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Abstract

Objectives: To investigate effects of platelet-rich
plasma on tendon cell proliferation and the under-
lying molecular mechanisms.

Materials and methods: Platelet-rich plasma was
prepared manually by two-step centrifugation. Pro-
liferation was evaluated in cultured rat tendon cells
by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltet-
razolium bromide assay. Cell cycle progression was
assessed by flow cytometry. Messenger RNA
expression of proliferating cell nuclear antigen
(PCNA), cyclin E1, A2 and B1, and cyclin-depen-
dent kinases (Cdks) 1 and 2 was assessed by real-
time polymerase chain reaction. Protein expression
of the above cyclins and Cdks and of signal trans-
ducer and activator of transcription (Stat) 3 and
p27 was evaluated by western blotting.

Results: Platelet-rich plasma used in the present
study had concentrations of platelets, TGF-1 and
PDGEF over 3-fold higher than normal whole blood.
Platelet-rich plasma enhanced tendon cell prolifera-
tion (P = 0.008) by promoting G,/S phase transi-
tion in the cell cycle, and increased expression of
PCNA, cyclin EI, A2 and B1, Cdksl and 2, and
phosphorylated Stat3, while inhibiting p27 expres-
sion.

Conclusions: Platelet-rich plasma contains high
concentrations of TGF-f1 and PDGF that increase
tendon cell proliferation by modulating Stat3/
p27%P! which enhances expression of cyclin—Cdk
complexes that promote cell cycle progression.
These results provide molecular evidence for posi-
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tive effects of platelet-rich plasma on tendon cell
proliferation, which can be useful in clinical appli-
cations of tendon injury.

Introduction

Tendon damage and tendinopathy are common injuries
that occur during athletic activity. These injuries can
lead to loss of function and may interfere with both
sporting and normal daily pursuits. In 24-45.5% of
patients with Achilles tendinopathy, conservative man-
agement is unsuccessful and surgery must be considered
(1). There is clear need for improved conservative ther-
apy. Recent application of platelet-rich plasma (PRP) to
treat tendon injury has raised high expectations for both
clinicians and patients (2). In tendon healing, proliferat-
ing tendon cells produce collagen for tissue repair; vari-
ous growth factors such as insulin-like growth factor
(IGF), transforming growth factor (TGF) and platelet-
derived growth factor (PDGF) have been implicated in
aspects of tendon cell proliferation (3,4). It is thus
thought that exogenous growth factor application can
increase tendon cell proliferation. PRP, by definition,
has supra-physiological levels of platelets, which can be
activated to produce high concentrations of growth fac-
tors (5,6). These may then act synergistically to promote
tendon cell proliferation. However, to date, available
clinical research has shown only inconsistent results
with the use of PRP (7-11), and large and carefully
designed randomized clinical trials are needed to draw
definitive conclusions on potential benefits of platelet-
rich plasma. In basic science, in addition to fundamental
knowledge of differences in preparation of PRP and
principles of tissue healing, an understanding of mecha-
nisms of action of PRP is essential to successful applica-
tion of this blood preparation.

Cell proliferation is governed by the cell cycle,
comprised of Go/Gy, S, G, and M phases (12). These are
regulated precisely by sequential activation of cyclin-
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dependent kinases (Cdks) that form complexes with
various cyclins (13) and phosphorylate downstream pro-
teins such as retinoblastoma protein (Rb). Accumulation
of cyclins and their activating Cdks has previously been
thought to be the main regulator of passage through G,/S
and G,/M transitions, and a number of families of growth
factors have been identified as positive regulators of cell
cycle progression (14). One study that provided evidence
for epidermal growth factor (EGF)-induced DNA synthe-
sis suggested a role for EGF ligands in regulating G, pro-
gression (15). Over-expression of TGF in transgenic mice
leads to hyperplasia and up-regulation of cyclin (16), and
treatment of normal mammary epithelial cells with IGF
induces increase in mRNA levels of cyclins E1, A2, and
B1, thereby promoting cell cycle entry to quiescent cells
(17). Given that PRP contains high concentrations of these
growth factors, it has been hypothesized that it could regu-
late cyclin and Cdk expression to stimulate cell cycle pro-
gression and cell proliferation.

Many cytokines and growth factors signal through the
Janus kinase (JAK)/signal transducer and activator of tran-
scription (Stat) pathway (18) and certain growth factor
receptors (for example, those of EGF and PDGF), possess
intrinsic tyrosine kinase activity that is stimulated by
ligand binding, which directly phosphorylates and acti-
vates Stat protein (19). Members of the Stat family moder-
ate expression of a variety of gene products that promote
cell proliferation (20). Cdk inhibitor p27%®! plays a criti-
cal role in regulating cell proliferation in response to the
extracellular growth environment and evidence suggests
that suppression of p27 is essential for cell proliferation
(21). One of the mechanisms that suppresses p27 has been
postulated to involve the JAK/Stat3 signalling pathway. It
has been reported that blocking JAK/Stat3 signalling leads
to up-regulation of p27 and p21 expression, which inhibits
Cdk-induced cell proliferation (22). Therefore, transcrip-
tional regulator Stat3, may contribute to action of PRP on
tendon cell proliferation by modulating cell cycle progres-
sion by down-regulation of p27.

The aim of this study was to investigate effects of PRP
on cultured tendon cells, focusing on molecular mecha-
nisms underlying induction of cell proliferation by PRP.

Materials and methods

All experimental procedures were approved by the Institu-
tional Review Board of our hospital prior to initiation of
this study. All assays were performed in at least triplicate.

Primary culture of rat Achilles tendon cells

Tendon cells were obtained from Sprague—Dawley rats
(weighing 200-250 g) as previously described (23).
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Cells were cultured and sampled from passages 2 to 4
having appropriate growth rate and normal fibroblast
shape, to be used for the experiments.

Collection and preparation of PRP

PRP was obtained from adult Sprague-Dawley rats
(weighing 250-300 g). Animals were anesthetized and
9 ml blood was drawn from the heart of each using a
21 gauge needle. It was collected into 10 ml syringes
containing 1 ml anticoagulant (acid citrate dextrose
solution) to total volume of 10 ml. Both PRP and
platelet-poor plasma (PPP) were manually isolated by a
two-step platelet concentration method modified from a
published protocol (24). Anticoagulant-treated blood
was centrifuged at 800 x g for 30 min for separation
into plasma and erythrocyte fractions, and the plasma
was further centrifuged at 3000 x g for 30 min to sep-
arate PRP (containing a high number of platelets) from
PPP (containing few platelets). A total of 2 ml PRP
was obtained from each 10 ml whole blood. PRP was
clotted by adding thrombin solution (500 U/ml in
100 mm CaCl,) for 1 h. After -centrifugation at
5500 x g for 15 min, soluble PRP releasate was iso-
lated from the clotted preparation. Final releasate was
cleared by ultra-filtration (0.22 pm) and frozen at
—80 °C until used.

Determination of platelet and white blood cell count,
TGF-f1 and PDGF-BB levels

Platelet concentration and white blood cell count (WBC)
were assessed in samples of whole blood and PRP
before clotting, by using a Hemavet 950 hematology
analyzer (Drew Scientific, Waterbury, CT, USA). Serum
(whole blood) and PRP releasate concentrations of TGF-
B1 and PDGF-BB were determined using specific
enzyme-linked immunosorbent assay kits (R & D sys-
tem, Minneapolis, MN, USA) according to the manufac-
turers’ instructions. Absorbance was measured using a
VICTOR X3 multi-well plate reader (PerkinElmer Inc.,
Waltham, MA, USA) at 450 nm. Growth factor concen-
trations were determined using a standard curve.

Cell culture

Trypsinized rat tendon cells were pre-cultured for 24 h
in Dulbecco’s Modified Eagle’s Medium containing
10% FBS and supplements. Cells were then cultured in
serum-free medium under five different conditions: med-
ium only (control), or 0.1%, 0.5%, 1% or 2% PRP, and
incubated at 37 °C in a humidified atmosphere of 5%
CO,/95% air for 24 h.
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Determination of cell viability using 3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay

Tendon cell viability was examined 24 h after treatment
by adding 50 pg/ml MTT and incubating at 37 °C for
1 h. Solutions were discarded and 1 ml dimethyl sulph-
oxide was added to dissolve formazan crystals. Aliquots
were transferred to a 96-well plate and absorbance was
measured at 570 nm using a scanning multi-well plate
reader (VICTOR X3, PerkinElmer Inc.).

Cell cycle analysis

Tendon cells subjected to various treatments were
washed twice in PBS and fixed by resuspension in 1 ml
of 70% methanol in PBS for 1 h at —20 °C. They were
centrifuged at 3000 x g for 5 min, resuspended in 1 ml
of 0.5% Triton X-100 with 0.05% RNase A in PBS,
and incubated at 37 °C for 1 h. Suspensions were
centrifuged, washed and resuspended in 1 ml 50 pg/ml
propidium iodide in PBS. Cells were stored overnight at
4 °C and were then analysed on a FACScan flow
cytometer (Becton Dickinson, San Francisco, CA,
USA).

RNA isolation, reverse transcription and quantitative
real-time polymerase chain reaction (PCR)

Total cell RNA from tendon cells was isolated by lysing
cells in a guanidine-isothiocyanate solution (UltraPure,
Life Technologies Inc.) followed by phenol—chloro-
form—isoamyl alcohol extraction, as previously described
(23). Total RNA (1 ng) was reverse-transcribed into
cDNA by incubation with 200 U reverse transcriptase in
20 pl reaction buffer containing 0.25 pg random primers
and 0.8 mm dNTPs at 42 °C for 1 h. Quantitative real-
time PCR was performed using 20 ng cDNA and the
SYBR Green and Mx3000P QPCR system (Stratagene,
La Jolla, CA, USA), with each reaction run in triplicate.
Oligonucleotide sequences for specific primers used
were as follows: for 185 rRNA, sense 5' CCATAAAC-
GATGCCGACTGG 3’ and antisense 5 TCAAAT-
TAAGCCGCAGGCTC 3’; for PCNA, sense 5
CCGGGACCTTAGCCATATTG 3’ and antisense 5’
GCTGAACTGGCTCATTCATCTC 3'; for Cdk 1, sense
5" TGGCCAGTTCATGGATTC 3’ and antisense 5’
GCCGAAATCTGCCAGTTTG 3’; for Cdk 2, sense 5
CACTTAACCCGACTTCCAG 3’ and antisense 5
TTCCCTCAACACGGTAAC 3’; for cyclin EI sense 5’
GCATCACAACAGAATATCATAA 3’ and antisense 5’
AAGCACCATCAGTAACATAA 3'; for cyclin A2,
sense 5’ CACGTACCTTAGGGAAATGG 3’ and anti-
sense 5 CCAAATGCAGGGTCTCATTC 3’; and for cy-
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clin BI sense 5 TGAGCCTGAACCTGTTATGG 3’ and
antisense 5° CCACCATCGTCTGCATCTAC 3'. Rela-
tive gene expression between experimental groups was
determined using MxPro software (Stratagene), with /8§
rRNA used as an internal control.

Western blot analysis

Cell extracts were prepared as previously described (23).
Samples with identical protein quantities were separated
by 10% sodium dodecyl sulphate polyacrylamide gel
electrophoresis and transferred to a polyvinylidene diflu-
oride membrane. Membranes were incubated at room
temperature in blocking solution (1% bovine serum
albumin and 1% goat serum in PBS) for 1 h, followed
by 2-h incubation in blocking solution containing one of
the following primary antibodies: anti- tubulin, PCNA
(NeoMarkers, Fremont, CA, USA), Cdk 1 or 2, cyclin
El, A2 or Bl (ABclonal Biotechnology Co. Ltd.,
Wuhan, China), p27 or phosphorylated Stat3 (Cell Sig-
naling Technology Inc., Beverly, MA, USA). After
washing, membranes were incubated in PBS containing
horseradish peroxidase-conjugated secondary antibody
(Sigma, St. Louis, MO, USA) for 1 h. Membranes were
washed and positive signals were developed using
enhanced chemiluminescence reagent (Amershan Phar-
macia Biotech, Buckinghamshire, UK). For quantifica-
tion of protein expression relative to tubulin,
densitometric analysis was performed using a BioSpec-
trum 500 automated imaging system (UVP Inc., Upland,
CA, USA).

Statistical analysis

All data are expressed as mean =+ standard error of the
mean. Comparisons of tendon cell viability and gene
and protein expression under the chosen conditions were
carried out using the Kruskal-Wallis test. Mann—Whit-
ney testing was used to identify where differences
occurred. Level of statistical significance was set at
P < 0.05.

Results

The PRP had high concentrations of platelets, TGF-f1
and PDGF-BB

Platelet and WBC counts were performed on whole
blood and PRP preparations from rats. Number of plate-
lets in acid citrate dextrose-treated whole blood was
937 £ 55 x 106/ml; the count in PRP being 3.81-fold
higher at 3584 4 322 x 10°ml. Number of WBCs was
comparable for these two preparations (5.404 +
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0.646 x 10%ml for whole blood and 6.568 +
1.029 x 10°/ml for PRP; P = 0.465). TGF-pl and
PDGF-BB levels in whole blood and in PRP releasates
were quantified in the first three samples. Mean concen-
trations of the two growth factors in PRP releasate were
138.88 and 23.26 ng/ml, respectively, which were 3.19
and 4.26 times higher, respectively, than in whole blood
releasates. These results indicate that our PRP prepara-
tions had significantly higher concentration of platelets
and TGF-f1 and PDGF-BB than whole blood
(P =0.009, 0.034, and 0.019 respectively) (Fig. 1).

Tendon cell proliferation was enhanced by PRP

To assess effects of PRP on cell proliferation, cultures
were treated with medium alone as a control, or 0.1%,
0.5%, 1% or 2% PRP releasate for 24 h. PRP increased
tendon cell proliferation relative to controls in a dose-
dependent manner (120.3 £ 2.84%, 145.5 + 4.11%,
157.1 £ 2.48% and 181.4 £ 1.04% increases for cul-
tures treated with 0.1%, 0.5%, 1% and 2% of PRP relea-
sate respectively; P = 0.008) (Fig. 2), indicating that the
PRP enhanced proliferation of our cultured tendon cells.

PRP increased S phase fraction of tendon cells

Fraction of PRP-treated cells in each phase of the cell
cycle was assessed by flow cytometry. Percentage of
cells in Go/G; markedly decreased after PRP treatment,
in a dose-dependent manner (91.00 & 1.05%,
89.77 + 1.74%, 84.87 + 3.12% and 74.68 £ 3.47% for
cultures treated with 0.1%, 0.5%, 1% and 2% PRP rel-
easate, respectively, versus 90.07 £ 1.54% control).
Concomitant increase in number of S phase cells was
observed in treated cells (2.05 £+ 1.10%, 3.29 + 1.13%,
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Figure 1. Concentrations of platelet and WBC counts and levels of
TGF-p1 and PDGF-BB in PRP compared to whole blood (n = 4).
*P < 0.05.
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Figure 2. Viability of PRP-treated and untreated (control) tendon
cells as evaluated by MTT assay (n = 4). *P < 0.05.

6.53 &+ 1.35% and 16.02 + 1.29% for cultures treated
with 0.1%, 0.5%, 1% and 2% PRP releasate, respec-
tively, versus 2.10 4+ 1.34% control; P = 0.006)
(Fig. 3). These data provide evidence of increased cell
cycle progression of our tendon cells treated with the
PRP, which lead more tendon cells into division.

Expression of genes involved in cell cycle regulation
was up-regulated by PRP treatment

Quantitative real-time PCR analysis of cell cycle-related
gene expression was carried out. Cycling of sub-conflu-
ent tendon cells was synchronized by culturing in low
serum medium (0.2% FBS) for 48 h; medium alone was
added to control cells, while treatment groups received
0.1%, 0.5%, 1% or 2% PRP, with gene expression mea-
sured 18 h later. In tendon cells treated with PRP,
mRNA levels of PCNA, Cdks 1 and 2, and cyclin El,
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Figure 3. Flow cytometry analysis of untreated or PRP-treated rat
tendon cells (z = 4).
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A2 and BI increased dose-dependently with PRP treat-
ment (Fig. 4). These findings indicate that critical fac-
tors required for cell cycle progression were up-
regulated by the PRP treatment, accounting for its posi-
tive effect on tendon cell proliferation.

PRP acted through Stat3 signalling to increase tendon
cell proliferation

Level of protein expression in PRP-treated tendon cells
was evaluated in cells synchronized by treatment with
low concentration FBS (0.2%) for 48 h, which was fol-
lowed by addition of 0%, 0.1%, 0.5%, 1% or 5% PRP
to culture media and western blotting of cell lysates
18 h later. Addition of more than 0.5% PRP induced
increase in PCNA expression (Fig. 5). Expression levels
of cell cycle regulatory proteins Cdks 1 and 2 and cyclin
El, A2 and Bl showed PRP dose-dependent increases
(Fig. 5). Moreover, PRP treatment increased phosphory-
lated Stat3 and reduced p27 expression (Fig. 6), sug-
gesting that the proliferative effect of PRP on tendon
cells was exerted via cell cycle-mediated activation of
Stat3/p27 signalling.

Discussion

Activation of platelets and platelet counts of PRP or
growth factor concentration in its releasate, are two criti-
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cal parameters that determine the effects of PRP (25). It
is widely presumed that PRP enhances platelet and
growth factor concentrations 3- to 5-fold over baseline
(6,26). Platelets are known to release many kinds of
growth factor, such as PDGF, TGF-B1, epidermal
growth factor (EGF) and vascular endothelial growth
factor (VEGF) (5,6); of these, PDGF and TGF-B are
present at the highest concentrations, and are known to
stimulate cell proliferation (6,27), and are used to quan-
tifty PRP preparations (6,28-30). PRP used in the present
study had concentrations of platelets, PDGF and TGF-f3
over 3-fold higher than whole blood that are required to
achieve the biological effects observed in most studies.

It has been shown that PRP has potential to stimu-
late bone regeneration by inducing mitogenic activity of
cultured trabecular bone-derived cells (31) or prolifera-
tion of osteoblasts (32). It has also been shown to pro-
mote proliferation of gingival fibroblasts, epithelial cells
and articular chondrocytes (27,33). Data presented here
indicate that PRP also has a proliferative effect on cul-
tured rat tendon cells.

PCNA acts as a clamp for DNA polymerase-d dur-
ing DNA replication and is widely used as a marker of
cell proliferation (34). In addition, during DNA synthe-
sis, PCNA interacts with proteins involved in cell cycle
control (35). This study showed increase in PCNA
mRNA and protein expression associated with PRP-
induced tendon cell proliferation. This finding suggests

Cyclin E1 Cyclin A2 Cyclin B1
20 4 25 1
§ 15 - § - * §
*
% 5 15 s
Z 104 i b} e}
e € 401 &
]
2 s £ z
5 * 5 54 * 5
o & &
0- 0-
R A A R R Y
o Q& o\ & o\S \u\ﬂ q’u\ oy Q'.\e;\:: \p\n ‘;\
25 - Cdk1 8- Cdk2
3 « . B " g
€ 20 € E
o o o
Q % o o
5 15 s k]
e} z k-]
€ 401 8 8
2 2 2
& 54 # k- &
& & #
0 -
L I
© \u\o bn\° \o\n ":\n
o M

Figure 4. Transcript expression of PCNA, cyclin E1, A2 and B, and Cdks 1 and 2 in untreated or PRP-treated tendon cells, as assessed by
real-time quantitative PCR, with 78S rRNA used as an internal control (n = 3). *P < 0.05.
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Figure 5. Protein expression of PCNA, cyclin E1, A2 and Bl1,
Cdks 1 and 2 in untreated and PRP-treated tendon cells. Tubulin
was used as a loading control (n = 3).
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Figure 6. Protein expression of Stat 3, phosphorylated Stat3 and
p27 in untreated and PRP-treated tendon cells. Tubulin was used as
a loading control (n = 3).

that the observed increase in tendon cell proliferation
after PRP treatment acted through a PCNA-related
mechanism.

In unpublished data from our laboratory, cell
extracts have been prepared from cells taken at differ-
ent time points, and levels of cyclin E1 was induced
by PRP stimulation with maximum expression at
18 h. Together with the result from flow cytometry,
cells were harvested 18 h after treatment and used in
the experiments described above. The cell cycle is
comprised of a set of events that lead to cell division
(36), and progression through it is regulated by coor-
dinated activities of cyclin-Cdk complexes. Here,
PRP-treated tendon cells entered S phase at higher
rates than untreated control cells, suggesting that PRP
modulated the formation or activity of cyclin—Cdk
complexes. PRP treatment also induced up-regulation
of Cdks 1 and 2 and cyclins El1, A2 and Bl in the
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tendon cells. Formation and activation of cyclin E—
Cdk2 complexes results in Rb phosphorylation, which
leads to activation of S phase genes via the aid of
transcription factor E2F (14). In addition, activation of
cyclin A—Cdk2/1 and cyclin B-Cdkl is important for
progression of cells through S and G2/M phases (37).
Thus, the observed increases in cyclin and Cdk levels
indicate that PRP exerted positive effects on tendon
cell proliferation by promoting their progression
through the cell cycle.

Cyclin—Cdk complexes are regulated in part by their
binding to Cdk inhibitor proteins. Members of the Cip/
Kip family, including p21<P!, p27%"P! and p57*?, bind
both cyclin and Cdk subunits and modulate activities of
cyclin D—, E-, A- and B-Cdk complexes (38). p27
inhibits not only cyclin E— and cyclin A—Cdk2, which
are kinases that promote DNA synthesis, but also cyclin
B- and cyclin A—Cdk1, which allow entry into mitosis
(39). Thus, down-regulation of p27 expression and
accompanying release from inhibition of cyclin—-Cdk
complexes, may account for the enhanced proliferation
of our PRP-treated tendon cells.

Stat3 belongs to a family of latent cytoplasmic tran-
scription factors that play key roles in a variety of bio-
logical activities such as cell differentiation and
proliferation (40). Stat3 is recruited to the plasma mem-
brane upon ligand—receptor binding, where it is activated
via phosphorylation by its own receptor tyrosine kinase,
or by JAK (19). In the present study, it was found that
up-regulation of expression of phosphorylated Stat3 and
concomitant down-regulation of p27 accompanied
increase in Gy to S phase transition in PRP-treated ten-
don cells. This finding provides evidence that PRP pro-
moted tendon cell proliferation via Stat3 activation,
which suppressed p27, resulting in cyclin E-Cdk2, cy-
clin A—Cdk2/1 and cyclin B-Cdkl complex activity. In
this way, PRP promoted cell cycle progression and thus,
tendon cell proliferation.

In conclusion, PRP, which is enriched in PDGF and
TGF-p, can potentially enhance cell proliferation. In this
study, we showed that PRP promoted progression of the
cell cycle and proliferation of tendon cells, by modulat-
ing expression of Stat3, p27 and cyclin—Cdk complexes.
These findings provide novel insights into the action of
PRP and a basis for successful therapeutic strategies to
treat tendon injuries.
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