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Aims
To investigate whether idiopathic osteonecrosis of the femoral head (ONFH) is related to
impaired osteoblast activities.

Methods

We cultured osteoblasts isolated from trabecular bone explants taken from the femoral head
and the intertrochanteric region of patients with idiopathic ONFH, or from the intertrochan-
teric region of patients with osteoarthritis (OA), and compared their viability, mineralization
capacity, and secretion of paracrine factors.

Results

Osteoblasts from the intertrochanteric region of patients with ONFH showed lower alkaline
phosphatase (ALP) activity and mineralization capacity than osteoblasts from the same skel-
etal site in age-matched patients with OA, as well as lower messenger RNA (mRNA) levels of
genes encoding osteocalcin and bone sialoprotein and higher osteopontin expression. In
addition, osteoblasts from patients with ONFH secreted lower osteoprotegerin (OPG) levels
than those from patients with OA, resulting in a higher receptor activator of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) ligand (RANKL)-to-OPG ratio. In pa-
tients with ONFH, osteoblasts from the femoral head showed reduced viability and mineral-
ized nodule formation compared with osteoblasts from the intertrochanteric region. Nota-
bly, the secretion of the pro-resorptive factors interleukin-6 and prostaglandin E, as well as
the RANKL-to-OPG ratio were markedly higher in osteoblast cultures from the femoral head
than in those from the intertrochanteric region.

Conclusion
Idiopathic ONFH is associated with a reduced mineralization capacity of osteoblasts and in-
creased secretion of pro-resorptive factors.
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Article focus skeletal site in age-matched patients with

Alterations in bone tissue distant from
the necrotic lesion suggest that non-
traumatic osteonecrosis of the femoral
head (ONFH) could be related to impaired
osteoblast function.

To study the in vitro behaviour of osteo-
blasts from the intertrochanteric region of
patients with idiopathic ONFH compared
to that of osteoblasts from the same

osteoarthritis (OA).

To comparatively study the in vitro
behaviour of osteoblasts from the femoral
head and the intertrochanteric region of
patients with ONFH.
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Key messages
Osteoblasts from patients with idiopathic ONFH
have lower mineralization capacity than those from
patients with OA.
Production of pro-resorptive factors is higher in osteo-
blast cultures from patients with idiopathic ONFH
than those from patients with OA.

Strengths and limitations
To our knowledge, this is the first study to show that
idiopathic ONFH is related to impaired mineralization
capacity of osteoblasts and increased production of
pro-resorptive factors.
The limitations of the study include the control group,
which consisted of patients with primary OA, and the
relatively small sample size.

Introduction
Osteonecrosis of the femoral head (ONFH) is a progres-
sive and disabling condition that often leads to subchon-
dral collapse in late stages, and its diagnosis accounts
for approximately 3% to 12% of total hip arthroplasties
(THAs)." ONFH is more frequently the diagnosis for young
patients undergoing THA. Previous trauma and massive
corticosteroid administration are the most common risk
factors for developing ONFH; however, a large number
of patients have no known risk factor for the disease and
are described as idiopathic.? Although the pathogenesis
of ONFH is still unclear, various mechanisms leading
to ischaemia have been postulated, including vascular
interruption by trauma, intravascular occlusion by
thrombi and fat emboli, and intraosseous extravascular
compression. ONFH has classically been considered a
vascular disease with secondary changes in the subchon-
dral bone. However, increasing evidence suggests that
certain changes in bone tissue distant from the necrotic
lesion, including the intertrochanteric and metaphyseal
region** and the transiliac bone,® are not easily explained
as secondary changes but could be part of the primary
disease. In fact, abnormal cancellous bone in the prox-
imal femur has been discussed as a major reason for a
higher risk of revision surgery in patients with ONFH than
in patients with primary osteoarthritis (OA).”®

The mechanism of mechanical failure of the femoral
head in patients with nontraumatic ONFH is associated
with the formation of microfractures at the junction
between the reparative zone and the necrotic bone due
to extensive remodelling and insufficient bone forma-
tion.>" The rate of bone formation is largely deter-
mined by the number of osteoblasts and their ability to
synthesize and mineralize bone matrix. Osteoblasts also
contribute to bone repair by regulating angiogenesis
and bone resorption through the secretion of paracrine
factors, including vascular endothelial growth factor
(VEGF), osteoprotegerin (OPG), receptor activator of
nuclear factor kappa-light-chain-enhancer of activated

B cells (NF-kB) ligand (RANKL), and other cytokines.'
Abnormalities in the replicative capacity of osteoblasts
from the proximal femur have been found in patients
with ONFH associated with glucocorticoid therapy when
compared with patients with OA."™ Moreover, osteoblast
apoptosis is frequent in the femoral head of patients with
glucocorticoid-induced ONFH.*" These findings might
be expected, given that glucocorticoids inhibit osteo-
blastogenesis, promote osteoblast apoptosis, and reduce
bone formation and strength. Nevertheless, the mech-
anisms involved in the pathogenesis and progression
of ONFH not induced by glucocorticoids remain poorly
understood. In this study, we investigated whether ONFH
without an obvious aetiological factor, referred to as idio-
pathic, could be related to abnormal osteoblast activities.
To this end, we evaluated the cell viability, mineralization
capacity, and secretory activity in osteoblasts obtained
from the intertrochanteric region, located distant from
the necrotic lesion, of patients with idiopathic ONFH and
those with OA. We also explored the biological processes
that could be affected by ONFH by comparing the in vitro
function of osteoblasts obtained from the femoral head
and the intertrochanteric region of patients with ONFH.

Methods

Patients and bone sample collection. Patients younger
than 66 years of age undergoing THA between January
2017 and December 2018 in our institution were consid-
ered for inclusion, with nine patients with non-traumatic
ONFH ultimately included in this study. We defined ONFH
through imaging after assessing conventional radio-
graphs and MRI. All patients had Ficat and Arlet stage IV
ONFH and required THA."®'” The period of time between
hip early symptoms and severe loss of joint function var-
ied for each patient and ranged from a minimum of six
months to three years. Nine patients with primary OA
of the hip were considered as controls, with the groups
matched by age and sex. OA was confirmed by radiog-
raphy. Informed consent was obtained from all partici-
pants. All procedures were approved by the Clinical
Research Ethics Committee of Hospital Universitario La
Paz. The ONFH group includes cases of ONFH without
an obvious aetiological factor. Patients with risk factors
such as smoking, obesity, dyslipidaemia, and hyperten-
sion, which had a high prevalence in both groups, were
also included. Patients with a history of glucocorticoid
therapy, alcoholism, metabolic bone diseases, and major
trauma of the hips were excluded from the study. Patients
with congenital hip dysplasia, Gaucher disease, sickle cell
disease, decompression sickness, haematopoietic or sol-
id organ transplant, or who were receiving chemother-
apy, were also excluded to limit confounding from these
conditions that lead to a particularly high risk for ONFH.
Table | presents the demographic and clinical charac-
teristics. The mean age was 56 years (50 to 63) for the
ONFH group and 60 years (55 to 65) for the OA group.
The demographic characteristics were similar between
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Table 1. Demographic and clinical characteristics of patients.

Variable OA(n=9) ONFH (n =9) p-value
Mean age, yrs (SD) 60 (6) 56 (8) 0.309*
Mean weight, kg 75 (10) 79 (10) 0.335%
(SD)

Mean BMI, kg/m? 28 (4) 28 (3) 0.923*
(SD)

Male sex, n (%) 3(33) 4 (44) 0.629%
Smoking, n (%) 2(22) 6 (67) 0.058t
Hypertension, n (%) 6 (67) 2(22) 0.058t
Dyslipidaemia, n (%) 4 (44) 5(56) 0.6347
Obesity, n (%) 4 (44) 4 (44) 1.000%
Diabetes, n (%) 1(11) 1(11) 1.000%
Cancer, n (%) 0 (0) 2(22) 0.134+
Hypothyroidism, 1(11) 2(22) 0.527%
n (%)

*Mann—Whitney U test.

FChi-squared test.

OA, osteoarthritis; ONFH, osteonecrosis of the femoral head; SD,
standard deviation.

the groups in terms of sex, weight, and BMI. Among the
nine patients with ONFH, a patient had a history of breast
cancer in their medical records and another patient had
a history of melanoma. Both were diagnosed more than
ten years earlier and did not require chemotherapy. Two
patients had hypothyroidism and were on thyroxine re-
placement with normal thyroid function and no associ-
ated metabolic bone diseases. Although the percentage
of patients who smoked was greater in the ONFH group
than in the OA group, we could not detect statistical dif-
ferences with the number of patients available. There
were no significant differences in the prevalence of diabe-
tes, obesity, dyslipidaemia, or other conditions between
the groups.

Trabecular bone explants were taken intraoperatively
from the intertrochanteric region of the femur of patients
in both groups by using a box osteotome during femoral
preparation. In the ONFH group, bone explants from the
femoral head were also obtained with a curette (Figure 1).
Cell culture and viability. Osteoblasts were isolated from
bone explants and cultured using a standardized tech-
nique, as previously described.’ Each bone sample was
processed in a separated primary culture and experi-
ments were performed using independent cultures at
passage 1. In the ONFH group, osteoblast cultures from
the intertrochanteric region were compared with those
from the femoral head of the same patient. All the in vit-
ro studies were conducted on osteoblasts derived from
each of the 18 patients included in this study. The bone
fragments were cultured in growth medium consisting
of Dulbecco's Modified Eagle Medium (DMEM; Lonza,
Switzerland) supplemented with 15% fetal bovine se-
rum and antibiotics. The cells were maintained at 37°C
in a humidified 5% carbon dioxide (CO,) incubator. Cells

Fig. 1

Preoperative anteroposterior radiograph of a right hip in a 50-year-old man
with osteonecrosis of the femoral head (ONFH). Trabecular bone explants
were taken from the femoral head (1) and from the intertrochanteric region
(2) of patients with ONFH.

were seeded at a density of 5 x 10* cells/well in 24-well
plates and cultured in 500 pl of growth medium for one,
four, and seven days. Cell viability was evaluated using
the alamarBlue assay (Biosource, Belgium). Briefly, cells
were incubated for three hours in DMEM containing 10%
alamarBlue dye and the fluorescence emitted by cell-
reduced alamarBlue was quantified using a spectrofluo-
rometer (Synergy 4; BioTek, France).

Immunoenzymatic assays. Cells were seeded at a densi-
ty of 10° cells/well in 12-well plates and incubated in 1
ml of growth medium for three days. The culture media
were collected, clarified by centrifugation at 1,200 g for
ten minutes, supplemented with 2 pg/ml of aprotinin,
17.5 pg/ml of phenylmethylsulphonyl fluoride, 1 pg/
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ml of pepstatin A, and 50 pg/ml of bacitracin (all from
MilliporeSigma, Spain), and stored at -80°C. The levels
of interleukin (IL)-6, IL-8, VEGF, and monocyte chemoat-
tractant protein-1 (MCP-1) were determined in cell cul-
ture media using BD CBA Flex Sets (BD Biosciences, USA).
The data were acquired using a FACSCalibur flow cytom-
eter and analyzed with the FCAP Array Software version
3.0 (BD Biosciences). Human-specific enzyme-linked im-
munosorbent assay (ELISA) kits were used to measure
the levels of OPG (Bender MedSystems GmbH, Austria),
RANKL (Biomedica Gruppe, Austria), macrophage colony-
stimulating factor (M-CSF) (R&D Systems, Germany), and
prostaglandin E, (PGE,) (Cayman Chemical Company,
USA), according to the manufacturer’s instructions.
Alkaline phosphatase activity and alizarin red stain-
ing. Cells were seeded at a density of 2 x 10° cells/well
in six-well plates, and incubated in 2 ml of osteogenic
medium consisting of growth medium supplemented
with 107 M dexamethasone, 3 x 10~* M ascorbic acid, and
10-2 M B-glycerophosphate (all from MilliporeSigma) for
12 and 18 days. Cells incubated in growth medium were
used as controls. In all cases, the culture medium was
partially replaced with an equal volume of fresh medium
every three days. After 12 days of culture, cell layers were
extracted with 5 x 107" M sodium chloride (NaCl), 5 x 102
M Tris-Hydrochloride (HCI) pH 8.0, and 1% Triton X-100
(all from MilliporeSigma), and supplemented with pro-
tease inhibitors as described above. Alkaline phosphatase
(ALP) activity was measured in the cell layers by determin-
ing the release of p-nitrophenol from p-nitrophenyl phos-
phate (MilliporeSigma). The data were normalized to the
total protein amount in the cell extracts, determined by
a Bradford-based protein assay (Bio-Rad Laboratories,
USA). The degree of cell layer calcification was assessed in
cells cultured for 18 days using alizarin red staining. Cells
fixed with ethanol were stained with 40 mM alizarin red
S in deionized water at a pH of 4.2. Images of stained cell
layers were captured using a phase-contrast microscope.
The bound stain was eluted with 10% cetylpyridinium
chloride (MilliporeSigma), and the absorbance at 562 nm
was measured using a spectrofluorometer.

Gene expression. Cells were seeded at a density of 2 x
10° cells/well in six-well plates and incubated in 2 ml of
osteogenic medium for 12 and 18 days. Total RNA was
isolated using TRI Reagent (Molecular Research Center,
USA). Complementary DNA was prepared from the total
RNA using the Transcriptor Reverse Transcriptase and an
anchored-oligo (dT),, primer (Roche, Spain). Real-time
quantitative polymerase chain reaction was performed
using the LightCycler FastStart DNA Master SYBR Green
I and a LightCycler instrument (Roche). Quantitative ex-
pression values were normalized to the mean of the ex-
pression values of HPRT1 and GUSB. Specific oligonucleo-
tide primers are shown in Supplementary Table i.
Immunofluorescence assays. Cells were seeded at a den-
sity of 2 x 10* cells/well in eight-well chamber slides and
incubated in 200 pl of growth medium for seven days or
in 200 pl of osteogenic medium for 18 days. Cells were

fixed in 4% paraformaldehyde in phosphate-buffered sa-
line (PBS), permeabilized with 0.1% Triton X-100 in PBS,
blockedin PBS containing 2% bovine serum albumin (BSA)
and 0.05% Tween 20 (all from MilliporeSigma), and incu-
bated with mouse anti-human fibronectin monoclonal
antibody (Santa Cruz Biotechnology, Germany) or with
mouse anti-human osteocalcin (Biogenesis, UK) diluted
1:50 in 1% BSA in PBS. After washing with 0.05% Tween
20 in PBS, cells were incubated with goat anti-mouse
Alexa-Fluor 488 (Molecular Probes, The Netherlands) di-
luted 1:1,000in 1% BSA in PBS. To label the actin cytoskel-
eton, cells were additionally incubated with PBS contain-
ing 4 x 1077 M rhodamine-phalloidin (MilliporeSigma).
For nuclei labelling, cells were incubated with PBS con-
taining 3 x 10°° M 4’,6-Diamidino-2-phenylindole (DAPI;
MilliporeSigma). Cells were imaged using a confocal mi-
croscope (Leica TCS SPE; Leica, Germany).

Statistical analysis. The statistical analyses were per-
formed using SPSS version 25.0 (IBM, USA). Exact chi-
squared tests were performed to compare the propor-
tions between the groups. Cell culture experiments were
performed in duplicate and data are presented as means
(standard deviation (SD)). Pairwise comparisons between
the groups were analyzed by using the Mann-Whitney U
test and the paired Wilcoxon test. Statistical significance
was set at p < 0.05.

Results

Cell viability and fibronectin matrix formation. We con-
ducted cell viability assays after culturing osteoblasts from
patients with ONFH or OA for one, four, and seven days
in growth medium. In all cases, cell viability increased
throughout the incubation period (Figure 2a). There were
no differences in cell viability between osteoblasts from
the intertrochanteric region of patients with ONFH and
those from the same skeletal site in patients with OA at
any timepoint (Figure 2a). In patients with ONFH, cell via-
bility at seven days was lower in osteoblasts from the fem-
oral head than in those from the intertrochanteric region,
which was associated with lower cell number, as revealed
in images of DAPI-stained cells (Figure 2b). However,
osteoblasts obtained from the femoral head of patients
with ONFH displayed a well-spread morphology with a
dense interconnected fibronectin network similar to that
observed in osteoblasts from the intertrochanteric region
of patients with ONFH or OA (Figure 3).

Matrix maturation and mineralization. After culturing
for 12 days in osteogenic medium, osteoblasts from the
intertrochanteric region of patients with ONFH showed
lower ALP activity and alkaline phosphatase (ALPL) mes-
senger RNA (mRNA) levels than those from the same
skeletal site in patients with OA (Figure 4). The osteoblast
ability to develop a mineralized matrix was assessed in
cells cultured in osteogenic medium for 18 days. Cultures
were stained with alizarin red to detect calcium depos-
its, or immunostained for osteocalcin, an osteoblast-
specific protein produced by osteoblasts in late stages
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Fig. 2

Viability of osteoblasts from patients with osteonecrosis of the femoral head (ONFH). a) Viability of osteoblasts obtained from the intertrochanteric region (IT)
of patients with osteoarthritis (OA) or ONFH and from the femoral head (FH) of patients with ONFH, and cultured in growth medium for one, four, and seven
days. Data were normalized relative to those measured in osteoblasts from IT-OA at day 1, which were given an arbitrary value of 100. b) 4',6-Diamidino-
2-phenylindole (DAPI) staining and number of osteoblasts after seven days of culture. Bar = 400 pm. *p < 0.05 between the indicated conditions, paired

Wilcoxon test.
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Fig. 3

Actin cytoskeleton and fibronectin matrix in osteoblasts from patients with osteonecrosis of the femoral head (ONFH). Osteoblasts obtained from the
intertrochanteric region (IT) of patients with osteoarthritis (OA) or ONFH and from the femoral head (FH) of patients with ONFH were cultured in growth
medium for seven days. Confocal maximum projections showing cells stained for actin (red) and fibronectin (green). Bar = 200 um.

of mineralization. Interestingly, cultures of osteoblasts
from the intertrochanteric region of patients with ONFH
showed a reduction in calcium deposition compared
with those from patients with OA (Figure 5a). Close ex-
amination of alizarin red staining revealed that nodular
aggregates were smaller and stained less intensely in
cultures from patients with ONFH than those with OA
(Figure 5b). Furthermore, osteocalcin accumulation in
cell layers was less evident in cultures from patients with
ONFH (Figure 5b). Having observed that ONFH could be
associated with reduced mineralized nodule formation,
we investigated whether the expression, at the mRNA
level, of bone gamma-carboxyglutamate protein (BGLAP,
osteocalcin), integrin-binding sialoprotein (/BSP, bone
sialoprotein), and secreted phosphoprotein 1 (SPP1, os-
teopontin) was different in osteoblasts from patients with
ONFH and in those from patients with OA. We found
that BGLAP and IBSP mRNA levels were lower in osteo-
blasts from patients with ONFH than from those with OA

(Figure 6). In contrast, mRNA levels of SPP1 increased in
osteoblasts from patients with ONFH.

A comparison between osteoblasts from the femoral
head and from the intertrochanteric region of patients
with ONFH revealed distinct mineralization capacity. ALP
activity and mRNA levels were higher in osteoblasts from
the femoral head than in those from the intertrochan-
teric region (Figure 4), whereas the degree of cell layer
calcification was lower (Figure 5a). In fact, osteoblast
cultures from the femoral head showed a more diffuse
and discrete staining for alizarin red and osteocalcin than
cultures from the intertrochanteric region (Figure 5b).
Lower mineralization capacity of osteoblasts from the
femoral head correlated with lower expression, at the
mRNA level, of BGLAP and IBSP and with higher SPP1
mMRNA levels (Figure 6).

Secretion of soluble factors. Lastly, we investigated the se-
cretory profile of factors linked to bone remodelling and
regeneration in osteoblasts from patients with idiopathic
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Alkaline phosphatase (ALP) activity in osteoblasts from patients with
osteonecrosis of the femoral head (ONFH). a) ALP activity and b)

ALPL messenger RNA (mRNA) levels in osteoblasts obtained from the
intertrochanteric region (IT) of patients with osteoarthritis (OA) or ONFH and
from the femoral head (FH) of patients with ONFH, and cultured in growth
medium (GM) or osteogenic medium (OM) for 12 days. The data in (b) were
normalized relative to those measured in osteoblasts from IT-OA, which were
given an arbitrary value of 1. *p < 0.05 between the indicated conditions,
Mann-Whitney U test and paired Wilcoxon test.

ONFH (Table II). The inflammatory factors IL-6, PGE,,
MCP-1, IL-8, and M-CSF and the growth factor VEGF were
secreted in similar amounts by osteoblasts from the in-
tertrochanteric region of patients with ONFH and those
from the same location in patients with OA. Interestingly,
osteoblasts from patients with ONFH secreted lower OPG
levels than cultures from patients with OA, which resulted
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Fig. 5

Mineralized nodule formation in osteoblasts from patients with
osteonecrosis of the femoral head (ONFH). a) Alizarin red quantification

in layers of osteoblasts obtained from the intertrochanteric region (IT) of
patients with osteoarthritis (OA) or ONFH and from the femoral head (FH)
of patients with ONFH, and cultured in growth medium (GM) or osteogenic
medium (OM) for 18 days. The data were normalized relative to those
measured in osteoblasts from IT-OA, which were given an arbitrary value of
100. b) Images showing alizarin red staining (upper panel) and osteocalcin
(green) and actin (red) staining (lower panel) in cultures incubated in OM.
Bar =100 pm. *p < 0.05 between the indicated conditions, Mann—Whitney U
test and paired Wilcoxon test.

in a higher RANKL-to-OPG molar ratio. In patients with
ONFH, there were noticeable differences in the secretion
of inflammatory factors between osteoblasts from the
femoral head and those from the intertrochanteric re-
gion. IL-6 and PGE, levels in the culture media were high-
er in cultures from the femoral head than in those from
the intertrochanteric region. Conversely, osteoblasts from
the femoral head secreted lower levels of MCP-1 and IL-8.
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SPP1

Expression of mineralization-related genes in osteoblasts from patients with
osteonecrosis of the femoral head (ONFH). Bone gamma-carboxyglutamate
protein (BGLAP), integrin binding sialoprotein (/BSP), and secreted
phosphoprotein 1 (SPPT) messenger RNA (mRNA) levels in osteoblasts
obtained from the intertrochanteric region (IT) of patients with osteoarthritis
(OA) or ONFH and from the femoral head of patients with ONFH, and
cultured in osteogenic medium for 18 days. The data were normalized
relative to those measured in osteoblasts from IT-OA, which were given an
arbitrary value of 1. *p < 0.05 between the indicated conditions, Mann—
Whitney U test and paired Wilcoxon test.

Production levels of M-CSF, VEGF, and OPG were similar
in osteoblasts from both skeletal sites. Of note, RANKL
levels were markedly higher in cultures from the femo-
ral head than in those from the intertrochanteric region,
which correlated with a significant increase in the RANKL-
to-OPG ratio.

Discussion

Studies on the pathophysiology of non-traumatic ONFH
have been conducted mainly using bone explants from
patients exposed to glucocorticoids. Other studies often
combined different causes of ONFH together in one
group, or poorly described patients’ clinical features,
making it difficult to determine the disease mechanisms.
To our knowledge, the present study is the first to inves-
tigate the osteoblast function in patients with idiopathic
ONFH. The ONFH and OA groups were adjusted by age
and sex, which are known to affect osteoblast activi-
ties."2' Patients with risk factors such as smoking, obesity,
dyslipidaemia, and hypertension, which could be associ-
ated with idiopathic ONFH, were included in this study.??
However, there were no statistically significant differences
in the proportion of each of these risk factors between
patients with ONFH and those with OA, which could be
attributed to their high prevalence in both groups, as well
as to the small sample size.

Table Il. Secretion of soluble factors.

Factor IT-0A IT-ONFH FH-ONFH
IL-6 39.7 (14.7) 37.3(14.2) 53.2 (18.6)*
PGE, 16.4 (7.2) 15.2 (6.4) 27.5 (8.7)*
MCP-1 6.0 (1.9) 43(1.4) 3.3 (1.2)*
IL-8 7.6 (2.6) 6.8 (2.0) 41 (1.6)*
M-CSF 3.2(1.1) 3.7(0.9) 2.7(0.6)
VEGF 3.2(1.1) 3.1 (1.3) 3.201.0)
OPG 5.1 (1.4) 3.6 (1.2)" 3.8(1.6)
RANKL 66 (14) x 10° 78 (17) x 103 152 (32) x
10-3*
RANKL/OPG ratio 100 (19) 143 (31)1 251 (83)*

(% of OA)

The data are expressed as pg/ml per ug of total proteins. Each value
represents the mean (standard deviation).

* Paired Wilcoxon test. p < 0.05 compared to IT-ONFH.

+ Mann-Whitney U test. p < 0.05 compared to IT-OA.

FH, femoral head; IL, interleukin; IT, intertrochanteric region; MCP-1,
monocyte chemoattractant protein-1; M-CSF, macrophage colony-
stimulating factor; OA, osteoarthritis; ONFH, osteonecrosis of the
femoral head; OPG, osteoprotegerin; PGE,, prostaglandin E,; RANKL,
receptor activator of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) ligand; VEGF, vascular endothelial growth
factor.

Osteoblasts from the intertrochanteric region of
patients with ONFH and those of patients with OA prolif-
erated at a similar rate and assembled a dense fibronectin
matrix, required for collagen polymerization and matrix
integrity.?® However, ALP activity and alizarin red staining
were lower in cultures from patients with ONFH than
those with OA. In addition, the deposition of osteocalcin,
which binds to hydroxyapatite during bone matrix miner-
alization, was lower in cultures from patients with ONFH.
The abnormal mineralization capacity of osteoblasts
could be responsible for the insufficient bone repair that
occurs after ONFH and its progression to femoral head
collapse. Non-collagenous proteins expressed by osteo-
blasts regulate the nucleation and growth of hydroxyap-
atite crystals. Abnormalities in non-collagenous protein
expression have been found in several bone diseases,
including osteoporosis?* and osteogenesis imperfecta.?
Compared to patients with OA, osteoblasts from the
intertrochanteric region of patients with ONFH showed
lower mRNA levels of genes encoding osteocalcin and
bone sialoprotein, while the opposite trend was observed
for osteopontin expression. Bone sialoprotein and osteo-
calcin appear to promote apatite crystal nucleation,?¢%
whereas high osteopontin levels can prevent mineral
growth.% Although the levels of these proteins have not
been quantified in the present study, different trends of
expression of mineralization-related genes in osteoblasts
from patients with ONFH could account for their reduced
mineralization capacity.

Osteoblasts regulate osteoclastogenesis and bone
resorption through the production of RANKL and OPG.
The latter inhibits bone resorption by disrupting the
interaction of RANKL with its receptor RANK, expressed
on the surface of osteoclasts and their progenitors.
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Polymorphisms in the OPG and RANKL genes have been
found in patients with ONFH associated with alcohol
consumption.? Our data suggest that idiopathic ONFH
could be related to abnormal OPG expression by osteo-
blasts in the intertrochanteric region, as its secretion was
lower in cultures from patients with ONFH than in those
from the same anatomical site in patients with OA.

Accumulation of apoptotic osteocytes in the superior
part of the femoral head is a feature of ONFH, indepen-
dent of its aetiology.™ In addition, osteocyte apoptosis
and bone marrow abnormalities in the deeper part of the
head have been reported in bone biopsies.?**' Osteocytes
sense mechanical forces and then regulate osteoclast and
osteoblast functions via the production of soluble factors
that reach the bone marrow.? It is therefore expected that
osteocyte death affects osteoblast activity in the femoral
head. Our data indicate that cell viability and mineraliza-
tion in osteoblasts obtained from trabecular bone in the
femoral head of patients with ONFH was lower than in
osteoblasts from the intertrochanteric region. The increase
in ALP activity levels, together with reduced matrix calci-
fication, suggests that osteoblasts from the femoral head
initiate matrix maturation but fail to undergo complete
mineralization, which could be influenced by altered
expression of non-collagenous proteins. In this regard,
a histological study found fewer osteocalcin-stained
cells in the femoral head than in the neck of patients
with ONFH.3? However, there were no differences in the
number of osteocalcin-stained cells between the femoral
head and the neck of patients without ONFH, supporting
the notion that the necrotic lesion affects osteoblast
function.

Changes in the mechanical properties and microstruc-
ture of bone in the femoral head of patients with ONFH
have been attributed to osteoclastic hyperactivity as a
result of osteocyte death.'®'" A previous study with bone
biopsies found that RANKL expression increased proxi-
mally to the necrotic region of patients with ONFH." Our
results suggest that osteoblasts might boost osteoclast
activity in the femoral head through the secretion of high
levels of RANKL, as well as of IL-6 and PGE,, which collab-
orate in the production of pro-resorptive factors.?* Curi-
ously, the increased secretion of pro-resorptive factors
by osteoblasts from the femoral head correlated with a
reduction in the levels of MCP-1 and IL-8, chemokines
involved in osteoclast formation,** which may be inter-
preted as a compensatory mechanism to prevent exces-
sive bone resorption. Although further studies on the
role of osteoclasts in ONFH are needed, therapeutic strat-
egies targeting RANKL could be beneficial for patients
with ONFH. Currently, the benefit/risk profile of RANKL-
targeted therapy for the treatment of bone diseases is
being investigated in clinical trials.3¢

Our study has several limitations. The control group
consisted of patients with OA undergoing THA because
of the ethical difficulties in obtaining bone biopsies from
healthy donors. Moreover, the sample size in the study
was relatively small, and therefore the results should

be checked in future studies with a larger sample size
in both groups. Lastly, osteoblasts from the femoral
head and those from the intertrochanteric region might
differ in patients with other bone diseases or in healthy
individuals.

In conclusion, the present study indicates that osteo-
blasts from the intertrochanteric region of patients
with idiopathic ONFH show reduced mineralization
capacity and OPG secretion compared with osteoblasts
obtained from the same skeletal site in sex- and age-
matched patients with OA. We also found that mineral-
ization decreases in osteoblasts from the femoral head
of patients with ONFH compared with those from the
intertrochanteric region, whereas the secretion of pro-
osteoclastogenic factors increases. These findings provide
new insight into the mechanisms involved in the patho-
genesis and progression of idiopathic ONFH and might
help in developing future treatment strategies. It should
be noted that ONFH is frequently observed in patients
younger than 50 years of age.” The mean age of patients
with ONFH included in this study was 56 years (SD 8),
which is similar to that reported in European databases.”*®
Further studies on a series of younger patients with ONFH
are needed to confirm our results.

Supplementary material
Table showing primer sequences used in poly-
merase chain reaction.
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