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Abstract
Objectives: Progesterone treatment can effectively
increase levels of circulating endothelial progenitor
cells (EPCs) and improve neurological functional
outcome in a traumatic brain injury (TBI) rat
model. However, the mechanisms of progesterone’s
effects on EPC viability remain elusive. The
CXCL12/CXCR4 (CXC chemokine ligand 12/CXC
chemokine receptor 4) signalling pathway regulates
cell proliferation; we hypothesize that it mediates
progesterone-induced EPC viability.
Materials and methods: EPCs were isolated from
bone marrow-derived mononuclear cells (BM-
MNCs) and treated with progesterone (5, 10 and
100 nM). MTS assay was used to investigate EPC
viability. Protein expression was examined by
Western blotting, ELISA assay and flow cytometry.
Cell membrane and cytoplasm proteins were
extracted with membrane and cytoplasm protein
extraction kits. CXCR4 antagonist (AMD3100) and
phosphatidylinositol 3-kinases (PI3K) antagonist
(LY294002) were used to characterize underlying
mechanisms.
Results: Progesterone-induced EPC viability was
time- and dose-dependent. Administration of pro-
gesterone facilitated EPC viability and increased
expression of CXCL12 and phosphorylated Akt
(also known as protein kinase B, pAkt) activity
(P < 0.05). Progesterone did not regulate CXCR4
protein expression in cultured EPC membranes or

cytoplasm. However, progesterone-induced EPC
viability was significantly attenuated by AMD3100
or LY294002. Inhibition of the signalling pathway
with AMD3100 and LY294002 subsequently
reduced progesterone-induced CXCL12/CXCR4/
PI3K/pAkt signalling activity.
Conclusions: The CXCL12/CXCR4/PI3K/pAkt sig-
nalling pathway increased progesterone-induced
EPC viability.

Introduction

Progesterone is a steroid hormone synthesized in both
males and females. Though its function is related to sex
and reproduction, especially in females, there is growing
evidence that progesterone is also neuroprotective and
has angiogenic properties in traumatic brain injury (TBI)
(1). Some studies have revealed that progesterone could
enhance ovarian cancer cell proliferation through proges-
terone receptor membrane component-1 (2) and regulate
viability of granulosa cells (3). Our previous studies
have found that progesterone treatment increases circu-
lating levels of endothelial progenitor cells (EPCs) and
improves neurological functional outcome in a rat model
of traumatic brain injury (TBI) (4). However, the mech-
anisms of progesterone’s effects on EPC proliferation
have remained elusive.

Circulating EPCs have been shown to supplement
damaged endothelium and augment neovascularization
in a number of animal models (5,6). Under stress, EPCs
migrate to damage sites to replenish injured endothelium
and enhance neovascularization (7). Increasing EPC
levels play a key role in the process of angiogenesis, as
well as being involved in neuroprotection, after brain
injury. However, there are very few peripheral EPCs,
and they do not proliferate readily (8–10). Progesterone
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may increase numbers of circulating EPCs and reinforce
vascular remodelling, which could improve neurological
outcome in TBI rats (4). Based on these findings, one
can assume that enhancing EPC viability may benefit
patient recovery (11). In order to develop more efficient
therapeutic regimens for TBI, it is important to explore
the possible benefits of expanding EPC levels in vitro.
In this study we tested the effects of progesterone treat-
ment on the viability of EPCs in vitro, as well as the
molecular signalling pathway possibly responsible for
enhancing EPC viability.

Chemokines are cytokines and signalling proteins,
responsible for proliferation and viability of numerous
types of cells (12–14). The CXCL12/CXCR4 signalling
pathway has been extensively investigated and has been
shown to play a key role in angiogenesis (15). CXCL12
(also called stromal cell-derived factor 1 (SDF-1)), is a
small, secreted a chemokine protein. After combining
with CXCR4, CXCL12 mediates functional changes by
inducing activation of GTP-binding protein G inhibitory
(Gi) and activating other signalling pathways in several
types of cells including neural progenitor cells (NPCs)
(16,17). The CXCL12/CXCR4 pathway enhances
chemotaxis, cell survival and proliferation. CXCL12/
CXCR4 also stimulates phosphatidylinositol 3-kinase
(PI3K)/Akt signalling activity, thereby promoting NPC
proliferation and neuronal survival (17,18). Akt, a down-
stream target of PI3K, regulates cell proliferation, meta-
bolism and cell size (19,20). However, potential effects
of CXCL12/CXCR4 in EPC viability and its connection
with progesterone-induced EPC viability have remained
unclear. Accordingly, we hypothesized that progesterone
might enhance EPC viability through the CXCL12/
CXCR4/PI3K/Akt signalling pathway. By employing a
well-established in vitro culture system, we studied the
effects of progesterone on EPC viability, and whether
the CXCL12/CXCR4/PI3K/Akt signalling pathway plays
a key role in this process.

Materials and methods

EPC culture

All animal procedures were approved by the Institutional
Animal Care and Use Committee of Tianjin Medical
University General Hospital, and in accord with the US
National Institutes of Health’s Guide for the Care and
Use of Laboratory Animals (Bethesda, MD, USA). Bone
marrow-derived mononuclear cells (BM-MNCs) were
isolated from 14-day-old male Wistar rats by the density
gradient centrifugation method, using Histopaque-1083
(Sigma-Aldrich, St. Louis, MO, USA). BM-MNC were
seeded on six-well plates (5 9 106 cells/well) pre-coated

with human fibronectin (1 lg/ml; Millipore Bedford
Mass, USA) and incubated at 37 °C in a humidified 5%
CO2 atmosphere. First medium change was performed
after 24 h in culture, and non-adherent cells were
removed; adherent cells were continuously cultured in
fresh EGM-2 media (Lonza, Walkersville, MD, USA)
(21) and medium was changed every 2 days for
14 days. After 14 days culture, cells were identified by
a combination of specific surface antigen expression and
functional properties (22).

EPC characterization

To confirm their endothelial phenotype, uptake of DiI-
acetylated low-density lipoprotein (DiI-acLDL) (Molecu-
lar Probe, Eugene, OR, USA) was performed. EPCs
were washed in PBS (phosphate-buffered saline) and
stained with DiI-labelled acetylated low-density lipopro-
tein (acLDL) (2.5 mg/ml; Molecular Probe) for 30 min
at 37 °C and then stained with fluorescein isothio-
cyanate (FITC)-labelled Ulex europaeus agglutinin
(UEA) (Vector Laboratories, Burlingame, CA, USA).
Endothelial cells markers stained for were, von Wille-
brand factor (vWF, 1:200, rabbit polyclonal; Santa Cruz
Biotechnology, Shanghai, China), and kinase domain
receptor (KDR, 1:200, mouse monoclonal; Santa Cruz
Biotechnology). CD34 is expressed on hematopoietic
stem and progenitor cells, thus, CD34 status was exam-
ined by using anti-CD34 antibody (1:200, mouse
monoclonal, Santa Cruz Biotechnology). Positive staining
was detected by fluorescent microscopy after incubation
with TRITC (tetramethyl rhodamine isothiocynate)- or
FITC (fluorescein isothiocyanate)-conjugated secondary
antibodies. Nuclear counterstaining was performed with
40, 6-diamidino-2-phenylindole (DAPI) (1:1000; Sigma-
Aldrich). All processes were visualized using an inverted
phase-contrast microscope (IX81; Olympus, Tokyo,
Japan).

Matrigel assay

To analyse capillary-like tube formation of EPCs, a
Matrigel assay was performed as previously described
(23). Briefly, growth factor-reduced Matrigel (BD Bio-
sciences, Bedford, MA, USA) was thawed overnight at
4 °C. 50 ll/well of chilled Matrigel matrix was added
to ice-cold 96-well plates. Plates were then incubated
for 60 min at 37 °C to allow the Matrigel to solidify.
After gel layer formation, 100 ll late outgrowth EPCs
(1 9 104 cells) in EGM-2 were seeded in each well and
incubated for 6 h. Microscope images of tube formation
were captured using inverted phase-contrast microscopy
(IX81; Olympus).
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EPC viability assay

To test whether progesterone treatment would regulate
EPC viability, three different concentrations of proges-
terone were employed. In order to address whether
CXCL12 directly impacts EPC viability, we also stimu-
lated EPCs with different concentrations of CXCL12
(CXCL12 dissolved in culture medium). Selection of
concentrations of progesterone and CXCL12 were based
on previous studies (17,24). Progesterone is liposoluble
and was dissolved in a 0.16% ethanol solution. EPC
viability was measured by MTS [colorimetric3-(4,
5-dimethylthia-zol-2-yl)-5-(3-carboxy-methoxyphenyl)-2-
(4-sulfophenyl)-2H-tetra-zolium] assay (Cell Titer 96
AQ, Promega, Madison, WI, USA). After 14 days
culture, EPCs were cultured in the presence of different
doses of progesterone (0, 5, 10 and 100 nM) (Sigma-
Aldrich) or vehicle (0.016% ethanol) for 3, 6, 12 and
24 h respectively. We also treated EPCs with different
concentrations of CXCL12 (0, 10, 20, 60, 80 and
120 ng/ml; PEPROTECH, Rocky Hill, NJ, USA) for
6 h. After treatment with progesterone and CXCL12,
EPCs were harvested and reseeded on 96-well plates
(1 9 104 cells/well, n = 6 wells/group) in 100 ll cul-
ture medium. Then, 20 ll MTS reagent were pipetted
into each well and plates were incubated for 1 h at
37 °C in a humidified, 5% CO2 atmosphere. Absorbance
was recorded at 490 nm using an ELISA plate reader
(Bionetics Laboratory, Kensington, CA, USA).

CXCL12 ELISA assay

CXCL12 secreted by EPCs in the supernatant was mea-
sured using a CXCL12 ELISA kit (Biovol, Shanghai,
China) according to the manufacturer’s instructions.
Briefly, cells were pre-treated with or without 5 nM pro-
gesterone for 6 h. Samples of cell culture supernatant
were incubated in plates with CXCL12 antibody for 1 h
at 37 °C (n = 6 wells/group). After washing, 100 ll
horseradish peroxidase-labelled CXCL12 antibody solu-
tion was added to each well and incubated for 30 min at
37 °C. After washing, tetramethyl benzidine chromogenic
reagent was added to each well. When the liquid in each
well turned blue, plates were read on a plate reader (Bio-
netics Laboratory), colour intensity of samples being pro-
portional to quantity of CXCL12. Concentration of
CXCR12 in the samples was determined by comparing
optical density (OD) of samples to the standard curve.

Flow cytometry assay for membrane protein of CXCR4

To detect CXCR4 on cell membranes, flow cytometric
analysis was preformed. EPCs were treated with or

without progesterone (5 nM) for 6 h.Cells were collected
and washed twice in PBS. All cells were resuspended in
100 ll binding buffer and incubated with 5 ll CXCR4
antibody (ab2074; Abcam, Cambridge Cambridgeshire,
UK) for 30 min at 4 °C in the dark, and then washed
twice in PBS. Next, FITC-conjugated goat anti-rabbit
secondary antibody (1:50; ZSGO-BIO, Beijing, China)
was used, and cells were washed twice in PBS. Finally,
cells were analysed on a flow cytometer (Becton Dickin-
son and Company, Franklin Lakes, NJ, USA).

Cytomembrane and cytoplasmic protein extraction

Cytomembrane and cytoplasmic proteins were extracted
using the Membrane and Cytosol Protein Extraction Kit
(Beyotime Institute of Biotechnology, Shanghai, China)
according to the manufacturer’s instructions. Briefly,
EPCs were treated with or without progesterone (5 nM)
for 6 h. They were then pelleted and resuspended with-
out pancreatin in solution A provided by the kit. Cells
were then lysed and centrifuged at 14000 9 g for
30 min at 4 °C. Cytoplasmic proteins were extracted
from the supernatant, and the precipitate was treated
with solution B provided by the kit, then centrifuged at
14000 9 g for 5 min at 4 °C. Membrane proteins were
extracted from the supernatant. Protein concentrations of
cytomembrane and cytoplasmic proteins were deter-
mined with a BCA (Bicinchoninic acid) protein assay
kit (Solarbio, Beijing, China) and proteins were stored
at �80 °C. Cytomembrane and cytoplasmic differential
protein expressions were analysed using Western blot-
ting.

Western Blotting assay

To explore the mechanisms of progesterone-mediated
EPC viability, CXCR4 inhibitor AMD3100 and the
PI3K inhibitor LY294002 were used. EPCs were pre-
treated with AMD3100 (20 lM, 60 lM, Sigma, St.
Louis, MO, USA), LY294002 (20 lM, Selleckchem,
Shanghai, China) for 2 h followed by stimulation with
5 nM progesterone for 6 h. Choice of inhibitor concen-
trations was based on previous assays (17,25,26). Wes-
tern blotting assay was performed to detect CXCL12,
CXCR4 and pAkt. Cell proteins were isolated using
RIPA (Radio Immunoprecipitation Assay) lysis buffer
(Solarbio), containing phosphatase inhibitor (1:100,
Solarbio) and PMSF (phenylmethanesulfonyl fluoride)
(1:1000, Solarbio). The BCA protein kit (Solarbio) was
used to determine protein concentrations. Proteins were
separated using SDS-polyacrylamide gel then transferred
to polyvinylidene fluoride (PVDF) membranes (Bio-
Rad, Hercules, CA, USA). Primary antibodies against
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pAkt (1:1000, 9271S; Cell Signaling Technologies, Dan-
vers, MA, USA), CXCL12 (1:1000, 3530S, Cell Signal-
ing Technologies), CXCR4 (1:1000, ab2074; Abcam)
and total Akt (1:1000, 4685, Cell Signaling Technolo-
gies) were added and incubated overnight at 4 °C.
Membranes were then washed and horseradish peroxi-
dase-conjugated secondary antibodies (1:5000, Solarbio)
were added. Membranes were washed and then treated
with chemiluminescent (ECL) solution (Millipore,
Shanghai, China) and signal bands were visualized using
an appropriate scanner (BioTek, Hercules, CA, USA).

Statistical analysis

All data are shown as mean � standard deviation (SD)
and at least three independent experiments were per-
formed for all analyses. In cell experiments, six wells
were performed in each group. Data were analysed
using SPSS software (version 10.0). After confirming
normal distribution of all variables, statistical analysis of
differences between two groups was performed using
Student’s t-test. Two-way ANOVA assessed the effects
of treatments and time on change in EPC viability and
were followed by Bonferroni post hoc test. Also, differ-
ences within and among groups were analysed using
two-way ANOVA for EPC viability with progesterone
and antagonists as factors, and followed by the Bonfer-
roni post hoc test. All data were considered statistically
significant at P < 0.05. ELISA data were analysed by
curve expert (version 1.4). P < 0.05 was considered sta-
tistically significant.

Results

EPC characterization

As shown in Fig. 1, total BM-MNCs were cultured for
14 days and all cells appeared to be homogeneous and
cobblestone-like (Fig. 1a). Together with tubular forma-
tion capacity (Fig. 1b), EPCs were identified by their
expression of progenitor or stem cell marker CD34
(Fig. 1c), and EC markers KDR (Fig. 1d) and vWF
(Fig. 1e), binding with UEA-I-FITC and up take of DiI-
acLDL (Fig. 1f), a typical feature in characterization of
endothelial lineage cells. This information indicated that
the cultured cells were EPCs.

Progesterone-induced EPC viability was time- and dose-
dependent

To clarify whether progesterone enhanced EPC viability,
MTS assay was performed. As shown in (Fig. 2), EPCs
were treated with low concentrations of progesterone

(5 and 10 nM) and showed progressive increase in
viability starting at 6 h and reaching a peak by 12 h.
Notably, the 5 nM progesterone treatment significantly
increased the viability at 12 h, compared to control,
10 nM or 100 nM progesterone treatment groups respec-
tively. High-dose progesterone treatment (100 nM)
dramatically impaired EPC viability compared to control
(P < 0.05). There was no statistical difference in OD
values between vehicle and control groups. The data
indicated that 5 nM progesterone was the optimal dose
to promote EPC viability. Therefore, this concentration
(5 nM) was used in the following studies.

Progesterone increased CXCL12 rather than CXCR4 in
EPCs: increasing CXCL12 mediated progesterone-
induced EPC viability

To further explore which intracellular pathways were
responsible for progesterone-mediated EPC viability, we
investigated effects of progesterone on expression of
CXCL12 and CXCR4. By using western Blot assay, we
found that progesterone significantly increased CXCL12
expression instead of that of CXCR4(Fig. 3a). As the
data shows, 5 nM progesterone was the optimal dose to
promote EPC viability. After EPCs were treated with
this, cell culture supernatant was found to contain signif-
icantly higher levels of CXCL12 (Fig. 3b).

To further confirm that progesterone administration
did not have any impact on compartment protein expres-
sion of CXCR4, its levels in membrane proteins were
examined by flow cytometry. Furthermore, cytomem-
brane and cytoplasmic proteins were separately isolated
from whole EPCs. Western blotting was performed to
confirm that progesterone did not induce differential
expression of CXCR4 in either cytomembrane or cyto-
plasmic proteins (Fig. 3c). Flow cytometry indicated that
expression of CXCR4 in membrane proteins was not
changed by progesterone treatment (Fig. 3d). This seems
to indicate that progesterone did not induce differential
expression of CXCR4.

To address whether CXCL12 had any direct impact
on EPC viability, we employed the MTS viability assay.
EPCs were treated with or without appropriate concen-
trations of CXCL12 (10–120 ng/ml) for 6 h, then EPC
viability was measured. Results indicated that CXCL12
induced a dose-dependent increase in EPC viability
(Fig. 3e).

CXCL12/CXCR4/PI3K/Akt signalling pathways mediated
progesterone-induced EPC viability

To further clarify the role of the PI3K/Akt pathway in
progesterone-induced EPC viability, EPCs were treated
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with or without 20 lM of specific PI3K inhibitor,
LY294002, for 2 h before being treated with proges-
terone. PI3K/Akt signalling activity was measured. We
found that progesterone significantly increased pAkt
levels as well as EPC viability compared to the non-
treatment control group. Inhibition of PI3K/Akt activity
by LY294002 treatment significantly attenuated proges-
terone-induced EPC viability and increased expression
of pAkt when compared to the progesterone alone treat-
ment group (Fig. 4a,b).

To test whether PI3K/Akt was downstream of
CXCL12/CXCR4 axis and mediated progesterone-
induced EPC viability, CXCR4 antagonist, AMD3100
(20 and 60 lM) was employed. The results showed that
inhibition of the CXCL12/CXCR4 signalling pathway
by high dose AMD3100 (60 lM) significantly attenuated

progesterone-induced EPC viability (Fig. 4a) and
reduced the level of p-Akt compared to the progesterone
treatment alone group (Fig. 4b). Low dose of ADM3100
(20 lM) did not reduce EPC viability or pAkt expression
(Fig. 4). There was no potential effect of the inhibitors
alone in EPC viability and pAkt. Thus, the data suggest
that the CXCL12/CXCR4/PI3K/Akt pathway was
involved in progesterone-mediated EPC viability.

Discussion

It is well established that male and female patients suf-
fering from severe TBI have different outcomes,possibly
due to different levels of sex hormones. We postulated
that progesterone might play a key role in TBI recovery,
as diverse levels of progesterone have been found

(a) (b) (c)

(d) (e) (f)

a

cb

Figure 1. (a) Typical morphological appearance of EPCs in culture (103 objective lens). Typical homogeneous and cobblestone-like morphol-
ogy of cells after 14 days culture. (b) Tube formation capacity on Matrigel matrix (10 9 4 objective lens). (c–f) Representative immunofluores-
cence staining of endothelial cell markers including stem cell marker CD34 (c, red), KDR (d, red), vWF (e, red). Cell nuclei were counterstained
with DAPI in blue (40x). (f) The cultured cells were able to bind UEA-1-FITC (f-(a), green) and take up DiI-acLDL (f-(b), red), (f-(c), two-colour
overlay)
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between TBI patients of different genders (27,28). In
addition to its multifarious functions, such as reducing
free radicals, apoptosis and oedema, progesterone could
also be responsible for EPC-induced angiogenesis fol-
lowing brain injury (4). It has also been shown that
EPCs are rapidly mobilized from the bone marrow in
response to brain injury and then play an essential role
in neurorestoration (29). EPCs might mediate vasculoge-
nesis in the neurovascular repair process, which is
known to be an alternative source of ECs after vascular
injury (30,31). Thus, increasing EPC viability and hom-
ing by progesterone treatment may play an important
role in brain injury after TBI. Our study was designed
to determine whether treatment with physiological con-
centrations of progesterone (5, 10 and 100 nM) could
alter EPC viability. At physiological concentrations, we
found that low concentrations of progesterone (5 nM)
had the best viability enhancing effect on EPCs when
incubation was sustained for a short term (no more than
12 h). However, high concentrations (100 nM) of pro-
gesterone and prolonged stimulation (24 h) with it
impaired EPC viability. The data indicate that enhancing
EPC viability by progesterone may be involved in the
improved functional outcome observed following TBI.
But, the mechanisms underlying the biphasic response
of progesterone on EPCs viability is not clear. Consis-
tent with our results, Okada et al. have demonstrated
that high concentrations of progesterone (100 nM)
reduce estradiol-induced vascular endothelial growth

factor (VEGF) and CXCL12 levels in human endome-
trial stromal cells (32). Progesterone also inhibits cAMP-
stimulated chloride transport in 100 nM progesterone
(24), through which progesterone may reduce cell
viability (33). VEGF, CXCL12 and chloride transport
have connections with cell viability (33–35), thus,
decreasing them with high concentrations of proges-
terone may cause the observed decreased EPC viability.
As progesterone-induced EPC viability rise is dose-
dependent, lower doses of progesterone treatment in TBI
should be considered in the clinic. There is significant
evidence that progesterone might improve patients’
functional outcome in TBI (1,36), but, recent studies
have indicated that progesterone was not associated with
any benefit over placebo (37,38). Skolnick and col-
leagues infused progesterone intravenously with loading
dose of 0.50 mg/kg/h for 119 h, which lead to high con-
centrations of progesterone in patients. However, our
data showed that high-dose progesterone treatment
(100 nM) dramatically impaired EPC viability, which
may result in failure of progesterone treatment. In
Wright and colleagues study, progesterone infusion was
maintained for 71 h. However, our results showed that
low-level progesterone treatment significantly enhanced
EPC viability, but it was restricted by time, with long-
term treatment leading to unsatisfactory consequences.
There are fewer studies that focus on changes in the
progesterone-induced signalling pathways during TBI,
which may become more complex and play critical roles
in the outcome of TBI patients undergoing progesterone
treatment. These findings imply that to help develop
novel therapies for TBI, optimal treatment time and dose
should be identified for progesterone, as well as fully
understanding the underlying mechanisms.

The mechanism responsible for progesterone-induced
EPC viability is not known. CXCL12 is a pleiotropic
cytokine that binds to and signals through the G pro-
tein-coupled receptor, CXCR4. The CXCL12/CXCR4
signalling pathway plays a critical role in angiogenesis,
as well as metastasis, cell proliferation and survival
(39). The main functions of CXCL12 are regulating traf-
ficking and homing of stem and progenitor cells, as well
as blood vessel formation and angiogenesis (40–42).
The CXCL12/CXCR4 axis is fully active during cell
proliferation and viability (35,43). In tumours, CXCL12/
CXCR4 signalling has been shown to regulate vascular-
ization of tumours and foster tumour growth (44,45).
Stimulation of cell growth by CXCL12/CXCR4 has
been documented in human breast cancer cells, due to
overexpression of CXCL12 (46). In addition, CXCL12
has also been shown to increase rat NPC proliferation
and cardiomyocyte viability (47,48). Overexpression
of CXCL12 overlaps with strong expression of the

Figure 2. Concentration- and time-dependent effects of proges-
terone on EPC viability. Low concentration of progesterone (5 nM)
enhanced EPC viability to the greatest extent (*P < 0.05 versus con-
trol, vehicle, 10 and 100 nM at 12 h) when incubation was sustained
for a short term (no more than 12 h, §P < 0.05 versus 3, 6 and 24 h at
5 nM concentration). High-dose progesterone treatment (100 nM) dra-
matically impaired viability of EPCs compared to control. There was
no statistical difference in OD values between vehicle and control
groups.*Two-way ANOVA: Significant effect among 3, 6, 12 and
24 h in 5 nM group (P < 0.01) #Two-way ANOVA: Significant treat-
ment effect between 5 nM group and 10 nM group (P < 0.05), &Two-
way ANOVA: treatment effect between 5 nM group and control
(P < 0.05), 4Two-way ANOVA: Impaired treatment effect between
100 nM group and control (P < 0.05).
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progesterone receptor (PR) and when localized with PR-
positive cells has indicated that there is a potential rela-
tionship between progesterone and CXCL12 (49). How-
ever, it is not clear whether progesterone acts through a
CXCL12-dependent or -independent manner. Our study
shows that CXCL12 expression is tightly associated
with progesterone administration. Progesterone or
CXCL12 treatment, both significantly increase EPC via-
bility. In addition to regulating CXCL12, progesterone
also increases the phosphatidylinositol 3-kinase (PI3K)/
Akt pathway (50), extracellular signal-related kinase
(ERK) pathway (51) and Ca2+ influx/PKC activation
(52). Progesterone also interacts with neurotransmitter
receptors, including gamma-aminobutyric acid A
(GABA-A) receptor (53), and Sigma-1/2 (54) receptors

to exert its protective effects. Through these signalling
pathways, progesterone plays an important role in
regulation of cell viability (53,55) and cell proliferation
(56), in a CXCL12-independent manner. Furthermore,
our data also show that induction of proliferation by
CXCL12 appears to be more modest compared to pro-
gesterone treatment. The antagonist of CXCL12 receptor-
CXCR4 failed to entirely abolish progesterone-induced
viability. Hence, progesterone-induced EPC viability may
have CXCL12-dependent and -independent pathways.
The underlying mechanisms by which progesterone
induces viability warrant further study. Meanwhile, we
found that progesterone treatment did not regulate
CXCR4 expression in cultured EPCs. In addition, there
was no differential expression between the membrane

Figure 3. (a) Treating EPCs with progesterone significantly increased levels of CXCL12 but not CXCR4 expression. (b) Quantitative analysis
of the relative expression of CXCL12 and CXCR4 according to expression of the GAPDH. *P < 0.05 versus control. (c) CXCL12 expression in
cultured EPC supernatant.**P < 0.01 versus control. (d) Western blot analysis of CXCR4 protein expressed in cytoplasm and cytomembranes, sug-
gesting that progesterone treatment did not change CXCR4 levels in either. (e) Relative expression of CXCR4 proteinexpressed in cytoplasm and
cytomembranes was analysed on the basis of CXCR4/GAPDH ratio. (f) Effect of CXCL12 on EPC viability was measured by MTS. *P < 0.05 ver-
sus control, **P < 0.01 versus control. (g) Flow cytometric measurement: progesterone treatment did not increase CXCR4 expression (blue para-
bola) compared to the non-treatment group (yellow parabola). Red parabola is the control group without CXCR4 antibody. (H)The percentage of
CXCR4+ EPCs in total EPCs after progesterone treatment was measured by flow cytometry.
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compartment and the cytosolic compartment of CXCR4
proteins. Progesterone-induced EPC viability was abol-
ished by a CXCR4 inhibitor. Thus, it is reasonable to
infer that CXCL12 plays a key role in progesterone-
induced EPC viability and the function relies on its com-
bination with CXCR4. CXCR4 expression in EPCs is
necessary for progesterone-induced increase in EPC via-
bility. Thus, the CXCL12/CXCR4 signalling pathway
appears to be involved in progesterone-inducing EPC
viability.

The PI3K/Akt pathway plays a key role in the
CXCL12/CXCR4 pathway’s control of survival and
migration of haematopoietic cells (57). Study of NPCs
has shown that activation of PI3K/Akt stimulated by
CXCL12 through CXCR4 affects cell proliferation (17).
Akt plays an important role in cell proliferation, differ-
entiation and survival, and it also regulates many genes
as a downstream target of PI3K (19,58,59). It is accepted
that the PI3K/Akt/mTOR/p70S6K pathway plays a role
in cell viability in colorectal cancer cells (60). Survival
of both normal and malignant cells relies on PI3K/Akt

signalling. PI3K and its downstream factors have a cen-
tral role in regulating muliple functions of mammalian
cells, as well as cell proliferation and viability (61–63).
In this study, we found that progesterone significantly
increased EPC viability and pAkt expression. Further-
more, inhibition of the PI3K/Akt signalling pathway by
LY294002 abolished progesterone-induced pAkt activity
and progesterone-mediated EPC viability. The role of the
PI3K/Akt signalling pathway was then suggested to be
involved in progesterone-induced EPC viability. We also
found that inhibition of CXCL12/CXCR4 by ADM3100
significantly attenuated both progesterone-inducing EPC
viability and pAkt activity. Thus, CXCL12/CXCR4/
PI3K/Akt pathway seems to play a key role in proges-
terone-induced EPC viability.

In conclusion, we found that progesterone does
dependently augmented EPC viability and increased
CXCL12 expression and PI3K/Akt signalling pathway
activity. The CXCL12/CXCR4/PI3K/Akt signalling
pathway contributed to progesterone-induced EPC
viability.

(a) (b)

(c) (d)

Figure 4. (a) Progesterone treatment increased EPC viability, while AMD3100 (60 lM) or LY294002 (20 lM) treatment significantly attenu-
ated progesterone-induced EPC viability. Inhibitors alone had no potential effect on EPC viability. **Two-way ANOVA: P < 0.01 versus the
progesterone group. (b) Western blot analysis indicated that progesterone treatment increased pAkt activity while AMD3100 or LY294002 treatment
reduced progesterone-induced pAkt activity. Treating with inhibitors alone did not change pAkt. (c) Quantitative analysis of the relative expression
of pAkt according to the expression of the GAPDH. **Two-way ANOVA: P < 0.01 versus progesterone group. (d) Relative expression of pAkt
was analysed on the basis of pAkt/total Akt ratio. **Two-way ANOVA: P < 0.01 versus progesterone group.
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