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Statins as modulators of bone formation
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The use of 3-hydroxy-8-methylglutaryl coenzyme A reductase inhibitors (statins) to reduce serum
cholesterol is well described. However, the recent finding that statins have direct effects on bone was
unexpected. A number of epidemiological studies have recently been published that explore the effects
of statins on bone mineral density and risk of fracture in humans. Statins may act by directly stimulating
the expression of bone morphogenetic protein-2 and increasing osteoblast differentiation or, like
nitrogen-containing bisphosphonates, may have effects on the mevalonate pathway that leads to
inhibition of osteoclast activity and osteoblast apoptosis. In addition, the demonstration that statins can
inhibit inflammation and encourage angiogenesis offers other possibilities for action.
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Introduction

The actions of 3-hydroxy-3-methylglutaryl coenzyme A
(HMG CoA) reductase inhibitors (statins) on serum cho-
lesterol concentrations are well documented and are
associated with a decrease in cardiovascular events and
death [1]. However, statins also appear to modulate bone
formation, inflammation, and angiogenesis. As well as pro-
viding an increased understanding of the biological impor-
tance of cholesterol synthetic pathways, the suggestion
that statins can increase bone formation has provided an
exciting new direction for research.

Unexpected effects on bone

In late 1999, experimental work produced the unex-
pected finding that statins may have direct effects on
bone [2]. This work was carried out to look for new stim-
ulators of bone formation that might be useful therapeuti-
cally. More than 30,000 compounds were screened for
their ability to stimulate the bone morphogenetic

protein-2 (BMP-2) promoter in an osteoblast cell line. It
was thought that because bone morphogenetic proteins
are the most potent stimulators of bone formation known,
any compound stimulating the BMP-2 promoter would
have a strong positive effect on bone formation. Only
two compounds, lovastatin and simvastatin, had a posi-
tive effect. Further work to confirm these findings
showed that statins could stimulate bone formation when
administered locally to bony sites or when given systemi-
cally in rats.

Findings in humans

Since those findings, a number of epidemiological studies
have been published that explore the effects of statin use
on bone mineral density and risk of fracture in humans.
These studies have produced mixed results: one showed
an increased bone mineral density associated with statin
use, three showed an association with a reduced risk of
fracture, and two showed no effect.

BMD = bone mineral density; BMP-2 = bone morphogenetic protein-2; Cl = confidence interval; HRT = hormone replacement therapy; OR = odds

ratio; statins = 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors.
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In a cross-sectional population study, our group demon-
strated an association between bone mineral density and
statin use in postmenopausal women [3]. Bone mineral
density at the spine and hip were approximately 7-8%
higher in women taking statins than in controls of similar
age, height, weight, years since menopause, and use of
hormone replacement therapy. A case—control study using
the health-maintenance records from 928 women aged 60
years or over with a fracture of the hip, humerus, distal
tibia, wrist, or vertebrae showed a lower risk of fracture
(odds ratio [OR] 0.48 [95% confidence interval [Cl]
0.27-0.83]) in those who had taken statins for at least
one year than in 2747 controls with no fracture [4]. This
was maintained after excluding individuals taking osteo-
porosis treatments and after adjusting for age and number
of hospital admissions and score for chronic disease. A
nested case—control study using a UK-based general
practice research database has also shown that current
use of statins was associated with a reduced risk of frac-
ture (OR 0.55 [95% Cl 0.44-0.69]) [5]. The study
included 28,340 men and women aged at least 50 years
taking lipid-lowering drugs, 13,271 with hyperlipidaemia
not taking lipid-lowering drugs, 50,000 randomly selected
individuals without hyperlipidaemia, and 3940 individuals
with a previous bone fracture. Results were controlled for
body mass index, smoking, number of visits to physician,
and use of corticosteroids or oestrogen. In a case—control
study of 6110 individuals aged 65 years and over who
were registered with Medicare and Medicaid or the pro-
gramme Pharmacy Assistance for the Aged and Disabled,
1222 individuals had had surgical repair of a hip fracture.
Use of statins in the previous 180 days (OR 0.5 [95% CI
0.33-0.76]) or previous 3 years (OR 0.57 [95% CI 0.40—
0.82]) was associated with a reduction in hip fracture [6].
This reduction persisted even after adjustment for race,
psychoactive medications, oestrogen use, and a number
of chronic diseases. This study is the only one that has
shown a dose relationship between the amount of statin
used and protection against risk of fracture. The possibility
that these effects were via reducing cholesterol levels
seems unlikely, because all the above studies showed no
effect from nonstatin cholesterol-lowering drugs.

More recently, two large studies have failed to demonstrate
an association between statin use and risk of fracture. The
first of these had the benefit of being a randomised trial
and looked retrospectively at the frequency of fractures
occurring in a large group of patients with ischaemic heart
disease treated with pravastatin in the LIPID study [7].
There was no difference in fractures occurring in the
pravastatin group (n=107) as compared with the placebo
group (n=101) (OR 1.05 [95% CI 0.80-1.37]). The
second study used the same General Practice database as
Meier et al. [6] but different analytic methods and time
periods and a slightly different subsample [8]. They found
no association between use of statin and risk of fracture in

81,880 individuals sustaining a fracture of the vertebrae,
clavicle, humerus, radius/ulna, carpus, hip, ankle, or foot
after adjusted for smoking, medications, and illnesses
associated with risk of fracture. However, the results sug-
gested a modest protection for hip fracture.

Where do these results leave us? It is perhaps surprising
that statins designed for their effects on hepatic synthesis of
cholesterol seem to have biological effects on bone. Only
5% of ingested statins may finally reach the peripheral circu-
lation after first-pass metabolism [9]. In addition, the doses
of statins given to laboratory rats to get an effect on bone
were many times higher than the equivalent doses normally
given for hypercholesterolaemia in humans [2]. However, a
meta-analysis of eight observational studies has also shown
support for the protective effect of statins on risk of fracture
[10]. This analysis showed a greater protective effect on
fracture of the hip than of other sites and suggests the possi-
bility that statins have site-specific effects on risk of fracture.
In addition, increasing evidence for an effect of statins on
bone is coming from experimental work that shows direct
effects of statins on osteoblastic cells. Statins may also have
indirect effects on bone formation through effects on inflam-
mation or angiogenesis. The laboratory work has also shown
differential effects between statins that may explain some of
the differences seen in the epidemiological studies.

Direct effects on bone

Simvastatin, mavastatin, fluvastatin, and lovastatin have all
been shown to stimulate bone formation [2]. In addition,
both simvastatin [11] and pitavastatin [12] increased
human osteoblast differentiation as measured by, respec-
tively, alkaline phosphatase expression and mineralisation
or expression of BMP-2 and osteocalcin. However,
pravastatin, in contrast to simvastatin, did not induce
BMP-2 expression of human osteosarcoma cells [13].
Pravastatin also has different pharmacokinetics from other
statins, with a large uptake to the liver via an active trans-
port system [14] that might limit its availability at other
sites. This may explain the lack of effect seen in the analy-
sis of the LIPID study, in which all the patients were taking
pravastatin. All the other epidemiological studies included
a minority of patients taking pravastatin.

In addition to stimulating bone formation, statins may also
inhibit resorption, in a similar way to that described for some
bisphosphonates. Nitrogen-containing bisphosphonates act
on the mevalonate pathway to reduce the prenylation of
GTP-binding proteins (key regulators of receptor-mediated
signaling pathways), which blocks osteoclast activity [15]
and inhibits osteoblast apoptosis [16].

Indirect effects via inflammation or
angiogenesis?

In addition to direct effects on bone, statins may increase
bone formation by other, indirect, actions. It now appears



that statins have effects on endothelial cell function and
the numbers of circulating endothelial precursor cells.
Vascular invasion is a prerequisite for calcification during
endochondral bone formation [17]. Thus, a proangiogenic
effect of statins may conceivably increase bone formation.
Statins produce increased proliferation and differentiation
of progenitors of endothelial cells [18]. In addition, ator-
vastatin increased the numbers of circulating endothelial
progenitor cells [19].

Statins may also affect bone formation indirectly by inhibit-
ing inflammation. It is now believed that the effect of
statins on cardiovascular events occurs partly via effects
on inflammation. Recently, pravastatin has been shown to
reduce C-reactive protein in cardiology patients [20]. The
negative effect of inflammation on bone is well described
and statins could increase bone formation by inhibiting
this. However, it seems unlikely that effects on inflamma-
tion have an important effect on bone formation in normal
subjects, especially because pravastatin appears to have
no effect on bone formation despite well described effects
on inflammation.

Conclusion

Future work needs to demonstrate that statins have
effects on bone turnover, density, and risk of fracture in
prospective trials. However, this may be missing the point.
The unfolding story of the effects of statins on bone,
inflammation, and the cholesterol synthetic pathway is
intriguing and points the way to future work. This is not the
time to start prescribing statins to patients. The evidence
for a clinical effect is strong but not overwhelming.
However, the effects on bone seem real, and further work
will demonstrate if manipulating the cholesterol and meval-
onate synthetic pathways can be used to increase bone
formation and reduce the risk of fracture.

References

1. LaRosa JC, He J, Vupputuri S: Effect of statins on risk of coro-
nary disease: a meta-analysis of randomized controlled trials.
JAMA 1999, 282:2340-2346.

2. Mundy G, Garrett R, Harris S, Chan J, Chen D, Rossini G, Boyce
B, Zhao M, Gutierrez G: Stimulation of bone formation in vitro
and in rodents by statins. Science 1999, 286:1946-1949.

3. Edwards CJ, Hart DJ, Spector TD: Oral statins and increased
bone-mineral density in postmenopausal women. Lancet
2000, 355:2218-2219.

4. Chan KA, Andrade SE, Boles M, Buist DS, Chase GA, Donahue
JG, Goodman MJ, Gurwitz JH, LaCroix AZ, Platt R: Inhibitors of
hydroxymethylglutaryl-coenzyme A reductase and risk of frac-
ture among older women. Lancet 2000, 355:2185-2188.

5. Wang PS, Solomon DH, Mogun H, Avorn J: HMG-CoA reduc-
tase inhibitors and the risk of hip fractures in elderly patients.
JAMA 2000, 283:3211-3216.

6. Meier CR, Schlienger RG, Kraenzlin ME, Schlegel B, Jick H:
HMG-CoA reductase inhibitors and the risk of fractures. JAMA
2000, 283:3205-3210.

7. Reid IR, Hague W, Emberson J, Baker J, Tonkin A, Hunt D,
MacMahon S, Sharpe N: Effect of pravastatin on frequency of
fracture in the LIPID study: secondary analysis of a
randomised controlled trial. Long-term Intervention with
Pravastatin in Ischaemic Disease. Lancet 2001, 357:509-512.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Available online http://arthritis-research.com/content/4/3/151

van Staa TP, Wegman S, de Vries F, Leufkens B, Cooper C: Use
of statins and risk of fractures. JAMA 2001, 285:1850-1855.
Hamelin BA, Turgeon J: Hydrophilicity/lipophilicity: relevance
for the pharmacology and clinical effects of HMG-CoA reduc-
tase inhibitors. Trends Pharmacol Sci 1998, 19:26-37.

Bauer DC, Black DM, van der Klift M: Statin use and fracture: a
meta-analysis of 8 observational studies. Bone 2001,
28(suppl 1):S.

Maeda T, Matsunuma A, Kawane T, Horiuchi N: Simvastatin pro-
motes osteoblast differentiation and mineralization in MC3T3-
E1 cells. Biochem Biophys Res Commun 2001, 280:874-877.
Ohnaka K, Shimoda S, Nawata H, Shimokawa H, Kaibuchi K,
Iwamoto Y, Takayanagi R: Pitavastatin enhanced bmp-2 and
osteocalcin expression by inhibition of rho-associated kinase
in human osteoblasts. Biochem Biophys Res Commun 2001,
287:337-342.

Sugiyama M, Kodama T, Konishi K, Abe K, Asami S, Oikawa S:
Compactin and simvastatin, but not pravastatin, induce bone
morphogenetic protein-2 in human osteosarcoma cells.
Biochem Biophys Res Commun 2000, 271:688-692.

Hatanaka T: Clinical pharmacokinetics of pravastatin: mecha-
nisms of pharmacokinetic events. Clin Pharmacokinet 2000,
39:397-412.

Fisher JE, Rogers MJ, Halasy JM, Luckman SP, Hughes DE,
Masarachia PJ, Wesolowski G, Rodan GA, Reszka AA: Alen-
dronate mechanism of action: geranylgeraniol, an intermedi-
ate in the mevalonate pathway, prevents inhibition of
osteoclast formation, bone resorption, and kinase activation
in vitro. Proc Nat/ Acad Sci U S A 1999, 96:133-138.

Plotkin LI, Weinstein RS, Parfitt AM, Roberson PK, Manolagas
SC, Bellido T: Prevention of osteocyte and osteoblast apopto-
sis by bisphosphonates and calcitonin. J Clin Invest 1999,
104:1363-1374.

Gerber HP, Vu TH, Ryan AM, Kowalski J, Werb Z, Ferrara N:
VEGF couples hypertrophic cartilage remodeling, ossification
and angiogenesis during endochondral bone formation. Nat
Med 1999, 5:623-628.

Dimmeler S, Aicher A, Vasa M, Mildner-Rihm C, Adler K, Tiemann
M, Rutten H, Fichtlscherer S, Martin H, Zeiher AM: HMG-CoA
reductase inhibitors (statins) increase endothelial progenitor
cells via the PI 3-kinase/Akt pathway. J Clin Invest 2001, 108:
391-397.

Vasa M, Fichtlscherer S, Adler K, Aicher A, Martin H, Zeiher AM,
Dimmeler S: Increase in circulating endothelial progenitor
cells by statin therapy in patients with stable coronary artery
disease. Circulation 2001, 103:2885-2890.

Albert MA, Danielson E, Rifai N, Ridker PM: Effect of statin
therapy on C-reactive protein levels: the pravastatin inflam-
mation/CRP evaluation (PRINCE): a randomized trial and
cohort study. JAMA 2001, 286:64-70.



	Abstract
	Introduction
	Unexpected effects on bone
	Findings in humans
	Direct effects on bone
	Indirect effects via inflammation or angiogenesis?
	Conclusion
	References

