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Abstract

Erythropoietin (EPO)/erythropoietin receptor (EPOR) signaling is involved in the development and regeneration of several
non-hematopoietic tissues including the skeleton. EPO is identified as a downstream target of the hypoxia inducible factor-a
(HIF-a) pathway. It is shown that EPO exerts a positive role in bone repair, however, the underlying cellular and molecular
mechanisms remain unclear. In the present study we show that EPO and EPOR are expressed in the proliferating, pre-
hypertrophic and hypertrophic zone of the developing mouse growth plates as well as in the cartilaginous callus of the
healing bone. The proliferation rate of chondrocytes is increased under EPO treatment, while this effect is decreased
following siRNA mediated knockdown of EPOR in chondrocytes. EPO treatment increases biosynthesis of proteoglycan,
accompanied by up-regulation of chondrogenic marker genes including SOX9, SOX5, SOX6, collagen type 2, and aggrecan.
The effects are inhibited by knockdown of EPOR. Blockage of the endogenous EPO in chondrocytes also impaired the
chondrogenic differentiation. In addition, EPO promotes metatarsal endothelial sprouting in vitro. This coincides with the in
vivo data that local delivery of EPO increases vascularity at the mid-stage of bone healing (day 14). In a mouse femoral
fracture model, EPO promotes cartilaginous callus formation at days 7 and 14, and enhances bone healing at day 28 indexed
by improved X-ray score and micro-CT analysis of microstructure of new bone regenerates, which results in improved
biomechanical properties. Our results indicate that EPO enhances chondrogenic and angiogenic responses during bone
repair. EPO’s function on chondrocyte proliferation and differentiation is at least partially mediated by its receptor EPOR.
EPO may serve as a therapeutic agent to facilitate skeletal regeneration.
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Introduction

Impaired bone regeneration following injury or under patho-

logical conditions causes severe pain to the patients and

considerable financial burden to the society [1,2]. These

conditions include delayed fracture union or non-union, osteopo-

rotic fracture healing, impaired bone repair associated with

diabetes, and large bone defects caused by trauma or surgical

treatments [3,4,5,6]. Hallmarks of impaired bone repair in patients

and animal models include the deficiency in vascular supply and

cartilaginous callus formation at the site of injury, suggesting that

impaired angiogenic and chondrogenic responses are major

contributors to the pathology [7,8].

Bone regeneration is a complex process in which the recovery of

skeletal tissue integrity relies upon close temporal and spatial

coordination of molecular and cellular events involving resident

bone cells, inflammatory cells, marrow stromal elements, and

associated vascular structures [9,10,11,12] to achieve structural

reconstitution and bone remodeling. The regeneration process has

generally been characterized by four steps including inflammation

phase with hematoma, cartilage callus formation, bony callus

formation and bone remodeling [13,14]. During bone regenera-

tion, angiogenesis is essential and depends on hypoxic stimuli and

production of proangiogenic factors such as vascular endothelial

growth factor (VEGF) [7], Erythropoietin (EPO) [15], fibroblast

growth factor (FGF) [16], transforming growth factor-beta (TGF-

beta) [17] and insulin like growth factor (IGF-1) [18].

The bone cells are readily located in a hypoxic microenviron-

ment during development and regeneration. Hypoxia inducible

factor-a (HIF-a) is identified as key mediator for cell adaptation to

low oxygen tension. VEGF and EPO are established downstream

targets of HIF-a. It is well established that VEGF is expressed in
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osteoblasts [19,20] and the HIF-a/VEGF pathway couples

angiogenesis and osteogenesis during bone development and

regeneration [7,21,22] while the study on the involvement of EPO

in bone regeneration is just emerging.

EPO is a 34 kD circulating glycoprotein hormone which is

initially recognized as the crucial growth factor that controls red

blood cell development in bone marrow through binding to its

high affinity receptor (EPOR) expressed on erythroid progenitor

cells [23,24,25]. EPO is predominantly produced by the interstitial

fibroblasts of the renal cortex and outer medulla in adult animals,

and by Kuffer’s cells in the liver during embryonic development

[26,27,28,29], under the control of oxygen sensing HIF pathway

[30]. In addition to its principal function in erythropoiesis,

nonehematopoietic functions of EPO such as angiogenic [25],

cardioprotective [31], neuroprotctive and neurotrophic [32,33]

effects have raised great interest and been extensively studied, due

to the findings that EPO is also produced in non-renal tissues such

as brain [34], and that EPOR is present in a variety of non-

hematopoietic cell types such as brain capillary endothelial cells

[35], vascular smooth muscle cells [36], myocardial cells [37],

neurons [38] and astrocytes [39]. The potential physiological

effects of EPO on skeletal tissue were suggested by both clinical

and animal studies that bone modulation was associated with

erythropoiesis stimulation by systemic administration of EPO

[40,41,42]. However, the underlying mechanism is largely

unknown. It was reported that EPO activated JAK/STAT

signaling in hematopoietic stem cells (HSCs) to produce bone

morphogenetic proteins (BMPs) and thus exerted indirect function

in bone formation [43]. Although there is one study showing that

EPO indirectly increased bone turnover rate and induced

trabecular bone loss [42], several other studies demonstrated that

EPO improved bone healing [44,45,46], possibly through the

proposed direct interaction between EPO with EPOR-expressed

hypertrophic chondrocytes to promote endochondral ossification

[45] or with EPOR-expressed bone marrow stromal cells to induce

osteoblastic differentiation [43]. In addition, significant vascular

expansion was also noted during bone healing when EPO was

applied [44,46]. It is known that EPO and EPOR are expressed in

the vasculature during embryogenesis, and exert a critical role for

angiogenesis [25]. Therefore the improved bone healing may also

be attributed to a better angiogenesis caused by EPO.

In the present study, we systemically examined the roles of EPO

in regulating chondrogenesis and angiogenesis in vitro and in vivo.

The promotive effects of EPO during the chondrogenic and

angiogenic phases of femur fracture repair highlight its therapeutic

potential in skeletal regenerative medicine.

Materials and Methods

Animals
C57BL/6 mice at age of three-days, fourteen-days and twelve-

weeks were used in this study. Mice were housed in the controlled

conditions with room temperature of 2261uC and a light-dark

cycle of 12:12 hour, and were fed with standard mouse chow and

water ad libitum. Experimental procedures were carried out in

accordance with the protocols approved by Animal Experimen-

tation Ethics Committee from the Chinese University of Hong

Kong and Animal (Control of Experiments) Ordinance from

Department of Health, Hong Kong SAR.

Culture of primary chondrocytes from neonatal mice
The primary chondrocytes were isolated from growth plates

following previous procedures [47]. Cells were cultured in

minimum essential medium alpha (aMEM) supplemented with

10% fetal bovine serum (FBS), 2 mM L-glutamine and 100 U/ml

penicillin and 100 mg/ml streptomycin (all from Gibco). The 1st

and 2nd passage cells were processed in the below experiments.

Knockdown of EPOR in chondrocytes
Knockdown of EPOR in chondrocytes was performed by

siRNA (Santa Cruz) method using lipofectamine2000 (Invitrogen)

following standard protocol. 24 hours after transfection, cells were

collected for real-time PCR and Western blot analysis to examine

the efficiency of gene knockdown.

Bromodeoxyuridine (BrdU) incorporation assay
Chondrocytes were treated with 40 ng/ml or 80 ng/ml EPO

(Sigma-Aldrich) for 2 days and compared with that without EPO

treatment. The proliferation rate of chondrocytes was analyzed

using the cell proliferation ELISA BrdU assay (Roche).

Cell mass culture
Cells were plated at density of 16105 cells/10 ml and cultured

for 3 hours to form the cell masses. Cell masses were then treated

with no EPO, 40 ng/ml EPO or EPO block peptide (500 ng/ml,

Santa Cruz) in chondrogenic medium supplemented with dexa-

methasone (100 nM, Sigma-Aldrich), ascorbic acid (50 mg/ml,

Sigma-Aldrich), sodium pyruvate (100 mg/ml, Gibco), ITS+
Premix (50 mg/ml, BD) for 7 days following previous procedures

[48].

Alcian blue staining
The Alcian blue staining was performed to examine proteogly-

can synthesis during chondrocytes differentiation as previously

described [49]. Briefly, the cell masses were rinsed with PBS after 7

days of culture, and stained with 1% acidic Alcian blue for

2 hours, followed by 5 times washing using 70% ethanol to

remove the residual dyes. The proteoglycan was stained blue.

Quantitation of sulfated glycosaminoglycan (sGAG)
sGAG was quantitated using a dimethylmethylene blue

colourimetric assay following established protocol (Blyscan sulfated

glycosaminoglycan assay) [50,51]. DMB dye (1, 9-Dimethyl-

Methylene Blue zinc chloride double salt) was added to measure

the sGAG content in the digested substances.

RT PCR and real-time PCR
Total mRNA was extracted from primary chondrocytes using

the TRIzol reagent (Life Technologies) following the manufactur-

er’s instructions. First strand cDNA was synthesized from 1 mg of

total RNA in the presence of oligo-dT12–18 primer (Invitrogen) and

MMLV reverse transcriptase according to manufacturer’s instruc-

tions (Promega). Quantitative real-time PCR was performed with

SYBR Premix Ex Taq (Takara) in ABI Fast Real-time PCR

7900HT System (Applied Biosystems). All samples were per-

formed in triplicates. Primer sequences used for RT-PCR include:

EPO-F, 59-GCTGCTTTTACTCTCCTTGC-39, EPO-R, 59-C-

TGTTCTTCCACCTCCATTC-39; EPOR-F, 59-CTCACCT-

TCCAGCTTT-GAGT-39, EPOR-R, 59-TTCTCATAGGGGT-

GGGAGTA-39; b-actin-F, 59-GTCCCT-CACCCTCCCAAA-

AG-39, b-actin-R, 59-GCTGCCTCAACACCTCAACCC-39.

Primer sequences used for real-time PCR are: SOX9-F, 59-

AGGA-AGCTGGCAGACCAGTA-39, SOX9-R, 59-TCCAC-

GAAGGGTCTCTTCTC; SOX5-F, 59-CCAGGAGCTTG-

TCTTTCCAG-39, SOX5-R, 59-CCCTGAAGCAGAGGAA-

GATG-39; SOX6-F, 59-CTTCCTCTCCATC-CGCTGTA-39,

SOX6-R, 59-ACCAGTGACTTCTGGGTGCT-39; aggrecan-F,
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59-CTG-AAGTTCTTGGAGGAGCG-39, aggrecan-R, 59-CGC-

TCAGTGAGTTG-TCATGG-39; Col2a1-F, 59-CTACGGTGT-

CAGGGCCAG-39, Col2a1-R, 59-GCAAGA-TGAGGGCTTC-

CATA-39; EPOR-F, 59-AAACTCAGGGTGCCCCTCTGGC-

CT-39, EPOR-R, 59-GATGCGGTGATAGCGAGGAGAACC-

39; b-actin-F, 59-CCCAGAGC-AAGAGAGG-39, b-actin-R, 59-

GTCCAGACGCAGGATG-39.

Western blot analysis
Cells were lysed and homogenized in RIPA lyses buffer with

protease inhibitors (Gibco). Aliquots of protein extracts were

separated by SDS-PAGE, and blotted on PVDF membrane

(Millipore). The membrane was blocked by TBS-0.1% Tween 20

(TBST) containing 5% skim milk at room temperature for 1 hour,

probed with anti-EPOR (Santa Cruz) primary antibody at 4uC
overnight, washed in TBST, and then incubated with the

appropriate horseradish peroxidase (HRP)-conjugated secondary

antibody at room temperature for 1 hour. After intensive washing

with TBST, immunoblots were developed using the ECL

detection system.

In vitro fetal mouse metatarsal angiogenesis assay
The assay was performed according to established procedure

[52,53]. Briefly, metatarsal bones were dissected from E17.5

embryos, cultured in 24-well plates in 150 ml aMEM containing

10% fetal calf serum, L-glutamine (2 mM) and penicillin (100 U/

ml)/streptomycin (100 mg/ml) for 72 hours, and then changed to

250 ml of fresh medium. Medium was then replaced every two

days. After 14 days, the explants were fixed in zinc formalin for 15

minutes and subsequently immunostained for endothelial marker

CD31 using a rat polyclonal antiserum (BD Pharmingen).

Femur fracture model in mice
12-week-old mice were anesthetized by intraperitoneal injec-

tion of 0.1 ml xylene (2.6 mg/ml) and ketamine (17.4 mg/ml)

cocktail. A 2 cm incision was performed between the greater

trochanter and the knee joint. The quadriceps femoris muscles

were mobilized anteriorly towards the knee and the hip. A hole

was drilled on the intracondylar notch using a 21 gauge needle

which was inserted into the intramedullary canal, and then pulled

out. Subsequently, an osteotomy of the mid-shaft of the femur

was made by a surgical saw and the fracture was stabilized by a

needle inserting into the intramedullary cavity. The muscles and

skin were closed with interrupted sutures. EPO (40 ng/mouse)

was administered every other day directly at the fracture site from

day 4 to day 12 post-surgery, with saline as non-treatment

control.

Histology, histochemistry and immunohistochemistry
Paraffin sections of the long bones were dewaxed and processed

for Safranin O staining. Briefly, the sections were stained with

Weigert’s iron hematoxylin working solution for 5 min, washed in

running tap water for 10 min, and then stained with 0.05% fast

green solution for 5 min. After quick rinse with 0.1% acetic acid

solution for 2 min, the sections were stained in 0.1% Safranin O

solution for 5 min (materials are all from Sigma-Aldrich) followed

by rapid dehydration in graded ethanol, clearness and mounting in

Permount mounting medium (SP15-100, Fisher Scientific). For

preparation of cryosections, the femurs were fixed in 4%

paraformaldhyde for 3 days at 4uC, and decalcified in 10%

EDTA for 14 days at 4uCwith gentle agitation followed by

dehydration for cryoprotection in graded concentrations (15% and

then 30%) of sucrose at 4uC until the femurs were fully sank in the

sucrose. The femurs were then embedded in optimal cutting

temperature (OCT) compound (Tissue-Tek, Sakura Finetek USA)

and flash frozen in liquid nitrogen. 5 mm thick sections were cut on

a cryostat. Immunostaining for EPO and EPOR was performed

following established protocols.

MicroCT angiography analysis
At 14 days post-fracture, mice were anesthetized following

above procedures. The abdominal cavity and heart were exposed.

After opening the hepatic portal vein, the entire vascular system

was completely flushed through injection of heparinized saline

(20 U/ml, Sigma-Aldrich) into the left ventricle. Microfil (Flow

Tech) was prepared immediately and injected into left ventricle.

The specimens were then placed at 4uC overnight before the

fractured femurs were harvested. The femurs were fixed in 10%

formalin for 7 days, decalcified in 10% EDTA for 14 days with

gentle agitation and were then processed for micro-CT scanning.

Histomorphometric parameters of blood vessels including vessel

volume (VV), total volume (TV), VV/TV, vessel surface (VS),

vessel thickness (VTh), vessel separation (VSp), and vessel number

(VN) were analyzed.

Radiological analysis of bone
The healing bones are examined by bench top digital X-ray

system at day 28 post-surgery. The bone union at fracture site was

quantified according to the X-ray scoring system described by

Lane and Sandhu with modifications [54]. For analysis of the 3D

microarchitecture of the healing bone, the femurs were scanned by

the Scanco mCT40 desktop cone-beam micro-CT scanner [55]. In

brief, the femurs were placed vertically in the scanning holder with

diameter of 12 mm. The scans were performed at the following

settings: 12 mm resolution, 55 kvp, 145 mA with an integration

time of 200 ms. Images were automatically reconstructed into 2-D

slices, and region of interest was outlined in every slice via micro-

mCT Evaluation Program (v5.0A, Scanco Medical). Direct

calculation of bone histomorphometric parameters is performed

including bone volume (BV), total volume (TV), BV/TV, bone

surface (BS), trabecular thickness (TbTh), trabecular separation

(TbSp) and trabecular number (TbN).

Biomechanical test
Femurs were collected at 28 days post-fracture and fresh

frozen. Specimens were thawed in PBS at room temperature for

3 h before mechanical testing. Specimens were tested to failure

by three-point bending using the LR10K Plus Extended machine

(Lloyd Instruments Ltd). Briefly, femurs were placed horizontally

on two support rollers with a span of 7 mm while a vertical load

was applied to the center of the diaphysis using a material testing

apparatus until failure. Biomechanical parameters including peak

load, elastic modulus, bend strain at maximum and bend

strength at maximum were calculated from the force displace-

ment data.

Statistics
For the quantitative real-time PCR, cell proliferation and

colony formation assays, all the experiments were repeated at least

three times unless otherwise stated. Data was presented as mean 6

standard deviation (SD). Statistical analysis was performed using

SPSS software. Two-tailed Student’s t test, one-way ANOVA or

two-way ANOVA were employed according to the experimental

design. P,0.05 was considered as statistical significance.

EPO in Skeletal Regeneration
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Figure 1. The expression and localization of EPO and EPOR in the developing bones. (A) mRNA expression of EPO and EPOR in the
developing growth plates of tibiae by RT-PCR at indicated postnatal days. Tissues from kidney (Kid) of new born mice were used as positive control.
(B) Immunohistochemistry for EPO and EPOR in growth plates of tibiae from new born mice. Con, non-primary antibody control. Magnification: 406.
(C) Immunohistochemistry for EPO and EPOR in cartilaginous callus of the bone healing in femoral fracture model of mouse. Con, non-primary
antibody control. Magnification: 1006.
doi:10.1371/journal.pone.0102010.g001

Figure 2. EPO promotes the proliferation of primary chondrocytes. (A) Examination of mRNA expression of EPOR in chondrocytes by real-
time PCR after siRNA mediated knockdown of EPOR. (B) Western blot analysis of EPOR expression in primary chondrocytes with or without siRNA
mediated knockdown of EPOR. (C) BrdU incorporation assay in primary chondrocytes with or without siRNA mediated knockdown of EPOR after
48 hours of EPO exposure. Con, non-treatment control. *P,0.05; **P,0.01; n = 3.
doi:10.1371/journal.pone.0102010.g002
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Results

The expression and localization of EPO and EPOR in the
developing growth plate and the cartilaginous callus of
healing bone

To examine the expression of EPO and EPOR in chondrocytes

of the developing growth plates, we performed RT-PCR for EPO

and EPOR using tissues obtained from the developing long bone

growth plates of new born mice. EPO and EPOR mRNA was

expressed in the growth plates derived from new born mice. Both

of their expression in the growth plates was also detected at ages of

day 14 and 30 (Fig. 1A). To identify the localization of EPO and

EPOR in the growth plates, immunostaining for EPO and EPOR

was performed in new borne mice. Our results showed that EPO

and EPOR were abundantly present in proliferating, pre-

hypertrophic and hypertrophic zones of growth plates of the

developing bones (Fig. 1B). We next examined the localization of

EPO and EPOR in the cartilaginous callus in the middle stage of

bone healing. It showed that Both EPO and EPOR were localized

in the proliferating, pre-hypertrophic and hypertrophic chondro-

cytes of the cartilaginous callus (Fig. 1C). These results suggested

Figure 3. EPO increases biosynthesis of proteoglycan and upregulates chondrogenic marker genes expression during
chondrogenic differentiation. (A) Alcian blue staining for preoteoglycan synthesis in the chondrogenic micromass culture supplemented with
EPO, and with or without EPO block peptide for 7 days. Con, non-treatment control. Magnification: 106. (B) Quantitation of total sGAG in the
micromass culture by dimethylmethylene blue assay. (C) Detection of mRNA expression of chondrogenic marker genes including SOX9, SOX5, SOX6,
Col2a1 and aggrecan by real-time PCR in chondrocytes in response to EPO treatment following siRNA mediated EPOR knockdown. (D) Real-time PCR
quantification of EPOR mRNA expression in chondrocytes in response to EPO treatment following siRNA mediated EPOR knockdown. Con siRNA,
control siRNA. *P,0.05; **P,0.01, n = 3.
doi:10.1371/journal.pone.0102010.g003
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that EPO and EPOR might play an important role in the

physiological development of the growth plate and cartilaginous

formation during bone healing.

EPO increases the proliferation of primary chondrocytes
To elucidate EPO function in the development of growth plate,

we first determined the effect of EPO treatment on the

proliferation of primary chondrocytes with or without knockdown

of EPOR. Using siRNA method, we achieved approximately

60% knockdown efficiency in the EPOR transcription level as

shown by quantitative real-time PCR (Fig. 2A). Western blot

verified the dramatically down-regulated EPOR protein level in

chondrocytes following EPOR-siRNA transfection (Fig. 2B). We

then added varied doses of EPO into the cultures of the primary

chondrocytes transfected with control-siRNA or EPOR-siRNA,

and cultured for two days followed by 6 hours of BrdU pulse

labeling. In the cultures of the control-siRNA transfected

chondrocytes, the BrdU incorporation index (indicating the

numbers of BrdU incorporated cells) increased by (1.9160.04)

units in the 40 ng/ml EPO treatment group compared with that

in the untreated group, and further increased by (2.1260.02)

units when 80 ng/ml EPO was applied (Fig. 2C), indicating that

EPO may serve as a mitogenic factor for primary chondrocytes.

We next asked whether the EPO-induced increase in the

chondrocyte proliferation was EPOR dependent by looking at

the effect of EPO on the chondrocytes following EPOR

knockdown. Indeed, EPO’s mitogenic effect on primary chon-

drocytes significantly decreased following siRNA mediated

knockdown of EPOR. The increase of BrdU incorporation index

induced by 40 ng/ml EPO and 80 ng/ml EPO dropped to

(1.1160.11) units and (1.5760.08) units respectively in the

chondrocytes transfected with EPOR-siRNA, which was signif-

icantly lower than what was observed in the control-siRNA

groups (1.11 vs 1.91 and 1.57 vs 2.12; P,0.05). These results

suggested that at least part of the proliferative effect of EPO on

chondrocyte was mediated by its cognate receptor EPOR.

Whether the elevation in BrdU incorporation index in EPOR-

knockdown groups induced by the addition of EPO was caused

by the interaction of EPO with the remaining EPOR, or by

EPOR-independent function of EPO remains to be defined. Of

interest, after knockdown of EPOR, the number of BrdU

incorporated chondrocytes was significantly reduced when the

cells were cultured in basal medium without exogenous EPO

(Fig. 2C), suggesting that EPOR may be involved in the

chondrocyte proliferation either independently or through its

interaction with the endogenous EPO present in the chondro-

cytes.

EPO promotes chondrogenic differentiation in vitro
We then examined whether EPO also regulates chondrogenic

differentiation by monitoring the proteoglycan biosynthesis in the

extracellular matrix of chondrocyte micromass cultures following

chondrogenic induction. After 7 days of chondrogenic induction.

EPO (40 ng/ml) administration group showed more intense

Alcian blue staining of chondrogenic nodules than the control

group without EPO treatment (Fig. 3A), indicating increased

amount of proteoglycan production. However, there appeared

fewer and smaller Alcian blue stained nodules in the group where

endogenous EPO was blocked by using EPO block peptide

(Fig. 3A). The total amount of sGAG in chondrocytes was

increased by 40% under EPO administration compared with the

control group without EPO treatment, while there was a 20%

decrease in the group treated with EPO block peptide (Fig. 3B).

The reduction in proteoglycan levels after blockage of endogenous

EPO and the increase of them following the addition of exogenous

EPO implied the significance of both endogenous and exogenous

EPO in chondrogenic differentiation.

To further understand the function of EPO in chondrogenic

differentiation, mRNA expression of chondrogenic marker genes

including SOX9, SOX5, SOX6, aggrecan, and Col2a1 was

evaluated by quantitative real-time PCR in the micromass cultures

of the EPOR-knockdown and control chondrocytes following 7

days of EPO treatment. The SOX family members SOX9, SOX5

and SOX6 have been demonstrated to be key transcription factors

for chondrocyte specification [56,57]. EPO administration signif-

icantly up-regulated the above chondrogenic marker genes in the

control chondrocytes by 1.5 to 2.5-fold while dramatic down-

regulation of these marker genes was observed in EPOR-

knockdown chondrocytes without EPO treatment (Fig. 3C),

moreover, addition of EPO to the EPOR-knockdown chondrocyte

cultures did not increase the expression of these genes to the levels

that were comparable to what was achieved in the control

chondrocytes treated with EPO (Fig. 3C). In addition, exogenous

EPO significantly up-regulated EPOR mRNA level in chondro-

cytes (Fig. 3D). These results clearly demonstrated that EPO

exerted a positive effect on chondrogenic differentiation, and this

effect was mediated at least partially by EPOR.

EPO enhances cartilaginous callus formation during bone
healing

We next determined the role of EPO in chondrogenesis in vivo

using a femur fracture model in mouse. Direct delivery of EPO at

Figure 4. EPO enhances cartilaginous callus formation during
bone healing. (A) Safranin O staining of the cartilaginous callus at
days 7 and 14 post-surgery. Con, non-treatment control. Magnification:
2.56. (B) Quantitation of the volume of cartilaginous callus formation at
days 7 and 14 post-surgery. *P,0.05, n = 5.
doi:10.1371/journal.pone.0102010.g004
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the fracture site was performed every other day from day 4 to day

12 post-surgery. At days 7 and day 14 post-surgery, cartilaginous

callus formed at the fracture sites was visualized by Safranin O

staining (Fig. 4A). Histomorphometry analysis of cartilaginous

callus of the healing bones showed that callus size and cartilage

area in the EPO treatment group were larger than that in the

saline control group (Fig. 4A). Upon EPO treatment, the ratios of

cartilage volume to the total tissue volume were 5% and 20%

respectively at day 7 and day 14 post-surgery, while the saline

control group only gave rise to the ratios of 1% and 8%, which

were significantly lower than the former (Fig. 4B). This result

demonstrated that EPO enhanced cartilaginous callus formation

during the early stage of bone healing.

EPO stimulates angiogenesis in vitro and in vivo
Besides the cartilage callus formation, angiogenesis is also a

crucial factor during bone regeneration. To examine the role of

EPO in angiogenesis, we isolated metatarsal bones from E17.5

mouse embryos and performed the endothelial sprouting assay in

an in vitro culture system. As a result, the endothelial sprouting area

was significantly increased by 1.9-fold in metatarsals treated with

EPO 40 ng/ml compared with that of non-treatment controls,

though this effect was not as dramatic as that of VEGF treatment

(Fig. 5A and B). These results suggests that EPO may play a

similar role like VEGF in stimulating endothelial sprouting from

the metatarsal bones to form vessel like structure in vitro.

To further determine the effect of EPO in angiogenesis in vivo,

we performed microCT angiography analysis in the middle stage

of bone healing following local delivery of EPO at the fracture site.

3D reconstruction of newly formed vasculature at the fracture site

showed more vascularity in the group treated with EPO than that

of the control group (Fig. 5C). Microstructure parameters of the

newly formed vessels including vessel volume (VV), vessel surface

(VS) and vessel thickness (VTh) were all significantly increased

following EPO administration compared with that of the control

(Fig. 5D). And these changes were associated with the significantly

enlarged total volume of callus area. These data demonstrated that

EPO functioned as a proangiogenic factor during bone repair.

EPO enhances consolidation of bony callus during
fracture healing

The observed positive effects of EPO on the cartilaginous callus

formation and angiogenesis in the early and middle stages of bone

healing led to an enhanced bone consolidation during facture

healing. At day 28 post-surgery, the femurs from EPO treated

group showed increased bone mass and density of the bony callus

compared with the control group as evaluated by X-ray

examination (Fig. 6A). X-ray score of the bony callus was

increased by 1.5-fold in the EPO administrated group than that

of the controls (Fig. 6B). Micro-CT 3D reconstruction of the bony

callus clearly revealed a more robust bone formation in the EPO

treated group than that of the controls (Fig. 6C), with the bone

microstructure parameters of bone volume (BV), bone volume/

total volume (BV/TV) and bone surface (BS) all significantly

higher in the former than in the later (Fig. 6D). Further assessment

of the biomechanical strength of the healing bones by three-point

bending test showed that peak load, elastic modulus, bend strain at

maximum, and bend strength at maximum were all significantly

Figure 5. EPO stimulates angiogenesis in vitro and in vivo. (A) Representative images of endothelial sprouting from metatarsal bones of E17.5
embryos which were treated with different conditions as indicated. The endothelial sprouting was visualized by immunostaining for CD31. VEGF was
used as positive control. Con, non-treatment control. Magnification: 2.56. (B) Quantitation of the endothelial sprouting area for each group. (C)
Representative micro-CT 3D reconstruction of vasculature at the fracture site following EPO treatment. The specimens were harvested for micro-CT
scanning at day 14 post-surgery. Con, non-treatment control. (D) Quantitation of vascular parameters including the total volume (TV), vessel volume
(VV), vessel surface (VS), and vessel thickness (VTh) by micro-CT angiography analysis. ** P,0.01, n = 5.
doi:10.1371/journal.pone.0102010.g005
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increased in the group treated by EPO compared with the controls

(Fig. 7A-D). Thus, local administration of EPO at the fracture site

resulted in an increase in bony callus volume with improved

biomechanical properties of the newly formed bone.

Discussion

Current procedures to promote skeletal regeneration include

the applications of autografts, allografts, biocompatible implants,

bioactive factors and mesenchymal stem cell-based therapy.

However, the above approaches also face significant limitations

due to insufficient supply, potential disease transmission, immuno-

rejection, or less ability of functional engraftment. Thus, discovery

of novel therapeutic approaches to improve skeletal repair and

healing remains a great demand and clinical challenge in

Orthopaedic regenerative medicine. In the present study, we

demonstrated that local administration of EPO enhanced the

consolidation and mechanical competence of the newly formed

bone by promoting chondrogenic and angiogenic responses

following injury, which can be explained by direct promotion

effects of EPO on chondrocyte proliferation and differentiation,

and on endothelial growth as shown in the in vitro studies. These

findings expand the extent of EPO’s tissue-specific functions and

suggest that EPO may serve as a promising therapeutic agent for

skeletal regeneration.

Previous study reported that EPOR was restrictedly expressed

in hypertrophic chondrocytes during the cartilaginous callus stage

of bone healing [45], and proposed that improved early

endochondral ossification were mediated by EPO/EPOR signal-

ing. In our study, knockdown of EPOR in primary chondrocytes

resulted in a dramatic reduction of their responses to exogenous

EPO in terms of cell proliferation (Fig. 2C) and chondrogenic

marker genes expression upon chondrogenic differentiation

(Fig. 3C). These evident reduction in EPO’s effects on chondro-

cytes upon EPOR knockdown clearly demonstrated that EPO

regulated the proliferation and differentiation of chondrocytes at

least partially through EPOR.

Interestingly, EPO was also found to be present in chondrocytes

in developing bones of new born mice as well as in newly formed

cartilaginous callus of the healing bone in our study. Blockage of

the endogenous EPO in primary chondrocytes using EPO block

peptide impaired the chondrogenic differentiation, suggesting that

endogenous EPO may function as an autocrine or paracrine factor

for chondrocytes in normal bone development. Further clarifying

the regulation of EPO production in chondrocytes in response to

developmental and environmental cues will help better under-

standing its tissue-specific function in skeletal development and

regeneration.

It is worthy to note that chondrocytes also produce VEGF

[58,59], a well established angiogenic factor. Indeed, we observed

a functional similarity of EPO and VEGF in the endothelial

sprouting stimulation, indicating that both factors may exert

overlapping but distinct roles in the angiogenic responses during

bone healing. Given that EPO exerts versatile functions in varied

tissues and cells and that bone regeneration is a complex process

involving multiple cellular components or biological factors, the

role of EPO in improving bone healing may also be versatile and

complex. Direct and indirect signaling pathways may work

coordinately to facilitate a better bone formation. For example,

the increased volume of cartilaginous callus by EPO treatment

may produce more VEGF and EPO to benefit angiogenesis and

the increased vascularity by EPO administration may bring more

Figure 6. EPO increases the volume of the bony callus during
consolidation of bone healing. (A) X-ray examination of the bony
callus at day 28 post-surgery. Con, non-treatment control. (B)
Quantitation of X-ray score of the bony callus at day 28 post-surgery.
(C) Representative micro-CT 3D images of the new bone regenerates at
day 28 post-surgery. (D) Quantitation of the bone microstructure
parameters including bone volume (BV), bone volume/total volume
(BV/TV), and bone surface (BS) by micro-CT analysis. *P,0.05; **P,0.01,
n = 6.
doi:10.1371/journal.pone.0102010.g006

Figure 7. EPO improves biomechanical properties during
consolidation of bone healing. Biomechanical parameters including
peak load (A), elastic modulus (B), bend strain at maximum (C), and
bend strength at maximum (D) were calculated at day 28 post-surgery.
Con, non-treatment control. *P,0.05; **P,0.01, n = 3.
doi:10.1371/journal.pone.0102010.g007
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blood and nutrient supply and osteoprogenitor cells to promote

the consolidation of the healing bone. In addition, EPO may

function as a coupling factor to coordinate haematopoiesis and the

homeostasis of the skeleton, which deserves to be furthur defined.

In summary, EPO and EPOR are expressed in the neonatal

developing growth plate and cartilaginous callus of healing bone.

EPO may function as an autocrine or paracrine factor to regulate

the spatial and temporal coordination among angiogenesis,

chondrogenesis and osteogenesis during bone repair. EPO may

serve as an effective agent to promote skeletal regeneration.
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