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Abstract P-glycoprotein (P-gp) activity may play an
important role in steroid-induced osteonecrosis of the
femoral head (ONF); however, the precise mechanism of
its pathogenesis remains unknown. Therefore, we investi-
gated the effects of increased P-gp activity on steroid-
induced ONF using a rat model. Rats (n = 60) were treated
with either a pharmacological stimulant of P-gp, rifampicin
(group A); a suppressant, verapamil (group B); or normal
saline (group C) administered in conjunction with meth-
ylprednisolone, an inducer of ONF. P-gp activity in bone
marrow cells and expression in the femoral head signifi-
cantly increased in group A (P < 0.05) but decreased in
group B (P < 0.05). Likewise, the serum osteocalcin level,
trabecular thickness and number, osteoclast and osteoblast
numbers, and mean percentage of the epiphyseal ossifica-
tion center were significantly increased in group A
(P < 0.01) but decreased in group B (P < 0.01). In con-
trast, however, adipocytic variables, trabecular separation,
and apoptotic cells decreased in group A (P < 0.01) but
increased in group B (P < 0.01). The ONF incidence in
group A (50%) and group B (100%) was significantly
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different from that in the control group C (80%, P < 0.05).
Taken together, our findings suggested that enhanced P-gp
activity was able to decrease the risk of steroid-induced
ONF, possibly by inhibiting adipogenesis and apoptosis in
the femoral head.

Keywords P-glycoprotein - Steroid - Osteonecrosis -
Bone marrow stromal cell - Adipogenesis

Osteonecrosis of the femoral head (ONF) is one of the most
serious complications induced by high dosages and/or
long-term administration of steroid hormones [1-3].
Unfortunately, the underlying pathomechanism of ONF has
not yet been elucidated. Progression of steroid-induced
ONF often leads to femoral head collapse, resulting in
severe hip pain and impaired hip joint function; indeed,
most cases of ONF eventually require surgical intervention
such as osteotomy, fibula bone graft, or total hip arthro-
plasty. Focused efforts toward the absolute prevention of
ONF onset are crucial.

Recent studies have found that P-glycoprotein (P-gp), a
member of the ATP-binding cassette transporter super-
family, is related to the development of steroid-induced
ONF. In particular, increased P-gp activity was found to be
a statistically relevant marker for low risk of developing
steroid-induced ONF [2, 3]. P-gp was initially character-
ized by its association with the onset of multidrug resis-
tance in chemotherapy patients [4]. Subsequent studies into
its function and expression profile have revealed that P-gp
plays an important role in the disposition and pharmaco-
logical activity of a broad range of therapeutic compounds
throughout normal tissues in the mammalian body.

The common pharmacological agents rifampicin and
verapamil have been identified, respectively, as an inducer
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and an inhibitor of P-gp activity in tumor cells [5-8]. Since
bone marrow stromal cell (BMSC) adipogenesis is a
principal mechanism involved in the onset and progression
of steroid-induced ONF [9-11], we carried out preliminary
investigations into the effects of rifampicin and verapamil
treatment in BMSCs isolated from Sprague-Dawley rats;
our findings revealed a similar modification pattern for
P-gp activity. We then aimed, in this study, to further
investigate the in vivo effects of P-gp activity on steroid-
induced osteonecrosis, as enhanced by rifampicin or
inhibited by verapamil. Other studies have shown that
enhanced P-gp activity is capable of decreasing the intra-
cellular availability of glucocorticoids [3, 4] and that glu-
cocorticoid hormones are well-established contributors to
ONF [12]. Since glucocorticoids are known substrates of
P-gp, we hypothesized and tested whether P-gp is able to
prevent glucocorticoid-induced adipogenesis or apoptosis.

Materials and Methods
Animals

The experimental protocol was carried out as approved by
the local Ethical Committee of Animal Experimentation of
Fudan University. Sixty male Sprague-Dawley rats (body
weight 250-300 g, 7 weeks old) were raised under con-
trolled temperature (24 + 2°C) and humidity (55 + 2%) at
the Public Health Clinical Center Affiliated with Fudan
University. Rats were randomly divided into three groups,
group A (n = 20), group B (n =20), and group C
(n = 20), which received daily oral rifampicin (Sigma, St.
Louis, MO; 10 mg/kg/day), intraperitoneal verapamil
(Sigma, 25 mg/kg/day), or oral saline (2 mL), respectively,
for 5 weeks. All groups also received subcutaneous injec-
tions of the glucocorticoid methylprednisolone sodium
succinate (MPSL; Pfizer Manufacturing, Puurs, Belgium;
21 mg/kg/day) from the second week onward. All rats were
killed by anesthesia overdose at the end of the fifth week.
Blood samples were collected via intracardiac aspiration.
Bone marrow cells were harvested by flushing from the
femoral shafts with complete Dulbecco’s modification of
Eagle medium (DMEM; GIBCO, Gaithersburg, MD) con-
taining 10% fetal bovine serum (Biochemical Industries,
Beth-Haemek, Israel). The right proximal femurs were
fixed in paraformaldehyde for 48 h and decalcified with
10% EDTA (Sigma) solution for 3 weeks; then, bones
were cut along the axis of the femoral neck and through the
teres ligament for subsequent macropathological analysis.
Four-micrometer sections were used for immunohistology
and histology. The left femoral heads were used for
Western blot analysis.

Serum Osteocalcin Analysis

Serum was separated from 2-mL blood samples. Osteo-
calcin (OC) was measured using an ELISA kit (Biomedical
Technologies, Staughton, IN) specific for rat OC. The
concentration of the reaction product was determined from
a standard curve.

P-gp Activity Assay in Bone Marrow Cells

P-gp activity was detected as described by Feller et al. [13].
Since rhodamine123 is passively transported into the cells
and can be pumped out by P-gp, enhanced P-gp activity
would be expected to decrease the overall intracellular
rhodamine123 fluorescence. Thus, the retention of intra-
cellular fluorescence was used to indirectly measure P-gp
activity, wherein P-gp activity increased as the mean
fluorescent value decreased. Bone marrow cells were dis-
rupted mechanically and suspended in phosphate-buffered
saline (PBS). The cells were carefully poured over a per-
coll gradient (d = 1.073 g/mL, Sigma) and centrifuged at
900x g for 20 min. The intermediate zone, enriched with
BMSCs, was diluted with an equal volume of PBS and
centrifuged at 900x g for 10 min. The resulting pellet was
resuspended in complete DMEM supplemented with 2 pg/
mL rhodaminel23 and maintained in a humidified atmo-
sphere of 5% CO, at 37°C for 10 min, then again centri-
fuged at 200xg for 10 min and washed twice with PBS
containing 10% fetal bovine serum. Next, samples were
incubated in DMEM containing 10% fetal bovine serum in
a humidified atmosphere of 5% CO, at 37°C for 60 min
and immediately analyzed by flow cytometry (FCM; BD
Biosciences, Franklin Lakes, NJ). Excitation and emission
wavelengths used were 488 and 525 nm for rhodamine123,
respectively. Samples (50 pL) without thodamine123 were
analyzed by FCM as controls.

Immunohistochemical Staining for P-gp in the Femoral
Head

After deparaffinization and rehydration, sections were
treated with 0.5% hydrogen peroxide to block endogenous
peroxidase activity, followed by incubation with normal
rabbit serum (Dako, Hamburg, Germany) for 30 min at
37°C. Then, primary anti-P-gp monoclonal antibody C219
(1:20 dilution; Abcam, Cambridge, UK) was added and
samples were incubated overnight at 4°C. The next morn-
ing, tissue sections were incubated with a secondary rabbit
anti-mouse antibody (Dako) and with horseradish peroxi-
dase (HRP)-labeled streptavidin (Dako). The final reaction
product was revealed by exposure to 0.03% diam-
inobenzidine (DAB, Sigma). Nuclei were counterstained
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with hematoxylin. For each specimen, a negative control
was obtained by omitting the primary antibody.

Western Blot to Detect P-gp Expression in the Femoral
Head

The left femoral heads were snap-frozen in liquid nitrogen,
crushed in RIPA buffer with a tissue grinder, and extracted
by incubation at 4°C for 30 min. The lysates from each
were subsequently centrifuged at 15,000xg at 4°C for
10 min. The protein concentrations of soluble fractions
were measured with BCA protein assay reagent (Pierce,
Rockford, IL). Laemmli buffer (6x) was added to each
sample to a final concentration of 1x , and 50 ng of each
preparation was loaded onto 10% SDS polyacrylamide
gels. After electrophoresis, proteins were transferred onto
nitrocellulose membranes (Schleicher & Schuell, Dassel,
Germany) and immunolabeled with C219 (1:20) overnight
at 4°C. HRP-labeled goat anti-mouse (Santa Cruz Bio-
technology, Santa Cruz, CA) was used as a secondary
antibody. Proteins were detected with an enhanced
chemiluminescence kit (Amersham Life Sciences, Arling-
ton Heights, IL), after which the membranes were exposed
to autoradiographic films for 20 min (Eastman Kodak,
Rochester, NY). Relative expressions were quantified
densitometrically using Quantity One software (Bio-Rad,
Richmond, CA) and calculated by normalization to the
reference bands of f-actin.

Histological Examination

Macropathological findings were observed by stereomi-
croscopy. Using Image Pro Plus 6.0 software (Media
Cybernetics, Silver Spring, MD), the proportion of the
ossification center in the epiphysis was calculated by the
area of the ossification center divided by the area of the
epiphysis.

Sections were stained with hematoxylin and eosin
(H-E). Microphotos were captured from each slice of every
femoral head sample under x40 magnification. Image Pro-
plus 6.0 software was used to determine the three-dimen-
sional (3D) structural parameters of trabeculae, including
trabecular thickness (Tb.Th), trabecular number (Tb.N),
and trabecular separation (Tb.Sp), using 2D measurements
of bone perimeter, bone area, and tissue area, according to
Parfitt’s plate model for cancellous bone structure [14, 15].
Meanwhile, adipogenesis was assessed by determining the
adipose tissue area, number of adipocytes (N.At/M.Ar),
and adipocyte perimeter. The adipose tissue area was
expressed as the percentage of the total bone marrow area
occupied by adipocytes. The number of adipocytes was
expressed as the total adipocytes per bone marrow area; the
adipocyte perimeter was expressed in microns.
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Alkaline phosphatase staining and tartrate-resistant acid
phosphatase (TRAP) staining were used to identify osteo-
blasts and osteoclasts. The following primary parameters
were determined at x200 magnification: osteoclast num-
bers (N.Oc/B.Pm) and osteoblast number (N.Ob/B.Pm);
each were expressed using the bone perimeter (B.Pm) as a
reference. Osteoclast perimeter (Oc.Pm/B.Pm) was
expressed using the bone perimeter as a reference.

According to the criteria of Ficat [16] and Murata et al.
[1], we defined early osteonecrosis as a condition in which
the marrow cells had disappeared or had degenerated and
bone marrow spaces had been filled with adipocytes,
though trabecular osteocytes were still alive. Based on the
histological findings, the incidence of ONF was designated
as the rate of osteonecrosis observed in the 40 femoral
heads.

TUNEL Staining

Using the In Situ Cell Death Detection Kit, Fluorescein
(Roche Applied Science, Indianapolis, IN), we performed a
TUNEL assay according to the manufacturer’s instructions.
Apoptotic cells presented green fluorescence under fluo-
rescence microscopy. Five microphotos of areas containing
significant apoptosis were captured from each slice
of every femoral head sample at x200 magnification.
TUNEL-positive cells were counted in the photos.

Statistical Analysis

All data, except the incidence of ONF, were expressed as
the mean =+ standard deviation (SD) and analyzed by the
t-test using the STATA statistical software package
(version 7.0; StataCorp, College Station, TX). The inci-
dence of ONF was analyzed by the chi-squared test.
P < 0.05 was considered to be statistically significant.

Results

OC Levels Are Modified by Exposure to P-gp Inducer
and Inhibitor

The OC level in rifampicin P-gp inducer—treated rats (group
A, 17.26 £+ 3.95) was the highest observed for all the
groups (P < 0.01). Likewise, the OC level in verapamil
P-gp inhibtor-treated rats (group B, 11.78 & 1.47) was lower
than that in controls (group C, 15.02 &+ 2.13; P < 0.01).

P-gp Activity in Bone Marrow Cells

In the bone marrow cells of P-gp modulator—treated rats,
the mean fluorescent value in the enhanced group A was
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Fig. 1 P-gp activity in bone marrow cells. The quantity of intracel-
lular fluorescent value represents P-gp activity; the value is inversely
proportional to P-gp activity: lower intracellular fluorescence indi-
cates enhanced P-gp activity. P-gp activity was enhanced by
rifampicin (group A) and inhibited by verapamil (group B) compared
with group C. Results are expressed as mean + SD. *P < 0.01
relative to group C

the lowest for all the groups, indicating that P-gp activity
was increased and able to actively pump out the intracel-
lular fluorescence protein. Likewise, the mean fluorescent
value in the P-gp-inhibited group B was higher than that in
group C (P < 0.01) (Fig. 1).

P-gp Expression in the Femoral Head

Positive immunohistochemical staining was apparent in
many bone marrow cells, most of which were identified as
hemopoietic cells, and a few in osteocytes and osteoblasts
(Fig. 2a).

Fig. 2 P-gp expression in the femoral head. P-gp expression in the
femoral head was enhanced by rifampicin (group A) and inhibited by
verapamil (group B) in comparison with group C. a Immunohisto-
chemical staining for P-gp in the femoral head. Positive staining
mainly appeared in bone marrow cells (white arrow), a few osteocytes

According to quantification by Western blot analysis,
the P-gp expression in the femoral heads of the P-gp-
enhanced group A was the highest of all three groups
(P < 0.01). P-gp expression in inhibited group B was lower
than that in control group C (Fig. 2b, c).

P-gp Activity Decreases the Histological Signs of ONF

Based on gross observation, the epiphyseal ossification
center was observed to be smaller and the cartilage thicker
in P-gp-inhibited group B compared with the other groups
(Fig. 3a). The mean percentage of the epiphyseal ossifi-
cation center in the femoral head epiphysis in P-gp-
enhanced group A was the largest (P < 0.01), while the
mean percentage of group B was significantly smaller than
that of group C (P < 0.01) (Table 1).

Tb.Th and Tb.N were determined to be the highest and
the Tb.Sp the lowest in response to P-gp enhancement
(group A, P < 0.01). In response to P-gp inhibition, Tb.Th
and Tb.N were significantly decreased and Tb.Sp was
significantly increased over the values measured in controls
(group C) (Fig. 3b, Table 1). The adipose tissue area and
the number and presence of perimeter adipocytes in group
A were significantly lower compared with the other two
groups (P < 0.01); not surprisingly, these parameters were
higher in group B than in group C (P < 0.01) (Figs. 3b, 4).
N.Oc¢/B.Pm, Oc.Pm/B.Pm, and N.Ob/B.Pm were the most
increased by P-gp inducer exposure (group A, P < 0.01),
whereas they were significantly lower in group B than in
group C (Table 1).

By histological analyses, osteonecrosis was observed in
10 of 20 samples in group A (50%), 20 of 20 samples in

60.00%

40.00%

20.00%

0. 00%

OGroup A DOGroup B @Group C

(white arrowhead), and osteoblastic cells (black arrowhead). b
Western blot. ¢ The amount of P-gp was measured by densitometry
and normalized to that of f-actin. Results are expressed as
mean + SD. * P < 0.01 relative to group C
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Group A

Fig. 3 Coronal sections through the teres ligament of the femoral
head. a Macropathology. With the same dose of MPSL, the size of the
EOC (white arrowhead) increased in response to rifampicin (group A)
and decreased in response to verapamil (group B) compared with
group C. b H-E staining. With the same dose of MPSL, the number
and thickness of trabeculae (7) increased in response to rifampicin
(group A) and decreased in response to verapamil (group B)

group B (100%), and 16 of 20 samples in group C (80%).
There was a significant difference of the incidence of ONF
among the three groups (P < 0.05). These findings indi-
cated that P-gp activity correlated with a decreased risk of
developing ONF in our animal model.

P-gp Activity Is Associated with Decreased Apoptosis

In group A, the number of apoptotic cells was significantly
lower than that observed in group C (P < 0.01). In con-
trast, inhibition of P-gp activity (in group B) led to the
presence of significant amounts of apoptotic cells
(P < 0.01) (Fig. 3c, Table 1).

Discussion
In the present study, P-gp activity was effectively enhanced

by rifampicin treatment and decreased by verapamil. As
a result, the incidence of steroid-induced ONF was
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Group B

Group C

compared with group C. The separation of trabeculae as well as the
size and number of adipocytes (white arrow) decreased in response to
rifampicin (group A) and increased in response to verapamil (group
B) compared with group C. ¢ TUNEL staining. With the same dose of
MPSL, the number of apoptotic cells (green fluorescence) decreased
in response to rifampicin (group A) and increased in response to
verapamil (group B) compared with group C

successfully decreased by rifampicin and increased by
verapamil. To the best of our knowledge, this is the first
study to investigate the effects of P-gp activity on steroid-
induced ONF using a P-gp inducer and inhibitor.
Steroid-induced ONF is generally considered to have a
multifactorial pathogenesis, in which adipogenesis of
BMSC is a principal pathological mechanism. An earlier
study by Cui et al. [17] indicated that BMSCs, even with
primarily osteogenic properties, became adipogenic in
response to MPSL in vivo. Fatty marrow is a well-estab-
lished early histological manifestation of ONF in vivo [1,
16]. The results from our study using a rat glucocorticoid-
induced ONF model also demonstrated that there was
massive adipocyte proliferation in the marrow space in the
control group. P-gp activity has been shown to modulate
intracellular concentration of glucocorticoids [5, 18-20],
and higher concentrations of glucocorticoids enhanced
BMSC adipogenesis in vitro and in vivo [21-24]. In this
study, when rifampicin and verapamil were administered in
conjunction with ONF-inducing steroids, the P-gp activity
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Table 1 Effects of P-gp on steroid-induced ONF as assessed by histomorphometry
Group A Group B Group C

EOC (%) 39.02 £ 2.42% 11.84 £ 2.65%* 26.96 + 9.63
Tb.Th (pm) 55.65 &+ 7.14* 44.06 4 2.86 ** 52.63 + 8.54
Tb.N (N/mm) 9.24 £+ 1.72% 5.92 £+ 1.55%* 8.19 £ 2.81
Tb.Sp (um) 111.26 % 20.65* 179.29 4 44.91%* 138.35 &+ 53.29
Apoptosis 38.87 £+ 18.91* 123.56 £ 27.86%* 87.26 £ 19.33
N.Oc/B.Pm (n/mm) 274 £ 1.23% 1.08 £ 1.04%* 1.96 £ 1.07
Oc.Pm/B.Pm (%) 0.70 £ 0.31* 0.31 £ 0.21%* 0.49 £+ 0.26
N.Ob/B.Pm (n/mm) 33.40 £+ 5.07* 11.11 & 2.14%* 21.66 + 4.34

EOC epiphyseal ossification center

Quantification of apoptosis expressed as the number of apoptotic cells in the x200 field. Data expressed as mean = SD

* P < 0.01 relative to groups B and C, ** P < 0.01 relative to group C

Fig. 4 Adipogenic parameters ADIPOSE TISSUE AREA

in the femoral head. a Adipose

. . 70.000
tissue area. b Adipocyte " a
number. ¢ Adipocyte perimeter. 60.00% r 1
In group A, rifampicin i 50.00% bk
decreased these variables % 40000 2 E
compared with group C. In P [
. T 30 E 4
group B, verapamil increased = i |
these variables compared with A« 20.00% | |
group C. * P < 0.01 relative to 10.00% i
|
group C 0.00% .

of bone marrow cells was promoted and inhibited,
respectively; more importantly, the number and size of
adipocytes and the area of adipose tissue increased when P-
gp activity decreased. In contrast, all the adipocytic
parameters decreased in response to the P-gp inducer.
These findings collectively suggest that the intracellular
concentration of MPSL plays an important role in the
observed histological changes. Several previous studies
have confirmed that the increased amount of bone marrow
fat cells within the femoral head was related to a higher
incidence of ONF, which may act by elevating intraosseous
pressure and reducing blood flow to the femoral head [21,
25, 26]. As a result, the incidence of ONF in our animal
model was successfully decreased and increased by rif-
ampicin and verapamil, respectively.

As the precursor of both adipocytes and osteoblasts,
BMSCs display inhibited osteogenesis when adipogenesis
is enhanced [10, 11]. Hernigou et al. [27] demonstrated that
glucocorticoids were able to decrease the number of
BMSC:s in the proximal femur, which was insufficient to
meet the needs of osteogenesis. Decreased bone formation
in response to glucocorticoids has been suggested to sup-
press bone remodeling in the femoral head, leading to
osteonecrosis [27]. Bone remodeling is a perpetual event
characterized by sequential cycling of osteoclast and

ADIPOCYTE NUMBER ADIPOCYTE PERIMETER

1600 a 350
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800 |
600 |
400 | a
200

0

300 +
250

200

#/mm?
um
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osteoblast activities [28]. In the mammalian system, ste-
roids act directly on osteoblasts and osteoclasts to regulate
bone remodeling, which is crucial to repair bone injuries
induced by high-level or prolonged glucocorticoid expo-
sure [12, 29]. Maintenance of high concentrations of glu-
cocorticoids was found to decrease the number of
osteoblasts and osteoclasts and to cause attenuation of bone
formation [28-31]. Likewise, inhibition of P-gp activity
has been shown to increase the accumulation and, thus,
effect of glucocorticoids in vivo [3, 19, 23]. In our study,
when P-gp expression was suppressed by verapamil in
group B, the number of osteoblasts and osteoclasts
decreased as a result of the accumulation of intracellular
MPSL. Serum OC is a sensitive marker of the rate of bone
turnover and can be suppressed by glucocorticoids [32, 33].
When P-gp activity and expression were inhibited by
verapamil, OC was also found to have decreased signifi-
cantly; in addition, bone formation and remodeling were
inhibited, which eventually led to increased Tb.Sp and
decreased Tb.Th and Tb.N.

Furthermore, retardation of normal growth is a serious
complication of corticosteroid exposure. This side effect is
believed to be a result of the inhibitory effect on ossifica-
tion, depending on the dose and duration of steroid
administration [34]. When P-gp was pharmacologically
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inhibited in our study, excessive adipogenesis was found to
occur in the femoral head. Moreover, bone formation in the
epiphysis was inhibited because of decreased precursors
available for osteoblast maturation.

Recently, apoptosis has been reported as another
important mechanism underlying steroid-induced ONF [12,
30]. Our findings, presented herein, demonstrated that the
apoptosis rate decreased obviously when P-gp expression
in the femoral heads was enhanced by rifampicin; we
speculate that this effect might be also due to attenuated
intracellular availability of MPSL. A higher concentration
of glucocorticoids is known to induce more significant
apoptosis in osteoblasts, osteocytes, osteoclasts, and
peripheral blood mononuclear cells [12, 30, 35, 36]. Our
immunostaining analysis demonstrated similar findings;
increased apoptosis of osteocytes and osteoblasts disrupted
bone remodeling. Decreased trabecular thickness and
number were observed in our P-gp-inhibited ONF rats,
both pathologies being direct contributors to the eventual
femoral head collapse [12].

Adipogenesis of BMSCs and apoptosis are both closely
related to onset and progression of steroid-induced ONF [12,
22, 27]; however, their exact roles and interrelationships
remain to be defined. Toward this goal, our study established
that the modulation of P-gp activity has a direct effect on the
adipogenesis of BMSCs and apoptosis simultaneously and
that these two mechanisms, either in isolation or in combi-
nation, may result in steroid-induced ONF.

In conclusion, P-gp plays an important role in steroid-
induced ONF, and P-gp activity enhanced by rifampicin
could decrease the risk of steroid-induced ONF, at least
partially, by inhibiting adipogenesis and apoptosis in the
femoral head.
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