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Taxifolin Protects Dental Pulp Stem Cells
under Hypoxia and Inflammation Conditions

Xiaohui Fu1, Yimiao Feng2, Bingyi Shao3, and Yanzhen Zhang1

Abstract
Background: Dental pulp stem cells (DPSCs) are a unique source for future clinical application in dentistry such as peri-
odontology or endodontics. However, DPSCs are prone to apoptosis under abnormal conditions. Taxifolin is a natural fla-
vonoid and possesses many pharmacological activities including anti-hypoxic and anti-inflammatory. We aimed to elucidate the
mechanisms of taxifolin protects DPSC under hypoxia and inflammatory conditions. Methods: DPSCs from human dental
pulp tissue was purchased from Lonza (cat. no. PT-5025. Basel, Switzerland)) and identified by DPSC’s biomarkers. DPSC
differentiation in vitro following the manufacturers’ instructions. ARS staining and Oil red staining verify the efficiency of dif-
ferentiation in vitro after 2 weeks. The changes of various genes and proteins were identified by Q-PCR and western-blot,
respectively. Cell viability was determined by the CCK-8 method, while apoptosis was determined by Annexin V/PI staining.
Results: DPSC differentiation in vitro shows that hypoxia and TNF-a synergistically inhibit the survival and osteogenesis of
DPSCs. A final concentration of 10 mM Taxifolin can significantly reduce the apoptosis of DPSCs under inflammation and
hypoxia conditions. Taxifolin substantially increases carbonic anhydrase IX (CA9) expression but not HIF1a, and inhibitions of
CA9 expression nullify the protective role of taxifolin under hypoxia and inflammatory condition. Conclusion: Taxifolin
significantly increased the expression of CA9 when it inhibits DPSC apoptosis and taxifolin synergistically to protect DPSCs
against apoptosis with CA9 under hypoxia and inflammatory conditions. Taxifolin can be used as a potential drug for clinical
treatment of DPSC-related diseases.
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Introduction

Stem cells have special ability to become more than one type

of cell in the body and also to keep dividing and multiplying

without limits1. According to their differentiation potential,

stem cells can be divided into totipotent stem cells, pluripo-

tent stem cells and unipotent stem cells2,3. Multipotent stem

cells are of great interest in regenerative medicine due to

their potential to repair damaged or diseased tissues, such

as DPSCs have an ability to study multilineage differentia-

tion in vitro and for therapeutic application4. What’s more,

DPSCs are not only capable to be differentiated into cemen-

toblasts, osteoblasts adipogenic, and chondrogenic lineages,

but also affect the progression of translational regenerative

medicine via modulating the immune response and

pro-osteogenic microenvironment around them5–7. A recent

study has also demonstrated that DPSCs can serve as a

potential treatment for periodontal regeneration8. In a word,

DPSCs have been useful not only for dental diseases, but

also for systemic other disease9.

But DPSCs are also highly vulnerable to a variety of

damages, such as hypoxia and inflammatory, causing cell

apoptosis. Hypoxia has been shown to promote apoptosis

and to decrease osteogenic differentiation in a variety of

cells, such as in MSCs and osteoblasts10–12. Previously study

implies hypoxia especially the mitochondria-dependent
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apoptosis pathways, which occur with a large release of

cytochrome c, activated caspase-9, and caspase-313. Study

showed that TNF-a could induct mouse MSCs apoptosis by

Fas apoptosis pathways14. Recent study further demon-

strated the inflammatory microenvironment also to promote

apoptosis and to reduce osteogenic differentiation in

DPSCs15. Several efforts have been made to improve the

property of MSCs against inflammation, including using

scaffolds and cell communication16–18, but there remain

some limitations restrict the application of them.

Taxifolin is an active flavonoid, and it is the most pre-

valent class of naturally-occurring compound10–12. Taxifolin

has been shown to exert a wide range of biochemical and

pharmacological effects, including anti-inflammatory,

against oxidative stress-Induced apoptosis and it contributes

to osteoclastogenesis in vitro and in vivo13–15. Importantly,

taxifolin exerts significant antioxidant effects that are critical

in preventing the onset of apoptosis19.

However, potential protective effects of taxifolin to

DPSC’s apoptosis and osteogenic differentiation have not

been studied. Further, and the underlying molecular mechan-

isms have not been investigated in detail. Therefore, the

present study was aimed to investigate protects of taxifolin

in the apoptosis and osteogenic differentiation of DPSCs

under hypoxia and inflammatory conditions, in order to

reveal protects of the taxifolin signaling pathway in DPSCs

anti-apoptosis and osteogenic differentiation. This may lay a

foundation for the diagnosis and treatment of the future clin-

ical application in dentistry and tissue regeneration.

Materials and Methods

Cell Culture

DPSCs from human dental pulp tissue was purchased from

Lonza (cat. no. PT-5025. Basel, Switzerland)) and identified

by DPSC’s biomarkers. Cryopreserved human DPSCs were

recovered from liquid nitrogen using an AccuVital cell

recovery kit (AccuRef Scientific, Goshen, NY, USA) and

cultured as previously reported. Single-cell suspensions

(0.01 to 1 � 105/well) of dental pulp were seeded into

6-well plates (Costar, USA) with alpha modification of

Eagle’s medium (Gibco, BRL, USA) supplemented with

20% FBS, 1% Pen-Strept, 10 nM dexamethasone, 50 mg/

ml L-ascorbic acid and 10 mM b-glycerophosphate,10 nM

calcitriol (Sigma, USA) for 14 d to induce osteogenic differ-

entiation and then incubated at 37�C in 5% CO2. For the

induction of adipogenesis, alpha-minimum essential

medium (MEM) supplemented with 10% FBS, 10% horse

serum, 1% Pen-Strept, 100 nM dexamethasone, 0.45 mM

isobutyl methyl xanthine, 3 mg/ml insulin (all purchased

from Sigma, USA), and 1 mM rosiglitazone (BRL49653;

Novo Nordisk, Denmark) was added to culture DPSCs for

14 d. For hypoxia treatment, DPSCs were cultured under 5%
O2 in a hypoxia chamber (STEMCELL Technologies, Van-

couver, USA) for 24 h at 37�C. For TNF-a treatment, cells

were treated with 20 ng/ml TNF-a for 24 h before collection.

The addition of Taxifolin is associated with hypoxia and

TNF-a treatment.

Flow Cytometry

Cells were dissociated into single cells and then fixed with

1% (vol/vol) paraformaldehyde for 20 min at room tempera-

ture and stained with primary and secondary antibodies in

PBS plus 0.1% (vol/vol) Triton X-100 and 0.5% (wt/vol)

bovine serum albumin (Sangon, Shanghai, China). Flow

cytometry sorting was performed to determine the expres-

sion levels of the cell surface markers CD44, CD146, and

CD105. DPSCs were harvested from T75 flasks, washed and

aliquoted equally into tubes. Cells were first incubated with a

blocking solution containing 10% FBS at room temperature

for 10 min followed by washing. Cells were then incubated

with the specific antibodies conjugated with fluorochromes

(Biolegends, San Diego, CA) at 4�C. After washing these

cells, data were collected on a FACSCaliber flow cytometer

(Beckton Dickinson, Sunnyvale, USA) and analyzed using

FlowJo (Version 10.5.4, FlowJo, LLC).

DPSCs Characterization and Differentiation

Adipogenic and Osteogenic differentiation were induced as

recommended by the manufacturer (R&D systems). DPSCs

were confirmed using flow cytometry sorting and measuring

gene expression of DPSCs markers, such as CD44, CD105,

and CD146. And cells were grown in 10% FBS containing

alpha minimum essential medium (a-MEM). The differen-

tiation medium of adipocytes was changed every 3–4 days.

The differentiation medium of osteoblasts was changed

twice per week. DPSCs were differentiated into chondro-

cytes, osteoblasts and adipocytes in vitro following the pro-

tocol of differentiation. Osteoblasts and adipocytes should

be observed at around 2 weeks after differentiation.

Alizarin Red S (ARS) Staining

DPSCs were seeded in 6-wells plates (1 � 105 cells/well)

and cultured in osteogenic medium. After fixation with 4%
PFA, the calcium deposits in the mineralization nodules

formed were stained by ARS solution (Solarbio, China).

To quantify ARS staining, the mineral stained was solubi-

lized in 5% SDS in 0.5 ml 0.5 N HCl for 30 min, and the

absorbance were further measured at 405 nm using a micro-

plate reader.

Oil Red O Staining

DPSCs were seeded in 12-wells plates (1 � 105 cells/well)

and cultured in adipose medium for 14 d to induce adipose

differentiation. After fixation with 4% PFA, the samples

were stained with Oil Red O. The staining procedure

required *18 min for Oil Red O. To perform the Oil Red

O staining, the slices were immersed in ready-to-use
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formalin for 1 minute, washed in running tap water, covered

with the working solution for 12 min, washed in source water

for 1 minute, covered with Mayer’s Hematoxylin for 1 min-

ute, washed a second time in running tap water for 3 min, and

mounted with watery media. A working solution composed

of 8 mL of Oil Red O diluted with 5 mL of deionized water

was prepared and left to rest for 10 min (Diapath, Bergamo,

Italy). Lipids on adipose differentiation cells were high-

lighted in flesh red.

Cell Counting Kit-8 (CCK-8) Assay

Cells were seeded in 96-well flat-bottom microplates

(Costar; Painted Post, NY, USA) with a density of 2 � 104

cells/well. After overnight incubation, the medium was

replaced by DMEM containing 10% FBS. The cells were

incubated for additional 24 hours, 48 hours, 72 hours, sepa-

rately. At each time point, 100 ml CCK-8 reagent (EXINNO,

Goshen, NY, USA) was added into each well. Cells were

incubated at 37�C subsequently for 2 hours. Against a back-

ground control, the sample absorbance was tested at 450 nm

via a microplate reader (Bio-Rad Laboratories, Inc.; Her-

cules, CA, USA).

Apoptosis Assay

DPSCs seeded in 6-well plates were cultured in vitro under

conditions of hypoxia (5% O2, 24 h) and/or inflammation

TNF-a (20 ng/ml, 24 h) after 24 hours. Then cells were

collected after digestion with 0.25% typsin-EDTA solution

(Cell biologics; Beijing, China), and subjected to apoptosis

analysis using the Annexin V-fluorescein isothiocyanate

(FITC)/propidium iodide (PI) Apoptosis Kit (BD Bios-

ciences; San Jose, CA, USA) following the manufacturer’s

instructions. Briefly, after washing with PBS (phosphate-

buffered saline) and the binding buffer for one time each,

cells were stained with Annexin V-FITC/PI for 20 min at

room temperature in a dark. After washing with the binding

buffer once, the labeled cells were detected immediately by a

flow cytometer (CytoFLEX; Beckman Coulter, Brea, CA,

USA). Flow cytometry data were analyzed using expo32

software (Beckman Coulter).

Real-Time Quantitative PCR

Total RNA and miRNA were extracted with the TRIzol

reagent (EXINNO) and the miRNeasy mini kit (Qiagen, Hil-

den, Germany), respectively, per the manufacturer’s proto-

cols. Total RNA (1 mg each sample) was used to synthesize

cDNA utilizing the PrimeScript® RT Master Mix Perfect Real

Time Reagent Kit (Takara Bio Inc.). For miRNA reverse

transcription, cDNA was synthesized using a universal tag

by using a miScript II RT kit (Qiagen). Quantitative reverse

transcription PCR (qRT-PCR) for miRNA and mRNA was

performed using a standard protocol from the SYBR Green

PCR kit (Toyobo, Osaka, Japan) on an AB7500 RT-PCR

instrument (Applied Biosystems, Foster City, CA, USA).

Relative quantification was determined by normalization to

GAPDH. The primers for qRT-PCR analysis were as follows:

ALP, forward 50-CCATACAGGATGGCAGTGAAGG-30,
reverse 50-TTGACCTCCTCGGAAGACACTC-30; RUNX2,

forward 50-TGCTTTGGTCTTGAAATCACA-30, reverse

50-TCTTAGAACAAATTCTGCCCTTT-30; OCN, forward

50-TGCCTGGAGAGGAGCAGAACT-30, reverse 50-
GGCGCTACCTGTATCAATGGC-30; GAPDH, forward

50-GGCATCCACTGTGGTCATGAG -30, reverse 50-
TGCACCACCAACTGCTTAGC-30; WNT3a, forward

50-GTGAGGACATTGAATTTGGAGG-30, reverse 50-
ACTTGAGGTGCATGTGACTG-30; b-catenin, forward

50-GCTACTGTTGGATTGATTCGAAATC-30, reverse

50-CCCTGCTCACGCAAAGGT-30;The PCR reaction pro-

tocol consisted of two steps: step one, initial denaturation for

30 s at 95�C step two, denaturation for 5 s at 95�C, annealing

and extension for 60 s at 60�C and fluorescence signal acqui-

sition. The experiments were repeated for 3 times and each

sample was run in triplicates. PCR product specificity was

confirmed by melting curve analysis. Gene expression levels

were calculated with the 2-DDCT method.

Western Blot

Protein samples from DPSCs culture in vitro were obtained

after cell lysis with the radioimmunoprecipitation assay lysis

buffer (RIPA; EXINNO, Xi’an, China) and subsequent cen-

trifugation at 13 000 g for 20 min at 4�C. Equal amount of

protein samples (20 mg each) was separated by 10% sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE), transferred to polyvinylidene difluoride (PVDF)

membranes in an AccuRef fast transferring buffer (AccuRef

Scientific), and incubated with indicated primary antibodies

overnight. Antibody including anti-ALP (cat. no. ab83259),

anti-RUNX2 (cat. no. ab236639), OCN (cat. no. ab133612),

WNT3a (cat. no. ab219412), b-catenin (cat. no. ab32572),

pro-casp3 (cat. no. ab32499), cleaved-casp3 (cat. no.

ab32042), cleaved-casp-9 (cat. no. ab2324), anti-CA9

(cat. no. ab243660), anti-HIF-1a (cat. no. ab51608), GLUT1

(cat. no. ab115730), anti-pro-casp9 (cat. no ab138412), BAX

(cat. no. ab32503) and the antibody for the loading control

GAPDH (cat. No. ab8245) and b-actin (cat. no. ab8226)

were all purchased from Abcam Company (Cambridge,

UK). After binding with the secondary horseradish peroxi-

dase (HRP)-conjugated anti-rabbit IgG (cat. no. ab7090,

Abcam) or the secondary horseradish peroxidase (HRP)-

conjugated anti-mouse IgG (cat. no. ab97040, Abcam), the

membranes were processed with the enhanced chemilumi-

nescence kit (EMD Millipore, Burlington, MA, USA).

The expressions of targeted proteins were quantified by den-

sitometry using the ImageJ software (version 1.49; National

Institutes of Health, Bethesda, MD, USA).
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RNA Interference

CA9-specific small interfering RNAs (siRNA) (ON-

TARGET plus Human CA9 siRNAs J-005244-05) were pur-

chased from Dharmacon (GE Healthcare, Japan). 20 hours

after DPSCs plated as monolayer in 2 � 104/cm2, DPSCs

was incubated with siRNAs at 37�C for 24 hours. Cells were

transfected with the CA9 siRNA oligos with Lipofectamine

3000 Transfection Reagent (Thermo Fisher Scientific, Wal-

tham, MA, USA) following the manufacturer’s instructions.

At 48 hours after transfection, cells were subjected to further

analyses.

Statistics

All of the experiments in this study were repeated for at least

3 times, quantitative results are expressed as mean + stan-

dard deviation (SD), and groups were compared using

unpaired, two-tailed Student’s t-tests. Statistical analyses

were performed using SPSS v. 19.0 statistical software

(IBM Corporation; Armonk, NY, USA), and a P-value

<0.05 was considered to be statistically significant.

Results

Differentiation of DPSCs into Osteoblasts and
Adipocytes

DPSCs were expanded in a complete isolation/proliferation

culture medium added with 1.25% HS. Following expansion,

cell surface marker expression levels of CD44, CD105, and

CD146 were evaluated for DPSCs in that the presence or

absence (CD45, CD31, and CD34) of these markers are

important determinants in defining “stemness” associated

with DPSCs. Expansion conditions resulted in yielding

DPSCs which expressed high levels of CD44 (>99.8%),

CD105 (>99.9%), and CD146 (>99.7%), while expressed

low levels of CD31 (<0.9%), CD34 (<1.1%), and CD45

(<1.2%) (Fig. 1A). Additionally, all these data confirmed

the successful isolation of DPSCs. Isolated DPSCs from all

individuals were differentiated into osteoblasts and adipo-

cytes according toosteoblasts and adipocytes’ differentiation

protocol as previously described. 0.1% ARS staining yielded

a strong mineral staining at 2 wk after osteogenic differen-

tiation (Fig. 1B). Oil red staining yielded bright-red droplets

in differentiated adipocytes (Fig. 1C).

Hypoxia and TNF-a Synergistically Inhibit the Survival
and Osteogenesis of DPSCs

It has been reported by other groups that DPSCs tend to

apoptosis under abnormal culture conditions in vitro and in

vivo. To determine what the specific phenotype of DPSC in

abnormal culture conditions, we cultured and differentiated

DPSCs under hypoxic and inflammatory conditions. CCK-8

analysis for the determination of cell viability in cell prolif-

eration assays in day 30 post cultures and differentiation

under normal conditions indicated 100% cell viability, while

only 80% and 60% cell viability respectively under hypoxic

and inflammatory conditions. Further, the cell viability is

<50% under hypoxia and inflammation (Fig. 2A). The cor-

responding cell apoptosis results are match with the above

cell viability respectively (HypoxiaþTNF-a >TNF-a
>Hypoxia >Control) (Fig. 2B). Real time PCR data,

expressed as differentiated DPSCs, showed an increased and

comparable expression, 2 weeks of osteoblastic induction,

for all the tested markers with significant differences deriv-

ing from the different proliferating conditions, as evidenced

in Fig. 2C. In order to evaluate the effect of hypoxia and

inflammation on osteogenic differentiation of DPSCs, pro-

liferating DPSCs cultured in 1.25% HS were osteo-induced

for 2 weeks. During the osteoblastic inductive period cells

changed their osteoblasts’ morphology, 0.1% ARS staining

showed that the efficiency of osteogenic differentiation

under normal conditions is much greater than that of hypoxia

and inflammation groups (Fig. 2D).

Taxifolin Protects DPSCs Against TNF-a and Hypoxia-
Induced Apoptosis

To examine protective effects of taxifolin on apoptosis,

DPSCs were incubated with different concentrations of taxi-

folin for 24 h and subsequently treated with CCK-8 for the

determination of cell viability. Pretreatment with taxifolin

showed a final concentration of 10 mM taxifolin can signif-

icantly improve the viability of DPSCs under inflammation-

and hypoxia-induced conditions (Fig. 3A, B). Next,

flow cytometric analysis showed that 10 mM taxifolin can

significantly inhibit DPSCs apoptosis under hypoxic and

Figure 1. Isolation and characterization of DPSCs. (A) Represen-
tative flow cytometry data of undifferentiated DPSCs. Results indi-
cating surface markers of DPSCs (n ¼ 5). (B) ARS staining at 2 wk
after osteogenic differentiation (n ¼ 5). (C) Oil red staining at 2 wk
after adipose differentiation (n ¼ 5). Scale bars, 200 mm.
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inflammatory conditions (Fig. 3C, D). We then examined

cleaved-Casp3, cleaved-Casp9and BAX protein levels by

Western blotting to further analyze the potential influence

of the taxifolin on inhibit DPSCs apoptosis activities.

Hypoxia and TNF-a group exhibited increased ratio of these

proteins, which were much higher than the taxifolin group

(Fig. 3E).

Taxifolin Promotes Osteogenic Differentiation of
DPSCs Under Hypoxia and Inflammation Conditions

After we demonstrated that taxifolin inhibited the TNF-a
and hypoxia decrease in DPSCs viability, we investigated

whether taxifolin promotes ostegenic differentiation of

DPSCs under hypoxia and inflammation conditions.

We divided the DPSCs into seven groups: a control group,

hypoxia group, TNF-a group, hypoxia and TNF-a group,

hypoxia plus taxifolin (10 mM)-treated group, TNF-aplus

taxifolin (10mM)-treated group, and hypoxia and TNF-a plus

taxifolin (10 mM)-treated group. After incubation for 24 h,

the seven groups were stained with ARS, and ARS staining

was used to determine the osteogenic rate. control group,

hypoxia plus taxifolin (10 mM)-treated group and TNF-aplus

taxifolin (10 mM)-treated group were equivalent on oste-

genic differentiation of DPSCs, which were much higher

than the other groups (Fig. 4A, B). Moreover, the mRNA

expression of osteogenesis differentiation markers such as

ALP, OCN, Runx2, WNT3a, and b-catenin, were deter-

mined by quantitative real-time PCR, and the protein expres-

sion levels of ALP, OCN, Runx2, WNT3a, and b-catenin

were determined by western blot. The results revealed that

ALP, OCN, Runx2, WNT3a, and b-catenin mRNA levels

were significantly elevated in DPSCs in the presence of taxi-

folin in a concentration dependent manner (Fig. 4C). Simi-

larly, protein expression of ALP, OCN, Runx2, WNT3a, and

b-catenin increased in the presence of taxifolin, especially at

10 mM taxifolin-treated group (Fig. 4D).

Molecular Mechanisms Involved in Taxifolin Protects
DPSC

Carbonic anhydrase IX (CA9), as well as a membrane asso-

ciated zinc metallo-enzyme, are reported to enhance hypoxic

tumor cells to survive in the acidic microenvironment20,21.

Figure 2. Hypoxia and TNF-a synergistically inhibit the survival and osteogenesis of DPSCs. (A) CCK-8 analysis of cell viability under
different conditions (n ¼ 5). (B) Flow cytometric analysis of cell apoptosis in different conditions (n ¼ 5). (C) Relative expression level of
ALP, RUNX2, and OCN at 2 wk after osteogenic differentiation was determined by qRT-PCR (n ¼ 5 for each group). (D) ARS staining
showed that hypoxia and TNF-a synergistically inhibited osteoclast formation in vitro. Scale bars, 200 mm.
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Therefore, we examined whether taxifolin could increase

CA9 expression in a dose-dependent manner. We first deter-

mined protects of taxifolin in the DPSCs under difference

conditions, the results of protects of taxifolin were signifi-

cant (Fig. 5A). Western blotting results from our study

showed that taxifolin significantly increased protein CA9

expression but not HIF1a, the corresponding mRNA suck

as CA9, HIF-1a, and GLUT1, were determined by quantita-

tive real-time PCR, match with Western blotting results

(Fig. 5B).

Further, to determine whether taxifolin and CA9 syner-

gistically protect the survival and ostegenesis of DPSCs,

in vitro RNAi inhibits CA9 protein expression were

performed.

The results from our study demonstrated that inhibit CA9

protein expression cell viability cell survival decreased sig-

nificantly, RNAi groups only 60%, while control groups

have two-fold to RNAi groups (Fig. 6A, B). Annexin

V-fluorescein isothiocyanate (FITC)/propidium iodide (PI)

Apoptosis Kit assay the apoptotic rate for difference groups.

The results match with cell viability, which apoptosis rate of

RNAi group is much higher than other groups (Fig. 6C, D).

Discussion

Growing evidence indicates a protect action of taxifolin in

cell viability and differentiation. However, the implications

of taxifolin in DPSCs viability and differentiation remain

Figure 3. Taxifolin protects DPSCs against TNF-a and hypoxia-induced apoptosis. CCK-8 analysis of cell viability with the addition of
different concentrations of taxifolin under hypoxia conditions (n ¼ 5). (B) CCK-8 analysis of cell viability with the addition of different
concentrations of taxifolin under TNF-a treatment (n ¼ 5). (C, D) DPSCs (cultured with TNF-a and hypoxia) were treated with taxifolin
10 mM concentration. Flow cytometric analysis cell apoptosis in different proliferating conditions (n ¼ 5). (E) Western blot analysis of
apoptosis-related proteins. *P < 0.05; **P < 0.01 compared with indicated groups.
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unclear. Our study was the first to evaluate the protective

effects of taxifolin in isolated DPSCs. We demonstrated that

an important role of taxifolin in improving DPSCs cell via-

bility, anti-hypoxic and anti-inflammatory stress and anti-

apoptosis in a model of differentiation in vitro.

Stem cells area rare population of cells, which are found

within the human body with the ability for proliferation, self-

renewal, and differentiation into mature cells22. DPSCs

express the special surface markers CD44, CD105, and

CD146 but do not express CD34, CD31, CD4523. In the

current study, according to the previous protocol, DPSCs has

been identified by flow cytometry sorting, expanded, and

cultured24. DPSCs cultured in vitro using this medium

demonstrate multilineage differentiation capacity and proto-

col for adipose, myocytic, neuronal, and osteoblastic differ-

entiation are included25. Our data demonstrate that

osteoblastic and adipose differentiation potential is not

negatively affected by our culture conditions, as evidenced

by the ARS and Oil red staining data. But DPSCs is also very

vulnerable to a variety of extreme culture conditions, such as

hypoxia and inflammation. More and more evidence indi-

cated that hypoxia may lead to cell apoptosis26. In addition,

TNF-a has also been shown to enhance the apoptosis of

osteoblast-like cells in vitro27. Therefore, we first evaluated

the negative effects of hypoxia and inflammation by ARS

and Oil red staining, and found that Hypoxia and TNF-a
synergistically inhibit the survival and osteogenesis of

DPSCs.

Taxifolin is a typical plant flavonoid, which are abundant

in foods and herbs28. Taxifolin is also known to possess

multiple pharmacological actions, such as anti-oxidant,

anti-inflammatory, and anti-allergic actions15,29. From these

reports, the compound, taxifolin, which has such as anti-

apoptotic and anti-oxidant abilities, may provide the neuro-

protective and Myocardial protective effect against the

hypoxia-induced inflammatory response and apoptosis30–32.

However, the protections of taxifolin in DPSCs viability and

differentiation have no reported. Results from the CCK8

assay revealed that a final concentration of 10 mM taxifolin

treatment can significantly improve the viability of DPSCs,

comparing with control group, hypoxia group and TNF-a
group. Therefore, we chose a final concentration of 10 mM

for research DPSCs protective effect of taxifolin.

We next investigated the mechanisms underlying taxifo-

lin protects DPSCs. HIF-1a was important in cellular oxygen

homeostasis and has been shown to mediate hypoxia-

induced apoptosis21,33. So we want to know whether taxi-

folin exerts a protective effect through the HIF-1a pathway.

But the results of western blotting and Q-PCR analysis indi-

cated that the protein expression level of HIF-1a was not

Figure 4. Taxifolin promotes osteogenic differentiation of DPSCs
under hypoxia and inflammation conditions. (A) ARS staining at 2
wk after osteogenic differentiation (n ¼ 5). Scale bars ¼ 200 mm.
Taxifolin significantly promoted osteogenic differentiation of
DPSCs under hypoxia and inflammation conditions. (B) Quantita-
tive data showed Alizarin red-positive areas quantified by ImageJ
software. (C) The relative expression levels of ALP, OCN, RUNX2,
WNT3a, and b-catenin were determined by real-time quantitative
PCR. (D) The protein expression levels of ALP, OCN, RUNX2,
WNT3a, and b-catenin were determined by western blot. Grays-
cale was quantified by ImageJ software. Data were shown as the
mean + SD (n ¼ 5); *P < 0.05 and **P < 0.01 compared with
indicated groups.

Figure 5. Taxifolin increases CA9 expression but not HIF1a. (A)
CCK-8 assay showed the viability of DPSCs under different culture
conditions with or without Taxifolin treatment. (B) The protein
expression levels of HIF-1a, CA9, and GLUT1 were determined
by western blot. Grayscale was quantified by ImageJ software. Data
were shown as the mean + SD (n ¼ 5). *P < 0.05 compared with
indicated groups.
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significant differences’ cells treated with taxifolin when

compared to untreated cells.

HIF-1a and CA-9 are potential intrinsic markers of tumor

hypoxia and predictor of an adverse disease prognosis34. As

previously reported, CA9 is a transmembrane protein that

regulates pH in tumor cells under hypoxia conditions and

contributes to cell proliferation and viability35. Some study

showed that HIF-1a activity leading to decreased expression

of CA936. Next, our aim investigated the CA9 expression to

examine the mechanisms underlying the protective effects of

taxifolin using western blot and Q-PCR. The indicated that the

protein expression level of CA9 protein was markedly

increased in DPSCs treated with taxifolin when compared to

untreated DPSCs. Next results showed that nullify the protec-

tive role of Taxifolin under hypoxia and inflammation condi-

tions when inhibition of CA9 expression uses siRNA method.

The results from our study demonstrated that taxifolin syner-

gistically to protect against DPSCs against apoptosis with

CA9 under hypoxia and inflammatory conditions in vitro.

Some limitations of our study should be recognized. We

analyzed only protects of taxifolin in vitro and didn’t analyze

in vivo, such as model animals. Further research is necessary

in order to reveal protects of taxifolin in dental pulp tissue in

vivo. What’s more, we did not know how taxifolin synergis-

tically to protect against DPSCs against apoptosis with CA9

under hypoxia and inflammatory conditions in cells. In the

future, according to previously a conclusion, we designed

related experiments to elaborate the details of the protection

mechanism.

In conclusion, our study revealed a novel function of

taxifolin to protect DPSCs against hypoxia and inflamma-

tory stress, increase cell viability, and decrease cell apopto-

sis. The potential mechanism appears to involve

up-regulation the CA9 expression and taxifolin synergisti-

cally to protect DPSCs against apoptosis with CA9 under

hypoxia and inflammatory conditions. Our results provide

important information on taxifolin as a possible drug for

clinical treatment of DPSC-related diseases.

Figure 6. Inhibition of CA9 nullifies the protective role of Taxifolin under hypoxia and inflammation conditions. (A and B) CCK-8 assay
showed the cell viability of DPSCs under hypoxia (A) or inflammation (B) conditions. Cells transfected with si-CA9 showed significant
decrease of viability compared with cells transfected with scrambled siRNA (NC). (C, D) Flow cytometry analysis showed the apoptosis rate
of DPSCs under hypoxia (C) or inflammation (D) conditions with or without downregulation of CA9. Data were shown as the mean + SD
(n ¼ 5); *P < 0.05.
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