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Mesenchymal stem cells (MSCs) have been optimal targets in the development of cell based therapies, but their
limited availability and high death rate after transplantation remains a concern in clinical applications. This study
describes novel effects of platelet rich clot releasate (PRCR) on rat bone marrow-derived MSCs (BM-MSCs), with the
former driving a gene program, which can reduce apoptosis and promote the regenerative function of the latter in
hostile microenvironments through enhancement of paracrine/autocrine factors. By using reverse transcription–
polymerase chain reaction, immunofluorescence and western blot analyses, we showed that PRCR preconditioning
could alleviate the apoptosis of BM-MSCs under stress conditions induced by hydrogen peroxide (H2O2) and serum
deprivation by enhancing expression of vascular endothelial growth factor and platelet-derived growth factor
(PDGF) via stimulation of the platelet-derived growth factor receptor (PDGFR)/PI3K/AKT/NF-jB signaling
pathways. Furthermore, the effects of PRCR preconditioned GFP-BM-MSCs subcutaneously transplanted into rats
6 h after wound surgery were examined by histological and other tests from days 0–22 after transplantation.
Engraftment of the PRCR preconditioned BM-MSCs not only significantly attenuated apoptosis and wound size but
also improved epithelization and blood vessel regeneration of skin via regulation of the wound microenvironment.
Thus, preconditioning with PRCR, which reprograms BM-MSCs to tolerate hostile microenvironments and enhance
regenerative function by increasing levels of paracrine factors through PDGFR-a/PI3K/AKT/NF-jB signaling
pathways would be a safe method for boosting the effectiveness of transplantation therapy in the clinic.

Introduction

During the last decade, widespread experimental
studies in animal models and clinical settings have

shown the safety, feasibility and efficacy of mesenchymal
stem cells (MSCs) in therapies for various diseases. The
promising results were not only attributed to their inherent
characteristics of self-renewal, unlimited capacity for prolif-
eration, ability to cross lineage restrictions, and adopt differ-
ent phenotypes [1], but also to endocrine or paracrine factors
produced by MSCs [2–8]. These cells have been the focus of
both basic and clinical research in regenerative medicine.

However, the large numbers of required cells and massive cell
death in hostile environments have been impediments to
successful MSC-based therapy [9]. For instance, transplanted
bone marrow-derived mesenchymal stem/stromal cells (BM-
MSCs) have been reported to often fail engraftment within the
bone marrow (BM) partly due to the poor cell viability of
donor cells. Additionally, the therapeutic effects of trans-
planted MSCs in myocardial infarction appear to be limited
by the poor survival of donor cells in the injured myocardial
tissue [10,11]. The underlying cause of the massive MSC death
is multifactorial, and the prime factors responsible may be the
loss of trophic factors, local tissue ischemia, production of
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reactive oxygen species after ischemic reperfusion injury, and
host inflammatory response mediators [12–14]. Considering
that increasing the survival of stem cells may greatly enhance
their effectiveness in transplantation therapy, several reme-
dial approaches have been suggested, such as combining
preconditioning (eg, ischemic/hypoxia preconditioning
[15,16], pharmacological preconditioning [17], heat shock
preconditioning [18,19], cytokine preconditioning [20,21])
and genetic modulation (eg, transgenes encoding for growth
factors [22–24] or antiapoptotic factors [25–27]). However,
these methods have not yielded significantly improved
transplantation outcomes, and a more beneficial, simpler and
safer approach is needed for future clinical applications.

Platelet rich plasma (PRP) has been used clinically in hu-
mans since the 1970s for its healing properties attributed to
autologous growth factors and secretory proteins [28]. Re-
cently, PRP was used for skin rejuvenation and inhibition of
pre-adipocyte apoptosis in vitro [29,30]. It has also been
shown to serve as a substitute for animal serum for the in-
tended clinical application of stem cell therapy to eliminate
the risk of xenogenic immune reactions, infections with bo-
vine viruses and prions, as well as avoid high batch-to-batch
variations [31]. It has further been indicated to enhance MSC
proliferation, chemotaxis, fibroblastoid colony-forming unit
(CFU-f) frequency and chondrogenic, adipogenitic or osteo-
blastic differentiation [32–34].

The mechanistic roles of PRP in both pathological situations
and cell expansion have also been studied intensely. For in-
stance, in relation to angiogenesis, Eppley et al. [35] reported
that PRP can help stimulate endothelial cells near their ap-
plication site and favor their proliferation and angiogenesis.
Moreover, Hu et al. [36] concluded that PRP induces mRNA
expression of vascular endothelial growth factor (VEGF) and
platelet-derived growth factor (PDGF) in rat BM stromal cells,
which potentially contributes to the initiation of angiogenesis
and bone regeneration. However, the implications of MSC
survival in a hostile environment and the exact cell regener-
ative or paracrine functions of MSCs with PRP intervention
have not yet been fully clarified.

Based on the clinical need and rationale, we speculated that
platelet rich clot releasate (PRCR) preconditioning can induce
MSCs to promote self-protection in a hostile microenviron-
ment. Therefore, we designed the present study to determine
whether preconditioning with PRCR can exert antiapoptotic
effects on BM-MSCs under stress conditions in vitro and is-
chemic/acute inflammatory conditions in vivo. We further
determined whether the underlying mechanisms of the effects
of PRCR preconditioning on BM-MSCs in hostile environ-
ments can be attributed to enhancement of paracrine factors
through one specific or interrelated signaling ways, such as
the well-known AKT, c-Jun N-terminal kinase ( JNK), mitogen-
activated protein kinase (MAPK) and NF-jB pathways.
Finally, whether the survival or regenerative function of BM-
MSCs can be enhanced by PRCR preconditioning after
transplantation in acute skin wounds was investigated.

Materials and Methods

Ethics statement and animal care

All rats were housed and handled strictly in accordance
with the recommendations of the Guide for the Care and Use

of Laboratory Animals of the National Institutes of Health.
The protocols were approved by the Committee on the Ethics
of Animal Experiments of Burns Institute, the First Affiliated
Hospital, General Hospital of PLA. All surgeries were per-
formed using xylazine (20 mg/kg) and ketamine (100 mg/
kg) as anesthesia, and all efforts were made to minimize
suffering. We did not conduct research outside of our
country of residence.

The blood for preparation of PRCR was obtained from six
healthy male volunteers after receiving written consent and
the approval of the ethics committee of Guangzhou General
Hospital of Guangzhou Command, Guangdong, PLA.

Preparation of PRCR and measuring concentrations
of growth factors

First, PRCR was prepared from blood of six healthy male
volunteers (43–49 years old) who had not taken antiplatelet
medications within 1 week of donation to explore the effects
of PRCR concentration on the survival and regeneration of
rat BM-MSCs. Furthermore, to minimize the possible influ-
ences of hormonal variation on the MSCs, we included only
male and AB blood type donors. PRP was prepared via
double centrifugation of blood as previously described [37].
In brief, 600 mL of whole blood (100 mL per person) was
collected with acid citrate dextrose (ACD-A) tubes coated
with an anticoagulating agent [10% (v/v); Sigma-Aldrich]
and immediately centrifuged at 400 g for 10 min at 22�C to
separate the platelet-containing plasma from the red cells
(whole blood component separator; Terumo). The autolo-
gous packed red cells were infused back into each patient.
The platelet-containing plasma was centrifuged at 5,000 g for
an additional 5 min at 22�C to separate out platelet-poor
plasma, and re-suspended platelet pellets were pooled for
the PRP. The platelet number was then adjusted to
1,000 · 109/L. Finally, one part bovine thrombin stock solu-
tion (1,000 U/mL; Sigma-Aldrich) was added to nine parts
PRP to activate the platelets. Each sample was incubated for
4 h at 37�C or overnight at 4�C. After the gel formation, the
tubes were centrifuged at 12,000 g for 30 min at 4�C. The
resulting supernatants from the clot preparation were col-
lected as the PRCR, sterile filtered, and stored at - 80�C until
use. The concentrations of TGFß1, PDGF, and VEGF were
evaluated by double-determinant immunoassays using
commercially available kits (Quantikine R&D System, Inc.
and Bender MedSystems, respectively) to validate the suc-
cessful preparation of the PRCR. Analyses were conducted
on 600mL of the biological sample. The concentrations of
TGFß1, PDGF and VEGF were 3,767 ng/mL (range 2,169–
5,835 ng/mL; 95% CI 2,988–4,989 ng/mL), 5,773 pg/mL
(range 1,896–11,032 pg/mL; 95% CI 3,742–8,502 pg/mL), and
922 pg/mL (range 343–1,294 pg/mL; 95% CI 667–1,358 pg/
mL), respectively.

Isolation of BM-MSCs and cell culture

Primary rat BM-MSCs were obtained from male Sprague–
Dawley rats (250–300 g, 6–10 weeks old) and isolated as
previously described [38]. The collected cells were seeded at 2–
3 · 103/cm2 in culture flasks filled with 12 mL of low-glucose
Dulbecco’s modified Eagle medium (DMEM; Gibco) supple-
mented with 10% fetal bovine serum (FBS; Gibco), 100 U/mL
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penicillin, 100mg/mL streptomycin and 2 m/mL-glutamine
(Gibco) for incubation at 37�C in 5% CO2. MSCs expanded at
the 2rd–3th passage were identified and cultured for further
experiments. Human aortic endothelial cells (HAECs) and rat
GFP positive BM-MSCs obtained from a commercial source,
(catalog number 304-05a; HAOEC; R492K-05, cryopreserved
rat MSC; Cell Applications) were plated at 4,000 cells per cm2,
and cultured in endothelial growth medium (211–500; Cell
Applications) or DMEM containing 10% FBS. These cells were
trypsinized when reaching 70%–80% confluence and used at
the 1st passage or 2nd–3rd passages.

Flow cytometry analysis and cellular phenotyping

The adherent cells at the 2rd–3rd passage were trypsinized,
centrifuged, and then fixed in neutralized 2% paraformalde-
hyde solution for 30 min. The fixed cells were washed twice
and re-suspended in PBS, incubated with fluorescein iso-
thiocyanate (FITC)-labeled anti-rat CD34, CD45, CD29, CD44,
and phycoerythrin-conjugated CD90, CD11b, and CD105 (all
from BD Biosciences, Pharmingen). Nonspecific fluorescence
and cell morphological features were determined by incuba-
tion with isotype-matched mouse monoclonal antibodies (BD
Pharmingen). Positive cells were analyzed from at least 1 · 104

events collected and analyzed by flow cytometry with a FAC
scan flow cytometer (BD Biosciences). Cellular phenotyping
and multidifferentiation, as well as CFU-f were also tested as
described previously [39].

Cell preconditioning and exposure
to stress conditions

Passage 2 BM-MSCs were first starved in DMEM with 2%
FBS overnight, and then preconditioned with DMEM sup-
plemented with various concentrations of PRCR (0.1%, 1%,
10%, 20%) in 10% FBS or serum-free medium (SFM, Stem-
Pro� MSC SFM; Invitrogen) for 1, 3, 5, or 7 days. At each
time point, cells were first starved in DMEM for 8 h, and then
treated with different concentrations of hydrogen peroxide
(H2O2) (0.1, 1, 10, 50, 100mM/mL) for 8 h to induce stress.
Apoptosis was assayed by using the Apoptosis APO-
Percentage Assay Kit with a cellular dye that detected
membrane alterations (phosphatidylserine flip) and stained
apoptotic cells (Accurate Chemical & Scientific Corporation),
which were then assayed on a colorimetric plate reader (Bio-
Rad). Apoptotic cells were further stained in a terminal
deoxynucleotidyl transferased UTP nick-end labeling (TU-
NEL) assay (In Situ Cell Death Detection Kit Fluorescein and
TMR red; Roche Applied Science, GongChang.com). Cell
survival was determined by trypan blue exclusion. For the
detection of the active form of Ser-136 phosphorylated Bad
and Bcl-xl, protein lysates were prepared and detected by
western blot analysis and confocal imaging.

Preparation of conditioned medium

MSCs were first cultured in SFM (Gibco) with or without
10% PRCR preconditioning for 24 h, and then exposed to
either normal or stress conditions (10 mM/mL H2O2) for 8 h
to prepare conditioned medium (CM) (PRCR/MSC-CM and
MSC-CM). Half of the CM was used to measure the secreted
factors VEGF and PDGF. SFM and PRCR were also tested for
these factors to determine the baseline levels of VEGF and

PDGF. The other half of the CM was used to supplement the
basal medium for the tube formation assay of HAECs. The
collected culture supernatant was centrifuged at 1,500 rpm
for 10 min and either used immediately or stored at - 20�C.

Assays of platelet-derived growth factor receptor
and cytokines

The same cell samples were used to measure mRNA and
protein expression of platelet-derived growth factor receptor
(PDGFR)-a by reverse transcription–polymerase chain reac-
tion (RT-PCR) and western blot. The levels of VEGF, PDGF
in culture supernatants were measured by RT-PCR and a
Quantikine ELISA kit (R&D Systems) according to the
manufacturer’s instructions (www.rndsystems.com).

In vitro tube formation assay

The in vitro capillary morphogenesis assay was performed
in 96-well plates coated with Matrigel (BD Biosciences), which
had been pipetted (50mL 10–12 mg/mL) into the culture wells
and polymerized for 30–60 min at 37�C. HAECs incubated in
basal medium supplemented with CM prepared as before
were plated at 4 · 104 per cm2 in triplicate and incubated
under stress conditions. The plates were photographed at 6
and 24 h. The capillary morphology was examined with a
Leica TCS SP5 confocal laser scanning microscope (Leica Mi-
crosystems) and further quantified by measuring the per-
centage field occupancy of capillary projections, as
determined by image analysis. Six to nine photographic fields
from three plates were scanned for each time point.

RNA purification and cDNA synthesis and PCR

BM-MSCs at passage 2 were seeded at 1 · 106 per cm2 on
tissue culture plastic, followed by exposure to 10% PRCR,
10% FBS, or SFM preconditioning for 24 h or 7 days under
normal or stress conditions. Total RNA was extracted using
Trizol reagent (Invitrogen) according to the manufacturer’s
instructions. cDNA was prepared using the Super Script
First-Strand synthesis system (Invitrogen) and oligo-dT
primers. The PCR mix consisted of 13 mL sterile deionized
water, 2.5 mL Taq buffer, MgCl2 (final concentration 2.5 mM),
0.28 mM dNTPs, 0.4 mM of each primer, 1.5 U Taq DNA
polymerase (5 U/mL; Fermentas) and 4mL of cDNA. The PCR
program for both pairs of primers was as follows: 94�C for
2 min, followed by 33 cycles of 94�C (30 s), 58�C (30 s), and
72�C (30 s) for denaturation, annealing, and extension, re-
spectively. PCR products were analyzed by electrophoresis
in 1.5% agarose gel and visualized by UV fluorescence after
staining with ethidium bromide. The images were captured
by the built-in camera of the Molecular Imager Gel Doc�
XR + System (Bio-Rad) under UV light. PCR amplification
was performed using the primer sets shown in Supplemen-
tary Table S1 (Supplementary Data are available online at
www.liebertpub.com/scd). The relative amount of each
transcript in each sample was normalized to the reference
gene b-actin, which was utilized as a loading control.

Western blot analysis

BM-MSCs at passage 2 were preconditioned with 10%
PRCR, 10% FBS or SFM for 24 h or 7 days under normal or
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stress conditions. Thereafter, proteins from the cell samples
were extracted with cell lysis buffer (NP40 Cell Lysis Buffer;
Life Technologies, Invitrogen), and then quantified with a
Bicinchoninic Acid protein assay kit (Thermo Fisher). The
proteins were then subjected to SDS-PAGE and transferred
to a PVDF membrane (Millipore) using a semidry electro-
blotting system. After blocking the membrane with 5% skim
milk in PBS, which was substituted with buffer containing
goat serum when detecting the phosphorylated protein, the
membranes were incubated with diluted primary antibodies,
including rabbit polyclonal anti-rat antibodies to PI3 kinase
p85, phosphorylated PI3 kinase p85, AKT1, Ser-473 phos-
phorylated AKT-1, NF-jB and anti-rat antibodies to Bcl-xl,
Ser-136 phosphorylated Bad (1:1,000 dilution; from EPI-
TOMICS, Abcam) and PDGF, VEGF, PDGFR-a, phospho-
PDGFR-a, b-actin (1:1,000 dilution) (all from Abcam) at 4�C
overnight. After washing with tris-buffered saline solution
containing 0.1% Tween 20 [Tris-Buffered Saline Tween
(TBST), Bio-Rad], the membrane was coincubated for 1 h
with a 1:2,000 dilution of goat anti-rabbit biotin secondary
antibody and a 1:2,000 dilution of the alternate goat anti-
rabbit alkaline phosphatase secondary antibody in 10 mL of
WesternDot� blocking buffer (WesternDot 625 Goat Anti-
Rabbit Western Blot Kit; Life Technologies, Invitrogen). After
washing again with TBST, the protein bands were detected
by chemiluminescence (1:2,000; Santa Cruz Biotechnology)
and visualized using enhanced chemiluminescence (Pierce)
with exposure to x-ray film. Relative optical densities of the
protein bands were measured after subtracting the film
background. Protein levels were normalized to b-actin,
which was considered the loading control.

Immunocytochemistry and confocal laser
scanning microscopy

For detection of the survival factors VEGF, PDGF, and
PDGFR-a, AKT, NF-jB and Bad, cells at passage 2 pre-
conditioned with 10% PRCR, 10% FBS or SFM for 24 h or 7
days under normal or stress conditions were grown to
semi-confluence on glass coverslips, fixed in 3.7% buffered
paraformaldehyde for 15 min and permeabilized with 0.1%
Triton X-100 in PBS for 30 min. After using goat serum (Be-
yotime) to block nonspecific antigens for 1 h, the cells were
incubated overnight with the following primary rabbit anti-
rat antibodies: PDGF, VEGF, PDGFR-a (1:100; Abcam), AKT,
NF-jB, and Bad (1:100; EPITOMICS, Abcam). FITC and Dy-
Light� 488-conjugated goat anti-rabbit IgG (1:500; Santa Cruz
Biotechnology) used as secondary antibodies were incubated
with cells at 37�C for 1 h. Staining of 40, 6-diamino-2-phe-
nylindole (DAPI) (Sigma-Aldrich) was used to visualize all
nuclei. Finally, MSCs were examined with a Leica TCS SP5
confocal laser scanning microscope. Series of optical sections
(1,024 · 1,024 pixels each) at intervals of 0.8mm were obtained
and superimposed to create a single composite image for
each sample.

Subsequently, we pretreated BM-MSCs with 20 mM Tyr-
phostin AG1295 (PDGFR inhibitor; Sigma-Aldrich), 30 mM
LY294002 (PI3K inhibitor; Cell Signaling Technology) 30 mM
SC-66 (AKT inhibitor; Sigma-Aldrich), and neutralizing an-
tibodies against VEGF (MAB564) and PDGF-AA (MAB1055)
(final concentration, 10 mg/mL; R&D Systems) separately or
together for 1 h before conducting all of the above experi-

ments again. The optimal concentration of these inhibitors
used in our study was firstly adjusted by the lactate dehy-
drogenase (LDH) Cytotoxicity Assay (www.sciencellonline
.com) (data not shown).

Wound model and cell transplantation

Male Sprague–Dawley rats (250–300 g, 6–10 weeks old)
were anesthetized with xylazine (20 mg/kg) and ketamine
(100 mg/kg). A 2.0 · 2.0 cm sized and full-thickness skin de-
fect was created on the back of each rat with surgical scissors.
The wounds were treated once with 106 GFP-rat BM-MSCs
(RAWMX-01101; Cyagen) in a total of 200mL (5 · 106/mL)
with or without PRCR preconditioning (group 1 or group 2)
for 3 days by direct injection into the wound margins or
wound bed. Wounded skin of the control group was un-
treated (group 3). The wounds were covered with polyure-
thane film (Department of Plastic Surgery, Guangzhou
General Hospital, GuangDong), which was changed every 3
days when monitoring the wound condition and area.

Evaluation and quantification of surviving
transplanted GFP-positive BM-MSCs

For monitoring survival of transplanted cells, we first
tested the GFP signal intensity by in vivo optical imaging
(Xenogen IVIS� Kinetic) (www.amv-europe.com/preclinical/
products/in-vivo-imaging-systems/ivis-kinetic.html) on days
1, 3, 7, 12, and 22 post-transplantation. The animals were then
sacrificed by cervical dislocation, and the wound tissues were
sampled in full thickness, including the underlying muscle.
Thereafter, samples were immediately processed for histo-
logical analysis. For the detection of GFP-positive cells, sec-
tions were embedded in OCT compound (Tissue-Tek 4583;
Sakura Finetek), cut into 5-mm-thick sections at - 22�C and
subjected to antigen retrieval using 10 mM citrate buffer
(pH = 6) for 1 h at 95�C. After 3 · 5 min washes in PBS, sections
were extracted for 20 min with 0.5% Triton X-100 in PBS on ice
followed by 3 · 5 min washes in PBTC (PBS, 0.1% Na-Casein,
0.05% Tween-20, 0.1% fish gelatin), and then the fluorescently
analyzed for GFP expression. Transplanted GFP-positive
cells were counted at each time point on five serial coronal
sections per skin (2 mm apart) using unbiased computational
stereology.

Half of each specimen from day 7 was used for immu-
nohistochemistry, and the other half was used for tissue
TUNEL staining. For the histological analysis, specimens
were fixed in formalin, washed 3 · 5 min in PBS at room
temperature, dehydrated through a graded ethanol series
(70%, 80%, 90%, 95%, 95%, 100%, and 100%) and finally in-
cubated for 30 min in toluene. Thereafter, tissue samples
were embedded in paraffin (Carl Roth) according to stan-
dard procedures. The samples were sectioned transversely at
a thickness of 4 mm and incubated with the following pri-
mary antibodies overnight at 4�C: rabbit anti-rat p-AKT1, p-
PI3K and NF-jB (1:100; EPITOMICS, Abcam). Horseradish
peroxidase-coupled goat anti-rabbit IgG (1:1,000; Santa Cruz)
was used as the secondary antibody and incubated with
samples for 2 h at room temperature followed by light mi-
croscope analysis (KS400; Zeiss). Apoptotic cell death was
detected by TUNEL staining using an In Situ Cell Death
Detection Kit (TMR red; Roche Applied Science) according to
the manufacturer’s instructions.
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Measurement of wound size and analysis
of microscopic tissue regeneration

The macroscopic wound areas were quantified using
photographs taken at various time points (day 1, 4, 8, 12, 16,
20, and 22) by tracing the wound margin and calculating the
pixel area in relation to a ruler with a fine resolution com-
puter mouse. The wound area was calculated as follows:
wound area = percentage of the initial wound area - [wound
area at specific time point]/[initial wound area] · 100%).
Microscopic tissue regeneration was determined on Mas-
son’s trichrome-stained tissue sections by light microscope
observation. Morphometric analysis was performed on dig-
ital images using the imaging software Image Pro Plus · 6.0
(Media Cybernetics).

Measurement of blood vessel density
and epithelial regeneration and paracrine factors

Sections were made from frozen tissue samples collected
on days 7 and 22 for immunohistochemical staining. Briefly,
samples were embedded in OCT compound and cut into 10-
mm-thick sections at - 22�C. To stain regenerated arterioles,
epidermis and paracrine factors, sections were incubated
with mouse anti-rat a-smooth muscle actin (a-SMA) and
VEGF antibodies or rabbit anti-rat CK5 and PDGF antibodies
(all from Abcam) after fixation in ice methanol for 1 h and
permeabilized with 0.1% Triton X-100 in PBS for 30 min.
Subsequently, sections were incubated in Alexa Fluor 488-
conjugated donkey anti-mouse and FITC-conjugated donkey
anti-rabbit IgG (catalog no.A21206 and no.A31571, respec-
tively; Invitrogen) at 37�C for 2 h. The sections were coun-
terstained with DAPI and examined by fluorescence
microscopy (Olympus). Ten slides were randomly selected
from the middle part of each sample for analysis.

Statistical analysis

Either repeated measures analysis of variance (ANOVA)
or two-way ANOVA with Bonferroni corrections where ap-
propriate was used to test the probability of significant dif-
ferences on parametric data, and the Kruskal-Wallis test with
post hoc Dunn’s testing between groups was performed for
nonparametric data. Data are presented as the mean – stan-
dard error of the mean from at least four independent ex-
periments. P < 0.05 was considered statistically significant.

Results

Characterization of rat BM-MSCs

Culture-expanded confluent BM-MSCs displayed charac-
teristic plastic adherence and spindle-shaped properties, and no
significant differences in morphology or the immune pheno-
type were observed among the three groups. Their purity as
determined by staining for various surface markers was 99.53%
for CD29, 98.85% for CD90 and 97.84% for CD105. Among these
hematopoietic stem cells in the PRCR group, contaminating
population positive for CD11b, CD45, and CD34 were detected
at frequencies of 0.10%, 0.13%, and 0.03%, respectively. Cul-
tured BM-MSCs also had a strong CFU-f frequency and mul-
tiple differentiation functions, such as adipogenesis and
osteogenesis (Supplementary Fig. S1A–C).

PRCR preconditioning promotes cell viability
and reduces apoptosis of BM-MSCs
under stress conditions

To determine the effect of PRCR on survival and apoptosis
of BM-MSCs under stress conditions, we first determined that
10mM/mL H2O2 was the optimal concentration for induction
of stress condition by using the LDH Cytotoxicity Assay
(www.sciencellonline.com) (data not shown). We found no
significant differences between the effects of 10% PRCR and
20% PRCR on survival and apoptosis across the various tested
time points. The APOPercentage assay revealed that after
stress induction cellular apoptosis was apparent in each group
compared with the normal condition, and PRCR precondi-
tioned BM-MSCs (10% and 20%) had a significant reduction in
the death rate compared with other groups (Fig. 1A). These
results were also confirmed by the trypan blue exclusion assay
(Fig. 1B), as well as by TUNEL immunofluorescence staining
(Fig. 1C1, C2). Moreover, western blotting and fluorescent
staining revealed lower Bad but increased Bcl-xl expression in
PRCR preconditioned BM-MSCs compared with the other
groups (Fig. 1D1, D2) on day 7.

We chose the optimal concentration of 10mM/mL H2O2

and 10% PRCR for use in the following experiments.

PRCR preconditioning enhances PDGFR-a
expression in rat BM-MSCs under stress conditions

We preconditioned BM-MSCs with PRCR, FBS and SFM
for 24 h or 7 day without culture medium change. While
PDGFR-a expression was enhanced by stress induction in all
groups, the PRCR preconditioned BM-MSCs showed signif-
icantly higher levels of this gene compared with other groups
(Fig. 2A). Moreover, the expression was increased at day 7
compared with that at 24 h and reached peak levels at day 7
under stress conditions in the PRCR group. The results were
further supported at the protein level by western blot anal-
ysis (Fig. 2B). Additionally, subcellular detection by laser
scanning confocal microscopy found PDGFR-a to be local-
ized in the plasma membrane of the MSCs and enhanced by
stress induction (Fig. 2C–E).

PRCR preconditioning enhances VEGF and PDGF
secretion by BM-MSCs

Because PDGF and VEGF are implicated in the recruit-
ment of MSCs at sites of injury or participation in angio-
genesis, vascular remodeling and fibrosis after tissue
wounding, we evaluated whether PRCR preconditioning
could change the expression of these proteins in BM-MSCs
under stress conditions in vitro. Significantly higher mRNA
expression of VEGF and PDGF were detected in PRCR pre-
conditioned BM-MSCs after stress stimulation compared
with untreated BM-MSCs, while a mild change was observed
under normal conditions between the two groups (Fig. 3A).
Confocal images provided visual confirmation of these
changes (Fig. 3B), and the levels of PDGF and VEGF mea-
sured by sandwich ELISA quantitatively demonstrated that
both factors were significantly increased by PRCR pre-
conditioning compared with untreated BM-MSCs alone after
stress induction. Since the initial levels of these factors (PDGF
and VEGF) in PRCR and SFM were identical and much
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lower than those of our experimental groups, their contri-
bution to the paracrine molecules secreted by MSCs would
be negligible (Fig. 3C1, C2).

Paracrine factors of VEGF and PDGF contribute
to antiapoptotic and angiogenic effects
of PRCR preconditioning on BM-MSCs
under stress conditions

Because the survival factors VEGF and PDGF were re-
ported to protect cells and promote angiogenesis in various
cells, we investigated whether they accounted for anti-

apoptotic and angiogenic effects of PRCR preconditioning on
BM-MSCs under hostile conditions. We pretreated PRCR
preconditioned BM-MSCs (7 days) with control or blocking
antibodies to VEGF and PDGF (separately or combined)
before stress induction for 8 h. Neutralizing antibodies
significantly decreased the antiapoptotic effects of PRCR
preconditioning, as assayed using the APOPercentage kit,
especially when combined together (1:1 volume) (Supple-
mentary Fig. S2A1). Trypan blue exclusion assays also con-
firmed these results (Supplementary Fig. S2A2).

In the presence of Matrigel alone (growth factors reduced),
HAECs under stress conditions did not initiate tube

FIG. 1. Reduction of BM-MSC death by PRCR preconditioning in vitro. (A) APOPercentage assay results showing
significantly decreased apoptosis in 10% and 20% PRCR groups under stress conditions. (B) Trypan blue assay results
showing significantly increased cell viability in the PRCR group, compared with other groups under stress conditions.
(C1, C2) TUNEL and DAPI staining showing obviously lower levels of positively stained cells in the PRCR group. (D1,
D2) Western blotting assays and confocal microphotographs displaying lower levels of Bad/Bcl-xl in the PRCR group
compared with other groups. Scale bar = 25 mm. DAPI (nucleus); Bad (cytoplasm). (A, B, C2) (n = 4),*P < 0.05, #P < 0.01
versus 20% and 10% PRCR groups or versus normal conditions; (C1) scale bar = 25 mm. BM-MSCs, bone marrow-derived
mesenchymal stem cells; MSCs, mesenchymal stem cells; PRCR, platelet rich clot releasate; TUNEL, terminal deox-
ynucleotidyl transferased UTP nick-end labeling.
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FIG. 2. PRCR preconditioning enhances PDGFR-a expression in BM-MSCs. (A) RT-PCR analysis showing enhanced
PDGFR-a (296 bp) expression by stress induction in all groups and higher expression in the PRCR group compared with other
groups. (B) Western blot analysis confirming the RT-PCR results. (PDGFR-a,190 kDa). (C–E) Subcellular localization of
PDGFR-a in PRCR preconditioned MSCs. PDGFR and nuclei (DAPI) were stained. PDGFR was localized predominantly to
the plasma membrane of MSCs (E). (Scale bar = 25 mm). PDGFR positive cells in the total cells were 90.08% in the PRCR group,
which was significantly higher than the other two groups (data not shown) (n = 4; three random fields per well). ‘‘ + ’’ indicates
under stress conditions (10 mM/mL H2O2 and serum deprivation), ‘‘ - ’’ indicates without stress induction. H2O2, hydrogen
peroxide; PDGF, platelet-derived growth factor; PDGFR, platelet-derived growth factor receptor; RT-PCR, reverse tran-
scription–polymerase chain reaction.

FIG. 3. Induction of paracrine factors from MSCs by PRCR preconditioning. (A) RT-PCR (n = 4) showing that PRCR
preconditioned MSCs expressed higher mRNA levels of VEGF and PDGF, especially at day 7 under stress conditions. ‘‘ + ’’
indicates under stress conditions (10 mM/mL H2O2 and serum deprivation), ‘‘ - ’’ indicates without stress induction. (B)
Confocal microscopy images confirming the RT-PCR results. VEGF, PDGF and nuclei (DAPI) were stained. Scale bar = 25 mm.
(C1, C2) ELISA analysis of PDGF and VEGF (n = 4); *P < 0.01 versus normal conditions or PRCR-MSC group. VEGF, vascular
endothelial growth factor.
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formation. In contrast, supplementation of the basal medium
with CM with or without PRCR preconditioning stimulated
tube formation after 6 h (data not shown). By 24 h, the HAECs
had formed an interconnected network with a honeycomb
appearance in all groups; in particular, HAECs cultured with
PRCR/MSC-CM showed a robust vascular configuration and
expression levels of VEGF and a-SMA (Supplementary Fig.
S2B1). However, pretreatment of cells with neutralizing anti-
bodies significantly reduced the angiogenic effects of PRCR/
MSC-CM on HAECs (Supplementary Fig. S2B2). Quantifica-
tion of the angiogenic effects further confirmed the results
(Supplementary Fig. S1B3).

PRCR preconditioning upregulates survival genes
PI3K and AKT1 and activates downstream targets
of NF-kB

We next explored the mechanism underlying the cyto-
protective effects of PRCR preconditioning on BM-MSCs. By
RT-PCR analysis, PRCR preconditioning was shown to up-
regulate expression of AKT1, PI3K, and NF-jB significantly
after stress induction compared with other groups, whereas
those levels under normal conditions were just slightly
higher in the PRCR group. Moreover, the expression of these
signaling genes in the PRCR group seemed to be enhanced at
day 7 compared with those at 24 h (Fig. 4A). This finding was
also supported by western blot analysis of whole MSC ly-
sates (Fig. 4B). Confocal microscopic detection further con-
firmed the enhanced cytoplasmic location of AKT and NF-jB
in PRCR preconditioned cells (Fig. 4C). To verify the role of
PI3K/AKT/NF-jB signaling pathways on PRCR pre-
conditioning, we pretreated MSCs with LY294002, SC-66 or
AG1295 for 1 h before PRCR preconditioning. These inhibi-
tors reversed PRCR preconditioning induced expression of
PI3K, AKT1, and NK-jB at both the gene and protein levels in
MSCs (Fig. 4D). Meanwhile, only low or even undetectable
levels of phosphorylated JNK and MAPK were constitutively
present in MSCs with PRCR preconditioning under normal
or stress conditions, and the addition of the above inhibitors
did not change their levels (data not shown). These results
suggested that the PI3K-AKT pathway activated by PRCR
preconditioning was not targeting the JNK/transcriptional
(STAT) and extracellular signal-regulated kinase (ERK)/
MAPK pathway.

PDGFR-a/PI3K/AKT1 signaling pathways
contribute to PRCR-mediated effects on BM-MSCs
in vitro

We next examined the biological sequelae of AKT1 acti-
vation in MSCs with PRCR preconditioning. Specifically, the
effects of AG1295, LY294002, and SC-66 on the cytoprotec-
tion, paracrine factors, and tube formation induced by PRCR
preconditioning were determined. MSCs were preincubated
with these inhibitors separately for 1 h before precondition-
ing with PRCR (24 h), and then exposed to stress conditions
for 8 h. AG1295, LY294002 and SC-66 significantly decreased
VEGF and PDGF expression induced by PRCR pre-
conditioning in MSCs. Treatment with these inhibitors also
reversed the PRCR induced antiapoptotic effects, tube for-
mation by HAECs, as well as PDGFR expression (data not
shown). However, no effects on apoptosis, paracrine factors,

and tube formation were observed with the MAPK inhibitor
(PD98059, 50 mM) of ERK signaling (data not shown).

PRCR preconditioning reduces death
of transplanted BM-MSCs in vivo

At 6 h after transplantation of GFP-BM-MSCs into the is-
chemic wound, we investigated whether PRCR pre-
conditioning could protect the grafted cells from acute injury
in vivo. When BM-MSCs without PRCR preconditioning
were transplanted into the ischemic subcutaneous tissue,
GFP signals decreased remarkably 2 h after transplantation,
while this signal was only slightly decreased with PRCR
preconditioning. Moreover, the signals in PRCR group were
significantly higher at all detected time points compared
with the control group (Fig. 5A). We next counted the
number of TUNEL-positive grafted cells in the wound skin
at day 7 after transplantation and found that PRCR pre-
conditioning reduced it by 53.6% (Fig. 5B, C). Furthermore,
on days 1, 3, 7, 12, and 22 of the experiment, sections were
prepared from every 2 mm of the tissue specimen to count
the number of GFP-positive cells. We found that PRCR
preconditioning significantly increased survival of the
grafted cells at all detected time points (Fig. 5D). Taken
together, the results showed that PRCR preconditioning
protected the grafted MSCs from death in a hostile host skin
environment.

PRCR preconditioning strengthens wound repair
and skin tissue regeneration of BM-MSCs

The wound closure area at each detected time point was
expressed as a percentage of the original wound size. At
each detected time point, healing was significantly more
rapid in group 1 compared to the other groups. The wound
was nearly closed on day 16 in group 1, while there were
gaps in the wounds of groups 2 and 3 until day 22 or be-
yond (Fig. 6A). Masson’s trichrome staining of histological
sections on day 12 indicated that the tissue architecture at
the healing wound of group 1, which showed complete
epithelialization and orderly collagen arrangement, was
most similar to that of normal skin; meanwhile, in groups
2 and 3, there were still several millimeters of gaps be-
tween epithelial wound edges and the collagen was disar-
ranged (Fig. 6B). Epithelial tissue repair was evaluated by
immunofluorescent detection of rat CK5 at the midportion
of the wound on days 7 and 22. Group 1 showed enhanced
expression of CK5 compared with the other two groups,
especially on day 22 when it was similar to that of normal
skin, while the other two groups still showed low levels
of CK5 expression (Fig. 6C). Immunofluorescent staining
for rat a-SMA and quantification of blood vessel density
revealed that blood vessel growth was significantly en-
hanced in group 1 compared with the other groups
(Fig. 6D, E).

Potential mechanism of the positive effects
of PRCR preconditioning on BM-MSCs
before transplantation

Immunohistochemical analysis showed pronounced p-
PI3K, p-AKT1, and NF-jB expression at the skin wound site
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of animals transplanted with PRCR preconditioned BM-
MSCs compared with other groups on day 7 (Fig. 7B). We
also measured and compared secreted proteins on days 7
and 22 in each group by immunofluorescent staining. The
images showed significant upregulation of VEGF and
PDGF in group 1 compared with the other two groups (Fig.
7A). These factors may be secreted by donor cells or the
host cells and function through a paracrine or autocrine
route.

Taken together, the in vivo results supported that the PRCR
preconditioning enhanced the survival of grafted BM-MSCs
and skin regeneration by upregulation of paracrine factors via
the PI3K/AKT/NF-jB pathways. Of note, these in vivo find-
ings coincided with those observed in vitro.

Discussion

PRCR–‘‘a cytoprotective agent’’ to prevent rat BM-
MSC apoptosis under hostile microenvironments

Currently, MSCs used in therapy are considered as site-
regulated, multidrug dispensaries, or ‘‘drugstores’’ to pro-
mote and support the natural regeneration of focal injuries.
However, graft survival remains a major challenge in cell-
based therapy and is crucial for the success of transplanta-
tion therapy [40]. We have demonstrated in this study for the
first time that PRCR preconditioned BM-MSCs not only

showed a better survival rate but also expressed higher levels
of paracrine factors, which resulted in stronger therapeutic
effects on an acute wound. The major findings were: (i)
PRCR preconditioning protected BM-MSCs from apoptosis
under stress conditions in vitro or acute injury in vivo, and
transplantation of the PRCR/BM-MSCs accelerated skin
wound repair; (ii) PRCR preconditioning enhanced the
paracrine secretions of BM-MSCs, and these factors contrib-
uted to the cellular protective and angiogenic properties of
the HAECs; (iii) the mechanism of PRCR preconditioning
enhanced self-protection, paracrine function, as well as skin
repair or regenerative ability of BM-MSCs, which were at
least, in part, due to activation of the PDGFR/PI3K/AKT
signaling pathways and genes downstream of NF-jB; (iv)
inhibition of this signaling pathways reversed the positive
effects on BM-MSCs induced by PRCR preconditioning un-
der stress conditions in vitro. The use of PRCR, which can be
prepared with standard methods and contains an autoge-
nous mix of various cytokines in biologically appropriate
proportions, avoids the risks of exposure to xenogeneic
compounds from animal products or gene modified agents.
Therefore, we believe the beneficial effects of PRCR pre-
conditioning, including induction of platelet growth factor
release, allow transplanted MSCs to withstand the rigors of
the host microenvironment. Along with their simplicity, ease
of access and lack of safety issues, the benefits of MSCs make

FIG. 4. Upregulation of survival genes in BM-MSCs with PRCR preconditioning in vitro. (A) RT-PCR analysis (n = 4)
revealing that preconditioning with PRCR induced significantly higher gene expression of AKT1, PI3K, NF-jB both at 24 h
and day 7 compared with FBS and SFM groups. (B) Western blot analysis of whole cell lysate of MSCs (n = 4) confirming the
RT-PCR results. b-actin was used as an internal control. ‘‘ + ’’ indicates under stress conditions (10 mM/mL H2O2 and serum
deprivation), ‘‘ - ’’ indicates normal induction. (C) Confocal microscopy displaying the enhanced AKT1 and NF-jB cyto-
plasmic expression in the PRCR group. (Scale bar = 25 mm). (D1, D2) LY294002, AG1295 and SC-66 pretreatment reversed the
enhancement of both gene and protein levels of AKT, PI3K and NF-kB by PRCR preconditioning. FBS, fetal bovine serum;
SFM, serum-free medium.
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this approach highly appealing for the future development of
widely available autologous biomaterials (MSCs and other
stem cells) for therapeutic clinical applications (Supplemen-
tary Fig. S3).

PDGFR dependent autocrine/paracrine loops
of VEGF and PDGF are important for self-protective
and regenerative functions of BM-MSCs

Paracrine secretions of MSCs were reported more than 15
years ago when Haynesworth et al. described their syn-
thesis of a broad spectrum of growth factors, chemokines
and cytokines, such as VEGF, PDGF, fibroblastic growth
factor, hepatocyte growth factor, and stromal cell-derived
factor-1, which exert effects on the MSCs themselves and
other cells in their vicinity [41]. These factors have been
postulated to promote arteriogenesis [42], support the stem
cell crypt in the intestine [43], protect against ischemic renal
injury [44] and maintain hematopoiesis [45]. They have also
been known to provide beneficial effects on the heart, in-
cluding neovascularization [46,47] and attenuation of ven-

tricular wall thinning [48]. Previous studies have attributed
the angiogenic function of PRP to PDGF and VEGF [49],
and the interaction between PDGF and PDGFR is key for
the survival of many cells [50]. Specifically, PDGFR is re-
ported to play pivotal roles by transducing extracellular
stimuli to intracellular signaling circuits via the PDGF/
PDGFR axis to promote cellular growth and proliferation
[51], as well as support pericyte/endothelial cell interplay
and vasculature stability [52–54]. Inactivation of PDGF and
PDGFR genes in embryonic stem cells is associated with
cardiovascular, hematological and renal defects [55]. While
a previous study found no VEGFR expression in MSCs [56],
others have reported that VEGF can directly signal through
PDGFR [57] and that activation of the VEGF autocrine loop
in selected microenvironments contributes to optimal dif-
ferentiation and survival of stem cells [58,59]. Here we
proposed a novel VEGF-PDGF/PDGFR signaling mecha-
nism for PRCR preconditioning induced autocrine/para-
crine effects of VEGF and PDGF, which are important for
cell survival and regenerative functions. This intriguing
hypothesis is supported by our current findings: (i) we first

FIG. 5. Reduction of grafted BM-MSC death by PRCR preconditioning in vivo. (A) Optical in vivo imaging showing
enhanced intensity and durability of GFP signals in PRCR group (group 1) compared with control group (group 2).
(B, C) Representative figures of TUNEL staining at day 7 showing that PRCR preconditioning before transplanta-
tion significantly reduced the number of TUNEL-positive grafted cells. (Scale bar = 25 mm). (n = 4), #P < 0.01 versus
group 1. (D) Quantification of the number of surviving grafted cells at 22 days after transplantation and injury. PRCR
preconditioning significantly increased the survival of grafted MSCs (n = 4); *P < 0.05, #P < 0.01, &P < 0.001 versus
group 1.
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demonstrated that VEGF and PDGF were enhanced by
PRCR preconditioning in a hostile microenvironment; (ii)
they were shown to be important for PRCR-induced anti-
apoptosis and angiogenesis in vitro, as well as for skin re-
generation after transplantation in vivo; (iii) their
expression were largely decreased when pretreated with
AG1295 (PDGFR inhibitor), and the antiapoptosis and an-
giogenesis function were significantly inhibited by VEGF
and PDGF blocking antibodies.

In light of earlier studies showing that ex vivo gene
modification of stem cells for overexpression of various
paracrine factors were cytoprotective, we anticipated that
PRCR preconditioned stem cells, which are capable of re-
leasing a multitude of prosurvival paracrine factors, would
be more appealing.

PI3K/AKT/NF-jB signaling pathways account
for PRCR preconditioning effects on BM-MSCs

Elucidation of the molecular pathways mediating MSCs
secretions is a crucial step toward improving our under-
standing of the profile of secreted factors and their clinical
utility. A wide array of signaling pathways has been impli-
cated in paracrine-mediated repair by MSCs [60,61]. It is well
established that interactions among PDGF, VEGF and
PDGFR are key for the phosphorylation of PDGFR and ac-
tivation of PI3K, which is the critical activator of AKT [62,63].
The phosphorylation of AKT then mediates metabolic, sur-
vival/apoptotic [64–66] and differentiation functions in a
variety of cells, such as endothelial differentiation of mouse
embryonic stem cells [67] and MSCs [68,69]. Furthermore, in

FIG. 6. PRCR preconditioned BM-MSCs improve wound closure and epithelization and blood vessel density. (A)
Measurement of wound closure rates. Wound sizes were significantly decreased in group 1 compared with the other
two groups (n = 6); *P < 0.05, $P < 0.01, #P < 0.001 versus group 1. (B) Masson’s Trichrome-stained sections of wounds on
day 12 revealing that the grafted PRCR preconditioned MSCs enhanced wound regeneration. (C, D) Immuno-
fluorescence staining of skin tissue sections on days 7 and 22 showing transplantation of PRCR preconditioned MSCs
enhanced regeneration of the epidermis and blood vessels. (Scale bar = 25 mm). (E) Quantification of regenerated blood
vessels to confirm immunofluorescence staining results (n = 4), *P < 0.05, #P < 0.001 versus group 1. a-SMA, a-smooth
muscle actin.
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FIG. 7. Mechanism of PRCR preconditioned BM-MSCs enhancing skin regeneration. (A) Representative immunofluores-
cence images showing the enhanced VEGF and PDGF expression (with DAPI stained nuclei) in PRCR preconditioned MSCs
treatment group on days 7 and 22 compared with other groups (scale bar = 25 mm). (B) Immunohistochemistry demon-
strating higher levels of p-PI3K, p-AKT1 and NF-jB expression in wound bed transplanted with PRCR preconditioned MSCs
on day (n = 4), (scale bar = 25 mm).
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the process of NF-jB activation, p-AKT activates the inhibitor
of kappa B (IjB) kinase; thus, increasing IjB phosphorylation
and degradation [70]. The activation of NF-jB is an impor-
tant molecular event in regulating the expression of more
than 150 target genes [71–73] that code for cytokines, che-
mokines, growth factors, cell adhesion proteins, as well as
cell surface receptors. Deletion of the NF-jB (p65) subunit or
expression of IjB inhibits the expression of several critical
antiapoptotic proteins, including the specific inhibitor of
caspase-8, cellular inhibitors of apoptosis (cIAP1 and cIAP2),
Bcl-xl [74] and the production of cytokines [75].

These studies enlighten us on the PI3K/AKT/NF-jB
pathway, which is considered a central regulator of stress
response and a key mediator of cell survival and immune
responses. In our investigation, we demonstrated that PRCR
preconditioning promoted survival genes involved in AKT1
phosphorylation and canonical activation of NF-jB in MSCs,
especially under hostile conditions, thereby enhancing the
paracrine factors and skin regenerative functions of these
cells. In addition, the cytoprotective effects induced by PRCR
preconditioning may also occur through other mechanisms,
including direct inhibition of Bad and selective upregulation
of the antiapoptotic protein Bcl-xl [76–79]. However, since
the enhanced paracrine factors and antiapoptotic effects in-
duced by PRCR preconditioning were not completely in-
hibited by pretreatment with the inhibitors of PDGFR, PI3K,
and AKT, other contributing factors may also be involved in
the improvement of cytoprotective, paracrine and regenera-
tive functions of MSCs. In fact, many of these growth factors,
including TGF-b and IGF-I are also well-established anti-
apoptotic growth factors, and they were likely responsible, in
part, for the PRCR-mediated effects. Future studies should
further address these important tissues when using MSCs
with PRCR preconditioning.

Conclusion

In summary, we have established that PRCR pre-
conditioning can reprogram rat BM-MSCs to express higher
levels of paracrine factors and tolerate hostile conditions,
resulting in enhanced angiogenic effects in vitro and tissue
regeneration functions in vivo. PRCR preconditioning of
transplanted BM-MSCs may also facilitate their other func-
tions, such as immunomodulation and cell replacement. In
future studies, we will increase the number of samples and
time points monitored, as well as utilize gene disruption or
RNA interference techniques to further verify our observed
effects of PRCR preconditioning on BM-MSCs. Furthemore,
we will explore the intriguing ‘‘stemness preserved’’ atavism
of MSCs by incorporating them into lyophilized porous
PRCR film mixed with natural cellulose. This direction of
research may bring new insights into both stem cell biology
and tissue engineering.
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