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SUMMARY

Aim: Circulating osteoprogenitors and receptor activator of nuclear factor kappa-B ligand

(RANKL) expression in immune cells have been implicated in the pathogenesis of osteo-

porosis and vascular calcification. The role played by statin therapy in the bone–vascular

axis is unknown. Methods: Twenty na€ıve postmenopausal osteoporotic hypercholes-

terolemic women were treated with Atorvastatin 40 mg/day for 3 months. Gene expression

analysis was performed to assess modification in osteoprotegerin (OPG)/RANK/RANKL

expression in isolated T cells and monocytes. A flow cytometry analysis was used to study

changes in the levels of circulating osteoprogenitor cells. Results: After 3 months of treat-

ment, Atorvastatin significantly reduced total cholesterol and LDL-C, without affecting

HDL-C and triglycerides. Among circulating bone and phosphocalcium homeostasis mark-

ers, we found a significant increase in OPG levels (P < 0.01) and a modest reduction in

osteocalcin (OCN) (P < 0.05). We also observed a significant reduction in RANKL expres-

sion in T cells (P < 0.05). No differences were found in the expression of RANK in T cells

and RANKL and RANK in monocytes. OPG expression was low in both immune cell types

and was not affected by the treatment. As for circulating osteoprogenitors, we found a sig-

nificant reduction of CD34+BAP+ (P < 0.05) and CD34+OCN+BAP+ (P < 0.05) cells. In vitro

studies showed that Atorvastatin reduced RANKL expression in activated human T-lym-

phoblastoid cells (Jurkat cell line). Conclusions: Three-month Atorvastatin treatment

leads to a reduction in circulating osteoprogenitor cells and RANKL expression in T cells, as

well as increase in OPG serum levels. These data suggest that statins could have protective

effects in the bone–vascular axis.

Introduction

A considerable number of clinical studies have shown that osteo-

porosis carries a significant increase in cardiovascular risk [1]. In

addition, loss of bone mineral density and vertebral fractures has

been associated with accelerated atherosclerotic and calcific

degeneration of the arterial wall in humans [2,3]. Although the

pathophysiological substrate of the so-called bone–vascular axis is

still elusive, an important role is attributed to the OPG/RANK/

RANKL triad, a master regulator of bone remodeling [4]. In addi-

tion, circulating osteoprogenitors have been recently described as

a new subset of immature cells harboring pro-calcific potential in

the vasculature and heart valves [5].

The interaction between RANKL (expressed on osteoblasts and

stromal cell surface) and RANK (expressed by osteoclast precur-

sors) activates an intracellular cascade leading to osteoclast differ-

entiation and maturation. Osteoprotegerin (OPG), which acts as a

decoy receptor for RANKL, prevents osteoclast activation and

favors bone anabolism [4]. On the contrary, RANKL upregulation

in osteoblasts and immune cells enhances pathological bone

resorption, thus leading to osteoporosis [6,7]. In parallel, elevated

RANKL in vascular and immune cells can participate in the patho-

genesis of atherosclerosis and vascular calcification [8,9]. In par-

ticular, increased RANKL expression in T cells has been reported

in patients with bone disorders [10,11] and clinical atherosclerotic

disease [9]. On the other hand, reduced availability of OPG has

been associated with the development of osteoporosis, atheroscle-

rosis, and vascular calcification [12].

The impact of hypercholesterolemia in the pathogenesis of

osteoporosis has been so far controversial [13]. Nevertheless, a

number of studies indicated that the accumulation of lipid oxida-

tion products within the skeleton may contribute to pathological

bone resorption, mainly through the inhibition of osteoblast dif-

ferentiation and the induction of osteoclast maturation/activation

[14]. Of interest, data are available showing that oxidized lipids

can induce RANKL expression in T cells [15] and that RANKL is
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increased in bone marrow and splenic T cells of mice with hyper-

lipidemia-induced bone loss [16]. No data are available so far

showing whether lipid-lowering strategies can modulate in vivo

OPG/RANK/RANKL expression in immune cells.

Recently, the existence in the bloodstream of circulating cells

harboring an osteogenic potential has been demonstrated [5].

These so-called osteoprogenitor cells, which include both myeloid

and mesenchymal-derived subtypes, are elevated in pathological

conditions such as diabetes, atherosclerosis, calcific aortic valve

stenosis, bone fractures, and osteoporosis [5,17]. Increased circu-

lating levels of osteoprogenitor cells have been also linked to the

presence of vascular damage, such as arterial stiffness and aortic

calcification [18,19]. In addition, animal studies provided evi-

dence of a direct involvement of these cells in vascular disease

progression [20]. Whether statin treatment can modulate the

levels of circulating calcifying cells is currently unknown.

Starting from these notions, we sought to investigate whether

treatment with Atorvastatin can affect circulating levels of osteo-

progenitor cells and OPG/RANK/RANKL expression in T cells and

monocytes in hypercholesterolemic postmenopausal osteoporotic

women.

Methods

Population

We enrolled 20 consecutive hypercholesterolemic (LDL-C ≥
130 mg/dL) women with newly diagnosed osteoporosis who

referred to the Osteoporosis and Bone Metabolism Unit of the C�a

Foncello Hospital in Treviso. Diagnosis of osteoporosis was based

on T-score ≤�2.5 SD at either the lumbar spine or femoral neck.

We did not enroll patients with a previous history of bone frac-

tures, clinical evidence of atherosclerotic disease and anamnestic

history of CKD, liver disease, COPD, and rheumatic disorders. We

also excluded subjects with current or previous treatment with

statins, steroids, hormonal replacement therapies, and antiosteo-

porotic drugs (including vitamin D and calcium supplementation).

All patients received Atorvastatin 40 mg/day for 3 months. Blood

samplings were performed at the time of enrollment and at the

end of the treatment period. During the study, the patients were

not treated with calcium, vitamin D, and bisphosphonates. We

excluded women with clinical judgment of high risk of bone frac-

ture. The study has been carried out in accordance with the Decla-

ration of Helsinki (2008) of the World Medical Association and

was approved by the local Ethical Committee (the study was regis-

tered on ClinicalTrials.gov after its completion, NCT02342015).

All the subjects enrolled gave written informed consent.

Data Collection and Biochemical Analysis

Data collected from patients at the enrollment included: age,

menopause age, BMI, smoking status, known arterial hyperten-

sion, known diabetes, ongoing medications. The latter remained

unchanged during the study period (calcium channel blockers:

n = 2; sartans: n = 1, proton pump inhibitors: n = 4, COX-2 selec-

tive inhibitors: n = 1). At the beginning of the study and after

3 months, serum samples were collected to assess the lipid profile

(total cholesterol [TC], LDL-C, HDL-C, triglycerides [TG]), level

of hs-CRP (sensitive immunonephelometric method, DADE

Behring), osteocalcin (OCN, immunochemiluminescent assay

LIAISON�; DiaSorin, Vercelli, Italy), bone alkaline phosphatase

(BAP, immunochemiluminescent assay, automatized Beckman

Coulter DxI 800; Brea, CA, USA), cross-linked carboxy-terminal

telopeptide of type I collagen (CTX-I, immunochemiluminescent

assay, automatized Modular Analytics E170, Roche Diagnostics,

Basel, Switzerland), and OPG (DuoSet ELISA, R&D Systems,

Minneapolis, MN, USA).

Flow Cytometry Analysis

Blood samples for WBC count and flow cytometry analysis were

processed within 2 h. For each patient, a detailed description of

the WBC types was obtained by automated analyzer (ADVIA 2120

Hematology System, Siemens Healthcare Diagnostics, Erlangen,

Germany), including the count of circulating neutrophils, lym-

phocytes, monocytes, basophils, and eosinophils.

Identification and quantification of circulating osteoprogenitor

cells were performed using polychromatic flow cytometry.

Briefly, after red blood cell lysis, peripheral blood progenitor

cells were analyzed for the surface expression of CD34, OCN

and BAP using Fitc-conjugated anti-human CD34 (Becton Dick-

inson), PE-conjugated anti-human OCN (R&D Systems), and

APC-conjugated anti-human BAP (clone B7/48, R&D System).

First, we gated CD34+ cells in the morphologic mononuclear cell

fraction and then examined the dual or triple expression of

OCN and BAP, relative to the respective isotype controls (R&D

Systems). In parallel, total OCN+, BAP+ cells, and OCN+/BAP+

cells were also enumerated. In all samples, 1 9 106 events were

acquired, scored using FACSCanto flow-cytometer (Becton Dick-

inson), and analyzed using the FACSDIVA software program

(Becton Dickinson).

Monocytes/T-Cell Isolation and Gene Expression
Analysis

Blood samples were layered onto Histopaque-1077 to obtain a sus-

pension of mononuclear cells (PBMC). Pure and viable monocytes

and T cells were obtained by negative isolation using Dynabeads

Untouched Human Monocytes and Dynabeads Untouched

Human T cells (Invitrogen Dynal AS, Oslo, Norway), respectively.

Total RNA from both cell types was collected using QiaAmp RNA

Blood Mini kit (Qiagen, Hilden, Germany) and stored at �80°C

until analysis. Quantification and purity of total RNA was assessed

after DNase I digestion (Ambion, Foster City, CA, USA) using a

Nanodrop 2000c spectrophotometer (Thermo Scientific, Rockford,

IL, USA). Total RNA (1 lg) was converted to cDNA using iScript

cDNa Synthesis kit (Bio-Rad, Hercules, CA, USA). The levels of

RANK, RANKL, and OPG transcripts were quantified by real-time

PCR with universal probeLibrary probes labeled with fluorescein

(FAM) at the 50-end and with a dark quencher dye near the

30-end (Roche, Basel, Switzerland) in the Bio-Rad CFX96 instru-

ment (Bio-Rad). Amplification primers and hydrolysis probes

were designed using Probe Finder software (www.universalpro

belibrary.com, Roche) and synthesized by Roche (see Table S1).

Expression of glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) was used as reference gene, and the expression ratios
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were computed utilizing the comparative cycle threshold method

(2�ΔΔCt).

In Vitro Experiments

Jurkat human T-cell leukemia cells were cultured in RPMI-1640

(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%

heat inactivated fetal bovine serum (Sigma-Aldrich), 2 mM L-glu-

tamine (Sigma-Aldrich), 100 U/mL penicillin (Sigma-Aldrich),

and 100 lg/mL of streptomycin (Sigma-Aldrich) in 5% CO2 at

37°C. After overnight starvation, T cells (8 9 105 cell/mL) were

treated for 12 h with TNF-alpha 20 ng/mL (Milteny Biotec, Ber-

gisch Gladbach, Germany), 10 lMAtorvastatin (Pfizer, New York,

NY, USA), TNF-alpha 20 ng/mL plus 10 lM Atorvastatin (Pfizer),

or control medium. Total RNA was extracted using the RNeasy

mini kit (Qiagen GmBh), and RANKL expression was quantified

by real-time PCR following the same protocol described above for

the in vivo study.

Statistical Analysis

Data are expressed as mean � standard deviation (SD) or as per-

centage, where appropriate. Comparison for continuous variables

was performed using paired Student’s t-test or Wilcoxon signed-

rank test, on the basis of data distribution. Due to a skewed distri-

bution of gene expression values in immune cells, the analysis

was performed after data log-transformation. Patients with DCT
values for RANKL equal or below the median of the study popula-

tion were classified as RANKL_high. ANOVA followed by post hoc

Fisher LSD test was used for the in vitro experiments. Statistical

significance was accepted at P < 0.05. All statistical analyses were

performed with IBM SPSS statistics 21.0 (Armonk, NY, USA).

Results

Population Characteristics and Effect of
Atorvastatin on Biochemical Parameters

The clinical characteristics of the population under investigation

are summarized in Table 1. We enrolled 20 women with a mean

age of 64 � 5.3 years and a mean lumbar spine T-score of

�3.09 � 0.5. As expected, the 3 months of treatment with Ator-

vastatin 40 mg/day resulted in a significant reduction of TC and

LDL-C, whereas HDL-C and TG levels were not affected (Table 2).

Treatment was not accompanied by significant changes in the

level of calcium, phosphate, vitamin D, and PTH. As for other

bone-related parameters under investigation, we observed a sig-

nificant increase in circulating OPG levels (P = 0.005), whereas

OCN showed a modest but significant reduction (P = 0.022). No

significant changes were observed for BAP and CTX-I levels,

although the latter showed a reduction trend. We also observed a

significant lowering in hs-CRP levels (P = 0.047). Overall, the

treatment was well-tolerated and we did not record any clinically

relevant side effect or major adverse events.

Analysis of OPG/RANK/RANKL Expression in
Immune Cells

Isolated T cells and monocytes were obtained at baseline and at

the end of the treatment period. No significant changes were

observed in the count of all the leukocytes subtypes (data not

shown). Gene expression analysis was performed to assess the

expression level in each cell type of OPG, RANK, and RANKL.

Major finding of our analysis was that Atorvastatin treat-

ment induced a significant reduction in T-cell RANKL

Table 1 Population characteristics at enrollment

N 20

Mean age, years (SD) 64 (5.3)

BMI (SD) 23.9 (3.1)

Mean menopause age, years (SD) 50.7 (4.1)

Mean T-score lumbar spine (SD) �3.09 (0.5)

Active/previous smokers, n (%) 2 (10)

Mean SBP, mmHg (SD) 140 (13)

Mean DBP, mmHg (SD) 83 (9)

Mean eGFR, (SD) 110.4 (18.4)

SD, standard deviation; BMI, body mass index; SBP, systolic blood

pressure; DBP, diastolic blood pressure; eGFR, estimated glomerular

filtration rate.

Table 2 Effects of Atorvastatin (40 mg/day) on biochemical parameters

Baseline 3 months P

Mean total

cholesterol,

mg/dL (SD)

257.7 (24.1) 170.2 (38.2) <0.0001

Mean HDL-C,

mg/dL (SD)

71.6 (16.1) 72.0 (17.5) 0.873

Mean LDL-C,

mg/dL (SD)

162.2 (22.9) 82.6 (31.6) <0.0001

Mean triglycerides,

mg/dL (SD)

92.8 (38.1) 77.3 (24.2) 0.096

Median hs-CRP,

mg/dL (IQR)

1.00 (0.64–1.81) 0.57 (0.42–1.21) 0.047

Mean calcium,

mmol/L (SD)

2.36 (0.06) 2.33 (0.07) 0.080

Mean phosphorus,

mmol/L (SD)

1.13 (0.10) 1.19 (0.14) 0.061

Mean vitamin D3,

nmol/L (SD)

74.8 (45.9) 77.2 (31.1) 0.822

Mean PTH,

pg/mL (SD)

42.4 (26.1) 41.6 (13.0) 0.87

Mean OCN,

ng/mL (SD)

25.4 (5.7) 23.4 (5.6) 0.022

Mean BAP,

lg/L (SD)

14.5 (2.5) 14.6 (3.5) 0.861

Mean CTX-I,

ng/mL (SD)

529.3 (178.6) 472.9 (180.9) 0.099

Mean OPG,

pg/mL (SD)

644.5 (271.8) 814.5 (298.8) 0.005

SD, standard deviation; IQR, interquartile range; hs-CRP, high-sensitivity

C-reactive protein; PTH, parathyroid hormone; OCN, osteocalcin; BAP,

bone alkaline phosphatase; CTX-I, cross-linked carboxy-terminal telopep-

tide of type I collagen; OPG, osteoprotegerin. Bold values indicate sig-

nificant results (P < 0.05).
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expression (Figure 1) (P = 0.047). Of note, the most sizeable

effect of Atorvastatin was seen in the subjects with higher

basal expression level of RANKL (RANKL_high) (P = 0.004).

In fact, patients with T cells displaying low expression of

RANKL at baseline (RANKL_low) underwent only modest,

nonsignificant changes following Atorvastatin treatment

(P = 0.147). RANK expression in lymphocytes was low and

unaffected by Atorvastatin. Isolated circulating monocytes

showed low expression of both RANK and RANKL either at

baseline or at the end of the study and were not significantly

affected by the treatment (Figure 1). OPG was expressed at a

very low level (close to the detection limit) in both mono-

cytes and T cells, without changes following Atorvastatin

administration.

Effect of Atorvastatin on Circulating
Osteoprogenitor Cells

Circulating levels of osteoprogenitor cells were measured by

FACS analysis. After 3 months of treatment with Atorvastatin,

we observed a significant reduction in the number of

CD34+BAP+ (P = 0.041) and CD34+OCN+BAP+ cells (P = 0.045).

A reduction, although not significant, was also seen in the

levels of the OCN+BAP+ and CD34+OCN+ populations (Fig-

ure 2).

In Vitro Effect of Atorvastatin on RANKL
Expression in T Cells

In vitro experiments were performed to investigate the existence

of a lipid-lowering independent effect of Atorvastatin in modulat-

ing RANKL expression in T lymphocytes. To this purpose, Jurkat T

cells were activated with TNF-alpha (20 ng/mL), which has been

previously shown to induce RANKL expression in this cell type

[21]. In agreement, we found a 2-fold increase in RANKL tran-

scripts in the T cells treated with TNF-alpha as compared to con-

trol. Of note, this response was significantly blunted by adding

Atorvastatin 10 lM to the culture condition (P = 0.018 vs. TNF-

alpha alone) (Figure 3).

Discussion

In the present study, we show that treatment of hypercholes-

terolemic osteoporotic women with Atorvastatin is accompanied

by a significant reduction in circulating levels of osteoprogenitor

cells and RANKL expression in T cells.

Several clinical and basic science studies demonstrated that low-

ering of the OPG/RANKL ratio is associated with activation of

bone resorption programs within the skeleton [4] and pro-athero-

sclerotic/pro-calcific pathways in the vessel wall [12]. Increase in

RANKL and/or decrease of OPG expression in the bone results in

Figure 1 Effect of Atorvastatin on RANK/RANKL expression in T cells and monocytes. RANK and RANKL mRNA expression was quantified in isolated T

cells and monocytes at baseline and after 3 months of treatment with Atorvastatin 40 mg/day. A significant reduction in RANKL expression was observed

in isolated T cells at the end of the treatment period (*P < 0.05). No significant changes were seen in the expression of RANK in T cells and RANK and

RANKL in monocytes.
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the maturation/activation of osteoclasts which drive the resorp-

tion processes [4]. In parallel, reduction in OPG expression and

upregulation of RANKL in vascular cells is followed by accelerated

atherogenesis and increase in calcium deposition [8,12]. Recruit-

ment and inflammatory activation of immune cells (lymphocytes

and monocytes/macrophages) is now considered a crucial step in

the pathogenesis of both bone loss and atherogenesis [7]. RANKL

expression in T cells, either as membrane-bound or secreted form,

can be induced by different pro-inflammatory mediators and is a

potent trigger of osteoclastogenesis [6,7]. Of interest, upregulation

of RANKL was found in circulating T cells of patients with acute

coronary syndrome (ACS) (unstable angina/myocardial infarc-

tion) as compared to subjects with stable coronary artery disease

[9]. More recently, researches by Graham et al. [15] demonstrated

that exposure of T cells to oxidized lipids is accompanied by

increased expression of RANKL in the cells. The same group also

showed that RANKL was upregulated in the bone marrow and

splenic T cells of mice that develop osteopenia when fed high-fat

diet [16]. Overall, these findings suggest that hypercholes-

terolemia-induced activation of immune cells could represent a

pathophysiological substrate connecting osteoporosis and vascular

disease. In our investigation, conducted in 20 na€ıve osteoporotic

women (never treated with lipid-lowering and antiosteoporotic

drugs) we observed that a 3-month regimen with Atorvastatin

was followed by significant reduction in RANKL expression by T

cells. Of interest, we also noticed that this response was more evi-

dent in patients showing higher basal expression of RANKL, sug-

gesting that the treatment was more effective in the subgroup of

osteoporotic women with activated lymphocytic cells. These find-

ings are strengthened by data coming from the in vitro investiga-

tions, where we found that Atorvastatin was effective in reducing

RANKL expression in activated T cells. These in vitro data also sug-

gested the existence of a direct effect of Atorvastatin in modulat-

ing RANKL transcripts in immune cells. Thus, it appears that both

lipid-lowering and cellular effects of Atorvastatin might cooperate

in vivo in reducing RANKL expression by circulating T cells.

RANK is the main surface receptor of RANKL, and it activates

the intracellular cascade leading to maturation of pre-osteoclasts

Figure 2 Effect of Atorvastatin on circulating osteoprogenitor cells. Circulating levels of osteoprogenitor cells were quantified using FACS analysis at the

baseline and after 3 months of treatment with Atorvastatin 40 mg/day. At the end of the study period, we observed a significant reduction in the count of

CD34+/BAP+ and CD34+/OCN+/BAP+ cells (*P < 0.05). A nonsignificant lowering was also found in the count of CD34+/OCN+ and OCN/BAP+ cells.

Figure 3 Atorvastatin reduces RANKL expression in activated T cells.

Jurkat T cells were treated for 12 h with TNF-alpha 20 ng/mL alone or with

the addition of Atorvastatin 10 lM. A significant reduction in RANKL mRNA

expression was found in T cells treated with Atorvastatin as compared to

those treated with TNF-alpha alone (*P < 0.05 vs. TNF-alpha, n = 6).
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(monocytic-derived cells) into active osteoclasts [4]. Previous data

in humans showed that RANK expression is increased in circulat-

ing monocytes from patients with ACS [9]. For these reasons, we

hypothesized that modification in RANK expression in monocytes

could represent another interesting target of statin treatment.

Nevertheless, in our population, we found that RANK is expressed

at a low level in isolated monocytes and is not significantly modi-

fied by Atorvastatin treatment.

Osteoprotegerin mRNA was almost undetectable in isolated T

cells and monocytes both at baseline and after 3 months. Neverthe-

less, we observed a significant increase in OPG serum levels follow-

ing treatment with Atorvastatin. OPG is glycoprotein that can be

produced by several cell types including endothelial cells, smooth

muscle cells osteoblasts, and stromal bone cells [4,22]. The relative

contribution of the different cell types in determining OPG circulat-

ing levels is still unknown and might vary according to different

pathological conditions. In fact, epidemiological studies showed

that increased OPG levels are associated with negative cardiovascu-

lar prognostic value in different clinical settings [23]. Nevertheless,

the majority of basic science researches indicated a protective effect

of OPG toward vascular calcification and atherosclerosis progres-

sion [12,22]. In vitro studies also indicated that statin treatment,

including Atorvastatin, can upregulate OPG expression in bone

marrow-derived stromal cells [24] and osteoblasts [25]. Therefore,

the increase in OPG serum levels observed in our osteoporotic pop-

ulation treated with Atorvastatin might represent an ancillary pro-

tective effect of statin therapy on both vascular and bone disease

progression. Nevertheless, data in the literature about the effect of

statins on OPG circulating levels are discordant and might vary

according to the population under investigation [26]. Thus, addi-

tional studies are needed to fully elucidate the molecular basis of

OPG modulation by statins as well as the actual significance of OPG

level modifications in the different clinical settings.

The existence of circulating cells harboring a calcifying profile is

a relative new concept that can provide novel insights for the

comprehension of bone and vascular pathology [5]. Several dis-

tinct phenotypes of these circulating calcifying cells have been so

far identified and characterized [5]. A specific subpopulation of

circulating calcifying cells of myeloid origin, expressing OCN and

BAP is increase in the bloodstream of diabetic subjects [27] and

actively participate in the amplification of vascular damage [20].

In our population of osteoporotic women treated with Atorvas-

tatin, we found a trend reduction in the number of OCN+BAP+

myeloid calcifying cells. On the other hand, a significant lowering

in cell count was observed in the subset of more immature cells,

such as CD34+OCN+BAP+ and CD34+BAP+ cells. Of interest, circu-

lating levels of CD34+ osteoprogenitors were previously shown to

be elevated in postmenopausal osteoporotic women [17] and to

correlate with the presence of arterial stiffness in this clinical con-

dition [19]. Our findings are line with these observations and sug-

gest that Atorvastatin-induced reduction in circulating

osteoprogenitor cells might have a positive impact in the pathol-

ogy of the bone–vascular axis. The mechanisms that drive an

excess of circulating pro-calcific cells are still unknown. Based on

the results of the present study, we speculate that statin-sensitive

mechanisms may be implicated. Additional studies are needed to

confirm this concept and to demonstrate that reducing circulating

osteoprogenitor cells translate into a positive clinical outcome.

The efficacy of statin therapy in preventing osteoporosis and

bone fractures is still controversial [28]. In vitro studies showed

that statins can promote osteoblast differentiation [29] and inhibit

osteoclast maturation, [30] thus suggesting a protective role of

these drugs on bone metabolism. Most of these anabolic effects

were due to induction of OPG expression by bone/stromal cells

[24,25] and blockade of RANKL-induced osteoresorptive pro-

cesses [30–32]. On the other hand, despite a number of clinical

studies showing lower fracture risk in users of statin vs. nonusers

[33] prospective investigations did not support an independent

effect of statins in preventing bone fractures [34]. Explanation for

these discrepancies probably can be found in the pathological

complexity of osteoporosis, which is not just a lipid-driven disor-

der, but instead involves several endocrine pathways including

sex hormones, vitamin D, and phosphocalcium metabolism. Nev-

ertheless, our findings of reduced RANKL expression in T cells and

increase in OPG serum levels might represent positive ancillary

effects of statin therapy, and advice for aggressive lipid-lowering

treatment of hypercholesterolemic osteoporotic patients.

Limitations of the present study are the relative low number of

patients and the lack of a control group. Nevertheless, we would

like to underscore the effort in recruiting a relatively healthy and

homogenous population of women with recent diagnosis of hyper-

cholesterolemia and osteoporosis, without history of previous

treatment for these conditions. Due to the low presence of comor-

bidities, the used of additional drugs was minimal (see Methods for

details). In addition, concomitant medications were left unchanged

during the study period. This strict approach in the selection of the

patients allowed us to minimize the impact of confounding factors

over Atorvastatin effects on both osteoprogenitors and OPG/

RANK/RANKL expression in isolated immune cells. For these rea-

sons, our findings cannot be at the present generalized to other

clinical contexts, but provide the rationale to pursue additional

studies in different pathological conditions (such as ACS and other

atherosclerotic disorders). Moreover, even if both RANKL expres-

sion in immune cells and circulating osteoprogenitors should be

considered as surrogate markers of bone–vascular pathology, our

data can offer the basis to test these markers in longitudinal studies

coupled with harder clinical endpoints (such as changes in bone

mineral density and/or progression of vascular disease).

In conclusion, we found that Atorvastatin treatment of

hypercholesterolemic osteoporotic women is followed by lower-

ing in circulating levels of osteoprogenitor cells, reduction in

T-cell RANKL expression, and increase in OPG serum levels.

These entire changes can positively affects both osteoporotic

disorders and atherosclerotic disease progression, suggesting a

protective role of statin therapy in the pathology of the bone–

vascular axis.
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Supporting Information

Additional Supporting Information may be found in the online

version of this article:

Table S1. Primers and probes used for real time amplification.
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