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Abstract We investigated whether the proliferation activ-
ities and osteogenic capacities of bone marrow stromal cells
(BMSCs) are depressed in patients with osteonecrosis of
the femoral head (ONFH). BMSCs were isolated from fresh
bone marrow of the iliac crests of 54 donors and were
differentiated into osteogenic lineage in vitro. The results of
27 consecutive patients with ONFH (16 idiopathic and 11
alcohol-induced) were compared with those of 27 patients
with a nonnecrotic hip disorder. The proliferative activities
of BMSCs in patients with ONFH were not found to be
reduced and their osteogenic capacities (alkaline phospha-
tase activity and calcium deposition amount) were unaltered
during in vitro differentiation. Results from patients with
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idiopathic or alcohol-induced ONFH were similar to those
of matched patients with nonnecrotic disorder. These
findings suggest that the osteogenic potentials of BMSCs
are not defective in patients with ONFH.

Résumé Nous pensions que la prolifération et 1’activité des
cellules ostéogéniques de la moelle osseuse (BMSCs)
étaient diminuées chez les patients qui présentaient une
ostéonécrose de la téte fémorale (ONFH). Matériel et
méthodes : Les BMSCs ont été isolées de la moelle fraiche,
prélevées sur la créte iliaque de 54 donneurs et classées
selon leur lignée ostéogénique. Les résultats de 27 patients
avec ostéonécrose, 16 idopathiques et 11 d’origine éthyl-
ique ont été comparés a 27 patients ne présentant pas de
nécrose de hanche. Résultat : D’activité des cellules de
moelle osseuse chez les patients avec ostéonécrose ont été
trouvées diminuées et leur capacité ostéogénique (activité
phosphatase alkaline et déposition calcique) ne sont pas
altérées lors de I’examen in vitro. Résultat : les patients
présentant une ostéonécrose idiopathique ou éthylique ont
une activité ostéogénique similaire comparée a celle des
patients ne présentant pas de troubles d’origine nécrotique.

Introduction

Osteonecrosis of the femoral head (ONFH) is a disorder
that mainly affects patients in their third to fifth decades,
and one which generally progresses to collapse during the
late stage of the disease [11, 15]. Although different
pathophysiological mechanisms have been proposed to
explain the pathogenesis of ONFH, such as fat emboli [7],
microfracture of trabecular bone [8], compression of the
blood vessels of the femoral head by hypertrophic marrow
fat [22], retrograde embolisation of the marrow fat [17],
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coagulation and fibrinolytic disorder [1] and endothelial
nitric oxide synthase (eNOS) gene deficiency [2], its precise
cause is uncertain.

Human bone marrow stromal cells (hBMSCs) have the
ability to self-renew and differentiate into several mesen-
chymal origin cells, such as osteoblasts, chondrocytes and
adipocytes [14]. Moreover, hBMSCs may play important
roles during the initial processes of fracture healing and
skeletal repair [13].

Reports published recently suggest that BMSC numbers
and osteogenic differentiation ability are depressed in
patients with ONFH, which, in turn, suggests that ONFH
is a disease of bone cells and/or BMSCs [5, 6, 9, 20]. In
addition, several reports have indicated that BMSC isola-
tion yield and osteogenic capacity are related to the risk
factors of ONFH [6, 9]. However, both patients with ONFH
and patients without necrosis show similar levels of bone
ingrowth into implants after arthroplasty [15, 24], and no
report has indicated that autologous bone graft healing rates
are reduced in patients with ONFH. Moreover, there is
evidence that active new bone formation occurs in femoral
heads around necrotic areas in most patients with ONFH
[4]. These clinical findings suggest that the osteogenic
potentials of bone-forming stem cells are not defective in
patients with ONFH and that reductions in their activities is
not a cause of ONFH.

We, therefore, asked whether patients with idiopathic or
alcohol-induced ONFH have BMSCs with reduced prolif-
erative activity and altered osteogenic capacities during in
vitro osteogenic differentiation.

Materials and methods

The study population comprised 27 consecutive patients
with idiopathic or alcohol-induced ONFH and 27 patients
with nonnecrotic hip disorders with no history of heavy
drinking. All patients were treated by total hip arthroplasty
(THA). We excluded patients with a concurrent illness,
systemic disease or a medical history that potentially
affected bone metabolism, such as corticosteroid medica-
tion. No differences were observed between patients with
ONFH and nonnecrotic patients in terms of age or gender
(Table 1). All patients were fully informed of the study
rationale, protocol and associated risks. The study was
approved by our Institutional Review Board. The ONFH
group included 18 men and nine women, with an overall
mean age of 52.8 years (range, 23-78 years). ONFH was
diagnosed radiographically or by magnetic resonance
imaging (MRI). The idiopathic ONFH subgroup consisted
of 16 patients (nine men, seven women) of mean age
54.1 years (range, 23-78 years), and the alcohol-induced
ONFH subgroup comprised 11 patients (nine men, two
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women), with a mean age of 50.9 years (range, 32—
65 years). According to Steinberg et al.’s staging system
[18], two ONFH patients were in Stage III, 12 were in
Stage IV, nine in Stage V and four in Stage VI. The number
of ONFH patients recruited was calculated based on a
standardised effect size of 0.80 and power models with
alpha and beta values of 0.05 and 0.20, respectively.

For alcohol-induced ONFH to develop in adults, the
total alcohol exposure threshold needs to be approximately
150 L of 100% ethanol, which corresponds to a consumption
of 400 mL or more of absolute ethanol per week [23]. We
determined the weekly alcohol consumption by summing
the ethanol contents of beverage types consumed over a
typical week. In all patients with alcohol-induced ONFH,
the amount of alcohol consumed exceeded 400 mL weekly
and the total alcohol consumption threshold level of 150 L.
In the alcohol-induced ONFH subgroup, five of the 11
patients had stopped drinking, four continued to consume
alcohol but at reduced levels and two were still drinking
heavily. The nonnecrotic hip disorder group included 17
men and 10 women aged 24 to 79 years (mean, 48.9 years).
These disorders were primary coxarthrosis or coxarthrosis
after hip dysplasia in 15 patients, sequelae of a hip joint
infection in eight, fracture of the proximal femur in two and
miscellaneous conditions in two.

We (JJY and HJK) aspirated fresh bone marrow from the
iliac crests of donors just before starting THA. A 14-gauge
needle was inserted into the iliac tuberosity adjacent to the
anterior superior iliac spine by hand, and 6 to 7 mL of
marrow was aspirated within 3 to 8 s. The obturator and
needle were then advanced by 10 mm twice to obtain two
more aspirates through the same cortical hole. A total of
20 mL of marrow aspirate was collected per patient into a
syringe containing 6,000 units of heparin. BMSCs were
isolated from marrow aspirates using a modification of the
procedure described by Pittenger et al. [14]. Briefly,
marrow samples were washed with Dulbecco’s phosphate-
buffered saline (GibcoBRL, Gaithersburg, MD) and cells
were recovered by centrifuging twice at 900g for 10 min.
We then resuspended washed cells in Dulbecco’s phos-
phate-buffered saline to a final density of 4x107 cells/mL,
and 5-mL aliquots were layered over 1.073 g/mL Percoll
solution (Pharmacia, Piscataway, NJ) in a 50-mL conical
tube and centrifuged at 1,100g for 30 min. Mononuclear
cells were collected from interfaces and counted using a
haemacytometer. Collected nucleated cells were resus-
pended in human MSC medium and plated in 150-mm
Petri dishes at 2x10° cells per dish in 30 mL of medium.
Human MSC medium consisted of Dulbecco’s Modified
Eagles Medium—Low Glucose (GibcoBRL) supplemented
with 10% foetal bovine serum (GibcoBRL), 25 U/mL of
penicillin (GibcoBRL), 200 mM of L-glutamine (Sigma, St
Louis, MO) and 25 pg/mL of streptomycin (GibcoBRL).
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Table 1 Demographic data

ONFH* Nonnecrotic
disorder
Idiopathic ~ Alcohol-  Total
induced
Male:female 9:7 9:2 18:9 17:10
Mean age (years) 54.1 50.9 52.8 48.9
Age 23-78 32-65 23-78  24-79
distribution (years)
Steinberg stage
111 1 1 2 -
v 5 7 12 -
v 8 1 9 -
VI 2 2 4 -

*ONFH=osteonecrosis of the femoral head

hBMSC cultures were maintained in 5% CO, at 37°C and
the media were replaced at 24 and 72 h and then every 3 to
4 days. On day 20 after seeding, cells were harvested by
adding a solution containing 0.05% trypsin+0.53 mM
EDTA (GibcoBRL), counted and cryopreserved. These
cells were designated passage 0.

A single researcher conducted experiments during
osteogenic differentiation using thawed aliquots of first
passaged BMSCs isolated from all subjects. The cells were
plated and cultured in osteogenic medium at 37°C in 5%
CO, for 24 h; the media were replaced with fresh medium
every 3 to 4 days. Dishes became fully confluent after
recovery culture for 1 week. The cells were then detached
with trypsin, replated at 3x10* cells per well in 24-well
plates and evaluated for osteogenic differentiation. The
osteogenic medium consisted of Dulbecco’s Modified
Eagles Medium—Low Glucose (GibcoBRL) supplemented
with 10% foetal bovine serum (GibcoBRL), 200 mM of L-
glutamine (Sigma), 0.1 uM of dexamethasone (Sigma),
50 pg/mL of ascorbic acid-2-phosphate (Sigma), 10 mM of
[3-glycerophosphate (Sigma), 25 U/mL of penicillin (Gib-
coBRL) and 25 pg/mL of streptomycin (GibcoBRL). On
days 1, 4, 7 and 10 after commitment to the osteogenic
lineage, we determined the cell numbers using a cell
counting kit (CCK-8; Dojindo, Tokyo, Japan). Alkaline
phosphatase (ALP) activity was measured on days 7 and 14
using an ALP diagnostic kit (#245; Sigma) to evaluate the
osteogenic differentiation. ALP activity was calculated after
measuring the absorbance of the reaction product, p-
nitrophenol, at 405 nm on a microplate reader. ALP activity
was expressed in terms of pmol p-nitrophenol/min per well.
In addition, we measured the calcium content on days 14
and 21 using a calcium detection kit (#587; Sigma) to
assess the osteogenic mineralisation of BMSCs. Cell layers
were washed three times with Ca?" and Mg*"-free
phosphate-buffered saline and then solubilised with 0.6 N
HCI. The samples from each well were then reacted with o-

cresol-phthalein-complexon and colourimetric reaction was
read at 575 nm. Absolute calcium concentrations were then
read off a standard calcium curve, according to the
manufacturer’s instructions (Sigma). The calcium contents
are expressed in micrograms per well. During osteogenic
differentiation, all assays were conducted seven times.

The Mann-Whitney test was used to compare the
proliferative activities and the osteogenic capacities of
BMSCs of the ONFH and nonnecrotic hip disorder groups.
To analyse the proliferation activities and osteogenic
differentiation potentials with respect to the two risk factors
(idiopathic and alcohol-induced ONFH) separately, we
compared the results with those of a consecutive age- and
gender-matched group of patients with nonnecrotic hip
disorder. Analyses were performed using SPSS version 11.5
(SPSS Inc., Chicago, IL).

Results

Patients with idiopathic or alcohol-induced ONFH did not
show a reduction in BMSC proliferative activities during in
vitro osteogenic differentiation (Fig. 1). Similarly, we
observed no differences in the proliferative activities when
patients with idiopathic or alcohol-induced ONFH were
compared separately with age- and gender-matched patients
with nonnecrotic hip disorder (Fig. 1).

The BMSCs of ONFH patients show no alteration in
osteogenic capacity in comparison to the BMSCs of
nonnecrotic hip disorder patients during in vitro differentia-
tion (Figs. 2 and 3). In addition, the BMSCs of patients with
idiopathic or alcohol-induced ONFH were similar to those of
nonnecrotic hip disorder patients with respect to their
osteogenic activities. Moreover, ONFH patients and non-
necrotic hip disorder patients showed no difference in ALP
activities on days 7 and 14 (»p=0.238 and p=0.066,
respectively), and the ALP activities of patients with
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Fig. 1 The proliferative activities of human bone marrow stromal
cells (hBMSCs) during osteogenic differentiation are presented with
optical densities of CCK-8 assay. ONFH=osteonecrosis of the femoral
head

@ Springer



870

International Orthopaedics (SICOT) (2009) 33:867—-872

idiopathic, alcohol-induced ONFH and nonnecrotic hip
disorder patients were not significantly different on days 7
or 14 (Fig. 2). The calcium content deposited by the BMSCs
of patients with idiopathic ONFH and nonnecrotic hip
disorder were similar on days 14 and 21 (p=0.271 and p=
0.144, respectively) and, furthermore, no differences were
observed between the nonnecrotic hip disorder group and the
idiopathic or alcohol-induced groups in this respect (Fig. 3).

Discussion

In this study, the data obtained demonstrate that the
proliferative activities and osteogenic differentiation abili-
ties of BMSCs isolated from the iliac crest in patients with
idiopathic or alcohol-induced ONFH are not defective
compared with those of patients with a nonnecrotic hip
disorder. Furthermore, when patients with idiopathic or
alcohol-induced ONFH were compared with age- and
gender-matched nonnecrotic hip disorder patients, no
significant differences were observed in terms of BMSC
proliferation activities or osteogenic potentials.

However, our experimental design has its limitations.
First, BMSCs activities were not measured when ONFH
occurred, and most of our subjects had late-stage disease
and showed joint destruction when the bone marrow was
aspirated. Moreover, the time between disease occurrence
and marrow cell harvest can permit the recovery of an
abnormal bone marrow function. In particular, this recovery
might have occurred in the five patients with alcohol-
induced ONFH who had stopped drinking before study
commencement. However, it is difficult to obtain bone
marrow specimens from patients with earlier-stage ONFH
because of the absence of subjective symptoms and ethical
concerns. Moreover, several researchers have reported
reduced BMSC osteogenic differentiation in ONFH patients
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Fig. 2 Alkaline phosphatase (ALP) activity of hBMSCs during
osteogenic differentiation is shown. No significant differences are
observed between patients with ONFH and patients with nonnecrotic
hip disorder
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Fig. 3 Amount of calcium deposited by hBMSCs during osteogenic
differentiation is shown. No significant difference is found between
hBMSCs obtained from patients with ONFH and patients with
nonnecrotic hip disorder

requiring hip replacement for late-stage disease [9, 20]. In
our study, BMSCs activities were not found to be
significantly different in alcohol-induced ONFH patients
who had stopped drinking and those that continued to
consume alcohol (data not shown). Second, we acknowl-
edge that the differentiation of BMSCs is highly dependent
on in vivo and in vitro conditions, and, thus, our in vitro
findings may not reflect the in vivo environment. Although
we used the same passage cells from each group, freshly
prepared cells may have better represented the in vivo
condition. However, we also consider that interpersonal
variances and potential experimental bias are likely to
increase when assays are conducted separately using freshly
prepared cells.

It remains controversial as to whether isolation yield and
proliferation capacity are greatly dependent on donor age
[10, 12, 19], gender or on the presence of systemic disease
[21]. We postulated that donor-specific variables can affect
bone marrow cells, and, thus, to minimise the potentially
confounding effects of these donor variables, we matched
ONFH patients with nonnecrotic hip disorder patients for
age and gender.

A small number of research groups have investigated
bone marrow cell activities in patients with ONFH [3, 5, 6,
9, 20]. Hernigou and Beaujean [5] examined the activities
of BMSCs from the iliac crest and reported that the number
of CFU-Fs during isolation culture was lower in patients
with idiopathic, alcohol-induced or steroid-induced ONFH
than in the control group. They also demonstrated a
reduction in the number of CFU-Fs in the upper end of
the femur in patients with steroid-induced ONFH as
compared with patients with sickle cell disease-related
ONFH, a normal control group and patients with sickle
cell disease but no ONFH [6]. However, interestingly, no
major difference was observed between patients with sickle
cell disease-related ONFH and a nonnecrotic control group
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[6]. Recently, Suh et al. [20] reported that BMSCs obtained
from proximal femur marrow in patients with alcohol-
induced ONFH had lower osteogenic differentiation ability
and doubling time than cells obtained from patients with
femoral neck fractures. However, there is a possibility that
BMSCs in the control group were activated in response to
these fractures. Moreover, Lee et al. [9] (in the same
research group as Suh et al.) demonstrated that the
osteogenic differentiation ability of BMSCs in patients
with alcohol-related or idiopathic ONFH was lower than in
patients with osteoarthritis. However, interestingly, they
also found that BMSC osteogenic differentiation ability in
patients with steroid-induced ONFH was unchanged. These
results contradict Hernigou and Beaujean’s findings, which
showed reduced BMSC activity in the proximal femurs of
patients with steroid-induced ONFH. However, it should be
added that the evaluation parameters (osteogenic differen-
tiation ability versus number of CFU-Fs), bone marrow
aspiration techniques and cell isolation methods used
differed [6].

For the same reasons, it is difficult to compare our
results with those of other researchers. Nevertheless, we
believe that previous studies are limited because they failed
to document whether BMSC osteogenic capacities are
depressed in patients with ONFH. Moreover, this former
research was conducted using one assay only (CFU-F
numbers) during the cell isolation process, and cellular
behaviour in terms of osteogenic differentiation in culture
were not evaluated [5, 6]. In addition, in two studies,
subjects were not matched for donor age and gender [9, 20],
and the results were contradictory, i.e. a depressed
osteogenic differentiation ability in patients with alcohol-
induced or idiopathic ONFH, but not in those with steroid-
induced ONFH [9].

In our study, we found substantial donor-dependent
variations in terms of the osteogenic potential of BMSCs.
Recently, variable ALP expression in human BMSCs was
noted as a result of sampling method and cellular
heterogeneity among the donor population [16]. Although
not analysed, we believe that inherent bone marrow
aspiration procedure errors, e.g. peripheral blood or fatty
marrow contamination, contribute to these donor-dependent
variations. However, to the best of our knowledge, no
established guidelines have been issued on aspiration
methods or on volumes for evaluating bone marrow cells.
Moreover, we consider that inconsistencies in bone marrow
aspiration procedures should be considered when interpret-
ing marrow-derived stromal cell results.

Our data suggests that patients with ONFH have no
remarkable abnormalities in the osteogenic potentials of
their stem cells. Moreover, our results do not support the
hypothesis that a general reduction in the osteogenic
capacity of BMSCs causes ONFH.
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