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Abstract
Objectives: Midkine, a heparin-binding growth fac-
tor, promotes population growth, survival and migra-
tion of several cell types, but its effect on articular
chondrocytes remains unknown. The aim of this
study was to investigate its role on proliferation of
articular chondrocytes in vitro and in vivo.
Materials and methods: Bromodeoxyuridine incor-
poration and MTT assays were performed to examine
the proliferative effect of recombinant human
midkine (rhMK) on primary articular chondrocytes.
Activation of extracellular signal-regulated kinase
(ERK) and phosphatidylinositol 3-kinase (PI3K) was
analysed using western blot analysis. Systemic and
local delivery of rhMK into mice and rats was pre-
formed to investigate the proliferative effect of rhMK
in vivo, respectively. Histological evaluation, includ-
ing measurement of articular cartilage thickness, cell
density, matrix staining and immunostaining of
proliferating cell nuclear antigen was carried out.
Results: rhMK promoted proliferation of articular
chondrocytes cultured in a monolayer, which was
mediated by activation of ERK and PI3K. The prolif-
erative role of rhMK was not coupled to dedifferenti-
ation of culture-expanded cells. Consistent with its
action in vitro, rhMK stimulated proliferation of
articular chondrocytes in vivo when it was adminis-
tered subcutaneously and intra-articularly in mice
and rats, respectively.
Conclusion: Our results demonstrate that rhMK
stimulates proliferation of primary articular chondro-
cytes in vitro and in vivo. The results of this study

warrant further examination of rhMK for treatment
of animal models of articular cartilage defects.

Introduction

Articular cartilage is a hypocellular and avascular connec-
tive tissue with dense collagen and proteoglycanmatrix that
provides a low-friction and highly durable wear-resistant
surface (1). It is structurally divided into three zones,
namely superficial, intermediate, and a deep zone, eachwith
unique cellmorphology and arrangement of type II collagen
fibres (1). Articular chondrocytes, comprising only 5–10%
of cartilage, are the only cell type foundwithin the tissue but
produce the extensive extracellular matrix and maintain its
physiological function (2). Chondrocytes in the superficial
zone are flattened, with collagen fibrils arranged parallel to
the surface. In the intermediate zone, they are located in the
lattice and are round in shape,with collagen fibres being less
organized. In the deep zone, chondrocytes and collagen
fibres are oriented in vertical columns perpendicular to the
surface (1). Under normal physiological conditions, in vivo
metabolism of mature articular cartilage is regulated by
growth factors, originating from both the cartilage and the
surrounding synovial tissue and fluid (3).

Several growth factors have been investigated exten-
sively for their functions in chondrocyte proliferation, dif-
ferentiation and synthesis of extracellular matrix in vitro,
such as fibroblast growth factor-2 (FGF-2), FGF-18,
insulin-like growth factor-1 (IGF-1) and CCN family
2 ⁄ connective tissue growth factor (CCN2 ⁄CTGF) (4–11).
In addition, FGF-2 has been shown to stimulate increase of
articular cartilage in young rats in vivo after intra-articular
injection (12). The major signalling pathway of FGF-2 for
cell proliferation and differentiation is known to activate
mitogen-activated protein kinases (MAPKs) (5). MAPKs
including ERK, p38 and JNK are the central regulators that
control cell proliferation and survival as well as matrix
synthesis (13).

Midkine (MK) is a member of the pleiotrophin
(PTN) ⁄MK family and was originally described as a
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retinoic acid-inducible, developmentally regulated, hepa-
rin-binding, secreted neurotrophic factor (14,15). MK is
highly expressed in the brain during midgestation and is
down-regulated at birth. In the adult, MK has a very
restricted pattern of expression with highest transcript lev-
els in the intestine (16). MK is also expressed in hypertro-
phic chondrocytes of pre-bone cartilage rudiments and in
the epiphyseal growth plate during embryogenesis (17).
Previous studies have mostly focused on MK effects in
neurons and neurite outgrowth (18), bone fracture healing
(17), neutrophil activation and osteoclast differentiation in
rheumatoid arthritis (19), tumorigenesis and tumour pro-
gression (20), cerebral infarction (21), cardiac remodelling
(22) and liver regeneration (23). However, the potential
roles of MK in proliferation and differentiation of articular
chondrocytes remain undetermined.

In the present study, we investigated effects of recom-
binant human midkine (rhMK) on proliferation of primary
and passaged articular chondrocytes, dedifferentiation of
articular chondrocytes, and its role in enhancement of
articular cartilage, after systemic and local delivery.

Materials and methods

rhMK protein expression and purification

A DNA sequence (GenBank NM_001012334) encoding
mature human MK (hMK) protein was expressed in
Escherichia coli BL21 (DE3) using pET30a (+) vector
(Novagen, Madison, WI, USA) as described previously
(24). Briefly, expression of rhMK was induced by isopro-
pylthio-b-D-galactoside (IPTG) at final concentration of
1 mM. After induction of rhMK expression, bacteria were
harvested and sonicated. The pellet of the inclusion body
was washed, precipitated and solubilized in 6 M guanidine
HCl. Solubilized proteins were refolded by drop-wise
dilution into defined protein folding buffer, followed by
centrifugation at 18 000 g at 4 �C for 30 min. The super-
natant was purified using S-Sepharose columns
(Amersham, Piscataway, NJ, USA). Column fractions
were analysed by SDS–PAGE and western blotting. Purity
of purified protein was >98% as assessed by reverse phase
high performance liquid chromatography (RP-HPLC),
and proved to be biologically active by NIH3T3 cell pro-
liferation assay. Purified protein was passed through a
sterile 0.22 lm filter and stored at )80 �C. Endotoxin
level of the final formulated rhMK protein solution was
<0.03 EU ⁄lg protein.

Isolation of primary articular chondrocytes

Rat articular chondrocytes were isolated from articular
cartilage of 8-week-old male Sprague–Dawley rats as

described previously (25). Briefly, rat articular cartilage
was removed using a scalpel from the tibial plateau
and femoral condyle, and diced into small pieces. Car-
tilage specimens were then treated with 0.25% trypsin
solution containing 0.02% EDTA. Chondrocytes were
released by digestion with 0.2% type II collagenase
(Invitrogen, Shanghai, China) in Dulbecco’s modified
Eagle’s medium (DMEM) (high glucose) (Invitrogen)
for 16 h and filtered through a 100 lm nylon filter
(Falcon, Franklin Lakes, NJ, USA). Cells were seeded
in 6-, 24-, or 96-well tissue culture plates in DMEM
containing 10% fetal bovine serum (FBS; Hyclone,
Logan, UT, USA) and incubated in a humidified
atmosphere of 5% CO2 at 37 �C.

BrdU incorporation assay of chondrocyte proliferation

Rat primary articular chondrocytes were plated at cell
density of 1 · 104 cells ⁄well in 96-well plates and cul-
tured in DMEM containing 10% FBS, in the absence or
presence of various concentrations of rhMK (0.1, 0.3,
1.0, 3.0, 9.0 lg ⁄ml), the inhibitor of MEK1 ⁄2,
PD98059 (2.8, 8.3, and 25 lM), or the PI3K inhibitor,
LY294002 (1.1, 3.3, and 10 lM) for 52 h. Bromodeoxy-
uridine (BrdU) reagent was added at the final 4 h of
culture. BrdU is incorporated into newly synthesized
DNA strands of actively proliferating chondrocytes.
After partial denaturation of double stranded DNA,
BrdU was detected immunochemically (Millipore,
Billerica, MA, USA). Absorbance was measured at
450 nm using an ELX-800 ELISA plate reader (Bio-Tek
Instruments, Winooski, VT, USA) according to the manu-
facturer’s instructions.

MTTassay of chondrocyte proliferation

Rat primary articular chondrocytes were plated at a
density of 1 · 104 cells ⁄well in 96-well multiplates in
DMEM containing 10% FBS and incubated for 48 h in
a humidified atmosphere of 5% CO2 at 37 �C. Cells
were washed once in DMEM and medium was subse-
quently replaced with DMEM containing 0.5% FBS
with or without rhMK (3.0 lg ⁄ml). After culture for
different numbers of days (as indicated in Fig. 1), the
effect of rhMK on chondrocyte proliferation was deter-
mined using the MTT assay (Sigma-Aldrich, Shanghai,
China). In principle, viable cell number is directly pro-
portional to production of formazan, which after solubi-
lization, can be measured spectrophotometrically.
Briefly, 20 ll of MTT (0.5 mg ⁄ml) in sterile phos-
phate-buffered saline (PBS) was added to each well.
Plates were incubated at 37 �C for 4 h, and then
120 ll of DMSO was added to each well. Absorbance
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was measured at 490 nm using the ELX-800 ELISA
plate reader (Bio-Tek Instruments).

Passage of articular chondrocytes in monolayer

Rat primary articular chondrocytes were plated at a den-
sity of 1 · 104 cells ⁄ cm2 in six-well plates and were cul-
tured in DMEM containing 10% FBS, with or without
rhMK (3.0 lg ⁄ml), at 37 �C; media were changed every
2 days. After 7 days, primary chondrocytes (passage 0,
P0) that had reached subconfluence were recovered by
incubation with 0.25% trypsin solution containing 0.02%
EDTA. Cells were cultured for two additional passages
(P1 and P2) of 3 days culture duration each, under the
same culture conditions as those of primary culture (P0).
At each passage, number of cells recovered and cell via-
bility were determined using a haemocytometer and the
trypan blue exclusion test. Expansion of cell number was
calculated according to the known method described pre-
viously (26). The remaining cells were lysed using TRIzol
reagent (Invitrogen) for RNA extraction.

For serum-free culture, the medium used was DMEM
supplemented with ITS+1 (insulin-transferrin-selenium;
Sigma) in the presence or absence of rhMK (3 lg ⁄ml).

Western blot analysis

Rat primary articular chondrocytes were plated in 24-well
plates at cell density of 2 · 105 cells ⁄ cm2 and cultured in
DMEM containing 10% FBS, with or without rhMK
(3.0 lg ⁄ml). After incubation, cells were lysed in RIPA
buffer containing proteinase inhibitors (Beyotime, China).
Total protein extracts (15 lg) were resolved by SDS–
PAGE, electroblotted on to PVDF membranes, blocked
with 5% non-fat milk and probed with 1:1000 dilution of
primary antibodies (ERK1 ⁄2, phospho-ERK1 ⁄2, p38,
phospho-p38, JNK, phosphor-JNK, Akt, and phospho-Akt,
all from Cell signaling Technology, Beverly, MA, USA)
overnight at 4 �C. Antibody-bound protein bands were
detected using reagents from the enhanced chemilumines-
cencekit as describedby themanufacturer (Pierce,Holmdel,
NJ, USA), and were photographed using Kodak X-OMAT
LSfilm (EastmanKodak,Rochester, NY,USA).

Analysis of chondrocyte dedifferentiation using reverse
transcription-polymerase chain reaction

Total RNA was extracted from cultured chondrocytes
using TRIzol reagent (Invitrogen). Isolated RNA (1 lg)

(a) (b) 

(d) (c) 

Figure 1. rhMK stimulates proliferation of rat articular chondrocytes in vitro. (a) rhMK promotes proliferation of rat primary articular chondro-
cytes in vitro in a dose-dependent manner. Freshly isolated chondrocytes cultured in the presence of 10% FBS were treated with rhMK at indicated con-
centrations for 48 h. Cells were labelled with anti-BrdU for an additional 4 h followed by quantification of BrdU incorporating cells at OD450 nm after
immunochemical staining. (b) Proliferative role of rhMK was detected by MTT assay. After initial culture of rat primary articular chondrocytes in high
serum concentration (10%) for 48 h, medium was changed to low serum (0.5%) supplemented with or without rhMK (3 lg ⁄ml). The effect of rhMK on
chondrocyte proliferation exposed for various time intervals was determined. (c, d) Cumulative cell expansion of rat primary articular chondrocytes cul-
tured in 10% FBS (c), or in serum-free medium (d) supplemented without (control) or with rhMK (3 lg ⁄ml) was determined by direct cell counting. Cell
number expansion in fold was based on direct cell counts and calculated as described in the Materials and methods section. All data are expressed as
mean ± SD from triplicate cultures. Similar results were obtained in three independent experiments. *Value compared to controls without rhMK, using
Student’s t-test. *P < 0.05, **P < 0.01.
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was reverse transcribed and then amplified using reagents
from a commercial kit (Takara, Shanghai, China) accord-
ing to the manufacturer’s instruction. After an initial dena-
turation step of 2 min at 95 �C, amplification consisted of
24–30 cycles of 30 s at 95 �C, 30 s at optimal annealing
temperature (AT), and 30 s at 72 �C. Primers and condi-
tions for reverse transcription-polymerase chain reaction
analyses were as follows: Col2a1 (AT 54 �C, 24 cycles),
forward GAATGGCTGACCTGACCTGATA and reverse
GGCGT CTGACTCACACCAGATA; Col1a1 (AT
50 �C, 24 cycles), forward GGGCAAGACAGTCATC
GAATA and reverse ATGTCCATTCCGAATTCCT; Sox9
(AT 54 �C, 30 cycles), forward TGGCAGACCAG-
TACCCGCATCT and reverse TCTTTCTTGTGCTG
CACGCGC; b-actin (AT 54 �C, 24 cycles), forward
GAGGCATCCTGAC CCTGAAG and reverse CAT-
CACAATGCCAGTGGTACG. PCR products were
separated on 1.5% (w ⁄v) agarose gels and quantified, after
staining with ethidium bromide, in comparison to internal
control gene expression of b-actin.

Systemic administration of rhMK into mice

All animal experiments were performed according to the
guidelines of the Animal Care and Use Committee of
School of Pharmacy of Shanghai Jiao Tong University.
Eight-week-old male C57BL ⁄6 mice were used for sys-
temic administration of rhMK. Various doses including 10,
33, 100, 300, and 900 lg ⁄kg of rhMK in 100 ll of saline
were injected subcutaneously into mice twice a day for
7 days. The mice were killed at 15 days after first injection.
Distal ends of femurs and tibias were harvested, dissected
from surrounding soft tissue and were processed as
described below in the ‘Histological evaluation’ section.

Intra-articular injection of rhMK into rats

Sodium pentobarbital (65 mg ⁄kg) was injected intraperi-
toneally into 3-week-old male Sprague–Dawley rats, and
lower extremities of the anaesthetized animals were
shaved and cleaned. A single dose of 175 lg rhMK ⁄kg in
10 ll of saline was injected into knee joints using a 27-
gauge needle daily for 7 days. Rats were allowed unre-
stricted activity after waking from the anaesthesia, and
were killed 15 days after the first injection. Distal ends of
femurs and tibias were harvested, dissected from sur-
rounding soft tissue and were processed as described
below in the ‘Histological evaluation’ section.

Histological evaluation of cartilage tissue

All specimens were harvested, fixed in 10% neutral-
buffered formalin, decalcified and embedded in paraffin.

Serial 6 lm sections were stained with haematoxylin
and eosin (HE) or Safranin O for microscopic exami-
nation. For comparison of cartilage thickness in saline
vehicle, articular cartilages were measured using an
ocular micrometer and values were averaged for the
three sections per animal. Depth to tidemark was used
to express thickness of articular cartilage at 1 ⁄2 dis-
tance across the femoral condyle or tibial plateau.

To determine cellularity of the articular cartilage, cell
density per defined area in the tissue section was calcu-
lated (50 ·50 lm for mouse and 100 · 100 lm for rat
samples). Three sections from each paraffin wax sample
were used to calculate average cell density from one ani-
mal. Mean cell density per experimental group was the
average from three animals.

Immunohistochemical staining using PCNA in articular
cartilages

Articular cartilage sections prepared as above were
deparaffinized and dehydrated. Endogenous peroxidase
activity was blocked using 3% hydrogen peroxide in
distilled water. Sections were washed three times in
PBS then treated with 0.01 M citrate sodium solution
for antigen retrieval. Non-specific staining was
reduced by incubation with 5% BSA for 20 min at
room temperature. Sections were incubated in mono-
clonal antibody against proliferating cell nuclear anti-
gen (PCNA; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), diluted 1:400 with PBS containing 1%
BSA, at room temperature for 2 h. Antibody binding
was visualized using reagents StrepAvidin–biotin–per-
oxidase complex (SABC) kit (Boster, Wuhan, China)
in combination with diaminobenzidine (DAB) liquid
substrate solution (Boster). Sections were then count-
erstained slightly with haematoxylin and examined
microscopically.

To determine frequency of PCNA-positive cells per
tissue section, positive and negative PCNA-stained
chondrocytes were counted in a defined area under
magnification of ·400 (100 · 100 lm). Three sections
from each paraffin wax sample were used to calculate
frequency of PCNA-positive cells of one animal.
Three animals were analysed for each experimental
group.

Statistical analysis

Results are expressed as mean ± SD. Statistically signifi-
cant differences among different treatment groups were
determined using the two-tailed Student’s t-test. Statistical
significance was assumed for P-values <0.05.
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Results

rhMK promoted proliferation of articular chondrocytes
in vitro

Midkine is known to be a growth factor for several cell
types, such as human umbilical vein endothelial cells,
human fibroblasts WI-38 and a neuronal cell line PC-12
(27). We proposed that it may also stimulate growth of
articular chondrocytes. To test this hypothesis, we
expressed and purified recombinant protein as described
previously (24) and tested its role in proliferation of artic-
ular chondrocyte in monolayer cultures. Addition of
rhMK significantly increased chondrocyte proliferation,
directly measured by BrdU incorporation into S phase
cells (Fig. 1a). Maximal effect was 72% increase over
control values at the highest tested dose of 9 lg ⁄ml, and it
was effective over a wide range of concentrations from
0.3 to 9 lg ⁄ml (Fig. 1a). After determination of optimal
working concentration of rhMK, its temporal influence in
primary culture of the chodrocytes was evaluated. Chosen
3 lg ⁄ml rhMK enhanced proliferation of the cells as early
as 24 h and maintained its influence over the entire culture
of 72 h (Fig. 1b). These data demonstrate that rhMK pro-
motes proliferation of rat articular chondrocytes in pri-
mary monolayer cultures.

It is known that culture-expanded articular chondro-
cytes lose their chondocyte phenotype quickly (28). Thus,
the cells may not respond to proliferative stimulation of
rhMK after a number of passages. To test this hypothesis,
rhMK was added to each of the three passages of articular
chondrocyte culture. Addition of rhMK resulted in sus-
tained increase in cell numbers in all three (Fig. 1c). Cell
numbers were expanded by 1801 ± 127 fold compared to
347 ± 49 fold in controls after three passages. However,
percentage of increase in cell output in passage 0
(113 ± 24%), passage 1 (75 ± 30%) and passage 2
(49 ± 12%) were significantly reduced, and at passage 5,
there was no difference. The data suggest that because of
phenotypic changes, the cultured chondrocytes lost their
ability to respond to rhMK, and that rhMK influenced
growth of chondrocyte specifically.

We noticed that the chondrocytes proliferated in
monolayer cultures even without rhMK, although at a
slower rate (Fig. 1), which may be due to presence of
10% serum. Indeed, freshly isolated articular chondro-
cytes, cultured in serum-free medium with or without
rhMK, failed to attach to the surface of culture plates and
formed aggregates in suspension without proliferation.
We propose that attachment of cells is required to respond
to rhMK stimulation. To test this hypothesis, cells were
plated in serum medium for 24 h to allow their adhesion
to the culture plates. Subsequently, medium was changed

to serum-free medium and cells were cultured for three
passages without serum. Interestingly, initial adhesion of
freshly isolated cells enabled them to be cultured and pas-
saged in monolayer without serum. rhMK in absence of
serum increased proliferation of the cultured chondro-
cytes. Cells were expanded by 18.6 ± 1.2 fold compared
to 7.8 ± 1.2 fold of controls after three passages
(Fig. 1d). However, percentage of increase in cell output
in passage 0 (34 ± 19%), passage 1 (51 ± 4.5%), and
passage 2 (18 ± 5.5%) were significantly lower, and at
passage 4, there was no difference, which is consistent
with those of cultures with serum. The data further sug-
gest that growth of articular chondrocytes and their
response to rhMK stimulation all require solid-surface
attachment, which may reflect their characteristic tissue
originality.

Taken together, data of in vitro proliferation analysis
strongly suggest that rhMK enhances proliferation of cul-
ture-expanded, in addition to primary, articular chondro-
cytes with or without serum, and that its role is dependent
on cell attachment.

ERK and Akt activation mediates proliferative role of
rhMK on articular chondrocytes

To investigate molecular mechanisms underlying effects
of rhMK on primary articular chondrocytes, phosphoryla-
tion status of MAPKs (ERK1 ⁄2, p38, JNK) and Akt,
which are implicated in chondrocyte proliferation (5,29),
was examined using western blot analysis. rhMK stimu-
lated phosphorylation of ERK1 ⁄2 2 h after addition of
rhMK to the culture of freshly isolated articular chondro-
cytes, and levels of phosphorylated ERK1 ⁄2 were main-
tained for 24 h; in contrast, phosphorylated p38 and JNK
were not detected (Fig. 2a). There were no significant
changes in levels of total ERK in the same samples as
demonstrated using polyclonal anti-ERK1 ⁄2 antibody,
which recognizes both activated and non-activated
ERK1 ⁄2 (data not shown). Furthermore, Akt was phos-
phorylated 2 h after addition of rhMK (Fig. 2a).

Phosphorylation of ERK and Akt requires their
upstream kinases of MEK1 ⁄2 and PI3K respectively
(30,31). To correlate rhMK-mediated ERK and Akt acti-
vation with rhMK-proliferative role on articular chondro-
cytes, we analysed effects of MEK1 ⁄2 and PI3K
inhibition on proliferation of primary articular chondro-
cytes. MEK1 ⁄2 inhibitor, PD98059 at a dose of 25 lM,
did not alter proliferation of articular chondrocytes with-
out rhMK, but significantly attenuated its effect on prolif-
eration of articular chondrocytes. PD98059 inhibited
stimulation of BrdU incorporation by rhMK in a dose-
dependent manner (Fig. 2b). Likewise, LY294002, a
PI3K inhibitor at a concentration of 10 lM, inhibited
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rhMK-induced chondrocyte proliferation, but not cells
without rhMK treatment. Moreover, the inhibitory role of
LY294002 was dose-dependent (Fig. 2b). Thus, we have
demonstrated that both activation and inactivation of ERK
and Akt phosphorylation correlated with rhMK-stimulated
chondrocyte growth. Our data strongly suggest that ERK

and Akt activation mediates the proliferative role of rhMK
on articular chondrocytes.

rhMK does not affect dedifferentiation of articular
chondrocytes cultured in monolayer

Chondrocytes are known for their phenotypic change from
chondrocytic to fibroblastic type when cultured in mono-
layer (28). After defining the role of rhMK in promoting
proliferation of chondrocytes in monolayer culture, phe-
notypes of culture-expanded articular chondrocytes were
examined by semi-quantitative PCR and immunohisto-
chemical staining. Expression levels of Col2a1 and
Col1a1 encoding collagen types II a1 and collagen type I
a1, respectively, and Sox9 encoding chondrocyte-specific
transcription factor Sox9 (32) relative to the house-keep-
ing gene b-actin were determined. Similar gene expres-
sion patterns were observed on cultured articular
chondrocytes at each passage, for three passages with or
without addition of rhMK (data not shown). Immunostain-
ing of collagen II of cultured articular chondrocytes con-
firmed the results of gene expression (data not shown).
Thus, rhMK had no effect on phenotype changes of the
chondrocytes and did not prevent their dedifferentiation in
monolayer culture.

rhMK stimulates articular cartilage augmentation after
systemic delivery in mice

The direct proliferative role of rhMK on primary articular
chondrocytes in vitro suggests that it may also stimulate
growth of articular cartilage through enhancing cell prolif-
eration. To test the hypothesis, rhMK was administered to
adult mice, systemically. The approach is supported by
the fact that mature articular chondrocytes in 8-week-old
mice, mostly not in active cell cycle, receive their nutri-
ents from the joint fluid, which interchanges with the
blood constantly through synovial membranes (33). We
examined augmentation of articular cartilage in knee
joints after administration of rhMK for 7 days as
described in the Materials and methods section. Histologi-
cal evaluation of the cartilage tissue sections showed sig-
nificant increase in articular cartilage in those that had
received rhMK at 33–900, but not at 10 lg ⁄kg, and a
dose–response curve was observed with ED50 of
103.7 lg ⁄kg (Fig. 3a). Compared to vehicle saline-treated
mice, rhMK increased thickness of knee joint cartilage by
a maximum of 44% at the highest given dose of
900 lg ⁄kg (Fig. 3a,b).

Augmentation of articular cartilage observed in H and
E-stained tissue sections suggests enhanced proliferation
of chondrocytes and hence number of chondrocytes. To
test the hypothesis, we quantified chondrocyte density and

(a)

(b)

Figure 2. ERK and PI3K signalling pathways involved in prolifera-
tion of primary rat articular chondrocytes stimulated by rhMK. (a)
Phosphorylation of ERK1 ⁄ 2 and Akt in articular chondrocytes cultured
in the presence of rhMK were detected by western blot analysis. Freshly
isolated rat articular chondrocytes were cultured in DMEM containing
10% FBS with and without rhMK (3 lg ⁄ml) for the indicated time peri-
ods (2–24 h) and lysed. Immunoblotting with antibodies against phos-
pho-ERK1 ⁄ 2, ERK1 ⁄ 2, phospho-p38, p38, phospho-JNK, JNK,
phospho-Akt and Akt were performed. Experiments were repeated three
times. (b) MEK1 ⁄ 2 inhibitor PD98059 (PD) and PI3K inhibitor
LY294002 (LY) inhibited the proliferative role of rhMK in cultures of
primary articular chondrocytes. Freshly isolated rat articular chondro-
cytes were cultured in DMEM containing 10% FBS supplemented with
combination of rhMK (3 lg ⁄ml), PD, or LY as indicated at various con-
centrations. After culture for 48 h, cells were labelled with BrdU for an
additional 4 h followed by quantification of BrdU-incorporated cells. All
data are expressed as mean ± SD from triplicate cultures. Experiments
were repeated three times. *Value was compared to control ⁄ group ()); #,
##Values were compared to the rhMK ⁄ group ()) using two-tailed Stu-
dent’s t-test. *P < 0.01, #P < 0.05, ##P < 0.01.
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proliferation status by directly counting number of
PCNA-positive chondrocytes in cartilage sections, which
were stained for the cell proliferation marker protein
PCNA immunohistochemically. rhMK at 300 lg ⁄kg
induced 2.59-fold increase in PCNA-positive cells
(Fig. 3c), accompanied by 1.98-fold increase in chondro-
cyte cell density (Fig. 3d), thereby demonstrating that
increase in knee cartilage was due to enhanced prolifera-
tion of chondrocytes.

The articular chondrocytes, newly produced by rhMK
treatment appeared morphologically identical to normal
chondrocytes located in cartilage lacunae in the
HE-stained tissue sections (Fig. 3b), which suggests that
they have normal anabolic and catabolic functions synthe-
sizing cartilage-specific extracellular matrix. To test this
hypothesis, matrix mucopolysaccharide of cartilage tissue
sections was examined by Safranin O staining (34).
Indeed, rhMK-treated mice showed essentially identical

intensity of dark red Safranin O staining, confined to newly
formed areas of thick cartilage layers as that of control
mice, with thinner layers of existing cartilage (Fig. 3e).

Taken together, results of the analysis of mouse articu-
lar cartilage demonstrate that rhMK promotes augmenta-
tion of articular cartilage when delivered systemically.
Increase in articular cartilage in adult mice is due to
enhanced proliferation of articular chondrocytes, and the
newly produced ones secrete normal amounts of cartilage-
specific extracellular matrix molecules, such as mucopoly-
saccharide.

rhMK stimulates articular cartilage augmentation after
intra-articular injection in rats

The in vitro direct proliferative role of rhMK stimulating
proliferation of rat primary articular chondrocytes sug-
gests that it may promote growth of articular cartilage
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Figure 3. rhMK stimulated proliferation of articular chondrocytes in mice after systemic delivery. Mice received a daily subcutaneous injection
of vehicle saline or rhMK at different dosages for 7 days. After 15 days from first injection, the mice were killed. Histological examination and cell anal-
ysis of articular cartilage and chondrocyte were performed as described in the Materials and methods section. (a) Tibial plateau thickness of articular car-
tilage of three animals per treatment group is shown. rhMK stimulated enlargement of tibial plateau cartilage in a dose-dependent manner. (b)
Representative tibial cartilage tissue sections from mice treated with saline or rhMK (300 lg ⁄ kg). HE staining, bar = 200 lm. (c) Cell proliferation mar-
ker PCNA expression analysis in condylar cartilage tissue sections from the mice treated with saline or rhMK (300 lg ⁄ kg). Left, representative tissue
sections immunohistochemically stained for PCNA, bar = 50 lm; right, quantitative and statistical analysis of PCNA-positive chondrocytes (n = 3). (d)
Chondrocyte density is shown for tibial cartilage from mice treated with saline or rhMK (300 lg ⁄ kg) (n = 3). (e) Condylar cartilage sections from mice
treated with saline or rhMK (300 lg ⁄ kg) were stained with cartilage matrix-specific dye Safranin O (bar = 50 lm). Similar intensity of staining is
shown. All data are presented as mean ± SD. Three independent experiments showed similar results. Values were compared to the saline group using
the two-tailed Student’s t-test. *P < 0.05, **P < 0.01.
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when delivered in direct contact with cartilage tissue itself.
To test this possibility, we delivered the protein into rat
knee joints and examined its role, essentially as that of the
mouse experiment described above. Adopted from results
of the mouse dose–effect study, 175 lg ⁄kg rhMK was
injected daily for 7 days. Fifteen days after the first injec-
tion, animals were killed and knee joints were processed
for analysis as described in the Materials and methods sec-
tion. Measurement of thickness of cartilage in HE-stained
tissue sections revealed significant increase in articular
cartilage also in rats. rhMK increased thickness of carti-
lage by 1.52-fold over controls (Fig. 4a). Furthermore,
thickened cartilage was associated with a 1.44-fold
increase in chondrocyte cell density (Fig. 4b), and 3.66-
fold increase in PCNA-positive cells (Fig. 4c). The
observed rhMK effect in rats after local delivery was
essentially similar to that of the mouse results, where the
protein was delivered systemically. Thus, rhMK has been

found to promote growth of articular chondrocytes by
enhancing proliferation of rat chondrocytes in vivo.

Discussion

We have demonstrated in this study that rhMK stimulates
proliferation of articular chondrocytes in vitro and in vivo.
rhMK stimulated proliferation of articular chondrocytes
by enhancing their DNA synthesis, which was revealed
by measurement of BrdU incorporation in monolayer cul-
ture of freshly isolated articular chondrocytes from adult
rats. Cell proliferative role of rhMK was apparently
mediated by activation of MEK1 ⁄2 and PI3K signalling
pathways, which was strongly suggested by rhMK-
dependent ERK and Akt phosphorylation, and ERK ⁄Akt-
dependent activity of rhMK. Consistent with its role
in vitro, rhMK promoted growth of native articular
cartilage through enhanced proliferation of otherwise

Saline rhMK 

Saline rhMK 

Saline(a)

(b)

(c)

 rhMK 

Figure 4. rhMK stimulated proliferation of articular chondrocytes in rats after intra-articular injection. Rats received a daily injection of saline
or rhMK (175 lg ⁄ kg) into knee joints for 7 days. After 15 days from first injection, the rats were killed. Histological examination and cell analysis of
condylar cartilage and chondrocytes were performed as described in the Materials and methods section. (a) Histological analysis of thickness of femoral
condylar cartilage from rats treated with saline or rhMK. Left, representative tissue sections stained for HE showing defined layer of cartilage, bar = 200
lm; right, quantitative and statistical analysis of the cartilage thickness (n = 3). (b) Chondrocyte density in condylar cartilage sections from rats treated
with saline or rhMK. Left, representative tissue stained for HE showing defined morphology of chondrocytes, bar = 100 lm; right, quantitative and sta-
tistical analysis of chondrocyte cell density (n = 3). (c) Cell proliferation marker PCNA expression analysis in condylar cartilage sections from rats trea-
ted with saline or rhMK. Left, representative tissue sections immunohistochemically stained for PCNA, bar = 50 lm; right, quantitative and statistical
analysis of PCNA-positive chondrocytes (n = 3). All data are presented as mean ± SD. Experiments were repeated three times. Values were compared
to the saline group using the two-tailed Student’s t-test. *P < 0.05, **P < 0.01.
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quiescent chondrocytes in vivo. Newly produced chondro-
cytes were functionally similar to native ones in synthesis
of cartilage-specific matrix molecules, such as mucopoly-
saccharide.

The role of MK in proliferation and differentiation of
primary chondrocytes in vitro and in vivo has not been
determined previously. Ohta et al. reported that transfec-
tion of MK cDNA into a mouse chondrogenic clonal cell
line ATDC5 resulted in enhanced synthesis of cartilage
ECM. However, not all the transfectants producing high
levels of MK were promoted to produce cartilage ECM;
MK exogenously added to culture of ATDC5 cells had no
effect on synthesis of ECM (17). Similarly, Dreyfus et al.
showed that exogenous MK did not enhance chondrogen-
esis of the whole limb mesenchymal cells isolated from
stage 22 or 24 chick embryos in micromass culture (35).
These results suggest that exogenous MK does not pro-
mote chondrogenic differentiation in culture of cells that
harbour chondrogenic potential. Furthermore, Cockshutt
et al. have reported that MK purified from chick embryos
had no effect on proliferation of cultured primary chon-
drocytes isolated from sterna of chick embryos at concen-
trations of 10–500 ng ⁄ml (36), which may be explained
by our observation that optimal MK concentration
required for promoting proliferation of primary articular
chondrocytes, is 3 lg ⁄ml.

MK is known to activate several cell signalling path-
ways in a number of different cell types. MK induced
phosphorylation of ERK and PI3K in culture of tumour
cell lines and human primary endothelial cells, which was
responsible for its mitogenic function (27,37). Further-
more, phosphorylation of ERK contributed to enhanced
proliferation of primary chondrocytes cultured with
FGF-18 (5), and a fish chondrocyte cell line treated with
vanadate (29). In this study, we have provided new evi-
dence that rhMK also activates the phosphorylation of
ERK and Akt, and utilizes the MAPK and PI3K pathways
to mediate its mitogenic function in primary articular
chondrocytes, similar to that shown in other cell types.
The cognate MK receptor in chondrocytes remains to be
determined. However, our data on activation of ERK and
PI3K in chondrocytes by rhMK suggests that anaplastic
lymphoma kinase (ALK) may be the functional receptor
in chondrocytes, as ALK has been shown to mediate
activation of both ERK and PI3K by MK in several
tumour cell lines and endothelial cells (27).

We have observed that activation of ERK was sus-
tained for 24 h, and activation of Akt was detected at 2 h
after rhMK treatment. Activation of MAPKs and Akt is
the common theme of other growth factors such as FGF-2
and FGF-18 (5,38,39). However, onset and sustained
phosphorylation time varies amongst growth factors and
also among cell types, by a specific factor. FGF-2 induced

ERK activation at 5 min, and that was maintained for
24 h in cultured human adult articular chondrocytes (38);
however, its activation of ERK and Akt lasted only 1 h in
cultured bone marrow mesenchymal stem cells (39). Simi-
larly, midkine activated ERK phosphorylation in 15 min,
which was sustained for 24 h, in cultured neurons (40),
but its activation of ERK at 5 min was sustained for 8 h in
a cancer cell line (41). Furthermore, activation of Akt by
midkine in the cultured neurons took only 15 min (40),
compared to that of 1 h for LNCap tumour cells (41). It is
clear that the importance and mechanisms of the onset and
sustained activation of MAPKs and Akt by various
growth factors functioning in different cell types remain
to be determined.

Pleiotrophin is another heparin-binding growth ⁄differ-
entiation factor, which is 50% homologous to MK at the
amino acid level and shares the genomic organization with
MK and predicted protein structure (27). Previous studies
have shown that exogenous addition of PTN enhanced
chondrocyte differentiation of whole limb mesenchymal
cells isolated from stage 22 or 24 chick embryos in micro-
mass culture (35), which is consistent with the observation
of stimulated proteoglycan synthesis in culture of mature
bovine chondrocytes with PTN (42), suggesting a chon-
drogenic differentiation role of PNT in vitro. However,
there have been conflicting reports regarding the role of
PTN in chondrocyte proliferation. Tapp et al. have
reported that PTN inhibited proliferation of mature bovine
articular chondrocytes and had no effect on cultures of
foetal and newborn bovine articular chondrocytes (42).
On the contrary, Pufe et al. showed that recombinant
human PTN stimulated proliferation of immortalized
chondrocytes (C28 ⁄ I2) and primary human chondrocytes
(43). Compared to our observation of the proliferative
effect of rhMK on primary articular chondrocytes, the role
of PTN on proliferation of articular chondrocytes in vitro
and in vivo remains to be determined.

Reducing chondrocyte dedifferentiation during mono-
layer culture expansion is a major challenge in cartilage
tissue engineering. Previous studies have reported that
growth factors stimulating the highest chondrocyte prolif-
eration also induce strongest cell dedifferentiation in
monolayer culture (44). Our work however, on the con-
trary while promoting cell proliferation, rhMK had no
effect on dedifferentiation of cultured articular chondro-
cytes (data not shown). It enhanced production of the cells
without accelerating their culture-associated dedifferentia-
tion, suggesting a potential use of the factor in preparation
of demanding articular chondrocytes in cartilage tissue
engineering and cell therapeutics.

In conclusion, here we have provided strong evidence
that rhMK accelerates articular chondrocyte proliferation
in culture as well as in vivo, in experimental animals. Our
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findings indicate that rhMK may have clinical applications
for repair and reconstruction of diseased articular cartilage
through stimulating population growth of residual articu-
lar chondrocytes. Further experiments are being con-
ducted to evaluate its therapeutic effects on articular
cartilage injuries and diseases in animal models.
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