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Low-dose nicotine reduces the homing
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Abstract: Wound and fracture healing are affected by exposure to nicotine and other compounds in cigarettes. This
study examined the effects of exposure to low-dose nicotine at sub-toxic concentrations on the proliferation, dif-
ferentiation and migration of bone marrow stem cells (BMSCs) in vitro and their homing to fracture site in C57BL/6
mice. BMSCs were investigated in cells treated with or without nicotine (1 uM to 1 mM). Different concentrations
of nicotine exhibited varied effects on BMSCs growth regulation and bone differentiation. CCK8 test significantly
increased at a high nicotine concentration of 1 mM while calcium nodule staining with Alizarin red decreased at
the same concentration. In vitro scratch test, Transwell tests and in vivo BMSCs homing tests showed negative ef-
fects on BMSCs migration at 10 uM to 1 mM nicotine test. Real-time PCR analysis revealed the down-regulation of
SDF-1, CXCR4 and CXCR7, which were members of the potent chemotactic signaling system. Western blot analysis
indicated the down-regulated expression levels of periostin expressed by nicotine-treated osteoblasts (1 uM to 100
uM). Micro CT results showed that nicotine delayed the fracture healing in mice. Our data suggest that exposure
to low-dose nicotine concentrations may affect bone formation by inhibiting the migration and homing of BMSCs,

which may be an important risk factor for bone healing delay in smoking patients.
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Introduction

Cigarette smoking is a powerful risk factor for
severe health problem, including cancer, car-
diovascular diseases and pulmonary diseases,
and a serious medical concern worldwide [1],
particularly in China, because of its high preva-
lence among male and even female adults [2].
Over the past decade, China has been the larg-
est producer and consumer (40% of the global
supply) of cigarettes [3, 4]. Numerous lines of
evidence show that smoking is harmful to every
organ in the body; specifically, smoking impairs
wound and bone fracture healing in soft tissues
[5]. Smoking affects oxygenation in tissues,
serum concentrations of important growth fac-
tors, collagen synthesis and bone mineraliza-
tion. Smoking is also associated with high risk
of delayed bone union and high incidence of
non-union [6]. Preoperative smoking cessation
is an important measure that patients should

undergo to improve surgical prognosis. How-
ever, smokers face difficulty in giving up smok-
ing because of suddenness of injury and high
rate of cigarette addiction. Moreover, the altera-
tion of bone biology in smokers can persist
even after smoking cessation for a long time,
resulting in impaired fracture healing [7, 8].
Several lines of evidence indicate the harmful
consequences of cigarette smoking on fracture
healing. However, the mechanism of the smok-
ing effect on fracture healing remains unclear,
and few specific treatment options are avail-
able [9].

The chemical components of cigarette smoke
are absolutely harmful on fracture healing and
are rapidly absorbed and circulated in the
human bloodstream [5, 9]. Nicotine is the main
compound among the 4000 substances in cig-
arette smoke [10]. Studies indicate that nico-
tine negatively affects the survival and prolifer-
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ation of cells and the mineralization capacity
of osteoblasts and bone marrow stem cells
(BMSCs). However, not all data suggested that
nicotine is exclusively harmful to osteogenesis
[11]. Scholars reported that nicotine exhibits
bimodal effect on the proliferation and osteo-
blast differentiation of BMSCs. The differentia-
tion and proliferation of osteoblasts are inhib-
ited at high nicotine concentrations, whereas
the differentiation and proliferation of pre-
osteoblasts are enhanced at low nicotine con-
centrations [12]. Clinical studies indicated the
low concentration of nicotine in smokers [11,
13]. The results of in vitro experiments may not
appropriately explain the effect of nicotine on
fracture healing. During fracture healing, BMSC
homing is an important step for bone healing;
however, few studies have investigated the
mechanism through which nicotine affects
bone healing [14]. Hence, we hypothesize that
delayed bone healing in smokers is due to the
effects of nicotine on the obstruction of the
homing ability of BMSCs.

BMSCs are non-hematopoietic, multipotent
stem cells that can differentiate into osteo-
blasts, chondrocytes, adipocytes, myoblasts
and neurons [15]. During bone healing, BMSCs
from local and distal bone marrow are attract-
ed to wounded sites by chemotactic factor
and differentiate into osteoblasts [16]. BMSCs
are an important source of osteoblasts during
fracture healing and are often used in facilitat-
ing fracture healing [17], while inhibiting the
migration of BMSCs affects wound healing
[18]. It's reported that nicotine inhibits cell
migration during wound healing [19]. However,
the effect of nicotine on BMSC migration has
been rarely investigated. Thus, we speculate
that nicotine may affect BMSC homing during
bone healing.

This study aims to investigate the effect of
nicotine on BMSC migration in vivo and in vitro.
The proliferation and differentiation of BMSCs
and protein and signaling pathways through
which nicotine affects the migration and hom-
ing of BMSCs are also evaluated.

Materials and methods
Isolation and culture of murine BMSCs
All animal experiments were carried out in

accordance with the protocols authorized by
Wuhan University’s Animal Care and Use
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Committee. The BMSCs of mice were collect-
ed from 4 weeks age old green fluorescent pro-
tein (GFP) transgenic mice (C57BL/6-Tg[UBC-
GFP]0Scha/J)) as previously described [20].
After anesthetized briefly in a CO, chamber,
the femurs of the mice were carefully exposed
and cut at both metaphyseal ends. Then, the
bone marrow was flushed out with DMEM
(Hyclone, Logan, Utah) containing 10% FBS
(Gibco, NY) and 100 U/mL of streptomycin and
penicillin (Hyclone). After repeated pipetting,
the bone marrow mixture was centrifuged at
1000 g for 5 min, resuspended in fresh com-
plete medium, seeded on culture flasks, and
then incubated at 37°C, 5% CO,. After being
cultured for 2 days, nonadherent cells were
removed. After reaching 80-100% confluence,
the cells were detached with 0.25% Trypsin
(Hyclone), and the cells were subcultured into
new culture flasks subsequently. Only passage
1 cells were used in the following experiments
of this study.

Cell culture

MC3T3-E1 cell line (Subclone 15) was pur-
chased from China Center for Type Culture
Collection (Wuhan, China). Cells were routinely
cultured in o-MEM (Hyclone) containing with
10% FBS (Gibco) and 1% Penicillin and Stre-
ptomycin (Hyclone).

Alizarin red assay

For the measurement of cell differentiation,
cells were seeded into 12-well plates and cul-
tured to sub confluence in complete medium
which was then replaced by osteogenic medi-
um that consists of a-MEM, 10% FBS, 1%
penicillin and streptomycin, 50 mg/ml ascor-
bic acid and 10 mM B-glycerophosphate. After
21 days culture with the medium refreshed
thrice a week, cells were fixed with 95% etha-
nol, and stained as previously described [21].
The stained portions were photographed with a
digital camera and inverted microscope. The
pigmented mineralized nodules were subse-
quently dissolved with Cetylpyridinium Chloride
(Sigma-Aldrich) separately and optical density
at 562 nm (OD520 nm) was measured.

Cell proliferation assay
For the measurement of cell proliferation, the

cells were cultured in 96-well plates. After the
cells reached sub-confluence, FBS concentra-
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Table 1. Oligonucleotides used for RT-PCR

RNA templates were reverse-transcribed

Specificity Sequence

into cDNA using First Strand cDNA Syn-

SDF-1 Forward: 5’-GAGAGCCACATCGCCAGAG-3’
Reverse: 5-TTTCGGGTCAATGCACACTTG-3’

CXCR4 Forward: 5’-~AAAGCTAGCCGTGATCCTCA-3’
Reverse: 5-CACCATTTCAGGCTTTGGTT-3’

CXCR7 Forward: 5’-TCACCTACTTCACCGGCACC-3’

Reverse: 5’-ACATGGCTCTAGCGAGCAGG-3’

MMP-8 Forward: 5’-GGTATTGGAGGAGATGCT C-3’
Reverse: 5-GGCTTGGACACTCCTTGG-3’
MMP-13

GAPDH Forward: 5’-ACCACAGTCCATGCCATCAC-3’
Reverse: 5-TCCACCACCCTGTTGCTGTA-3’

Forward: 5’-GGTCCCAAACGAACTTAACTTACA-3’
Reverse: 5-CCTTGAACGTCATCAGGAAGC-3’

thesis Kit (Thermo, Waltham, MA). gPCR
was performed on Bio-Rad CFX 96 real-
time PCR machine using the All-in-One™
gPCR Mix (Thermo) following the manu-
facturer’'s protocol. Primers were design-
ed according to published literature (Table
1) [22-25]. Expression of migration mark-
ers were examined, including stromal cell-
derived factor 1 (SDF-1), chemokine recep-
tor type 4 (CXCR4), CXCR7, matrix metal-
loproteinase 8 (MMP-8) and MMP-13. All
values were normalized to GAPDH and
analyzed using ACt method.

tion was reduced to 1%. Cell numbers were
measured using a CCK-8 kit (Dojindo, Mashi-
kimachi, Japan) following the manufacturer’s
instructions on days O, 1, 3, and 7.

Cell migration assay

For the measurement of BMSCs migration,
BMSCs were seeded into the upper chamber
of the Costar Transwell inserts (#3422, pore
size, 8 ym) (Corning) at a density of 1.0 x 10*
cells/well. After incubation for 12 h at 37°C,
the cells in the upper chamber were carefully
removed using cotton swab. The permeable
cells were fixed in 4% paraformaldehyde (PFA)
and stained with crystal violet. Then, cells were
photographed and quantified using Image Pro
Plus 6.0 software.

The scratch test

Cells of each group were seeded into a 12-well
plate (Corning), when the degree of fusion
reached 80-90%, a wound was created along
the bottom of the plate with 1 mM scratch pen;
cells were slightly washed once with PBS, and
then incubated with serum-free medium. Cell
movement in 24 h was observed under invert-
ed microscope and photographed; distance
of the change in the wound was recorded to
show the migration rate.

Total RNA extraction and quantitative real-time
PCR (qPCR) analysis

For qPCR, cells were seeded in 12-well plates
(Corning). Samples were washed with PBS for
three times, total RNA was extracted using
EZNA total RNA kit (Omega, Norcross, GA) ac-
cording to the manufacturer’'s protocol, 1 pg
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Total protein extraction and western blot

For Western blot, cells were seeded in 3.5 cm
flask (Corning) and grew to confluence. Total
cellular protein was prepared by lysing cells
with RIPA (Thermo) supplemented with 1%
PMSF (Roche, Basel, Switzerland). The concen-
tration of the total protein was assessed using
Pierce™ BCA Protein Assay Kit (Thermo). Then
20 ug protein samples were separated by
SDS-PAGE, and transferred to a PVDF mem-
brane (Roche) by electro blotting. After block-
ing with 5% milk, membranes were incubated
overnight on a shaker at 4°C with one of the
following antibodies: Anti-periostin (POSTN)
(Abcam, Cambridge, MA), anti-GAPDH (Abcam),
and anti-Collagen | (Abcam). The membranes
were then incubated with a secondary anti-
body, including HRP-conjugated goat-anti-rab-
bit IgG (Abcam). GAPDH was used as the inter-
nal reference.

Bone tissue culture

For bone tissue culture, flesh femurs from
6-week-old male C57BL/6 mice were prepared
as mentioned above and bone marrow was
removed by repeatedly flushing with PBS for
three times. The middle femur bone segments
(5 mm) were used and cut longitudinally to
expose the medullary side. Effects of living
bone with or without nicotine (100 uM) versus
devitalized bone (upon boiling) segments were
then determined by culturing bone segments
with GFP-BMSCs in culture dishes for 7 days.
Culture media were changed every 3 days.

Animal models and operational treatments

All animals in this study were treated according
to internationally recognized guidelines on ani-
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Figure 1. Schematic diagram representing the steps used to transplant
BMSCs into the murine fracture model. The bone marrow collected from 4
weeks age old GFP mice was flushed out with complete medium, and then
seeded on culture flasks. After being cultured for 2 days, nonadherent cells
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ered saline and then injected
into the marrow cavity through
one needle with a microinjec-
tor. The needle holes were
sealed with bone wax after
the surgery (Figure 1). Test A
and control A were applied in
In vivo small animal imaging
7 days after the surgery; test
B/control B and test C/con-
trol C were euthanasia by nar-
cotic overdose anesthesia for
Micro-computed tomography
(u-CT) analysis at 2 weeks and
5 weeks post-surgery.

were removed and BMSCs were subcultured into new culture flasks subse-

quently. Mouse left femoral segmental defects (1.2 mm) were established

In vivo small animal imaging

while about 1*10°% GFP BMSCs were suspended in 20 uL of PBS and then

injected into the contralateral femoral marrow cavity of fracture site with a

microinjector.

mal welfare and with the approval of the Me-
dical Ethics Committee of Hospital of Stoma-
tology, Wuhan University. 36 6-week-old male
mice purchased from Hubei Provincial Labora-
tory Animal Center and bred at the SPF Animal
Lab of Wuhan University Stomatology School
were divided into four groups of 6 mice each,
two of them were considered nicotine groups
(test A, test B and test C) and two were used
as control groups (control A, control B and con-
trol C). Nicotine hemisphere (Sigma. Louis, MO,
USA) was diluted in saline at the concentration
of 5 mg/ml for the experimental groups. Each
mouse received a volume of the diluted solu-
tion subcutaneous injection calculated as 3
mg/kg b.i.d according to the procedure pro-
posed by Saito et al. [26]. The control groups
received saline under the same conditions as
the test groups. All animals received either nic-
otine or saline from 1 week before surgery until
sacrifice for test. None mouse died by accid-
ent intraoperation or postoperation. Mouse left
femoral segmental defects (1.2 mm) were esta-
blished according to our previously published
protocols [21]. Then, two needles were inserted
into the bone cavity at both ends of the right
femur. Saline was injected from one syringe to
the marrow cavity, while the bone marrow-sa-
line mixture was drawn out gently by pumping
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In all transplanted mice, hom-
ing of viable GFP+ BMSC was
analyzed with a non-invasive
in vivo small animal imaging system (PE Spec-
trum & Quantum FX, PerkinElmer USA), 1 week
post-surgery. After the mice were anesthetized,
GFP signals were recorded for at least 1 min.
Fluorescence signal recordings were layered
onto an X-ray image to create composite Flu-
orescence-X-ray images for location. Then the
animals were sacrifice for the histology test
next.

u-CT analysis

Femora were flushed using running water for
24 h after 4% PFA fixation, then embedded in
paraffin. The fixation devices were carefully re-
moved. The paraffin-embedded samples were
scanned using a u-CT 50 imaging system (Sc-
anco Medical AG, Bassersdorf, Switherland).
The X-ray tube was set at 70 kV, 85 mA with the
resolution was 20 um (Integration time = 400
ms) paralleling the axis of the femora. Analy-
sis and three-dimensional (3D) reconstruction
were performed using the software provided by
the manufacturer.

Histology and immunofluorescence staining

Following fixation, the samples underwent de-
calcification, dehydration, waxing and embed-
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Figure 2. BMSCs were cultured with nicotine. A. The effect of nicotine on proliferation was assessed by CCK8 assay
at 0, 1, 3, and 7 days with 1 uM-10 mM nicotine. B. BMSCs were cultured with 1 yM-1 mM nicotine for 21 days to
test the effect of nicotine on calcium accumulation. The stained portions were photographed with a digital camera.
C. Microscopic images were obtained using the Nikon inverted microscope. (original magnification 50 x). D. The
stained portion was dissolved using Cetylpyridinium Chlorid solution, and optical density was then measured. When
cultured in media containing 1 mM nicotine, calcium accumulation decreased significantly. Data shown are the
means + SD for 3 independent experiments. *P < 0.05, **P < 0.05, ***P < 0.001 compared to the control group
treated without nicotine.

ding. The fixation devices were then carefully Result
removed from the paraffin-embedded samp-
les, and the voids left were resealed with pa- Effect of nicotine on proliferation and differen-
raffin. Samples were sliced into 5 ym-thick lon- tiation of BMSCs
gitudinal serial sections and then subjected to
immunofluorescence staining with anti-GFP BMSCs were treated with various concentra-
(Abcam) according to our previous research tions of nicotine (1 uM-10 mM), and the effect
protocol [27]. on proliferation was analyzed using the CCK8
assay. On day 1, the cell viability of BMSCs
Data analysis treated with nicotine at concentrations be-
tween 1 yM and 1 mM was not different from
For all quantitative data, analysis of variance that of the controls. While, the viability of cells
(ANOVA) was employed to evaluate the effect decreased significantly when they were treated
of one variable on two or more independent with 10 mM nicotine (P < 0.05) at all the time
groups. In the event of a two-group effect, point. On day 3, BMSCs cultured with nicotine
individual pairs of means were compared using concentrations of 1 yM and 1 mM showed a
the t-test. Data were calculated as mean * similar situation as day 1. Also, the survival of
standard deviation, and in some cases, con- BMSCs incubated with 10 mM nicotine was
verted to percent of control. A value of P < 0.05 significantly decreased (P < 0.05). On day 7,
was used to determine whether differences BMSCs cultured with 1 mM nicotine showed
were statistically significant. increased proliferation, while those cultured
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Figure 3. Cell migration detected by the scratch test (magnification, x 100) and Transwell migration assay (magnifi-
cation, x 100). A. Scratch tests showed that BMSCs migration distance to wound indicated with 1 mm scratch pen.
B. Transwell migration assay showed the number of migrated BMSCs decreased compared to that in the control
group. C. Shows the statistical analysis of the separation distance of cells in all groups. D. Shows the statistical
analysis of the migrated cells per field in all groups. These indicated that 10 uM, 100 pM, and 1 mM concertation
of nicotine inhibited the migration of BMSCs in vitro (P < 0.05). Data shown are the means + SD for 3 independent
experiments. *P < 0.05, ***P < 0.001 compared to the control group treated without nicotine.

with 10 mM nicotine showed significantly de-
creased viability (P < 0.001; Figure 2A). For
assessing the differentiation, BMSCs were
treated with osteoblast-induction stimulants
and various concentrations of nicotine (1 uM-1
mM) for 21 days, and Alizarin red assay was
performed (Figure 2B, 2C). Calcium accumu-
lation was strongly observed in the Control
BMSCs (0.613 + 0.085), and the accumulation
did not show significant change when BMSCs
were treated with nicotine at the concentra-
tions from 1 yM to 100 uM (all P < 0.05).
However, the differentiation was significantly
Inhibited at 1 mM (P < 0.05; Figure 2D).
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Effect of nicotine on migration of BMSCs in
vitro

In order to determine whether nicotine influ-
enced the migration of BMSCs, a scratch test
and a Transwell assay was developed for 24
h. As shown in Figure 3A, the scratch assay
results indicated that after treated with nico-
tine, migration rate of BMSCs was decreased
as compared with that in control group at 10
UM, 100 uM, and 1 mM (all P < 0.05), while the
differences of migration rate between control
group and 1 uM showed no significance (P =
0.354 Figure 3C). Transwell assay results dem-

Am J Transl Res 2018;10(9):2796-2809
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Figure 4. Effect of nicotine on the gene expression levels of migration markers. Osteoblasts and BMSCs were incu-
bated in the presence of 1 uM-1 mM of nicotine for appropriate time. Transcription levels of SDF-1 on Osteoblasts,
CXCR4, CXCR7, MMP-8 and MMP-13 on BMSCs were determined by Realtime-quantitative PCR. A. Expression of
SDF-1 in untreated osteoblasts (controls) and in cells treated with 1 uM-1 mM nicotine for 24 hours. Results are
expressed as fold-change in GAPDH normalized mRNA values. B. Expression of CXCR7 in BMSCs with or without
nicotine for 24 hours. GAPDH was used as the reference. C-E. Expression of CXCR4 in BMSCs for 24 hours, 48 hours
or 72 hours. GAPDH was used as the reference. F. The ratio of CXCR4 expression between 1 mM treated group and
control group in 24-72 hours. G, H. Expression of MMP-8 and MMP-13 in BMSCs with or without nicotine for 48
hours. GAPDH was used as the reference. Data shown are the means + SD for 3 independent experiments. *P <

0.05, **P < 0.05, ***P < 0.001 compared to the control group treated without nicotine.

onstrated a similar outcome that all concerta-
tion except 1 yM (P = 0.1094) showed signifi-
cance Inhibitory effect on BMSCs migration
between control group and nicotine group (all
P < 0.05).

Effect of nicotine on mRNA expression

Osteoblasts (MC3T3-E1) and BMSCs were in-
cubated in the presence of 1 yM-1 mM of
nicotine for appropriate time. Transcription lev-
els of SDF-1 on Osteoblasts, CXCR4, CXCRY,
MMP-8 and MMP-13 on BMSCs were deter-
mined by Realtime-quantitative PCR. Results
are expressed as fold-change in GAPDH nor-
malized mRNA values. Treatment of Osteobla-
sts with 1 yM-100 uM of nicotine resulted in

2802

significant lower expression levels of SDF-1 in
Osteoblasts (P < 0.05) while 1 mM did not
show no significant effect (Figure 4A). The ex-
pression of CXCR7 in BMSCs was significantly
inhibited by nicotine at the concentrations of
1 uM but promoted by 1 mM (P < 0.05 Figure
4B). Then, compared to the control, those tre-
ated with 10 yM-1 mM of nicotine showed
remarkedly reduced expression levels of CX-
CR4 from 24 hours to 72 hours. The 1 uyM nico-
tine group did not show obvious down regula-
tion relative to control group until 72 hours
(P < 0.05 Figure 4C-E). Figure 4F indicated
that the expression of CXCR4 in BMSC treat-
ed with 1 mM nicotine exhibited a downward
trend in comparison to control group from 24

Am J Transl Res 2018;10(9):2796-2809
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(Figure 6A-C), while little GFP+
cells gathered around the de-
vitalized bone segments (Fig-
ure 6D-F). When 100 uM nico-
tine was applied, little GFP+
cells gathered around the liv-
ing bone segments (Figure
6G-I).
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Figure 5. Effect of nicotine on the protein expression levels of Osteoblasts

A

o

T in vivo small animals imaging

7 days post-surgery and sacri-

Q\t: & ficed for histological examina-
s

tion sequently. The amount of
GFP+ cells the section from
mice treated with nicotine dra-

ECM in the presence of 1 yM-1 mM of nicotine for 7 days detected by west-

ern blot. A. Western blot results showed that in Osteoblasts, Collagen | was
not significantly altered by nicotine but POSTN protein expression in the 1
MM-100 uM nicotine group was lower than that in the control group. GAPDH
was used as the reference. B, C. Shows the statistical analysis of the western
blot in all groups. Data shown are the means + SD for 3 independent experi-
ments. *P < 0.05, **P < 0.05 compared to the control group treated without

nicotine.

h to 72 h as a function of time (Figure 4F).
Treatment of BMSCs with 1 Mm-100 uM of
nicotine did not result in any significant differ-
ence in MMP-8, MMP-13 but with 1 mM of
nicotine both of them were upregulated (P <
0.05, Figure 4G, 4H).

Effect of nicotine on osteoblasts ECM expres-
sion

Osteoblasts were incubated in the presence of
1 uM-1 mM of nicotine for 7 days. Postn were
significantly inhibited in 1 uM-100 yM nico-
tine group (all P < 0.05), while no difference of
protein levels existed between 1 mM nicotine
group and the control (P = 0.6425) (Figure 5A,
5C). At the same time, no difference of protein
levels of collagen | existed (Figure 5B).

Interaction between BMSCs and osteoblasts

To emulate how Osteoblasts in the niche can
attract BMSCs, we cultured femur derived liv-
ing and devitalized bone segments with GFP-
BMSCs for 7 days. The middle femur bone seg-
ments (5 mm), without bone marrow, were cut
longitudinally to expose the medullary side.
After 7 days, Cells were fixed and restained by
DAPI. A large number of GFP+ cells accumulat-
ed and adhered around the bone segment
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matically less than that in
control groups (Figure 7A, 7B,
7E, P < 0.05). Furthermore,
the result of in vivo small ani-
mals imaging technology also
shown the same outcome
(Figure 7C, 7D).

Micro-CT analysis

Micro-CT analysis was performed to evaluate
the healing progresses of defects at 2 and
5 weeks, respectively. The 3D reconstruction
images of u-CT showed that the healing of con-
trol group was dramatically better than those of
the nicotine groups at 2 weeks postoperatively.
Setting the defect area as area of interest,
quantitative data of u-CT showed that control
group was significantly higher than the control
bone volume/tissue volume (BV/TV Figure 8C).
However, no great difference was observed at
5 weeks (Figure 8A-C).

Discussion

Cigarette smoke consists of more than 4000
chemical substances which, nicotine is the
main component [28]. In vitro and in vivo ex-
periments have been conducted to investigate
that nicotine delays fracture healing [11, 29,
30]. However, the mechanism through which
nicotine affects bone healing remains unclear.
In vitro studies employ various concentrations
of nicotine, ranging from 0.01 yM to 50 mM
[11]. Previous reports revealed that exposure
to high concentrations of nicotine (as high as
5 mM) can damage the proliferation and miner-
alization capacity of BMSCs [12]. But low nico-
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Figure 6. WT femur-derived bone segments without bone marrow were cultured with GPF-BMSCs (cells in green)
for 7 days (magnification, x 100). Red line represents the bone edge. Blue indicated the cell nucleus which were
re-stained by DAPI. Blue arrows indicated GPF negative cells from wild type C57BL/6 mice bone segment. Green
and green arrows indicated GPF-BMSCs. A-C. Living bone segments cultured with GPF-BMSCs. D-F. Devitalized bone
segments cultured with GPF-BMSCs. G-I. Living bone segments cultured with GPF-BMSCs at nicotine concentration

of 100 uM.

tine concentration leads to bone healing delay
but does not significantly affect the expression
of bmp-2 and the radio density of bone regen-
eration [31]. We speculate that sub-toxic clini-
cal concentration of nicotine might affect frac-
ture healing in other mechanisms. According
to clinical epidemiological investigation, the
blood levels of nicotine obtained from habitual
cigarette smokers range from 0.06 to 1.2 mM
and, the level of nicotine in the saliva has been
reported to be 0.6-9.6 mM [32]. In the present
study, nicotine concentrations, ranging from 1
MM to 10 mM, were carefully selected to corre-
spond to the levels in blood and saliva of smok-
ers. However, since treatment with 10 mM nico-
tine induced extensive cell death, we ranged
the concertation from 1 yM to 1 mM (Figure
2A). Osteoblasts and the precursor cells BM-
SCs are key cells involved in bone regenerat-
ion. Bone healing can be delayed by suppress-
ing the recruitment of BMSCs to the bone se-
gmental defect [33]. Osteoblasts, as the most
important cells of bone healing, can secrete
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chemokines to promote the homing of BMSCs.
Regulation of SDF-1 production by osteoblasts
could be a possible mechanism underlying
stem cell homing [34]. Few in vitro studies have
examined the effects of nicotine on the mi-
gration and homing of BMSCs. In the present
study, we investigated if delayed bone healing
could be attributed to the inhibition of osteo-
blasts induction of BMSC homing and migra-
tion by nicotine.

Cell proliferation determines the amount of
BMSCs that have generative effect in the
body. In the present study, BMSCs were cul-
tured in medium containing different concen-
trations of nicotine for 7 days. After 7 days, a
stimulating effect was observed in cells treat-
ed with 1 mM nicotine. Treatment with 10 mM
nicotine dramatically decreased cell prolifera-
tion and led to cell death (on the first day).
Hence, nicotine, depending on exposure con-
ditions (time and concentrations), inhibited or
stimulated cell proliferation (bimodal effect);
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Figure 7. BMSCs homing to fracture detected by dissection specimens and in vivo small animals imaging technol-
ogy after surgery for 7 days. (A, B) Immunofluorescence with an anti-GFP antibody was performed to detect GPF+
BMSCs (cells in green) from control group (A) or nicotine group with subcutaneous injection of 2 pg nicotine per day
for one mouse (B) in longitudinal section (magnification, x 100). (C, D) Injected GPF-BMSC visualized with Small
Animal Imaging Technology. Intensity of fluorescence signal around the fracture site from control group (C) was
dramatical stronger than nicotine treated group (D) (2 pug/mouse/day). (E) Shows the statistical analysis of the
immunofluorescence dissection in both groups. Data shown are the means + SD for 6 independent specimens. *P

< 0.05, **P < 0.05 compared to the control group treated without nicotine.

this finding is similar to those previously report-
ed (Kamer et al.,, 2006; Rothem et al., 2009;
Kim et al., 2012) [12, 35, 36]. Treatment with 1
mM nicotine considerably stimulated cell pro-
liferation and led to cell death on the 7th day
(Figure 2A). At this concentration, nicotine not
only inhibited calcium accumulation (Figure
2B-D) but also significantly stimulated the pro-
liferation of osteoblasts while no significant
alteration to controls. Determining if the prolif-
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eration of osteoblasts is inhibited by nicotine
and eventually leads to delayed fracture heal-
ing remains difficult.

Stem cell differentiation into tissue-specific
cells is one of the mechanisms for stem cell
repair at injury sites during healing [37]. Cig-
arette inhibits the osteogenic differentiation
of human osteoprogenitor cells, and nicotine
reduces the osteogenic differentiation of BM-

Am J Transl Res 2018;10(9):2796-2809
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Figure 8. Micro-CT images and analysis showed the defect healing of nico-
tine group was delayed than control group. A. Micro-CT images of defect
healing femurs of control group at 2 and 5 weeks. B. Micro-CT images of
defect healing femurs of nicotine group (2 ug/mouse/day) at 2 and 5 weeks.
C. Quantification data of the defect area (*P < 0.05 n = 6).

tegy for bone healing. Scratch
test and Transwell chamber
test were conducted to exam-
ine the effects of nicotine on
BMSC homing in vivo. Accor-
ding to the results, nicotine
significantly inhibited the mi-
gration of BMSCs. Based on
previous reports, inhibition of
BMSCs migration lead to the
fracture healing disorder [33],
so we suspected that this
might be an important cause
for the effect of nicotine
on fracture healing. Increasing
lines of evidence indicate that
SDF-1 and its cellular recep-
tor, CXCR4 and CXCR7 play an
important role in BMSC migra-
tion [39]. SDF-1/CXCR4/CX-
CR7 promotes the migration
of stem cells associated with
injury repair in many species
and tissue types [40-42]. Mo-
reover, the expression levels
of SDF-1 and CXCR4 were pre-
dominantly increased under
hypoxic conditions, such as
acute injury [43]. Osteoblasts
are the most important sour-
ce of SDF-1 in the skeleton;
moreover, itself was an im-

SCs. The culture medium was changed every 3
days with varied concentrations of nicotine to
simulate continuous exposure through daily
use of cigarette. The present study showed that
there was no statistical difference of calcium
deposition can be found in BMSCs after induc-
ing osteogenic differentiation at low doses of
nicotine. Nodule formation was significantly re-
duced when the cells were cultured with 1 mM
nicotine (Figure 2B-D). Nicotine could affect
the differentiation potential of BMSCs only at
such a high concentration which was found in
the peak level of heavy smoker lasting for a
short time might not be related to delayed
healing clinically [38].

Cell homing has rationality and good prospects
in bone regeneration; as such, promoting stem
cell homing, whether from local area, systemic
circulation, or both, could be an important stra-
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portant factor to attract the

BM-SCs homing [44]. In our
experiments, we found that, the segments of
bone attached with living Osteoblasts could
attract BMSCs and the tendency was inhibited
by nicotine, it the amount of SDF-1 secreted by
osteoblasts decreased at several nicotine con-
centrations (Figure 4). Furthermore, CXCR4/CX-
CR7 expression was significantly reduced by
treatment with nicotine showing a significant
dose and time dependence trend. On the con-
trary, the important impact of invasion, MMP-8
and MMP-13 [24, 25], remained stable at all
concentration of nicotine.

Matricellular proteins play a pivotal role in tis-
sue homeostasis and in different pathological
processes. Type | collagen was an important
components in tendon, bone and skin which
co-localizes and interacts with periostin by
which increased the proliferation and migrat-
ion rates of different cells, such as fibroblasts
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or osteoblast-like cells [45, 46]. The high ex-
pression of periostin promotes the migration
and proliferation of BMSCs but not in bone dif-
ferentiation [45]. In the present study, Postn
was decreased by low levels of nicotine, while
there was non-significant on collagen I. The re-
duced expression of Postn might suppress the
migration of BMSCs.

Further, we used a femur fracture model to
study the homing of fracture-directed BMSCs
Since the transplanted BMSCs in C57 mice
survived for 5-10 days only; as such, in vivo
imaging was performed 7 days after the sur-
gery [47]. We do not recommend injection of
large amounts of BMSCs because it leads to
massive pulmonary infarction and redistribu-
tion in the liver, bone marrow and other organs
[48]. In the bone marrow cavity of other bones
and liver, we can still find some signals, but
the major signals were concentrated in the
fracture area; therefore, the experimental sc-
heme selected was considered feasible (Fi-
gure 7C, 7D). The fluorescence signal of EGFP
was tracked by histological examination either.
The signal at the fracture site was weaken in
the nicotine treated group both in in vivo imag-
ing and histological examination (Figure 7).
Hence, nicotine prevented BMSCs from moving
towards the fracture area.

Mineralized callus volume quantified by micro-
CT surface rendering of the mineral compo-
nent is useful for investigating bony bridging
across the fracture site to detected bone heal-
ing delay [49]. In the nicotine group models,
MV/CV was significantly lower in 2 weeks com-
pared with the PBS control group, but in the
5 week, there was no significant difference
between the two groups (Figure 8C). According
to our previous research, the segmental bone
defect in the femur could be healed well at 5
weeks after the operation [21]. Therefore, we
indicated that the fracture healing of the mice
in the nicotine group was delayed, but not
lead to definite negative impact on the final
union, which is similar to the result in clinical
practices [50].

The obtained data suggests the possible me-
chanism of low levels of nicotine in inducing
bone healing delay. Under the “normal” nico-
tine blood concentrations in smokers, the pro-
liferation and osteogenesis of osteoblasts
may not be significantly affected. The obvious
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inhibition of migration and homing in vivo and
in vivo demonstrates that nicotine may influ-
ence bone metabolism and formation. Hence,
smoking may be an important risk factor for
bone healing because it causes nonunion and
delayed healing. Although the proposed mech-
anism could be explained by the down-regula-
tion of SDF-1/CXCR4/CXCR7 and Postn, further
investigation must be performed.
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