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Abstract
Background. Recently, mesenchymal stem cells (MSCs) have proven to have a high potentiality in tissue 
regeneration. However, genetic diseases or certain environmental risk factors, such as smoking, may com-
promise the functioning of MSCs, thus leading to a change in the expected clinical outcomes.

Objectives. The aim of this study was to investigate the proliferation capacity and osteogenic potential 
of dental pulp stem cells (DPSCs) in smokers in comparison with non-smokers.

Material and methods. Mesenchymal stem cells were isolated from the cultured dental pulp tissue 
from the third molars of 5 smokers and 5 non-smokers. The proliferation capacity of DPSCs derived from 
both groups was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) proliferation assay. Alizarin red staining and the gene expression analysis of the alkaline phospha-
tase (ALP) and osteocalcin (OC) genes were performed in order to assess osteogenic differentiation.

Results. The MTT proliferation assay revealed that the mean absorbance rate of the DPSCs of the non-
smokers was significantly higher than that of  the group of  smokers (p  <  0.0001). When stained with  
alizarin red after 21 days of osteogenic induction, fewer calcium deposits were observed among the smokers.  
Moreover, the ALP and OC gene expression was significantly higher in the differentiated DPSCs of the non-
smokers (p < 0.05).

Conclusions. The group of smokers showed a  reduced cell viability. The expression of  the ALP and OC 
genes was lower in the DPSCs of the smokers. Therefore, smoking has a negative impact on the prolifera-
tion and regenerative potential of human MSCs.
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Introduction 
Mesenchymal stem cells (MSCs) have gained world-

wide attention in the past few decades due to their great 
potential in tissue regeneration and repair.1 Mesenchymal 
stem cells are capable of  synthesizing various cytokines 
and growth factors that boost local cellular dynamics. Be-
sides their immunomodulatory effect, MSCs release pro-
angiogenic and chemotactic factors, thus playing a major 
role in wound healing, bone remodeling and overall tis-
sue regeneration.2,3 However, recent studies have shown 
that exposure to cigarette smoke significantly inhibits the 
regenerative capacity of MSCs. Smoke components may 
reduce the number and quality of stem cells deposited in 
tissue reservoirs.4–9

The unfavorable effect of  the components of  tobacco 
smoke on MSCs includes both the direct impact on the 
cells and their organizational mechanisms, and alterations 
in the environment of  MSCs. Both mechanisms contri-
bute to limiting the regenerative potential of these cells.10 
In addition, the content of nicotine – as one of the main 
ingredients of cigarette smoke – has been determined to 
be nearly 87 times higher in the saliva than in the blood 
plasma.11 Being subjected to high doses of nicotine may 
result in harm to the MSC populations in the oral cavity. 
One such group is dental pulp stem cells (DPSCs), which 
have similar characteristics to bone marrow mesenchy-
mal stem cells (BMMSCs).12 It has been established that 
DPSCs are characterized by being highly proliferative and 
by their multipotent differentiation capacity. Dental pulp 
stem cells can differentiate in vitro into odontoblasts, os-
teoblasts and chondrocytes to produce dentin, bone and 
cartilage tissues, respectively, for the repair process.13–17

Although cigarette smoking inhibits stem cell recruit-
ment to tissues, thus affecting regeneration,18,19 studies 
investigating its effect on stem cell proliferation and po-
tentiality are limited. The present study aimed at investi-
gating the deleterious effect of smoking on the prolifera-
tion capacity and osteogenic potential of human DPSCs 
in vitro.

Material and methods

Ethical statement 

The study was conducted at the Department of Bio-
chemistry and Molecular Biology, Faculty of  Medi-
cine of  Cairo University in Egypt. All of  the experi-
mental protocols were performed in accordance with 
the guidelines of the Ethics Committee of the Faculty 
of Dentistry of Cairo University (approval No. 9/3/16). 
All eligible patients signed their informed, written 
consent.

Tooth collection and the culturing  
of dental pulp stem cells 

The MSCs used in this study were derived from the 
dental pulp (DPSCs) of normal, sound, impacted third 
molars taken from 5 cigarette smokers and 5 adult, 
non-smoking donors, aged 25–35 years. The defi-
nition of  a  smoker was determined according to the 
National Health Interview Survey (NHIS) standard: 
an adult who has smoked at least 100 cigarettes.20 All 
donors were healthy, free from systemic diseases, non-
drinkers, and were not on any medications. They were 
recruited from the outpatient dental clinic at the Fa-
culty of Dentistry of Cairo University. Informed con-
sent was obtained from each donor before the teeth 
were extracted. Following extraction, each tooth was 
cut at the cementoenamel junction to reveal the pulp 
chamber and to obtain the dental pulp tissue.

Dental pulp stem cells from both groups were iso-
lated by the enzymatic dissociation method. The ex-
cised tissues were minced under sterile conditions into 
small pieces, to which a digesting solution of 3 mg/mL  
of  collagenase type II was added (Worthington Bio-
chemical Corp., Lakewood, USA) for 2 h at 37°C. Sin-
gle-cell suspensions were obtained by passing the cell 
suspension through a 70-micrometer strainer (BD Bio-
sciences, San Jose, USA). The suspension was incubat-
ed in the Roswell Park Memorial Institute (RPMI) me-
dium (Thermo Fisher Scientific, Waltham, USA), which 
was supplemented with 10% fetal bovine serum (FBS) 
(Thermo Fisher Scientific), antibiotics (100 units/mL  
of  penicillin G and 100 μg/mL of  streptomycin) and 
an  antimycotic agent (Fungizone® –  0.25 μg/mL) 
(Thermo Fisher Scientific) in a  humid atmosphere 
with 5% CO2. The culture medium was changed every 
3 days until confluence was achieved. The cells were 
successfully passaged up to the 3rd passage (P3); these 
were the cells used in the subsequent experiments. 
The culture medium was replaced every 3 days over 
a 21-day period.

Flow cytometric analysis 

The isolated stem cells were characterized by ana-
lyzing the cell surface antigen expression. Adher-
ent cells from dental pulp at P3 were detached using 
0.05% trypsin and adjusted to 1 × 105 cells/mL. Then, 
1 × 105 cells were incubated with 10 μL of the mono-
clonal antibodies against CD29, CD34, CD45, CD90, 
and CD105 (Beckman Coulter, Inc., Miami, USA) for 
30 min at 4°C in the dark. Isotopes served as a nega-
tive control. The cell analysis was performed using the 
CytomicsTM FC 500 flow cytometer (Beckman Coulter, 
Inc.) and the data was analyzed using the CXP soft-
ware, v. 2.2 (Beckman Coulter, Inc.).
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MTT cell proliferation assay 

Cells at P3 were seeded in polylysine-coated 96-well 
plates at 1 × 103 cells/well (SPL Life Sciences Co., Ltd., 
Pyeongtaek, South Korea). The cells were incubated 
with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) reagent (Thermo Fisher 
Scientific), 50  mg/vial. The proliferation was then 
assessed using the absorbance quantitative enzyme-
linked immunosorbent assay (ELISA) at a wavelength 
of 450 nm.

Osteogenic differentiation 

Cells from both groups at P3 were plated into each 
well of a  flat-bottom 24-well plate (SPL Life Sciences 
Co., Ltd.) at a  density of  2  ×  103/cm2 with an  osteo-
genic induction medium – human StemXVivo® Osteo-
genic/Adipogenic Base Media (catalog No. CCM007)  
and human StemXVivo® Osteogenic Supplement (cata-
log No. CCM008) (R&D Systems, Minneapolis, USA) 
for 21 days. The medium was changed twice a  week. 
The cells were observed regularly for morphological 
changes using an inverted-light microscope (Olympus 
America, Inc., Center Valley, USA), with a digital ca-
mera (Nikon, Tokyo, Japan) for capturing images. Den-
tal pulp stem cells cultured in the basic medium were 
used as controls.

Alizarin red staining 

After 21 days of osteogenic induction, the differenti-
ated DPSCs from both groups were rinsed twice with 
phosphate-buffered saline (PBS) and fixed in 10% buf-
fered formalin for 10 min at room temperature. The 
fixative was carefully removed and the cells were gen-
tly rinsed 3 times with distilled water, and then stained 
with 1% alizarin red solution (birefringent end product)  
(Sigma-Aldrich Co., St. Louis, USA) for 20 min at room 
temperature. The alizarin red solution was removed and 
the plates were washed 4 times with 1  mL of  distilled 
water. The stained mineralized nodules were monitored 
using an  inverted-light microscope and digital micro-
graphs were taken.

Real-time quantitative polymerase chain 
reaction 

On day 21 of  osteogenic induction, total RNA was 
isolated from all of the cultured DPSCs of the smoker  
and non-smoker groups using a  cell extraction kit 
(Qiagen Sciences, Inc., Germantown, USA), and was 
analyzed for quantity and quality with a Beckman dual 
spectrophotometer (Beckman Coulter, Inc.). The syn-
thesis of cDNA was performed using 1 μg of the total  

RNA and a  high-capacity cDNA reverse transcrip-
tion kit (catalog No. K1621; Fermentas, Waltham, 
USA). The cDNA was subsequently amplified with the 
SYBRTM Green I PCR Master Mix (Fermentas) using  
the StepOneTM instrument (Applied Biosystems, Fos-
ter City, USA). The primers used for real-time poly-
merase chain reaction (PCR) were as follows: gly-
ceraldehyde 3-phosphate dehydrogenase (GAPDH), 
forward: 5’-AGGTCGGTGTGAACGGATTTG-3’ and 
reverse: 5’-TGTAGACCATGTAGTTGAGGTCA-3’; 
alkaline phosphatase (ALP), forward: 5’-ACGTGGC-
TAAGAATGTCATC-3’ and reverse: 5’-CTGGTAG-
GCGATGTCCTTA-3’; osteocalcin (OC), forward: 
5’-CAAAGGTGCAGCCTTTGTGTC-3’ and reverse: 
5’-TCACAGTCCGGATTGAGCTCA-3’. The expres-
sion levels in the DPSCs of  the smoker group were 
compared to those in the DPSCs of  the non-smokers 
and the controls after normalization to GAPDH.

Statistical analysis 

The data was analyzed using IBM SPSS Statistics for 
Windows, v. 21 (IBM Corp., Armonk, USA). Numerical 
data is presented as means ± standard deviation (SD). 
The independent t-test was used to compare the means 
between the groups of  smokers and non-smokers. If 
any significance was detected, Tukey’s post hoc test 
was used to determine which group was responsible for 
the significance. Significance was defined as a p-value 
of <0.05.

Results

Morphological assessment,  
flow cytometric analysis  
and proliferation activity assessment

Pulpal stem cells were successfully isolated from both 
groups, adhered to plastic and proliferated, reaching 70% 
confluence by day 14. By day 21, all cells acquired a uni-
form, spindle-shaped morphology, whereby the cells in 
the non-smoker group appeared to be more numerous 
(Fig. 1).

The flow cytometric analysis showed that the DPSCs 
expressed stem cell surface markers CD29, CD90 and 
CD105 in over 90%. Contrarily, the hematopoietic cell 
markers CD34 and CD45 were expressed in a very small 
percentage (<5%) (Fig. 2).

The MTT proliferation assay showed that the mean 
absorbance rate of  the DPSCs of  the non-smoker group 
(4.242 ±0.748; n  =  5) was significantly higher than in 
the case of  the smoker group (1.992 ±0.493; n  =  5) at 
p < 0.0001 (Fig. 3).
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Osteogenic differentiation assessment 

When stained with alizarin red after 21 days of os-
teogenic induction, a reduced calcium deposition was 
observed in the DPSCs of the smokers, whereas none 
was detected in the control cultures (Fig. 4).

When the expression of the ALP and OC genes was 
compared, it turned out that the expression of  both 
genes was significantly higher in the differentiated 
DPSCs of  the non-smoker group (ALP: 0.854 ±0.439; 
OC: 1.938 ±0.818; n = 5) than in those of  the smoker 
group (ALP: 0.480 ±0.211; OC: 1.017 ±0.597; n = 5) at 
p < 0.05, whereas the cells in the control cultures did 
not express the genes at all (Fig. 5,6).

Fig. 1. Morphology of the dental pulp stem cells (DPSCs) from the smoker (A) and non-smoker groups (B) on day 21

Fig. 2. Representative histograms of the flow cytometric analysis of DPSCs, showing the expression of surface markers: CD29 (A), CD90 (B), CD105 (C), CD34 (D), 
and CD45 (E)

Fig. 3. MTT proliferation assay

MTT – 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. 
A significant decrease in proliferation was detected in the DPSCs 
of smokers as compared to non-smokers. Data expressed as mean  
± standard deviation (SD); *** p < 0.0001.
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Discussion
Mesenchymal stem cells are frequently considered for 

various applications in regenerative medicine, being capa-
ble of self-renewal in addition to their potentiality to form  

different cell types.12 Stem cells are routinely screened prior 
to transplantation in order to exclude any infectious disease 
or genetic disturbance that might interfere with the func-
tioning of MSCs. However, the existence of environmental 
predisposing conditions, such as cigarette smoking, can be 
missed, and this may affect the ability of MSCs to differenti-
ate and may make the cells unsuitable for transplantation.11

Consequently, we investigated the proliferation ca-
pacity and osteogenic potential of DPSCs in smokers vs 
non-smokers. In the present study, MSCs were isolated 
and expanded from the dental pulp tissue of 10 patients 
comprising the smoker group (n = 5) and the non-smoker 
group (n = 5).

In addition to the excellent proliferation ability and 
mineralization potential of DPSCs, they can be obtained 
easily. Thus, numerous scientists have studied the isola-
tion and osteogenic potential of DPSCs, but nobody has 
studied the impact of smoking on their function.21,22

In this study, the cell proliferation analysis showed that 
the mean absorbance rate of the DPSCs in the non-smoker  
group was significantly higher than that in the smoker 
group (p  <  0.0001). This finding is in agreement with  
Ng et al., who found that the proliferation rates of peri-
odontal ligament stem cells (PDLSCs) isolated from 
smokers showed a 2.53-fold decrease compared with the 
cells derived from non-smokers.9 A decreased prolifera-
tion was still observed even after sub-culturing the cells 
3–5 times, suggesting that exposure to nicotine may have 
a prolonged or even permanent effect on the cells.9

It is well-known that cigarette smoking delays healing, 
which can be attributed to disturbance in the regenera-
tive ability of  MSCs. Previous reports have studied the 
effect of nicotine exposure on non-smokers’ dental stem 
cells.7,8,23 However, few studies have investigated the re-
generative potential of stem cells in direct relation to ciga-
rette smoking.9

In this study, we examined 2 major important processes 
that regulate the regenerative potential of stem cells: cell 
proliferation and differentiation.24

The cigarette smoke extract was found to inhibit os-
teoprogenitor cell proliferation.5 In addition, nicotine 
also hinders the proliferation of  PDLSCs.8 Our results  

Fig. 4. Alizarin red staining showing calcified areas on day 21 of osteogenic induction, which were more numerous in the non-smoker group as compared to 
other groups

A – controls; B – DPSCs (smokers); C – DPSCs (non-smokers).

Fig. 5. Quantitative real-time polymerase chain reaction (RT-PCR) for the mRNA 
levels of the ALP gene, showing a significantly higher expression of the gene in 
the DPSCs of the non-smokers

Data expressed as mean ±SD; * p < 0.05.

Fig. 6. Quantitative RT-PCR for the mRNA levels of the OC gene, showing 
a significantly higher expression of the gene in the DPSCs of the non-smokers

Data expressed as mean ±SD; * p < 0.05.
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further proved that the proliferation rate and/or cell  
viability of DPSCs from smokers is lower than in the case 
of non-smokers.

Regarding cell differentiation, several studies have high-
lighted the capacity of DPSCs to differentiate into func-
tional osteoblasts in vitro,25,26 but no one has examined 
the damaging effect of  smoking. In the present study, 
we assessed the expression of both ALP as an early bone 
marker and OC as a late bone marker. In addition, we used 
alizarin red staining after 21 days of osteogenic induction 
to detect any calcified deposits.

The expression of both the ALP and OC genes was sig-
nificantly higher in the differentiated DPSCs of the non-
smoker group than in the smoker group (p < 0.05). Aliza-
rin red staining showed a reduced calcium deposition in 
the smokers’ DPSCs. Our results are in agreement with 
those of Ng et al., who found that the PDLSCs of smokers 
exhibited an overall reduction in calcium deposition and 
in the production of  ALP compared with non-smokers 
after 14 days of osteogenic differentiation in vitro.9 More-
over, Zhou et al. reported that nicotine affected the os-
teogenic differentiation of MSCs in vitro, and found that 
exposure to 1 mM of nicotine significantly decreased the 
inherent RUNX2, COL1A1, COL1A2, ALP, and OC gene 
expression in both human BMMSCs (hBMMSCs) and hu-
man PDLSCs (hPDLSCs) (p < 0.05) after just 3 days of ex-
posure.7

Conclusions
This study showed that the proliferation and osteogenic 

differentiation abilities of  human DPSCs from smokers 
were altered. Thus, smoking could have a negative impact 
on the proliferation and regenerative potential of human 
MSCs.
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