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Abstract

Nonsurgical treatment options, such as hormonal therapy, chemotherapy, radiation, and
bisphosphonate therapy, are undoubtedly improving outcomes for women with breast cancer;
however, these therapies also carry significant skeletal side effects. For example, adjuvant hormonal
treatments, such as aromatase inhibitors that disrupt the estrogen-skeleton axis, have the potential to
cause decreased bone mineral density. Similarly, chemotherapy often induces primary ovarian failure
in premenopausal women, resulting in decreased levels of circulating estrogen and subsequent
osteopenia. In both cases, women receiving these therapies are at an increased risk for the
development of osteoporosis and skeletal fracture. Furthermore, women undergoing radiation
therapy to the upper body may have an increased incidence of rib fracture, and those receiving
bisphosphonates maybe vulnerable to the development of osteonecrosis of the jaw. Therefore, women
with breast cancer who are undergoing any of these therapies should be closely monitored for bone
mineral loss and advised of skeletal health maintenance strategies.

Hormonal Therapy

In adults, the skeleton undergoes complete turnover every 10 years. Bone mass maintenance
is a balance between the activity of osteoblasts, which form bone, and osteoclasts, which resorb
it. Estrogen plays a key regulatory role in this cycle of bone remodeling by mediating effects
through the estrogen receptor (ER)present on several cell types in the bone. Estrogen stimulates
osteoblasts to produce osteoprotegerin, a decoy receptor for the receptor of activated nuclear
factor-xB (1). Osteoprotegerin blocks the binding of receptor of activated nuclear factor-xB
ligand to receptor of activated nuclear factor-xB on osteoclasts, leading to impaired osteoclast
activity and decreased bone resorption. Additionally, estrogen is believed to directly induce
apoptosis of bone-resorbing osteoclasts (2,3). Thus, in premenopausal women, estrogen both
inhibits bone remodeling and suppresses bone resorption, contributing to bone strength (Fig.
1). As estrogen levels decline in postmenopausal women, this regulation diminishes and bone
resorption increases out of proportion to bone formation, leading to a net loss in bone and
weakened bony microarchitecture. Despite the persistence of low levels of circulating estrogen
in the postmenopausal state (produced by the conversion of peripheral tissue androgens to
estrogen by the aromatase enzyme), bone mass can decrease by as much as 3% yearly in the
first 5 years after menopause (4).

The ER is expressed by 70% of breast tumors (5), and circulating estrogen can promote the
growth of ER-positive tumors. Current breast cancer therapies exploit this relationship either
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by decreasing circulating estrogen levels or by blocking or down-regulating the receptor itself.
Although some of the estrogen-mimicking agents seem to be bone sparing, others that disrupt
the estrogen-skeleton axis cause adverse effects on bone remodeling, leading to decreased bone
mineral density (BMD)and an increased risk of osteoporosis and fracture.

Selective ER modulators

Tamoxifen is a selective ER modulator that binds to the ER and acts as an estrogen antagonist
in breast tissue. Tamoxifen is routinely used as adjuvant therapy in patients with ER-positive
breast cancers and preventive therapy in high-risk patients because it has been shown to
decrease the risk of breast cancer (6,7). In bone, tamoxifen has both positive and negative
effects depending on the menopausal state; premenopausal women taking tamoxifen may
experience bone loss, whereas the drug seems to have agonistic effects in postmenopausal
women (8,9).

Two placebo-controlled trials in postmenopausal women with breast cancer showed
statistically significant increases in BMD in the groups receiving tamoxifen versus placebo. In
a double-blind placebo-controlled trial, which included 140 postmenopausal women with
axillary node-negative breast cancer, Love et al. (10)showed that tamoxifen treatment resulted
ina 0.61% increase in lumbar spine BMD compared with a 1% decrease in lumbar spine BMD
for placebo-treated women (P < 0.001). In a similar study of postmenopausal women with low-
risk breast cancer, Kristensen et al. (11) showed an ~2% increase in BMD in the tamoxifen-
treated group compared with a 5% decrease in BMD in the placebo-treated group (P =0.00074).

The National Surgical Adjuvant Breast and Bowel Project P-1 study showed a 21% decrease
in fracture risk in patients ages >50 years taking tamoxifen versus placebo for primary
prevention of breast cancer, but this was not found to be statistically significant (hazard ratio,
0.79; 95% confidence interval, 0.60-1.05; ref. 6). The International Breast Cancer Intervention
Study 1, a randomized breast cancer prevention trial, including both premenopausal and
postmenopausal women, showed no difference in fracture incidence in the tamoxifen group
versus placebo (7).

Several studies have suggested that another selective ER modulator, the fixed-ring
benzothiophene derivative raloxifene, which was approved for the prevention of osteoporosis
in postmenopausal women in 1997, may reduce the risk of breast cancer in postmenopausal
women (12-19). The recently reported results of the National Surgical Adjuvant Breast and
Bowel Project Study of Tamoxifen and Raloxifene P-2 trial, a prospective, double-blind,
randomized clinical trial comparing the incidence of breast cancer and other outcomes in
postmenopausal women with increased breast cancer risk, showed an equivalent reduction in
the risk of invasive breast cancer in women receiving either tamoxifen or raloxifene and a
nonstatistically significant increase in the risk of noninvasive breast cancer in women receiving
raloxifene. In terms of skeletal outcome, no difference in fracture incidence or type was
observed between the two groups, although this trial did not include comparison with placebo
(20). In sum, selective ER modulators do not seem to contribute to skeletal complications in
postmenopausal women with or at risk of developing breast cancer.

Aromatase inhibitors

Postmenopausal women maintain a low level of circulating estrogen due to the aromatization
of androgens to estrogen in tissues, such as fat and muscle, by the cytochrome P450 aromatase
enzyme. Inhibitors of this enzyme are now commonly used for adjuvant endocrine therapy in
postmenopausal women with breast cancer. There are two major classes of aromatase
inhibitors: the nonsteroidal reversible inhibitors, such as anastrozole and letrozole, and the
steroidal irreversible inhibitors, such as exemestane (21). Randomized clinical trials evaluating
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each of these aromatase inhibitors in the adjuvant therapy of breast cancer have shown
decreased cancer recurrences and improved disease-free survival in women who received
aromatase inhibitors compared with tamoxifen, although no differences in overall survival have
been reported to date (22-25). Consequently, aromatase inhibitors are commonly administered
to postmenopausal women with ER-positive breast cancer.

Animal studies suggest that although the steroidal inhibitor exemestane may have bone-sparing
effects in ovariectomized rats, the nonsteroidal inhibitor letrozole does not. In two separate
studies, Goss et al. showed that exemestane treatment prevented the bone loss that normally
occurs in animals after ovariectomy, yet this effect was not observed after letrozole treatment
(26,27). Exemestane may mediate its protective effect through androgenic effects. Both
exemestane and its metabolite, 17-hydroxyexemestane, are proposed to have androgenic
properties (27), and androgens have been previously shown to be important for maintenance
of BMD independent of their conversion to estrogen (28).

In contrast, clinical trials have indicated that both classes of aromatase inhibitors result in bone
loss to some extent (Fig. 2). A recent double-blind trial by Lonning et al. (29) compared the
effects of exemestane versus placebo on BMD in 147 postmenopausal women after surgical
resection of early breast cancer. They observed a slight increase in the annual rate of femoral
neck BMD loss in the exemestane group (2.72% versus 1.48%; P = 0.024), although there was
not a significant increase in BMD loss in the lumbar spine for the exemestane group. A large
(n=5187), randomized, placebo-controlled phase Il trial evaluated the nonsteroidal inhibitor
letrozole in postmenopausal women with primary breast cancer who had completed 5 years of
adjuvant tamoxifen therapy (24). Compared with placebo, patients receiving letrozole (2.5 mg)
experienced more cases of patient-reported osteoporosis than women receiving placebo (8%
versus 6%; P = 0.003). Additionally, recent updates in the Arimidex, Tamoxifen, Alone or in
Combination trial indicate that there is a statistically significant increase in fracture rate for
women taking the nonsteroidal inhibitor anastrozole compared with tamoxifen (22.6 fractures
per woman-year compared with 15.6; P < 0.0001; ref. 23). At this time, no trials have directly
compared the extent of bone loss in women taking steroidal versus nonsteroidal aromatase
inhibitors.

In summary, clinical trials indicate that aromatase inhibitor treatment results in significant bone
loss in postmenopausal women with breast cancer. As such, these women should be monitored
carefully for changes in BMD and treated appropriately. Several multicenter randomized
clinical trials evaluating the role of bone-targeted antiresorptive therapies to prevent bone loss
associated with aromatase inhibitors are under way.

Selective ER down-regulators

Recently, a new class of endocrine agents, the selective ER down-regulators, has been
introduced. Selective ER down-regulators down-regulate cellular levels of the ER and act as
pure ER antagonists without any agonist effects. Selective ER down-regulators represent a
potential treatment option for patients unable to tolerate the effects of selective ER modulators
or who have tamoxifenresistant or aromatase inhibitor—resistant disease. Fulvestrant is
currently the only selective ER down-regulator used in the clinics and is approved for second-
line treatment of advanced breast cancer in postmenopausal women. The effect of fulvestrant
on bone is controversial. In animal studies, fulvestrant was shown to increase bone turnover;
however, the opposite results were obtained when the rats were ovariectomized (30-32).
Currently, BMD is not an end point in clinical trials testing the efficacy of fulvestrant.
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Chemotherapy

Chemotherapy is used as either neoadjuvant or adjuvant therapy in premenopausal and
postmenopausal women diagnosed with breast cancer. Chemotherapy can have both direct and
indirect effects on the bone microenvironment, ultimately leading to decreased BMD (33).

Direct effects

Animal studies by Wheeler et al. (34)showed that male rats treated with methotrexate had
decreased cancellous bone volume and decreased mineralizing surface compared with saline-
injected controls. Additionally, cortical cross-sectional area and periosteal mineralization rates
were lower in the methotrexate group. Another study by Greep et al. (35) examined the effects
of chemotherapy on BMD in postmenopausal women with early-stage breast cancer. The for-
age bone density scores of postmenopausal women who received adjuvant chemotherapy were
~0.5 SD lower than women who had not received chemotherapy. These studies suggest that
chemotherapy can have direct, nonhormonal effects on the skeleton.

Indirect effects

The incidence of primary ovarian failure in women receiving breast cancer chemotherapy
ranges from 20% to 90% depending on age and treatment regimen (36—38). Primary ovarian
failure leads to a sudden decrease in estrogen production and early menopause (33,39). This
decrease in estrogen is believed to permit increased osteoclast survival and activity (2,3,40).
Consequently, these women often develop osteopenia and are placed at an increased risk for
developing osteoporosis (Fig. 2; refs. 41,42).

Several studies have shown a correlation between adjuvant chemotherapy and decreased BMD
in women with breast cancer. One study by Bruning et al. (43) examined BMD of the lumbar
spine in premenopausal women with breast cancer who received adjuvant chemotherapy
compared with women with breast cancer who did not receive chemotherapy. They showed
that 71% of the women who received chemotherapy experienced amenorrhea (loss of menses)
at the time of BMD measurements compared with 16% of the women who did not receive
chemotherapy. In addition, the BMD measurements of the amenorrheic women in the
chemotherapy group were significantly lower than the premenopausal women in the
nonchemotherapy group (1.17 g/lcm? compared with 1.29 g/cm?; P = 0.036). Headley et al.
(44) showed that women who became permanently amenorrheic as a result of chemotherapy
had a BMD 14% lower than women who maintained menses after chemotherapy (P = 0.004).
These studies suggest that chemotherapy leads to an increased risk of early menopause and,
subsequently, an increased risk of bone loss.

Shapiro et al. (39) showed that chemotherapy-induced ovarian failure causes significant bone
loss in the spine. This study examined 49 premenopausal women with stage 1/11 breast cancer
receiving adjuvant chemotherapy. Dual-energy X-ray absorptiometry scans and measurement
of markers of skeletal turnover (i.e., osteocalcin and bone-specific alkaline phosphatase) were
used to assess bone loss at baseline and 6 and 12 months after initiation of chemotherapy.
Thirty-five of these women were found to have ovarian failure, defined as a negative pregnancy
test result, >3 months of amenorrhea, and follicle-stimulating hormone levels >30 mlIU/mL at
the 12-month evaluation. Significant bone loss was observed by 6 months after initiation of
chemotherapy in the amenorrheic women. These women had an ~4% decrease in BMD in the
spine compared with the women who retained ovarian function (P = 0.0001). This bone loss
continued at the 12-month interval.
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Radiation-Induced Fractures

Breast conservation surgery combined with radiotherapy has become the standard of care for
patients with early-stage breast cancer. One potential complication of this treatment is rib
fracture following X-ray exposure, although few studies have investigated this phenomenon.
A retrospective study by Pierce et al. (45) examined the incidence of various radiation-induced
complications in 1,624 patients with early-stage breast cancer treated between 1968 and 1985.
The median follow-up time for survivors was 79 months. They found that the incidence of rib
fracture was between 0.4% and 2.2% depending on the type of linear accelerator used. Another
retrospective study by Meric et al. (46) examined the incidence of radiation-induced
complications in 294 women receiving surgery and radiotherapy treatment between 1990 and
1992. They found the risk of rib fractures to be 0.3%. These data suggest that radiotherapy for
breast cancer may lead to a small risk of rib fracture.

Bisphosphonates

Bisphosphonates are osteoclast inhibitors that are now widely used in cancer therapy to inhibit
bone loss resulting from treatment or bone metastases. There are three classes of
bisphosphonates: (a) first-generation compounds, such as clodronate; (b) second-generation
compounds, which are stronger and contain a single nitrogen atom, such as pamidronate; and
(c)third-generation compounds, such as zoledronic acid, which contain one or two nitrogen
atoms in a ring form and are the most potent (47). The first-generation bisphosphonates are
metabolized into cytotoxic analogues of ATP, inducing osteoclast cell death. The nitrogen-
containing bisphosphonates, on the other hand, function by inhibiting the activity of farnesyl
diphosphate and geranylgeranyl diphosphate. Because farnesyl diphosphate and
geranylgeranyl diphosphate are required for post-translational lipid modification (prenylation)
of small GTPases, bisphosphonates interfere with the function of GTPases, such as Ras, Rac,
and Rho. This leads to disruption of the actin cytoskeleton, altered tracking of intracellular
components, and impaired integrin signaling within the osteoclast (47). Second- and third-
generation bisphosphonates do not have an effect on the osteoblast in vivo; thus, the bone
formation is intact (47). In addition, in vitro evidence suggests that bisphosphonates may have
antiangiogenic and antitumor properties, but these data have not been confirmed in vivo (48—
50).

Maintenance of BMD following cancer therapy

Several groups have shown that bisphosphonates are able to reduce bone loss associated with
breast cancer chemotherapy. A study by Delmas et al. (51) examined the effects of risedronate
on BMD in 53 women who were postmenopausal due to chemotherapy or radiotherapy after
breast cancer surgery. The annual rate of change in lumbar BMD in the risedronate group was
0.3 = 0.5% compared with —1.4 + 0.5% in the placebo group (P = 0.018). Powles et al. (52)
conducted a large, double-blind, randomized, two-center trial to examine BMD in 311 women
with primary breast cancer who had received chemotherapy and/or tamoxifen and who were
given clodronate or placebo for 2 years. They showed that the change in BMD for the lumbar
spine was —0.16% at 2 years for the clodronate group compared with —1.88% for the placebo
group (P = 0.04).

A study by Vehmanen et al. (53) examined bone loss in 73 premenopausal women receiving
the cyclophosphamide, methotrexate, and 5-fluorouracil regimen. The patients were
randomized to receive or not to receive oral clodronate daily for 3 years. This study showed
that women who lost menstrual function, indicative of ovarian failure, had increased bone loss
compared with women who maintained menstrual function. Further, all women in the
clodronate group lost less lumbar BMD than the women in the control group (—3% compared
with —7.4%; P = 0.003)at 3 years.
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Osteonecrosis of the jaw

Although bisphosphonates seem to beneficially reduce bone loss associated with
chemotherapy, use of these agents has also been associated with the development of a
potentially harmful side effect. In the past several years, the first cases of osteonecrosis of the
jaw (ONJ) have been reported in patients receiving long-term oral and i.v. bisphosphonate
therapy for osteoporosis or bone metastases (54,55). ONJ is an extremely painful condition
that presents with exposure of the mandibular or maxillary bones and results in vulnerability
to bone and tooth loss and oral infection (56,57). In addition to long-term bisphosphonate
therapy, ONJ has also been associated with oral fungal infections, trauma, herpes zoster, and
radiation therapy (58-66). In one study of 211 myeloma patients receiving zoledronic acid,
10% developed ONJ by 36 months, whereas 4% of 413 myeloma patients receiving
pamidronate developed the disease by 36 months (67).

Inhibition of the osteoclast by bisphosphonates is hypothesized to disrupt the critical balance
between the osteoclast and the osteoblast. In a situation where healing of the bone is necessary,
such as after chronic inflammation and infection associated with gum disease, the disruption
of the dynamic and coupled processes of bone resorption and formation may contribute to the
development of ONJ. The antiangiogenic effects of the bisphosphonates are also hypothesized
to contribute to the process of necrosis (68). This complication is thought to become more
likely if the patient is undergoing any manipulations in the oral cavity, such as tooth extractions
and placement of oral implants (69).

Meticulous oral hygiene, antibiotics, and the discontinuation of bisphosphonate therapy are
currently recommended for therapy of ONJ. The diagnosis of ONJ is a clinical diagnosis made
by physical examination. Biopsy of the affected bone can be associated with worsening of the
situation. More studies must be initiated to determine the exact mechanisms and cause of this
complication and how it can be prevented and treated.

Conclusion

Chemotherapy and hormonal therapies for breast cancer have the potential to lead to significant
bone loss primarily through the disruption of the bone-enhancing properties of estrogen.
Current recommendations for avoiding the skeletal complications of cancer therapy include
adequate intake of calcium and vitamin D, regular weight-bearing exercise, cessation of
smoking, reduction in alcohol intake, and bisphosphonate therapy for osteoporotic patients
(36,70). Patients who are being treated with hormonal therapies are at increased risk of skeletal
complications and should have regular BMD monitoring by dual-energy X-ray absorptiometry.
The role of antiresorptive, osteoclast inhibitor therapy to prevent cancer therapy-associated
bone loss is under active investigation. It is recommended that patients receive a thorough oral
examination and treatment for dental infections before initiating bisphosphonate therapy (56,
57,67,71,72). In addition to treating the disease, careful monitoring of bone health is now an
essential component of the treatment of breast cancer.

Open Discussion

Dr. Guise: Are there differences in the different aromatase inhibitors on bone? There has been
some talk that exemestane may have some androgenic effects, but the clinical data don’t seem
to support that.

Dr. Weilbaecher: There were some rat data showing that exemestane could have some
testosterone-like effects that would be more bone forming. However, based on the fracture data
from the exemestane clinical trials, it looked like there was more fracture and more bone loss.

Clin Cancer Res. Author manuscript; available in PMC 2009 June 8.
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Dr. Coleman: We have some biochemical data that show that profound estradiol suppression
is overwhelming any androgenic effect. The change in resorption markers is essentially
identical to anastrozole. The only difference is that there is a slightly greater increase in bone
formation markers than you would expect through the coupling process. It may be that at the
end of 5 years of exemestane you’ve lost 6% of bone and with anastrazole you’ve lost 8%, but
basically there is not a lot of difference between them.

Dr. Bruland: Are you aware of any data supporting the possibility that these subclinical
metastases in bone marrow act as a nidus for subsequent visceral metastases?

Dr. Weilbaecher: | don’t know of any clinical data, but | wonder if we could answer that with
animal models.

Dr. Suva: How far should you be looking to suppress resorption in these patients, and then is
there any avenue for an anabolic regimen for the skeleton? Is there a way to separate the effects
on the tumors from the effects on the skeleton? Can you rescue the skeleton after you have
eradicated the tumor?

Dr. Guise: | don’t know the answer to that. The data with aromatase inhibitor clearly suggest
that by just going from a postmenopausal level of estradiol to 0 is enough to have clinical
effects on bone. Do we need to suppress that level of bone resorption? The clinical data suggest
yes. The effects of anabolic agents in breast cancer are going to be controversial, because unlike
myeloma, where the osteoblast is suppressed, | don’t believe it is in breast cancer. To use PTH
in breast cancer patients is relatively contraindicated because of the data in rats that PTH causes
osteosarcoma and a lot of these women get radiation to the breast. Therefore, any type of
radiation is a contraindication to teriparatide, because it predisposes patients to osteosarcoma
as well. There are real issues about using anabolic agents, specifically PTH, in breast cancer
patients and maybe even in prostate cancer patients.

Dr. Powles: With an aromatase inhibitor, if it is powerful enough, could you reach the point
where you couldn’t up-regulate the estrogen receptor to preserve bone? The evidence is that
when you’ve got an aromatase inhibitor as well, the bone loss is getting less with years.

Dr. Coleman: We don’t have any 5-year data, so we don’t know that. The only evidence that
we’ve got is that if you look at the fracture rates, they increase very quickly. Within the first
6 months the fracture rates had gone up by about 40% at a time when you’ve only lost 1% of
your bone mineral density, so there’s something about the resorption state that is driving the
fracture rate. Then, when you get to the end of 5 years, the fracture rates seem to come back
together again. As soon as the drug has disappeared, it looks as though the resorption markers
are settling and the fracture rates are coming back together again.

Dr. Suva: Is there cortical bone loss as well as trabecular bone loss? Do we know in which
compartment bone loss is occurring in that scenario?

Dr. Coleman: We are also seeing changes at the hip.

Dr. Guise: We are looking at the effects of aromatase inhibitors on bone in mice, and we find
that there’s not a big effect. We don’t see a marked effect on trabecular bone, but we do see
some effect on cortical bone. In fact, in mice aromatase inhibitors reduce bone density even
more than ovariectomy. We don’t know yet whether this is a rodent effect and whether it can
be translated to humans.
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Fig. 1.

Contribution of estrogens and androgens to bone remodeling. Estrogen and androgens help to
maintain a balance between bone formation and bone resorption. Estrogen inhibits osteoclast
activity and contributes to osteoclast apoptosis; androgens are converted to estrogen by
aromatization and may also directly affect osteoblast differentiation. As such, a decrease in
estrogen and/or androgens leads to increased bone resorption and an imbalance in bone
remodeling, which ultimately manifests as bone loss (1-3,73,74). Adapted from Skeletal
Complications Across the Cancer Continuum CME Lecture 2005 series with permission from
the Postgraduate Institute for Medicine.
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Fig. 2.

Extent of bone loss due to cancer therapy. Menopausal women lose bone at a rate 0f1% to 2%
yearly. Cancer treatments, such as aromatase inhibitor therapy and chemotherapy, accelerate
this process, leading to significant bone loss and subsequent skeletal complications (39,75-
79). Adapted from Skeletal Complications Across the Cancer Continuum CME Lecture 2005
series with permission from the Postgraduate Institute for Medicine.
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