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HE CHOLESTEROL-LOWERING “statin” drugs
may have the unexpected bonus of stimu-

lating bone formation, according to evidence
from animal studies.1 In contrast, current osteo-
porosis treatments only slow bone loss.

We review the basic and clinical data
about the effects of hydroxymethylglutaryl-
CoA (HMG-CoA) reductase inhibitors or
statins on bone; however, definitive studies are
needed before statins can be considered indi-
cated for preventing or treating osteoporosis.

■ OSTEOPOROSIS:
SCOPE OF THE PROBLEM

Osteoporosis, the most common disease of
bone, affects about 30 million people in the
United States2 and as many as 100 million
people worldwide. As the elderly population
grows, the prevalence is expected to increase.

Osteoporosis is characterized by reduced
bone mass, microarchitectural deterioration,
and increased skeletal fragility. Fractures do
not usually occur until bone mass falls to 30%
to 50% below normal.

Although the precise cause of osteoporosis
is unknown, an imbalance between bone for-
mation and resorption presumably causes bone
mass to decline in adulthood, and osteoporosis
occurs when the amount of bone removed
from the skeleton by bone-resorbing osteo-
clasts exceeds the amount formed by
osteoblasts during the coupled process of
remodeling. Treatment of osteoporosis is
aimed toward restoring this balance.

Drugs such as bisphosphonates, estrogen,
and selective estrogen receptor modulators are
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■ ABSTRACT

The statins may not only lower cholesterol, they may
stimulate bone formation, as suggested by a number of
observational studies and animal research. Whether these
drugs will be of benefit in treating osteoporosis awaits
further clinical trials.

■ KEY POINTS

Several in vitro and animal studies suggest that statin drugs
have an anabolic and antiresorptive effect on bone.

A number of observational studies found a decreased
incidence of fractures among patients who take statins, but
other studies did not. Prospective randomized controlled
trials are required to exclude the possibility of unmeasured
confounding variables and to define more precisely the
impact of statins on fracture risk.

Several observational studies found that people taking
statins had higher bone mineral densities than did
nonusers.

The current statins, which are designed to lower lipids, may
not be ideal for treating osteoporosis; however, they may
point the way to similar molecules that would be more
effective.
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widely used to slow bone loss. Although these
agents reduce the incidence of fractures, they
do not significantly increase bone formation.
In theory, a drug that stimulates bone forma-
tion and helps restore bone strength would
constitute a major breakthrough in osteoporo-
sis treatment.3 Remarkably, statin drugs may
do this.

■ IF STATINS BUILD BONE,
HOW DO THEY DO IT?

If statins prove to build bone, two recently
elucidated pathways may explain the effect.

Inhibition of mevalonate production
The first discovery came from investigators at
several laboratories who were working inde-

pendently to determine how bisphosphonates
inhibit osteoclasts. These workers noted that
cholesterol synthesis and osteoclast activation
both involve the same biochemical cascade
(FIGURE 1).4–7

Cholesterol synthesis has several steps.
First, HMG-CoA is converted into meval-
onate by the enzyme HMG-CoA reductase
(which the statin drugs inhibit). Next, meval-
onate is converted to geranyl pyrophosphate,
which in turn is converted to farnesyl
pyrophosphate by the enzyme farnesyl
pyrophosphate synthase (which the bisphos-
phonate drugs inhibit). Next comes squalene
and finally cholesterol.

Osteoclasts use the intermediate mole-
cules farnesyl pyrophosphate and geranylger-
anyl pyrophosphate (made from farnesyl
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and osteoclast
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pyrophosphate) to modify and activate the
key intracellular proteins—glutamyl transpep-
tidases and GTPases—in a process called
prenylation.8 Bisphosphonates, such as alen-
dronate and risedronate, prevent the forma-
tion of these lipid products5 by inhibiting far-
nesyl synthase9; statins (as classic inhibitors of
HMG-CoA) are equally effective at prevent-
ing osteoclast activation in vitro by prevent-
ing mevalonate production.

When exposed to statins or bisphospho-
nates, osteoclasts die by apoptosis. In turn,
bone remodeling is reduced, bone resorption
decreases, and the balance of bone resorption
and formation is restored. More important, as
demonstrated in clinical trials with bisphos-
phonates, this process reduces the incidence
of fragility-related fractures.10–12

The structure of bisphosphonates, howev-
er, differs significantly from that of statins.
Bisphosphonates contain a domain that mim-
ics pyrophosphate and binds tightly to
exposed mineralized surfaces under the osteo-
clast’s ruffled border; statins lack this struc-
ture. This important difference makes it diffi-

cult to predict with confidence whether
statins will retain biologic activity against
osteoclasts in vivo.

Activation of the bone morphogenetic
protein-2 promoter
The second mechanism by which statins may
affect the skeleton was uncovered by Mundy
et al,13 who screened a library of more than
30,000 natural compounds for osteoinductive
substances that activate the promoter for bone
morphogenetic protein-2. This protein is a
growth factor that causes osteoblasts to prolif-
erate, mature, and create new bone. Only
lovastatin, derived from the fungus Aspergillus
terreus,14 was found to have this effect.

When lovastatin was injected into organ
cultures of calvarial bones from neonate mice
three times a day for 5 days, bone volume
increased nearly 50% compared with placebo.13

Histologic examination revealed enhanced
bone-forming surfaces and osteoid accumula-
tion.

Similar effects were found with fluva-
statin, simvastatin, and mevastatin, which

Statins may
help form new
bone by
activating
morphogenetic
protein-2
promoter

Do statins decrease fractures?
Four studies say yes, four say no

INVESTIGATORS DESIGN NO. OF FRACTURE FINDINGS*

CURRENT SITE
STATIN
USERS

Studies that found a significantly lower risk
Meier et al15 Case-control 1,030 All OR 0.55 (0.44–0.69)

Wang et al16 Case-control 240 Hip OR 0.50 (0.33–0.76)

Chan et al17 Case-control 333 All OR 0.48 (0.27–0.83)

Bauer et al18 Cohort 598 Hip OR 0.30 (0.08–1.18)

Studies that found no significantly lower risk
LaCroix et al19 Case-control 7,847 Hip HR 0.98 (0.60–1.62)

Van Staa et al20 Case-control 950 All OR 1.01 (0.88–1.16)

Reid et al21 Randomized 4,512 All HR 1.05 (0.80–1.37)

Pedersen and Randomized 2,221 All Incidence 3.78% vs 3.19%
Kjekshus22

*OR odds ratio; HR hazard ratio; numbers in parentheses are 95% confidence intervals

T A B L E  1
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specifically increased expression of bone mor-
phogenetic protein-2 mRNA and more than
doubled production of bone morphogenetic
protein-2 by osteoblast-like cell lines in vitro.13

Further studies demonstrated that
ovariectomized female rats (a model of post-
menopausal osteoporosis) that were given sim-
vastatin by mouth had an increase in trabecu-
lar bone volume of 39% to 94%.13

■ DO STATINS REDUCE FRACTURES?

Data are mixed on whether statins reduce the
incidence of fractures in humans: some studies
found a lower risk in statin users than in
nonusers, while others did not. However,
none of the studies were randomized con-
trolled trials designed to examine this issue.

Some studies found a lower risk
of fractures in statin users
Four observational studies found that the risk
of fractures was approximately half as high in
people taking statins as in nonusers (TABLE 1).
At the same time, people taking non-statin
lipid-lowering drugs had approximately the
same risk as nonusers.

Together, these findings suggest that the
relationship between statin use and decreased
fracture risk is causal and related to the bio-
logic activity of statins.

Meier et al,15 in a case-control study in
the United Kingdom, identified 3,940 patients
with fractures and matched them with 23,379
subjects without fractures. After controlling
for body mass index, smoking, number of
physician visits, and use of corticosteroids and
estrogen, the odds ratio for fractures among
current statin users was 0.55.

Wang et al,16 in a case-control study in
New Jersey Medicaid patients, identified
1,222 patients hospitalized for surgical repair
of hip fracture and matched them with 4,888
patients without hip fractures. After control-
ling for race, health insurance status, ischemic
heart disease, cancer, diabetes mellitus, and
use of psychoactive medications, estrogen, and
thiazides, the odds ratio for hip fractures
among current statin users was 0.50.

Chan et al,17 in a case-control study of
women older than 60 years in six US health
maintenance organizations, identified 928

patients who sustained a fracture of the hip,
humerus, distal tibia, wrist, or vertebra and
matched them with 2,747 women without
fractures. Women who used anti-osteoporosis
drugs were excluded.

Compared with women who did not use
statins during the previous 2 years, women
with 13 or more statin dispensings during this
period had an adjusted odds ratio for fracture
of 0.48.

Bauer et al18 analyzed data from two large
studies of older women: the Study of
Osteoporotic Fractures (SOF), with 8,412
women older than 65 years, and the Fracture
Intervention Trial (FIT), with 6,459 women
ages 55 to 80. At approximately 4 years of fol-
low-up, the adjusted odds ratio for hip fracture
in statin users was 0.30, which was not, how-
ever, statistically significant.

Other studies found no difference
LaCroix et al,19 analyzing data from more

than 90,000 postmenopausal women, found no
link between statin use and risk of hip frac-
tures. However, few women in this study had
used statins for more than 3 years. Therefore,
the findings do not rule out the possibility that
long-term statin use might reduce fracture risk.

Van Staa et al,20 using the same UK data-
base as Meier et al, identified 81,880 patients
with fractures and 81,880 matched controls.
Statin users had fracture risks comparable to
those using non-statin lipid-lowering agents
and untreated hyperlipidemic patients.

Reid et al21 analyzed data from the Long-
term Intervention with Pravastatin in
Ischaemic Disease (LIPID) study, in which
9,014 patients (17% women; median age 62)
with ischemic heart disease were randomized
to receive either pravastatin 40 mg/day or
placebo. After a mean follow-up of 6.1 years,
the data did not support a significant effect of
statins on fracture risk.

Pedersen and Kjekshus22 examined the
frequency of fractures in the Scandinavian
Simvastatin Survival Study (4S), a random-
ized, double-blind, placebo-controlled, multi-
center trial of simvastatin 20 to 40 mg/day in
patients aged 35 to 70 with coronary artery
disease. Fractures occurred in 155 patients,
with no significant difference between the
treatment and placebo groups.

Four studies
found that
statins halved
the fracture risk;
four studies
found no such
effect
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■ INCREASED BONE DENSITY

Chung et al,23 in a retrospective study,
found that statin use was associated with
increased hip bone density in men with type 2
diabetes (TABLE 2). Of 69 patients, 36 received
lovastatin, pravastatin, or simvastatin; the 33
control subjects did not. In patients who
received statins, bone density of the femoral
neck increased significantly after 15 months.
In the control group, bone density of the spine
decreased significantly after 14 months.

Diabetes may itself affect bone metabo-
lism. The bone density of patients with type
1 diabetes is lower than in healthy subjects;
in contrast, hyperinsulinemia and the rela-
tively high body mass index in patients with
type 2 diabetes seem to protect against bone
loss.

Bauer et al,18 in their analysis of data
from the SOF and FIT studies, found that
women taking statins but not other lipid-low-
ering drugs had higher bone densities of the
hip; however, this association did not reach
statistical significance.

Edwards et al,24 in the United Kingdom,
measured the bone density of the hip and
spine in 41 postmenopausal women taking
statins and in 100 matched controls. The
median length of statin use was 48 months;
51% of the statin users took simvastatin, 24%
took pravastatin, 15% took atorvastatin, and
10% took fluvastatin.

Bone mineral density was significantly
higher in statin users, and the difference
remained significant after adjustment for age,
height, and weight. In contrast, in another 46
women with total cholesterol levels higher
than 290 mg/dL at baseline who did not
receive statins, bone density did not differ at
the spine or hip compared with controls.

Watanabe et al25 performed a small ran-
domized trial comparing the effects of fluva-
statin and pravastatin in postmenopausal
women. At 1 year, neither drug had any effect
on the bone mineral density of the whole
body, but the bone mineral density of the lum-
bar spine had increased by 1% in the fluva-
statin group, compared with a 2% decrease in
the pravastatin group.

Studies that suggested an
increased bone density associated with statins

INVESTIGATORS DESIGN NO. OF SITE BONE MINERAL DENSITY
CURRENT
STATIN
USERS

Chung et al23 Retrospective* 36 Hip 0.88% increase from baseline at 15 months in users;

1.03% decrease at 14 months in nonusers (P < .05)

Edwards et al24 Cohort† 41 Hip 0.76 g/cm2 in statin users;

0.68 g/cm2 in nonusers (P < .05)

Spine 0.99 g/cm2 in statin users;

0.91 g/cm2 in nonusers (P < .001)

Watanabe et al25 Randomized‡ 25 Whole body No change from baseline at 1 year

Lumbar spine 1% increase from baseline with fluvastatin;

2% decrease with pravastatin (P = .04)

*In patients with type 2 diabetes mellitus
†In postmenopausal women
‡Comparing fluvastatin vs pravastatin in postmenopausal women

T A B L E  2

Data are still
mixed on
whether statins
reduce fracture
incidence in
humans
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■ WHY WERE THE FINDINGS
INCONSISTENT?

Possible reasons for the divergent findings in
the studies of fracture risk include the follow-
ing:

The effect of statins on bone may be rel-
atively weak, apparent in some studies but not
in others.

Statins may have been given preferen-
tially to patients who were less frail or oth-
erwise at lower risk of fracture. (As with all
observational studies, biases or con-
founders such as this cannot be entirely
excluded.)

The control groups were small. In most
of these studies, the control group of hyper-
lipidemic patients using non-statin agents was
smaller and thus less robust as a comparative
group.

Obesity was not controlled for. Low
body mass is a risk factor for osteoporotic
fractures, and high body mass is associated
with high blood cholesterol concentrations.
Therefore, patients treated with cholesterol-
lowering drugs may have a lower intrinsic
risk of fracture because of the protective
effect of increased adipose tissue. Future
studies should include calculations of the
body mass index, because obesity may be an
important underlying factor that leads to
both statin use and a reduced risk of hip frac-
ture.

The physical activity of subjects was not
quantified, even though physical activity is
associated with lower fracture risk.

Doses may have been too low. Higher
doses of statins may be needed to affect bone
than to lower cholesterol. Current statins tar-
get the liver, where most cholesterol synthesis
occurs, rather than the bones, and less than
5% of a given dose reaches the systemic circu-
lation.26 Indeed, the efficacy and safety of
statins in treating hyperlipidemia is due main-
ly to their selective localization to the liver.
Mundy et al,13 in their studies in rats, used
doses about 10 times higher than those typi-
cally given to patients.

Duration may have been too short. With
their limited bioavailability for osteoclasts,
statins may need to be taken long-term to pro-
duce a significant biologic response.

■ FUTURE STUDY REQUIREMENTS

Prospective randomized controlled trials are
needed to better exclude the possibility of
unmeasured confounding variables and to
delineate precisely the role of statins in skele-
tal health.

Although the consensus seems to be
that statins increase bone density, not all
studies demonstrated this association.
Furthermore, the primary end points mea-
sured in many of these studies did not
include bone density or fracture rates.
Retrospective analysis of data may be mis-
leading, because not all events and out-
comes were comprehensively recorded.27

It also is interesting that pravastatin has
recently been shown to be ineffective in
increasing bone morphogenetic protein-2 or
stimulating bone formation, perhaps because
of its molecular charge.28 As might be predict-
ed, the largest clinical trial using pravastatin21

failed to demonstrate fracture protection.
Excluding this pravastatin trial from the
analysis may increase the association between
statins and decreased risk of fracture.

■ TOWARD MORE EFFECTIVE
BONE-STRENGTHENING DRUGS

Bisphosphonates reduce bone resorption but
do not significantly stimulate bone formation.
Conversely, in vivo studies and some clinical
studies suggest that statins have an anabolic
effect on bone.

Statins appear to enhance osteoblastic
activity by both increasing expression of bone
morphogenetic protein-2, a stimulator of
osteoblast differentiation, and diminishing
osteoclast activity by preventing prenylation
and activation of key intracellular proteins.
The mechanism of this effect is unclear
because our ability to separate antiresorptive
and anabolic effects in vitro remains embry-
onic.

Currently available statins, which are
designed for lipid-lowering, may be subopti-
mal for treating osteoporosis; however,
insights from studies such as those reviewed
here may lead to development of similar mol-
ecules that more effectively promote bone for-
mation and inhibit resorption.

Current statins,
may be
suboptimal for
treating
osteoporosis
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