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Abstract

Transplantation provides a valuable, often life-saving, treatment for end-stage failure of many organs, including the heart, kidneys, liver,
pancreas and lungs. It is also an important therapeutic option in diseases of the bone marrow and the immune system. Despite the un-
doubted benefits for transplant patients, it is associated with an increased risk of many complications. The potential causes include: poor
general health of the patient, heavy burden of the surgery itself and the need for the long-term use of immunosuppression. In addition,
the patients are also on numerous other medications, e.g. anti-coagulants, diuretics. Osteoporosis and high risk of fractures have emerged
as frequent and devastating complications of the transplantation process. This article provides a review of the current literature on osteo-
porosis after transplantation, and the treatment options for this serious illness. (Pol J Endocrinol 2011; 62 (5): 472-485)
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Streszczenie

Transplantacja stanowi cenng i czesto jedyna metode leczenia schytkowej fazy niewydolnosci wielu narzadéw, miedzy innymi serca, nerek,
watroby, trzustki oraz ptuc. Z powodzeniem stosuje si¢ ja rowniez w chorobach ukladu odpornoéciowego i szpiku. Pomimo niewatpliwych
korzysci dla chorego transplantacja wigze sie ze zwiekszonym ryzykiem wielu powiklan z uwagi na duze obcigzenie samym zabiegiem,
czesto ciezki stan ogélny chorego oraz konieczno$é dlugotrwalego stosowania immunosupresji. Jednym z powiklafi po przeszczepie
moze by¢ rdwniez osteoporoza oraz zwigzane z nig wysokie ryzyko zlaman. Powyzsza praca stanowi aktualny przeglad pismiennictwa

dotyczacego osteoporozy po przeszczepach oraz mozliwosci leczenia tej groznej choroby. (Endokrynol Pol 2011; 62 (5): 472-485)
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Introduction

In 1988, there were 12,619 organs transplanted in the
USA. That number increased to 25,468 by 2003 and,
with the use of spouse donors, this will likely increase
further [1].

The recognition and identification of the role of
T lymphocytes and subsets, as well as of B lymphocytes
in mediating immune reaction, involved in virtually
every disease process, including, among others, infec-
tion, cancer, cardiovascular disease and organ trans-
plantation, have allowed the development of a class
of drugs known as immune modulators [2, 3]. These
drugs either enhance or suppress immune reaction,
depending upon what type of modulation is required
to affect disease outcome.

In organ transplantation, the main requirement is
to prevent or inhibit donor-organ rejection by the reci-
pient’s immune system. These immune-modulating
drugs have an enormous impact on prolonging the

lifespan of patients. This impact has not, however, been
possible without certain costs, one of them being the
effect of some of these agents on bone status.

This review will focus on the effects of drugs, other
than glucocorticoids, on bone. These drugs include
calcineurin inhibitors (CIs), cyclosporine and tacrolimus
and non-Cls: rapamycin, mycophenolate mofetil, meth-
otrexate, and azathioprine. A number of other immu-
nosuppressive drugs are at the disposal of physicians,
and the list is steadily growing, but data on the effects
of these other drugs on bone is either missing or has
yet to be studied.

Immunosuppressive agents

Glucocorticoids

Glucocorticoids constitute an integral component of
most post-transplantation regimens, and a brief descrip-
tion of their effects on bone and mineral metabolism
in the setting of organ transplantation is given here.

M Sol Epstein MD, 231 Jeffery Lane, Newtown Square, Philadelphia, PA 19073, USA,

e-mail: bonedocsol @aol.com

472



Endokrynologia Polska/Polish Journal of Endocrinology 2011; 62 (5)

The immunosuppressive properties of glucocorti-

coids are related to their inhibition of the expression

of a variety of cytokines, including IL-1, IL-2, IL-6,

interferon, and tumour necrosis factor (TNF) [3, 4].

This inhibition presumably occurs via binding of the

glucocorticoid—glucocorticoid receptor protein complex

to a glucocorticoid-responsive element in the regulatory
region of the target genes. Glucocorticoids also inhibit
the IGF regulatory system, including IGF-I expression in
osteoblasts, an effect that probably contributes to their
inhibitory effect on bone formation. In addition, glu-
cocorticoids inhibit T-cell proliferation [3]. It is of great
interest that cytokines IL-1, IL-6, TNE and interferon,
which are suppressed by glucocorticoids, have been
found to stimulate bone resorption [3]. These observa-
tions suggest that glucocorticoids, which inhibit these
cytokines, must cause bone loss and fractures via other
mechanisms. These mechanisms are thought to include:

— inhibition of gastrointestinal calcium absorption and
stimulation of renal calcium loss, both of which pre-
dispose to negative calcium balance and secondary
hyperparathyroidism [4];

— suppression of the hypothalamic—pituitary—gonadal
axis which decreases gonadal steroidogenesis;

— direct suppression of osteoblast recruitment and
osteoblast function, including inhibition of osteo-
calcin synthesis;

— decreased transcription and synthesis of skeletal
growth factors, such as IGF-I, TGF-, and fibronectin;

— enhanced synthesis of collagenase in osteoblasts;

— induction of apoptosis of osteoblasts and osteocytes,
both in vitro and in vivo [4].

Recently, disruption of vascular channels in the bone
micro-environment, as well as an increased production
of receptor activator of NFkappa B ligand (RANKL) and
a decreased synthesis of osteoprotegerin, both stimulat-
ing osteoclast activation, have added to the multifacto-
rial aetiologies of glucocorticoid-induced bone loss [5-8].

Calcineurin inhibitors

Cyclosporine (CsA) and tacrolimus (FK506) are in-
hibitors of calcineurin. They both require binding to
intracellular proteins: CsA to cyclophilins [9-11] and
FK506 to FK binding proteins [12, 13]. These proteins are
called immunophilins and are peptidyl-prolyl cis-trans
isomerase enzymes [9, 13]. This binding is essential but
not sufficient for immunosuppression. The complexes,
in turn, inhibit the intracellular phosphatase enzyme
calcineurin [9-13], which prevents transcription of
T lymphocyte cytokine genes and the genes that control
membrane molecules, such as CD 40 ligand [14, 15].
Calcineurin is a serine—threonine phosphatase that is
uniquely regulated by Ca?* and calmodulin. Calcineurin
enzyme interacts with NF-AT (Nuclear Factor of Activat-

ed T cells) [16], which is a family of transcription factors
necessary for activation of genes, involved in the inflam-
matory and the immune systems. Thus, by inhibiting
calcineurin [17-22], CsA and FK 506 (see below) prevent
the activation of NF-AT, with a consequent inhibition of
growth and differentiation factors critical to the immune
response. CsA and FK506 have made a huge impact on
preventing organ rejection and preserving life. One of
the drawbacks to their use, however, is their propensity
to cause rapid and profound bone loss [23, 24], a propen-
sity best illustrated in experimental models. This bone
loss was first observed in the rat model, where adminis-
tration of immunosuppressive doses to normal, young
or old, male or female oophorectomised rats produced
a significant loss of trabecular and cortical bone after
four weeks. The loss was reversible after stopping the
drug and was dose-dependent [25]. Histomorphometry
showed this to be an extremely high-turnover bone
loss with increased markers of resorption and forma-
tion. This action in causing high turnover bone loss is
dependent on the presence of T lymphocytes.

Tacrolimus (fk506)

This immunosuppressant, which acts in a similar fa-
shion to CsA, except that it binds to specific FK binding
proteins, is frequently used as a first-line immunosup-
pressant in place of CsA or to prevent rejection, when
CsA has failed. It is reputed to have less nephrotoxicity
than CsA. In vivo effects of FK506 produce the same
histomorphometric picture of high-turnover bone loss
as seen with CsA [26].

Clinical studies supporting the role
of calcineurin inhibitors in bone loss
after transplantation

Clinically, there are studies directly implicating the role
of calcineurin inhibitors in bone loss after organ trans-
plantation [27, 28], which confirms the experimental
evidence. The first study, linking CsA to bone abnorma-
lity, was published in 1988 [29]. In that study, histology
inrenal transplant patients revealed unexpectedly high
bone turnover, unlike that seen with glucocorticoid
administration or in secondary hyperparathyroidism
[30]. In fact, the turnover resembled that observed in
experimental studies in the rat. A clinical study in heart
transplant recipients also attributed the bone loss, seen
after cardiac transplantation, to CsA, and again, the
biochemical findings revealed a high-turnover oste-
oporosis [27]. Those studies were all confounded by
triple immunosuppression, and the role of one drug
as the culprit cannot be ascertained. Studies with CsA
monotherapy in transplanted patients, compared to
other CsA-containing regimens, showed that, after
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12 months, lumbar BMD did not decrease, and in fact
increased after 18 months [31-34].

The most convincing study was a comparison of CsA
monotherapy with a non-CsA (prednisone and aza-
thioprine) regimen to isolate the effects of CsA alone in
renal transplant patients [30]. This study utilised BMD,
as well as bone histomorphometry as effected targets
of immunosuppression. The results showed that both
regimens decreased bone density at the distal radius,
and less significantly at the lumbar spine, with no dif-
ferences in the degree of bone loss. A histopathological
analysis showed an increased number of osteoclasts
and, surprisingly, a decrease in the number of osteob-
lasts and mineral apposition and bone formation rates,
again with no differences between the groups. The
findings did not support a role for PTH, either bio-
chemically or histomorphometrically, despite the fact
that PTH was considered by some investigators to be
pivotal for bone loss after transplantation. The surpris-
ing decrease in bone formation in that study may be
related to the time post-transplant, as the subjects were
140 = 75 months after transplantation. Similarly, the role
of tacrolimus (FK506) was also hard to separate from the
other immunosuppressants used to prevent the rejec-
tion, despite the animal studies, showing either equal
or more severe loss of bone with FK506 than with CsA,
with a high turnover remodelling state similar to that
after CsA [35]. Studies to resolve the role of FK506 were
done with patients receiving low-dose prednisone and
FK506, compared to normal-dose glucocorticoids and
CsA [36]. Those studies showed that, when a cumulative
dose of steroids was adjusted for both groups, the FK506
patients after one year did not lose bone, compared to
the CsA and low-dose prednisone groups. There was no
relationship to PTH levels. A prospective, longitudinal,
randomised, double blind study was undertaken to as-
sess the effects of FK 506, glucocorticoids, azathioprine,
or mycophenalate mofetil (instead of azathioprine)
and 1,25-dihydroxyvitamin D, (1,25(OH),D,) against
the same immunosuppressive regimen without
1,25(0OH),D, (placebo group) [37]. The study duration
was two years. The objective was to determine whether
tacrolimus produced bone loss and whether 1,25-di-
hydroxyvitamin D, could modify or prevent the bone
loss. The obtained results showed that BMD decreased
in both groups after transplantation, compared to nor-
mal age-matched subjects. However, BMD increased
significantly in the lumbar spine in the group receiving
a vitamin D analogue, although no significant differ-
ences between the groups could be shown. In the femo-
ral neck region, BMD was maintained, but the placebo
group lost bone significantly. Again, no between-group
significance could be shown. The conclusion of the
study could be such that FK506 was associated with
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rapid bone loss, comparable to CsA, which could then
be modified by the low-dose calcitriol therapy over two
years. A more convincing study would compare FK506
against CsA in comparable, post-transplant patients, not
receiving glucocorticoids to determine whether there
is any difference between the two CIs in their effect on
bone mass status.

The question of the calcineurin inhibitors and bone
loss is a very complex issue, due to the underlying
renal osteodystrophy disease, the difference in patient
profiles, multiple drug administration etc. A direct
head-to-head comparison of the calcineurin inhibitors
vs. glucocorticoids alone may never occur, due to patient
numbers and, perhaps, for ethical reasons.

Other immune-modifying drugs

Rapamycin
Rapamycin (sirolimus) is also used to prevent organ
rejection after transplantation. Rapamycin is a macrolide
and a product of Streptomyces hygroscopicus. It does not
inhibit the production of interleukins resulting from
antigen T-cell activation, but it does inhibit the cellular
proliferation stimulated by growth factor signal trans-
duction in response to alloantigens [38, 39]. Rapamycin
binds to the same intracellular protein, immunophilin
FKBP12, to form a complex, which does not target cal-
cineurin, but rather targets mTor (mammalian target of
rapamycin). mTor inhibits the translation of mRNAs,
that encode for cell cycle regulators and T-cell proli-
feration [39]. In vitro studies have shown that, in bone
marrow stromal cells, rapamycin, like CsA and FK506,
decreases osteoprotegerin (OPG) mRNA and protein
levels and increases RANKL, which can potentially
induce bone loss [40]. Rapamycin may, in addition, act
via TGF-f to enhance osteoclastogenesis by inducing
monocyte-macrophage cell differentiation into osteo-
clasts [41]. Conversely, in vivo studies in rats demon-
strate that rapamycin does not cause bone loss but may
interfere with longitudinal bone growth and, at high
doses, decrease cortical bone in young rats, which are
still rapidly growing [38]. An effect on gonadal function
has also been described with rapamycin [38]. In human
subjects, studies of rapamycin therapy without gluco-
corticoids and calcineurin inhibitors, investigating bone
density to ascertain an effect has not been reported, and
may not be feasible in a transplant population. There
have been no studies on human populations evaluat-
ing the effect of rapamycin on bone density alone (only
in combination with glucocorticoids and calcineurin
inhibitors) so far. Conducting such a study in patients
after transplantation could be difficult.

There is a possibility, however, that bone loss with
calcineurin inhibitors may be mitigated by combining
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rapamycin with alow-dose CsA, which has been shown
in rats to prevent bone loss and not compromise im-
mune suppression [42]. Very recently, two open labelled,
randomised phase 2 studies compared the effects of
sirolimus (rapamycin) vs. cyclosporine on bone turn-
over markers in 115 patients post-transplantation over
one year. The patients were all receiving glucocorticoids
and/or mycophenolate mofetil or azathioprine. Urinary
excretion of N-telopeptides and serum osteocalcin were
consistently higher in the patients on CsA, compared
to sirolimus [43]. Everolimus, which is a derivative of
rapamycin, has a similar mechanism of action to that
of rapamycin, but its effect on bone has not yet been
studied [44].

Mycophenolate mofetil

Mycophenolate mofetil, another additive to the
immune-modifying drug armamentarium, is now
becoming the choice to replace azathioprine as part of
triple therapy, together with CsA or FK506 and gluco-
corticoids, to prevent organ rejection. Mycophenolate
mofetil is converted in vivo to mycophenolic acid. This
natural product of penicillium fungi selectively inhib-
its the proliferation of T and B cells, as well as arterial
wall smooth muscle cells. Most other tissues are resist-
ant to the action of mycophenolate mofetil because of
an alternate nucleotide synthesis. It also causes less
bone marrow suppression than azathioprine. Experi-
mentally, in in vivo conditions, there is no evidence for
bone metabolism alteration, nor for bone volume loss
[45]. Recently, it has been reported that prednisone and
mycophenolate mofetil, in the absence of CsA, may also
be associated with high turnover bone loss on bone
histomorphometry [46]. This requires further study.

Azathioprine

Azathioprine has long been an essential part of therapy
in combination with CsA and glucocorticoids to prevent
organ rejection. Itis also a purine antagonist and, there-
fore, inhibits rapidly proliferating cells, which include T
and B lymphocytes and bone marrow haematopoietic
cells [47]. However, in rats, given azathioprine, albeit for
a short period, no effect on bone except on bone forma-
tion markers was seen [47]. How this would translate
with long-term use into clinically relevant outcomes is
at present unknown.

Summary

The nonsteroidal immunosuppressants belonging to
the calcineurin inhibiting family, have been shown
experimentally and clinically to produce severe and
rapid high-turnover bone loss. In the clinical setting,
however, these drugs are often used with glucocorti-

coids, which are known to produce severe and rapid
bone loss. Despite the production of a low turnover
bone loss by glucocorticoids, the bone biopsy histomor-
phometry in the combination treatment reveals a high
turnover state. The end result of this combination of
drugs is rapid and severe bone loss with a very high
rate of fractures. Other immunosuppressants, such as
sirolimus, azathioprine, and mycophenolate mofetil,
have clearly demonstrated adverse effects on the skel-
eton in experimental conditions. The more recent im-
munomodulators have not been well studied in regard
to bone loss and fracture occurrence in clinical trials. The
ability to separate the contribution of an individual drug
as the culprit for producing adverse skeletal effects is
extremely difficult, given the clinical situation and the
other confounding variables, found in patients awaiting
and post-transplantation. The development of immuno-
suppressant drugs that can prevent organ rejection and
other adverse side effects, including bone loss, would be
a major advance in the field of organ transplantation.

Clinical impact of transplantation on bones

The majority of candidates for organ transplantation
reveal risk factors that predispose toward osteopenia,
osteoporosis and subsequent fractures. These factors
include general debilitation, loss of mobility, poor
nutrition, cachexia and exposure to certain drugs, in-
cluding glucocorticoids. In addition, many women are
postmenopausal, and both premenopausal women and
men with chronic illness may have gonadal dysfunc-
tion. When the disease is present during childhood or
adolescence, as is the case with cystic fibrosis, there
may be interference with the attainment of peak bone
mass. After transplantation, episodes of rejection, usu-
ally reversed by large doses of glucocorticoids and
cyclosporine, compound the bone loss. Consideration
of particular issues related to transplantation of specific
organs follows.

Kidney transplantation

Patients who undergo renal transplantation have severe
chronic renal insufficiency or end-stage renal disease
(ESRD) and most of them have been dialysed for vary-
ing intervals before transplantation. Pre-existing bone
disease is almost universal in this population. Renal
osteodystrophy is a general term that encompasses
all the bone histological alterations that may occur in
uraemic patients [48]. In a given individual, there may
be evidence of hyperparathyroidism with or without
osteitis fibrosa, osteomalacia, low turnover, or a dy-
namic bone disease due to aluminum accumulation
(or other as yet poorly understood factors), osteoscle-
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rosis, particularly of the vertebrae, and macroglobulin
amyloidosis. Many patients will have ‘mixed” renal
osteodystrophy, i.e. a combination of one or more of the
aforementioned lesions. Other factors that may affect
the skeletal integrity of patients with ESRD include both
type 1 and type 2 diabetes, hypogonadism secondary to
uraemia and diseases such as systemic lupus erythema-
tosus. Several drugs used routinely in the management
of patients with renal disease, such as loop diuretics
and aluminum-containing phosphate binders, can also
affect bone and mineral metabolism. In addition, some
patients, who are candidates for transplantation, may
have been previously exposed to glucocorticoids or
cyclosporine, applied as a therapy for immune complex
nephritis or other diseases, and thus may already have
sustained significant bone loss prior to transplantation.

After renal transplantation, several investigations
have documented a decline in bone mass [49, 50] and
increased fracture rate [51, 52]. While the greatest
insult to the skeleton is related to glucocorticoid and
cyclosporine exposure, persistent hyperparathyroidism
probably contributes to the declining bone mass. Re-
cently, a factor relating to the development of second-
ary hyperparathyroidism has been the identification
of very low levels of 25-hydroxyvitamin D, (25(OH)
D,) (geometric mean =10.9 ng/mL) in renal transplant
patients when measured at the end of winter [53]. The
rate of bone loss is greatest during the first six months
after transplantation and at sites where cancellous bone
predominates, such as the lumbar spine [49, 50]. Indeed,
some reports suggest an increase in bone mass at the
radius, a site that consists predominantly of cortical
bone [50]. The rate of lumbar spine bone loss varies
between 6% and 18% per year, but tends to be some-
what lower than that observed for other transplanted
organs, such as the liver. This lower rate of bone loss
is possibly because lower doses of glucocorticoids and
cyclosporine are used for immunosuppression or newer
bone sparing immunosuppressants are administered
after kidney transplantation than after transplantation
of other solid organs [49, 50].

Moreover, rejection is more easily diagnosed, and
therefore detected earlier, than with other organs, and
lower doses of immunosuppressive drugs are more
effective in reversing rejection when it is diagnosed
earlier. It is accepted that the adverse skeletal effects of
glucocorticoids and cyclosporine are experimentally
and clinically dependent upon both dose and duration
of exposure [25, 54]. Julian et al. reported a decrease
in lumbar spine BMD of 5.6% at six months, and 7.0%
at 18 months, after transplantation [49]. Moreover,
by 18 months, bone density was below the ‘fracture
threshold” in ten out of 17 patients. There appears to
be a gender-determined difference in the site at which
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bone loss occurs [50, 55]. Men have been shown to
lose more bone at the proximal femur than women in
the first few months after transplantation. In contrast,
radial bone density increased in men at six months
post-transplantation, but not in women. Bone biopsies,
performed prior to transplantation, revealed changes
typical for hyperparathyroidism. However, by six
months after transplantation, the histomorphometric
picture was more typical for a glucocorticoid effect,
demonstrating osteoblast dysfunction and decreased
mineral apposition [55]. Unfortunately, bone biopsies
were not performed at 18 months when glucocorticoid
doses were lower. Thus, there was no data either to
exclude or to incriminate cyclosporine as a factor con-
tributing to bone loss. However, there is some evidence
in the literature to support a role for cyclosporine in the
pathogenesis of high turnover state, often apparent in
renal transplant recipients one year after transplanta-
tion [29]. The increased frequency of cyclosporine use as
monotherapy in renal transplant patients should clarify
the relative roles of glucocorticoids and cyclosporine in
the pathogenesis of post-transplantation bone loss. Re-
cently, 45 renal transplant recipients have been evalu-
ated with quantitative histomorphometry 120 months
after transplantation. Those treated with cyclosporine
monotherapy demonstrated significantly lower mineral
apposition rates than those treated with azathioprine
and prednisone [30].

In general, vertebral fractures are less common
after kidney transplantation than after transplanta-
tion of other organs. However, appendicular fractures
are extremely common, particularly in patients after
transplantation for diabetic nephropathy, in whom the
incidence of fracture has been reported to be as high
as 45% [51]. While the reasons for this are not clear
and are multifactorial (including the accumulation
of glycosalated end-products), microvascular disease
and neuropathy (the lack of proprioception and pain
sensation) may affect fracture incidence by increasing
the risk of falls. In addition, bone mass may be below
normal in patients with type 1 diabetes mellitus, even
before renal transplantation, thus placing such patients
at higher risk for fracture after transplantation.

Avascular necrosis occurs commonly after renal
transplantation [56-61]. The incidence in children is
6% [56-59] and in adults is 8%. The hip is the most
commonly affected site. While the association of avas-
cular necrosis with glucocorticoids is well established,
cyclosporine has also been incriminated in produc-
ing avascular necrosis and bone pain of the hip and
other weight-bearing bones, such as the knees [62].
The known vasospastic or vasoconstrictive properties
of cyclosporine may contribute to the development of
avascular necrosis.
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Cardiac transplantation

Osteoporosis and fractures constitute a major cause of
morbidity after cardiac transplantation [63-67]. In early
cross-sectional studies, the prevalence rate of vertebral
fractures in cardiac transplant recipients ranged be-
tween 18% and 50%, and moderate to severe bone loss
was present in a substantial proportion of subjects at
both lumbar spine and the femoral neck [63, 67]. Risk
factors that may predispose patients with end-stage
cardiac failure to bone loss even before transplantation
include exposure to tobacco, alcohol and loop diuret-
ics, physical inactivity, hypogonadism, and anorexia
which may contribute to dietary calcium deficiency.
Hepatic congestion and prerenal azotemia may also
affect mineral metabolism. Although the average bone
mineral density of patients awaiting cardiac transplan-
tation may not differ significantly from normal, it has
been observed that approximately 8% to 10% of the
patients fulfill the World Health Organisation’s criteria
for osteoporosis and 40% to 50% have osteopenia or
low bone mass [64, 68]. Prospective longitudinal studies
have documented rates of bone loss ranging from 2.5%
to 20%, predominantly during the first year after trans-
plantation [68, 69]. Biochemical changes after cardiac
transplantation include sustained increases in serum
creatinine and decreases in 1,25(OH),D, concentrations
[68]. On average, serum testosterone concentrations de-
crease in men, with recovery by the sixth post-transplant
month [68]. Serum osteocalcin falls precipitously and
there is a sharp increase in markers of bone resorption
(hydroxyproline and pyridinium crosslink excretion)
during the first three months, with return to baseline
levels by the sixth month [68, 69].

This biochemical pattern coincides with the period
of most rapid bone loss and highest fracture incidence
and suggests that the early post-transplant period is as-
sociated with uncoupling of formation from resorption.
Itis of interest that at least two studies of subjects treated
with high doses of glucocorticoids alone, confirmed the
decrease in serum osteocalcin but demonstrated no
increase in the markers of bone resorption [70,71]. This
suggests that the pathogenesis of early bone loss after
transplantation may be related both to the well-known
inhibitory effects of glucocorticoids on bone formation,
and to the effects of cyclosporine A or of another agent
increasing bone resorption. There is also evidence for
a high bone turnover state later in the post-transplant
course, perhaps due to cyclosporine, characterised
by elevations of both serum osteocalcin and urinary
excretion of resorption markers [27, 72]. In a recent
cross-sectional study, Eastell et al. [72] evaluated 50 men,
ranging from 0.5 to 47 months after cardiac transplanta-
tion. They concluded that bone turnover was increased

after cardiac transplantation and that the increase was
due in part to secondary hyperparathyroidism related
to renal impairment. Thus, biochemical changes later
in the post-transplant course may be mediated, at least
in part, by cyclosporine A-induced renal insufficiency.
The pattern of bone loss after cardiac transplantation
is similar to that observed after renal [29] or liver trans-
plantation [73-75]. Despite the predilection for gluco-
corticoids to affect the cancellous bone of the vertebrae
to a greater extent than other sites, Shane et al. [64, 65]
have reported that there is as much, or even more, bone
loss at the hip. Moreover, while bone loss at the lumbar
spine slows or stops after the first six months, femoral
neck bone loss continues during the second half of
the first year after transplantation [64, 65]. Moreover,
these investigators in a recent longitudinal study have
demonstrated that 36% of patients (54% of the women
and 29% of the men) suffered from one or more frac-
tures in the first year, despite daily supplementation
with calcium (1,000 mg) and vitamin D (400 IU) [65].
Although the majority of fractures affected the vertebral
bodies, two patients suffered multiple rib fractures and
two had fractures of the femoral neck. In women, low
pretransplant femoral neck bone density predicted the
risk of vertebral fracture after transplantation. In men,
however, it was the rate of bone loss after fracture rather
than the pretransplant bone density that was associated
with fracture risk. Also of note was the observation
that patients with normal bone mass also fracture fre-
quently [65]. A European study of 159 cardiac transplant
recipients reported similar findings [66]. This study
underscores the need for a complete bone evaluation
and bone mass measurements prior to, or immediately
after, transplantation, as well as aggressive intervention
to prevent bone loss and fractures in all patients, regard-
less of age, sex, or pretransplant bone density. There is
very little longitudinal data available on the pattern of
bone loss during the second year after transplantation.
However, data from Shane et al. suggests that the rate
of bone loss slows or stops in the majority of patients,
with some recovery at the lumbar spine noted during
the third year of observation [65]. Bone loss also slows
at the hip after the first year; however, in contrast to
the spine, there has been no significant recovery by the
fourth post-transplant year [65].

Liver transplantation

Patients with liver failure also have risk factors that may
predispose to fracture after transplantation. In addi-
tion, the doses of immunosuppressive drugs used are
much larger than those commonly employed after renal
transplantation. Moreover, since the liver plays a major
role in cyclosporine metabolism, hepatic dysfunction
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may also influence its serum concentrations, possibly
predisposing to cyclosporine toxicity. These factors
may account for the observation that liver transplant
recipients have higher rates of bone loss than cardiac
and renal transplant recipients during the first year
after transplantation [73, 75, 76]. However, the type of
liver disease may also be an important risk factor for
osteoporosis. In one study, 13 out of 20 women with
primary biliary cirrhosis, a disease characteristically
associated with low turnover osteoporosis, suffered
atraumatic fractures of vertebrae, ribs, hips, and long
bones during the first year after transplantation [76].
Patients with alcoholic cirrhosis may also have very
low bone mass prior to transplantation, perhaps due
to hypogonadotrophic hypogonadism and excess iron
deposits in the skeleton. Eastell et al. [76] reported
that despite the high incidence of fractures in liver
transplant recipients, bone mass recovered and bone
histology normalised with increasing survival time after
transplantation. This, however, has not been a uniform
finding, and other studies have revealed continued
losses rather than recovery [75]. Depending upon
the bone density at the time of transplantation, these
patients may always be at risk for fractures as survival
rates and duration increase. As is the case with renal
and cardiac transplantation, the independent role of
glucocorticoids and calcineurin phosphatase inhibitors
in the pathogenesis of bone disease in liver transplant
patients is difficult to assess since single drug therapy
is uncommon. The mechanism of bone loss after liver
transplantation has been studied by bone biopsy in 21
patients, who underwent tetracycline labelling and
transiliac crest bone biopsy prior to and three months
after transplantation.

Before transplantation, a low turnover state was
observed, with decreased wall width and erosion
depth. Postoperative biopsies showed high turnover
with increased formation rates and activation frequency
and a trend toward increased indices of resorption [77].
In an earlier study, these investigators documented
a significant increase in PTH concentrations after liver
transplantation [78]. While increased PTH could account
for these histomorphometric findings, similar effects are
observed in animals treated with calcineurin inhibitors
without a rise in PTH concentrations.

Lung transplantation

There have been several reports of skeletal compli-
cations in lung transplantation candidates and re-
cipients. As with any chronic illness severe enough
to require transplantation for survival, patients who
undergo lung transplantation have predisposing factors
for low bone mass prior to transplantation. In particu-
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lar, tobacco exposure, chronic hypoxemia, immobility,
glucocorticoid use and certain underlying diseases,
such as cystic fibrosis, are common in candidates for
lung transplantation. The prevalence of osteoporosis
(bone mineral density two standard deviations below
aged-matched controls) varies between 55% and 66%
at the spine and up to 78% for the hip [79, 80]. The
prevalence of vertebral fracture in candidates before
transplantation is also high, varying between 25% and
29% (79, 80]. Adults with cystic fibrosis are probably at
even greater risk for bone disease than other patients
who undergo lung transplantation. A recent study of
70 adults with cystic fibrosis observed virtually all to
have either osteoporosis or low bone mass. Reported
fracture rates were double those in the general popula-
tion, while rib and vertebral fractures were 10-fold and
100-fold greater, respectively. The strongest predictors
of BMD were body mass index, cumulative prednisone
dose and pubertal age [81].

The incidence of new fractures after lung trans-
plantation is also very high [82], even in patients who
receive antiresorptive therapy. It has recently been
reported that 11 (10 women) of 30 lung transplant re-
cipients (37%), all of whom had received daily calcium
(1,000 mg) and vitamin D (800 IU) and antiresorptive
therapy (injectable calcitonin, cyclic etidronate, pa-
midronate, or alendronate) sustained a total of 54 new
fractures during the first year after transplantation [82].
The average time to first fracture was 4.5 months. The
commonest fracture sites were ribs, vertebrae, pelvis,
and sacrum [82, 83]. In addition, the fracture incidence
may be underestimated, as patients with existing rib
or vertebral fractures may not be candidates for lung
transplantation because of the effect on lung function
post operatively. Moreover, despite antiresorptive
therapy, 50% had a significant decrease in BMD. Bio-
chemical markers of bone turnover were significantly
higher in those who lost bone and in those who frac-
tured. Paediatric lung transplantation is becoming
more frequent and both osteoporosis and reduced
growth velocity can be expected in these children
[84]. Similar to other transplanted organs, a high bone
turnover state with elevated osteocalcin concentrations
has been reported after lung transplantation [85].

Bone marrow transplantation

Bone marrow transplantation is performed with in-
creasing frequency and for expanding indications. Low
BMD has also been reported in patients after bone
marrow transplantation [86], probably related to
both pre- and post-transplant factors. In preparation
for transplantation, patients receive myeloablative
therapy (alkylating agents and/or total body irradia-
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tion) and commonly develop profound and frequently
permanent hypogonadism, which almost certainly
contributes to bone loss. Two studies have documented
low BMD in hypogonadal women after bone mar-
row transplantation [87] and shown that hormone
replacement therapy is associated with significant
increases in BMD [88]. A study of nine adults, un-
dergoing high-dose glucocorticoid and CSA therapy
for graft-versus-host disease (GVHD), observed sig-
nificant bone loss in most patients [89]. Other factors
include low vitamin D levels, physical inactivity and
the malignancy itself [90]. A more recent study has
documented that low bone mass antedates bone mar-
row transplantation, particularly in subjects with prior
glucocorticoid exposure, and that post-transplant bone
loss is particularly severe in patients who undergo
allogeneic bone marrow transplantation, probably
because of their increased propensity for GVHD [91].
In these patients, the rate of bone loss was 11.7% at
the femoral neck and 3.9% at the spine [91]. In the first
prospective study in children and adolescents, there
was a 15% increase in osteopenia and a 3% increase
in osteoporosis in the first year post-transplant. The
reduction in lumbar spine BMD at six months corre-
lated with the cumulative dose of glucocorticoids [90].
Biochemical data suggests that bone loss after marrow
transplantation is a high turnover state with increases
in resorption markers and alkaline phosphatase acti-
vity [91-93], although some studies show an initial
decrease, followed by a recovery towards baseline at
six months [90]. In adult patients, non traumatic frac-
tures occurred in 10.6% of patients three years after
marrow transplantation [94].

Evaluation of candidates for transplantation

Abundant data is now available documenting the
high prevalence of bone disease in candidates for all
types of transplantation. Therefore, a complete skeletal
evaluation is indicated. This evaluation should occur
prior to transplantation, so that potentially treatable
abnormalities of bone and mineral metabolism may
be addressed and the skeletal condition of the patient
optimised before transplantation. This evaluation
should include a full history with particular emphasis
upon risk factors for osteoporosis such as family history,
prevalent low-energetic fractures, medical conditions
(thyrotoxicosis, diabetes mellitus, renal disease, rheu-
matoid, and intestinal or liver disorders), poor lifestyle
choices (physical inactivity, dietary calcium and vitamin
D deficiency, excessive caffeine and alcohol intake, to-
bacco use), and exposure to drugs (diphenylhydantoin,
antiepileptics, lithium, loop diuretics, glucocorticoids,
prolonged and large doses of heparin, excessive doses

of thyroid hormone etc.). Additional risk factors im-
portant in women include premature menopause,
postmenopausal status, a history of anorexia nervosa
or prolonged episodes of amenorrhea. In men, it is
important to exclude hypogonadism. A physical exa-
mination should focus upon diseases that predispose
to osteoporosis, such as hypogonadism, thyrotoxicosis
and Cushing’s syndrome. Risk factors for falling (sight,
hearing, balance, and muscle strength) should also be
assessed. Bone density of the spine and hip and plain
radiographs of the thoracic and lumbar spine are the
most important tests to obtain prior to transplantation.
The biochemical evaluation should include a chem-
istry panel, thyroid function tests, intact PTH and
vitamin D metabolites, and total and free testosterone,
follicle-stimulating hormone (FSH), and luteinising
hormone (LH) concentrations in men. Markers of bone
formation (serum osteocalcin and bone-specific alkaline
phosphatase) and resorption (urinary deoxypyridino-
line or serum/urinary C and N-telopeptide) can also
provide valuable information.

Summary of the evaluation of candidates

for organ transplantation

— history and physical examination, with attention to
risk factors for osteoporosis;

— bone densitometry by dual-energy X-ray absorptio-
metry (DXA);

— thoracic and lumbar spine radiographs or vertebral
fracture assessment (VFA) by DXA technique;

— serum calcium, parathyroid hormone, 25-hydroxy-
vitamin D, thyroid function tests and bone turnover
markers;

— in men, serum total and/or free testosterone, FSH,
and LH;

— urine for calcium and markers of bone resorption
(optional).

In the interest of cost control, it could be argued
that the battery of biochemical tests may be unneces-
sary if the bone density measurement is normal and
calcium and vitamin D supplementation are planned.
However, if the pre-transplant bone density is low,
the biochemical evaluation can alert the physician to
the aetiology of low bone mass and guide appropri-
ate therapy.

After transplantation, serum and urine indices of
mineral metabolism are less crucial. Measurement of
bone density remains important and should be per-
formed at 6-12 monthly intervals for the first two years
and annually thereafter. Bone biopsy may be necessary
after renal transplantation, since many experts remain
reluctant to use bisphosphonates in patients with
adynamic bone disease, despite the lack of any data
either supporting or excluding the use of these drugs
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in this setting. Although transiliac crest bone biopsy
remains a research tool, more histomorphometric stu-
dies would be very helpful in confirming the theories of
the pathogenesis of transplantation osteoporosis. With
the advent of non invasive techniques to measure bone
quality reflecting microarchitectural changes and bone
strength, new information on the pathogenesis and risk
of fracture, as well as monitoring the benefits of therapy,
may become more logical.

Management of transplantation
osteoporosis

The general principles for the treatment of transplan-
tation osteoporosis are similar to those for any type
of osteoporosis. Therapy may be initiated during
the waiting period before transplantation or in the
initial 6- 12 months after transplantation. In addition,
no long-term transplant recipient with established
osteoporosis and/or fractures should be neglected.
It must be emphasised that prevention of bone loss
accompanying transplantation in a transplant recipi-
ent is probably more effective in reducing morbidity
than the treatment of already established osteoporo-
sis. During the waiting period before transplanta-
tion, rehabilitation therapy should be prescribed, as
tolerated, to maximise the patient’s condition and
physical fitness. In general, calcium supplementation
should be prescribed at doses of 1,000-1,500 mg per
day, depending upon age, gender, menopausal status,
and dietary intake. Either calcium citrate or calcium
carbonate is acceptable; however, the carbonate form
should be taken with food to enhance absorption and
it can cause constipation. All patients should receive
the Recommended Daily Allowance of vitamin D (800
IU daily). However, given the frequency of vitamin D
insufficiency in these patients, the amount needs to
be increased if measurement of 25-hydroxy-vitamin
D is low. Hormone replacement therapy should be
considered in all postmenopausal women, as well as
in premenopausal amenorrheic women, where there
are no contraindications to such therapy. Hypogonadal
men should also be offered testosterone replacement.
Generally accepted guidelines for gonadal hormone
replacement should apply to these patients.

After transplantation, pharmacologic strategies
should be instituted immediately to prevent bone loss
and fractures. It must be emphasised that very few
controlled prospective studies have been reported that
support the use of specific therapies. The recommenda-
tions described in this chapter are based upon such data
as currently exists, together with experience, acquired
in similar clinical situations, and with supportive ex-
perimental evidence.
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Summary of recommendations for the management

of organ transplant recipients

— encourage transplant physicians to use the lowest
possible dose of glucocorticoids and to consider
alternative therapies for rejection (e.g. OKT3, ra-
pamycin and mycophenolate mofotil);

— obtain bone mineral density routinely in patients
accepted for transplantation and refer for evalua-
tion/therapy all patients with low bone mass (T score
between —1.0 and —2.5) or osteoporosis (T score —2.5);

— ensure calcium intake of 1,000-1,500 mg daily, both
before and after transplantation;

— ensure vitamin D intake of 800-1,000 IU, or as
needed to maintain serum 25-OHD concentrations
above 30 ng/mL;

— encourage participation in a physical rehabilitation
programme, both before and after transplantation;

— replace gonadal steroids in hypogonadal women
and men;

— begin antiresorptive therapy, preferably a bisphos-
phonate, before transplantation in patients with
antecedent osteoporosis/fractures or low bone mass;

— begin antiresorptive therapy, preferably a bisphos-
phonate, immediately or as soon as possible after
transplantation in patients with normal or low bone
mass and continue for at least the first post-trans-
plant year;

— measure BMD at 6-12 monthly intervals for the first
two years after transplantation.

Potential therapies for transplantation
osteoporosis

Potential therapies for transplantation osteoporosis
include:

— vitamin D and analogues;

— oestrogen;

— testosterone;

— calcitonin;

— bisphosphonates;

— newer drugs such as Denosumab.

Vitamin D and analogues

Administration of vitamin D or its analogues is usually
recommended after transplantation. Sambrook et al.
[95] found calcitriol to be efficacious in patients with
glucocorticoid-induced osteoporosis. Although the
role of vitamin D and its analogues in transplanta-
tion osteoporosis remains unclear, these investigators
recently reported, in an abstract form, that calcitriol
(0.5-0.75 mcg/day) prevented spine and hip bone loss
during the first six months after heart or lung trans-
plantation and was as effective as cyclic etidronate [96].
Hypercalcemia and hypercalciuria are the major side
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effects of the therapy with the active analogue and
may develop either suddenly or at any time during
the course of treatment. Thus, frequent urinary and
serum monitoring may be required. If hypercalcemia
occurs, it must be recognised and reversed promptly
because of the adverse effects on renal function and the
life-threatening potential of a severely elevated serum
calcium concentration. Supplemental calcium and any
vitamin D preparations must be discontinued until
calcium and 25(OH)D, values normalise. Although
one may be tempted to permanently discontinue
pharmacologic doses of vitamin D or its metabolites in
view of the necessary serial monitoring and potential
dangers, it seems reasonable to recommence therapy
at a lower dose. The exact mechanism by which vi-
tamin D and its analogues may influence post-trans-
plantation bone loss is uncertain. They may overcome
glucocorticoid-induced decreases in intestinal calcium
absorption, reduce the potential for secondary hyper-
parathyroidism, promote differentiation of osteoblast
precursors into mature cells, or influence the immune
system and potentiate the immunosuppressive action
of cyclosporine [97, 98].

In summary, given the requirement for serial
monitoring and the narrow therapeutic window with
regard to hypercalcemia and hypercalciuria, we regard
pharmacologic doses of vitamin D and its analogues as
adjunctive rather than primary therapy for the preven-
tion and treatment of transplantation osteoporosis.

Oestrogen

In postmenopausal women, or premenopausal women
with amenorrhea or irregular menses, oestrogen re-
placement should be recommended, provided that
there are no contraindications. The dose is the same as
that used for prevention or therapy of postmenopausal
osteoporosis and may be given either orally or transder-
mally. In women with an intact uterus, progesterone
must be prescribed in addition to prevent endometrial
cancer. Continuous rather than cyclic therapy is pre-
ferred after transplantation, as oestrogen enhances
hepatic metabolism of cyclosporine (and presumably
FK506) and may theoretically compromise immuno-
suppression, although it is not known if such an effect
occurs in these patients. For patients who cannot take
oestrogen, tamoxifen [99] or newer selective oestrogen
receptor modulators (SERMs) such as raloxifene [100],
may well be a suitable alternative. Although no trials
of these drugs in organ transplant recipients have
been published, raloxifene has been shown to reduce
cyclosporine-induced bone loss in the rat model [101].
Hyperlipidaemia, produced by glucocorticoids, cy-
closporine, and its analogues, may also be ameliorated

by oestrogen, tamoxifen, and raloxifene, although no
systematic studies have been conducted that address
this particular issue.

Few trials have evaluated the efficacy of oestrogen in
preventing bone loss and fractures after transplantation.
Therefore, the recommendation to prescribe oestrogen
for this purpose is based in part upon the observation
that 17-estradiol prevents cyclosporine-induced bone
loss in the oophorectomised rat [102]. In addition,
a wealth of clinical data supports the protective effect
of oestrogen on the skeleton and one cross-sectional
study suggests that oestrogen and progesterone therapy
are associated with higher bone density in women on
glucocorticoids [103]. The exact mechanism by which
oestrogen protects the skeleton is unknown. However,
oestrogen is associated with the inhibition of bone re-
sorbing cytokines, such as IL-1, IL-6, and IL-11. Recent
work implicates IL-1 [104] as a potential candidate in
the pathogenesis of high turnover bone loss in the
cyclosporine-treated rat, making it conceivable that
oestrogen may modify bone loss in this model by inhib-
iting this cytokine. However, potential side effects on
cardiovascular and breast cancer have to be recognised.

In bone marrow transplantation, in which hypogo-
nadism is a predominant feature, 12 months of hormone
replacement therapy (HRT) was associated with sig-
nificantly increased bone density in a small number of
women, without adversely affecting liver enzymes [88].
There may also be an advantage to combine HRT with
a bisphosphonate, particularly in the light of a recent
study in which an addition of alendronate in a group of
postmenopausal women on stable doses of HRT caused
a significant increase in BMD, but no fracture data for
combined therapy is available.

Testosterone

Men with serious chronic illnesses, such as hepatic,
renal or cardiac failure, are commonly hypogonadal.
In addition, high doses of both glucocorticoids [103]
and cyclosporine (greater than 15 mg/kg body weight)
suppress the hypothalamic—pituitary—gonadal axis
and produce hypogonadism [105, 106]. Testosterone
deficiency, both before and after transplantation, may
contribute to the risk of bone loss and fractures [67, 69,
95]. However, given the complexity of the clinical situ-
ation after transplantation, it is not possible to ascertain
whether testosterone deficiency is an independent risk
factor for fracture or bone loss. In any event, since an-
drogen deficiency is known to cause low bone mass in
men, it is not unreasonable to prescribe testosterone in
men who are truly hypogonadal. Testosterone therapy
is not without risks. Of special concern is the potential
for induction or exacerbation of hyperlipidaemia in
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patients already prone to accelerated atherosclerosis
from hypertension, diabetes, glucocorticoid, and cy-
closporine drug therapy [107]. In addition, prostatic
hypertrophy and liver abnormalities are side effects of
androgen therapy.

However, after successful transplantation, serum
testosterone levels frequently normalise, so that an-
drogen therapy may only be required as a temporary
measure [67, 69, 95]. Thus, it can be argued that tempo-
rary administration of testosterone after transplantation
constitutes physiologic hormone replacement rather
than pharmacological therapy. The risks of prostatic
hyperplasia and liver abnormalities can be minimised
by administering testosterone transdermally, rather
than by injection. If testosterone therapy is recom-
mended, patients must be cautioned about potential
risks and benefits. Monitoring should include monthly
measurement of serum lipids and hepatic enzymes and
regular prostate examinations. Whether testosterone
replacement with calcium supplements and vitamin
D is sufficient to prevent transplantation osteoporosis
is not known. However, it would be more prudent to
include additional antiresorptive therapy to protect
the skeleton.

Calcitonin

In the therapy of osteoporosis, calcitonin has been
shown to increase bone density and reduce vertebral
fractures in patients with osteoporosis, although it is
not as effective as other current therapies. Despite
many years of experience, the optimum dose, the route
of administration and efficacy of continuous versus
intermittent dosing remain unclear. Both injectable
and inhaled calcitonin has been used successfully to
treat glucocorticoid-induced bone loss in humans [108].
While its use in transplant recipients has not been
established by controlled trials, an experimental work
in a rat model has demonstrated that cyclosporine-in-
duced bone loss can be prevented by calcitonin [109].
However, literature reports are rather far from being
consistent regarding the use of calcitonin to prevent
bone loss and fractures after transplantation. The usual
practice is to prescribe synthetic salmon calcitonin, 100
units daily by subcutaneous injection, or intranasal
calcitonin (100-200 IU), as soon as immunosuppressive
therapy is begun. This intranasal dose varies accord-
ing to the transplanted organ [110, 111]. Valero et al.
administered either injectable calcitonin or etidronate
to liver transplant recipients and found that lumbar
spine bone density increased by 6-8% with no dif-
ference in the efficacy between the drugs [112]. By
contrast, other investigators have not found calcitonin
to be particularly effective [111, 113].
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Bisphosphonates

Bisphosphonates, which act by inhibiting osteoclastic
bone resorption, have been used successfully to prevent
and treat glucocorticoid-induced bone loss. Published
studies include first-, second-, and third-generation
bisphosphonates, such as etidronate, pamidronate,
tiludronate, alendronate, risendronate, ibandronate
and, most recently, zolendronate [114-123]. Because
transplantation osteoporosis can be considered as one
form of glucocorticoid-induced osteoporosis, and as cy-
closporine- and tacrolimus-induced bone loss are char-
acterised experimentally by simultaneously increased
bone formation and bone resorption, bisphosphonates
may prove to be highly successful in the prevention of
transplantation osteoporosis. Some [121-123], although
not all [124], studies suggest that bisphosphonates can
prevent bone loss and fractures after transplantation.
Assingle intravenous dose of pamidronate (60 mg), given
during the first two weeks after transplantation and fol-
lowed by cyclical editronate for the remainder of the first
year, prevented lumbar spine and femoral neck bone
loss and significantly reduced the fracture incidence,
compared to patients who received only calcium and
400 IU of vitamin D [122]. A similar experience has been
reported with intravenous pamidronate in kidney [121]
and, even more dramatically, in liver [123] transplant
recipients, where fractures were prevented in the group
treated with pamidronate. Alendronate has been used
in the prevention of osteoporosis after cardiac, liver,
and renal transplantation and the Shane group’s own
clinical experience suggests that this drug s effective in
this setting [125]. At present, these drugs constitute the
most promising approach to the prevention of this often
crippling form of osteoporosis. As with other forms of
therapy, many issues remain to be resolved, such as
whether continuous or intermittent (cyclical) therapy
should be used and at what level of renal impairment
these drugs should be avoided. However, a very re-
cent study, intravenously administering a long-acting
potent N-containing bisphosphonate, zoledronic acid,
in a prospective, double blind, placebo controlled trial
to 62 post-liver transplant patients at seven days, and
then at months 1, 3, 6, and 9 has shown that, after ad-
justing for weight and PTH levels, BMD increased at
the lumbar spine, femoral neck and total hip by 1.1%,
2.7%,and 2.4%, respectively after one year [120]. Before
the administration of N-containing bisphosphonates,
the patient should be made aware of the very rare but
important side effects, such as osteonecrosis of the
jaw, subtrochanteric fractures and joint and muscle
pains besides the upper GIT disturbances, which can
be overcome with intravenous preparations. However,
as no direct cause and effect for these side effects has
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been proven, they should not preclude physicians from
prescribing these drugs as the first line of therapy.

Other therapeutic options

At the present time, the use of the lowest possible doses
of glucocorticoid and calcineurin phosphatase inhibi-
tors offers the best option. The regimens which do not
use either glucocorticoids or calcineurin inhibitors may
prove the most advantageous to the skeleton. A hu-
man monoclonal antibody to RANKL (denosumab)
has recently been approved to treat osteoporosis [126]
and trials are underway to examine its effect in gluco-
corticoid induced bone disease. This may have a place
in post-transplant disease, as it potently inhibits bone
resorption and can be given twice per annum as a s.c.
injection. This drug inhibits the osteoclast cell cycle but
has little or minimal side effects on renal function and
may exacerbate hypocalcemia seems promising but no
data exists in transplant patients. Currently, the most
exciting areas of investigation involve the agents that
stimulate bone formation (growth hormone, growth
hormone releasing peptide, PTH or its analogues, the
IGF family, including the IGF binding proteins, pros-
taglandins, particularly of the E series [127, 128], and
the TGF-superfamily, including bone morphogenic
protein). PTH (1-34) and other agonists of PTH1 receptor
may enhance cell differentiation into the osteoblastic
line and reduce their adipogensis [129, 130], but further
studies are necessary to prove this hypothesis. Antibod-
ies, which inhibit the action of sclerostin, a major factor
in the WNT-beta catenin pathway promoting bone
resorption, are also undergoing clinical trials and this
may have impressive anabolic effects. Such drugs are of
theoretical value, particularly in the setting of glucocor-
ticoid therapy, where the inhibition of bone formation
is a major contributor to bone loss. Newer analogues of
vitamin D, that promote calcium absorption and stimu-
late bone formation without hypercalcemia [131], may
also be valuable additions to the therapeutic armamen-
tarium. Prospective, controlled clinical trials are sorely
needed, not only to evaluate the existing regimens,
but also to study these newer therapies. This may be
unrealistic, given the trial design, the required number
of patients, different immunosuppressive regimens,
comorbid conditions etc.

References

1. Maalouf MN and Shane E. Clinical review: Osteoporosis after Solid
Organ Transplantation. J Clin Endocrinol Metab 2005; 90: 2456-2465.

2. John V, Hock JM, Short LL et al. A role for CD8+ T lymphocytes in
osteoclast differentiation in vitro. Endocrinology 1996; 137: 2457-2463.

3. Weitzmann M, Cenci S, Rifas L et al. T cell activation induces hu-
man osteoclast formation via receptor activator of nuclear factor B
ligand-dependent and independent mechanisms. ] Bone Miner Res
2001; 16: 328-337.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Canalis E, Mazziotti G, Giustina A et al. Glucocorticoid-induced osteo-
porosis: pathophysiology and therapy. Osteoporos Int 2007; 18: 1319-28.
Weinstein RS, Jilka RL, Parfitt AM et al. Inhibition of osteoblastogenesis
and promotion of apoptosis of osteoblasts and osteocytes by glucocor-
ticoids. J Clin Invest 1998; 102: 274-82.

Sivagurunathan S, Muir MM, Brennan TC et al. Influence of glucocor-
ticoids on human osteoclast generation and activity. ] Bone Miner Res
2005; 20: 390-5.

Hofbauer LC, Gori E Riggs BL et al. Stimulation of osteoprotegerin
ligand and inhibition of osteoprotegerin production by glucocorticoids
in human osteoblastic lineage cells: potential paracrine mechanisms of
glucocorticoid-induced osteoporosis. Endocrinology 1999; 140: 4382-9.
Vidal NO, Brandstrom H, Jonsson KB et al. Osteoprotegerin mRNA is
expressed in primary human osteoblast-like cells: down-regulation by
glucocorticoids. ] Endocrinol 1998; 159: 191-5.

Walsh CT, Zydowsky LD, McKeon FD. Cyclosporine A, the cyclophilin
class of peptidylprolylisomerases, and blockade of T cell signal transduc-
tion. J Biol Chem 1992; 267: 13115-13118.

Handschumacher RE, Harding MW, Rice J et al. Cyclophilin: a specific
cytosolic binding protein for cyclosporin A. Science 1984; 226: 544-547.
Cardenas ME, Muir RS, Breuder T et al. Targets of immunophilin im-
munosuppressant complexes are distinct highly conserved regions of
calcineurin A. EMBO ] 1995; 14: 2772-2783.

Dolinski K, Muir S, Cardenas M et al. All cyclophilins and FK506 binding
proteins are, individually and collectively, dispensable for viability in
Saccharomyces cerevisiae. Proc Natl Acad Sci 1997; 94: 13,093-13,098.

Liu J, Albert MW, Wandless TJ et al. Inhibition of T cell signaling by
immunophilin-ligand complexes correlates with loss of calcineurin
phosphatase activity. Biochemistry 1992; 31: 3896-3901.

Siekierka JJ and Sigal NH. FK-506 and cyclosporin A: immunosuppressive
mechanism of action and beyond. Curr Opin Immunol 1992; 4: 548-552.
Fuleihan R, Ramesh N, Horner A et al. Cyclosporin A inhibits CD40
ligand expression in T lymphocytes. ] Clin Invest 1994; 93: 1315-1320.
Shaw K, Ho AM, Raghavan A et al. Inmunosuppressive drugs prevent
a rapid dephosphorylation of transcription factor NFAT1 in stimulated
immune cells. Proc Natl Acad Sci USA 1995; 92: 11205-11209.

Mages HW, Baag R, Steiner B et al. Utilization of an NF-ATP binding pro-
moter element for EGR3 expression in T cells but not fibroblasts provides
a molecular model for the lymphoid cell specific effect of cyclosporin A.
Mol Cell Biol 1998; 18: 7157-7165.

Zhang BW, Zimmer G, Chen J et al. T cell responses in calcineurin
A alpha-deficient mice. ] Exp Med 1996; 183: 413-420.

Hodge MR, Ranger AM, Charles de la Brousse F et al. Hyperproliferation
and dysregulation of IL-4 expression in NF-ATp-deficient mice. Immu-
nity 1996; 4: 397-405.

Xanthoudakis S,Viola J©, Shaw KT et al. An enhanced immune response
in mice lacking the transcription factor NFAT1. Science 1996; 272: 892-895.
Yoshida H, Nishina H, Takimoto H et al. The transcription factor
NEF-ATc1 regulates lymphocyte proliferation and Th2 cytokine produc-
tion. Immunity 1998; 8: 115-124.

Ranger AM, Hodge MR, Gravallese EM et al. Delayed lymphoid repopu-
lation with defects in IL-4-driven responses produced by inactivation of
NF-ATc. Immunity 1998; 8: 125-134.

Movsowitz C, Epstein S, Fallon M et al. Cyclosporin A in vivo produces
severe osteopenia in the rat: effect of dose and duration of administra-
tion. Endocrinology 1988; 123: 2571-2577.

Movsowitz C, Epstein S, Ismail F et al. Cyclosporin A in the oophorec-
tomized rat: unexpected severe bone resorption. ] Bone Miner Res 1989;
4: 393-398.

Schlosberg M, Movsowitz C, Epstein S et al. The effect of cyclosporin
A administration and its withdrawal on bone mineral metabolism in the
rat. Endocrinology 1989; 124: 2179-2184.

Cvetkovic M, Mann GN, Romero DF et al. The deleterious effects of
long-term cyclosporine A, cyclosporine G, and FK506 on bone mineral
metabolism in vivo. Transplantation 1994; 57: 1231-1237.

Thiebaud D, Krieg MA, Gillard-Berguer D et al. Cyclosporine induces
high bone turnover and may contribute to bone loss after heart trans-
plantation. Eur J Clin Invest 1996; 26: 549-555.

Rich GM, Mudge GH, Laffel GL et al. Cyclosporine A and predni-
sone-associated osteoporosis in heart transplant recipients. ] Heart Lung
Transplant 1992; 11: 950-958.

Aubia J, Masramon J, Serrano S et al. Bone histology in renal transplant
patients receiving cyclosporine. Lancet 1988; 1: 1048.

Cueto-Manzano AM, Konel S, Crowley V et al. Bone histopathology
and densitometry comparison between cyclosporine A monotherapy
and prednisolone plus azathioprine dual immunosuppression in renal
transplant patients. Transplantation 2003; 75: 2053-2058.

Ponticelli C, Aroldi A. Osteoporosis after organ transplantation. Lancet
2001; 357: 1623.

Grotz W, Mundinger A, Gugel B et al. Missing impact of cyclosporine
on osteoporosis in renal transplant recipients. Transplant Proc 1994; 26:
2652-2653.

483



Transplantation osteoporosis

Sol Epstein, Michal Stuss

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

McIntyre HD, Menzies B, Rigby R et al. Long-term bone loss after renal
transplantation: comparison of immunosuppressive regimens. Clin
Transplant 1995; 9: 20-24.

Moreno A, Torregrosa JV, Pons F et al. Bone mineral density after
renal transplantation: long-term follow-up. Transplant Proc 1992; 31:
2322-2323.

Abdelhadi M, Ericzon BG, Hultenby K et al. Structural skeletal impair-
ment induced by immunosuppressive therapy in rats: cyclosporine A vs
tacrolimus. Transpl Int 2002; 15: 180-187.

Goffin E, Devogelaer Jb, Depresseux G et al. Evaluation of bone mineral
density after renal transplantation under a tacrolimus-based immuno-
suppression: a pilot study. Clin Nephrol 2003; 59: 190-195.

Stempfle HU, Werner C, Siebert U et al. The role of tacrolimus
(FK506)-based immunosuppression on bone mineral density and bone
turnover after cardiac transplantation: a prospective, longitudinal,
randomized, double-blind trial with calcitriol. Transplantation 2002;
73: 547-552.

Romero DE Buchinsky FJ, Rucinski B et al. Rapamycin: a bone sparing
immunosuppressant? ] Bone Miner Res 1995; 10: 760-768.

Kuo CJ, Chung J, Fiorentino DF et al. Rapamycin selectively inhibits
interleukin-2 activation of p70 S6 kinase. Nature 1992; 358: 70-73.
Hofbauer LC, Shui C, Riggs BL et al. Effects of immunosuppressants on
receptor activator of NF-kappaB ligand and osteoprotegerin production
by human osteoblastic and coronary artery smooth muscle cells. Biochem
Biophys Res Commun 2001; 280: 334-339.

Shui C, Riggs BL, Khosla S. The immunosuppressant rapamycin, alone
or with transforming growth factor-beta, enhances osteoclast differ-
entiation of RAW264.7 monocyte-macrophage cells in the presence of
RANK-ligand. Calcif Tissue Int 2002; 71: 437-446.

Goodman GR, Dissanayake IR, Sodam BR et al. Inmunosuppressant
use without bone loss —implications for bone loss after transplantation.
J Bone Miner Res 2001; 16: 72-78.

Campistol JM, Holt WH, Epstein S et al. Bone metabolism in renal
transplant patients treated with cyclosporine or sirolimus. Transplant
International 2005; 18: 1028-1035.

Eisen HJ, Tuzcu EM, Dorent R et al. Everolimus for the prevention of
allograft rejection and vasculopathy in cardiac-transplant recipients.
N Engl ] Med 2003; 349: 847-858.

Dissanayake IR, Goodman GR, Bowman AR et al. Mycophenolate
mofetil: a promising new immunosuppressant that does not cause bone
loss in the rat. Transplantation 1998; 65: 275-278.

Hamdy NAT, Mallat MJK, Bravenboer N et al. Factors determining the
prevalence of osteoporosis and fractures a year after successful kidney
transplantation. 25" Annual Meeting ASBMR 2003 September 19-23,
Minneapolis, Minnesota: S174.

Bryer HP Isserow JA, Armstrong EC et al. Azathioprine alone is bone
sparing and does not alter cyclosporin A-induced osteopenia in the rat.
J Bone Miner Res 1995; 10: 132-138.

Goodman WG, Coburn JW, Slatopolsky E et al. Renal osteodystrophy
in adults and children. In: Favus M]J (ed). Primer on the Metabolic Bone
Diseases and Disorders of Mineral Metabolism. 4" ed. Lippincott-Raven,
Philadelphia 1999: 347-363.

Julian BA, Laskow DA, Dubovsky ] et al. Rapid loss of vertebral bone
density after renal transplantation. N Engl ] Med 1991; 325: 544-550.
Horber FE Casez JB, Steiger U et al. Changes in bone mass early after
kidney transplantation. ] Bone Miner Res 1994; 9: 1-9.

Nisbeth U, Lindh E, Ljunghall S et al. Fracture frequency after kidney
transplantation. Transplant Proc 1994; 26: 1764.

Cueto-Manzano A, Konel S, Hutchinson AJ et al. Bone loss in long term
renal transplantation. Histopathology and densitometry analysis. Kidney
Int 1999; 55: 2021-2029.

Querings K, Girndt M, Geisel J et al. 25 Hydroxyvitamin D deficiency
in renal transplant recipients. J. Clin Endo Metab 2006; 91: 526-529.
Mitchell DR and Lyles KW. Glucocorticoid-induced osteoporosis: mecha-
nisms for bone loss. Evaluation of strategies for prevention. ] Gerontol
1990; 45: 153-158.

Epstein S, Shane E, Bilezikian JP. Organ transplantation and osteoporo-
sis. Curr Opin Rheumato 1995; 7: 255-261.

Nishiyama K and Okinaga A. Osteonecrosis after renal transplantation
in children. Clin Orthop Relat Res 1993; 295: 168-171.

Briggs WA, Hampers CL, Merrell PJ et al. Aseptic necrosis in the femur
after renal transplantation. Ann Surg 1972; 175: 282-288.

Elmstedt E and Szahn T. Skeletal complications following renal trans-
plantation. Acta Orthop Scand 1981; 52: 279-286.

Ternoven O, Mueller DM, Matteson EL et al. Clinically occult avascular
necrosis of the hip: prevalence in an asymptomatic population at risk.
Radiology 1992; 182: 845-847.

LeParc JM, Andre T, Helenon O et al. Osteonecrosis of the hip in re-
nal transplant recipients. Changes in functional status and magnetic
resonance imaging findings over three years in three hundred five
patients. Rev Rheum Engl Ed 1996; 63: 413-420.

484

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Naiker ID, Govender S, Naicker S et al. Avascular necrosis of bone fol-
lowing renal transplantation. S Afr Med J 1993; 83: 646—-649.

Gauthier VJ, Barbosa LM. Bone pain in transplant recipients responsive
to calcium channel blockers. Ann Intern Med 1994; 121: 863-865.
Muchmore JS, Cooper DKC, Ye Y et al. Loss of vertebral bone density in
heart transplant patients. Transplant Proc 1991; 23: 1184-1185.

Shane E, Rivas MDC, Silverberg SJ et al. Osteoporosis after cardiac
transplantation. Am J Med 1993; 94: 257-264.

Shane E, Rivas M, Staron RB et al. Fracture after cardiac transplanta-
tion: a prospective longitudinal study. J Clin Endocrinol Metab 1996;
81: 1740-1746.

Leidig-Bruckner G, Edwerbein S, Czeczatka D et al. Incidence of osteo-
porotic fractures after liver and heart transplantation. ] Bone Miner Res
1997; 12 (Suppl 1): 145.

Sambrook PN, Kelly PJ, Keogh A et al. Bone loss after cardiac transplanta-
tion: a prospective study. ] Heart Lung Transplant 1994; 13: 116-121.
Rivas M and Shane E. Osteoporosis after organ transplantation.
Am ] Med 1998; 104: 459—469.

Shane S, Rivas M, McMahon DJ et al. Bone loss and turnover after cardiac
transplantation. J Clin Endocrinol Metab 1997; 72: 382-386.

Prummel ME Wiersinga WM, Lips P et al. The course of biochemical
parameters of bone turnover during treatment with corticosteroids.
J Clin Endocrinol Metab 1991; 72: 382-386.

Lems WE Gerrits MI, Jacobs JWG et al. Changes in (markers of) bone
metabolism during high dose corticosteroid pulse treatment in patients
with rheumatoid arthritis. Ann Rheum Dis 1996; 55: 288-293.

Guo C, Johnson A, Locke T et al. Mechanism of bone loss after cardiac
transplantation. Bone 1998; 22: 267-271.

McDonald JA, Dunstan CR, Dilworth P et al. Bone loss after liver trans-
plantation. Hepatology 1991; 14: 613-619.

Meys E, Fontanges E, Fourcade N et al. Bone loss after orthotopic liver
transplantation. Am J Med 1994; 97: 445-450.

Hawkins FG, Leon M, Lopez MB et al. Bone loss and turnover in patients
with liver transplantation. Hepato-Gastroenterology 1994; 41: 158-161.
Eastell R, Dickson R, Hodgson SF et al. Rates of vertebral bone loss
before and after liver transplantation in women with primary biliary
cirrhosis. Hepatology 1991; 14: 296-300.

Vedi ], Greer S, Skingle S et al. Mechanism of bone loss after liver trans-
plantation: a histomorphometric analysis. ] Bone Miner Res 1999; 14:
281-287.

Compston J, Greer S, Skingle S et al. Early increase in plasma parathy-
roid hormone level following liver transplantation. ] Hepatol 1996; 25:
715-718.

Aris R, Neuringer I, Weiner M et al. Severe osteoporosis before and after
lung transplantation. Chest 1996; 109: 1176-1183.

Shane E, Silverberg SJ, Donovan D et al. Osteoporosis in lung transplanta-
tion candidates with end stage pulmonary disease. Am ] Med 1996; 101:
262-269.

Aris RM, Renner JB, Winders AD et al. Increased rate of fractures and se-
vere kyphosis: sequelae of living into adulthood with cystic fibrosis. Ann
Intern Med 1998; 128: 186-193.

Shane E, Papadopoulos A, Staron RB et al. Bone loss and fracture after
lung transplantation. Transplantation 1999; 68: 220-227.

Shulman L, Addesso V, Staron R et al. Insufficiency fractures of the
sacrum. A cause of low back pain after lung transplantation. ] Heart
Lung Transplant 1997; 16: 1081-1085.

Stillwell P and Mallory G. Pediatric lung transplantation. Clin Chest Med
1997; 18: 405-414.

Aringer M, Kiener H, Koeller M et al. High turnover bone disease fol-
lowing lung transplantation. Bone 1998; 23: 485-488.

Kelly PJ, Atkinson K, Ward RL et al. Reduced bone mineral density in
men and women with allogenic bone marrow. Transplantation 1990; 50:
881-883.

Castaneda S, Carmona L, Carjaval I et al. Reduction of bone mass in
women after bone marrow transplantation. Calcif Tissue Int 1997; 60:
343-347.

Castelo Branco C, Rovira M, Pons F et al. The effect of hormone replace-
ment therapy on bone mass in patients with ovarian failure due to bone
marrow transplantation. Maturitas 1996; 23: 307-312.

Stern JM, Chesnut III CH, Bruemmer B et al. Bone density loss dur-
ing treatment of chronic GVHD. Bone Marrow Transplant 1996; 17:
395-400.

Detryk A, Bergmann T, Polga K et al. Prospective study with changes in
bone mineral density and turnover after hematopoetic cell transplanta-
tion. J Clin Endo Metab 2006; 91: 899-905.

Ebeling B, Thomas D, Erbas B et al. Mechanism of bone loss following
allogeneic and autologous hematopoeitic stem cell transplantation.
J Bone Miner Res 1999; 14: 342-350.

Withold W, Wolf H, Kollbach S et al. Monitoring of bone metabolism
after bone marrow transplantation by measuring two different markers
of bone turnover. Eur J Clin Chem Clin Biochem 1996; 34: 193-179.



Endokrynologia Polska/Polish Journal of Endocrinology 2011; 62 (5)

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

Carlson K, Simonsson B and Ljunghall S. Acute effects of high dose
chemotherapy followed by bone marrow transplantation on serum
markers of bone metabolism. Calcif Tissue Int 1994; 5: 408-411.

Stern J, Sullivan KS, Ott S et al. Bone density loss after allogeneic he-
matopoietic stem cell transplantation. A prospective study. Biol Blood
Marrow Transplant 2001; 7: 257-264.

Sambrook PN, Kelly PJ, Fontana D et al. Mechanisms of rapid bone loss
following cardiac transplantation. Osteoporosis Int 1994; 4: 273-276.
Sambrook B Marshall G, Henderson K et al. Effect of calcitriol in the
prevention of bone loss after cardiac or lung transplantation. ] Bone
Miner Res 1997; 12 (suppl 1): S400.

Meys E, Terreaux-Duvert E Beaume-Six T et al. Effects of calcium, cal-
cidiol and monofluorophosphate on lumbar bone mass and parathyroid
function in patients after cardiac transplantation. Osteoporosis Int 1993;
3:329-332.

Lemire JM. Immunomodulatory role 1,25 Dihydroxyvitamin D3. J Cell
Biochem 1992; 49: 26-31.

Love R, Mazess R, Barden H et al. Effect of tamoxifen and bone mineral
density in postmenopausal women with breast cancer. N Engl ] Med
1992; 326: 852-856.

Ettinger B, Black DM, Mitlak BH et al. Reduction of vertebral fracture
risk in postmenopausal women treated with raloxifene. Results from
a three-year randomized clinical trial. JAMA 1999; 282: 637-645.
Bowman A, Sass D, Marshall I et al. Raloxifene analog (Ly 117018-HCL)
ameliorates cyclosporin A induced osteopenia. ] Bone Miner Res 1996;
22: 1191-1198.

JoffeI, Katz I, Jacobs T et al. 17 Beta estradiol prevents osteopenia in the
oophorectomized rat treated with cyclosporin A. Endocrinology 1992;
130: 1578-2586.

Lindsay R, Cosman E Lobo RA et al. Addition of alendronate to ongoing
hormone replacement therapy of osteoporosis: a randomized controlled
clinical trial. J Clin Endocrinol Metab 1999; 84: 3076-81.

Marshall I, Isserow JA, Buchinsky FJ et al. Expression of Interleukin 1 and
Interleukin 6 in Bone from Normal and Cyclosporin Treated Rats. XII
International Conference on Calcium Regulating Hormones, February,
Melbourne, Australia 1995.

Nieszporek T, Grzeszczak W, Kokot F et al. Influence of the type of im-
munosuppressive therapy on secretion of somatotropin and function of
the pituitary-gonadal axis in patients with kidney transplant. Nephron
1989; 53: 65-69.

Ramirez G, Navarte J, Bittle PA et al. Cyclosporine induced altera-
tions in the hypothalamic hypophyseal gonadal axis in transplant
patients. Nephron 1991; 58: 27-32.

Kahan BD. Cyclosporine. N Engl ] Med 1989; 321: 1725-1738.
Montemurro L, Schiraldi G, Fraioli P et al. Prevention of corticosteroid
induced osteoporosis with salmon calcitonin. Calciff Tissue Int 1991; 49:
71-76.

Stein B, Takizawa M, KatzI et al. Salmon calcitonin prevents cyclosporin
A induced high turnover bone loss. Endocrinology 1991; 129: 92-98.

110.Grotz W, Rump AL, Niessen H et al. Treatment of osteopenia and osteo-

111.

112.

porosis after kidney transplantation. Transplantation 1998; 66: 1004-1008.
Garcia—Delgano I, Prieto S, Gil Fragnas L et al. Calcitonin, etidronate
and calcidiol treatment in bone loss after cardiac transplantation. Calcif
Tissue Int. 1997 Feb;60(2):155-9.

Valero M, Loinaz C, Larrodera L et al. Calcitonin and bisphosphonate
treatment in bone loss after liver transplantation. Calcif Tissue Int 1995;
57:15-19.

11

114.

11

11

117.

11

11

121

12

12

12

12

12

12

12

12

12

13

13

3.

5.

6.

8.

9.

0.

1.

2.

3.

4.

5.

6.

7.

8.

9.

0.

Juicy

Rodino M and Shane E. Osteoporosis after organ transplantation. Am J
Med 1998; 104: 459-469.

Adachi JD, Bensen WG, Brown ] et al. Intermittent etidronate therapy
to prevent corticosteroid-induced osteoporosis. N Engl ] Med 1997; 337:
382-387.

Reid IR, Schooler BA and Stewart AW. Prevention of glucocorticoid-in-
duced osteoporosis. ] Bone Miner Res 1990; 5: 619-623.

Saag K, Emkey R, Schnitzer T et al. Alendronate for the prevention and
treatment of glucocorticoid-induced osteoporosis. N Engl ] Med 1998;
339: 292-299.

Tauchmanova L, Selleri C, Esposito M et al. Beneficial treatment with
risedronate in long term survivors after allogeneic stem cell trans-
plantation for hematological malignancies. Osteoporos Int 2003; 14:
1013-1019.

Hommann M, Abendroth K, Lehmann G et al. Effect of transplantation
on bone: osteoporosis after liver and multivisceral transplantation.
Transplant Proc 2002; 34: 2296-2298.

Chae YS, Kim JG, Moon JH et al. Pilot study on the use of zoledronic acid
to prevent bone loss in Allo-SCT recipients. Bone Marrow Transplant
2009; 44: 35-41.

Crawford BA, Kam C, Pavlovic] et al. Zoledronic acid prevents bone loss
after liver transplantation: a randomized, double-blind, placebo-con-
trolled trial. Ann Intern Med 2006; 144: 239-48.

Fan S, Almond MK, Ball E et al. Pamidronate therapy as prevention of
bone loss following renal transplantation. Kidney Int 2000; 57: 684-690.
Shane E, Rodino M, McMahon DJ et al. Prevention of bone loss after
cardiac transplantation with antiresorptive therapy: a pilot study. ] Heart
Lung Transplant 1998; 17: 1089-1096.

Reeve H, Francis R, Manas D et al. Intravenous bisphosphonate prevents
symptomatic osteoporotic vertebral collapse in patients after liver trans-
plantation. Liver Transplant Surg 1998; 4: 404-409.

Riemens SC, Oostdijk A, van Doormaal ] et al. Bone loss after liver
transplantation is not prevented by cyclical etidronate, calcium, and
alpha calcidiol. Osteoporosis Int 1996; 6: 213-218.

Shane E, Rodino MA, Thys-Jacobs SJ et al. Comparison of two antiresorp-
tive regimens on rates of bone loss after cardiac transplantation. ] Bone
Miner Res 1997; 12 (Suppl 1): S181.

Cummings SR, San Martin J, McClung MR et al. Denosumab for preven-
tion of fractures in postmenopausal women with osteoporosis. N Engl J
Med 2009; 361: 756-65.

Lane NE, Sanchez S, Modin GW et al. Parathyroid hormone can reverse
corticosteroid-induced osteoporosis. J Clin Invest 1998; 102: 1627-1633.
Katz IA, Jee WSS, Joffe I et al. Prostaglandin E2 alleviates cyclosporin
A-induced bone loss in the rat. ] Bone Miner Res 1992; 4: 1191-1200.
Chan GK, Miao D, Deckelbaum R et al. Parathyroid hormone-related
peptide interacts with bone morphogenetic protein 2 to increase
osteoblastogenesis and decrease adipogenesis in pluripotent C3H10T
mesenchymal cells. Endocrinology 2003; 144: 5511-5520.

Rickard DJ, Wang FL, Rodriguez-Rojas AM et al. Intermittent treatment
with parathyroid hormone (PTH) as well as a non-peptide small molecule
agonist of the PTH1 receptor inhibits adipocyte differentiation in human
bone marrow stromal cells. Bone 2006; 39: 1361-1372.

. Lemire JM, Archer DC and Reddy GS. Dihydroxy-24-oxo-16-ene-Vi-

tamin D3, a renal metabolite of the vitamin D analog 1,25-dihy-
droxy-16ene-vitamin D3, exerts immunosuppressive activity equal to
its parent without causing hypercalcemia in vivo. Endocrinology 1994;
135: 2818-2821.

485



