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A B S T R A C T   

Background: Combining mouse experiments with big data analysis of the Austrian population, we investigated the 
association between high-dose statin treatment and bone quality. 
Methods: The bone microarchitecture of the femur and vertebral body L4 was measured in male and ovariec-
tomized female mice on a high-fat diet containing simvastatin (1.2 g/kg). A sex-specific matched big data 
analysis of Austrian health insurance claims using multiple logistic regression models was conducted (simva-
statin 60–80 mg/day vs. controls; males: n = 138,666; females: n = 155,055). 
Results: High-dose simvastatin impaired bone quality in male and ovariectomized mice. In the trabecular femur, simvastatin 
reduced bone volume (µm3: ♂, 213 ± 15 vs. 131 ± 7, p < 0.0001; ♀, 66 ± 7 vs. 44 ± 5, p = 0.02) and trabecular number (1/ 
mm: ♂, 1.88 ± 0.09 vs. 1.27 ± 0.06, p < 0.0001; ♀, 0.60 ± 0.05 vs. 0.43 ± 0.04, p = 0.01). In the cortical femur, bone volume 
(mm3: ♂, 1.44 ± 0.03 vs. 1.34 ± 0.03, p = 0.009; ♀, 1.33 ± 0.03 vs. 1.12 ± 0.03, p = 0.0002) and cortical thickness were 
impaired (µm: ♂, 211 ± 4 vs. 189 ± 4, p = 0.0004; ♀, 193 ± 3 vs. 169 ± 3, p < 0.0001). Similar impairments were found in 
vertebral body L4. Simvastatin-induced changes in weight or glucose metabolism were excluded as mediators of deteriorations in 
bone quality. Results from mice were supported by a matched cohort analysis showing an association between high-dose simva-
statin and increased risk of osteoporosis in patients (♂, OR: 5.91, CI: 3.17–10.99, p < 0.001; ♀, OR: 4.16, CI: 2.92–5.92, p < 0.001). 
Conclusion: High-dose simvastatin dramatically reduces bone quality in obese male and ovariectomized female 
mice, suggesting that direct drug action accounts for the association between high dosage and increased risk of 
osteoporosis as observed in comparable human cohorts. The underlying pathophysiological mechanisms behind 
this relationship are presently unknown and require further investigation.  
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1. Introduction 

The number of patients with osteoporosis is on the rise worldwide, 
the risk increasing with age and being more pronounced in post-
menopausal women. Another disease common in aged patients is 
hyperlipidemia, which is routinely treated with statins as first-line 
therapy, usually prescribed for the patient’s entire residual lifetime. 
The ESC/EAS guidelines for the treatment of hyperlipidemia recom-
mend initiation of treatment with lipid-lowering drugs in patients with a 
high-risk of cardiovascular disease, aiming at a reduction of plasma LDL 
cholesterol to < 55 mg/dl [1]. To reach this goal, the number of 
high-dose statin prescriptions is constantly rising. 

In general, osteoporosis and hyperlipidemia often co-occur in the 
same patients. An inverse relationship between cholesterol and bone 
mineral density, as well as a connection of diet-induced hyperlipidemia 
with impaired bone quality have been reported [2]. In this context, the 
close association between hyperlipidemia, inflammation, and oxidative 
stress, which may increase osteoclastic activity and negatively affect 
bone formation and bone vascularization, has been discussed as the 
possible cause of an increased osteoporosis risk in patients with hyper-
lipidemia [3]. Despite such evidence of an association between high 
cholesterol and poor bone quality, the effect of commonly used 
cholesterol-lowering statins on osteoporosis has come to be controver-
sially discussed. 

There is evidence for osteoprotective effects of statins [4–8], with 
upregulation of bone morphogenic protein 2 (BMP-2) proposed as the 
possible underlying mechanism [8]. Lack of sufficient information on 
dose dependence, however, is still a gap in our knowledge about the 
interdependence between statin intake and bone metabolism. In an 
analysis of the general Austrian population, we have recently unmasked 
a dose-dependent association between statin treatment and diagnosis of 
osteoporosis. While the decrease in risk previously described was 
restricted to the lower range of dosage, our cross-sectional study was the 
first to suggest an association between high-dose statin treatment and 
increased risk of being diagnosed with osteoporosis [9]. In support of 
our work, Antonenko et al. have recently reported an association be-
tween high-dose statin intake and impaired bone mineral density [10]. 
These results suggested an association among high-dose statin pre-
scription and osteoporosis, but associations can be driven by unknown 
confounders. To provide evidence for or against a causal role of statin 
intake, an interventional study design is required. 

Preclinical intervention studies using simvastatin-treated rodents 
have hitherto reported beneficial effects on bone quality [8,11–13], 
suggesting that the employed treatment periods and/or statin doses 
were in a range triggering desirable effects comparable to those asso-
ciated with the low clinical dose range. The aim of the present study was 
to investigate whether prolonged exposure of mice to higher doses of 
simvastatin would, as indicated in humans, promote detrimental effects 
on bone. 

In order to also mimic the particularly vulnerable group of post-
menopausal women, we studied not only male, but also ovariectomized 
female animals. Furthermore, we used a translational approach, in that 
the mouse experiments were accompanied by a big data analysis based 
on health insurance claims from comparable groups of human patients. 

2. Methods 

2.1. Animals 

Male C57BL/6J mice (n = 39) were purchased from the breeding 
facilities of the Medical University of Vienna (Himberg, Austria). 
Ovariectomized female mice (n = 32) were from the Jackson Laboratory 
(Bar Harbor, ME). Mice were fed a high-fat diet (HFD; 60% calories as 
fat; Research Diets, New Brunswick, NJ), from the age of 8 weeks in 
males and from the age of 11 weeks, i.e. approximately 2 weeks after 
ovarectomy, in females. Animals were housed in groups of 

approximately seven per cage at room temperature under an artificial 
12 h dark/12 h light cycle and had free access to tap water. After 4 
months on HFD, mice were divided into control groups and simvastatin- 
treated groups matched for body weight, % fat mass, and basal blood 
glucose. Simvastatin was admixed to HFD (1.2 g/kg), resulting in 
average daily simvastatin uptake of approximately 50 mg/kg for 5.5 
months. Since simvastatin admixture reduced food consumption, the 
control group was fed restrictedly with only one portion of food per day, 
with the aim of matching the weight curve of their simvastatin-treated 
counterparts. In previous studies, we have successfully applied this 
restricted feeding regimen which serves to eliminate any indirect in-
fluence of the drug via effects on appetite and body weight [14,15]. At 
sacrifice the age of the mice was between 11.5 and 12 months. Six mice 
were lost in the course of the study; all data from these individuals were 
removed from the analysis (Supplemental Table 1). 

All experiments and procedures were approved by the Austrian 
Federal Ministry of Science and Research (approval # 2020–0.345.540). 

2.2. Metabolic readouts 

Body weight was determined at least weekly and food consumption 
was documented per cage. Lean and fat mass were measured non- 
invasively with a Body Composition Analyzer before and at the end of 
the simvastatin treatment period (EchoMRI, Houston, TX). During the 
last week of the experiment, after 4 h of fasting blood was sampled from 
the tip of the tail for measurements of blood glucose (StatStrip Xpress 
Glucose Meter, Nova Biomedical, Data Sciences International, St. Paul, 
MN, USA) and plasma insulin (Ultrasensitive Mouse Insulin Elisa, Mer-
codia, Uppsala, Sweden), allowing calculation of the homeostasis 
models assessment (HOMA) Index. The next day, an intraperitoneal 
glucose tolerance test (IPGTT; 1.5 g/kg) was performed in mice fasted 
for 8 h. After measurement of basal glycemia, glucose solution (33% wt/ 
vol) was injected i.p. and followed by further glucose measurements 
after 20, 40, 60, 90, and 120 min. 

After 5.5 months of treatment without vs. with simvastatin, 3 h- 
fasted mice were deeply anesthetized with inhalative isoflurane fol-
lowed by blood sampling via heart puncture and collection of the femur, 
tibia, and lumbar spine. After defleshing, the bones were stored in 4% 
formaldehyde at 4 ◦C for 24 h and then transferred to 70% ethanol for 
storage at − 20 ◦C pending microstructural analysis. Blood samples were 
centrifuged and plasma was stored at − 80 ◦C. 

2.3. Analytical procedures 

Osteocalcin and cross-linked C-telopeptide of type 1 collagen (CTX 
levels) were measured using the mouse osteocalcin ELISA kit by Quidel 
(San Diego, CA) and mouse CTX-1 ELISA by Cusabio (Houston, TX). 

Concentrations of simvastatin acid, the active metabolite of simva-
statin, were analyzed in mouse plasma. The plasma was treated with 
acetonitrile to precipitate proteins, diluted with aqueous 0.1% formic 
acid, and analyzed by liquid chromatography tandem mass spectrom-
etry in multiple reaction monitoring. The analytical method is validated 
in accordance with the EMA guideline (EMEA/CHMP/EWP/192217/ 
2009). 

2.4. Bone microstructure and metabolism 

As previously described [16], we used Micro-CT for the analysis of 
the cortical and trabecular microstructure of bone (MicroCT 35, Scanco, 
Switzerland). The X-ray tube setting (70 kV, intensity: 114 µA, exposure 
time: 800 ms) provided a resolution of 10 µm/pixel. For analysis of the 
cortical structure, the midshafts of the femur were considered. Starting 
from the middle of the bone, these measurements were taken 5% 
proximal and 5% distal of the femur. Tissue mineral density of the cortex 
(Ct. TMD) was measured using Scanco’s standard evaluation scripts. The 
assessment of the microstructure of the trabecular bone was performed 
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at the distal femur and the vertebral body L4. 
We assessed the following parameters of the cortical bone: cortical 

thickness, trabecular volume (TV), bone volume (BV), mean/density of 
BV, mean pore diameter, and BV/TV (indicative of porosity). For the 
trabecular bone, the following parameters were assessed: BV, TV, mean/ 
density of TV, mean/density of BV, trabecular volume, trabecular 
number, trabecular thickness, trabecular separation, and BV/TV. 

2.5. Big data 

In the big data part of this project, we constructed a cohort of humans 
best comparable to the groups of mice used. 

Our dataset consists of health insurance claims data from approxi-
mately all Austrians from 01/2006–12/2007 (n = 7,945,775). For these 
individuals, information on all main and secondary diagnoses (ICD-10) 
and prescription drug data (ATC-codes) were available. We defined 
patients with osteoporosis on the basis of the occurrence of the ICD- 
codes M80–M82 (M80: “Osteoporosis with current pathological 

Fig. 1. Effect of prolonged high-dose simvastatin treatment (Sim) on the bone quality of male (m) and ovariectomized female (f) high-fat-fed mice compared to 
untreated controls maintained at similar body weight by restricted feeding (Con). Means±standard error of the means (SEM), p-values by Student’s t-test, bone 
volume (BV), trabecular volume (TV). 
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fracture”, M81: “Osteoporosis without current pathological fracture” 
and M82: “Osteoporosis in diseases classified elsewhere”). 

We included (n = 138,666) males and (n = 155,055) females be-
tween 55 and 90 years of age and performed a cross-sectional analysis 
including individuals that received high-dose simvastatin treatment 
(60–80 mg/day) for at least one year. The matched control group con-
sisted of (n = 415,998) males and (n = 465,165) females without statin 
therapy. In a sensitivity analysis we excluded patients with a diagnosis 
of ischemic heart disease (ICD-code: I20–I25) and diabetes mellitus type 
2 (ICD-code: E11). 

2.6. Statistical analysis 

2.6.1. Mouse data 
Mouse data are reported as means±standard error of the means 

(SEM). Simvastatin-treated versus control mice were compared by Stu-
dent’s t-test. 

2.6.2. Big data from patients 
The multiple logistic regression model was applied to investigate the 

association between high-dose simvastatin treatment and osteoporosis. 
One statin patient was matched by age and sex to three patients of the 
control group. In the regression model we controlled for sex, age, 
dosage, and prescription of other medications, as previously described 
[9,17]. Twenty blood-glucose-lowering medicines were among the 
drugs we adjusted in the model. Model quality was examined using 
adjusted R-squared and multi-collinearity via the variance inflation 
factor (VIF). The data were fitted by a regression model with an adjusted 
R-squared of 0.78 for males and 0.79 for females. We confirmed that 
multi-collinearity was no substantial issue in the analysis (all 
VIF<=5.5). 

3. Results 

3.1. Animals 

3.1.1. Bone quality/micro-CT 
Results from micro-CT measurements are summarized in Fig. 1 and  

Table 1. In line with previous studies and corresponding attributes of the 
menopausal state in humans, bone quality was clearly lower in ovari-
ectomized female than in male mice. 

Micro-CT measurements showed that prolonged treatment with high 
doses of simvastatin distinctly impaired bone quality in male mice and 
further reduced the poor bone status of ovariectomized female mice. The 
detrimental impact of simvastatin appeared somewhat more pro-
nounced in the trabecular than the cortical part of the femur, while ef-
fects on the trabecular parts of the femur and the vertebral body of L4 

were of a similar magnitude. This was obvious from relative reductions 
in bone volume, which in males and ovariectomized females was − 42% 
and − 34% for the trabecular femur, − 14% and − 20% for the 
trabecular vertebral body, and − 7% and − 6% for the cortical femur. 
Accordingly, cortical thickness of the femur was markedly reduced (m: 
− 11% and f: − 13%), as were trabecular thickness (m: − 13% and f: 
− 5%) and trabecular number (m: − 36% and f: − 29%), while trabecular 
separation was increased (m: +42% and f: +45%). Similar findings were 
made for the trabecular parts of vertebral body L4 (trabecular thickness, 
m: − 8% and f: − 19%; trabecular number, m: 11% and f: − 8%; trabec-
ular separation, m: +19% and f: +16%). 

3.1.2. Regulators of bone metabolism 
Plasma concentrations of CTX (8.2 ± 14.8 vs. 8.3 ± 13.1 ng/ML, 

p = 0.43) and osteocalcin (32.1 ± 7.1 vs. 28.3 ± 4.2 ng/ML, p = 0.12) 
were similar in the male controls and in the simvastatin-treated group of 
male mice. 

3.1.3. Adiposity and glucose metabolism 
In both sexes, simvastatin caused transient reductions in body 

weight, which were obviously due to reduced food consumption. As 
intended by the restricted feeding regimen, the weight curves of the 
control groups were maintained similar to those of their corresponding 
simvastatin-treated counterparts. Body composition was not affected by 
simvastatin either, excluding differences in weight and fat mass as me-
diators of effects on bone (Supplemental Fig. 1). Simvastatin markedly 
impaired glucose tolerance in male mice without significant effects on 
plasma insulin or HOMA. In ovariectomized female mice, glucose 
tolerance was unaffected, while insulinemia and HOMA were decreased 
in response to simvastatin (Supplemental Fig. 1, and Supplemental Table 
1). Similar actions on bone observed in the two sexes were thus 
accompanied by divergent effects on glucose homeostasis and insulin 
sensitivity. 

3.2. Big data – matched human cohort 

As shown in Table 2, 138,666 age-matched males with statin therapy 
and 415,998 controls without and 155,055 age-matched females with 
and 465,165 controls without were included in the analysis. Without 
considering different statin dosages, we can state that males with statin 
therapy had a lower rate of diagnosed osteoporosis compared to controls 
(OR: 0.91, CI: 0.86–0.97, p < 0.01). In females, simvastatin therapy was 
related to an increased risk of osteoporosis compared to controls (OR: 
1.05, CI: 1.03–1.08, p < 0.01). 

However, our dosage dependent analyses show that high-dose sim-
vastatin therapy (60–80 mg/dl, n = 1442) in males was related to an 
increased risk of osteoporosis (OR: 5.91, CI: 3.17–10.99, p < 0.001;  

Table 1 
Effect of prolonged high-dose simvastatin treatment (Simva) on the bone quality of male (m) and ovariectomized female (f) high-fat-fed mice compared to untreated 
controls maintained at similar body weight by restricted feeding (Control). Means±standard error of the means (SEM), p-values by Student’s t-test.   

Control m Simva m P Control f Simva f p 

n 18 19  14 14  

Femur – trabecular 
mean/density of TV [mg HA/ccm] 99.3 ± 6.1 65.4 ± 4.5 0.0001 n.d. n.d.  
mean/density of BV [mg HA/ccm] 855 ± 2 843 ± 3 0.0051 826 ± 5 795 ± 6 0.0027 
TV [mm3] 2.94 ± 0.09 2.97 ± 0.09 0.83, ns 3.17 ± 0.07 3.12 ± 0.11 0.73, ns 
BV [mm3] 0.213 ± 0.015 0.131 ± 0.007 < 0.0001 0.066 ± 0.007 0.044 ± 0.005 0.021 
Vertebral body L4 – trabecular 
mean/density of TV [mg HA/ccm] 253 ± 6 209 ± 5 < 0.0001 158 ± 7 118 ± 5 0.0001 
mean/density of BV [mg HA/ccm] 942 ± 7 922 ± 6 0.044 900 ± 11 859 ± 8 0.0063 
TV [mm3] 2.63 ± 0.05 2.80 ± 0.06 0.05, ns 2.62 ± 0.08 2.77 ± 0.08 0.23, ns 
BV [mm3] 0.58 ± 0.02 0.50 ± 0.02 0.0066 0.33 ± 0.02 0.26 ± 0.02 0.016 
Femur – cortical 
TV [mm3] 3.33 ± 0.06 3.36 ± 0.07 0.67, ns 1.33 ± 0.03 1.12 ± 0.03 0.0002 
mean pore diameter [µm] 13.3 ± 2.5 17.0 ± 5.3 0.53, ns 10.9 ± 2.3 29.9 ± 11.1 0.12, ns 

HA (hydroxyapatite), TV (trabecular volume), BV (bone volume), n.d. (no data). 
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Fig. 2). The results were further aggravated after the exclusion of pa-
tients with ischemic heart disease (OR: 6.51, CI: 2.28–18.63, p < 0.001) 
and diabetes mellitus (OR: 5.92, CI: 1.78–19.69, p < 0.01). In the female 
group, high-dose simvastatin therapy was also related to an increased 
risk of osteoporosis (OR: 4.16, CI: 2.92–5.92, p < 0.001) compared to 
controls (Fig. 2). 

4. Discussion 

In a big data analysis of Austrian health claims, we have previously 
observed an association between high-dosage statin treatment and a 
diagnosis of osteoporosis [9]. In the present study, we found that pro-
longed treatment with high doses of simvastatin led to severe impair-
ment of bone quality in mice, which strongly suggests that the 
association found in human patients is driven by a direct causal impact 
of drug intake on bone metabolism. To best mimic the typical 

hyperlipidemic patient, we used aged mice on HFD and observed similar 
effects on the bone microarchitecture in both male and ovariectomized 
female animals. In a translational approach, we complemented our 
mouse experiments with a sex-specific analysis of health insurance 
claims from comparable subgroups of the Austrian population, i.e. male 
and (presumably postmenopausal) female patients aged > 55 years who 
had been receiving high-dose simvastatin treatment for at least one year. 
In agreement with the mouse data and our previous analysis of the 
whole population [9], high-dose statin treatment was associated with a 
marked increase in the risk of being diagnosed with osteoporosis in both 
sexes. 

The present study provides evidence for impairment of bone meta-
bolism in mice and humans receiving high-dose simvastatin treatment, i. 
e. we have potentially discovered a serious side effect of an increasingly 
prescribed treatment regimen for hyperlipidemic patients. In seeming 
contradiction of our findings, previous trials reported osteoprotective 
statin action in treated patients [18–20]. Although this was not repli-
cated in all clinical studies [21–24], investigations by Mundy et al. 
suggested that statins improve bone formation via upregulation of 
BMP-2 expression, which plays a vital role in osteoblast differentiation 
[8]. Further studies reported inhibition of osteoclast activity [25,26], 
inhibition of osteoblast apoptosis [25], and stimulation of osteoblasts 
under statin therapy [27], which together gave rise to the idea that 
statins could be helpful in the therapy of osteoporosis. To date, ran-
domized controlled trials have failed to support their utility as thera-
peutics for osteoporosis in the clinical setting [24,28,29], but present 
knowledge is limited by a lack of specific information on dose depen-
dence and, more specifically, on the effects of long-term exposure to 
high-dosage statin therapy. 

Against this background, we recently conducted a big data analysis 
of the general Austrian population in which we unmasked a dual effect 
with decreased risk at low dosage and increased risk at high dosage [9]. 
Due to the importance of consequent lipid lowering for cardiovascular 
endpoints, the number of patients receiving long-term treatment with 
high dosages of statins is rising steeply. This calls for detailed clarifi-
cation of potential disadvantages associated with high dosages. 

Since associations between drug intake with the health state can 
arise from unknown confounders rather than from a direct causal in-
fluence of the agent, the present study set out to clarify whether the 
association between high statin dosage and impaired bone quality is 
driven by a direct impact of statin intake. Replicating the typical 
hyperlipidemic patient as closely as possible, we used aged obese mice of 
both sexes and fed them HFD containing simvastatin for a prolonged 
study period of 5.5 months. Female mice were ovariectomized in order 
to mimic women in the postmenopausal state, who are prone to osteo-
porosis and hence will be particularly vulnerable to additional impair-
ment of bone metabolism. 

Since simvastatin at least initially impaired food consumption, con-
trol mice were fed restrictedly so to match the weight curves of their 
treated counterparts. This previously applied procedure [14,15] allows 
the dissection of weight-mediated from more direct effects of a drug, an 
aspect frequently neglected in rodent studies. Based on such 
weight-neutral comparison, prolonged treatment with a high dosage of 
simvastatin led to severe impairment of bone microarchitecture in both 
the male and the ovariectomized female animals. In the femur, cortical 
thickness and bone volume were dramatically reduced, while porosity 
was increased. The impairment was most pronounced in the trabecular 
part of the bone, where mean density of bone volume, trabecular vol-
ume, and BV/TV decreased alarmingly. Additionally, the bone quality of 
the vertebral body was dramatically reduced in both male mice and 
female ovariectomized mice. 

Our results are at variance with several previous rodent studies on 
this topic, which may be related at least in part to lower doses and/or 
shorter exposure periods applied by others [8,11–13]. 

Accounting for much higher metabolic rates in mice versus humans, 
pharmacologists routinely recommend approximately 12-fold higher 

Table 2 
Baseline characteristics of statin-treated males and matched controls – big data 
analysis.   

Simvastatin Matched Control  

Men Women Men Women 

N 138,666 155,055 415,998 465,165 
Age (mean +/- SD) 68.43 

+/- 7.93 
70.90 
+/- 8.39 

68.43 
+/- 7.93 

70.90 
+/- 8.39 

Osteoporosis (M80–M82) 1364 
(0.98%) 

8304 
(5.36%) 

4484 
(1.08%)* 

23,717 
(5.10%)** 

Insulin 8909 
(6.42%) 

10,244 
(6.61%) 

5767 ** 
(1.39%) 

6182 ** 
(1.33%) 

Oral antidiabetics 28,129 
(20.29%) 

28,333 
(18,27%) 

25,392 ** 
(6.10%) 

24,892 ** 
(5.35%) 

Fibrates 2365 
(1.71%) 

1552 
(1.00%) 

4905 ** 
(1.18%) 

7169 ** 
(1.54%) 

CVD (I20–I25) 28,804 
(20.77%) 

19,746 
(12.73%) 

21.023 ** 
(5.05%) 

19,525 ** 
(5.21%) 

Stroke (I63, I64) 3971 
(2.86%) 

3465 
(2.23%) 

5737 ** 
(1.38%) 

5736 ** 
(1.23%) 

Diseases of arteries (I70–I79) 9706 
(7.00%) 

7243 
(4.67%) 

12,801 ** 
(3.08%) 

10,252 ** 
(2.20%) 

Renal failure (N17–N19) 6073 
(4.38%) 

5079 
(3.28%) 

12.329 ** 
(2.96%) 

11,511 ** 
(2.47%) 

Overweight and obesity (E66) 5680 
(4.10%) 

6313 
(4.07%) 

7560 ** 
(1.82%) 

10,490 ** 
(2.26%) 

Nicotine dependence (F17) 2.376 
(1.71%) 

1091 
(0.70%) 

4617 ** 
(1.11%) 

1741 ** 
(0.37%) 

Diabetes mellitus type 2 (E11) 13.907 
(10.03%) 

13,964 
(9.01%) 

16,480 ** 
(3.96%) 

17,153 ** 
(3.96%) 

CVD (cardiovascular disease), * p < 0.05, ** p < 0.01 vs. simvastatin. 

Fig. 2. Big data analysis – relationship between high-dose simvastatin treat-
ment and osteoporosis (excl. I20–I25: exclusion of patients diagnosed with 
I20–I25 (ischemic heart disease), excl. E11: exclusion of patients diagnosed 
with E11 (diabetes mellitus type 2)). 
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drug dosage per body weight. A high simvastatin dose in humans 
(80 mg/d ≈ 1 mg/kg/d) should thus correspond to roughly 12 mg/kg/ 
d in mice. This dose, however, is still in a range described to be bene-
ficial to bone in mice and hence in this regard it is comparable to low 
dosage in humans [8,11–13]. We therefore used an increased dose of 
50 mg/kg/d simvastatin in our mice, which indeed turned the favorable 
effects described by others to detrimental action, resembling the tran-
sition from reduced to elevated osteoporosis risk caused by a 4-fold dose 
elevation in patients (20 vs. 80 mg/d) [9]. In some rodent studies, even 
high doses of 40 or even 120 mg/kg/d simvastatin improved bone pa-
rameters, but the treatment was for shorter periods [30,31], which 
suggests that not only the dose, but also the duration of drug exposure 
may be important for the outcome. 

Apart from bone metabolism, simvastatin also impaired blood 
glucose homeostasis in the male mice, an effect that may also occur in 
human patients [32]. It is unlikely, however, that hyperglycemia was a 
relevant mediator of statin-induced osteoporosis, because 
simvastatin-induced impairment of bone microstructure was similar in 
male and ovariectomized female mice, while the latter group did not 
show any impairment of glucose tolerance. 

Regarding the limitations of our study, the cross-sectional design of 
the big data analysis does not allow definite conclusions about causal-
ities, but this particular aspect is addressed by the interventional design 
of the mouse experiments. Compared to previous rodent studies, the 
protocols applied here comprise strengths that include (i) exclusion of 
weight-mediated actions by matched weight curves; (ii) long duration of 
simvastatin treatment that should unmask long-term consequences that 
may occur in humans; (iii) ovariectomy permitting conclusions about 
the role of female sex hormones; and (iv) examination of glucose ho-
meostasis, which allowed conclusions about the role of metabolic 
derangement in the impairment of bone. 

The present study builds on our big data analysis of Austrian health 
insurance claims, in which we have previously observed an association 
between high statin dosage and the diagnosis of osteoporosis [9]. In the 
present study, we found that prolonged treatment of both male and 
ovariectomized female mice with high doses of simvastatin led to severe 
impairment of bone quality, which strongly suggests that the association 
found in human patients is driven by a direct causal impact of the drug 
on bone metabolism. A parallel analysis of health insurance claims from 
the best comparable subgroups of the Austrian population – i.e. male 
and presumably postmenopausal female patients aged > 55 years 
receiving high-dose simvastatin treatment – corroborated the concern 
that similar effects may occur under clinical circumstances. Our results 
inevitably raise concerns about osteoporosis as a potential side effect of 
high statin dosage and call for monitoring of bone metabolism (e.g. with 
laboratory measurements, application of risk-scores, bone ultrasound, or 
dual energy X-ray absorptiometry DXA) in such patients to prevent or 
treat osteoporosis if required. 
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[16] M. Papageorgiou, U. Föger-Samwald, K. Wahl, K. Kerschan-Schindl, 
P. Pietschmann, Age-and strain-related differences in bone microstructure and 
body composition during development in inbred male mouse strains, Calcif. Tissue 
Int. 106 (4) (2020) 431–443. 

[17] M. Leutner, C. Matzhold, A. Kautzky, M. Kaleta, S. Thurner, P. Klimek, et al., Major 
depressive disorder (MDD) and antidepressant medication are overrepresented in 
high-dose statin treatment, Front. Med. 8 (2021), 608083. 

[18] B.A. Larsson, D. Sundh, D. Mellström, K.F. Axelsson, A.G. Nilsson, M. Lorentzon, 
Association between cortical bone microstructure and statin use in older women, 
J. Clin. Endocrinol. Metab. 104 (2) (2019) 250–257. 

[19] C.R. Meier, R.G. Schlienger, M.E. Kraenzlin, B. Schlegel, H. Jick, HMG-CoA 
reductase inhibitors and the risk of fractures, JAMA 283 (24) (2000) 3205–3210. 

[20] B. Uzzan, R. Cohen, P. Nicolas, M. Cucherat, G.-Y. Perret, Effects of statins on bone 
mineral density: a meta-analysis of clinical studies, Bone 40 (6) (2007) 1581–1587. 

[21] J. Hippisley-Cox, C. Coupland, Unintended effects of statins in men and women in 
England and Wales: population based cohort study using the QResearch database, 
BMJ (2010) 340. 

[22] A.Z. LaCroix, J.A. Cauley, M. Pettinger, J. Hsia, D.C. Bauer, J. McGowan, et al., 
Statin use, clinical fracture, and bone density in postmenopausal women: results 

from the Women’s Health Initiative Observational Study, Ann. Intern. Med. 139 (2) 
(2003) 97–104. 

[23] I.R. Reid, W. Hague, J. Emberson, J. Baker, A. Tonkin, D. Hunt, et al., Effect of 
pravastatin on frequency of fracture in the LIPID study: secondly analysis of a 
randomised controlled trial, Lancet 357 (9255) (2001) 509–512. 

[24] L. Rejnmark, H.N. Buus, P. Vestergaard, L. Heickendorff, F. Andreasen, L. 
M. Larsen, et al., Effects of simvastatin on bone turnover and BMD: a 1–year 
randomized controlled trial in postmenopausal osteopenic women, J. Bone Miner. 
Res. 19 (5) (2004) 737–744. 

[25] F. Ruan, Q. Zheng, J. Wang, Mechanisms of bone anabolism regulated by statins, 
Biosci. Rep. 32 (6) (2012) 511–519. 

[26] J.T. Woo, S. Kasai, P.H. Stern, K. Nagai, Compactin suppresses bone resorption by 
inhibiting the fusion of prefusion osteoclasts and disrupting the actin ring in 
osteoclasts, J. Bone Miner. Res. 15 (4) (2000) 650–662. 

[27] N. Ghosh-Choudhury, C.C. Mandal, G.G. Choudhury, Statin-induced Ras activation 
integrates the phosphatidylinositol 3-kinase signal to Akt and MAPK for bone 
morphogenetic protein-2 expression in osteoblast differentiation, J. Biol. Chem. 
282 (7) (2007) 4983–4993. 

[28] H.G. Bone, D.P. Kiel, R.S. Lindsay, E.M. Lewiecki, M.A. Bolognese, E.T. Leary, et 
al., Effects of atorvastatin on bone in postmenopausal women with dyslipidemia: a 
double-blind, placebo-controlled, dose-ranging trial, J. Clin. Endocrinol. Metab. 92 
(12) (2007) 4671–4677. 

[29] J.M. Peña, S. Aspberg, J. MacFadyen, R.J. Glynn, D.H. Solomon, P.M. Ridker, 
Statin therapy and risk of fracture: results from the JUPITER randomized clinical 
trial, JAMA Intern. Med. 175 (2) (2015) 171–177. 

[30] H. Oxlund, T.T. Andreassen, Simvastatin treatment partially prevents ovariectomy- 
induced bone loss while increasing cortical bone formation, Bone 34 (4) (2004) 
609–618. 

[31] B. Skoglund, C. Forslund, P. Aspenberg, Simvastatin improves fracture healing in 
mice, J. Bone Miner. Res. 17 (11) (2002) 2004–2008. 

[32] I.A. Mansi, M. Chansard, I. Lingvay, S. Zhang, E.A. Halm, C.A. Alvarez, Association 
of statin therapy initiation with diabetes progression: a retrospective matched- 
cohort study, JAMA Intern. Med. 181 (12) (2021) 1562–1574. 

M. Leutner et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref11
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref11
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref11
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref12
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref12
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref13
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref13
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref13
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref14
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref14
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref14
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref15
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref15
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref15
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref16
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref16
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref16
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref16
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref17
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref17
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref17
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref18
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref18
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref18
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref19
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref19
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref20
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref20
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref21
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref21
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref21
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref22
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref22
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref22
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref22
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref23
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref23
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref23
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref24
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref24
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref24
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref24
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref25
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref25
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref26
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref26
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref26
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref27
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref27
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref27
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref27
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref28
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref28
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref28
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref28
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref29
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref29
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref29
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref30
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref30
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref30
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref31
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref31
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref32
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref32
http://refhub.elsevier.com/S0753-3322(22)01478-0/sbref32

	Simvastatin therapy in higher dosages deteriorates bone quality: Consistent evidence from population-wide patient data and  ...
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 Metabolic readouts
	2.3 Analytical procedures
	2.4 Bone microstructure and metabolism
	2.5 Big data
	2.6 Statistical analysis
	2.6.1 Mouse data
	2.6.2 Big data from patients


	3 Results
	3.1 Animals
	3.1.1 Bone quality/micro-CT
	3.1.2 Regulators of bone metabolism
	3.1.3 Adiposity and glucose metabolism

	3.2 Big data – matched human cohort

	4 Discussion
	Funding
	Ethics approval and consent to participate
	Consent for publication
	Author contributions
	CRediT authorship contribution statement
	Conflict of interest statement
	Acknowledgments
	Appendix A Supplementary material
	References


