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Abstract

Background—Observational studies suggest a strong relationship between menopause and 

vascular calcification. Receptor activator of nuclear factor-κB ligand (RANKL) and 

osteoprotegerin (OPG) are critical regulators of bone remodelling and modulate vascular 

calcification. We assessed the hypothesis that ovariectomy increases vascular calcification via the 

OPG/RANKL axis.

Materials and methods—Age-matched sexually mature rabbits were randomized to 

ovariectomy (OVX, n = 12) or sham procedure (SHAM, n = 12). One month post-procedure, 

atherosclerosis was induced by 15 months 0·2%-cholesterol diet and endothelial balloon 

denudations (at months 1 and 3). Aortic atherosclerosis was assessed in vivo by magnetic 

resonance imaging (MRI) at months 9 and 15. At sacrifice, aortas were harvested for ex vivo 

microcomputed tomography (μCT) and molecular analysis of the vascular tissue.

Results—Vascular calcification density and calcific particle number were significantly greater in 

OVX than SHAM (8·4 ± 2·8 vs. 1·9 ± 0·6 mg cm−3, P = 0·042, and 94 ± 26 vs. 33 ± 7 particles 

cm−3, P = 0·046, respectively). Calcification morphology, as assessed by the arc angle subtended 

by the largest calcific particle, showed no difference between groups (OVX 33 ± 7° vs. SHAM 33 

± 5°, P = 0·99). By Western blot analysis, OVX increased the vascular OPG:RANKL ratio by 

66%, P = 0·029, primarily by decreasing RANKL (P = 0·019). At month 9, MRI demonstrated no 

difference in atheroma volume between OVX and SHAM, and no significant change was seen by 

the end of the study.

Conclusions—In contrast to bone, vascular OPG:RANKL ratio increased in response to 

ovariectomy with a corresponding fourfold increase in arterial calcification. This diametrical 

organ-specific response may explain the comorbid association of osteoporosis with calcifying 

atherosclerosis in post-menopausal women.
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Introduction

Elevated coronary calcium score, as assessed by computed tomography, has been associated 

with an increased risk of cardiovascular events [1]. Menopause has also been associated 

with increased cardiovascular risk with one in two post-menopausal women having 

cardiovascular disease [2], and loss of endogenous ovarian production of sex hormones has 

been correlated with increased coronary calcification [3]. Menopause is also a well 

established risk factor for osteoporosis [4], leading to the curiously concomitant 

phenomenon of skeletal orthotopic bone loss and vascular heterotopic bone formation. As 

macrophages in atherosclerotic lesions undergo osteoclastic differentiation [5], a possibility 

is raised that cytokine signalling pathways that regulate orthotopic bone remodelling may 

also influence vascular calcification formation. The receptor activator of nuclear factor-κB 

ligand (RANKL) is an essential cytokine in osteoclastogenesis and subsequent bone 

resorption, and its soluble decoy osteoprotegerin (OPG) prevents bone loss, making the ratio 

of OPG:RANKL instrumental in the assessment of osteoclast activity and its role in 

osteoporosis [6].

Since decreased RANKL is associated with increased coronary artery disease [7] and 

increased OPG is also associated with increased coronary artery disease (CAD) severity [8], 

we examined in this experiment whether the OPG/RANKL cytokine signalling pathway 

influences atherosclerotic vascular calcification in a model of post-menopausal osteoporosis 

and experimental atherosclerosis.

Materials and methods

Study design

After reaching sexual maturity (age 5 months, 3·3 ± 0·2 kg), female New Zealand White 

rabbits (Covance Research Products, Denver, PA, USA) were randomized to ovariectomy 

(OVX, n = 12) or sham procedure (SHAM, n = 12). One month post-operatively, aortic 

atherosclerotic lesions were induced by 0·2% cholesterol-enriched rabbit diet (WIL 

Research Laboratories, Ashland, OH, USA) and double balloon-induced aortic endothelial 

denudation as previously described [9–14]. All procedures were performed under general 

anaesthesia by intramuscular injection of acepromazine (1 mg kg−1; Boehringer Ingelheim 

Vetmedica, St. Joseph, MO, USA); ketamine (20 mg kg−1; Fort Dodge Animal Health, Fort 

Dodge, IA, USA), and xylazine (2 mg kg−1; Lloyd Laboratories, Shenandoah, IA, USA). 

This experimental model of atherosclerosis has reliably demonstrated reproducible 

development of advanced atherosclerotic lesions [9–14]. After nine months of 

atherosclerosis induction, initial assessment of atherosclerosis development was performed 

by magnetic resonance imaging (MRI) analysis. Six months later, all rabbits underwent 

repeat MRI analysis and were then sacrificed for histopathology, molecular study and ex 

vivo microcomputed tomography (μCT). Development of osteoporosis was confirmed by 
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μCT. Observers for all measurements (MRI, histopathology, Western blot and μCT) were 

blinded to the treatment group.

Magnetic resonance imaging

The animals were anaesthetized as above and placed supine in a 1·5-tesla MRI system 

(Siemens Medical Solutions, Malvern, PA, USA) using a conventional extremity coil. 

Gradient-echo coronal and sagittal images were used to localize the abdominal aorta, and 

sequential transverse images (3 mm thick) of the aorta were obtained from the celiac trunk 

to the iliac bifurcation using a fast spin-echo sequence (total imaging time 1 h) with an in-

plane resolution of 230 × 230 μm [proton density weighted (PDW): TR/TE, 2300/5·6 ms; 

T1W: TR/TE, 800/5·6 ms; T2W: TR/TE, 2300/62 ms; field of view 12 × 12 cm; matrix 512 

× 512; echo train length = 8; signal averages = 4]. T1W sequence was repeated 5 min after 

injection of gadopentetate dimeglumine (0·1 mmol kg−1; Berlex Laboratories, Montville, 

NJ, USA). Fat suppression and flow saturation pulses were used as previously reported [10].

The MRIs were transferred to a Macintosh computer system (Apple, Cupertino, CA, USA) 

for analysis. The initial and final images were matched for anatomic position by using 

distances from the renal arteries and iliac bifurcation as previously validated [10], so that 

true serial data on atherosclerotic progression/regression could be obtained. The 6 cm of 

aorta immediately distal to the left renal artery, corresponding to 20 contiguous MRI 

segments, were selected for vessel wall measurements. Cross-sectional areas of the lumen 

and vessel wall were determined by a validated semiautomatic quantification method 

programmed on ImageJ (National Institutes of Health, Bethesda, MD, USA) that determined 

the lumen area and vessel wall area (vessel wall area = total vessel area – lumen area); the 

intra-observer variability for vessel wall measurement using this automated program was 

2·1%, indicating high reproducibility of measurement [15]. For each animal at each time 

point, measurements from the 20 contiguous MRIs were averaged, and the mean values for 

each rabbit were considered for statistical analysis.

Micro-computed tomography

Within 24 h of the final MRI, the rabbits were euthanized by intravenous injection of 150 

mg kg−1 sodium pentobarbital (Sleepaway, Fort Dodge Animal Health). Prior to euthanasia, 

the animals received heparin (100 U kg−1; American Pharmaceutical Partners, Schaumberg, 

IL, USA) to prevent post-mortem thrombosis. The aortas were cannulated at the level of the 

diaphragm and immediately flushed proximally and distally with 250 mL of 0·1 M 

phosphate-buffered saline (PBS), pH 7·4. The abdominal aorta was further flushed with 250 

mL of cold (4 °C) perfusion fixative at 100 mmHg (4% paraformaldehyde in PBS). Using 

anatomic landmarks observed by MRI, the abdominal aorta was excised, immersed in fresh 

fixative with preserved in situ configuration, and then stored at 4 °C for one week to fix the 

tissue. A 6 cm section distal to the left renal artery, which corresponded to the segment 

analysed by MRI, was then washed free of formaldehyde using distilled water and immersed 

in PBS prior to μCT image acquisition. X-ray images of the aorta were obtained using a GE 

Healthcare eXplore SP Pre-Clinical Specimen Micro-CT system (General Electric, London, 

ON, Canada). For image acquisition, 360 consecutive X-ray projections were obtained using 

an exposure time of 1·7 s, at 80 kVp and 80 mA, and a voxel resolution of 21 μm. For each 
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projection, five exposures were obtained and averaged to produce a high contrast low noise 

image. The raw images were corrected for possible pixel defects in the digital detector using 

bright and dark fields, and a standard reconstruction algorithm included in the GE analysis 

system was applied to generate three-dimensional volumes from the planar projections. 

Mineral density within the volumes was calibrated using a phantom containing 

hydroxyapatite, air and water, which was included with each scan. For the analysis of 

calcified tissue, the volume enclosing the entire 6 cm aorta segment was selected. Images 

were segmented into calcified and non-calcified tissue on each volume of interest using a 

global threshold method [16]. After calibration and identification of calcified tissue, the 

amount of calcium in the sample was quantified using the Tissue Mineral Content tool in the 

Advanced Bone Analysis software from GE Healthcare. Mineral organization in the volume 

was assessed using a method based upon a previously established analysis by intravascular 

ultrasound (IVUS) [17]. Three-dimensional images were reconstructed for the 20 contiguous 

3 mm sections corresponding to the MRI slices; the largest arc of calcium in each cross-

section was identified, and the arc was measured in degrees with a protractor centred on the 

vessel lumen.

Histopathology and immunohistochemistry

Following μCT, the aorta segment analysed by MRI and μCT was cut into 3 mm sections 

corresponding to the imaging analysis segments. Specimens were paraffin-embedded and 

cut into serial 5-μm thick sections. Within each 3 mm segment, a section was stained with 

Masson’s trichrome elastic stain and additional sections stained immunohistochemically 

with RAM-11 antibody for macrophages (Dako, Carpenter, CA, USA), α-actin for vascular 

smooth muscle cells (Sigma-Aldrich, St Louis, MO, USA), and matrix metalloproteinase-1 

(MMP-1, Laboratory Vision, Fremont, CA, USA). The abdominal aorta superior to the left 

renal artery was separately processed by Oil Red O method for lipid deposition. 

Histopathological analysis was performed using a computer-based quantitative colour image 

analysis system (ImageJ) to assess the percentage of stained area for each section.

Western blot analysis

Immediately after euthanasia, the descending thoracic aorta was flushed with physiological 

buffer as above and snap-frozen in liquid nitrogen. The frozen aortas were pulverized and 

homogenized in lysis buffer (50 mmol L−1 Tris-HCl, 1 mmol L−1 EDTA, 1% Triton X-100, 

0·1 mg mL−1 PMSF, pH 7·4). Equal amounts of protein (50 μg lane−1) estimated by 

bicinchoninic acid reagent (Pierce Biotechnology, Rockford, IL, USA) were loaded in 10% 

PAGE to quantify protein expression. Western blot analysis was performed with antibodies 

against bone morphogenetic protein-2 [BMP-2, Santa Cruz Biotechnology N-14 (sc-6895); 

Santa Cruz, CA, USA], cyclooxygenase-2 (COX-2, Transduction Laboratories #610203), 

monocyte chemoattractant protein-1 [MCP-1, Santa Cruz Biotechnology N-14 (sc-1785)], 

OPG [Santa Cruz Biotechnology N-20 (sc-8468)], and RANKL [Santa Cruz Biotechnology 

N-19 (sc-7628)]. After incubation with their respective peroxidase-labelled 

immunoglobulins, antibody visualization was performed by the chemiluminescent method 

SuperSignal® (Pierce Biotechnology) and evaluated by densitometry (ImageJ).
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Statistical analysis

Measurements with multiple observations per rabbit (i.e. MRI, μCT, histopathology) were 

averaged so that each rabbit represented a single observation per time point. The paired t-test 

was used for the serial MRI measurements to compare within groups the change from initial 

imaging to study conclusion. After testing for normal distribution and equality of variances 

with Levene’s F-test, the unpaired t-test was used for all single time point measurements 

(i.e. μCT, histopathology, Western blot) to compare between OVX and SHAM (SPSS 

v11·0·2; Chicago, IL, USA). All probabilities were two-sided with P < 0·05 considered 

statistically significant. All values are expressed as mean ± standard error of the mean 

(SEM).

Ethical considerations

The study protocol was approved by the Institutional Animal Care and Use Committee of 

the Mount Sinai School of Medicine. The authors had full access to the data and take 

responsibility for its integrity. All authors have read and agree to the manuscript as written.

Results

Effects on plasma lipid levels, body weight and bone

There were no statistically significant differences in lipid parameters between OVX and 

SHAM (Table 1). There were no significant differences in body weight at baseline or end of 

follow-up. As expected, the OVX group experienced a decline in uterine weight and an 

increase in osteoporosis as described per similar ovariectomy models [18,19].

Changes in aorta vessel wall measured by serial MRI

No statistically significant differences in vessel wall dimensions were seen between OVX 

and SHAM (Table 2). Qualitative analysis of plaque composition by multicontrast MRI 

suggested increased lipid deposition (higher signal intensity in T1W and PDW and lower in 

T2W) in OVX compared to SHAM. Areas of vascular calcification (low signal intensity in 

T1W, T2W and PDW) were more pronounced in the OVX group. To confirm these 

differences in calcification, all aortas were examined by μCT.

Vascular calcification assessment by μCT

Mineralization was greatest in OVX, both by weight and particle number, compared to 

SHAM, but no differences in calcification morphology, as assessed by arc of calcium 

deposition, were observed (Table 3). In all groups, the areas of calcification predominated in 

the neointima. Representative μCT images are seen in Fig. 1.

Plaque composition

Confirming the observation by MRI, post-mortem histopathological analysis demonstrated 

an 80% increase (P = 0·008) in lipid content (Oil Red O) and a 57% decrease (P = 0·0002) 

in smooth muscle cell area (α-actin) in OVX compared to SHAM as seen in Fig. 2. No 

statistically different observations were made for macrophage content (RAM-11), but 
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macrophage activity as assessed by MMP-1 expression was increased in OVX by 130%, P = 

0·010 (Fig. 2).

Plaque activity

A significant 66% increase in OPG:RANKL ratio was seen in OVX (P = 0·029), primarily 

driven by a decrease in RANKL by 36%, P = 0·019 (Fig. 3). When comparing OVX vs. 

SHAM, no differences were observed with other bone active proteins such as BMP-2 (0·37 

± 0·05 vs. 0·33 ± 0·06 arbitrary units, respectively), nor with measures of inflammation (i.e. 

COX-2: 0·47 ± 0·05 vs. 0·49 ± 0·02 and MCP-1: 0·40 ± 0·01 vs. 0·37 ± 0·02 arbitrary units, 

respectively).

Discussion

Consistent with epidemiological findings [3], our study demonstrates that loss of 

endogenous sex hormone production by experimental menopause (i.e. ovariectomy) results 

in increased aortic atherosclerotic calcification burden. The observed changes in 

OPG:RANKL vascular expression may explain this finding. Increased vascular calcification 

could possibly explain the increased incidence of cardiovascular events in women after 

menopause.

Increased mineralization within atherosclerotic lesions could potentially destabilize plaques 

leading to increased acute coronary syndrome (ACS). Microcalcifications, previously 

undetectable by prior methods but now visible by μCT, cause local stress concentrations that 

can dramatically lower the rupture threshold of vulnerable plaques [20]. The four-fold 

increase in vascular calcification seen in our model after ovariectomy may therefore 

represent a possible heightened risk of ACS consistent with the predictive accuracy of the 

coronary calcium score to determine risk of future cardiovascular events [1]. Recent 

prospective clinical trials, however, suggest that quantity of calcification alone may not 

completely explain this phenomenon.

In clinical trials which used the coronary calcium score as predetermined end points, 

intensive statin therapy which has been demonstrated to significantly reduce cardiovascular 

events [21,22], also significantly increased vascular calcification [23,24]. Thus, a paradox 

exists in which therapies known to reduce cardiovascular events (i.e. intensive statin 

therapy) also increase a marker for known cardiovascular risk (i.e. calcium score). A 

possible explanation for this paradox is that microcalcifications may increase the risk by 

decreasing the rupture threshold, but as calcifications coalesce, the rupture threshold 

increases since the surface area of the interface between calcification and other soft tissues 

decreases [5]. In our study, we found that the increase in calcification in the ovariectomized 

animals was driven primarily by particle number as opposed to particle size; therefore, 

unlike therapies which may increase calcification confluence [25], loss of endogenous sex 

hormone production may increase risk by increasing the quantity of plaque-destabilizing 

microcalcifications.

The increase in OPG:RANKL ratio as a possible explanation for the mechanism behind the 

increase in calcification in the ovariectomized group is intriguing on several levels. OPG 
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and RANKL are produced by vascular endothelial and smooth muscle cells, but the factors 

that lead to an inhibition of RANKL expression, which was the primary driver of the 

increased OPG/RANKL ratio with ovariectomy seen in our study, are unknown [26]. 

Inflammatory cytokines typically increase both vascular RANKL and OPG expression, but 

the inhibitory mechanisms to decrease RANKL expression remain an area of active 

investigation. Down-regulation of RANKL may prevent calcification resorption by 

osteoclast-like cells leading to increased mineral deposition. In bone, OPG:RANKL ratio is 

decreased after menopause resulting in osteoporosis [6], so our finding that the change in 

OPG:RANKL is opposite in vascular tissue may explain how osteoporosis and calcifying 

atherosclerosis can occur concurrently. Furthermore, treatments that target the OPG/

RANKL cytokine signalling pathway for osteoporosis [27] may therefore yield unexpected 

and possibly unwanted effects upon vascular calcification.

Limitations

Although our study found an association between ovariectomy, change in OPG:RANKL and 

quantity of vascular calcification, causality has not been definitively determined. Such an 

experiment would require a RANKL inhibitor such as denosumab [27]; however, 

denosumab does not have activity against rabbit RANKL (Ralph Zitnik, MD, Amgen Inc., 

unpublished data, 2006). Nevertheless, the finding of increased calcification without change 

in calcification morphology is strongly consistent with increased OPG:RANKL and no 

change in BMP-2, as we have found in this experiment. Also, our analysis was performed on 

a per aorta basis and does not take into account that OPG and RANKL activity may be 

heterogeneous and higher in calcification border zones. Furthermore, as with all 

experimental animal models of human disease, a further limitation is that the model used did 

not have human cells and while suggestive of human atherosclerotic disease, is derived by 

experimental methods that do not replicate the time course and histopathological distribution 

of natural human atherosclerosis. However, this model is well validated [10–14], and similar 

experimentation in humans is unfeasible because of ethical considerations.

Conclusion

Our data show that ovariectomy results in increased vascular microcalcification, which may 

increase plaque vulnerability. This finding is consistent with epidemiological findings of 

increased vascular calcification after menopause and a subsequent rise in cardiovascular 

events. The possible mechanism behind this increased mineralization, an increase in the 

OPG:RANKL ratio, may have implications upon therapies that target this cytokine 

signalling pathway for treatment of bone disorders.
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Figure 1. 
Representative microcomputed tomography (μCT) images of the aorta windowed for 

calcification determination (each column contains a 6 centimetre segment of the infrarenal 

abdominal aorta) demonstrating increased vascular mineralization in the ovariectomized 

group. OVX: ovariectomized group; SHAM: sham-operated control group.
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Figure 2. 
Histopathological analysis of aortic vessel wall composition. Oil Red O positive area 

corresponds to lipid deposition, α-actin to smooth muscle, and RAM-11 to macrophage 

content. *P < 0·05 vs. SHAM. All values expressed as mean percent area ± SEM for each 

treatment group. OVX: ovariectomized group (n = 12); SHAM: sham-operated control 

group (n = 12).
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Figure 3. 
Bar graph quantification and representative Western blot images for osteoprotegerin (OPG), 

receptor activator of nuclear factor-κB (RANKL) and GADPH (Arbitrary Units ± SEM); *P 

< 0·05 vs. SHAM. There were no observable differences in GADPH level. OVX: 

ovariectomized group (n = 12); SHAM: sham-operated control group (n = 12).
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Table 1

End of follow-up serum plasma lipid levels

OVX SHAM P

Total cholesterol 573 ± 88 682 ± 91 0·40

LDL cholesterol 454 ± 62 605 ± 82 0·16

HDL cholesterol 55 ± 9 66 ± 11 0·47

Triglycerides 67 ± 24 59 ± 6 0·76

All serum lipid values expressed as mg dL−1 ± SEM, P < 0·05 considered statistically significant. OVX: ovariectomized group (n = 12);

SHAM: sham-operated control group (n = 12).
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Table 2

Vessel wall dimensions as assessed by MRI

Vessel wall area Average wall thickness Minimum wall thickness Maximum wall thickness

OVX 4·9 ± 0·2 mm2 586 ± 10 μm 326 ± 9 μm 858 ± 18 μm

SHAM 5·4 ± 0·1 mm2 589 ± 11 μm 331 ± 14 μm 869 ± 15 μm

All values expressed as the mean ± SEM at end of follow-up. All P = n.s. OVX: ovariectomized group (n = 12); SHAM: sham-operated control 
group (n = 12).
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Table 3

Quantitative analysis of vessel calcification by μCT and osteoprotegerin (OPG) and receptor activator of 

nuclear factor κB ligand (RANKL) expression by Western blot analysis

Mineral density (mg cm−3) Particle density (particles cm−3) Calcific arc angle OPG/RANKL (Arbitrary unit ratio)

OVX 8·4 ± 2·8* 94 ± 26* 33 ± 7° 1·81 ± 1·06*

SHAM 1·9 ± 0·6 33 ± 7 33 ± 5° 1·09 ± 0·81

All values expressed as mean ± SEM;

*
P < 0·05 vs. SHAM.

OVX: ovariectomized group (n = 12); SHAM: sham-operated control group (n = 12).
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