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Effects of platelet-derived growth factor, vitamin D
and parathyroid hormone on osteoblasts derived from
cancer patients on chronic bisphosphonate therapy
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Abstract. Bisphosphonates consist of a family of pyro-
phosphate analogues that are currently being used to treat
metastatic bone diseases as well as systemic bone diseases
such as osteoporosis. There is accumulating evidence suggesting
that patients treated with these bisphosphonates can develop,
particularly with invasive dental procedures, osteonecrosis of
the jaw. This present study investigated the ability of
osteoblastic cells obtained from the alveolar bone of patients
on long term intravenous bisphosphonate therapy to respond
to agents normally involved in bone regulation and repair.
The effects of platelet-derived growth factor-BB (PDGF-BB),
1,25-dihydroxycholecalciferol [1,25(OH),VitaminD;] and
parathyroid hormone (PTH) on basic parameters of cell
viability, proliferation, and differentiation were studied.
Osteoblastic cells from a diagnosed necrotic alveolar bone
specimen obtained with consent from a multiple myeloma
female patient, and a non-necrotic sample from a breast
cancer female patient both on chronic bisphosphonate
therapy (zolendronic acid) were successfully cultured. Cells
from an alveolar bone specimen obtained from a female
donor with no known medical conditions were also studied
for comparative responses. The cells were exposed to
1,25(0H),D;, PDGF, or PTH under various incubation
conditions. The osteoblastic cell differentiation marker,
alkaline phosphatase activity, was assayed using a biochemical
analysis. Cell viability was assessed with an MTT assay
which measures mitochondrial activity and cell proliferation
with a tritiated thymidine assay. This study on osteoblastic
cells grown from a necrotic alveolar bone from a multiple
myeloma patient and a non-necrotic sample from a breast
cancer patient, both on long term bisphosphonate treatment,
suggests that viable cells from the bone are responsive to
agents such as PTH, PDGF and 1,25(OH),D; with changes in
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alkaline phosphatase activity, proliferation and viability
suggestive of normal osteoblastic cell responses observed in
cultures from a donor of the same gender and age, but not on
bisphosphonate treatment. This work provides a rationale for
clinical studies to further assess whether the osteonecrosis
that sometimes develops in patients treated with bisphos-
phonates, can be controlled or prevented by close attention to
the levels of bone/calcium regulatory agents and/or, in some
cases, therapeutic intervention with PDGF to restore
regenerative processes that may be compromised at the
necrotic site.

Introduction

Bisphosphonates, nonmetabolized analogues of pyrophosphate,
are increasingly prescribed for the prevention of fractures in
osteoporotic bones and for the management of bone turnover
in Paget's disease and bone metastasis in a variety of different
cancers. As an indication of the widespread use of these drugs,
in 2004 alone, 55 million prescriptions for bisphosphonates
were written in the US (1). Although these drugs appear to
reduce the fracture rate and bone pain associated with
metastasis, there is an emergence of reports linking bisphos-
phonate use to osteonecrosis. There are a number of published
case reports and case series with patients on intravenous
bisphosphonates experiencing osteonecrosis of the jaw bone
(2,3). In addition, there are reports of the osteonecrotic
condition in the jaws of people on oral bisphosphonates.
Although a recent review concluded that the relevant
prevalence of the condition in patients on only oral treatment
for osteoporosis is low, it also stated that it is not yet possible
to draw further conclusions about the potential association
between oral bisphosphonate use and osteonecrosis of the
jaw because of possible incomplete reporting and the presence
of confounding factors (4). The reports of bisphosphonate-
associated osteonecrosis focus on the maxillary and mandibular
bones of the jaws, primarily after invasive procedures such as
tooth extraction. However, the condition also appears
spontaneously although less frequently (3) and there is one
report to date describing the condition in the auditory canal
(5). Very recently, a case-nested study in a cohort of elderly
cardiovascular patients revealed a positive association between
oral bisphosphonate use and nonspecific aseptic osteonecrosis

(©).
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The etiology of bisphosphonate-induced osteonecrosis is
undoubtedly complex, and multifactorial. On a tissue level,
because these drugs are not metabolized, high concentrations
are maintained within the bone for long periods of time and a
decrease in bone turnover occurs. On a cellular level,
bisphosphonates bind with great affinity to exposed bone
mineral around resorbing osteoclasts. The bisphosphonates
are internalized by osteoclasts and disruption of osteoclast-
mediated bone resorption results (3). Although there are in vitro
studies which indicate that these drugs can directly enhance
proliferation and differentiation of osteoblastic cells involved
in bone formation (7), as noted by Hellstein and Marek (8), the
compromise in osteoclastic activity in vivo may result in a shift
in the osteoclast/osteoblast axis favoring the development of
osteonecrosis secondary to inflammatory responses or invasive
surgeries in which regenerative, healing responses must be
called into play. Studies have reported that bisphosphonates
such as pamidronate and zolendronic acid, given to cancer
patients before chemotherapy, can produce significant
decreases in angiogenic factors such as vascular endothelial
growth factor (VEGF) and platelet-derived growth factor
(PDGF) (9,10). Decreases of this nature in the concentrations
of factors that have significant effects on osteoblastic and
osteoclastic cells can influence the overall effects of the
bisphosphonates on bone remodeling and lead to an
osteonecrotic condition. Another key element pertinent to
both the nature of bisphosphonate-induced osteonecrosis as
well as possible therapy for the condition is the manner in
which the osteoblastic cells in the bisphosphonate-treated
bone are affected in their ability to respond to hormones and
growth factors normally involved in the regulation of bone
regeneration and remodeling. If the responses of these cells
are compromised, either directly because of the high local
concentration of the drug, or indirectly due to an altered
microenvironment, there can consequently be significant
effects on remodeling with a net response leading to necrosis
of the tissue.

This present study investigated the ability of osteoblastic
cells obtained from the alveolar bone of patients on long
term, intravenous bisphosphonate therapy to respond to
agents normally involved in bone regulation and repair. The
effects of PDGF-BB, 1,25-dihydroxycholecalciferol
[1,25(0OH),VitaminD,] and parathyroid hormone (PTH) on
basic parameters of cell viability, proliferation, and differ-
entiation were studied since previous studies from many in vivo
and in vitro investigations provide a rationale for their
potential therapeutic value in the treatment of the underlying
basis of bisphosphonate-induced osteonecrosis.

Materials and methods

Cell isolation, culturing procedures and 1,25(0OH),D;
treatment. The donor pool for the osteoblastic cells consisted
of patients receiving chronic bisphosphonate therapy. Written
informed consent according to the guidelines of the Institutional
Human Subjects Committee of the University at Buffalo was
obtained in order to use the bone specimens in culture to
produce human osteoblastic cells. All bone specimens used
in this study were removed as part of normal dental treatment
for the patients and would have otherwise been discarded.
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Patient A was a female multiple myeloma patient, age 54
years, Caucasian, on long term treatment with zolendronic
acid, the most potent bisphosphonate in clinical use. The
patient was instructed by the dental surgeon to discontinue
the drug for 4 months before oral surgery for extraction of a
3rd molar. Despite this respite from bisphosphonate therapy
use, osteonecrosis was observed at the extraction site. The
alveolar bone specimen obtained after a debridement procedure
conducted by a dental clinician to remove the necrotic bone
was cultured under the standard conditions described below.
Osteoblastic cells migrated out of the bone specimen after ~8
weeks and were maintained through 4 passages.

Patient B was a female patient, Caucasian, 68 years old,
suffering from breast cancer and on zolendronic acid for 10
years. She was off the treatment for 6 months before oral
surgery was performed for a 3rd molar extraction. The alveolar
bone specimen that was obtained was from the immediate
extraction site and there was no evidence of previous
necrosis. A 7-month follow-up by clinicians revealed no
evidence of osteonecrosis at the previous extraction site and
healing appeared normal and complete. The culturing of the
bone from the immediate post extraction site resulted in
cellular outgrowths within 8 weeks, and cultures from these
cells were maintained for 4 passages.

Patient C was a female patient, Caucasian, 50 years old,
with no apparent medical condition and no reported use of
medications undergoing a routine 3rd molar extraction. An
alveolar bone specimen was obtained from the immediate
extraction site where no healing complications were noted.

Culturing of bone specimens. After a thorough cleaning of
soft tissue and rinsing in PBS + penicillin-streptomycin, the
bone explants from patients A, B and C were cultured in
25-cm? tissue culture flasks in modified o minimum essential
medium («MEM) + L-glutamine (4 mM), supplemented with
10% fetal calf serum (FCS), penicillin (100 units/ml),
streptomycin (10 pg/ml) and amphotericin B (0.25 pg/ml).

1,25(0H),D; treatment. Twenty-four hours before the cells
from patients A and B were retrieved, confluent cultures were
treated with 10 nM of 1,25(0OH),D; diluted in absolute
ethanol. Cells treated only with the 1,25(OH),D; alcohol
diluent served as controls. The cells were analyzed for prolif-
eration and alkaline phosphatase (ALP) activity.

MITT cell viability assay. The viability of the cells obtained
from patients A and B were determined by the MTT assay
(Chemicon® International Inc, Temecula, CA). The cells were
seeded into 24-well plates at a density of 150x103 cells/ml/well
in aMEM +10% FCS medium described above. At day 1,
medium was replaced with fresh cMEM +10% FCS medium
in the absence or presence of different concentrations of
1,25(0OH),D;. Cells were then incubated at 37°C in humidified
air containing 5% CO, for 3, 5, or 7 days. The MTT cell
viability assay was conducted as previously described (11).

Alkaline phosphatase activity. In a similar manner, cell
cultures were treated with various concentrations of the test
reagents and analyzed for ALP activity as an indicator of
osteoblastic cell differentiation (12). After designated periods
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Figure 1. Alkaline phosphatase (ALP) activity of osteoblasts from the
necrotic site incubated with 1,25(OH),D; (10-° M) (vitD), PDGF (10 M),
for 24 h. The data are the mean + SE of ALP levels normalized per amount
of protein per sample for 4 samples. The data were statistically analyzed
using ANOVA. *Significantly greater than controls; P<0.05.

of incubation, the cells were lysed with 1% Triton X-100 at
48°C for 1 h. Triplicate aliquots from each lysate were
dispensed onto 96-well plates, combined with the substrate
para-nitrophenol phosphate in 2-amino-2-methyl-1-propanol
buffer (Sigma) and incubated at 37°C. After 1 h,0.5 N NaOH
was added to stop the reaction, and the amount of ALP activity
was measured by reading the absorbance at 405 nm on a
microplate reader (Bio-Rad Laboratories). The ALP activities
were normalized to the amount of cell protein in each culture
by the following procedure. Additional aliquots from each
lysate were centrifuged at 13,000 rpm for 1 min to remove
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the Triton X-100, and the protein extracts were washed
repeatedly and then resuspended in distilled water. Triplicates
from each extract were dispensed onto 96-well plates and
mixed with the Bio-Rad protein assay reagents. The protein
concentration was measured by reading the absorbance at
595 nm on a microplate reader.

Proliferation studies. Proliferation was studied with
[*H]-thymidine using a methodology previously described
for osteoblastic cells from the alveolar bone (13). Once the
cell cultures from the donor bones reached 70% confluency,
they were detached by trypsinization and cultured in 24-well
plates at a density of 50,000 cells/well. Following a 24 h
incubation, the cells were placed in media containing
0.01% FCS. During the last 4 h, DNA labeling was accom-
plished by the addition of [*H]-thymidine to the wells at a
final concentration of 1 pCi/ml. The cells were then washed
once with media, followed by a 10-min incubation with ice
cold 10% trichloroacetic acid (TCA), and 3 washes with
10% TCA. The cells were solubilized with 0.5 N KOH
(0.5 ml/well) and incubated for 2 h at 23°C. The neutral-
ization reaction was preformed with 1.0 N HCI (0.25 ml/well).
Contents of the wells were transferred to scintillation vials
and counted in 10 ml scintillation fluid to determine the
amount of radioactivity in each sample.

Results

Fig. 1 shows that 10°* M 1,25(0OH),D; as well as 10 M
PDGF-BB after 24 h of incubation at 37°C significantly
increased the ALP activity levels of the osteoblastic cells
isolated from the necrotic site of patient A. Controls in this
experiment were cells from the same culture with no agents
added. Fig. 2 shows that the cells from the necrotic site of
patient A who was on long term zoledronic acid therapy also
responded in a fairly typical manner to another bisphosphonate,
etidronate, in addition to the vitamin D treatment with an
increase in ALP activity. The results presented here reveal
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Figure 2. Alkaline phosphatase (ALP) activity of osteoblasts from the necrotic site (patient A) incubated with 1,25(0OH),D; (10°M) (vitD), etidronate (etid)
(10® M), for 24 h. The data are the mean + SE of ALP levels normalized per amount of protein per sample for 4 samples. The data were statistically analyzed

using ANOVA. *Significantly greater than controls; P<0.05.
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Figure 3. Alkaline phosphatase (ALP) activity of osteoblasts from patient C
(not receiving prior bisphosphonate therapy) incubated with etidronate (eti)
or no added agents (controls) for 24 h. Data are the mean + SE of ALP
levels normalized per amount of protein per sample for 4 samples. Data
were statistically analyzed using ANOVA. *Significantly greater than
controls; P<0.05.

that after 24 h of incubation, etidronate at 10 M and the
mixture of etidronate and vitamin D significantly increased
ALP activities in the cells compared to the controls treated
without any added agent. The combination of the two agents
did not result in significantly greater effects compared with
each agent alone. Fig. 3 shows that etidronate evoked a
similar effect on ALP activity in osteoblastic cells cultured
from an alveolar bone specimen of a donor (patient C),
without any history of cancer and not on long term
zoledronic acid therapy.

Cells from patient B, who was on long term zoledronic
acid but did not experience necrosis after an invasive dental
procedure, also exhibited responses that are similar to those
of normal human osteoblastic cells. The cells from this patient
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were responsive to in vitro PTH treatment under conditions
which typically support this effect in noncancerous, non-
bisphosphonate-treated donors. Fig. 4 shows that with short
term treatment (1 h), both 10 and 10'°M PTH increased
ALP compared to nontreated controls, whereas long term
(48 h) treatment with these concentrations of PTH had no
significant effect and tended to produce decreases compared
to the appropriate control values.

Fig. 5 shows that in the cells obtained from patient B
proliferation was significantly increased by PDGF at a
concentration that typically produces this effect in cells
obtained from noncancer patients, not on long term
bisphosphonate therapy indicating another similarity in
responses to bone regulatory agents in cells from
bisphosphonate-treated patients.

Under these same conditions in these cells, PTH did not
produce significant effects on proliferation as measured by
the tritiated thymidine assay. However, measurements of
cellular activity with the MTT assay as shown in Fig. 6,
revealed significant increases with short term incubations
with PTH concentrations of 10 and 10-'° M. These data
suggest that even though the cells from the non-necrotic site
of patient B may not be responsive to PTH with direct
increases in cellular proliferation, the hormone may still evoke
net positive anabolic effects either with direct increases in
cellular mitochondrial activity or via decreases in catabolic
events such as apoptosis.

Discussion

The etiology of bisphosphonate-induced osteonecrosis is
undoubtedly complex and multifactorial. One key element
pertinent to both the nature of the osteonecrotic condition as
well as the possible therapy is the manner in which the
osteoblastic cells in the bone are affected in their ability to
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Figure 4. Alkaline phosphatase (ALP) activity of osteoblasts from non-necrotic site (patient B) incubated with PTH for short term and long term periods of
time. Short term incubation (1 h), with PTH at concentrations of 10® and 10! M significantly increased the ALP activity. The long term incubation of 48 h
with the hormone had opposite effects with decreases compared to the appropriate control. The data are the mean + SE of measurements for 4 samples. Data
were statistically analyzed using ANOVA. *Significantly greater than controls; P<0.05.
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Figure 5. Effects on proliferation of osteoblasts from non-necrotic site (patient B) treated with control (culture media only) or platelet-derived growth factor
(PDGF-10* M) for 48 h. PDGF (10 M) significantly increased the proliferation compared to the control. Data are the mean + SE of measurements for 4
samples. Data were statistically analyzed using ANOVA. *Significantly greater than controls; P<0.05.
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Figure 6. MTT assay with osteoblasts from non-necrotic site (patient B)
treated with PTH at concentrations of 10 and 10-'°M for short term
incubation. At both tested concentrations of PTH, cells show higher viability
compared to the control. Data are mean + SE of measurement for 3 samples.
The data were statistically analyzed using ANOVA. *Significantly greater
than controls; P<0.05.

respond to factors normally involved in bone remodeling.
This present study investigated the ability of osteoblastic
cells obtained from two patients on long term intravenous
bisphosphonates to respond to agents normally involved in
bone regulation and repair. The effects of PDGF, 1,25(0OH),D;,
and PTH on basic parameters of cell viability, proliferation,
and differentiation were studied since previous studies from
many in vivo and in vitro investigations provide a rationale

for the potential therapeutic value of these agents in the
treatment or prevention of the condition.

PDGF is present in bone matrix, secreted by platelets
during early fracture repair, and produced at fracture sites
(14). It is chemotactic and mitogenic for osteoblasts and
stimulates the production of the main extracellular component
of bone, type I collagen (15,16). In the late 1980s, Lynch and
coworkers were the first to report the positive effects of
PDGF on the regeneration of bone, cementum and periodontal
ligament (17). Subsequently, there have been extensive
studies on the beneficial effects of this growth factor on the
wound healing, stimulation of periodontal ligament and
alveolar bone cells and regeneration of the periodontium in
animal models (18-21). More recently, Nevins ef al (22) have
demonstrated significant periodontal and osseous
regeneration in humans treated with recombinant PDGF-BB
(rthPDGF-BB) mixed with demineralized freeze-dried bone
allograft (DFDBA), and a product which consists of this
growth factor and a calcium phosphate scaffold was
approved by the US Food and Drug Administration (US FDA)
for use in healing defects of this nature (www.osteo
health.com). Since PDGF has been documented to possess a
multitude of effects that promote bone and periodontal tissue
healing, it appears to be a natural candidate for therapy in
oral necrotic conditions, and thPDGF-BB was given by the
US FDA an orphan drug status for use in clinical studies in
patients with osteonecrosis of the jaw (www.osteo
health.com). Consistent with the possible therapeutic effects
of PDGF are the reports of Adornato et al (23) and Curi et al
(24) who treated patients with bisphosphonate-induced
osteonecrosis with an approach that combined bone resection
with autologous platelet-rich plasma, a source of growth
factors that include PDGF. This therapy showed favorable
results, including complete wound healing in some patients
suffering from bisphosphonate induced osteonecrosis. These
studies are also consistent with the in vitro results presented
here where osteoblastic cells cultured from the alveolar bone
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of a patient on long term bisphosphonates, under optimal
incubation conditions, are able to respond to administered
PDGF with increases in cell growth and changes in ALP
activity similar to responses in osteoblastic cells from normal,
nonbisphosphonate-treated donors. In a therapeutic procedure,
local clinical application of the PDGF may be able to restore
levels of this growth factor that were found in previous studies
to have been decreased by bisphosphonate therapy (9,10).

1,25-Dihydroxyvitamin D; is a metabolite of 25-
hydroxyvitaminD; that has a broad range of action in a number
of cell systems. While D; can modulate growth in a number of
tumor cells, it is most known for its role in bone cell regulation
and calcium homeostasis (25). The role that 1,25(0OH),D,
plays in the induction of osteoblastic differen-tiation is well
documented, and this agent has many effects on osteoblastic
cells related to its overall net effect on bone formation (25-
28). Of potential importance in understanding the complexity
of skeletal responses in patients on long term bisphosphonate
therapy during which the levels of angiogenic factors such as
VEGEF are decreased is the in vitro evidence that the anabolic
effects of 1,25-dihydroxyvitamin D; on osteoblasts are
enhanced by VEGF produced by osteoblasts and by growth
factors produced by endothelial cells (28).

Likewise, a number of investigators have demonstrated
the anti-tumor beneficial effects of 1,25(OH),D; on a number
of different tumors (29-31). Since 1,25(0OH),D; is being
considered as a therapeutic agent for tumor patients, it may
also prove to have beneficial effects on promoting alveolar
bone regeneration in patients with bisphosphonate-associated
osteonecrosis of the jaw. The results in the present study
which indicate that the osteoblastic cells from the necrotic
site are responsive to 1,25(OH),D; in a predictable manner
with evidence of increased ALP activity and cell viability
suggest that the cells in a bisphosphonate-treated bone may
still be responsive to this factor if other conditions in the
microenvironment do not compromise their overall metabolic
processes.

A recent study by Badros et al (32) found a high incidence
of vitamin D deficiency in multiple myeloma patients with
resulting higher serum PTH levels and bone turnover markers.
In that study, there does not appear to be an analysis of
potential differences in these parameters between the multiple
myeloma patients on bisphosphonate therapy compared to
those not on the drug, but it is stated that there were no
differences in these parameters between patients receiving
monthly versus 3-month zoledronic acid therapy. Moreover,
in that same study, it was found that in the group of 14
patients (out of the total 100 patients studied) who did
develop osteonecrosis of the mandible, there was no significant
correlation between osteonecrosis development and the bone
turnover markers, 1,25(0OH),D; or PTH levels. However, 7 out
of the 14 osteonecrotic patients did have serum 1,25(OH),D,
levels less than 36 nmol/l, which is the level at which vitamin
D deficiency has been defined and another 3 out of the 14
had levels between 36-75 nmol/l which is defined as vitamin
D insufficiency. In other studies in patients with metastatic
breast cancer, there is a suggestion that long term persistence
of low serum calcium levels and high serum PTH levels
during bisphosphonate treatment can predispose them to
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osteonecrosis of the jaw (33). Data presented by Ardine et al
(33) obtained from a relatively small sample of 13 patients
confirmed the results of an earlier randomized registrative
study of zoledronic acid in bone metastatic breast patients in
which increased PTH was noted in the first months of
treatment with a progressive decrease in the later months (34).
In the report by Ardine et al (33), however, patients that did
develop osteonecrosis had a persistence of relative hypo-
calcemia and secondary hyperparathyroidism before the
development of the osteonecrosis. Further study correlating
serum calcium levels as well as vitamin D and PTH levels
with the development of osteonecrosis of the jaw needs to be
conducted to establish more significant relationships. However,
the data in this present study suggest that osteoblastic cells at a
necrotic site can be responsive to these bone regulatory
agents. There is to date, one case report by Harper and Fung
(35) in which intermittent, low dose treatment with PTH was
beneficial in the treatment of bisphosphonate-associated
osteonecrosis of the mandible instigated at first by endo-
dontic treatment and later aggravated by molar extractions.
Although this report did not claim to provide direct evidence
to the efficacy of the use of PTH therapy in the treatment of
bisphosphonate-associated osteonecrosis of the jaw, in
conjunction with our study here on the responsiveness of
osteoblastic cells from bisphosphonate-treated patients to the
hormone, further research into the potential therapeutic
effectiveness for this condition should be pursued.

In summary, the data presented here provide evidence
that alveolar osteoblastic cells obtained from cancer patients
on long term bisphosphonate treatment can be responsive to
bone regulatory agents such as PDGF, 1,25(OH),D; and PTH
with effects on cell viability, proliferation and differentiation
as expected for cells obtained from donors not previously
treated with bisphosphonates. Although extensive studies
with large populations are needed for more definitive results,
this study suggests that the osteonecrosis that sometimes
develops in patients treated with bisphosphonates can be
controlled or prevented by close attention to the levels of
bone/calcium regulatory agents and, in some cases, through
therapeutic intervention with local application of PDGF to
restore regenerative processes that may be compromised at the
necrotic site.
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