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In the treatment of osteoporosis, the aim of the antiresorptive therapy isto restore bone density
by decreasing bone remodeling. The process of bone remodeling plays arole in plasma calcium
homeostasis and serves to modify bone architecturein order to meet changing mechanical needs, to
maintain osteocyte viability, and to repair microdamage in bone matrix. Estrogen deficiency results
in anumber of detrimental effects on bone, including suppression of osteocyte survival aswell as
impairment of osteoblast response to mechanical stimuli and repair of ageing bone. In thisreview,
effects of available antiresorptive therapies on endocrine regulations of bone metabolism in post-
menopausal osteoporosis are compared.

The aim of antiresorptive treatment is to ensure adequate bone remodeling, reparation of mi-
crodamage of bone, and increased bone strength. Ideally, this effect should be maintained long-
term. Several agents are approved for the treatment of osteoporosis. Calcitonin transiently inhibits
osteoclast activity without decreasing osteoblast collagen synthesis. Aminobisphosphonates de-
crease bone remodeling by decreasing osteoclast activity and by inducing osteoclast apoptosis.
This alows more time for secondary mineralization to proceed to completion in the existing bone
tissue mass, so increasing the mechanical resistance of boneto loading. Estrogens and raloxifene (a
selective estrogen receptor modulator that acts as an estrogen agonist in bone) suppress bone re-
modeling to the premenopausal range, maintaining the function of osteoblasts and osteocytes. In
the placebo-controlled osteoporosis treatment trials, all the above treatments reduced the risk of
fractures. Raloxifene therapy was also associated with afavorable or neutral effect in the cardio-
vascular system, and a reduced incidence of breast cancer. Selection of appropriate drug for treat-
ment of postmenopausal osteoporosis should take into account the long-term effect of the antire-
sorptive agent on bone. Moreover, the effects on other tissues ++should also be considered, and this
encompasses both safety concerns, as well as the potentially beneficial effects on other tissues.
Further investigation is needed to evaluate the different modes of action of these agents, and their
long-term effects on bone and other tissues.

Key Words: Apoptosis - Bisphosphonates - Calcitonin - Cytokines - Estrogen - Osteoblasts -
Osteoclasts - SERM - Raloxifene

Bone remodeling modeling of bone. Bone remodeling is important in

maintaining plasma calcium homeostasis. It also

The aim of antiresorptive therapiesfor osteoporo-  serves to adjust bone architecture in order to meet
sis is to restore the bone density by decreasing re- changing mechanical needs. It helps to maintain os-
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Fig 1 Left Estrogen deficiency up-regulates the production and action of several cytokines, such as interleukins 1 and 6,
macr ophage-colony-stimulating factor (M-CSF), tumor necrosisfactor alpha, and ligand of receptor activating nuclear factor
kappa B (RANKL). RANKL bindstoitsreceptor, and along with the M-CSF activates osteoclastic bone resor ption. Estrogen
deficiency also down-regulates the local production of insulin-like growth factors, and transforming growth factor beta, and

inhibitors of cytokines action, such as osteoprotegerin (OPG).

Estrogen deficiency suppresses survival of osteocytes and im-

pairsresponse of osteoblaststo mechanical stimuli, detection of microdamage and repair of aged bone. Aminobisphosphonates
(A-BP) inhibit osteoclast recruitment, reduce the osteoclast lifespan, and directly inhibit the osteoclast activity. Calcitonin
(CT) transiently inhibits osteoclast activity. Estradiol (E2) and raloxifene (RL X) (right) adjust the local production of cytok-
ines and growth factors, decrease the formation of osteoclasts, and extend osteoblast and osteocyte lifespan.

teocyte viability, and to repair microdamage in bone
matrix preventing the accumulation of old bone
(ParrITT 2002). In heathy adults, bone massis main-
tained by a balance between bone resorption and for-
mation performed by osteoclasts and osteoblasts,
respectively. The amount of aged bone removed by
the osteoclastsisreplaced by an equal amount of new
mechanically competent tissue at the same location.
The osteoblast-synthesized osteoid undergoes min-
eralization in two consecutive steps: a primary min-
eralization on the calcification front followed by
aslow process of secondary mineralization progres-
sively adding about 50-60 % of the minera content
in bone matrix (Meunier and Boivin 1997). In this
way, in healthy adults, the whole skeleton is contin-
uously being regenerated every 10 years through
periodic cycles of destruction of aged bone (MaNoL-
AGAs 2000). The aim of this paper is to review the
mechanisms of action of different antiresorptive
agents in bone remodeling in postmenopausal wom-
en with osteoporosis.

Consequences of estrogen deficiency

After the menopause, the increased bone remod-
eling resultsin an accelerated loss of predominantly
cancellous bone, particularly on the endosteal sur-
face of bone. The accelerated phase gradually de-
creases over 4-8 years into a subsequent slow phase
of postmenopausal bone loss (Steran et a. 1997).

Estrogen deficiency (Figure 1) increases osteo-
clast recruitment and birth rate of new bone units
that undergo a remodeling cycle (activation frequen-
cy), and extends the bone resorption phase by reduc-
ing osteoclast apoptosis (MaNoLAGas 2000). Estro-
gen deficiency up-regulates the production and ac-
tion of severa cytokines, such as interleukins 1 and
6 (IL-1, IL-6), macrophage-colony-stimulating fac-
tor (M-CSF), tumor necrosis factor alpha (TNF o),
and receptor activating nuclear factor kappaB ligand
(RANKL) (PreiscHFLER et a. 2002). The cytokines
can have multiple effects on the osteoclast lineage,
including the induction of osteoclast differentiation
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and maturation, stimulation of inactive osteoclasts
to resorb bone and inhibition of osteoclast apopto-
sis. This is exemplified by the action of RANKL.
RANKL is expressed on the cell surface of osteo-
blastsg/stromal cells and binds to RANK (its recep-
tor), expressed on the cell surface of hematopoietic
osteoclast precursor cells and mature osteoclasts.
Upon RANK activation a cascade of signaling events
and gene expression istriggered, that leadsto differ-
entiation and maturation of osteoclast precursors, to
activation of mature osteoclasts, and protection of
osteoclast progenitors and mature osteocl asts against
apoptosis (PreiLscHIFLER et al. 2002). M-CSF isiden-
tified as an important permissive factor for the ac-
tion of RANKL. Simultaneously, estrogen deficien-
cy down-regulates the local production of osteopro-
tegerin (OPG), insulin-likegrowth factors (IGF I, IGF
I1) and transforming growth factor beta (TGF f3).
OPG acts as adecoy receptor for RANKL, thereby
blocking the interaction of osteoblasts/stromal cells
and the osteoclast compartment.

The high-turnover phase, due to excessive osteo-
clast activity, resultsin deep resorption cavities, tra-
becular plate perforation, wide separation and dis-
connection of trabeculae, and enlargement and coa-
lescence of subendocortical spaces. The eroded re-
versal surface is 5- to 10-fold greater than the active
resorption surfaceindicating a delay betweentheend
of resorption by osteoclasts and the onset of bone
formation.

During the subsequent slow phase of the post-
menopausal bone loss, an insufficiency of bone for-
mation is unable to keep pace with bone resorption
by osteoclasts (Steran et a. 1987). In addition to
estrogen deficiency, anumber of other age-related
factors contribute to the slow phase of bone loss, (i)
secondary hyperparathyroidism caused by age-relat-
ed decrease in the ability to adapt to alower calcium
intake by increasing intestinal calcium absorption,
(i1) decrease in renal calcium conservation, (iii) im-
paired vitamin D metabolism and (iv) impaired os-
teoblast recruitment and function. In clinical prac-
tice, the loss of bone mineral can be identified and
quantified by dual energy X-ray absorptiometry
(DXA) and is one of major risk factors for fractures
(Kanis and GLuer 2000). The measurement of bio-
chemical markers of boneresorption (typel collagen
degradation products, such as CTX or NTX, in se-

rum or urine, or serum osteoclastic acid phosphatase
(ACP), and markers of bone formation (serum con-
centrations of bone akaline phosphatase (ALP), or
type | collagen synthesis product, PINP), alows to
differentiate between high- and low-turnover process-
es (DeLmas et a. 2000).

In aging adults, the number of osteoblasts recruit-
ed to erosion surfaces is decreased as well as their
functional capacity, resulting in adecreased rate of
bone formation. The number of osteoblasts is de-
termined by the rate of replication of progenitors and
the life span of mature cells, reflecting the timing of
death by apoptosis. The activity of osteoblasts, and
replicative life span of osteoblasts decrease with loss
of estrogen (Weinstein and ManoLAacas 2000) and
also with age (YupoH et al. 2001). The impaired os-
teoblast activity due to a decrease of systemicaly
available sex hormones, as well as by adecreased
local effectiveness of cytokines and growth factors
resultsin a further trabecular thinning (ParrTT 2000).
Consequently, wall thickness (the depth of bone struc-
tura units on bone surfaces after the completion of
bone formation) decreasesin women after menopause
indicating that each erosion cavity is refilled with
asmaller than normal volume of bone (ScHAFFLER et
al. 1995).

Estrogen deficiency also suppresses survival of
osteocytes (WeinsTeIN and MaNoLAcas 2000) and
impairs the response of osteoblasts to mechanical
stimuli, the detection of microdamage and therefore
the repair of aged bone (Figure 1). Osteocytes sense
changesintheinterdtitial fluid flow produced by me-
chanical forces, and through cell processes commu-
nicate to lining osteoblasts on the bone surface the
need for focal repair of the microdamage/microc-
racks. The lining cells secrete collagenase, and by
partial degradation of the mineralized surface prime
the bone surface, enabling osteoclaststo resorb bone.

Withincreasing ageinwomen aswell in men, bone
microdamage, evidenced as microcracks, accumu-
lates more rapidly than intrinsic processes can re-
pair (ScHAFFLER et al. 1995). This hasimportant con-
sequences such as microarchitectural deterioration,
and decreased bone strength and stiffnesswhich lead
to increased bone fragility and fracture associated
with aging and osteoporosis. Thus, both estrogen
deficiency and insufficient perception of biomechan-
ical strain are the major mechanisms contributing to



228 MECHANISMS OF ACTION OF ANTIRESORPTIVE THERAPIES OF POSTMENOPAUSAL OSTEOPOROSIS

dteration in the ability of the bone to perceive and
react to microdamage. Moreover, the cancellous,
endosteal, intracortical, and periosteal bone may
change differentially during bone loss.

Differencesin the biological effects of the drugs
on bone remodeling

Estrogen/SERM . The bone preserving and anti-
resorptive action of estrogen is mediated by estro-
gen receptor apha and/or estrogen receptor beta
(ERo and ER) in osteoblasts (VipaL et al. 1999).
These two receptors do represent distinct proteins
generated by separate genomic elements. They dis-
play adifferential distribution pattern during devel-
opment, and in various adult tissues. Within a distinct
tissue, receptor expression may depend on the dif-
ferentiation state of the different cells. Estrogen re-
ceptors can form heterodimers as well as ho-
modimers, the later with apotentialy different ac-
tivity profile. Both receptorswere ableto inhibit bone
remodeling when acting alone. The antiresorptive
action of estrogen is predominantly explained
through aregulatory effect of the hormone on fac-
tors and cytokines produced by the osteoblasts and
affecting osteoclast number, osteoclast activity, and
the life span of the osteoclast in a paracrine manner.
In addition, estrogen also affects bone resorption by
acting directly on osteoclast progenitors. Estrogen
decreases the responsiveness of the osteoclast pro-
genitor cellsto RANKL, thereby preventing the for-
mation of osteoclasts (SrivasTa et a. 1999). Conse-
quently, estrogen supplementation in postmenopausal
subjects decreases the formation and activity of os-
teoclasts and reverses the activation freguency to
premenopausal level.

The classical genotropic pathway of estrogen ac-
tion involves binding of estrogen to the ER in the
cell cytoplasm. Estradiol binds equally well to both
receptors whilst the two 3-hydroxy-metabolites of
tibolone (but not the parent molecule) bind and acti-
vate preferentially the ERo (de Goover et al. 2002).
This binding releases the chaperone proteins previ-
ously complexed to the ER, alowing the ligand-re-
ceptor complex to translocate to the nucleus. Thetwo
estrogen-ER complexes dimerize and together with
co-activators and co-repressors (factors that influ-
ence access to nuclear genetic machinery) regulate

the transcription of nuclear genomic elements that
contain an estrogen response element (ERE)
(KATzENELLENBOGEN €t a. 2000). In this genotropic
pathway, estrogen down-regulates the local produc-
tion and action of cytokines (IL-1, M-CSF, TNFa,
RANKL, and prostaglandin E,).

Some of the genomic responses to the receptor-
ligand complex may be mediated by a non-ERE path-
way, such as the regulation of IL-6 production. In-
terference of ER with the binding of proteins to the
NFkappa-B site of the IL-6 promoter, results in the
impaired induction of IL-6.

In addition to the classical genotropic bone pro-
tective actions of estrogen, nongenomic effects of
sex steroids are demonstrated to alteration of gene
expression by means of abiochemical cascade inde-
pendent of the nuclear transcription properties of the
dimerized receptor-ligand complex. Thedownstream
modulation of transcriptional activity involves acti-
vation of the Src¢/Shc/ERK signaling pathway. This
pathway has been implicated in the attenuation of
apoptosisin several cell typesincluding osteoblasts,
osteocytes, embryonic fibroblasts, and Hel a cells.
ERo, ERp, or the androgen receptor can transmit
these signals with similar efficiency, irrespective of
whether the ligand is an estrogen or an androgen.
Applying synthetic ligands such as estren (4-estren-
30,17B-dial), the increase in both bone mass and
bone strength can be dissociated from the transcrip-
tiona activity of the receptor on reproductive tis-
sues (Kousteni et a. 2002). In contrast to the tissue
sel ective propertiesof SERM compounds, estren may
exert its tissue selective profile based on amecha-
nism-specific mode of action.

Besides the effects of estrogen on osteoclast dif-
ferentiation and function, the hormoneis also report-
ed to affect the osteoblast compartment. Estrogen
stimulates osteoblast cell proliferation and diminishes
their apoptosis, affects gene coding for enzymes,
bone matrix proteins, hormone receptors, transcrip-
tion factors, and up-regulates the local production of
OPG, IGF I, IGF Il and TGF . The anabolic effects
of estrogen observed in different model systemsin-
clude an increased osteoblast proliferation, differen-
tiation, and function, and an extended osteoblast
lifespan (MaNoLAGAs 2000). Inalongitudina follow-
up study of estrogen replacement therapy in older
postmenopausal women, a substantial rise in bone
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minera density both at the lumbar spine and proxi-
mal femur, and a histological evidencefor anincrease
in cancellous bone volume and wall thickness has
been demonstrated (KHasTGIR €t al. 2001).

The estrogen response profile has been shown to
vary among different target tissues depending on the
nature of the estrogen receptor ligand and the ligand
dependent conformational change of the receptor.
The multiple ER subtypes, the presence of multiple
co-regulatory factors, and the estrogen response ele-
ment profile determine the response of atissue to an
estrogen receptor ligand (Brvant 2001). Agonistsand
antagonists for the ER induce distinct structural
changes in the receptor that influence its ability to
interact with other proteins (e.g., co-activators or co-
repressors) critical for the regulation of target gene
transcription.

With limitations in current understanding of es-
trogen’s precise bone mechanism of action, ralox-
ifene, a selective estrogen receptor modulator
(SERM) and estrogen agonist on bone, decreases
bone resorption presumably acting on the remodel-
ing cellsthrough the ER and it’s binding to the estro-
gen response element in target DNA. The final com-
mon pathway involvesinhibition of cytokine release
from osteoblasts (TARANTA et a. 2002). Depending
on the tissue, SERMs can act as ER agonists, partia
agonist or antagonists (Brvant 2001). SERMs en-
able the dissociation of bone protective effects from
effects on reproductive tissues, thereby offering ad-
vantages over estrogens. SERM selectivity may re-
flect the diversity of ER formsand co-regulators, cell
type differences in their expression, and the diversi-
ty of ER target genes in the different tissues. Both
tamoxifen and raloxifene, two non-steroidal estro-
gen receptor ligands, induce the recruitment of co-
repressorsto target gene promotersin mammary cells.
In endometrial cells, tamoxifen, but not raloxifene,
acts like estrogen by stimulating the recruitment of
co-activators to a subset of genes.

Similarly to estrogen, several preclinical studies
indicate that raloxifene can exert an anabolic effect
on bone. A concentration-dependent increase in the
proliferation of osteoblasts derived from neonatal
mice calvariae was reported in the presence of ral-
oxifene. This effect was blocked by the estrogen-re-
ceptor antagonist I1Cl 164,384. Raloxifene aso in-
creased the osteoblast-specific transcription factor

Cbfal/Runx2 and o2 procollagen type | chain mR-
NAs, with a pattern that partially coincided with that
of 17B-estradiol (TARANTA et al. 2002). Raloxifene
and estrogen produce similar increase of bone TGFj3-
3 mRNA in ovariectomized rats.

Bisphosphonates bind to the calcium hydroxya-
patite through their phosphate groups but are resis-
tant to catalytic hydrolysis by endogenous pyrophos-
phatases. Their potency is determined by their side
chains. The active side chain of alendronate, ibandr-
onate, pamidronate, risedronate, and zoledronate
contains an amino group. Nitrogen-containing bis-
phosphonates (aminobisphosphonates, N-BP) reduce
osteoclast function by inhibiting farnesyl diphosphate
synthase, an enzyme in the cholesterol biosynthesis
pathway. Depletion of farnesyl diphosphate or gera-
nylgeranyl diphosphate levels limits the prenylation
of small GTP-containing proteins (e.g. Rho, Rac,
cdc42, and Rab), resulting in the impairment of the
function of the osteoclast. At the cellular level, N-
BP inhibit osteoclast recruitment, inhibit osteoclast
adhesion to the mineralized matrix, reduce the os-
teoclast life span by activation of pro-apoptotic
caspases, and directly inhibit the osteoclast activity
by alteration in the cytoskel eton, including cell mor-
phology, integrin signaling, and disruption of the
ruffled border and trafficking of the endosomes (Ben-
ForD €t a. 2001). Ibandronate inhibits also squalen
synthase activity. In murine osteoblast and osteocytes
cultures, bisphosphonates prevented the induction of
apoptosis (PLotkin et a. 1999). However, treatment
with alendronate and risedronate at concentrations
that are achieved on the bone surface caused atotal
inhibition of calcifying colony forming units (SriLL
et al. 2003).

Etidronate, tiludronate and clodronate, which lack
nitrogen in the side chain, are metabolized within
the osteoclasts and macrophages to form toxic me-
thylene-containing analogsof ATP (FriTH et a. 2000).

Statins, which are inhibitors of the 3-hydroxy-3-
glutaryl-coenzyme A (HMG-CoA) reductase, aso
inhibit osteoclastic bone resorption. Compared to the
aminobisphosphonates, statinsinhibit the meval onate
pathway upstream from the farnesyl diphosphate
synthase. However in both cases, the production of
farnesyl diphosphate or geranylgeranyl diphosphate
is impaired (Figure 2). The ability of several statin
analogues to inhibit bone resorption in the fetal rat
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Fig 2 Inhibition of the mevalonate pathway by N-containing bisphosphonates and statins.

long bone explantsin vitro isdirectly correlated with
the potency of these compounds for the inhibition of
HMG-CoA reductase (StaaL et al. 2003). Cerivasta-
tin was shown to inhibit RaplA protein prenylation
in osteocl astsisolated from bone marrow after invivo
treatment.

Calcitonin (CT) is a32 amino acid polypeptide
secreted by C-cells. Physiologically, CT lowers se-
rum calcium concentrations by decreasing bone re-
sorption and increasing urinary calcium excretion
(ZaiDi et a. 2002). Calcitonin may have an anabolic
effect on osteoblasts. However, deletion of the cal-
citonin gene is accompanied by an increased bone
mass (Horr et a. 2002). Binding of CT to its recep-
tor on osteoclasts results in afast (minutes) loss of
the ruffled border, cessation of motility and
pseudopodia and margin retraction and inhibition
of osteoclast secretion of proteolytic enzymes and
the proton pump (Zaipi et a. 2002). The cessation of
the osteoclast bone resorption is dose limited and is
not accompanied by adecreased activity of osteo-
blasts (Zikan and Srepan 2002).

Consequences of differences in mechanisms of
action of various drugs at the tissue level

Bone histomorphometry is the method of choice
to study the consequence of drugswith distinct mech-
anism of action at the tissue level. Histomorphomet-
ric analysis measures static parameters reflecting the
bone structure and microarchitecture in cancellous
and compact bone, bone remodeling (resorption and
formation) and dynamic parameters such as the rate

of newly formed bone by the osteoblast using dou-
ble tetracycline labeling. Histomorphometric analy-
Sis enables to assess important parameters of bone
quality, such as texture of bone matrix (lamellar or
woven bone), microarchitecture of the trabecular
network and presence of mineralization defects.
Menopause affects the activation frequency and
resultsin a decrease of thelifetime of the basic struc-
ture units, i.e. osteonsin cortical bone or cancellous
packets (BSUs). Consequently, new BSUs are re-
sorbed before they have fully completed their sec-
ondary mineralization, as proven by the presence of
numerous incompletely mineralized BSUsand alow
mean degree of mineralization of bone (DMB). The
antiresorptive agents (bisphosphonates, estrogen,
SERMSs) cause areduction in the activation frequen-
cy, prolong the lifetime of the BSUs, allow amore
complete secondary mineralization, and finally pro-
voke an increase in DMB (Boivin et al. 2000, 2002;
Boivin and MeuniEr 2002a,b). However, various an-
tiresorptive agents affect the activation frequency and
increase in DMB to adifferent degree.
Examination of bone biopsy specimens from es-
trogen aswell asraloxifenetreated womenrevealed
normal bone quality and showed similar patternsin
comparison with values in young healthy normal
women including premenopausal patients (ETTINGER
et a. 1999; DeLmas et al. 2002; ErikseN et al. 1999;
Prestwoop et al. 2000). Increasesin DMB were not
statisticaly different from calcium and vitamin D.
Experimentally, raloxifene and estrogen produced
equivalent beneficial effects on biomechanical prop-
erties of vertebrae and femoral neck. Bone forma-
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Fig 3 Upper Distribution of the activation frequency (% /year) in cancellous bone from human post-menopausal osteoporotic
patientstreated with alendronate (ALN 10 mg/day), or risedronate (RI S5 mg/day), valueat theend of thetreatment compared
with value in placebo treated women, and with raloxifene (RLX, 60 or 120 mg/day for 2 years), value at the end of the
treatment compar ed with value at baseline in the same patients. The shaded area indicates mean and 1 SE range in premeno-

pausal women (Boivin et al. 2002).

Bottom Serum concentrations of C-terminal telopeptide of typel collagen (CTX) and the aminoter minal propeptide of typel
collagen (PINP) (mean and 1 SD range) in untreated women with postmenopausal osteoporosis and after 1 year of treatment
with alendronate (10 mg/day, 65 patients), risedronate (5 mg/day, 20 patients), and with raloxifene (60 mg/day, 50 patients). All
patients received calcium (500 mg/day) and vitamin D (800 IU/day). The shaded area indicates mean and 2 SD range for 65

healthy premenopausal women (Steran et al. 2002).

tion rate at the tissue level and activation frequency
in women treated with raloxifene and/or estrogen
werelower than the averagefor premenopausal wom-
en but within the expected range (Boivin et a. 2002;
KHastclr et a. 2001) (Figure 3). The anabolic effect
of estrogen is observed when higher doses are ad-
ministered. Especially, subcutaneous estradiol im-
plants increase BMD substantially more than other
routes of administration (KHAsTGIR €t a. 2001).
The effects of alendronate (ALN) on bone qual-
ity and remodeling have been assessed in 231 post-
menopausal women with osteoporosis treated with
oral doses of 5, 10 or 20 mg/day, after 2 and 3 years
of treatment (CHavassieux et al. 1997). Minera ap-

position rate was unaffected by ALN treatment. Os-
teoid thickness, osteoid volume and osteoid surface
significantly decreased. Whatever the dose, miner-
alizing surfaces and activation frequency significant-
ly decreased at each time point (by 92% after 2 years
and 96% after 3 years at 10 mg daily dose) (Fig-
ure 3). ALN dose-dependently and markedly de-
creased the rate of bone turnover. It was devoid of
adverse effects on bone mineraization. Similar ef-
fects of ALN on the bone turnover have aso been
observed in patients with corticosteroid-induced os-
teoporosis, after 1 year of treatment. Interestingly,
after 3 years of risedronate treatment which is ac-
companied by asignificant reduction in both verte-
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Fig4 Mean degreeof mineralization of total (compact and cancellous) bone, activation frequency, and trabecular bonevolume
after 2 yearson alendronate treatment (ALN, 9 women) or placebo (PLA, 15 women) (mean and 1 SE) (Boivin et al. 2000).

bral and nonvertebral fractures (CrannEy et a. 2002),
the activation frequency in patients with postmeno-
pausal osteoporosis was decreased only by 47% at 5
mg dose (ErikseN et a. 2002).

The results obtained using bone histomorphome-
try arein a good agreement with changesin biochem-
ical markersthat provide preciseinformation on bone
remodeling at the total skeleton level. Within 6
months of treatment with ALN (10 mg/day), ralox-
ifene (60 mg/day), or nasal calcitonin (200 |U/day),
both biochemical markers of type | collagen degra-
dation (serum CTX) and synthesis (serum PINP)
decreased below the premenopausal range, to the
premenopausal mean values, or remained unchanged,
respectively (Figure 3) (Steran et a. 2002).

The bone biopsy specimens have been used for
the evaluation of DMB by microradiography (Boivin
et al. 2000; Boivin and Baup 1984; Meunier and
Boivin 1997; Boivin and MeuniEr 2002a). In adult
bone, the mean DMB depends on the rate of turn-
over. In postmenopausal women treated for 2 and 3
years with 10 mg/day of ALN, the mean DMB in
cancellous bone was increased by 7.3% and 11.4%
(p < 0.001), respectively, when compared to the pla-
cebo group ( Boivin et a. 2000; Meunier and Boivin
1997; Boivin and MeuniEr 2002b) (Figure 4). After
2 and 3 years of ALN, and compared with the corre-
sponding placebo, the distribution of the degree of
mineralization in compact and cancellous bone
showed aclear shift toward the highest mineraliza-
tion values and adecrease in the number of bone
structural units having low values of mineralization.

The between-group differences in mean DMB were
similar to those of BMD at the lumbar spine (+8.7%
after 2 years and +9.6% after 3 years, respectively),
suggesting that mean DMB augmentation probably
accounted for the mgjority of the increase in BMD
seen with ALN. However, the mean bone volume
(BVITV, %) did not change significantly, which is
in good agreement with biochemical evidence of
highly reduced synthesis of typel collagenin patients
treated with ALN (Figure 3).

The relationship between the degree of mineraiza
tion and the mechanical properties of bone is com-
plex. Again, it may have different consequences at the
cancellous and cortical bone. The reduction of bone
turnover induced by ALN followed by aprolonged
secondary minerdization improved the bone strength
as proven by the reduction in fracture rate after up to
4 years treatment with ALN (BLack et d. 1996; PoLs
et a. 1999; Cummings et al. 1998; LiBervAN €t da.
1995). Similar observations have been performed in
corticosteroid-induced osteoporosistreated with ALN.
However, the continuous profound decrease of the
bone formation rate may have a negative effect. Dam-
aged bone must be promptly removed to restore me-
chanical integrity. This bone remodeling targeted to-
wards damaged sites is initiated by altered osteocyte
morphology. It has been hypothesized that about 30%
of bone remodeling istargeted to repair of microdam-
age (Burr 2002). Suppression of boneremodeling and
microdamage repair allows microdamage to accumu-
late, it underlies the development of stress fractures,
and plays arole in the increased bone fragility (Burr
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et a. 1997). Suppressed bone turnover by high doses
of bisphosphonatesis associated with anincreased mi-
crodamage accumulation and reduced bone toughness
in the cortical bone of the dog rib, a highly mechani-
cally loaded bone (MasHiBa et a. 2000). In this mod-
el, one year trestment with RIS or ALN significantly
decreased trabecular remodeling in vertebrae (ALN,
95%) and ilium (ALN, 90%) without impairment of
mineralization, and significantly increased microdam-
age accumulation in all skeletal sites measured. It
should be emphasized that in studies performed in
human treated with ALN (doses lower than in ani-
mals), an increase in the number or extent of mi-
crodamage have never been reported. The normalized
toughness, i.e., the ability of bone to resist the pro-
gression of microdamage, of the L-4 vertebrawas re-
duced by 21% in both RIS and ALN groups. When
the two bisphosphonates groups were pooled, this re-
duction in toughness reached statistical significance
(p=0.02) (MAsHIBA €t d. 2001). Thedataarein agree-
ment with observations that resistance of bone to de-
velopment and progression of microdamage declines
asthetissue mineral content (percent volume of bone
that is mineral ash) exceeds about 65 %.

In patients treated with nasal calcitonin 200 U
daily, the erosion depth was significantly lower than
in the placebo group after 12 months, whereas bone
volume and activation frequency did not differ between
the groups (THAMSBORG €t al. 1996). Subcutaneous
administration of 50-100 IU salmon calcitonin results
in an inhibition of bone resorption lasting 8-16 hr.
However, inhibition of bone resorption after the nasal
administration of 200 U calcitonin does not exceed 4
hr, and theareaunder curve of decreasein serum mark-
er of bone resorption (C-termina telopeptide of type
| collagen) after nasal administration of 200 1U issim-
ilar to that after the subcutaneous administration of 2
IU salmon calcitonin (Zikan and Steran 2002). For
obtaining the same hypocalcemic effect with nasa
calcitonin, up to 30 times higher dosages of salmon
calcitonin must be administered.

Consequences of differences in mechanisms of
action of different drugs and the day-to-day
care of patients

All of the above antiresorptive drugs, regardless
of their nature, sharea similar feature, to reduce bone

remodeling. The physiological equilibrium between
bone resorption and bone formation within the pre-
menopausal range can be achieved using estrogens,
raloxifene and partly also calcitonin. This enables
for adequate repair of microdamage of bone, and in-
crease in bone strength. Decreased bone remodeling
results in reduction in plate perforation and plate
connectivity disruption, and in adlight increase in
BMD (Dempster 2002). Deep decrease of bone re-
sorption and bone formation bel ow the premenopaus-
al range induced by therapeutic doses of bisphos-
phonates, namely by the ” more potent” ALN, allows
more time for secondary mineralization to proceed
to completion in the existing bone tissue mass. Con-
sequently, the mineral content (BMD) increases and
theentire skeleton gets harder and mechanically more
competent. However, if remodeling remains deeply
decreased for years, bone may become more brittle
and prone to structural failure, but no histomorpho-
metric data, including the measurement of the de-
gree of mineralization of bone, after long-term treat-
ment are today available.

Accordingly, three years of trestment with 10 mg/
day ALN resulted in the pooled estimate of the differ-
encein percentage change of BMD in comparison with
placebo at the lumbar spine of 7.5%, and 5.6% at the
hip (BLack et a. 1996; LiBervaN et al. 1995; Cum-
MinGs et al. 1998; Cranney et d. 2002). The mean
pooled relative risk for vertebra fractures in women
treated with 5 mg or more of ALN was of 0.52%, and
was comparable to that of women treated with 60 mg
or more of raloxifene (0.60%) despite atwice lower
increase in the lumbar spine BMD in the raloxifene
treated patients (Cranney et a. 2002). Thus, the mag-
nitude of increasesin BMD with antiresorptive thera-
pies differs greatly, yet the vertebrd fracture risk re-
ductions are smilar. Interestingly, maximal vertebral
fracture reduction has also been reported after short
duration of antiresorptive therapy, before full incre-
mentsin BMD have been achieved.

With along-term ALN treatment, lumbar spine
BMD, but not femoral neck BMD, continued to in-
crease (Tonino et a. 2000) whentheincremental gain
in BMD (treatment over control) decreased progres-
sively with each year. The pooled relative risk for
vertebral fracturesin women treated for 3 years with
5 mg or more of ALN was decreased by 48%. The
relative risk of nonvertebral fracturesin patients giv-



234 MECHANISMS OF ACTION OF ANTIRESORPTIVE THERAPIES OF POSTMENOPAUSAL OSTEOPOROSIS

en 10 mg or more per day was decreased by 49%
(CranNEY €t al. 2002). However, when the original
3-years study with ALN in postmenopausal women
(LiBermAN et al. 1995) was extended, the observed
rate of new clinical vertebral fractures was at least
three times higher during the year 6 and 7 compared
to the rate during the first three years of treatment. It
was evident despite the continuous BMD increase
in the lumbar spine (Tonino et a. 2000). The rates
were aso higher than predicted from the data in the
fracture intervention trial (FIT) study.

The increased mineralization of bone and the re-
sulting increase in bone stiffness may be advanta-
geous in preventing fractures of cortical bone that
tolerates greater load per unit area when compared
with trabecular bone. By contrast, the vertebral bod-
ies consist mainly of trabecular bone that tolerates
much greater peak strains (deformations) than corti-
cal bone, but much lower loads per unit area. There-
fore, an increased mineralization of bone may ex-
plain the ability of bisphosphonates to prevent hip
fractures within relatively short time of treatment in
very elderly but not preventing fracturesin younger
women without low BMD (Cummings et al. 1998).
By contrast, raloxifene prevents vertebral fractures
in patients with both osteopenia and osteoporosis,
but does not prevent nonvertebral fracturesin young-
er women within three years of treatment (ETTINNGER
et al. 1999).

Hormone replacement therapy (HRT) isan estab-
lished approach to paliate the signs and symptoms
related to estrogen deficiency (mainly in women soon
after the menopause), as well as for the treatment
and prevention of osteoporosis. It is usualy pre-
scribed in women without actual risk factors for car-
diovascular disease and without afamily history of
breast cancer. Protection by HRT against osteoporotic
fractures is supported by alarge meta-analysis of
estrogen trials, cohort studies, and trials with bone
density outcomes (CrRanNEY et a. 2002). In alarge
prospective study in 16 608 postmenopausal wom-
en (5.2 year follow-up), the relative risk (RR) of
anew clinical vertebral fracture as well as hip frac-
ture significantly decreased by 34% (WRriTiING GRouP
FOR THE THE WOMEN' s HEALTH INITIATIVE 2002). HOW-
ever, long-term estrogen use has to be criticaly dis-
cussed since the results of the Women's Health Ini-
tiative and the decision of the data and safety moni-

toring board which judged that risks exceed benefits
in HRT (WRrRiTING GrRoulP FOR THE WOMEN'S HEALTH
InTiaTiVE 2002). Any protective effect of estrogen
on bone is dose-related and effective only when the
patient is taking estrogen. The benefits of HRT di-
minish once treatment stops. It was calculated that
the risk of fractures would be reduced by 73% in
women aged 75-85 years who were on HRT from
menopause continuously, and by 23% in women who
stopped at age of 65 (EtTingeErR and Grapy 1994).

Alternatively, postmenopausal women can be
treated with tibolone, asynthetic sex hormone de-
rivative that does not possess side effects of estro-
gens on breast and cardiovascular system and pre-
vents postmenopausal bone loss. After 2 years of
treatment, tibolone appear to have had a more marked
effect than ral oxifene on bone mineral density at both
spine and hip, whilst the effect of tibolone and estra-
diol plus norethisterone acetate appear to be compa-
rable (KLoostersoeR and Eprween 2003). After 10
years of treatment with tibolone, the difference in
bone mineral density compared with a placebo group
was more than 12% for both lumbar spine and fem-
ora neck (Rymer et a. 2002). Tibolone efficiently
prevents hot flushes, has a positive effect on mood,
sexuality, and does not induce endometrial prolifer-
ation. Preclinical in vivo studies with tibolone have
not shown any stimulation of breast tissue, and no
trends towards an increase in cardiovascular and/or
venous thromboembolism risks have been found
(Kroostersoer and Eperween 2003). However, there
are no prospective, randomized, clinical trial data
available that support the use of tibolone in prevent-
ing osteoporosis-related fractures.

The raloxifene (RLX), 60 mg per day, has been
studied in both the prevention and treatment of os-
teoporosis. RLX was compared with placebo with
respect to radiographically identified vertebral frac-
tures, bone mineral density changes at both the lum-
bar spine and hip, and biochemical markers of bone
turnover. The Multiple Outcomes of Raloxifene Eval-
uation (MORE) trial evaluated the effects of ralox-
ifene in 7705 postmenopausal women with os-
teoporosis, of whom about one third had prevalent
vertebral fractures at study entry. At the end of one
year, the relative risk (RR) of anew clinical verte-
bral fracture with RLX decreased by 68 %. After 3
years, the RR of an incident vertebral fracture de-
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creased by 55 % in women without prevalent verte-
bral fractures, and by 30 % in women with prevalent
vertebral fractures, with RLX. This effect was sus-
tained in the fourth year. All of these reductionswere
statistically significant. The decrease in the RR of
non-vertebral fracture at 3 years with raloxifene was
not significant. BMD at the hip and lumbar spine
increased by 2.1 % and 2.6 %, respectively, com-
pared with placebo, at 4 years (ETTINGER €t a. 1999).
There were sustained reductions in biochemical
markersof boneturnover to the premenopausal range
at 3yearswith RLX treatment. Examination of bone
biopsy specimensfrom RLX treated women revesl ed
normal bone quality and mineralization.

Inthe MORE study, at 4 years, treatment with RL X
was associated with asignificant reduction in the
incidence by 72 % of invasive breast cancer (Cau-
LEY et al. 2001), with a significant reduction by 40 %
inrisk of cardiovascular eventsin the subset of wom-
en with osteoporosis and increased cardiovascular
risk at baseline (BARReTT Connor et a. 2002), and
with a significant reduction in the incidence and se-
verity of urinary incontinence. RLX, in contrast to
estrogen and tamoxifen, does not induce endometri-
al tissue proliferation in postmenopausa women, and
does not increase the rate of endometrial hyperpla-
sia, and rate of endometrial cancer. The beneficial
effects of RLX on tissues other than bone also have
to be considered when along-term treatment of post-
menopausal osteoporosis is initiated. Women with
osteoporosis without prevalent vertebral fractures,
in the MORE Study (mean age, 65 years), had the
likelihood of a cardiovascular or breast cancer event
(2.2%) similar to that of a vertebral fracture (4.2 %).
Furthermore, the likelihood of acoronary event, in-
vasive breast cancer, or clinical vertebral fracture
(1.2 %) was smilar (1.4 %, 1.4 %, and 1.2 %, re-
spectively), and each of these events was approxi-
mately 5timesmorelikely than hip fracture (0.25 %).
The rate of discontinuation of treatment, that would
be deleterious to bone, islower as compared to other
antiresorptive therapies. However, absence of effi-
cacy of RLX in the control of the climacteric syn-
drome does not support it as atreatment of choice at
the beginning of postmenopausal phase.

The largest prospective clinical trial to determine
the efficacy of calcitonin in postmenopausal os-
teoporosis, the prevent recurrence of osteoporotic

fractures (PROOF) study, as well as the large
metaanalysis, indicated that calcitonin (mainly salm-
on CT) administered subcutaneously or nasdly is
effective in prevention of trabecular bone loss in
postmenopausal women, despite aminimal change
in bone minera density and only avery modest ef-
fect to reduce indices of bone resorption (CRANNEY
et a. 2002; CHesnuT et a. 2000). Since calcitonin
inhibits osteoclast activity transiently without de-
creasing osteoblast collagen synthesis (Zikan and
SreraN 2002), treatment with calcitonin might have
reduced vertebral fracture incidence by maintaining
apositive remodeling balance and enabling repara-
tion of microdamage in bone matrix to prevent mi-
crodamage accumulation and increased fragility of
bone. However, long-term continuous treatments
with calcitonin are associated with a progressive
decrease in responsiveness. Possible explanations
include formation of neutralizing antibodies to cal-
citonin, adecrease in the number and sensitivity of
specific receptors, secondary hyperparathyroidism,
aswell as local reactions to the nasal administration
such rhinitis and nasal mucosal atrophy.

In conclusion, estrogens and raloxifene reduce
the risk of vertebral fractures by a physiological
mechanism of action on bone metabolism that in-
cludes a maintained function of osteoblasts and
osteocytes. Calcitonin maintains bone by a physio-
logical mechanism that involves atransient inhibi-
tion of osteoclast activity without decreasing os-
teoblast collagen synthesis. Bisphosphonates de-
crease bone remaodeling by permanent decreases of
osteoclast activity and by inducing osteoclast apo-
ptosis. This allows more time for secondary miner-
alization to proceed to completion in the existing
bone tissue mass, and increase of mechanical resis-
tance of bone to load per area. During the treat-
ment, an adequate bone remodeling, reparation of
microdamage of bone, and increase of bone strength
should be guaranteed. Further investigation is need-
ed to evaluate the different modes of action, and
the long-term effects and safety of antiresorptive
agentsfor the long-term management of osteoporo-
sis. Thetherapeutic management of postmenopausal
osteoporosis requires long-term treatment with an-
tiresorption drugs. Selection of treatment should
weigh the relative occurrence rates for osteoporo-
sis, cardiovascular events, and breast cancer, the
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