnett’s post hoc test. Data are expressed as
means ± SD, n= 4. **p < 0.01; ***p < 0.001. F Representative wes-
tern blotting results of apoptotic proteins. G Statistical analysis of the
cleaved caspase3/GAPDH in each group. Differences among groups
were analyzed using one-way analysis of variance (ANOVA) followed
by Dunnett’s post hoc test. Data are expressed as means ± SD, n= 4.
*p < 0.05; **p < 0.01; ***p < 0.001. H Statistical analysis of the Bax/
Bcl-2 in each group. Differences among groups were analyzed using
one-way analysis of variance (ANOVA) followed by Dunnett’s
post hoc test. Data are expressed as means ± SD, n= 4. **p < 0.01;
***p < 0.001.

Tubeimoside I improves endothelial function in sepsis via activation of SIRT3 905



of SIRT1 in septic vessels and LPS-treated HUVECs, and
found that expression of SIRT1 was inhibited by CLP or
LPS (Fig. S2). Although SIRT1 might play a role in sepsis-
induced endothelial dysfunction, TBM treatment could not
reverse reduced expression of SIRT1. This result demon-
strated that TBM functioned via SIRT3 specifically.

Apart from TBM, several other drugs have been reported
to protect against sepsis-induced endothelial dysfunction via
SIRT3, such as polydatin, resveratrol, honokiol, and mela-
tonin [7, 28–30]. Although all above drugs could induce the
expression of SIRT3, their mechanisms are different.
Polydatin, resveratrol, honokiol, and melatonin induced
expression of SIRT3 through SIRT1–peroxisome pro-
liferator activated receptor γ coactivator-1α signaling path-
way. In our study, we did not observe inducible effect of
TBM on expression of SIRT1. It would be meaningful to
figure out how TBM induced expression of SIRT3. We
analyzed the structure of TBM and found that it contained a
structure (red box marked part in Fig. S3A) similar with
estrogen (Fig. S3B). It was reported that transcription factor
estrogen related receptors (EERs) could bind the SIRT3
promoter directly and regulate SIRT3 expression [31, 32].
We speculate that TBM induces expression of SIRT3
through EERs. We will test this hypothesis in future.

In sepsis, amounts of inflammatory factors are produced
and they induced a great quantity of ROS [33, 34]. ROS
damages the vascular endothelium of the whole body and
ultimately leads to organs dysfunction [2, 33]. People have
tried to treat sepsis by reducing ROS. At present, activated
protein C is the only one drug approved by the Food and
Drug Administration of the USA used to reduce ROS in
sepsis. However, activated protein C is no longer used in the
clinical treatment of sepsis due to its strong side effects and
poor efficacy [35, 36]. In this study, our results demon-
strated that TBM could alleviate sepsis-induced endothelial
dysfunction. Previously, we have reported that TBM could
improve survival of mice in sepsis [19]. All these results
indicate that TBM is a promising new therapeutic agent
against sepsis-induced endothelial dysfunction.

Our study has two limitations to be addressed. First,
SIRT3 contains two isoforms, a long form (~44 kDa) and a
short form (~28 kDa). The short form SIRT3 primarily
resides in mitochondria and is more likely to exhibit dea-
cetylase activity [37]. So, we examined the short form
isoform of SIRT3 in this study. However, discrepancy of
the two SIRT3 isoforms was demonstrated in a cardiac
hypertrophy model [38]. Further studies need to be done
concerning these two isoforms. Second, although we
showed that TBM worked through SIRT3, we did not figure
out the mechanism by which TBM increased SIRT3 in
sepsis. We will study this in future.

In conclusion, the present data show for the first time that
intraperitoneal injection of TBM alleviates sepsis-induced

endothelial dysfunction. Our data suggest that TBM pro-
tects against sepsis-induced endothelial dysfunction by
reducing oxidative stress and apoptosis via SIRT3. TBM is
a promising new therapeutic agent against sepsis-induced
endothelial dysfunction.
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