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Abstract. As one type of adult stem cells (ASCs), human 
dental pulp stem cells (HDPSCs) have several properties, 
including high proliferation rate, self‑renewal capability, and 
multi‑lineage differentiation. However, the apoptotic mecha-
nism underlying the development of dental pulp cells remains 
unclear. In the present study, a significant increase of apoptosis 
was observed in HDPSCs from the deciduous teeth compared 
with that from adult permanent teeth. In addition, the occur-
rence of cytochrome c expression and mitochondrial‑mediated 
apoptosis pathway activity in HDPSCs were confirmed by 
quantitative polymerase chain reaction, and western blotting. 
Although caspase‑8 and caspase‑9 showed higher expression 
in deciduous teeth than in adult permanent teeth, only the 
knockdown of caspase‑9 via RNA interference in HDPSC 
cells exhibited a significant reduction in apoptosis, and 
caspase‑3 expression and activity. All these results revealed 
that caspase‑9 and activated caspase‑3 predominantly regu-
lates cell apoptosis in HDPSCs from deciduous teeth.

Introduction

During the past decades, adult stem cells (ASCs) have been 
separated from different tissues. As one type of ASCs, human 
dental pulp stem cells (HDPSCs) isolated from human dental 
pulp in adult permanent and exfoliated deciduous teeth 
(SHED) (1,2) have the capability of differentiation into osteo-
blasts, odontoblasts, adipocytes and neuronal‑like cells (3). 
Strikingly, HDPSCs can regenerate a dentin‑pulp‑like complex 
in normal human teeth (4), showing that HDPSCs represent a 
novel ASC population (2).

In spite of the great potential in tissue engineering (5,6), the 
molecular mechanisms underlying cell apoptosis in HDPSCs 

remain unclear. Interestingly, there are very few data on the 
occurrence of apoptosis in the cells of the dental pulp (7). A 
disintegrin and metalloproteinase 28 (ADAM28) was reported 
to be involved in the proliferation, differentiation, and apop-
tosis of HDPSCs (8), but a prior study by Muthna et al reported 
that the irradiation of adult HDPSCs provokes activation p53, 
cell cycle arrest and senescence instead of apoptosis (3). So far, 
few evidences showed the occurrence of apoptosis in HDPSCs.

As reviewed previously  (9‑11), three typical pathways, 
including extrinsic pathway, intrinsic pathway and a 
perforin/granzyme pathway, were involved in cell apoptosis. 
Each of three pathways requires activation of caspase‑8, 
caspase‑9 and caspase‑10, which in turn activate caspase‑3. 
However, whether HDPSCs contain the same pathways 
remains unknown.

Here, we checked the existences of the extrinsic and 
intrinsic pathways of apoptosis in HDPSCs isolated from 
adult permanent teeth and deciduous teeth by RNA interfer-
ence (RNAi), RT‑qPCR and other experiments. RNAi has 
been widely accepted as an excellent system for the targeted 
silencing of gene expression, in which activation of small‑inter-
fering RNA [(siRNA), ~21 nucleotides] pathway results in 
the degradation of a specific targeted mRNA (12,13). The 
specificity and potency of siRNA in cell culture and in animal 
studies has suggested that it can be a powerful therapeutic 
agent. In present study, we knocked down the expressions of 
caspase‑8 and caspase‑9 by RNAi experiments, respectively, 
and observed significant reduction of HDPSCs apoptosis in 
the caspase‑9 RNAi group instead of the caspase‑8 RNAi 
group, showing that differences of functional consequences 
of caspase‑8 and caspase‑9. The caspase‑3 expression and 
activity assays revealed that caspase‑3 activated by caspase‑9 
regulated apoptosis in HDPSCs.

Materials and methods

Ethics statement. All procedures used in this study conformed 
to the tenets of the Declaration of Helsinki. The Ethics 
Committee guidelines of Stomatological Hospital, Southern 
Medical University approved the protocols used. Informed 
consent was obtained from all participants.

Subjects and cell culture. Six normal deciduous teeth and 
6 adult permanent teeth were collected from 6‑ to 13‑year‑old 
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children and normal adults, respectively. All the teeth were 
extracted according to the agreements of patients and regular 
medical processes. The intact teeth were separated, immersed 
in a solution of 0.25% Chloramphenicol solution (30 min), 
and then kept in PBS solution with Penicillin (60 mg/l) and 
Streptomycin (100 mg/l). The dental pulp was isolated from 
the teeth, and washed by PBS solutions with Penicillin and 
Streptomycin, then digested in a solution of 1% collagenase 
(Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) for 1 h 
at 37˚C. The cells were filtered by 150 mesh nylon, centrifuged 
1,000 x g for 5 min, and countered by blood counting chamber. 
After these processes, the cells were then mixed in DMEM 
solution (20% FBS, 100 µM ascorbic acid, 2 mM L‑glutamine, 
60  mg/ l  Penici l l in and 100  mg/ l  St reptomycin). 
Anti‑immunoglobulin M Micro Beads (Miltenyi‑Biotec, 
Bergisch Gladbach, Germany) were used to sort the sepa-
rated cells, according to the manufacturer's instructions. We 
then obtained the cell populations that were termed as stem 
cells from deciduous teeth and adult permanent teeth. These 
HDPSCs were cultured for further use.

Hematoxylin and Eosin (H&E) staining. To determine the 
apoptosis stages of dental pulp cells, H&E staining was 
employed to observe the apoptotic processes and stages of stem 
cells from deciduous teeth and adult permanent teeth. We also 
used H&E staining to observe the HDPSC apoptosis processes 
of RNAi groups and control groups from deciduous teeth.

Apoptosis assay. For Annexin V‑FITC apoptosis assay, sepa-
rated stem cells from deciduous teeth and adult permanent 
teeth were cultured, trypsinized, washed, and stained with 
Annexin V/PI apoptosis kit (Multi Sciences Biotech, Dalian, 
China) in the dark for 15 min at room temperature. Then, the 
stained cells were analyzed by flow cytometry.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). The mitochondria were extracted 
by Cell Mitochondria Isolation kit (Beyotime Institute of 
Biotechnology, Shanghai, China). Using TRIzol (Takara 
Biotechnology Co., Ltd., Dalian, China), poly‑A+ RNA were 
extracted from the mitochondria, cytoplasm, and whole cells 
of the HDPSCs from deciduous teeth and adult permanent 
teeth. RT‑qPCR was performed to check the expression of 
Cytochrome c in these samples. The Cytochrome c primers 
consisted of the following sequences: (Forward) 5'‑CCA​
ATG​AAG​ATG​GGG​AGA​TG‑3' and (reverse) 5'‑CCG​TGA​
GCA​GGG​AGA​AGA​C‑3'. The primer pair for the β‑actin 
housekeeping gene was made up of the following sequences: 
(Forward) 5'‑ATC​GTGCGTGACATTAAGGAGAAG‑3' and 
(reverse) 5'‑AGG​AAG​GAA​GGC​TGG​AAG​AGT​G‑3'.

Furthermore, we examined the expression of caspase‑9, 
caspase‑3 and caspase‑8 by RT‑qPCR in dental pulp from 
deciduous teeth and adult permanent teeth. The primers for 
these three genes were made up of the following sequences: 
(caspace‑9 forward) 5'‑AAC​CCT​AGA​AAA​CCT​TAC​CCC‑3', 
(caspace‑9 reverse) 5'‑CAT​CAC​CAA​ATC​CTC​CAG​AAC‑3', 
(caspase‑3 forward) 5'‑AGC​AAA​CCT​CAG​GGA​AAC​ATT‑3', 
(caspase‑3 reverse) 5'‑CTC​AGA​AGC​ACA​CAA​ACA​AAA​
CT‑3', (caspase‑8 forward) 5'‑GGG​AGG​AGT​TGT​GTG​GGG​
TA‑3', (caspase‑8 reverse) 5'‑CAG​TCA​TCG​TGG​GGC​TTG​A‑3'.

Each sample of cDNA templates (1  µl) was added to 
Bestar® SYBR Green qPCR Master Mix (DBI Bioscience, 
Shanghai, China). The amplification protocol consisted of a 
pre‑denaturation step at 94˚C for 2 min, and 40 cycles of the 
following: A denaturation step at 94˚C for 20 sec, annealing at 
58˚C for 20 sec and extension at 72˚C for 20 sec. Melting curve 
data were collected to verify PCR specificity. Each mRNA 
sample was analyzed in triplicate. In addition, the expression 
was calculated by relative quantification using β‑actin as refer-
ence control. Fold expression changes were determined by the 
2-ΔΔCq method (14).

RT‑qPCR was performed to check the expression of the 
RNAi samples of caspase‑8 and caspase‑9 in the HDPSCs 
from deciduous teeth. The primer sequences of caspase‑8, 
caspase‑9 and β‑actin were the same as above.

Western blot. Using lysis buffer (cat. no. P0013) (Beyotime 
Institute of Biotechnology), total protein was extracted from 
the mitochondria, cytoplasm, and whole cells of the HDPSCs 
from deciduous teeth and adult permanent teeth. The protein 
concentration was determined by BCA assay kit (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). 20 µg protein was 
separated by SDS‑PAGE (10% stacking gel and 5% separa-
tion gel) and transferred to a nitrocellulose membrane. The 
membranes were blocked in 5% skimmed milk for 1 h at room 
temperature, respectively incubated with rabbit anti‑human 
monoclonal antibody against Cytochrome c (dilution, 1:800; 
cat. no.  4280), mouse anti‑human monoclonal antibody 
against caspase‑9 (dilution, 1:2,000; cat. no. 9508), rabbit 
anti‑human monoclonal antibody against caspase‑3 (dilution, 
1:1,000; cat. no. 14220) and rabbit anti‑human monoclonal 
antibody against caspase‑8 (dilution, 1:1,500; cat. no. 4790) 
(Cell Signaling Technology, Inc., Danvers, MA, USA) at 
room temperature for 1 h. The membranes were washed with 
25 ml TBS containing 0.1% Tween‑20 (TBST) followed by an 
incubation of secondary antibody (HRP goat anti‑rabbit and 
goat anti‑mouse IgG) (dilution, 1:20,000; cat. nos. BA1054 and 
BA1051; Boster Bioengineering Co., Ltd., Wuhan, China) at 
room temperature for 40 min. After final washing with 25 ml 
TBST, the membranes were developed using chemilumines-
cence and exposed to X‑ray films. GAPDH (dilution, 1:10,000; 
cat. no. RC‑5G5; KangChen Bio-tech, Shanghai, China) was 
used as positive control.

Similarly, we also used western blotting to check the 
expression of the RNAi samples of caspase‑8 and caspase‑9 in 
the HDPSCs from deciduous teeth, using GAPDH (RC‑5G5) 
(KangChen Bio-tech) as positive control.

RNAi. RNAi was employed to knock down the expression of 
caspase‑8 and caspase‑9 in the HDPSCs from deciduous teeth. 
We designed and chemically synthesized four DNA oligos for 
each gene and then chose the best one for RT‑qPCR assays. 
The siRNA oligo sequences for caspase‑8 and caspase‑9 
were as follows: (caspase‑8) siRNA1, 5'‑CUA​CCA​GAA​AGG​
UAU​ACC​UTT‑3', siRNA2: 5'‑GAG​GGU​CGA​UCA​UCU​AUU​
ATT‑3', siRNA3: 5'‑GGG​UCG​AUC​AUC​UAU​UAA​UTT‑3', 
and siRNA4: 5'‑GAG​CUG​CUC​UUC​CGA​AUU​ATT‑3'; 
(caspase‑9) siRNA1: 5'‑GAU​GCC​UGG​UUG​CUU​UAA​
UTT‑3', siRNA2: 5'‑CGG​UGA​AAG​GGA​UUU​AUA​ATT‑3', 
siRNA3: 5'‑CAC​CCA​GUG​ACA​UCU​UUG​UTT‑3', and 
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siRNA4: 5'‑GCC​ACU​GCC​UCA​UUA​UCA​ATT‑3'. The empty 
vector, LV3‑shRNAs was transfected into HDPSCs, serving 
as a negative control. All siRNA sequences were examined 
for specificity using a BLAST search (15) and failed to show 
homology to any other genes in Homo sapiens.

Both RT‑qPCR and western blotting were performed 
to assay the expression the transfected and untransfected 
HDPSCs from deciduous teeth. β‑actin and GAPDH were 
used as internal and positive control in RT‑qPCR and Western 
blot assays, respectively. After investigating the expression, 
we finally chose the first (caspase‑8 siRNA1) and second 
(caspase‑9 siRNA2) primer of caspase‑8 and caspase‑9 for 
Lentivirus construct (LV3) and following RNAi and RT‑qPCR 
assays, respectively.

Furthermore, the untransfected HDPSCs, HDPSCs trans-
fected with empty vector, caspase‑8 and caspase‑9 siRNAs 
(caspase‑8‑siRNA and caspase‑9‑siRNA), were cultured, tryp-
sinized, washed, and stained with Annexin V‑APC/7‑AAD 
apoptosis kit (Multi Sciences Biotech) in the dark for 15 min 
at room temperature. Then, the stained cells were analyzed by 
flow cytometry.

Caspase activity assay. Cultured HDPSCs, separated from 
deciduous teeth, were harvested and lysed with lysis buffer 
(cat. no. P0013; Beyotime Institute of Biotechnology). After 
16,000‑20,000 x g centrifugation at 4˚C for 10‑15 min, the 
protein concentration was measured using Bradford method. 
The caspase‑3 activity of untransfected HDPSCs, HDPSCs 
transfected with empty vector, HDPSCs transfected with 
caspase‑8 and caspase‑9 siRNAs (caspase‑8‑siRNA and 
caspase‑9‑siRNA) were assayed with Caspase‑3 Activity 
Assay kit (Beyotime Institute of Biotechnology) according to 
manufacturing instruction. In order to check the correlation of 
caspase‑3 expression and activity, RT‑qPCR assays were also 
performed to measure the expression of caspase‑3 in all these 
four groups of cells.

Statistical analysis. An unpaired Student's t‑test and an 
one‑way analysis of variance (ANOVA) in IBM SPSS 
platform were used to perform statistical analysis. For two 
groups, unpaired two‑tailed Student's t tests were used; for 
more than two group comparisons, one‑way ANOVAs were 
used followed by the post hoc Tukey's HSD (honest significant 
difference) test. Statistical significance was determined with 
unpaired Student's t‑test or One‑way ANOVA test. P<0.05 
was regarded as statistically significant (*P<0.05, **P<0.01). 
Additionally, Pearson correlation analysis was conducted in 
Excel to calculate possible correlation between caspase‑3 
expression and activity.

Results

Characterization of HDPSCs. The separated cells from decid-
uous teeth and adult permanent teeth were round or irregular 
shape (Fig. 1A‑D) after primary separation and enrichment 
by Anti‑immunoglobulin M Micro Beads (Miltenyi‑Biotec). 
However, the HDPSCs were fusiform after culture for 
2 weeks (Fig. 1E‑H). This observation is similar to previous 
report (16), in which SHED and DPSCs displayed a fibroblastic 
morphology.

Moreover, in the Annexin  V‑FITC apoptosis assay, a 
significant increase of apoptosis was observed in the deciduous 
teeth than in adult permanent teeth (P=0.014<0.05, unpaired 
Student's t‑test) (Fig. 1I‑K).

Expression of Cytochrome c, caspase‑9, caspase‑8 and 
caspase‑3. In order to find the mechanisms of the different 
apoptosis level between the HDPSCs from deciduous teeth 
and adult permanent teeth, we examined the expression 
of Cytochrome c in the mitochondria of the HDPSCs from 
deciduous teeth and adult permanent teeth by RT‑qPCR and 
Western blot assay. The results showed that Cytochrome c 
exhibited a relative higher expression in mitochondria than in 
cytoplasm of the HDPSCs from adult permanent teeth (P<0.01, 
unpaired Student's t‑test) (Fig. 2A). By contrast, the expression 
level of Cytochrome c was significantly lower in mitochon-
dria than in cytoplasm of the HDPSCs from deciduous teeth 
(P<0.01, unpaired Student's t‑test) (Fig. 2B). These results 
were confirmed by Western blot assay, in which the extent of 
Cytochrome c protein level in mitochondria and cytoplasm of 
the HDPSCs from adult permanent teeth and deciduous teeth 
was consistent with that of its transcript level (Fig. 2C).

Furthermore, we measured the expression levels of 
caspase‑9, caspase‑8 and caspase‑3 in the HDPSCs from 
adult permanent teeth and deciduous teeth, respectively. The 
RT‑qPCR results showed that all three genes had higher tran-
script level in the HDPSCs from deciduous teeth than in that 
from adult permanent teeth (P<0.01, unpaired Student's t‑test) 
(Fig. 3A‑C). The Western blot assay confirmed the RT‑qPCR 
results, revealing that the protein levels of all three genes were 
also consistent with their transcript levels (Fig. 3D).

Knock down of caspase‑9 induced reduction of apoptosis. In 
order to knock down the expression of caspase‑8 and caspase‑9 
in HDPSCs from deciduous teeth, we designed four primers 
for each gene. After tests by RT‑qPCR and Western blot, the 
first primer of caspase‑8 (caspase‑8 siRNA1) and the second 
one of caspase‑9 (caspase‑9 siRNA2) had greatest reduction of 
gene expression in both transcript and protein levels (P<0.01, 
one‑way ANOVAs and Tukey's post hoc tests) (Fig. 4A‑D). 
Then, caspase‑8 siRNA1 and caspase‑9 siRNA2 were selected 
to conduct RNAi experiments. These data revealed efficient 
knocking down of both genes in HDPSCs (Fig. 4A‑D).

After knocking down of caspase‑8 and caspase‑9 by 
caspase‑8 siRNA1 and caspase‑9 siRNA2, respectively, the 
protein expression of them were greatly reduced in Western 
blot assays (Fig. 4E and F).

The Annexin V‑FITC apoptosis assay showed caspase‑9 
had a reduction of apoptosis in the RNAi group (transfected 
HDPSCs) than in the untransfected HDPSCs (P<0.01, one‑way 
ANOVAs and Tukey's post hoc tests) and in the HDPSCs 
transfected with empty vector (P<0.01, one‑way ANOVAs 
and Tukey's post hoc tests) (Fig. 5A‑E). This observation indi-
cated that caspase‑9 was involved in apoptosis of HDPSCs. 
By contrast, caspase‑8 showed no significant difference of 
apoptosis among these groups (P>0.05, one‑way ANOVAs and 
Tukey's post hoc tests) (Fig. 5A‑E).

In previous reviews  (9‑11), caspase‑9 was required to 
activate caspase‑3 and result in cell apoptosis. Whether the 
expression changes of the upstream genes of caspase‑9 in 
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this pathway contribute to cell apoptosis of HDPSCs remains 
unclear. Here, we employed RT‑qPCR approach to check 
the expression of four upstream genes (Bax, Bak, Apaf‑1 
and cyt C) of caspase‑9. The results showed no significant 
difference of them among the RNAi group, the untransfected 
HDPSCs and the HDPSCs transfected with empty vector 
(data not shown here). Therefore, cell apoptosis of HDPSCs 
ought to be caused by expression changes of caspase‑9 instead 
of its upstream genes.

Caspase‑3 activity of HDPSCs. The caspase‑3 activity assays 
showed that HDPSCs transfected with caspase‑9 siRNA2 have 
lower average caspase‑3 activity (15.79±6.33 nM/mg) than 
untransfected HDPSCs (51.57±6.55 nM/mg) and HDPSCs 
transfected with empty vector (57.81±10.04 nM/mg) (Fig. 5F). 
After RNAi of caspase‑9, the caspase‑3 activity was signifi-
cantly reduced compared to that in untransfected HDPSCs 
(P<0.01, one‑way ANOVAs and Tukey's post hoc tests) and that 
in HDPSCs transfected with empty vector (P<0.01, one‑way 

Figure 1. Characterization of cultured human dental pulp stem cells (HDPSCs). (A and B) The cells separated from adult permanent teeth (PT) and decid-
uous teeth (DT); (C and D) The separated cells enriched by Anti‑Immunoglobulin M Micro Beads; (E and F) The HDPSCs after culture for 2 weeks; 
(G and H) Hematoxylin and eosin staining of the cultured HDPSCs; (I and J) Annexin V‑FITC apoptosis assays of the HDPSCs from (I) adult permanent teeth 
and (J) deciduous teeth; (K) Apoptosis rates of the HDPSCs from deciduous teeth and adult permanent teeth. Data represent the mean ± standard deviation 
(n=3). Statistical significance was determined with an unpaired Student's t‑tests. P<0.05 was regarded as statistically significant (*P<0.05).

Figure 2. Expression of Cytochrome c in human dental pulp stem cells (HDPSCs). (A) Expression of Cytochrome c in HDPSCs from adult permanent teeth 
(PT), the mitochondria (mt) and cytoplasm (cp) of HDPSCs from adult permanent teeth; (B) Expression of Cytochrome c in HDPSCs from deciduous teeth 
(DT), the mt and cp of HDPSCs from deciduous teeth; (C) Western blotting results of Cytochrome c in mt, cp, and whole cells of HDPSCs from adult PT and 
DT. Data represent the mean ± standard deviation (n=3). Statistical significance was determined with an unpaired Student's t‑tests. P<0.05 was regarded as 
statistically significant (**P<0.01).
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ANOVAs and Tukey's post hoc tests). By contrast, a different 
pattern was observed after caspase‑8 RNAi treatment. There 
were no significant differences of caspase‑3 activity among 
the RNAi group, untransfected HDPSCs (P>0.05, one‑way 
ANOVAs and Tukey's post hoc tests) and the HDPSCs trans-
fected with empty vector (P>0.05, one‑way ANOVAs and 
Tukey's post hoc tests) (Fig. 5F). Consistent with caspase‑3 
activity, the expression of caspase‑3 also exhibited significant 
differences between the caspase‑9 RNAi group and untrans-
fected HDPSCs (P<0.01, one‑way ANOVAs and Tukey's post 
hoc tests) or HDPSCs transfected with empty vector (P<0.01, 
one‑way ANOVAs and Tukey's post hoc tests) (Fig. 5G). There 
were also no significant differences of caspase‑3 expression 
among the caspase‑8 RNAi group, untransfected HDPSCs 
(P>0.05, one‑way ANOVAs and Tukey's post hoc tests) and 

the HDPSCs transfected with empty vector (P>0.05, one‑way 
ANOVAs and Tukey's post hoc tests) (Fig. 5G). Therefore, 
caspase‑3 activity was positively correlated to its expression 
levels (Fig. 5H). There was a significantly positive correlation 
between caspase‑3 expression and activity with a Pearson 
value of 0.9994 (P<0.05).

Discussion

Up to date, there are only a few studies about HDPSCs and 
apoptosis (7). According to a previous review (10), mitochon-
drial Cytochrome c played dual roles in controlling cellular 
energetic metabolism and apoptosis. In mammalian cells, 
a major caspase‑activated apoptosis pathway is initiated by 
Cytochrome c releasing from mitochondria, which can induce 

Figure 3. Expression of caspase‑9, caspase‑8 and caspase‑3 in human dental pulp stem cells (HDPSCs). The (A‑C) RT‑qPCR and (D) western blotting results 
of (A) caspase‑9, (B) caspase‑8 and (C) caspase‑3 in HDPSCs from adult permanent teeth (PT) and deciduous teeth (DT). Data represent the mean ± standard 
deviation (n=3). Statistical significance was determined with an unpaired Student's t‑tests. P<0.05 was regarded as statistically significant (**P<0.01).

Figure 4. The RT‑qPCR and western blotting results of caspase‑8 and caspase‑9 RNAi human dental pulp stem cells (HDPSCs) from deciduous teeth. The 
(A and B) RT‑qPCR and (C and D) western blotting results of both caspase‑9 and caspase‑8 in HDPSCs transfected with siRNAs, respectively; (E and F) the 
western blotting results of (E) caspase‑9 and (F) caspase‑8 in HDPSCs transfected with best siRNAs, respectively. Data represent the mean ± standard devia-
tion (n=3). Statistical significance was determined with an one‑way ANOVA test. P<0.05 was regarded as statistically significant (**P<0.01).
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caspase activation and subsequent cell death (17). The rela-
tionship of mitochondria and apoptosis have been well studied 
in various species, such as yeast, nematode, fly, mouse and 
human (18) showing that it is a common mechanism in all 
these species. The apoptosis of odontoclasts during physiolog-
ical root resorption of human deciduous teeth was discovered, 
showing the presence of apoptosis in human deciduous 
teeth (19). In present study, the expression of Cytochrome c 
confirmed the possibility of Cytochrome c‑mediated apoptosis 
pathway in HDPSCs from both deciduous teeth and adult 
permanent teeth.

The mitochondrial mechanisms of apoptosis were summa-
rized in prior reviews (9,11,20). The extrinsic and intrinsic 
pathways require activation of caspase‑8 and caspase‑9, 
respectively, which then activate caspase‑3, forming two 
major pathways of mitochondrial apoptosis  (9‑11). The 
expression of caspase‑9, caspase‑3 and caspase‑8 in the 
HDPSCs from deciduous teeth and adult permanent teeth 
supported the existence of apoptosis pathway. Moreover, 
higher expression level of all three genes in the HDPSCs 
from deciduous teeth might indicate higher possibility of 
apoptosis pathways comparing with the HDPSCs from adult 
permanent teeth, though it needs further confirmation. The 

higher expression of caspase‑3 in HDPSCs from deciduous 
teeth was consistent with previous study, while caspase‑8 
expression show some differences  (21). The expression 
difference of caspase‑8 might be due to the examined mate-
rials we used in this study instead of deciduous teeth and 
adult permanent teeth.

HDPSCs were thought to originate from migrating neural 
crest cells during development, because they reside predomi-
nantly within the perivascular niche of dental pulp  (22). 
According to Zhao  et  al, ADAM28 was involved in the 
proliferation, differentiation, and apoptosis of HDPSCs (8), 
however, whether other pathways were involved in apoptosis of 
HDPSCs remains unknown. As mentioned above, the extrinsic 
and intrinsic pathways were typical in apoptosis, which needs 
activation of caspase‑9, caspase‑8 and caspase‑3 (9‑11). The 
knock down of caspase‑9 induced reduction of apoptosis in 
the HDPSCs from deciduous teeth, while that of caspase‑8 did 
not. This result suggested that the caspase‑9‑mediated pathway 
may be more important in apoptosis than caspase‑8‑mediated 
pathway in HDPSCs.

In previous reviews  (9‑11), caspase‑3 was activated by 
caspase‑8 or caspase‑9, though whether the expression of 
caspase‑3 was regulated by caspase‑8 or caspase‑9 remians 

Figure 5. The apoptosis assays, caspase‑3 expression and activity assays of caspase‑8 and caspase‑9 RNAi human dental pulp stem cells (HDPSCs) from 
deciduous teeth. Annexin V‑FITC apoptosis assays of (A) the untransfected HDPSCs, (B) the HDPSCs transfected with empty vector, siRNAs of (C) caspase‑8 
and (D) caspase‑9; (E) Apoptosis rates in these four groups of HDPSCs from deciduous teeth; (F and G) The caspase‑3 activity and expression assays of the 
untransfected HDPSCs, the HDPSCs transfected with empty vector, siRNAs of caspase‑8 and caspase‑9; (H) The correlation of caspase‑3 expression and 
activity in these four groups of cells. Data represent the mean ± standard deviation (n=3). Statistical significance was determined with an one‑way ANOVA 
test. P<0.05 was regarded as statistically significant (*P<0.05, **P<0.01).
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unclear. The HDPSCs transfected with caspase‑8 siRNA1 and 
caspase‑9 siRNA2 showed that knocking down of caspase‑9 
instead of caspase‑8 induced significant reduction of caspase‑3 
expression and activity. Therefore, caspase‑3 expression and 
activity should be regulated by caspase‑9 in HDPSCs. This 
line of evidence also supported that caspase‑9 followed by 
activated caspase‑3 were involved in HDPSCs cell apoptosis. 
Additionally, caspase‑8 did not regulate caspase‑3 expression 
in HDPSCs from deciduous teeth. Whether caspase‑8 regulate 
caspase‑3 expression in other HDPSCs or other types of cells 
need further study.

As we known, HDPSCs were capable to form dentin‑pulp 
complex‑like structures or a woven bone‑like structure 
in vivo, therefore, they had great potential for tissue engi-
neering (4,23,24). Our study here uncovered the apoptosis 
pathway in HDPSCs, which may provide theoretical frame-
work for further application.
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