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Gastrodin attenuates lipopolysaccharide-induced
inflammation and oxidative stress, and promotes the
osteogenic differentiation of human periodontal ligament
stem cells through enhancing sirtuin3 expression
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Abstract. Periodontitis is a common inflammatory gum
disease that destroys the periodontal tissue. Gastrodin (GAS)
is the predominant bioactive component of Gastrodia elata
Blume and exhibits anti-inflammatory, anti-apoptotic and
antioxidant effects in various diseases, including bone-related
diseases. The aim of the present study was to investigate
whether GAS could protect lipopolysaccharide (LPS)-treated
human periodontal ligament stem cells (hPDLSCs) against
injury and inflammation, and to determine the potential under-
lying mechanisms. hPDLSCs were treated with LPS and GAS,
alone or in combination, and cell viability, inflammation,
oxidative stress levels and apoptosis were analyzed using a Cell
Counting Kit-8 assay, ELISA assay, western blotting and flow
cytometry, respectively. The osteogenic differentiation capacity
was evaluated using an alkaline phosphatase (ALP) assay and
Alizarin Red S staining. Sirtuin 3 (SIRT3) was silenced in
cells treated with LPS and GAS to verify the involvement of
SIRTS3 in the effects of GAS. The results demonstrated that
LPS-induced decrease in cell viability was rescued by treat-
ment with 1, 10 or 50 uM GAS. The LPS-induced production
of proinflammatory cytokines and increased level of oxidative
stress were also inhibited following treatment with 50 M
GAS. Furthermore, GAS significantly promoted ALP activity,
increased the number of mineralized nodules and increased
the expression of proteins involved in osteogenic differen-
tiation, including ALP, Runx2, osteocalcin and osteopontin,
after osteoinduction, which were all downregulated following
LPS stimulation. In addition, GAS prevented LPS-induced
cell apoptosis and restored the imbalance of anti-apoptotic
and proapoptotic proteins in hPDLSCs. In addition, SIRT3
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knockdown significantly inhibited the protective effect of
GAS on LPS-induced hPDLSC injury. In summary, the find-
ings form the present study suggested that GAS may protect
hPDLSCs from LPS-induced inflammation, apoptosis and
oxidative stress, as well as promote their osteogenic differen-
tiation. The effect of GAS on the osteogenic differentiation of
hPDLSCs may therefore depend on the upregulated expression
of SIRT3.

Introduction

Chronic periodontitis is one of the most common oral diseases,
with increasing prevalence with age; ~11.2% of people world-
wide has severe periodontitis (1). Chronic periodontitis is a
severe inflammatory disease, which results in the destruction
of the periodontal tissue. Periodontal tissue, which is composed
of the periodontal ligaments, alveolar bone, gingiva and
cementum, surrounds and supports the teeth, and maintains
their function. The deterioration of chronic periodontitis will
eventually cause teeth to gradually loosen or even fall out (2).
The aim of periodontal tissue regeneration is to concurrently
control inflammation and stimulate stem cells to regenerate
new periodontal tissue (3).

The human periodontal ligament tissue is a dense fibrous
tissue, which is highly elastic and can absorb the force exerted by
the teeth whilst chewing. Periodontal ligament cells comprise
periodontal ligament fibroblasts, osteoblasts, undifferentiated
mesenchymal stem cells and cementoblasts (4). Among these
cells, undifferentiated mesenchymal stem cells, also known as
human periodontal ligament stem cells (hPDLSCs), can differ-
entiate into alveolar bone and periodontal ligament-like tissues
and have the potential of multi-directional differentiation (5).
Seo et al (6) successfully isolated hPDLSCs from periodontal
ligament tissue and transplanted hPDLSCs into rodents with
weakened immune functions. The hPDLSCs exhibit the char-
acteristics of mesenchymal stem cells, including increased
colony formation and a high proliferative ability, and they
also have multiple differentiation capabilities which could
be used for periodontal tissue regeneration (7). However, the
differentiation potential of hPDLSCs in the periodontal tissue
of patients with chronic periodontitis is known to be impaired,
leading to a decline in their regeneration ability (8). Therefore,



2 FENG: GASTRODIN ATTENUATES PERIODONTITIS in vitro

it is particularly important to overcome the adverse effects of
inflammation on PDLSCs.

Gastrodin (GAS) is the major bioactive component of the
Chinese herbal medicine Gastrodia elata Blume. GAS has
been reported to exhibit anti-inflammatory, anti-apoptotic
and antioxidant effects in various types of disease. For
example, GAS was demonstrated to ameliorate cerebral
ischemic injury by inhibiting inflammation and apoptosis in
animal models (9-12). In addition, previous studies suggested
that GAS may attenuate lipopolysaccharide (LPS)-induced
inflammation and apoptosis in lung cells both in vitro and
in vivo (13,14). In particular, the protective effect of GAS on
bone-related diseases has also been reported. Zheng et al (15)
demonstrated that GAS prevents steroid-induced osteonecrosis
in the femoral head of rats by inducing some anti-apoptotic
effects. GAS also exhibits an anti-osteoporosis effect by
reducing reactive oxygen species levels (16), and inhibits
osteoclastogenesis by downregulating the nuclear factor of
activated T cells signaling pathway and stimulating osseointe-
gration in vitro (17). In addition, GAS can prevent and/or delay
dexamethasone-induced osteoporosis by improving osteoblast
function (18). These findings indicate the regulatory role of
GAS on osteocyte biological functions. However, whether
GAS might protect hPDLSCs against LPS-induced injury has
not been elucidated, to the best of our knowledge.

It has been previously reported that GAS can attenuate the
activation of microglia by regulating the renin-angiotensin
system and sirtuin 3 (SIRT3) signaling pathways (19). SIRT3
is one of seven mammalian sirtuins that belong to a conserved
family of proteins that possess NAD*-dependent deacety-
lase activity (20). SIRT3, which is primarily located in the
mitochondria, has been demonstrated to bind and deacetylate
metabolic and respiratory enzymes that regulate important
mitochondrial functions (21). It has also been suggested that
SIRT3 might serve a key role in numerous metabolic- and
aging-related diseases, including cardiovascular disease,
age-related hearing loss, cancer, obesity and type 2
diabetes (22-25). Bone marrow metabolism has been reported
to be closely associated with systemic metabolism (26).
However, to the best of our knowledge, little is known about
the role of SIRT3 in regulating bone marrow metabolism. A
previous study reported that 8-week-old mice with SIRT3 defi-
ciency present with osteopenia, indicating that SIRT3 might
play a positive role in the formation of peak bone mass (27).

The present study hypothesized that GAS may play a
protective role in LPS-treated hPDLSCs, and that this mecha-
nism of action may be associated with SIRT3. The study aimed
to elucidate the mechanisms underlying the effects of GAS,
with the intention of providing insight for developing strate-
gies for the treatment of chronic periodontitis.

Materials and methods

Cell culture. Fresh decayed premolars were obtained from
five volunteers (all female; age, 18-20 years) who received
orthodontic treatment voluntarily between May 2019 and
May 2021 according to the ethics approval received from The
Xingyi People's Hospital (approval no. 20190512). The patients
provided consent for the use of their samples in scientific
research. The collected premolars were placed in o-minimum

essential medium (a-MEM; Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 5% 100 U/ml penicillin and 100 pg/ml
streptomycin (Gibco; Thermo Fisher Scientific, Inc.). After
washing three times with PBS, 1/3 of the periodontal ligament
tissue from the root was removed and cut into small pieces
with a blade. The cut tissues were placed in 3 mg/ml type I
collagenase (Sigma-Aldrich; Merck KGaA) and 4 mg/ml
dispase II enzymes (Roche Diagnostics) and digested at 37°C
for 40 min to obtain a single cell suspension. The single cell
suspension was filtered through a 70-ym cell strainer, seeded
into a 10-cm culture dish at the density of 2x10° cells/cm? and
cultured in o-MEM supplemented with 20% FBS (Gibco;
Thermo Fisher Scientific, Inc.) at 37°C. The cell medium was
changed every 3 days. Once cells reached 80-90% confluence,
they were harvested with 0.25% trypsin-0.2% EDTA and
passaged at 1:2 for further use. hPDLSCs between the fourth
and sixth passages were used in subsequent experiments (28).

Short hairpin (sh)RNA transfection. The sh-negative
control (shRNA-NC) and shRNAs specific for SIRT3
(shRNA-SIRT3-1, shRNA-SIRT3-2) were purchased from
Oligobio. The shRNAs (100 ng) were transfected into
hPDLSCs using Lipofectamine® 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions. Reverse transcription-quantitative (RT-q)PCR was used
to verify the transfection efficiency at 72 h post-transfection.

Cell Counting Kit-8 (CCK-8) assay. hPDLSCs were seeded
into 96-well microplates at the density of 3x10° cells/well
and allowed to adhere for 24 h at 37°C. Cells were pretreated
with 0.1, 1, 10, 50 or 100 nM GAS for 1 h (Sigma-Aldrich;
Merck KGaA; purity >98%) and then treated with
10 pg/ml LPS (Beijing Solarbio Science & Technology Co.,
Ltd.) for 24 h at 37°C. Following treatment, 10 ul CCK-8 solu-
tion (MedChemExpress) was added to each well and incubated
at 37°C for 2 h in the dark. The absorbance was measured at
a wavelength of 450 nm using a microplate reader (Bio-Rad
Laboratories, Inc.).

Enzyme-linked immunosorbent assay (ELISA), and the
detection of malondialdehyde (MDA) and lactate dehydroge-
nase (LDH). After stimulating hPDLSCs with 50 uM GAS for
1 h followed by 10 ug/ml LPS for 24 h at 37°C, the cell culture
supernatant was collected. The concentrations of tumor
necrosis factor-a (TNF-a; cat. no. PT518) and interleukin-6
(IL-6; cat. no. PI330) were measured using ELISA kits
according to the manufacturers' instructions. The MDA (cat.
no. SO0131S) and LDH (cat. no. C0016; both Beyotime Institute
of Biotechnology) were measured using corresponding Kits in
accordance with the manufacturers' protocols.

Alkaline phosphatase (ALP) assay. hPDLSCs were seeded
into a 6-well plate at the density of 1x10° cells/well and
cultured in medium supplemented with 10% FBS for 24 h
at 37°C. Then, hPDLSCs were pretreated with 50 uM GAS
(10 pug/ml) for 1 h at 37°C and 10 pg/ml LPS was added into
the osteogenic induction culture medium (containing 10%
FBS, 10-® mol/l dexamethasone, 50 mg/l ascorbic acid and
10 mmol/1 B-glycerophosphate sodium; Sigma-Aldrich; Merck
KGaA), in which hPDLSCs were cultured for 7 days at 37°C.
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Subsequently, cells were permeabilized with 1% Triton-X at
room temperature for 30 min and ALP activity was determined
with an ALP activity kit (cat. no. P0321S; Beyotime Institute
of Biotechnology) according to the manufacturer's instruc-
tions. The optical density was determined at a wavelength of
520 nm in the dark.

Alizarin Red S staining. To investigate the osteogenic differen-
tiation potential of hPDLSCs, cells were seeded into a 6-well
plate at the density of 1x10° cells/well and were pretreated
with 50 uM GAS for 1 h at 37°C. Following pretreatment,
10 pg/ml LPS was added into the aforementioned osteogenic
induction culture medium. After 21 days induction, Alizarin
Red S (Beijing Solarbio Science & Technology Co., Ltd.) was
used to detect the levels of mineralization according to the
manufacturer's protocol. The absorbance was measured at a
wavelength of 490 nm.

Flow cytometry. The hPDLSCs were centrifuged at 700 x g
for 5 min at room temperature and then gently resuspended
in 500 gl Annexin V-FITC solution (Beijing Solarbio Science
& Technology Co., Ltd.). After being mixed and incubated
at room temperature for 10 min in the dark, the cells were
centrifuged at 700 x g for 5 min at room temperature and
then gently resuspended in 500 ul Annexin V-FITC binding
solution (Beijing Solarbio Science & Technology Co., Ltd.).
Subsequently, 10 x1 PI (Beijing Solarbio Science & Technology
Co., Ltd.) staining solution was added to the cells, mixed and
incubated in an ice bath in the dark for 30 min. Flow cytometry
(BD FACSCalibur; BD Biosciences) and FlowJo v10 (FlowJo,
LLC) were used to detect and analyze the apoptosis rate.

Western blotting. \PDLSCs were pretreated with 50 uM GAS
for 1 h and with 10 yg/ml LPS, which was added into the
osteogenic induction culture medium for 7 days. After treat-
ment, hPDLSCs were lysed using RIPA lysis buffer (Beyotime
Institute of Biotechnology) at 4°C and the protein concentration
was detected using a BCA kit (Abcam). Proteins (30 pg/lane)
were separated by 10% SDS-PAGE and transferred onto PVDF
membranes, which were blocked with 5% skimmed milk at
room temperature for 2 h. The membranes were then incu-
bated at 4°C overnight with primary antibodies against ALP
(1:1,000; cat. no. sc-271431; Santa Cruz Biotechnology, Inc.),
RUNX family transcription factor 2 (Runx2; 1:1,000; cat.
no. sc-390351; Santa Cruz Biotechnology, Inc.), osteocalcin
(OCN; 1:1,000; cat. no. sc-365797; Santa Cruz Biotechnology,
Inc.), osteopontin (OPN; 1:1,000; cat. no. sc-21742; Santa Cruz
Biotechnology, Inc.), SIRT3 (1:1,000; cat. no. sc-365175; Santa
Cruz Biotechnology, Inc.), Bcl-2 (1:1,000; cat. no. sc-7382;
Santa Cruz Biotechnology, Inc.), Bax (1:1,000; cat. no. sc-7480;
Santa Cruz Biotechnology, Inc.), pro-caspase-3 (1:1,000; cat.
no. sc-7272; Santa Cruz Biotechnology, Inc.), pro-caspase-9
(1:1,000; cat. no. sc-56076; Santa Cruz Biotechnology, Inc.),
GAPDH (1:1,000; cat. no. sc-47724; Santa Cruz Biotechnology,
Inc.), cleaved caspase-3 (1:1,000; cat. no. 9661; Cell Signaling
Technology, Inc.) and cleaved caspase-9 (1:1,000; cat.
no. 20750; Cell Signaling Technology, Inc.). GAPDH was
used as the internal loading control. Following the primary
antibody incubation, the membranes were incubated with
a horseradish peroxidase-conjugated goat anti-rabbit IgG

(1:10,000; cat. no. ab205718; Abcam) or goat anti-mouse IgG
secondary antibody (1:10,000; cat. no. 43593; Cell Signaling
Technology, Inc.) for 2 h at room temperature. Protein bands
were visualized using enhanced chemiluminescence reagent
(Santa Cruz Biotechnology, Inc.) and exposed to X-ray film
(Kodak). Relative expression levels were normalized to endog-
enous control GAPDH using GelDox XR system (Bio-Rad
Laboratories, Inc.).

Statistical analysis. Statistical analysis was performed
using GraphPad Prism 8.0.1 software (GraphPad Software,
Inc.). All data were confirmed to be normally distributed
using a D'Agostino-Pearson test and were presented as the
means + standard deviation of three independent experiments.
Statistical differences between the various experimental
groups were analyzed using a one-way ANOVA followed by
Tukey's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

GAS rescues the LPS-induced decreased viability of
hPDLSCs. hPDLSCs derived from periodontal ligament
explants had a long, spindle-like morphology (Fig. 1A). The
effect of GAS on hPDLSC viability was determined and the
results revealed that GAS, at concentrations of 0.1, 1, 10, 50
or 100 uM, did not exert significant effects on cell viability
(Fig. 1B). Subsequently, the effect of 0.1, 1, 10 or 50 uM GAS
on the viability of LPS-stimulated hPDLSCs was evaluated.
The results demonstrated that cell viability was significantly
impaired following LPS treatment, while the addition of 10 or
50 uM GAS effectively restored hPDLSC viability (Fig. 1C).
Subsequent experiments were performed using 50 uM GAS,
as the viability of LPS-treated hPDLSCs was the highest
following GAS treatment at this dose. These data indicated
that GAS may rescue the viability of hPDLSCs injured by LPS.

GAS inhibits the inflammation and oxidative stress associated
with LPS-treated hPDLSCs. The levels of released proinflam-
matory factors, including TNF-a and IL-6, and the levels
of markers of oxidative stress, MDA and LDH, were deter-
mined using ELISAs and corresponding kits. As presented
in Fig. 1D and E, the production of TNF-a and IL-6 was
not affected by 50 uM GAS, but it was markedly enhanced
following LPS treatment. However, the cotreatment of GAS
and LPS significantly reduced TNF-a and IL-6 concentrations
compared with the LPS group. Similarly, the LPS-induced
increased contents of MDA and LDH were also significantly
decreased following treatment with GAS (Fig. 1F and G,
respectively). These results suggested that GAS may suppress
LPS-induced inflammation and oxidative stress in hPDLSCs.

GAS promotes the osteogenic differentiation of LPS-stimulated
hPDLSCs. We investigated whether GAS could promote
osteogenic differentiation in LPS-treated hPDLSCs. The
ALP activity was found to be significantly decreased in the
LPS group compared with that in the control group, whereas
ALP activity was significantly increased in the GAS + LPS
group compared with the LPS group (Fig. 2A). As presented
in Fig. 2B and C, the LPS-induced decrease in the number of



4 FENG: GASTRODIN ATTENUATES PERIODONTITIS in vitro

A
B 150+ C 150+
& 100 4 & 100 -
2 2
3 3
8 ©
> >
5 50- 5 501
o 1$)
0- 04
0 0.1 1 10 50 100 © ) tw 0 L+ +O0
2 @ Sa Sa sSa Sa
c - 3 - 3 - 3 - 3 -
GAS (uM) 8 - - o =)
o %) - 0
%) <€ 7] o
< (0] < <
o] (O] (O]
D 4001 xo E 1501
*kk
_ 3001
£ #h 3100- it
KX I > =
s 200 4 %
L T
z = 50-
100 4
0- 04
5 %) 0 %) 5 %) %) »
- - T S - T
§ 3 g 3
< <
S (O]
F 151 G s-
Kk Kk *kk
Q‘I.O- —~ 4
2 i S
3 e T
s =) e
0.5 4 2 I
0.04 0 -
5 %) %) %) 5 %) %) »
S - T £ g % g
§ ° 3 g ¢ 3
< <
0] 0]

Figure 1. Effect of GAS on LPS-induced inflammation and oxidative stress in hPDLSCs. (A) hPDLSCs derived from periodontal ligament explants had a
long spindle-like morphology (magnification, x200). (B) Viability of hPDLSCs exposed to different concentrations of GAS (0, 0.1, 1, 10, 50 and 100 xzM).
(C) Viability of control hPDLSCs or LPS-treated hPDLSCs exposed to different concentrations of GAS (0, 0.1, 1, 10 and 50 xM). (D and E) Concentration of
TNF-a and IL-6 in the culture medium of hPDLSCs. (F and G) Concentration of MDA and LDH in the culture medium of hPDLSCs. ““P<0.001 vs. control.
#P<0.05 and *#P<0.001 vs. LPS. GAS, gastrodin; hPDLSCs, human periodontal ligament stem cells; IL-6, interleukin-6; LDH, lactate dehydrogenase; LPS,
lipopolysaccharide; MDA, malondialdehyde; TNF-a, tumor necrosis factor-o.

mineralized nodules was significantly restored by the addition =~ OPN, was also determined. The results demonstrated that
of GAS. The expression of proteins reflecting the osteogenic =~ GAS alone had no effect on the expression of these proteins;
differentiation ability, including ALP, Runx2, OCN and however, LPS treatment significantly decreased the expression
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Figure 2. Effect of GAS on osteogenic differentiation of LPS-stimulated hPDLSCs. (A) ALP expression in hPDLSCs was measured using ALP kit. (B) Alizarin
Red staining images of hPDLSCs (magnification, x200). (C) Alizarin Red staining quantification. (D) Protein expression of ALP and Runx2 was detected by
western blotting. (E) Protein expression of OCN and OPN was detected by western blotting. ““P<0.001 vs. control; *P<0.05, #P<0.01 and *#P<0.001 vs. LPS.
ALP, alkaline phosphatase; GAS, gastrodin; hPDLSCs, human periodontal ligament stem cells; LPS, lipopolysaccharide; OCN, osteocalcin; OD, optical

density; OPN, osteopontin; Runx2, RUNX family transcription factor 2.

of ALP, Runx2, OCN and OPN. Conversely, addition of GAS
to LPS-treated cells significantly upregulated the expression of
ALP, Runx2, OCN and OPN (Fig. 2D and E).

GAS inhibits the apoptosis of LPS-treated hPDLSCs. The
changes in hPDLSC apoptosis were measured following different
treatments. As presented in Fig. 3A and B, the results from flow
cytometry revealed that LPS significantly increased the cell
apoptotic rate, which was then significantly decreased following
cotreatment with GAS. Furthermore, as seen in Fig. 3C, GAS
had no effect on Bcl-2, Bax and cleaved caspase-3/9 expression,
while LPS stimulation significantly decreased Bcl-2 expres-
sion and increased Bax and cleaved caspase-3/9 expression.
Additionally, co-treatment with GAS and LPS significantly
attenuated the effects of LPS alone in hPDLSCs, suggesting that
inhibition of apoptosis by GAS was partially a result of modula-
tion of these apoptosis-associated proteins.

SIRT3 knockdown suppresses the protective effect of GAS on
LPS-induced hPDLSC injury. We aimed to confirm the role
of SIRT3 in the protective effect of GAS against LPS-induced

hPDLSC injury. The expression of SIRT3 in hPDLSCs cultured
in control medium and medium supplemented with GAS, LPS
or GAS + LPS, was detected. As illustrated in Fig. 4A, SIRT3
expression was not altered in the GAS group, while it was
significantly decreased in the LPS group compared with the
control group. Furthermore, SIRT3 expression was found to
be significantly increased in the GAS + LPS group compared
with the LPS group, indicating that the addition of GAS may
upregulate the expression of SIRT3.

To further investigate the regulatory effect of SIRT3,
its gene expression was silenced using targeting shRNA.
shRNA-SIRT3-1 was selected to knockdown SIRTS3, as it
exerted the highest transfection efficiency (Fig. 4B). The effect
of GAS on the LPS-induced production of TNF-a, IL-6,
MDA and LDH was significantly suppressed following SIRT3
knockdown (Fig. 4C-F). In addition, compared with the LPS
group, the increased activity of ALP and number of miner-
alized nodules in the GAS + LPS group were significantly
diminished following SIRT3 silencing (Fig. SA-C). The results
presented in Fig. 5D and E demonstrated that the effects of GAS
on ALP, Runx2, OCN and OPN expression in LPS-stimulated
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Figure 3. Effect of GAS on LPS-induced apoptosis in hPDLSCs. (A and B) Apoptosis was detected by flow cytometry. (C) Expression of Bcl-2, Bax,
c/pro-caspase 3 and c/pro-caspase 9 was determined by western blotting. ““P<0.001 vs. control; “P<0.05, “/P<0.01 and "#P<0.001 vs. LPS. ¢, cleaved; GAS,
gastrodin; hPDLSCs, human periodontal ligament stem cells; LPS, lipopolysaccharide.

hPDLSCs were significantly weakened by SIRT3 knockdown.
Furthermore, compared with the LPS group, the GAS-induced
decrease in the apoptotic cell rate (Fig. 6A and B), alongside its
effects on the expression of proteins associated with apoptosis
in LPS-treated hPDLSCs (Fig. 6C), were also prevented by
SIRT3 knockdown. These findings indicated that the protec-
tive effect of GAS against LPS-induced hPDLSC injury may
be mediated by SIRT3 upregulation.

Discussion

Chronic periodontitis is a severe inflammatory disease, which
results in the destruction of periodontal tissues. LPS is an
active pathogenic substance of gram-negative bacteria that
serves an important role in the occurrence and development
of periodontitis. Previous studies have reported that the LPS
content in gingival crevicular fluid is closely associated with
the degree of inflammation in periodontal tissue, and the
higher the LPS content, the more severe the inflammation of
the periodontal tissue (29-31). LPS can cause local allergic
reactions in the periodontal tissue by activating monocytes
to produce cytokines and activating complement to release
allergic mediators, thereby leading to the destruction of the
periodontal tissue (32). In addition, LPS has been demon-
strated to inhibit the osteogenic differentiation of hPDLSCs

in vitro (33). In the present study, hPDLSCs were cultured
with an appropriate concentration of LPS simulate the
inflammatory microenvironment. Consistent with findings
from a previous study (34), we observed that LPS stimulation
impaired cell viability, induced the production of cytokines
involved in the inflammatory response and led to an increased
oxidative stress. The activity of ALP, the number of mineral-
ized nodules and the protein expression of ALP, Runx2, OCN
and OPN were also decreased following LPS stimulation. In
addition, LPS triggered the apoptosis of hPDLSCs. These
results confirmed the extent of injury and destruction caused
by LPS onto hPDLSCs.

GAS has been widely reported to exhibit beneficial effects
in a variety of neurological diseases and psychiatric disorders,
such as Alzheimer's disease, Parkinson's disease and affective
disorders, by inhibiting oxidation, inflammation and apoptosis,
suppressing microglial activation and regulating mitochon-
drial cascades (35). Although a previous study revealed
the protective effect of GAS on bone-related diseases (36),
research into the specific effects and underlying mechanisms
of action of GAS in LPS-induced hPDLSC injury is unknown
to the best of our knowledge. The present study demonstrated
that GAS could protect hPDLSCs against LPS-induced
decrease in cell viability. The concentration of proinflamma-
tory cytokines and MDA levels in LPS-stimulated hPDLSCs
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Figure 4. Effect of SIRT3 silencing on GAS-inhibition of inflammation and oxidative stress. (A) Expression of SIRT3 in hPDLSCs. ““P<0.001 vs. control.
"P<0.01 vs. LPS. (B) mRNA expression of SIRT3 in control hPDLSCs or hPDLSCs transfected with corresponding vectors. ““P<0.001 vs. control. 7#P<0.001
vs. ShRNA-NC. (C and D) Concentration of TNF-a and IL-6 in the culture medium of hPDLSCs. (E and F) Concentration of MDA and LDH in the culture
medium of hPDLSCs. ““P<0.001 vs. control. “"P<0.001 vs. LPS; 244P<0.001 vs. GAS + LPS + shRNA-NC. GAS, gastrodin; hPDLSCs, human periodontal
ligament stem cells; IL-6, interleukin-6; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; MDA, malondialdehyde; NC, negative control; sh, short
hairpin; TNF-a, tumor necrosis factor-a.
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Figure 5. Effect of SIRT3 silencing on GAS promotion of osteogenic differentiation in LPS-stimulated hPDLSCs. (A) ALP expression in hPDLSCs was
measured using ALP kit. (B) Alizarin Red staining images of hPDLSCs (magnification, x200). (C) Alizarin Red staining quantification. (D) Expression
of ALP and Runx2 was detected by western blotting. (E) Expression of OCN and OPN was detected by western blotting. ““P<0.001 vs. control; "#P<0.001
vs. LPS; “P<0.05, *P<0.01 vs. GAS + LPS + shRNA-NC. ALP, alkaline phosphatase; GAS, gastrodin; hPDLSCs, human periodontal ligament stem cells;
LPS, lipopolysaccharide; NC, negative control; OCN, osteocalcin; OD, optical density; OPN, osteopontin; Runx2, RUNX family transcription factor 2; sh,

short hairpin; SIRT3, sirtuin 3.

were also decreased following GAS treatment. In particular,
the LPS-induced inhibition of ALP activity, mineralized
nodule formation and ALP,Runx2, OCN and OPN expression,
were all rescued by GAS. Enhanced ALP activity is known
to increase the concentration of calcium and phosphorus ions
in the bone tissue, promote the deposition of calcium and
phosphorus in the bone tissue and thus promote bone tissue
mineralization (37). Runx2 appears to be the master gene
involved in the process of osteogenesis, as increased Runx2
can promote the expression of OPN and OCN, which are
both osteogenesis-related markers and required for terminal
osteoblast differentiation (38). The results of the present study
indicated that GAS may promote the osteogenic differentia-
tion of hPDLSCs in response to LPS. Furthermore, GAS could
prevent LPS-induced cell apoptosis, which further confirmed
the anti-apoptotic effect of GAS.

Mechanistically, the results of the present study revealed
that LPS could downregulate SIRT3 expression, whereas
addition of GAS partially reversed this effect, suggesting

that GAS may exert its beneficial effect on hPDLSCs via
upregulating SIRT3 expression. To validate this hypothesis,
SIRT3 knockdown experiments were performed. The
results demonstrated that the inhibitory effect of GAS on
LPS-induced hPDLSC viability was diminished, and the
inhibition of inflammation, oxidative stress and osteogenic
differentiation, and increased level of cell apoptosis induced
by GAS, were effectively suppressed by SIRT3 silencing. A
previous study reported that, following SIRT3 knockdown,
the expression levels of bone formation-related genes are
significantly downregulated, which might be associated with
peroxisome proliferator-activated receptor y coactivator 1-a
(PGC-la)/superoxide dismutase 2 (SOD2)-induced
regulation of mitochondrial function (39). In addition to the
influence of SIRT3 silencing on the effects of GAS on bone
formation-related genes, the present study also demonstrated
that SIRT3 could affect MDA levels, which is a prominent
marker of oxidative stress (40). Therefore, the underlying
mechanisms of GAS in osteogenic differentiation and
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Figure 6. Effect of SIRT3 silencing on GAS inhibition of apoptosis in LPS-stimulated hPDLSCs. (A and B) Cell apoptosis was detected by flow cytometry.
(C) Expression of Bcl-2, Bax, c/pro-caspase 3 and c/pro-caspase 9 was determined by western blotting. ““P<0.001 vs. control; “*P<0.001 vs. LPS; “P<0.05,
43P<0.01 and 24*P<0.001 vs. GAS + LPS + shRNA-NC. ¢, cleaved; GAS, gastrodin; hPDLSCs, human periodontal ligament stem cells; LPS, lipopolysac-

charide; NC, negative control; sh, short hairpin.

oxidative stress may be associated with the SIRT3-induced
regulation of PGC-10/SOD2. Taken together, the findings
from the present study indicated that GAS may partly exert
its effect on LPS-induced hPDLSC injury by upregulating
SIRT3.

In summary, to the best of our knowledge, the present
study was the first to demonstrate the protective effect of
GAS against inflammation, oxidative stress and apoptosis
in LPS-treated hPDLSCs, where it ultimately promoted

osteogenic differentiation. NADH levels have been used to
reflect the mitochondrial function of hPDLSCs (41), and
this will be further investigated to determine the underlying
mechanism of GAS. This study showed that the effects of GAS
may, at least in part, depend on the upregulation of SIRT3.
These results not only enhanced the current understanding of
the beneficial effects of GAS, but also provided evidence for
the therapeutic application of GAS in alleviating or treating
periodontitis.
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