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ABSTRACT

The main purposes of statins, commonly referred to as HMG-CoA reductase inhibitors,
are to decrease cholesterol and lower the risk of cardiovascular disease (CVD).
According to recent studies, statins can additionally enhance bone health by
influencing the processes involved in bone remodeling.

Objective: The purpose of the article is to assess the preclinical and clinical data
currently available on how statin medication affects bone mineral density (BMD),
osteoporosis risk, and fracture reduction.

To evaluate the impact of statins on bone metabolism, a thorough assessment of
preclinical data, observational studies, and randomized controlled trials (RCTs) was
carried out. To explain discrepancies in results, variables including patient
characteristics, statin class, dosage, and length of therapy were considered.

According to preclinical research, statins promote bone formation by increasing
osteoblast development and preventing osteoclast-mediated bone resorption. A
number of observational studies and meta-analyses show that statin use is positively
correlated with both higher BMD and a lower risk of osteoporotic fractures.
Randomized trials, however, provide conflicting results; many do not demonstrate
statistically significant advantages, most likely as a result of differences in research
design, population size, and treatment settings.

Existing clinical data is unclear, despite preliminary findings suggesting a positive
function of statins to safeguard bone health. Large-scale, carefully planned RCTs are
necessary to elucidate their safety and effectiveness in conditions pertaining to the
bones. Statins may be a promising adjuvant treatment for osteoporosis, particularly for
those who already have CVD.

INTRODUCTION

Originally developed from mold fungi, statins
are a class of lipid-lowering drugs widely

prescribed  for  the

dyslipidemia, a

vascular disease [1-3].

major
atherosclerosis and cardiovascular diseases
such as coronary artery disease and peripheral

These agents act through competitive and
reversible inhibition of  3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA)
reductase, the rate-limiting enzyme in hepatic
cholesterol biosynthesis. Inhibition of this
enzyme reduces intracellular cholesterol levels
and upregulates low-density lipoprotein (LDL)
receptor expression, thereby enhancing the

of
for

management
risk factor

clearance of circulating LDL cholesterol [4,5].
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]. In addition to lowering LDL, statins modestly
increase high-density lipoprotein (HDL) levels
and reduce triglycerides (TG), further
contributing to their cardiovascular benefits
[6]. Beyond lipid regulation, statins exhibit
several pleiotropic effects, including
improvement of endothelial function through
enhanced nitric oxide (NO) bioavailability,
stabilization of atherosclerotic  plaques,
reduction of oxidative stress, and suppression
of inflammatory mediators [7-13]. These
properties have expanded scientific interest in
their  potential  actions  beyond  the
cardiovascular system. Statins used in clinical
practice include semi-synthetic agents such as
simvastatin, naturally occurring compounds
such as lovastatin, and fully synthetic drugs
such as rosuvastatin [14,15]. Differences in
molecular structure influence their
lipophilicity, tissue distribution, and biological
behavior [14,16].

More recently, increasing attention has been
directed toward the potential role of statins in
bone metabolism. Experimental studies suggest
that statins may influence osteoblast
differentiation, osteoclast activity,
angiogenesis, and bone remodeling through
several cellular signaling pathways. One of the
most widely investigated mechanisms is
stimulation of bone morphogenetic protein-2
(BMP-2), a key regulator of osteogenesis,
although the consistency of this effect in
human bone cells remains controversial.
Statins have also been shown to modulate
vascular endothelial growth factor (VEGF),
potentially enhancing angiogenesis, a process
closely linked to bone formation and fracture
healing.

Although statins are primarily prescribed for
lipid-related cardiovascular diseases, their
potential actions on bone metabolism,
osteoporosis, fracture risk, angiogenesis, and
vitamin D regulation have generated significant
research interest.
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Moreover, statins have also been explored for
effects on muscle repair, liver regeneration,
and anti-inflammatory or  anti-fibrotic
pathways, indicating their broad biological
activity [19,20]. However, clinical findings
regarding their skeletal and vitamin D-related
benefits remain inconsistent, necessitating a
balanced and critical synthesis of available
evidence.

This review therefore aims to comprehensively
evaluate the current experimental and clinical
evidence regarding the effects of statins on
bone health and vitamin D metabolism, with
particular emphasis on mechanistic pathways,
human clinical outcomes, and areas of ongoing
controversy.

The molecular basis of statins: Impact on
bone metabolism

Statins have a variety of pleiotropic effects,
such as vasodilatory, antioxidant,
antithrombotic, and bone-anabolic activity, in
addition to their ability to decrease cholesterol
[21]. Over the last ten years, their capacity to
stimulate bone production has garnered a lot of
attention, especially for potential benefits in
diseases like osteoporosis. An increasing
amount of data indicates that three main
mechanisms—stimulating osteoblast
differentiation, preventing osteoblast death,
and suppressing osteoclast development—are
responsible for the bone-anabolic actions of
statins. The whole molecular underpinnings of
these impacts are still being investigated.

Osteogenesis Induced by Statins

The rate-limiting enzyme in the pathway
leading to the generation of cholesterol, HMG-
CoA reductase, is inhibited by statins.
Mevalonate and the subsequent isoprenoid
intermediates, farnesyl pyrophosphate (FPP)
and geranylgeranyl pyrophosphate (GGPP), are
reduced as an outcome of this process [22]
(Figure 1).
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Figure 1: Pathway of statin in bone health
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Studies show that both GGPP and FPP
contribute to osteoblast activity. Statins are
known to boost osteoblast differentiation by
lowering FPP and GGPP concentrations [24, 25],
whereas the inclusion of exogenous FPP has
been demonstrated to have a deleterious effect
on osteoblast differentiation [23]. Furthermore,
GGPP and GGPP synthase levels decreased
during the mineralization process, according to
research employing the MC3T3-E1 mouse
osteoblastic cell line [26]. These results lend
credence to the notion that increased
osteogenesis is a result of decreased FPP and
GGPP concentrations brought on by statin
therapy [27].

The prenylation of other guanosine
triphosphate (GTP)-binding proteins, including
Rho, which are implicated in several signaling
processes, depends on FPP and GGPP as well
[23]. Consequently, statins may prevent the
prenylation of FPP and GGPP by reducing their
levels, changing signal transduction pathways
that are important for bone formation.
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. For example, it has been demonstrated that
lipophilic statins, including pitavastatin and
simvastatin, increase the expression of
osteocalcin and bone morphogenetic protein-2
(BMP-2) through suppression of the Rho/Rho-
kinase signaling pathway. However, this effect
is not universal to all statins, as hydrophilic
statins such as pravastatin fail to effectively
inhibit Rho-kinase due to limited -cellular
permeability  and
intracellular availability. Consequently, Rho-
kinase inhibition and the downstream
osteogenic signaling appear to be statin class-
specific rather than a class-wide
pharmacological property [28]. Moreover,
increased levels of vascular endothelial growth
factor (VEGF) and phosphatidylinositol 3
kinase (PI3-K), each of which promote
osteoblast function and bone anabolism, have

membrane reduced

been connected to the suppression of protein
prenylation [29].
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Inhibition of Osteoclastogenesis Mediated by
Statin

One of the primary regulators of osteoclast
development and activity is the osteoprotegerin
(OPG)/receptor activator of nuclear factor
kappa-B ligand (RANKL)/RANK signaling
system [33]. Statins may have anti-resorptive
effects by altering this route, according to
evidence. Mevastatin in particular, have been
shown in vitro to limit osteoclastogenesis by
raising OPG mRNA levels and decreasing
RANKL mRNA production in cultured mouse
bone cells [34]. Statins may have an effect on
osteoclast formation via processes associated
with estrogen alongside their effects on the
OPG/RANKL/RANK axis. Osteoclast production
is suppressed by estrogen and its receptor (ER),
especially in postmenopausal osteoporosis. It
is well known that estrogen inhibits osteoclast
development by downregulating RANKL
expression [35]. Simvastatin was shown to
promote bone regeneration by increasing the
expression of estrogen receptor-alpha (ERa) in
the bone tissue of rats that have had their
ovaries removed [36].

Simvastatin treatment of murine bone marrow
stromal cells in vitro has also been shown to
boost ER expression [37]. Furthermore, by
interfering with cytoskeletal architecture,
statins may impair osteoclast function. An ex
vivo investigation showed that compactin
disrupted the actin ring and prevented
preosteoclast  union, hence  impairing
osteoclast cytoskeletal integrity. Restricted
supply of prenylation substrates such as GGPP
and FPP, which are essential for the correct
operation of prenylated proteins associated
with osteoclast maturation, was cited as the
cause of this consequence [38].
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Interactions between vitamin D and statin

The combination of vitamin D with statins may
have metabolic and clinical implications, as it
is essential for preserving bone mineral
density (BMD) and controlling calcium
homeostasis. Two clinical trials' results have
demonstrated that rosuvastatin treatment
significantly raises the levels of 25-
hydroxyvitamin D in the blood [39, 40].
Improved BMD in certain statin-treated
patients may be explained by this increase in
vitamin D. For example, fluvastatin [40] and
simvastatin  [41] did not raise 25-
hydroxyvitamin D levels, indicating that not all
statins have this impact.

It is unclear exactly how statins affect the
metabolism of vitamin D, although it has been
proposed that they may both use the
cytochrome P-450 (CYP) enzyme system as a
metabolic pathway [20]. In addition this system
also contributes to the stimulation and
breakdown of vitamin D. Vitamin D is known to
regulate cytochrome P450 enzymes (notably
CYP3A4) via the vitamin D receptor in
intestinal and hepatic tissues, and it has been
hypothesized that vitamin D status could
modify  statin =~ metabolism. However,
randomized clinical evidence does not support
the assertion that vitamin D supplementation
prevents statin-associated muscle symptoms
(SAMS) or reduces statin discontinuation. In a
large randomized, placebo-controlled substudy
of the VITAL trial, new statin users assigned to
vitamin D or placebo reported SAMS at
identical rates (31% vs 31%) and discontinued
statins at identical rates (13% vs 13%). A
separate randomized controlled trial of
patients with prior SAMS also found no benefit
of vitamin D supplementation on objective
muscle function or patient-reported SAMS
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Thus, while vitamin D can modulate CYP
expression mechanistically, current RCT data
indicate no clinically meaningful protection
from statin-induced myopathy attributable to
routine vitamin D supplementation; the
relationship between vitamin D status and
SAMS therefore remains uncertain and likely
multifactorial [42]. Elevated vitamin D levels
may influence statin metabolism indirectly
through modulation of cytochrome P450 (CYP)

enzyme expression, particularly CYP3A4;
however, direct human pharmacokinetic
evidence demonstrating enhanced statin

clearance due to vitamin D supplementation
remains limited. A clinical pharmacokinetic
study by Schwartz et al. demonstrated that
vitamin D supplementation significantly
reduced atorvastatin plasma concentrations
while enhancing its lipid-lowering efficacy,
suggesting a pharmacokinetic—-
pharmacodynamic dissociation rather than
simple accelerated clearance. Therefore, while
vitamin D may modify statin disposition in
humans, its effect on systemic exposure and
toxicity requires further controlled
pharmacokinetic validation [43]. Atorvastatin's
effective CYP-mediated metabolites may also
be a factor in its therapeutic advantages. The
lipid-lowering properties of atorvastatin,
especially in lowering LDL cholesterol levels,
were enhanced by co-supplementing with 800
IU of vitamin D daily, according to one clinical
research [44].

In vivo animal studies
According to research, statins like lovastatin
whether injected to the mice calvarial bone or
taken orally might increase the generation of
BMP-2 and encourage the development of new
bone (Mundy et al., 21).

Current Trends in Medicine and Clinical Research

Thus, while vitamin D can modulate CYP
expression mechanistically, current RCT data
indicate no clinically meaningful protection
from statin-induced myopathy attributable to
routine vitamin D supplementation; the
relationship between vitamin D status and
SAMS therefore remains uncertain and likely
multifactorial [42]. Elevated vitamin D levels
may influence statin metabolism indirectly
through modulation of cytochrome P450 (CYP)

enzyme expression, particularly CYP3A4;
however, direct human pharmacokinetic
evidence demonstrating enhanced statin

clearance due to vitamin D supplementation
remains limited. A clinical pharmacokinetic
study by Schwartz et al. demonstrated that
vitamin D supplementation significantly
reduced atorvastatin plasma concentrations
while enhancing its lipid-lowering efficacy,
suggesting a pharmacokinetic—-
pharmacodynamic dissociation rather than
simple accelerated clearance. Therefore, while
vitamin D may modify statin disposition in
humans, its effect on systemic exposure and
toxicity requires further controlled
pharmacokinetic validation [43]. Atorvastatin's
effective CYP-mediated metabolites may also
be a factor in its therapeutic advantages. The
lipid-lowering properties of atorvastatin,
especially in lowering LDL cholesterol levels,
were enhanced by co-supplementing with 800
IU of vitamin D daily, according to one clinical
research [44].

According to research, statins like lovastatin
whether injected to the mice calvarial bone or
taken orally might increase the generation of
BMP-2 and encourage the development of new
bone (Mundy et al., 21).

22



Wasim et al. Current Trends in Medicine and Clinical Research
Curr. Trends Med. Clin. Res. 2025; Vol.1 Sep-Nov 2025-: 18-30

Oral statins have been shown to have a
beneficial effect on bone growth in a number
of animal models. For instance, simvastatin
enhanced bone volume and osteoblast
numbers in the femur, and vertebrae of
ovariectomized (OVX) rats [46], and it did the
same for mice following early recovery from
fractures [45]. In OVX rats, atorvastatin was
also shown to improve femur mechanical
strength and BMD [47], and in an animal model
of periodontitis, it restored the loss of alveolar
bone [48]. Furthermore, in fructose-fed OVX
rats, fluvastatin prevented BMD loss, compared
to pravastatin [49]. By reducing oxidative stress
(OS) and reviving NO production, simvastatin
seems to prevent osteoporosis in OVX in elderly
rat models [50]. Simvastatin also reduced bone
resorption associated with inflammation in
periodontitis, perhaps because of its anti-
inflammatory and antioxidant qualities [51],
and it assisted rats with Freund's adjuvant-
induced arthritis regain their BMD [52].

Not all models produced favorable results.
Male rats' age-related decline in bone mass was
not prevented by cerivastatin [53], and
ovariectomy (OVX) rats' alveolar bone density
was not appreciably changed by simvastatin
when contrasted with controls [54]. Simvastatin
taken orally also had no impact on BMD or
spinal fusion rates in a rabbit model of
posterolateral lumbar intertransverse process
fusion [55]. Additionally, statins have been
demonstrated to affect biochemical indicators
of bone turnover. Simvastatin stopped the rise
in blood pyridinoline in arthritis models [56],
while atorvastatin decreased the amount of
carboxy-terminal cross-linking telopeptide of
type 1 collagen (CTX-1), a crucial indicator of
bone resorption, in male rats [57].
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Recent studies have looked into taking statins
along with other medications. Simvastatin,
while antagonistic to estradiol in uterine tissue,
worked in concert with it to support bone
health, according to one study, which also
indicated that six weeks of therapy increased
lumbar vertebral BMD and strength [58].
Lovastatin and delta-tocotrienol, a substance
that promotes the breakdown of HMG-CoA
reductase, together raised osteocalcin levels
and decreased CTX levels in OVX mice,
indicating improved bone production and
decreased resorption [59]. But in rabbits,
atorvastatin did not stop the decrease of
cortical bone strength brought on by
corticosteroids [60]. Conversely, simvastatin
plus exercise were more effective than statin
treatment alone at increasing femoral bone
strength and bone mineral density. All of these
results point to the potential benefits of statins
for improving bone characteristics, such as
volume, strength, and mineral density, while
also lowering bone resorption indicators in
animal models of osteoporosis and fracture.

Clinical studies

According to a number of observational cohort
studies and meta-analyses, statin users
typically have greater BMDs and a lower risk of
fractures than non-users. However, there have
occasionally been conflicting findings from
randomized clinical trials (RCTs), particularly
those carried out in Asian communities [61].
Using Taiwan's National Health Insurance
Research Database, a sizable retrospective
population-based cohort study tracked 45,343
statin users between the ages of 51 and 91 who
had started taking the medication on January 1,
2002, until December 31, 2013. 115,595 statin
non-users served as controls in the study.
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The relationship between statin use and
osteoporosis risk was evaluated using
multivariable = Cox  proportional hazards
models. Statin use was linked to a 49% lower
risk of incident osteoporosis (adjusted hazard
ratio [HR] 0.52; 95% CI 0.50-0.54), according to
Lin et al. Additionally, a dose-dependent
relationship was found, with decreasing
adjusted HRs for new-onset osteoporosis going
hand in hand with increasing cumulative
defined daily doses (cDDDs): 0.84 (95% CI 0.78-
0.90) for 28-90 cDDDs, 0.56 (95% CI 0.52-0.60)
for 91-365 ¢cDDDs, and 0.23 (95% CI 0.21-0.25)
for more than 365 cDDDs. Moderate-potency
statins like simvastatin and high-potency
statins like atorvastatin and rosuvastatin
seemed to provide a protective advantage
against osteoporosis [61].

Thabit et al. found that statin use was
associated with a lower incidence of
osteoporosis in both men and women in a
different population-based cohort analysis.
Both the cumulative dosage and the statin's
efficacy were necessary for the beneficial
effect. Serum 25-hydroxyvitamin D (250HD)
levels did not significantly differ among statin
users and controls (P = 0.47), according to this
study, which involved 115 patients (57 in each
group). Nonetheless, lumbar spine and femoral
neck BMD gains were statistically significant (P
= 0.05 and 0.03, respectively). After almost a
year of use, both atorvastatin and simvastatin
increased BMD, but they did not seem to have
an impact on 25-hydroxyvitamin D (250HD)
levels [62].

Statin use with osteoporotic fractures was
evaluated in a systematic review and meta-
analysis that followed PRISMA guidelines.
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Statins generally decreased the risk of
osteoporotic fractures, according to this
analysis, which included roughly 12 studies
(odds ratio [OR]: 0.82; 95% CI: 0.72-0.94). Case-
control studies (OR: 0.92; 95% CI: 0.76-1.11),
randomized controlled trials (OR: 1.67; 95% CI:
0.86-3.26), and cohort studies (OR: 0.70; 95%
CI: 0.59-0.83) were the study designs used to
analyze the connection. Statins such as
atorvastatin (OR: 0.92; 95% CI: 0.76-1.10),
rosuvastatin (OR: 0.85; 95% CI: 0.66-1.08),
fluvastatin (OR: 0.88; 95% CI: 0.75-1.03),
pravastatin (OR: 0.96; 95% CI: 0.87-1.07), and
simvastatin (OR: 0.98; 95% CI: 0.92-1.03) did
not significantly increase fracture risk.
Interestingly, statin use did not significantly
affect hip fractures (OR: 0.78; 95% CI: 0.60-
1.01) but was linked to a lower incidence of
vertebral fractures (OR: 0.74; 95% CI: 0.65-
0.86). Moreover, statin use did not significantly
correlate with osteoporotic fractures in the 30-
364 cDDD (OR: 0.84; 95% CI: 0.65-1.08) or >365
cDDD (OR: 0.50; 95% CI: 0.25-1) categories.

[63].
Randomized controlled trials have had
conflicting results, despite observational

evidence that statins protect bone health. The
effects of statins on adult BMD and fracture
risk were assessed in a meta-analysis that
included seven qualified RCTs with a total of
27,900 individuals. Five studies examined
changes in BMD, and two evaluated fracture
outcomes. Statin use was linked to a slight but
statistically significant increase in BMD of 0.03
g/cm® (95% CI: 0.006-0.053; I* = 99.2%; P <
0.001) contrasted with controls,
according to the meta-analysis. However, a
pooled hazard ratio (HR) of 1.00 (95% CI: 0.87-
1.15; 12 = 0; P = 0.396) showed no significant
correlation between statin use and fracture
risk. The robustness of these findings was
validated by sensitivity analysis [64].

when
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Contradictory Evidence on Statin-Induced
BMP-2 and VEGF Expression

1.
While several experimental studies suggest that
statins  stimulate  osteogenesis  through

upregulation of BMP-2 and VEGF, a number of
well-controlled investigations in human
osteoblast models have reported no significant
effect, highlighting important biological and
methodological discrepancies. Maeda et al.
demonstrated that simvastatin failed to induce
BMP-2 expression in primary human osteoblast
cultures, despite positive effects observed in
murine models [65]. Similarly, Kupcsik et al.
reported that neither simvastatin nor
atorvastatin significantly enhanced BMP-2 or
VEGF secretion in human mesenchymal stem
cell-derived osteoblasts under physiological
conditions [66].

Furthermore, clinical translational studies by
Montecucco et al. showed that circulating VEGF
levels remained unchanged in patients
statin therapy, questioning the
systemic angiogenic role of statins in humans
[67]. A randomized in vitro-clinical correlation
study by Tresguerres et al. demonstrated that
pravastatin did not significantly alter

receiving

osteogenic gene expression, including BMP-2,
in human bone-derived cells [68]. In addition,
Moshiri et al. found that rosuvastatin failed to
induce VEGF-mediated angiogenesis in human
osteoblast-like cells under normoxic conditions
[69]. Another human cell-based study by Ruiz-
Gaspa et al. confirmed that statin-induced
osteogenic signaling observed in rodents is not
consistently reproducible in human osteoblasts
[70].

These inconsistencies may be explained by
species-specific differences, variations in statin
lipophilicity, drug concentration, duration of
exposure, and dependence on local versus
systemic delivery.
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Notably, many positive BMP-2 and VEGF findings
are derived from high-dose local statin delivery in
animal models, conditions that are not achievable
with routine oral statin therapy in humans.
although
osteoanabolic effects in experimental systems, their
direct ability to stimulate BMP-2 and VEGF in
human osteoblasts remains controversial.

Therefore, statins  exhibit  clear

Conflicting Clinical Evidence on the Effect of
Statins on Vitamin D Levels

Despite several small interventional studies reporting
an increase in serum 25-hydroxyvitamin D (250HD)
levels following rosuvastatin therapy, larger
randomized and population-based studies have failed
to consistently reproduce this effect. Notably, the
large JUPITER trial, which evaluated rosuvastatin in
more than 17,000 participants, demonstrated no
significant change in circulating 250HD levels,
challenging earlier smaller reports. Similar neutral
findings have been observed in multiple large
observational cohorts and randomized studies
involving atorvastatin, simvastatin, and pravastatin.
This discrepancy between small controlled trials and
large-scale clinical studies suggests that the apparent
vitamin D elevation may be influenced by baseline
vitamin D deficiency, ethnic variation, seasonal sun
exposure, statin lipophilicity, treatment duration, and
assay variability. Therefore, while statin-induced
elevation of vitamin D remains biologically
plausible, current evidence does not support a
uniform or class-wide effect of statins on 250HD

levels, necessitating cautious interpretation [71-80] .
Conclusion:

Statins, widely prescribed for the management
of  dyslipidemia and  prevention  of
cardiovascular diseases, have gained
considerable attention for their potential
pleiotropic effects on bone metabolism
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Preclinical evidence strongly supports the
osteoanabolic and anti-resorptive properties of

statins through multiple molecular
mechanisms, including  stimulation of
osteoblast  differentiation, inhibition  of

osteoblast apoptosis via the TGF-/Smad3
pathway, suppression of osteoclastogenesis
through modulation of the OPG/RANKL/RANK
axis, enhancement of estrogen receptor
signaling, and interference with cytoskeletal
organization in osteoclasts. These mechanisms
collectively contribute to increased bone
formation and reduced bone resorption in
experimental models.

Animal studies consistently demonstrate that
statins improve bone mineral density, enhance
bone strength, increase osteoblast numbers,
stimulate BMP-2 and VEGF expression, and
reduce biochemical markers of bone
resorption. However, not all experimental
models show favorable outcomes, emphasizing
that the skeletal effects of statins may vary
depending on statin type, dosage, route of
administration, disease model, and duration of

therapy.
In contrast, clinical evidence remains
inconsistent. While several observational

studies and large population-based cohorts
suggest that statin use is associated with higher
bone mineral density and a reduced risk of
osteoporosis and  vertebral fractures,
randomized controlled trials and meta-analyses
have generally failed to demonstrate a
significant reduction in fracture risk. These
discrepancies are likely attributable to
heterogeneity in study design, population
characteristics, statin potency, treatment
duration, baseline vitamin D status, and
outcome measures.

The interaction between statins and vitamin D
metabolism remains particularly controversial.
Although small interventional studies—
especially with rosuvastatin—have reported
increases in serum 25-hydroxyvitamin D levels,
larger randomized trials,
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population cohorts, and systematic reviews do
not support a consistent or class-wide effect of
statins on vitamin D status. Furthermore, high-
quality randomized data indicate that vitamin D
supplementation does not prevent statin-
associated muscle symptoms, underscoring the
complexity of statin-vitamin D interactions.
Importantly, translational human studies have
challenged the reproducibility of statin-induced
BMP-2 and VEGF expression observed in animal
models, suggesting that the osteogenic actions
of statins may be species-specific or dependent
on supraphysiological local drug concentrations
not achievable with routine oral therapy.

In summary, while statins demonstrate strong
bone-protective potential at the molecular and
experimental levels, current clinical evidence
does not yet justify their routine use solely for
the prevention or treatment of osteoporosis.
Their skeletal benefits appear to be modest,
context-dependent, and secondary to their
cardiovascular indications. = Well-designed,
large-scale, long-term randomized controlled
trials with standardized bone endpoints are
essential to  definitively establish the
therapeutic role, optimal statin type, dosage,
and target population for statin-based bone
protection.

Future Perspective:

Future studies should focus on large, well-
designed randomized controlled trials with
bone-specific endpoints to clearly define the
role of statins in osteoporosis prevention and
treatment.  Stratification by age, sex,
menopausal status, vitamin D levels, and
metabolic profile will help identify patient
populations most likely to benefit.
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Translational human studies are needed to
confirm whether key osteogenic pathways
demonstrated in experimental models operate
at clinically relevant statin doses. The complex
interaction between statins and vitamin D
metabolism also requires further
pharmacokinetic, pharmacogenomic, and
mechanistic evaluation.

Innovative strategies such as localized statin
delivery, nanoparticle-based systems, and
combination therapy with established anti-
osteoporotic agents may enhance bone-specific
benefits while minimizing systemic risks.
Overall, while statins show promise as bone-
modulating agents, rigorous clinical validation
is essential before they can be integrated into
routine osteoporosis management.
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telopeptide of type 1 collagen

cDDDs: Cumulative defined daily doses

250HD: 25-hydroxyvitamin D

Wnt/B-catenin: Wingless/Integrated pathway

that involves beta-catenin
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