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ABSTRACT
The effects of mechanical stress on the proliferation and differentiation of mesenchymal
progenitor cells toward chondrogenesis are not well addressed. The purpose of this study
was to assess how mechanical stress exerts the influence on chondrogenic proliferation and
differentiation during endochondral bone formation. ATDC5 mouse chondroprogemtor
cells, which undergo a reproducible multistep chondrogenic differentiation in response

to insulin, were used in this study. Mechanical loading was applied to ATDC5 cells
grown on plastic plates m monolayer cultures at a magnitude of 2800

〃strain and a

frequency of 0.5 Hz for 24 hr at day 4, 7, 14, 21 and 28. The chondrogenesis pathway
m ATDC5 cells was studied by analyzing differentiation stage‑specific gene expression
using a Northern blot analysis. ATDC5 cells responded to the addition of insulin with
a significant increase in the expression of mRNA for mstone H4, type II collagen, and
aggrecan, but not type X collagen during a 28‑day culture period. These inductive re‑
sponses were time‑dependent, and therefore, differentiation‑dependent. Applying me‑
chamcal loading in the presence of insulin further up‑regulated the mRNA levels of
these proteins including type X collagen. Moreover, mechanical loading increased the
histone H4 mRNA expression in immature cells, and promoted the mRNA expression
of cartilage‑type extracellular matrix in insulin‑induced relatively mature cells, which
also indicated differentiation‑dependent. The expression of histone H4, type II and X
collagen, and aggrecan mRNA levels were also increased with mechanical loading alone.
These results demonstrated the adjunctive effects of mechanical loading on insulin‑
induced chondrogenesis and the peculiar effects of mechanical loading on the induction
of chondrogenesis, thus suggesting that mechanical loading can promote endochondral

bone formation. Ryukyu Med. J., 26(1,2) 57‑67, 2007
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INTRODUCTION

strains on the growth plate are necessary for proper
development of longitudinal bone growth6 , and

It is becoming increasingly evident that skele‑

fracture healing can be accelerated by the apphca‑

tal tissue, including bone, cartilage, skeletal muscles

tion of an optimized mechanical environment7'8

and ligaments are highly responsive to the mechani‑

Several in vitro studies also indicate that chondrocytes

cal environment . Endochondral bone formation,

respond to mechanical forces by altering the syn‑

which is presumed to occur during embryonic devel‑

thesis of the extracellular matrix, the rate of pro‑

opment2' , longitudinal bone growth, fracture re‑

liferation, and their state of differentiation9 ‑12)

pair, and ectopic bone formation are also modulated

During endochondral bone formation, undiffe‑

by mechanical forces4 5. For instance, physiologic

rentiated mesenchymal cells condense at a site where

Effects of mechanical stress on chondrocytes

SBl

bone is newly formed, and these cells become

genetic factors. Available evidence indicates that

chondrocytes, thereby forming a cartilage anlage.

mechanical stress has an important function in

The cartilage anlage enlarges through chondrocyte

chondrocytes while also playing a key role in

proliferation. These prohferative chondrocytes ac‑

endochondral bone formation . For instance, in‑

tively secrete an extracellular matrix, such as type

termittent hydrostatic pressure increases extracellular

II collagen and proteoglycan aggrecan. The pro‑

matrix production in chondrocytes

hferative cells then lose their ability to divide and

stimulation with low intensity pulsed ultrasound

terminally differentiate into hypertrophic chondrocytes

in the murme bone culture model has been shown

which synthesize type X collagen. Hypertrophic

to promote bone cell differentiation, leading to an

chondrocytes eventually undergo apoptotic cell
death, and then the cartilage matrix is finally re‑

elongation of the bone collar . However, there
have been few studies on how mechanical stress

placed by bone;

regulates chondrocyte proliferation and differen‑

, and

ATDC5 chondroprogemtor cells derived from

tiation in the process of endochondral bone for‑

mouse embryonic teratocarcmoma cell line AT805
exhibit the multistep chondrogenic differentiation

mation. The present study examines the effects of
mechanical stress on ATDC5 cells. These results

observed during endochondral bone formation

suggested that mechanical stress promotes the

The process of differentiation is started with

proliferation and differentiation of ATDC5 cells in

fetal bovine serum, transferrm, and selenium, fol‑

a differentiation‑dependent manner.

lowed by the addition of lO〃g/ml insulin to pro‑

MATERIALS and METHODS

mote the differentiation into type II collagen‑
expressing chondrocytes with formation of cartilage

nodules through cellular condensation. When the

Cell culture

formation of cartilage nodules is completed, the

ATDC5 cells (Riken cell bank, Tsukuba, Japan)

cells are then converted to type X collagen‑

were plated onto 42×75‑mm plastic plates at 1 x

expressing hypertrophic chondrocytes followed by

10 cells/plate in a maintenance medium consist‑

mineralization process encompassing the stages
from mesenchymal condensation to calcification in

ing of a 1 : 1 mixture of DME and Ham's F‑12
medium (ICN Biomedicals Inc, Ohio, USA) con‑

vitro. ATDC5 cells provide an excellent model sys‑

taining 5% fetal bovine serum (FBS : Invitrogen,

tem for the study of endochondral bone formation

California., USA) , 10 〟 g/ml human transferrin

in vitro.

(T: Boehringer Mannheim GmbH, Mannheim,

The process of endochondral bone formation

Germany), and

3×10

M sodium selenite (S:

is intricately regulated by various growth, differ‑

Wako Pure Chemical, Osaka, Japan). Cells were

entiation and transcription factors. For example,

maintained at 37℃ in a humidified atmosphere of

parathyroid‑hormone‑related peptide ( PTHrP) stimu‑

5% C02 in air. The medium was replaced every

lates chondrocyte proliferation and inhibits hypertrophic

other day. Three days after plating, on day 0, when

differentiation of chondrocytes . Fibroblast growth

the cultures reached 90% confluence, chondrogenesis

factors ( FGFs) increase chondrocyte proliferation

was induced in half of the cultures by supple‑

and inhibit the terminal differentiation of hypertrophic

meriting the maintenance medium with lO〃g/ml

chondrocytes . Bone morphogenetic proteins (BMPs)

bovine insulin (I: Wako, differentiation medium).

induce both the proliferation of chondrocytes and

On day 21, the culture medium was switched to

chondrogenic differentiation, hypertrophy and

alpha modified essential medium ( ICN Biomedicals

coordinated with systemic factors such as growth

Inc) containing 5% FBS plus TS in the insulin‑
untreated cultures or ITS in the insulin‑treated

hormone, thyroid hormone, vitamin D3, estrogen,

cultures for the facilitation of cellular hypertro‑

and glucocorticoids regulate chondrocyte cellular

phy and mineralization m culture.

mineralization・Ip

.

These

locally

produced

factors

activities . Therefore, endochondral bone forma‑

The plates were transferred to bending dishes

tion is a complex process orchestrated by a com‑

that were filled with fresh medium. Loading was

plex interaction between genetic and epigenetic

started

factors.

prepared in parallel with loaded cell cultures,

Mechanical force is one of the important epi‑

24

hr later.

Control cell cultures were

using the same procedures without loading.
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Mechanical loading

termme the presence of cartilage‑specific prote0‑

An in vitro cell loading system was utilized
with 4‑pomt bending, in which mechanical defor‑
mation and fluid flow effects are created. Culture

glycans in the extracellular matrix on day 7, 14,

plates were loaded using a Vitrodyne 1000 Univer‑
sal Materials Tester (Catillon, N.C., USA) , which

21, and 28. In brief, ATDC5 cells were plated in a
12‑multiwell plate and cultured under the condi‑
tions described above. The cells were washed twice
with distilled water, fixed with l% acetic acid in

consists of a computer‑controlled, servomotor‑

ethanol for 10 mm, rinsed with

driven linear actuator assembly with an interface
controller that controls vertical displacement and

stained with 0.1% Alcian blue 8GX (Sigma‑
Aldrich, MO, USA) in 3% acetic acid for 15 min,

actuator ram speed (displacement rate). The ac‑

and rinsed three times with

tuator assembly was placed in a 5% C02

distilled water.

mcuba‑

tor to maintain an optimum environment for the

3%

3%

acetic acid,

acetic acid and

Toluidme blue staining was done to examine

cell cultures during the loading experiments. The

the effects of insulin and mechanical loading on

cells were subjected to compressive strain, and the

the morphology of the cells. ATDC5 cells were

magnitude of this strain was determined by the

cultured on the loading plates in the presence or

displacement and thickness of the culture plate

absence of insulin, and loaded for 24 hr on day 4,

(Fig. 1), as previously described . In the present
study, loading was applied for 24 hr at day 4, 7,

7, 14, 21 and 28. Immediately after loading, the
cells were washed twice with distilled water, fixed

14, 21, and 28 at the magnitude of 2800

with 98% ethanol for 20 mm, rinsed with distilled

〃strain,

and the frequency of 0.5 Hz.

water twice, stained with 0.05% Toluidme blue O
(Sigma) with pH adjusted to 2.5.

Histological procedures
A Histological analysis was performed using

Northern blot analysis

Alcian blue or Toluidme blue staining. ATDC5

Immediately after loading, total RNA was

cells were stained with Alcian blue in order to de‑

extracted using the TRIzol reagent (Invitrogen).
Isolated RNA (10〃 g/lane) were separated on a
1 % agarose‑0.44 M formaldehyde gel, and trans‑
ferred to Hybond nylon membrane (Amersham
Biosciences Corp., NJ, USA) by capillary blotting,
and fixed to the membrane by ultraviolet irradia‑
tion. After 1 hr of prehybridization in a rapid
hybridization buffer (Amersham) at 65 C, filters
were hybridized for 2 hr at 65C in the same solu‑
tion containing radiolabeled CDNA probes. Hy‑
bridization probes were labeled with [ P]dCTP
(specific activity of>3000

Ci/mmol, Amersham) ,

and prepared by the random‑primer method with

a High prime DNA Labeling Kit (Roche, Mann‑
heim, Germany) using the appropriate CDNA
fragments: 1.4 kb EcoRI fragment of pKTl18032) as
a probe for αKID collagen mRNA; 0.65 kb Hindlll
fragment of pSAmlOh as a probe for α1(X) col‑

lagen mRNA; 0.87 kb PstI fragment of pl35534) as
二:

TensiOn

Fig. 1 Cell loading system

a probe for aggrecan mRNA. These fragments
were generous gifts from Dr. Yuji Hiraki (Kyoto

Diagram of the cell loading system. The plates

University, Kyoto). Histone H4 CDNA was pur‑

are bent by applying

chased from Open Biosystems, AL, USA.

4‑point loading, causing

compressive strains on the cells. As the plate is
pushed through the culture medium, fluid shear
forces and pressures are imposed on the cells.

The filters were washed once in

2×

saline‑

sodium citrate (SSQ‑0.1% sodium dodecyl sulfate
(SDS) solution at room temperature and twice in
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0.2 × SSC‑0.1% SDS solutions at 65℃. After they

pearance m monolayer cultures reached confluence

were washed, the filters were exposed to BAS‑SR

at day 4 (Fig. 3a). When the cells were grown in

(Fuji Photo Film Ltd., Tokyo, Japan), at room

the presence of insulin, cells piled up, with no

temperature. The relative band intensities were

sign of contact inhibition (Fig. 3c) , and exhibited

quantified by densitometric scanning of the auto‑

the formation of discrete cartilaginous nodules at

radiographs using a BAS 1500 (Fuji Photo Film

day 7 (Fig. 3f). These cartilaginous nodules were

Ltd.) , and normalized to the housekeeping gene,

intensely stained with Alcian blue and Toluidme

β‑actm mRNA expression in each sample. The

blue. In contrast, no cartilage nodule was found

mean values of the molecule m the non‑loaded

in the absence of insulin on day 7 (Fig. 3e) In the

cell, m the absence of insulin on day 4 were set as
lOO%. The mean ± SD values of the cultures were

presence of insulin, the number and size of these

presented as a percent of the means values for

tually, hypertrophic cells which displayed a po‑

each molecule from the non‑loaded cells in the ab‑

lygonal morphology appeared on day

sence of insulin on day 4. Experiments were done

indicating chondrogenesis induction (Fig. 3h). As

nodules increased during culture (Fig. 3g). Even‑
21, thus

at least m triplicate.
Statistical analysiS
The results were expressed as the means ±
SD of 3 cultures. Comparisons between multiple
groups were performed using a one‑way ANOVA
followed by Tukey‑Kramer s test. P values of less
than 0.05 were considered to be significant.

RESULTS
Histological analysis
ATDC5 cells which displayed a flattened ap‑

Fig. 3

Phase‑contrast micrographs of ATDC5

cells,

loaded and non‑loaded cells in the presence and absence
of insulin stained with Toluidine blue.
Cells on day 4 are shown in (a‑d). Cells were plated
in the absence of insulin without loading (a) or with
loading (b) , in the presence of insulin without load‑
ing (c) or with loading (d). Cultures were incubated
for 7days in the absence of insulin on day 7(e) or in

Fig. 2 Chondrogemc differentiation of ATDC5 cells.

the presence of insulin (f). Cells were grown to form

ATDC5 cells were induced to undergo chondrogenic

cartilage nodules on day 14

differentiation by insulin, and the proteoglycans were

Hypertrophic cells appeared on day 21 with insulin (h).

with insulin (g).

stained with 0.1% Alcian blue. The images were ob‑

Bar represents50〃m for a, b, c, d and hand lOO〃m

tamed macroscopically.

for e, f and g.
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shown m Figure 2, a progressive increase of Alcian

fore it was used as a marker for proliferation

blue positive extracellular matrix was observed,

The histone H4

suggesting the accumulation of cartilage‑type

most constant during all of the tested stages

proteoglycans in cultures grown in the presence of m‑

(Fig. 4). Despite the stimulatory effect of insulin

sulm, but not in control cultures except for a few

on proliferation, no significant changes were de‑

spotted areas at day 21 and 28. No morphological

tected in the histone H4

changes have been observed in response to 24 hr

tween insulin treated and non‑treated cells except

of mechanical loading (Fig. 3b, d).

on day 4. The histone H4 mRNA levels in me‑

mRNA expression remained al‑

mRNA expression be‑

chamcally loaded cells showed a small but signifi‑

Histone H4 mRNA Expression

cant increase over the control levels regardless of

The regulatory effect of mechanical stress on

insulin treatment on day 4. The effect of mechani‑

the markers of proliferation as well as on specific

cal stress on the histone H4

markers of the chondrogemc phenotype in ATDC5

peared thereafter.

expression disap‑

cells was observed at different time points. Histone
H4 synthesis occurs mainly in S phase and there‑

Histone H4
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Fig. 4 Time course of changes of Histone H4 mRNA expression in ATDC5 cells, loaded and non‑loaded cells in
the presence and absence of insulin were compared by a Northern blot analysis.
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Fig. 5 Time course of changes of type II collagen mRNA expression in ATDC5 cells, loaded and non‑loaded
cells in the presence and absence of insulin were compared by a Northern blot analysis.
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Type II collagen mRNA expression

Aggrecan mRNA expression

As mesenchymal cells differentiate into chon‑

In the presence of insulin, the aggrecan mRNA

drocytes, they initiate the synthesis of type II col‑

expression dramatically increased and reached a pla‑

lagen. Type II collagen mRNA expression was

teau on day 14 (Fig. 6). Exposure of mechanical

detectable on day 4 in the absence of insulin, and

loading to these cells resulted in slight increase of

slightly increased and reached plateau on day 7

aggrecan mRNA level in comparison to the non‑

(Fig. 5). In contrast, a continuous and progres‑

loaded cells, but the difference was significant only

sive increase in the expression of type II collagen

on day 7 partly because the expression induced by

mRNA was observed m the presence of insulin,

insulin was too high to recognize the additive effect

which was significantly higher than that of un‑

of loading. The expression was also up‑regulated

treated cells on days 21 and 28. The effects of me‑

in the absence of insulin to a lesser degree, in com‑

chamcal loading were detected in undifferentiated

parison with insulin treated cells. Interestingly,

cells on day 4 and cells in the late stage of differ‑

the effects of mechanical loading were observed in

entiation on days 21 and

the absence of insulin on days 21 and
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Fig. 6 Time course of changes of aggrecan mRNA expression in ATDC5 cells, loaded and non‑loaded cells in
the presence and absence of insulin were compared by a Northern blot analysis.
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Fig. 7 Time course of changes of type X collagen mRNA expression in ATDC5 cells, loaded and non‑loaded
cells in the presence and absence of insulin were compared by a Northern blot analysis.
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into mature chondrocytes, as reported earlierll

The production of type X collagen is thought

To investigate the effect of mechanical stress

to be confined to the hypertrophic chondrocytes

on proliferation of ATDC5 cells, mRNA expression

and it facilitates new bone formation by regulat‑

of histone H4 was assessed as a marker of prohf‑

mg matrix mineralization. It is therefore accepted

eration, because mstone H4 is up‑regulated during

that type X collagen is a reliable marker for

the Gl/S phase transition of the cell cycle. Me‑

endochondral bone formation. Unexpectedly, type

chamcal stress had a small stimulatory effect on

X collagen mRNA expression gradually increased
in both insulin treated and non‑treated cells simi‑

the expression of histone H4 mRNA, suggesting up‑

larly from day 4 to day 28 (Fig. 7). However, the

of ATDC5 cells. However, the result of this experi‑

effects of mechanical loading on type X collagen

merit was not fully adequate to assess cell prolifera‑

mRNA expression were much higher in insulin

tion. Because we have not assessed for mitogenic

treated cells than in non‑treated cells, thus sug‑

activity by measuring [3H] thymidine incorpora‑

gestmg that mechanical stress induced hyper‑

tion into the DNA to confirm this phenomenon.

trophic differentiation in cooperation with insulin.

regulation of cell proliferation in growing phase

It is well known that insulin plays an impor‑
tant role in the growth and metabolism of devel‑

DISCUSSION

opmg cartilage. In the absence of insulin, ATDC5
cells ceased the proliferation when they became

The effects of mechanical stress on the prohf‑

con fluent. Insulin supported the proliferation of

eration and differentiation of mesenchymal progeni‑

cells in a postconfluent phase and promoted the

tor cells toward chondrogenesis have not yet been

formation of cartilage nodule‑like aggregates with

fully addressed. The purpose of this study was to
assess how mechanical stress exerts the influence on

chondrocyte‑characteristic phenotype expressions

chondrogenic proliferation and differentiation dur‑

differentiation seems to be indirect, probably via

ing endochondral bone formation. The results of

increasing cell proliferation, because chondrogenic

this study indicate that mechanical stress regulates

differentiation of ATDC5 cells only occurred in a

proliferation and differentiation during chondrogenesis

postconfluent phase. Atsumi et al. reported that

in a differentiation‑dependent manner, since me‑

insulin enhanced the cell proliferation in a dose‑

chanical loading induced proliferation in immature

dependent manner . It is unlikely that insulin can

ATDC5 cells, and promoted the production of car‑

be substituted by mechanical stress, although me‑

tilage‑type extracellular matrix in insulin‑induced

chanical loading alone increased mRNA expressions

mature ATDC5 cells.

of histone H4, type II collagen, and type X collagen.

ATDC5

cells were a useful cell line for the

The stimulatory effect of insulin on chondrogenic

Further studies are needed to address this issue.

study of endochondral bone formation. ATDC5

Unlike previous reports, type X collagen mRNA

cells cultured m the presence of insulin undergo

expression, which is thought be confined to the

chondrogenic differentiation15' . The current re‑

hypertrophic chondrocytes, was gradually increased

suits indicated that cartilage nodules, which formed

in both insulin‑treated and non‑treated cells al‑

in the presence of insulin at day 7, were very weakly

though the level of hypertropmc differentiation of

stained by Alcian blue m contrast to the strong

ATDC5 cells in the absence of insulin is very low

Alcian blue staining observed m/around nodules on

based on the histological analysis. Several factors

days 21 and 28, thus indicating a significant pro‑

are reported to affect type X collagen mRNA

auction of cartilage‑type proteoglycans in the later

expression. Chen et al. showed that hypoxic mcu‑

stage of differentiation. Furthermore, mRNA ex‑

bation of insulin‑treated ATDC5 cells delays and

pression of chondrocytes specific genes such as

suppresses hypertrophic differentiation , and

type II collagen, and aggrecan were markedly up‑

Shukunami et al. reported that it is better to

regulated from day 14 to day 21 in the presence

switch the medium from DMEM to

of insulin, although there was little increase in
type II collagen and aggrecan mRNA expressions

the CO2 level from 5% to 3% around day 21 to in‑
duce hypertrophy . We did not change the CO2

in the absence of insulin. These data demonstrate

level from 5% to 3%, and this may cause thesup‑

that insulin induces ATDC5

pressed type X collagen mRNA expression m in‑

cells to differentiate

α‑MEM, and
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sulm‑treatedcells.ThereasonwhytypeXcolla‑

into four zones: a reserve zone, a prohferative zone,

genmRNAexpressionwasincreasedinnon‑treated

a hypertrophic zone, and a zone of calcificationll

cellswasunidentified.Toconfirmthehyper‑trophic

The longitudinal bone growth depends on the ac‑

differentiationofthecells,wecouldalsoexamine

tivities of individual chondrocytes. The present re‑

theexpressionpatternsofotherhypertrophicmark‑

suits also indicate that chondrocytes derived from

ers,suchasRunx2andmatrixmetalloprotemase‑

a different zone exhibit a differential response to
mechanical stimulation.

13.
Theeffectofmechanicalstressonchondrocytes

In chondrogenesis, cell differentiation is a

variesdependingontheexperiments.Forexample,

multistep process starting from chondrogenic

mechanicalstimulationhasbeenfoundtoincrease

mesenchymal progenitor cells and eventually re‑

chondrocyteproliferationinsomestudiesll,39)

suiting in mature, hypertrophic chondrocytes.

whereasotherstudiesfounddecreasedcellnumbers.

Growth plate and articular chondrocytes share sev‑

Theresponsesofchondrocytestomechanicalstim‑

eral common features and extracellular matrix pro‑

uliinvolvesmanyfactors,includingthemagnitude

terns such as type II collagen and aggrecan are

ofthestrain,typeofstrain,andfluidflow:
.26,40,41)
Chondrocytesaresensitivetothetypeofmechani‑

among the cartilage markers produced by both cell

calstressseenwithcyclicalapplicationsofhigh

tion, the mature chondrocytes express type X col‑

frequencyloadsstimulatingmatrixsynthesisand

lagen synthesis and mineralize the ECM with the

staticloadsdepressingit4.Cyclicloadingleads

regulation of various factors, such as vascular en‑

torapidincreasesinhydrostaticpressure,matrix

dothelial growth factor and chondromoodulin‑I

deformation,andfluidflow,andthesechangesto

Usually, the stage of hypertrophy is reached only

theextracellularenvironmentofthechondrocytes

in cartilage undergoing endochondral ossification

tendtostimulateaggrecanandproteinsynthesis4'

during embryonic limb development, growth, and

Themagnitudeofstrainusedintheseexperiments

fracture repair. All of these processes are mflu‑

wasrelativelylowcomparedtopreviousstudies.

enced by the mechanical environment. The present

However,itislikelythatfluideffectsaremorelm‑

study showed that ATDC5 cells differentiated into

portantthatmechanicalstrain.Inaddition,the

chondrocytes, which progressively developed into

presentresultsclearlyindicatethatthenatureof

hypertrophic cells, and this process was regulated

theresponsetomechanicalstressinchondrocytesis

by mechanical stress in a differentiation‑dependent

dependentonthestageofdifferentiationofthecells

manner. In conclusion, mechanical stress is an lm‑

usedintheexperiments.

portant epigenetic factor which controls bone devel‑

Recently,severaltranscriptionfactorsmclud‑

opment through the coordinated proliferation and

ingSoxandRunxfamilymembershavebeenshown

differentiation of chondrocytes during endochondral

tobeessentialforendochondralboneformation.

bone formation.

types. However, during endochondral bone forma‑

Theinitialstageofchondrogenesisischaracter‑
lzedbytheexpressionofSox9mRNA,whichisa
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