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The effect of statin therapy on bone metabolism markers and mineral
density: a GRADE-assessed systematic review and dose-response meta-
analysis of randomized controlled trials

Abstract

Purpose: Statin therapy is widely used for the management of dyslipidemia and the prevention
of cardiovascular diseases. However, there is a growing concern about its potential effects on
bone metabolism markers and mineral density. The aim of this systematic review and meta-

analysis was to investigate the effect of statin therapy on these parameters.

Methods: PubMed/MEDLINE, Scopus, and Clarivate Analytics Web of Science databases

were searched from inception to August 2023, using MESH terms and keywords.

Results: After screening 2450 articles, 16 studies that met the inclusion criteria were included,
of which 12 randomized controlled trials (RCTs) were used for meta-analysis. The findings
showed that statin therapy significantly reduced bone-specific alkaline phosphatase (B-ALP)
levels (WMD = -1.1 U/L; 95% CI -2.2 to -0.07; p = 0.03; I> = 0%,), and bone mineral density
(BMD) at different sites (WMD = -0.06 g/cm2; 95% CI -0.08 to -0.04; P < 0.001; 1> = 97.7%,
P<0.001). However, this treatment did not have a significant effect on osteocalcin, serum C-
terminal peptide of type I collagen (S-CTx), serum N-telopeptides of type | collagen (NTX)

concentration, or overall fracture risk.

Conclusion: This systematic review and meta-analysis provide evidence that statin therapy is
associated with a significant reduction in B-ALP levels and BMD at different sites of the
skeleton. Further studies are needed to investigate the long-term effects of statin therapy on

bone health and to identify the potential underlying mechanisms.
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1. Introduction

Osteoporosis is a widely prevalent disease, particularly among the elderly, and it is not only a
significant health problem but also a financial burden for the global healthcare system,
especially in the context of the aging population in many countries . This disease is
characterized by low bone mineral density (BMD) and deterioration of bone tissue, leading to
an increased risk of fractures, particularly hip fractures, and mortality in adults, especially
elderly 2. This disease is defined by BMD with a standard deviation (SD) difference equal to
or less than 2.5 from ordinary high levels for fit young adults 3. While osteoporosis affects both
men and women, it is more common in women due to their lower bone density and hormonal
changes in menopause *. Fractures caused by osteoporosis can result in chronic pain, disability,
need for long-lasting nursing home care, and decreased quality of life. They often require
hospitalization and surgery thus leading to increased healthcare costs °. Prevention and
management of osteoporosis require a multifaceted approach. Adequate intake of calcium and
vitamin D, regular exercise, and avoidance of smoking and excessive alcohol consumption are
essential for maintaining healthy bone #. Therapy with bisphosphonates is considered to be the
first line of pharmacological treatment for postmenopausal osteoporosis which slows down
bone loss and reduces fracture risk &7. The effects of some new drugs are still evaluated e.g.
monoclonal antibodies inhibiting cathepsin K, a lysosomal cysteine protease with the highest
expression in osteoclasts - the cells responsible for bone resorption, and romosozumab which
inhibits the activity of sclerostin, an inhibitor of bone formation, particularly in the bones of

elderly people 8.

3|Page



Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

Some studies have shown no association between dyslipidemia, particularly
hypercholesterolemia, and BMD while others have reported a negative or a positive effect for
total serum cholesterol, low-density lipoprotein cholesterol (LDL-cholesterol or LDL-c), and

other serum lipoproteins 11,

Statins are cholesterol-lowering drugs that, among a myriad of drug classes 124, are the most
widely used drugs for the treatment of dyslipidemia and prevention of atherosclerotic
cardiovascular disease (CVD) >, These drugs inhibit the activity of 3-hydroxy-3-
methylglutaryl coenzyme A reductase, an enzyme that plays a key role in the synthesis of
cholesterol in the liver . By reducing the activity of this enzyme, statins decrease the levels
of atherogenic LDL-c in the blood, and elevated LDL-c is a major risk factor for the
development of atherosclerosis and atherosclerotic CVD . Beyond cholesterol-lowering
effects, statins also possess numerous pleiotropic actions %26, However, there has been a lack
of consensus concerning the effect of statin therapy on bone health and osteoporosis. Some
studies have suggested that statin therapy may have a positive effect on bone metabolism
markers such as BMD and bone turnover markers and that they may be involved in different
mechanisms including proliferation, differentiation, protection of osteoblasts, and reducing
genesis of osteoclasts 2%, A recently published study has revealed that treatment with statins
was linked to a significant reduction in the risk of osteoporotic fractures in the general older
population. 3. Another recently published study has shown that treatment with statins in adults
with type 2 diabetes mellitus was associated with a lower risk of hip fractures demonstrating a

dose-response relationship 3.

Nevertheless, other studies have not shown such a beneficial effect 22, Even more, a recent
animal study has shown that high-dose simvastatin significantly reduced bone quality in obese
male and ovariectomized female mice suggesting an increased risk of osteoporosis. Such an
increased risk has been also observed in a large cohort of Austrian men and women stressing
that the underlying pathophysiological mechanisms are still unknown 3. However, in this study
without considering different statin doses, men on statin therapy had a lower rate of diagnosed
osteoporosis when compared to controls but in women, simvastatin therapy was associated

with an increased risk of osteoporosis when compared to controls.

The contradictory results of different studies indicate the need for further studies to determine
the effect of statin therapy on bone health. The aim of this meta-analysis was to try to clarify

this complex issue by systematically analyzing the accumulated evidence regarding the effects
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of statins on osteoporosis, specifically their effect on fracture risk, BMD, and biomarkers of

bone metabolism.

2. Methods and material

This systematic review and meta-analysis study was conducted based on Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) 34, and the study protocol was
registered at PROSPERO (registration number: CRD42023449826).

2.1. Intervention and control groups

The intervention group was considered as patients who were treated with all types of statins
administered orally and the control group was defined as those treated with placebo or active

control (low dose statin).
2.2. Data sources and searches

We searched systematically PubMed/MEDLINE, Scopus, and Clarivate Analytics Web of
Science databases to collect suitable studies from inception to August 2023 using MESH terms,
keywords, and text words as listed in the supplementary Table 1. References of related reviews
and articles were also screened for additional studies that might be missed by our database

search.
2.3. Study selection

Duplicated studies were removed, and two expert researchers (H. Bahari and A. Jafari)
separately assessed studies by title and abstract to select the relative ones. Studies which met
the following criteria were included: 1) parallel or crossover randomized, blinded clinical trials,
2) statin treatment of any type or dosage (except low-dose statin treatment) or duration as the
intervention group, 3) placebo or low-dose statin therapy as a control group, 4) studies which
reported serum osteocalcin, C terminal peptide of type I collagen (S-CTx), bone-specific
alkaline phosphatase (B-ALP), serum N-telopeptides of type I collagen (NTx), BMD, and
overall fracture risk, 5) studies including participants, who are using any kind of statins for any
reason, 6) The participants were healthy people and patients with various health conditions
such as osteopenia, osteoporosis, hypercholesterolemia, hyperlipidemia, type 2 diabetes
mellitus (T2DM), pre-menopausal women, patients who had total hip arthroplasty, fractures,

ischemic heart disease, and individuals infected with human immunodeficiency virus (HIV) 3

5|Page



Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

50, The participants in the included RCTs in this study were not using anabolic agents, growth
hormones, osteoporosis therapy (bisphosphonates, teriparatide, calcitonin), or any medications

for diseases affecting bone metabolism.
2.4. Data extraction and quality assessment

Two reviewers (M. Chambari and A. Jafari) checked the full text of randomized controlled
trials (RCTs) and extracted the following data from the included studies: country of the study,
publication year, first author’s name, study design, sample size, intervention and control group
sample size, mean age, sex, statin and placebo dosage, type of statins, duration of treatment,
mean changes, and SDs of considered outcomes for both intervention and control groups, and
the confounding variables adjusted in the analyses. The risk of bias assessment was done by
Cochrane's risk of bias assessment tool 1(ROB1) which consists of the following domains:
random sequence generation, allocation concealment, reporting bias, performance bias,
detection bias, attrition bias, and other sources of bias ®*. Based on a total score of domains the
RCTs were considered as good (when less than two domains had a high risk of bias), fair (when
two domains had a high risk of bias), or poor (when two or more than two domains had high

risk of bias) °2.
2.5. Statistical assessment

The meta-analysis was conducted using weighted mean difference (WMD) and standard
deviations (SD) of outcomes to standardize between-group differences, and the random effect
model was used because of study heterogeneity 2. The heterogeneity of studies was calculated
with the 12 test, and I 2more than 50% was considered as high heterogeneity °2. To find the
source of heterogeneity subgroup analysis of age, sex, statin type, duration of treatment, study
quality, and statin solubility (lipophilic or hydrophilic) was conducted, and a meta-regression
test of statin therapy based on the duration of intervention was performed. A nonlinear dose-
response of atorvastatin, Egger regression test for publication bias assessment, influence
analysis, and GRADE assessment (Grading of Recommendations, Assessment, Development,
and Evaluations) were also done. Results were considered significant when P<0.05 and the
meta-analysis was performed using STATA software (StataCorp, College Station, Texas,
USA).

3. Results & discussion
3.1.Result of the search
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2450 articles were found in the initial literature search, but only 16 studies met the inclusion
criteria >0, of these, 12 RCTs were used for meta-analysis as shown in Fig. 1 354245464849
Table 1, shows the characteristics of the included trials and patients. The included studies in
this systematic review were conducted in the USA, Denmark, China, Germany, Turkey,
Thailand, Australia, and the UK between 2000 and 2019 350, The number of patients ranged
from 16 to 17802 participants with a mean age ranging from 46.2 to 80.08 years. The statins
used in the studies included atorvastatin, simvastatin, rosuvastatin, pravastatin, and fluvastatin
with durations of treatment ranging from 8 to 96 weeks. Eight of the included RCTs used a
double-blind study design, while 2 of them used a single-blind design 3>%°. The quality of
studies was evaluated using ROB1 51, According to these 2 studies were of good quality 3%,
9 studies were of fair quality 3840-4245464850 and 5 studies were of poor-quality category
3536434447 (supplementary Table 2). To maintain the integrity of our meta-analysis, we decided
to exclude the studies by Zhang et al.,2018, 2019 and Erlandson et al., 2016 >4, In the case
of Zhang's study, the data was presented in different units, which required the use of the SMD
method to pool the results. Unfortunately, this led to the results that could not be accepted.
Despite trying to contact the authors for clarification, we did not receive any response. As a
result, we decided that it was necessary to remove this study from the meta-analysis. In the
case of Erlandson's study, the mean and standard deviation change could not be calculated,
making it inappropriate for meta-analysis. Therefore, this study was also excluded from this

meta-analysis.
Efficacy outcomes

3.1.1. Bone metabolism markers: Serum osteocalcin

In total, 5 trials with 7 arms (with 170 participants in the intervention group and 149 patients
in the control group) reported data on serum osteocalcin concentration 3540414446~ gtatin
therapy did not reduce the osteocalcin level when compared to the controls (SMD = 0.1; 95%
C1-0.2t00.5; p = 0.4; 1> = 66.3%, p=0.007) (Fig. 2A). However, significant heterogeneity was
observed in the overall endpoint, and the source of it could be explained by study design,
follow-up duration, and mean age of participants. In trials conducted in China on men, statin
therapy increased serum osteocalcin. The results of the influence analysis indicate that this was
not a significant effect. The results of the subgroup analysis are presented in Supplementary
Table 3.
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The literature review of earlier studies has indicated that the treatment with statins did not have
a harmful effect on bone health in most observational studies 2234, Some studies have even
reported a positive effect of statin therapy on osteoblastic markers such as osteocalcin 273’
There are specific pathways that have been identified as having a potential role concerning the
effect of statin treatment on bone anabolism. It has been shown that statins could increase levels
of bone morphogenetic protein-2 (BMP-2) through the Ras-PI3K-Akt/MAPK signaling
pathway, which then triggers osteoblast differentiation via Runt-related transcription factor 2
(Runx2) . Moreover, statins interfere with the mevalonate pathway, thereby inhibiting the
synthesis of downstream products such as steroids, vitamin D, and coenzyme Q10, which
negatively control osteoblastic differentiation °6-°°, It seems that statins might inhibit osteoblast
apoptosis through the TGFB/Smad3 pathway and suppress osteoclast genesis Vvia
OPG/RANKL/RANK pathway .

Despite these promising findings, more recent studies have reported disappointing effects of
statins on bone health 5262, A study by Burden et al., 2018 showed that the treatment with
statins was associated with a 3.62-fold increased risk of being diagnosed with osteoporosis 2.
Other studies have found that lower doses of some statins were associated with a decreased

risk of osteoporosis, while higher doses of other statins were associated with an increased risk
28,49,63

3.1.2. Bone metabolism markers: serum C terminal peptide of type I collagen (S-CTx)

The study included 7 studies with 8 arms, involving 293 participants in the intervention group
and 249 subjects in the control group 33639404446 These trials reported data on S-CTX
concentration, and the results showed that statin therapy did not change the S-CTX
concentration when compared to the controls (WMD = 0.01 ng/mL; 95% CI -0.03 to 0.06; p =
0.5; 12=71.2%, p=0.001) (Fig. 2B). However, there was significant heterogeneity in the overall
endpoint, which could be attributed to statin types, location of the trials, follow-up and duration
of treatment as well as the mean age of participants.

Subgroup analysis based on statin type has shown that atorvastatin therapy increased the S-
CTX concentration. The analysis based on three locations — studies performed in the USA,
Thailand, and China has shown that statin therapy increased S-CTX levels. Moreover, the
analysis showed that statin therapy significantly increased CTX concentration in males, when

the duration of intervention was more than 12 weeks as well as in participants older than 60
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years. The results of the subgroup analysis are presented in Supplementary Table 3. The
influence analysis showed that no individual study had a significant effect on the pooled effect
size, and no publication bias was detected by Egger’s test and funnel plot (Supplementary Fig.
1).

This meta-analysis could not confirm any effect of statins on S-CTx. S-CTx is a substance that
is released during bone resorption and it has been shown in some studies that higher values of
S-CTx were associated with the lower spine, hip, and femur BMD at baseline ®*. The reason of
the no effect in the present meta-analysis might be that S-CTx has a significant biological
variation due to circadian rhythm and diet. However, although S-CTx is used to predict fracture
risk independently of BMD, the lack of data is the cause that it is not included in fracture risk
calculators . It is interesting to mention that an earlier study has showna positive correlation

between S-CTx and blood cholesterol .

3.1.3. Bone metabolism markers: bone-specific alkaline phosphatase (B-ALP)

The pooled analysis of 5 papers with 8 arms and a total of 391 participants indicates that statin
therapy significantly reduces BALP concentration (WMD = -1.1 U/L; 95% CI -2.2 to -0.07; p
= 0.03) without any significant heterogeneity observed across the studies (12 = 0%, p=0.5) (Fig.
3A). The influence analysis showed that no individual study had a significant effect on the
pooled effect size 26394146 The results of a subgroup analysis indicate that female participants,
adults over the age of 60 who were treated with atorvastatin and were part of studies with a
double-blind design and good quality, had significantly reduced B-ALP levels. This is
important in the context of a most recent study which showed that the increased level of B-
ALP was associated with decreased lumbar BMD in middle-aged adults ®’. The findings of the
present meta-analysis suggest that statin therapy may be effective in reducing bone remodeling
rates. The underlying mechanisms for this decrease in B-ALP levels are not yet fully
understood, but there is a possibility that it might be related to the mevalonate pathway 2. An
earlier meta-analysis has shown that statin therapy did not affect B-ALP levels but that it could
increase the concentration of osteocalcin 2’. However, the present meta-analysis could not
confirm any significant effect of statins on osteocalcin. The differences between the results of
this meta-analysis and those of an earlier meta-analysis by An et al., 2017 may be due to the
differences in the methodology used such as the pooled method or the selection of included
studies 2. In the meta-analysis by An et al.,2017 the selection criteria differed from those used

in this meta-analysis since they included two articles - one that was focused on combination
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therapy and the other that had an active control (ezetimibe) ?’. This meta-analysis, on the other

hand, had a different approach to study selection.

3.1.4. Bone metabolism markers: serum N-telopeptides of type I collagen (NTXx)

In total, 3 trials with 6 arms (with 88 participants in the intervention group and 89 patients in
the control group) reported data on serum NTx concentration 364146 Statin therapy did not
reduce the NTx level when compared to the control group (SMD =-0.2; 95% CI -0.5t0 0.1; p
=0.1; 1> = 12.1%, p=0.3) (Fig. 3B). The influence analysis showed that the overall effect size
was not significantly changed by any individual study.

This meta-analysis could not prove any effects of statins on serum NTx which are considered
to be indicators of bone resorption since they are important in the collagen degradation
process %8 NTx was in some studies associated with densitometry. T-score of the spine and hip
at baseline. Since it is a marker of resorption, its levels may be increased in increased bone
turnover, leading to a reduction in BMD but as mentioned already, this meta-analysis could not

prove any significant effect of statins on it.

3.2.The BMD at different sites of the skeleton and fractures

The pooled analysis of 4 trials 373844 with 14 arms reported data for BMD. Statin therapy
decreased overall BMD levels (WMD = -0.06 g/cm?; 95% CI -0.08 to -0.04; P < 0.001; I? =
97.7%, P<0.001) (Fig. 4A). Six studies reported data for BMD of lumbar spine and showed
that statin treatment reduced BMD (WMD = -0.2 g/cm?; 95% CI -0.3 to -0.1; P < 0.001; I? =
98.9%). However, one study reported data for BMD of the forearm and showed that statin
therapy improved the BMD (WMD = 0.01 g/cm?; 95% CI -0.03 to 0.04; P =0.2; 12 = 84.2%)).
Finally, statin therapy did not have any effect on BMD of the femoral neck (WMD = -0.002
g/cm?; 95% CI -0.007 to 0.003; P =0.4; 1> = 0%), the intertrochanteric region (WMD = 0.02
g/cm?; 95% CI -0.008 to 0.05; P =0.1; I> = -), the total hip (WMD = 0.01 g/cm?; 95% CI -0.03
to 0.04; P =0.2; 1> = 84.2%), the trochanter (WMD = 0.001 g/cm?; 95% CI -0.02 to 0.02; P
=0.99; 12 = -), and the forearm (WMD = 0.05 g/cm?; 95% CI 0.04 to 0.07; P <0.001; I? = -).
Significant heterogeneity was observed in the overall endpoint, and the source of it could be
explained by statin types, the location of the site of the skeleton, and the overall quality of
included studies. Subgroup analysis based on three different sites of the skeleton conducted in
the USA has shown that statin therapy reduced BMD and the effect of statin therapy on BMD

was more pronounced in females than in males. This study also found that participants who
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were under 60 years old had a more significant reduction in BMD when compared to those
who were older. The quality of the included trials was also found to be a significant factor in
determining the effect of statin therapy. The study found that trials with fair quality showed a
more significant effect on BMD than those with good quality. Finally, atorvastatin therapy had
a significant effect on BMD when compared with other statins. The results of the subgroup
analysis are presented in Supplementary Table 3. The pooled analysis of 2 trials *®4° showed
that the overall risk of fracture following statin therapy was not significant when compared
with the control group (HR = -1.004; 95% CI1 0.8 to 1.1; P = 0.9; 12 = 0%, P<=0.3) (Fig. 4B).
The influence analysis showed that no individual study had a significant effect on the pooled
effect size, and no publication bias was detected by Egger’s test and funnel plot (Supplementary
Fig.1).

The effect of statin treatment on bone reabsorption markers remains uncertain. Previous studies
have reported different results of treatment with statins on BMD at different sites of the
skeleton. An earlier meta-analysis has shown that statin treatment causes a higher BMD at the
lumbar spine and total hip when compared to baseline levels, but no such effect has been
showed at the femoral neck 2’. One possible explanation for these different results might be
that statins may affect bone metabolism differently depending on the site of the skeleton ¥.
This is different from the data on bisphosphonates which clearly improve BMD and decrease
bone turnover markers even in-women in early menopause ®. Although the previously
mentioned meta-analysis did not show a significant effect on overall BMD scores?’, the present
meta-analysis has indicated that statin therapy can reduce overall BMD. Furthermore, the
subgroup analysis has shown that BMD was significantly decreased in the lumbar spine, in
women, in adults under 60 years, and in those who were treated with statins for more than 50
weeks. These variations in BMD across distinct skeletal sites may be associated with different
reactions to various pathological conditions. For instance, cortical BMD was reduced more
than trabecular BMD in hyper-parathyroid patients °. The lack of positive effects on lumbar
spine BMD in female patients may be due to decreased osteoblastic function in males and
increased bone resorption related to reduced estrogen levels in females "X. However, it is
possible that statins cannot entirely compensate for bone loss related to estrogen loss. The low
uptake of statins into the bone and their low bioavailability in bone may be responsible for the
lack of significant effects at some endpoints 72. The results of the present meta-analysis indicate
that there is a significant heterogeneity in the overall BMD level. Although this finding might

be important, it should be interpreted with caution. The results of the dose-response analysis
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indicated that treatment with atorvastatin was associated with a reduction in BMD.
Specifically, at a dose of 20 mg, a significant reduction in BMD was observed, which has been

confirmed by several studies.

3.3.Meta-regression

A meta-regression analysis was conducted to investigate the relationship between the duration
of statin therapy and BMD. The results of this analysis showed that the duration of statin
therapy did not have any significant effect on BMD (WMD = 0.004 g/cm?; 95% CI -0.01 to
0.02; p=0.6) (Supplementary Fig.2).

3.4.Non-linear dose-response meta-analysis

Although the BMD score showed a decreasing trend with increasing doses, the findings of this
study indicate that there was no significant relationship between dose and response. At a dosage
of 20 mg of atorvastatin, a significant reduction in BMD was observed (MD: -0.2 gr/cm?, 95%

Cl: -0.4 to -0.01), which is presented in Supplementary Fig.3.

3.5.Certainty of evidences

Based on the GRADE evaluations, the level of evidence for ALP, BMD, NTX, and osteocalcin
was rated as moderate. However, the level of evidence for CTX was rated as low. This indicates
that the available studies on ALP, BMD, NTX, and osteocalcin provide a moderate level of
confidence concerning their effectiveness, while the studies on CTX provide a relatively lower

level of confidence. Details of the GRADE analysis are presented in supplementary Table 4.
3.6. Strengths and limitations

To the best of our knowledge, the present systematic review and meta-analysis is the first
comprehensive analysis of the effect of statin therapy on bone metabolism markers and BMD
levels in RCT studies. Nevertheless, this meta-analysis has some limitations First, the majority
of the studies included in this analysis were not of high quality. Second, due to the limited
number of studies available for analysis, advanced statistical assessments could not be
performed. However, the present analysis showed that the certainty of evidence for the majority

of results was moderate.

4. Conclusion
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The systematic review and meta-analysis of different trials indicated that statin therapy could
potentially reduce the levels of B-ALP and BMD. These findings suggest that statin therapy
may have a beneficial on bone metabolism but also an opposite effect as well. Therefore,
further studies are required to prove the long-term effects of statin therapy on bone health. It is
important to stress that while the use of statins may have complex effects on the bone, the
benefits of these drugs in reducing the risk of atherosclerotic CVD by far surpass any possible

adverse effects on the bone if they exist at all.

The results of this meta-analysis might have implications for clinicians who are treating
patients with osteoporosis or other bone-related conditions.
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Figures
Figure 1. PRISMA flow diagram

Figure 2. Forest plot displaying weighted mean difference and 95% confidence intervals for
the effect of statin treatment on osteocalcin (A), and serum CTx (B) in trials.

Figure 3. Forest plot displaying weighted mean difference and 95% confidence intervals for
the effect of statin treatment on serum ALP (A), and serum NTx (B) in trials.

Figure 4. Forest plot displaying weighted mean difference and 95% confidence intervals for
the effect of statin treatment on BMD (A), and fracture (B) in trials.
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