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ABSTRACT: Alendronate (ALN) and risedronate (RIS) are bisphosphonates effective in reducing bone loss
and fractures associated with postmenopausal osteoporosis. However, it is uncertain how long it takes bone
turnover to be re-established after treatment withdrawal, and whether this differs between the two drugs. The
objective of this study was to determine the time required to re-establish normal bone turnover after the
discontinuation of ALN and RIS treatment in an animal model of estrogen-deficiency osteoporosis. Two
hundred ten, 6-mo-old female Sprague-Dawley rats were ovariectomized and 6 wk later were randomized into
baseline controls (n � 10) and four treatment groups (n � 50/group): vehicle-treated controls (CON; 0.3 ml
sterile water), ALN (2.4 �g/kg), low-dose RIS (RIS low; 1.2 �g/kg), and high-dose RIS (RIS high; 2.4 �g/kg).
Treatments were administered 3 times/wk by subcutaneous injection. Baseline controls were killed at the
initiation of treatment. Other groups were treated for 8 wk, and subgroups (n � 10/ treatment group) were
killed 0, 4, 8, 12, and 16 wk after treatment was withdrawn. Static and dynamic histological analyses were
performed for cortical (tibial diaphysis) and trabecular (proximal tibia and L4 vertebrae) bone. DXA and
mechanical testing was performed on the L5 vertebra. After 8 wk of treatment, trabecular bone turnover rates
were significantly suppressed in all drug-treated animals. Trabecular bone formation rate (BFR/BS) remained
significantly lower than vehicle in bisphosphonate-treated animals through 12 wk. Sixteen weeks after treat-
ment withdrawal, trabecular BFR/BS in the proximal tibia was re-established in animals treated with RIS but
not in animals treated with ALN compared with controls. BMD of the fifth lumbar vertebra remained
significantly higher than controls 16 wk after treatment withdrawal in ALN-treated animals but not in RIS-
treated animals. Despite reductions in BMD and increases in bone turnover, ultimate force of the fifth lumbar
vertebra remained significantly higher in all drug-treated animals through 16 wk after withdrawal.
J Bone Miner Res 2008;23:1689–1697. Published online on May 5, 2008; doi: 10.1359/JBMR.080501

Key words: bisphosphonates, ovariectomy, alendronate, risedronate, treatment withdrawal

INTRODUCTION

THE BISPHOSPHONATES ALENDRONATE (ALN) and rise-
dronate (RIS) are commonly prescribed anti-

remodeling agents for preventing and treating postmeno-
pausal osteoporosis.(1) Both drugs have a high affinity for
bone mineral and function by reducing bone turnover by
inhibiting osteoclast-mediated resorption.(2–4) Clinical stud-
ies have shown clinical efficacy of ALN and RIS in reducing
bone loss and vertebral and nonvertebral fractures in post-
menopausal women.(5–13) Although effective in this role,
questions remain regarding the long-term skeletal conse-
quences of bisphosphonates, including what happens when
therapy is discontinued. Whereas there are some DXA and
turnover marker data available from clinical off-response

studies,(8,14–22) it is unclear how long it takes for bone turn-
over to be re-established after discontinuation of therapy
and whether this differs depending on the bisphosphonate
used. This is important in light of uncertainties regarding
the consequences of prolonged suppression of bone remod-
eling with these drugs,(4,23) which may include impaired
fracture healing(24,25) and interference with simultaneous or
sequential therapies that affect bone remodeling.(26–28)

Both ALN and RIS are potent inhibitors of osteoclast-
mediated bone resorption; however, these drugs have dif-
ferent 3D chemical structures,(29,30) skeletal uptakes and
retentions,(4,14,31,32) binding affinities for hydroxyapa-
tite,(33–35) and inhibitory potencies for the target en-
zyme.(36) The overall in vivo efficacy of bisphosphonate
therapy results from a combination of these properties, and
it is plausible that ALN and RIS have different skeletal
recovery rates when therapy is discontinued because of
their structural and pharmacokinetic differences. However,
there are no head-to-head clinical or animal studies com-
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paring skeletal recovery rates after discontinuation of ALN
and RIS. Some clinical off-response data have shown re-
ductions in bone mass after discontinuation of treatment
with either ALN or RIS, with rates of loss similar to con-
trols for both drugs.(6,15,18,19,22,37) Animal studies have
shown continued suppression of bone turnover after the
discontinuation of RIS in both OVX and aged rats when
the treatment and withdrawal periods were equivalent(38–40);
however, there are no published animal data relating to
the discontinuation of ALN therapy. The aim of this study
was to compare the skeletal response to the discontinua-
tion of ALN and RIS therapy in the OVX rat, an estab-
lished model for studying the skeletal effects of estrogen
deficiency.(41)

MATERIALS AND METHODS

Animals

Two hundred ten 6-mo-old virgin female Sprague-
Dawley rats (∼300 g) were purchased from Harlan Labora-
tories (Indianapolis, IN, USA). Rats underwent ovariecto-
my (OVX) at Harlan Laboratories using a bilateral dorsal
approach. One week after surgery, rats were received by
Indiana University’s Laboratory Animal Resource Center,
where they acclimatized for 7 days. OVX was evaluated at
necropsy by confirming that the uterine horns had atro-
phied with no ovarian tissue. Six-month-old female rats
were used because skeletal growth is minimal, and com-
bined with OVX, they provide a model for postmenopausal
osteoporosis.(41–43) Rats were pair-housed in plastic cages
under standard environmental conditions (12-h light/dark
cycle) and received Harlan Teklad 2018 rat chow (18%
protein, 1.01% calcium, 0.65% phosphorus) and water ad
libitum at all times during acclimatization and experimental
treatment periods. All procedures performed in this experi-
ment were approved by the Indiana University Animal
Care and Use Committee.

Experimental treatment and design

After acclimating for 7 days, rats were randomized by
body weight into four treatment groups: vehicle-treated
controls (CON: 0.3 ml, sterile water), alendronate (ALN:
2.4 �g/kg), low-dose risedronate (RIS low: 1.2 �g/kg), or
high-dose risedronate (RIS high: 2.4 �g/kg). Starting 6 wk
after surgery, rats were treated 3 times/wk by subcutaneous
injection for 8 wk (Fig. 1). Animals were weighed weekly to
determine the appropriate treatment dosage. Drugs were
administered at the same time on all treatment days.

Sterile water was used as the vehicle for both ALN and
RIS, and allowances were made for the moisture content of
each drug. ALN and RIS drug substances were supplied by

Procter and Gamble Pharmaceuticals (Mason, OH, USA).
Bisphosphonate dosages for ALN and RIS were based on
clinical dose levels (on an oral mg/kg basis), which have
been found to inhibit bone loss in OVX rats based on a
subcutaneous route of administration.(38,44–46) The 1.2-�g/
kg dose of RIS is comparable to the clinical dose of 5 mg/d
prescribed for the treatment and prevention of postmeno-
pausal osteoporosis, and the 2.4-�g/kg dose of ALN is com-
parable to the clinical dose of 10 mg/d prescribed for the
treatment of postmenopausal osteoporosis. Two different
doses of RIS were administered to allow for clinical com-
parisons (2.4 �g/kg ALN versus 1.2 �g/kg RIS) and dose
equivalent comparisons (2.4 �g/kg ALN versus 2.4 �g/kg
RIS). These doses assume an oral bioavailability of ∼0.5%
based on a total weekly clinical dose of 35 mg for RIS and
70 mg for ALN. ALN and RIS were administered by sub-
cutaneous injection to ensure that 100% of the adminis-
tered drug was absorbed and to reduce the interference of
the drug with food that can occur with oral drug adminis-
tration, which reduces the bioavailability of both drugs.(47)

Animals (n � 10 per treatment group) were killed 0, 4, 8,
12, and 16 wk after treatment was discontinued. Ten rats
served as baseline OVX controls and were killed at the start
of treatment. All rats received an intraperitoneal injection
of the fluorochrome dye calcein (10 mg/kg body mass;
Sigma-Alrich, St Louis, MO, USA) 10 and 4 days before
death for dynamic histomorphometric measurements.

Processing and preparation of bone samples

Rats were killed by an intraperitoneal injection of 0.4 ml
ketamine/xylazine, after which the right tibia (proximal end
and mid-diaphysis) and L4 and L5 vertebra were removed
and cleaned of soft tissue. Immediately after necropsy, the
tibia and L4 vertebra were fixed in 10% phosphate-buffered
formalin for 48 h and transferred to 70% ethanol, and the
L5 vertebra was wrapped in saline-soaked gauze and stored
at −80°C until analysis. The right proximal tibia, right tibial
mid-diaphysis, and L4 vertebra were dehydrated in a graded
series of ethanol (70–100%) and embedded, undecalcified,
and unstained in methyl-methacrylate (MMA; Sigma-
Aldrich) with 3% dibutyl phthalate (DBP; Sigma-Aldrich).
The proximal tibia and L4 vertebra were cut longitudinally
at a thickness of ∼6 �m using a Reichert-Jung supercut
microtome (model 2050). The tibial mid-diaphysis was cut
perpendicular to the long axis of the bone 1 mm proximal to
the tibiofibular junction at a thickness of ∼70 �m using a
diamond wire saw (Histo-saw; Delaware Diamond Knives,
Wilmington, DE, USA). Thick sections were ground wet to
a thickness of ∼50 �m using 800-grit sandpaper. All sections

FIG. 1. Study timeline. Treatment was initiated 6 wk after OVX surgery in female Sprague-Dawley rats. Animals were treated 3
times/wk for 8 wk with either 0.3 ml saline (CON), ALN (2.4 �g/kg), RIS low (1.2 �g/kg), or RIS high (2.4 �g/kg). Ten animals per
treatment group were killed at 0, 4, 8, 12, and 16 wk after treatment was withdrawn. OVX, ovariectomized; L, bone label calcein
administered 10 and 4 days before death; S, 10 rats per treatment group were killed.
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(thin and thick) were mounted on standard microscope
slides and coverslipped with Eukitt.

Static and dynamic histomorphometric analyses

Histomorphometric measurements were made using a
Nikon Optiophot 2 fluorescent microscope (Nikon, Garden
City, NY, USA) with Bioquant image analysis system
(R&M Biometrics, Nashville, TN, USA). For the proximal
tibia and L4 vertebra, ∼8 mm2 of bone tissue from two
sections (separated by ∼18 �m) were examined. Trabecular
bone measurements were made in the secondary spongiosa,
1 mm distal from the growth plate and 0.5 mm from the
endocortical surface of the cortical wall. For the tibial mid-
diaphysis, periosteal and endocortical bone surfaces were
measured from two sections separated by ∼70 �m. Mea-
surements were made at ×200 magnification for both tra-
becular and cortical bone surfaces. Static parameters for
trabecular bone included total tissue volume (TV), trabec-
ular bone area (Tb.Ar), and bone perimeter (Tb.Pm). Dy-
namic parameters for trabecular bone included single-label
perimeter (sL.Pm), double-label perimeter (dL.Pm), and
interlabel thickness (Ir.L.Th). For cortical bone, static and
dynamic parameters included cortical bone area (Ct.Ar),
sL.Pm, dL.Pm, and Ir.L.Th for both periosteal (Ps) and
endocortical (Ec) surfaces. From these primary data, the
following measurements were calculated for both trabecu-
lar and cortical bone: bone volume (BV/TV; %), mineral-
izing surface (MS/BS � [1/2sL.Pm + dL.Pm]/B.Pm; %),
mineral apposition rate (MAR � Ir.L.Th/6 d; �m/d), and
bone formation rate (BFR/BS � MAR × MS/BS × 3.65;
�m3/ �m2/yr). TRACP staining (kit 387A-1KT; Sigma-
Aldrich) was performed on trabecular bone of the proximal
tibial metaphysis and L4 vertebrae. To calculate osteoclast
surface normalized by bone surface (Oc.S/BS), ∼8 mm2 of
bone tissue from one section was examined. Sections were
counterstained with hematoxylin (387A-1KT; Sigma-
Aldrich). Multinucleated cells that were TRACP+ and ad-
jacent to a trabecular bone surface were counted as
osteoclasts. All histomorphometric measurements and cal-
culations were performed according to the guidelines of the
American Society for Bone and Mineral Research.(48)

DXA of the fifth lumbar vertebra

BMD (g/cm2) of the L5 vertebra was measured with a
PIXImus II mouse densitometer (Lunar, Madison, WI,
USA) with ultra-high resolution (0.18 × 0.18 mm/pixel).

Mechanical testing of the fifth lumbar vertebra

Bone strength of the L5 vertebra was assessed in com-
pression using an MTS hydraulic mechanical testing devise
(MTS Systems, Eden Prairie, MN, USA). The vertebra was
prepared by cutting off the end plates from the vertebral
body to create parallel planar surfaces using a diamond
wafer saw. Before testing, bones were thawed at room tem-
perature in vials of physiological saline at room tempera-
ture for 2 h. A static preload of 1 N was applied to the bone
before testing. The vertebral body was loaded to failure in
compression with a cross-head speed of 5 mm/min with a
yield strain of 0.2 mm/mm. Ultimate force (N), energy to

failure (mJ), and stiffness (N/mm) were calculated from
force versus displacement curves as data.

Statistical analyses
All data are presented as mean ± SE. Statistical analyses

were performed using SPSS version 13.0.1. Differences be-
tween treatment groups were evaluated at each time point
using a one-way ANOVA. When a significant overall F
value (F < 0.05) was present, differences between individual
group means were tested using Fisher’s protected least sig-
nificant difference (PLSD) posthoc test. For all tests, dif-
ferences were considered significant at p < 0.05 on a two-
tailed test.

RESULTS

Animals
There were no significant differences among groups for

body weight at either the beginning or end of the 8-wk
treatment period (Fig. 2). All animals gained weight
through 8 wk after the withdrawal of treatment. There were
no differences among groups at 0, 4, 8, or 12 wk after treat-
ment withdrawal. However, body weight of the RIS high
group did not increase between 8 and 16 wk, resulting in
significantly lower body weight at 16 wk after treatment
withdrawal compared with the CON, ALN, and RIS low
groups (Fig. 2).

Dynamic histology of the proximal tibia and fourth
lumbar vertebra

After 8 wk of treatment, trabecular bone turnover was
significantly suppressed in the proximal tibial metaphysis
and L4 vertebra in all drug-treated groups compared with
the CON group (Figs. 3A and 3B). After treatment was
discontinued, trabecular bone turnover in RIS low and RIS
high groups increased steadily for the proximal tibial me-
taphysis and L4 vertebrae. At the proximal tibia metaphysis
in both RIS-treated groups, BFR/BS was not different from
CON by 16 wk of treatment withdrawal (Figs. 3A). In con-
trast, BFR/BS in the proximal tibia in the ALN-treated
group remained significantly lower than the CON group
at all times after treatment was withdrawn. For the L4 ver-
tebra, although BFR/BS in the RIS low and RIS

FIG. 2. Body weight changes with treatment withdrawal. *Sig-
nificantly different from vehicle-treated CON (p < 0.05).
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high groups tended to increase toward CON, BFR/BS in all
drug-treated groups remained significantly lower than
CON 16 wk after treatment withdrawal.

After 8 wk of treatment, periosteal BFR/BS had signifi-
cantly decreased in all groups (Fig. 3C). Because this also
occurred in CON, this seems to be an age-related change
rather than a response to bisphosphonate treatment. There
was no recovery of BFR/BS at any time during treatment
withdrawal, and there were no differences among groups
(Fig. 3C). For the endocortical surface, after 8 wk of treat-
ment, there were no differences between groups for the
suppression of BFR/BS. Between 0 and 16 wk of treatment
withdrawal, BFR/BS of the endocortical surface increased
steadily in all groups, with no significant differences be-
tween CON and drug-treated groups (Fig. 3D).

Bone resorption of the proximal tibia and fourth
lumbar vertebra

In the fourth lumbar vertebrae, N.Oc/BS was not differ-
ent among groups after 8 wk of treatment; however, N.Oc/
BS increased significantly by 12 wk in the RIS low–treated
group compared with the CON group (Fig. 4A). In contrast,
in the proximal tibia, drug treatment resulted in a signifi-
cant reduction in N.Oc/BS in all treated animals compared
with the CON (Fig. 4B). By 16 wk of treatment withdrawal,
there were no differences among bisphosphonate-treated
groups during the 16 wk of treatment withdrawal.

BMD of the fifth lumbar vertebra

After 8 wk of treatment, the RIS high–treated animals
had significantly greater BMD of the fifth lumbar vertebra
compared with controls (Fig. 5). After 16 wk of treatment
withdrawal, ALN-treated animals maintained significantly
higher BMD of the fifth lumbar vertebra compared with
controls (Fig. 5). There was no difference in BMD at the
lumbar spine in RIS-treated groups compared with CON
after 16 wk of treatment withdrawal.

Bone strength of the fifth lumbar vertebra

Although there was not a significant difference among
groups in ultimate force of the fifth lumbar vertebra after 8
wk of treatment, ultimate force was significantly higher in

FIG. 3. Effect of bisphosphonate treatment
and withdrawal on BFR/BS of the proximal
tibial metaphysis (A), fourth lumbar vertebra
(B), periosteal surface of the tibial mid-
diaphysis (C), and endocortical surface of the
tibial mid-diaphysis (D). *Significantly differ-
ent from vehicle-treated CON (p < 0.05).

FIG. 4. Effect of bisphosphonate treatment and withdrawal on
N.Oc/BS for the (A) fourth lumbar vertebra and (B) proximal
tibial metaphysis. *Significantly different from vehicle-treated
CON (p < 0.05).
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all drug-treated groups after treatment was discontinued
(Fig. 6A). This was primarily because of an age-related
decrease in strength in control vertebrae. There was no
difference in ultimate force between ALN- and RIS-treated
animals at any time point. Stiffness, modulus, and ultimate
stress were not significantly different among any of the
groups 16 wk after treatment withdrawal.

DISCUSSION

This study examined differences in the skeletal response
to the discontinuation of ALN or RIS in OVX rats, an
animal model of estrogen-deficiency osteoporosis. The data
showed that normal trabecular bone turnover tends to be
re-established sooner in animals treated with RIS than
those treated with ALN. Specifically, bone formation rates
remained significantly lower in trabecular bone of the
proximal tibia and lumbar spine in ALN-treated rats com-
pared with nontreated CON rats 16 wk after treatment was
discontinued. In contrast, rats treated with either dose of
RIS showed a gradual recovery of normal bone formation
rates at these skeletal sites. After 16 wk of treatment with-
drawal, bone turnover at the proximal tibia was not signifi-
cantly different between RIS-treated and CON rats, and
N.Oc/BS for the proximal tibia tended to increase in the
RIS animals compared with ALN-treated animals.

There was an age-related decrease in BFR/BS, particu-
larly on the trabecular and periosteal surfaces of the proxi-
mal tibia. We attempted to minimize age-related changes
by starting with 6-mo-old rats, which are generally consid-
ered to be adult. Although growth has slowed by this age,
remodeling rates continue to slow independent of treat-
ment as the animals continue to age. We used age-matched
controls, an accepted manner of controlling for such effects.
Even though there was an age-related drift, for BFR/BS in
the proximal tibia (but not for the lumbar vertebra), BFR/
BS was not different from age-matched controls for RIS-
treated animals but was different for ALN-treated animals
after 16 wk of treatment withdrawal. This shows a differ-

ence in the recovery of trabecular bone remodeling at this
site between RIS-treated and ALN-treated animals.

A recent study in aged rats showed that risedronate treat-
ment blunted the stimulatory effect of subsequent PTH on
bone remodeling.(49) However, with a 10-wk withdrawal
period after an 8-wk treatment period with RIS, the PTH
stimulation of bone formation was not blunted. This, to-
gether with our data, suggests that after ∼10–16 wk of treat-
ment withdrawal, the amount of RIS cleared from the skel-
eton seems to be sufficient to allow for the administration
of alternative therapies and for normal bone remodeling to
resume.

Our study is the first animal study to examine differences
between ALN and RIS after the withdrawal of treatment
using an animal model of estrogen deficiency osteoporosis.
Our finding that the skeletal effects of 8 wk of RIS treat-
ment began to diminish after 16 wk of treatment with-
drawal differ from the findings of Wronski et al.(38) and Jee
et al.(40) Wronski et al. treated 3-mo-old OVX rats with RIS
(5 �g/kg), 2 times/wk for 180 days, followed by discontinu-
ation of treatment for 35, 90, 180, and 360 days. After 360
days of treatment withdrawal, trabecular bone volume
within the proximal tibia was not significantly different be-
tween RIS-treated and OVX controls; however, BFR of the
proximal tibia remained suppressed. Thus, whereas trabec-
ular BFR remained suppressed in the RIS-treated animals
over a withdrawal period twice the length of the treatment
period, bone volume was not preserved. It is important to
note that the study by Wronski et al.(38) was performed in
3-mo-old OVX rats, and the total dosage of RIS was higher
(10 �g/kg/wk) than the two dosages used in our study (3.6
and 7.2 �g/kg/wk). In addition, the animals in that study
were treated for 25 wk compared with 8 wk in our study,
which might have an impact on the time required to resume
normal remodeling. In a separate study, Jee et al.(40)

treated 9-mo-old virgin female rats for 60 days with either 1
or 5 �g/kg RIS twice weekly and observed a sustained sup-
pression of bone turnover in the proximal tibia, even after
540 days of treatment withdrawal. A caveat of this study is
that the rats were not OVX, and the amount of bone loss in
the aged controls was less than that expected after 540 days
of OVX in rats. Thus, it is not known if estrogen plays a
protective role against bone loss after treatment is discon-
tinued.

For cortical bone, Li et al.(39) treated 3-mo-old OVX rats
with twice weekly RIS (5 �g/kg) for 60 days, followed by
treatment withdrawal for 21 and 90 days. Periosteal bone
formation was suppressed, and remained suppressed for up
to 90 days of treatment withdrawal. This supports our data,
which showed a continued suppression of periosteal bone
formation through 16 wk of treatment withdrawal. How-
ever, the fact that we observed recovery of endocortical
bone formation during 16-wk treatment withdrawal sug-
gests that there are surface-specific differences in the per-
sistence of the drug response when bisphosphonate therapy
is discontinued. We postulate these differences are caused
by differences in how these drugs are distributed and incor-
porated into the bone matrix.(32) Specifically, studies using
14C-alendronate to examine the elimination of drug from
different cortical and trabecular skeletal regions found

FIG. 5. Effect of bisphosphonate treatment and withdrawal on
BMD of the fifth lumbar vertebra. *Significantly different from
vehicle-treated CON (p < 0.05).
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ALN to bind preferentially to sites of high bone turn-
over.(50,51) Although baseline bone formation rate on the
periosteal surface was ∼2.5 times that on the endocortical
surface, this occurs through direct apposition of new bone
in a modeling mode; because it does not involve coupled
resorption and formation in a remodeling mode, we would
expect less drug to bind to the periosteal surface. The
gradual decline in periosteal bone formation even in the
controls suggests an age-related decline in bone formation
on this surface, without significant effects of the bisphos-
phonate treatment.

The different recovery rates between the two drugs at
trabecular and endocortical surfaces is most likely related
to the surface area to which the drug is able to bind.
Whereas cortical bone represents a greater proportion of
the skeleton (∼80%), trabecular bone has greater surface
area to which the drug can bind. Thus, we would expect
more drug to bind to the trabecular surfaces compared with
endocortical surfaces, resulting in greater suppression on
trabecular surfaces and a longer recovery period. This, to-
gether with the higher mineral binding affinity of ALN,
would result in greater drug loading and slower release of
ALN compared with RIS at all surfaces, but most evident at
trabecular surfaces.

Although there are clinical trials examining the with-
drawal of bisphosphonate therapy,(8,15,19,21,52) there are no
head-to-head trials comparing the effects of discontinuing
ALN and RIS treatment. The results from non–head-to-
head studies are difficult to interpret comparatively because
the skeletal response to treatment withdrawal is likely re-
lated to the study population (younger early postmeno-
pausal women versus older postmenopausal osteoporotic
women), treatment duration, drug dose, skeletal regions
examined, availability of a placebo group during treatment
withdrawal, and intake of calcium (500–1000 mg) and vita-
min D after discontinuation of bisphosphonate therapy. A
common finding in the withdrawal studies with ALN and
RIS is a significant reduction in bone mass within a year
after the discontinuation of therapy. The rate of loss was
similar to women given placebo for both ALN (dosages �

2.5–20 mg/d)(14–16,19–21,37) and RIS (5 mg/d).(18,52) After
withdrawal, markers of bone resorption increased toward
baseline levels in women treated with ALN(14,15,19–22,37)

and RIS(18) compared with controls. With respect to other
treatment agents, the skeletal effects of ALN are preserved
longer after treatment withdrawal than with the withdrawal
of estrogen therapy(16,21); however, this comparison has not
been made for RIS.

Bisphosphonates have unique structural features that
arise from two side chains off a central carbon atom in a
P-C-P backbone, where each P represents a phosphate
group.(34,53) ALN and RIS are nitrogen-containing bisphos-
phonates that have a similar hydroxyl (−OH) R1 side chain;
however, they differ in their R2 side chains, which contain
different functional nitrogen groups. ALN has an alkyl ni-
trogen chain, whereas RIS has a nitrogen atom contained in
a pyridyl ring. Until recently, differences in binding affini-
ties between bisphosphonates have not been attributed to
the R2 side chain. However, recent work using a constant
composition potentiostatic method by Nancollas et al.(33)

showed ALN to have a 35% greater binding affinity than
RIS for hydroxyapatite, a difference attributed to interac-
tions between the R2 side chain and hydroxyapatite. Dif-
ferences in binding affinities between ALN and RIS may
play a role in how these drugs are retained in the skeleton,
and thereby may influence the persistence of the drug ef-
fect. Thus, these structural differences provide a plausible
mechanistic explanation for our observation of continued
suppression of bone turnover with ALN but not with RIS.

Currently there are limited pharmacokinetic data evalu-
ating the skeletal retention of ALN and RIS. Published
data suggest ALN is retained longer in the skeleton than
RIS; however, clinical study designs vary considerable in
their patient populations, dose levels, and study durations,
which likely influence the measured pharmacokinetic pa-
rameters such as the terminal half-life for bone.(4) For ex-
ample, the half-life of ALN has been reported to be ∼10 yr
based on a study 540 days in duration(54) compared with 20
days for RIS based on a study 28 days in duration.(55) In one
head-to-head clinical study in postmenopausal osteopenic

FIG. 6. Effect of bisphosphonate treatment
and withdrawal on bone strength of the L5 ver-
tebrae. (A) Ultimate force. (B) Stiffness. (C)
Modulus. (D) Ultimate stress. *Significantly
different from vehicle-treated CON (p < 0.05).
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women, a greater amount of ALN was retained in the skel-
eton compared with RIS after 1, 3, and 28 days,(14) a finding
consistent with reported differences in mineral binding af-
finities.(24)

Data from our study might have clinical implications for
design and use of effective therapies for osteoporosis. At
clinical dose levels, ALN seems to have a more persistent
effect on suppressing bone turnover than RIS after treat-
ment is withdrawn. This suggests that patients recom-
mended for a “drug holiday” may continue to experience
benefits from ALN treatment resulting from its lasting re-
sidual effects on bone turnover and BMD after treatment is
discontinued. Conversely, the data also indicate that RIS
may be the preferred drug for patients who need a quicker
return of bone remodeling, such as those who need to
switch to an alternative therapy. These observations need
to be confirmed in clinical populations before current pre-
scription practices are altered because the use of an animal
model may not necessarily predict the clinical scenario. Al-
though the OVX rat is widely accepted as a model for
postmenopausal bone loss, it does not replicate all aspects
of the human condition.
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