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Abstract
Objective—Osteoporosis trials suggest raloxifene decreased cardiovascular events in women
with preexisting atherosclerosis. We assessed the hypothesis that selective estrogen receptor
modulation induces plaque stability in “menopausal” animals.

Methods and Results—Atherosclerosis was induced in 42 ovariectomized New Zealand White
rabbits by cholesterol feeding and mechanical injury. Animals were imaged by magnetic
resonance (MRI) for baseline atherosclerosis, and randomized to control (OVX, n=12), raloxifene
35–60 mg/kg/day by diet admixture (RLX, n=24), or immediate sacrifice (n=6) for
immunohistopathologic correlation of MRI. Six months later, rabbits underwent repeat MRI then
sacrifice for micro-computed tomography (μCT) and molecular analysis. Unlike OVX, RLX
reduced atheroma volume. Analysis for lesion inflammation revealed reductions in COX-2,
MMP-1, MCP-1 expression and macrophage infiltration in RLX vs. OVX with concomitant
upregulation of estrogen receptor α. μCT showed similar total vascular calcification between
groups, but calcifications in RLX were less nodular with better radial organization (mean calcific
arc angle 63 ± 7° vs. 33 ± 6° in OVX), the predicted result of a 53% increase in BMP-2.

Conclusions—Raloxifene treatment results in reduced lesion volume, enhanced mechanical
stability of vascular calcification, and less inflamed lesions characterized by less macrophage
infiltration and reduced COX-2, MMP-1 and MCP-1 expression.
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The past twenty years have seen the cardiovascular mortality rate for women surpass that for
men, and the gap has continued to widen; today, 1 in 2 postmenopausal women have
cardiovascular disease.1 Attempts at narrowing this disparity have thus far been
unsuccessful. The 20th century paradigm of postmenopausal cardiovascular protection from
hormone therapy (HT), encapsulated in the 1993 National Cholesterol Education Program
Adult Treatment Panel II recommendation of HT as a therapeutic option for
hypercholesterolemia that has adjunctive cardiovascular benefit,2 has since been refuted by
multiple clinical trials despite its confirmed lipid-modifying effects.3, 4

Recent efforts at female-specific pharmacologic therapies have focused on selective
estrogen receptor modulators (SERMs). Most pertinently, post-hoc analysis from an
osteoporosis treatment trial in post-menopausal women (the Multiple Outcomes of
Raloxifene Evaluation, MORE) found that those women at high-risk for coronary artery
disease (i.e., a secondary prevention population most likely to have established
atherosclerotic lesions) treated with the SERM raloxifene had 40 percent fewer
cardiovascular events than those on placebo.5 The Raloxifene Use for the Heart (RUTH)
study, which was a double-blind, placebo-controlled, randomized clinical trial of this
SERM’s use in a patient population without pre-specified osteoporosis did not confirm this
benefit.6, 7

The mechanism of raloxifene’s potential effects upon atherosclerotic lesions is not
completely understood. Pre-clinical animal models have shown that raloxifene, similar to
HT, inhibits atherosclerosis,8, 9 but its effect upon vascular calcification is unknown. HT
results in less calcified plaques10 without clear reduction in cardiovascular events,11 yet
statins, a therapy with clear reductions in cardiovascular events, increase calcification.12, 13

As a bone-active drug used for the treatment of osteoporosis in post-menopausal women,
raloxifene has been speculated to affect vascular calcification morphology. An in vitro
model demonstrated that raloxifene increases bone-morphogenetic protein-2 (BMP-2)
promoter activity.14 BMP-2 is a potent bone morphogen, and in vitro studies suggest that
vascular calcifications form in stripe-like ridges with BMP-2 upregulation whereas its
downregulation would result in more nodular mineralization.15 Statins, which have been
demonstrated to reduce cardiovascular morbidity and mortality, also increase BMP-2.16 It
has been postulated that such morphological changes in vascular calcification affects plaque
stability.17

The ideal SERM then for the prevention of cardiovascular events should reduce lesion size
without increasing plaque instability. This study assessed the hypothesis that raloxifene
limits characteristics of plaque vulnerability by reducing atherosclerotic burden, and
decreasing plaque inflammation while enhancing the structure of vascular calcification in
the osteoporotic animal.

METHODS
Experimental model of atherosclerosis

As raloxifene is used primarily in osteoporotic post-menopausal women, 42 female New
Zealand White rabbits (Covance Research Products; Denver, Pennsylvania) were
ovariectomized after sexual maturity (age 5 months, 3.3 ± 0.2 kg). One month post-
operatively, aortic atherosclerotic lesions were induced by 9 months of 0.2% cholesterol-
enriched rabbit diet (WIL Research Laboratories; Ashland, Ohio) and double balloon-
induced aortic endothelial denudation as previously described.18–23 All procedures were
performed under general anesthesia by intramuscular injection of acepromazine (1 mg/kg;
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Boehringer Ingelheim Vetmedica; St. Joseph, Missouri), ketamine (20 mg/kg; Fort Dodge
Animal Health; Fort Dodge, Iowa), and xylazine (2 mg/kg; Lloyd Laboratories;
Shenandoah, Iowa). This experimental model of atherosclerosis has reliably demonstrated
reproducible development of advanced atherosclerotic lesions,18–23 and the study protocol
was approved by the Institutional Animal Care and Use Committee of the Mount Sinai
School of Medicine.

Study design
After 9 months of atherosclerosis induction, the animals were randomized into four groups:
(A) raloxifene (Eli Lilly & Company; Indianapolis, Indiana) 35 mg/kg/day admixed in 0.1%
cholesterol diet for six months (Low RLX; n=12), (B) raloxifene 60 mg/kg/day admixed in
0.1% cholesterol diet for six months (High RLX; n=12), (C) a placebo-control group
receiving 0.1% cholesterol diet alone (OVX; n=12) for six months, or (D) to immediate
sacrifice for baseline atherosclerosis control (n=6). Previous pharmacokinetic data in rabbits
have shown that the doses chosen have been demonstrated to produce plasma raloxifene
concentrations in a similar range to those found in postmenopausal women treated with
raloxifene.9 Given the current mandate for statins as a mainstay of lipid-lowering therapy for
atherosclerotic diseases, the cholesterol content of the diets was reduced during the
treatment period (i.e., after randomization) to mimic the hypolipidemic effect of statin
therapy without potentially confounding pleiotropic effects associated with this drug class.
Six months after randomization into the treatment groups, all rabbits were sacrificed for
histopathology, molecular study and ex vivo micro-computed tomography (μCT).
Development of osteoporosis was confirmed by μCT.24, 25 All rabbits were imaged in vivo
by magnetic resonance imaging (MRI) immediately prior to randomization and prior to
sacrifice. The sample size was calculated to detect change in aortic vessel wall area as
assessed by serial MRI (the pre-specified primary endpoint) based upon a power of 0.8 and
α of 0.05, observations from a prior experimental model of raloxifene administration, and
measurement error from prior MRI studies in our laboratory using the same experimental
model.9, 18–23 Observers for all measurements (MRI, histopathology, Western blot, platelet
aggregometry and μCT) were blinded to treatment group.

In vivo magnetic resonance imaging of atherosclerotic lesions
The animals were anesthetized as above and placed supine in a 1.5-Tesla MRI system
(Siemens Medical Solutions; Malvern, Pennsylvania) using a conventional extremity coil.
Gradient-echo coronal and sagittal images were used to localize the abdominal aorta, and
sequential transverse images (3-mm thickness) of the aorta were obtained from the celiac
trunk to the iliac bifurcation using a fast spin-echo sequence (total imaging time 1 hour) 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
minutes after injection of gadopentetate dimeglumine (0.1 mmol/kg; Berlex Laboratories;
Montville, New Jersey). Fat suppression and flow saturation pulses were used as previously
reported.19

The acquired MRIs were transferred to a Macintosh computer system (Apple; Cupertino,
California) for analysis. The pre- and post-treatment images were matched for anatomic
position by using distances from the renal arteries and iliac bifurcation as previously
validated,19 so that each animal served as its own control and 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 semi-automatic quantification method programmed on ImageJ
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(National Institutes of Health; Bethesda, Maryland) 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.26 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.

Whole-blood platelet aggregation
Prior to euthanasia, whole blood was collected in 3.2% sodium citrate vacutainers by
phlebotomy via the middle ear artery. Within an hour of phlebotomy, platelet aggregation to
adenosine diphosphate (ADP; 10 and 20 μM) was performed in diluted whole blood by the
impedance method using the Chrono-log 570VS aggregometer (Chrono-log; Havertown,
Pennsylvania) as previously described.27

Micro-computed tomography of vascular calcification
Within 24 hours of the final MRI, the rabbits were euthanized by intravenous injection of
150 mg/kg sodium pentobarbital (Sleepaway; Fort Dodge Animal Health). Prior to
euthanasia, the animals received heparin (100 U/kg; American Pharmaceutical Partners;
Schaumberg, Illinois) 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
0.1M 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 1 week to fix
the tissue. A 6-cm section distal to the left renal artery, which corresponded to the segment
analyzed by MRI, was then washed free of formaldehyde using distilled water and immersed
in PBS prior to μCT image acquisition. The potential of MRI to assess calcified tissue in
blood vessels is limited by the nature of its principle of measurement. The presence of
plaque calcifications is determined by the absence of signal intensity on MRI sequences as a
consequence of the reduced number of water molecules in the mineralized tissue which are
responsible for the resonance signal. However, not only calcified tissue results in lack of
signal in MRI (i.e., a black image), but also other components of an atherosclerotic lesion
may exhibit weak signal intensity.28, 29 Conversely, magnetic field inhomogeneities
resulting from diamagnetic susceptibility between calcified and soft tissue have the potential
to lead to overestimation of mineral presence on MRI.30 In contrary, quantitative μCT is
considered the gold standard for assessment of calcified tissue. The CT principle of
measurement is based on the specific absorption to X-rays demonstrated by materials with
different density (e.g., air, water, lipid, mineral, etc.). When calibrated with adequate
phantoms within the scan, images from μCT can provide true information about mineral
density and mineral content in addition to mineral volume. For the above-mentioned
reasons, the specificity of μCT to distinguish mineralized tissue is higher than the one
exhibited by MRI. X-ray images of the aorta were obtained using a GE Healthcare eXplore
SP Pre-Clinical Specimen Micro-CT system (General Electric; London, Ontario). For image
acquisition, 360 consecutive X-ray projections were obtained using an exposure time of 1.7
seconds, at 80kVp and 80mA, and a voxel resolution of 21 μm. For each 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
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and non-calcified tissue on each volume of interest using a global threshold method.31 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).32 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 centered on the vessel lumen (representative
measurements seen in Figures 1C and 1F).

Histopathology and immunohistochemistry
Following μCT, the aortic segments analyzed by MRI and μCT were 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 estrogen receptor α (ERα) antibody (Lab Vision; Fremont, California); RAM-11
antibody for macrophages (Dako; Carpenter, California), α-actin for vascular smooth
muscle cells (Sigma-Aldrich; Saint Louis, Missouri), and matrix metalloproteinase-1
(MMP-1; Lab Vision). The abdominal aorta superior to the left renal artery was separately
processed by Oil Red O method for lipid deposition. Histopathologic analysis was
performed using a computer-based quantitative color 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 physiologic
buffer as above and snap-frozen in liquid nitrogen. The frozen aortas were pulverized and
homogenized in lysis buffer (50 mmol/L Tris-HCl, 1 mmol/L EDTA, 1% Triton X-100, 0.1
mg/ml PMSF, pH 7.4). Equal amounts of protein (50 μg/lane) estimated by bicinchoninic
acid reagent (Pierce Biotechnology; Rockford, Illinois) were loaded in 10% PAGE to
quantify protein expression. Western blot analysis was performed with antibodies against
BMP-2 (Santa Cruz Biotechnology; Santa Cruz, California), cyclooxygenase-1 (COX-1;
Transduction Laboratories; United Kingdom), cyclooxygenase-2 (COX-2; Transduction
Laboratories), ERα (LabVision; Fremont, California), estrogen receptor β (ERβ; Santa Cruz
Biotechnology), and monocyte chemoattractant protein-1 (MCP-1; Santa Cruz
Biotechnology). After incubation with their respective peroxidase-labeled immunoglobulins,
antibody visualization was performed by the chemiluminescent method SuperSignal®
(Pierce Biotechnology) and evaluated by densitometry (ImageJ).

Statistical analysis
Measurements with multiple observations per rabbit (i.e., MRI, μCT, histopathology) were
averaged so that each rabbit represented a single observation per timepoint. Paired t-test was
used for the serial MRI measurements to compare within groups the change from
randomization to study conclusion. After testing for normal distribution and equality of
variances with Levene’s F test, unpaired t-test was used for all single timepoint
measurements (i.e., μCT, histopathology, Western, aggregometry) to compare between
OVX and RLX. Secondary sub-group analyses by treatment dose (i.e., OVX vs. Low RLX
vs. High RLX) were performed using an overall model error and a Bonferroni adjustment
for multiple comparisons (SPSS v11.0.2; Chicago, Illinois). All probabilities are two-sided
with p<0.05 considered statistically significant. All values are expressed as mean ± standard
error of the mean (SEM) or percent change from randomization.
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RESULTS
Effects on plasma lipid levels and body weight

Dyslipidemia was improved in the raloxifene-treated animals without statistically significant
differences between low RLX and high RLX (Table 1). After six months of treatment,
although no significant difference was noted in total cholesterol, LDL-cholesterol, or high-
density lipoprotein cholesterol (HDL), RLX had a more favorable 29% lower LDL:HDL
ratio. There were no significant differences in body weight at baseline or end-of-follow-up,
and effects on uterine weight similar to those previously established with raloxifene were
observed.9

Changes in vessel wall measured by serial MRI
Significant regression in vessel wall area of −5.5 ± 4.5% between baseline and end-of-
follow-up was seen in RLX, but no significant change was seen in OVX (Table 2).
Comparison of pre-treatment versus post-treatment images revealed no significant change in
lumen area in any of the groups (Table 2).

Qualitative analysis of plaque composition by multi-contrast MRI suggested increased lipid
deposition (higher signal intensity in T1W and PDW and lower in T2W) in OVX compared
to RLX. Vascular calcification (low signal intensity in T1W, T2W and PDW) in the RLX-
treated groups was organized in a more circular, concentric manner than in OVX, which
showed more nodular calcifications (Figure 1). The confluence of the mineralization gave
the RLX-treated aortas the appearance of “auto-stenting” by calcification, resembling a
tubular circumferential ring within the neointima (Figures 1B, 1C). To confirm these
differences in calcification, all aortas were examined by μCT.

Vascular calcification assessment by μCT
The decrease in mineralization, both by weight and particle number, seen in RLX was not
statistically significant (Table 3). In all groups, the areas of calcification predominated in the
neointima (Figure 3). With the better image resolution of μCT and superior specificity of
this methodology for calcification matched to a hydroxyapatite phantom, we confirmed the
observations from MRI that the calcifications in the raloxifene groups had significantly
greater arcs of calcium deposition than OVX (Table 3). The mean arc angle in OVX was
approximately half that of the RLX groups. The calcifications in OVX were more nodular in
appearance (Figures 1C, 1F).

Plaque composition by histopathology
Confirming the observation by MRI, post-mortem histopathologic analysis demonstrated a
35% reduction in lipid content (Oil Red O) and a 37% reduction in macrophage area
(RAM-11) with raloxifene therapy as seen in Figure 2. No statistically different observations
were made for smooth muscle content (α-actin). Representative immunohistopathology
photomicrographs with corresponding μCT are presented in Figure 3.

Plaque protein expression
Raloxifene treatment resulted in increased expression of BMP-2 (Table 3) by 53% compared
to OVX, which may explain the mineralization patterns seen by MRI and μCT. MMP-1
positive area (representative photomicrograph in Figure 3 and data presented in Figure 4)
decreased in a dose-dependent manner with raloxifene treatment (OVX 38.3 ± 7.6%, Low
RLX 24.9 ± 3.4%, High RLX 14.5 ± 2.9%). This pattern mirrored that of MCP-1 protein
expression (Figure 4). Raloxifene treatment was also associated with reduced MCP-1
expression by 27% compared to OVX with more significant reduction in the High RLX
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group, p<0.001. Furthermore, raloxifene appeared to reduce COX-2 expression (Figure 4)
by approximately 60% compared to OVX. As expected, no differences were seen in the
constitutive COX-1 (Figure 4). The effects on BMP-2, COX-2, MCP-1, and MMP-1
dovetailed with the approximately doubled ERα expression seen in the raloxifene-treated
groups (Figure 4). Raloxifene at the concentrations in this study is more specific to ERα
than ERβ,33 but the marginal increase in ERβ seen in the High RLX group was not
statistically significant (Figure 4). As seen in Figure 5, the increased ERα expression was
specific to the inflammatory infiltrative cells.

Whole-blood platelet aggregation
ADP-induced platelet aggregation in the raloxifene-treated groups was significantly lower.
When stimulated by ADP 10 μM, RLX aggregation was 1.3 ± 0.4Ω versus 3.6 ± 0.4Ω for
OVX; when stimulated by ADP 20 μM, RLX aggregation was 1.6 ± 0.4Ω versus 4.8 ± 0.4Ω
for OVX.

DISCUSSION
Our study may indicate that raloxifene not only induces in vivo regression of established
atherosclerotic lesions but also alters plaque morphology and activity to a more stable
phenotype in the setting of concomitant osteoporosis. If raloxifene treatment in humans
results in the same conformational and metabolic changes in the vessel wall as seen in our
model, we would expect to see a reduction in the likelihood of plaque rupture and
subsequent acute coronary syndrome (ACS).

This study is also the first to provide in vivo evidence of BMP-2 upregulation resulting in
linear vascular mineralization as was predicted by mathematical models in an in vitro
study15 and the first to demonstrate that vascular calcification is pharmacologically
modifiable in vivo. The greater specificity and order-of-magnitude image-resolution
advantage of μCT over MRI allowed superior in situ characterization of calcification
morphology. The mineralization in the raloxifene-treated aorta conforms to a more “stent-
like” intimal mechanical scaffold – concentric and continuous versus nodular and
discontinuous as in the control animals. Regarding plaque composition, we confirmed prior
experimental observations of decreased lipid deposition in raloxifene-treated rabbits9 and
also observed decreased macrophage infiltration in the vascular wall as predicted by in vitro
study of human coronary artery endothelial cells treated with raloxifene.34 Even though
BMP-2 upregulation has been associated with decreased vascular smooth muscle cell
growth,16 we only observed a non-significant trend in this direction. Plaque activity was
consistent with a reduction in inflammation in RLX as seen by significant reductions in
MMP-1, MCP-1 and COX-2 (an inflammatory-induced COX isoform) 35. A concern for
COX-2 inhibition is a potential pro-thrombotic effect resulting in increased cardiovascular
events.36 Despite its COX-2 inhibitory effect, raloxifene did not result in greater arterial
platelet aggregation, implying either that the scope of the COX-2 inhibition is confined
within the lesion and does not significantly affect prostacyclin release or result in unopposed
thomboxane-A2 upregulation or that raloxifene otherwise independently exerts some anti-
platelet effect, as suggested by other experimental models.37, 38 This result suggests that
although raloxifene is known to be pro-coagulatory and increase venous thomboembolic
events,39 in the higher shear arterial system in which platelets play a greater role in
thrombotic complications, raloxifene treatment reduces a platelet-derived prothrombotic
potential.

Given the mild hypolipidemic effect of raloxifene therapy,40 the modest reduction in vessel
wall area compared to more robust lipid-lowering therapies such as statins was not
unexpected.41 Multiple animal studies have demonstrated that raloxifene reduces the size of
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atherosclerotic lesions,8, 9 and pursuant to these other studies, perhaps the marginal changes
in lipid parameters (LDL reduction, HDL elevation) may have contributed to the differences
in lipid deposition seen in this experiment. Alternatively, the atheroma regression may have
occurred completely independent of systemic cholesterol levels and may have been
mediated via the anti-inflammatory effects seen in vascular wall.18

Our study reveals an anti-inflammatory effect of raloxifene in the atherosclerotic lesion,
possibly mediated by ERα as suggested by its increased protein expression, specific
localization to inflammatory cells within the atherosclerotic vessel, and ERα’s known role
in atheroprotective effects.42 Down-regulation of COX-2 in the vessel wall would decrease
prostaglandin E2 release, which may explain the relative MMP inactivity seen in the
raloxifene-treated animals. With less MMP, the vessel is subject to less enzymatic activity,
matrix degradation and mononuclear cell infiltration, corroborated by the decrease seen in
MCP-1 in the raloxifene groups; the ultimate result confirmed by decreased macrophage
content seen in the vessel wall. Therefore, the plaques in the raloxifene-treated animals have
less macrophage infiltration than in the controls who have unopposed inflammation.

Furthermore, the more evenly distributed calcifications with greater confluence and radial
organization than the nodular pattern seen in the controls may be explained by the fact that
raloxifene is a known upregulator of BMP-2.14 Upregulation of this morphogen predisposes
vascular mesenchymal cells to self-organize into regularly spaced, stripe-like ridges whereas
BMP-2 downregulation results in spot calcification.15 This radial organization of the
calcification may render the plaque more stable. Fujii et al demonstrated in an in vivo IVUS
study of human coronary arteries that longer arcs of calcification are less likely to be found
in ruptured lesions.32 In terms of physics, the moment of inertia is increased rendering the
vessel less likely to torque and generate higher shear stresses. Also, discontinuous, nodular
calcifications result in greater von Mises stress creating more mechanical instability at the
calcifications’ interface with its neighboring softer non-calcified tissue.17 Plaques with
confluent concentric calcifications are less likely to rupture than those with discontinuous
nodular ones, and while raloxifene did not result in a significant reduction of mineral
quantity, the mineral organization was more stable.

Limitations
This translational animal study allowed us to investigate the effect of raloxifene on vessel
anatomy by serial imaging as well as to gain insight into the mechanism behind this SERM’s
effects. An obvious limitation of this study is that prior pre-clinical studies with HT failed to
predict accurately the outcomes of the major randomized clinical trials, although the reason
for failure may be that the randomized controlled trials were not designed to repeat the
conditions of the preclinical studies. RUTH, unlike MORE, did not prespecify for
osteoporosis, and our model more closely mimicked the MORE population with
concomitant atherosclerosis and osteoporosis. Nevertheless, the dual anti-atherogenic and
anti-inflammatory effects, as well as the less mechanically disruptive calcification, seen with
this SERM suggest that raloxifene may not increase plaque rupture.

Thought was given to the possibility that the more confluent calcification may result in
“stove pipe” vessels unable to adapt to pulsatile flow, but the amount of calcification
appears to be less in the raloxifene-treated groups in a dose-dependent manner compared to
the ovariectomized controls. A limitation of this study is that the dose-dependent trend in
vascular calcification is not statistically significant; the study may not have been sufficiently
powered to detect this effect as this was not a pre-specified endpoint. Given the anti-
inflammatory effect, one would have expected to see less calcification with raloxifene
therapy since soft tissue calcification generally occurs in areas of chronic inflammation.17

Even if the amount of calcification was equal between the groups, though, vulnerability to
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rupture from “stent-like” calcific scaffolding is likely lower than that from the nodular
variety.

An additional limitation of this study is the reliance of ovariectomy as a surrogate for
menopause. The postmenopausal ovary is not endocrinologically inert,43 but animal models
of menopause rely upon surgical ovariectomy as a matter of necessity and expediency since
mammalian survival after age-dependent ovarian failure is brief with the notable exception
of humans, whose post-menopausal survival may be as much as one-third of lifespan.44, 45

These factors make study of “natural” menopause in the aged mammal logistically difficult.
Nevertheless, our results provide insight into the mechanism of raloxifene in the absence of
gonadally produced endogenous sex hormones.

Conclusion
Our data show that treatment of established atherosclerotic lesions with raloxifene in this
experimental in vivo model results in plaque regression and reduction of lesion vulnerability
via anti-inflammatory effects and enhanced vascular calcification morphology. A
confirmatory clinical trial of raloxifene in osteoporotic women with established
atherosclerotic disease may establish whether these changes translate into true clinical
benefit.
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Figure 1.
Representative axial MRI and μCT images of the abdominal aorta. Raloxifene treatment
(upper panels) resulted in a ring of calcification seen as low signal intensity within the
vessel wall in the T2-weighted image (B) and confirmed in the matching μCT image (C).
The distribution of calcification in the control OVX aortas was less organized and more
nodular (E, F); yellow arrowheads identify matching calcifications. Corresponding pre-
treatment MR images are seen in panels (A) and (D). The largest arc of calcification was
measured for each μCT image (C, F). Ao: aorta; IVC: inferior vena cava.
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Figure 2.
Histopathologic analysis of aortic vessel wall composition. Oil Red O positive area
corresponds to lipid deposition, RAM-11 to macrophage content, and α-actin to smooth
muscle. *p<0.05 versus OVX. All values expressed as mean percent area ± SEM for each
treatment group. OVX: ovariectomized control group (n=12); RLX: raloxifene therapy
group (Low: low-dose, n=12, High: high-dose, n=12).
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Figure 3.
Representative immunohistopathology photomicrographs of axial sections of the abdominal
aorta with corresponding μCT images demonstrating location of calcification. Upper panels
are from a raloxifene-treated animal; lower panels, from ovariectomized control. RAM-11
staining for macrophages are seen in panels (A) and (E); α-actin for smooth muscle cells,
panels (B) and (F); matrix metalloproteinase-1 (MMP-1), panels (C) and (G); μCT, panels
(D) and (H).
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Figure 4.
Plaque activity assessed by immunohistochemistry for matrix metalloproteinase-1 (MMP-1)
[%vessel wall staining positively ± SEM] and by Western blot analysis for monocyte
chemoattractant protein-1 (MCP-1), cyclooxygenase-2 (COX-2), cyclooxygenase-1
(COX-1), estrogen receptor-α (ERa) and estrogen receptor-β (ERb) protein expression
[Arbitrary Units ± SEM]; *p<0.05, †p<0.01, and ‡p<0.001 versus OVX. OVX:
ovariectomized control group (n=12); RLX: raloxifene therapy group (Low: low-dose,
n=12, High: high-dose, n=12).

Choi et al. Page 16

Atherosclerosis. Author manuscript; available in PMC 2012 July 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Increased nuclear staining of estrogen receptor-α (ERa), with brown-stained nuclei, is
highly specific to the inflammatory infiltrative cells within the atherosclerotic aorta as seen
in cross section by light microscopy (10x). Lu: lumen; Li: lipid pools.
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Table 1

End-of-follow-up serum plasma lipid levels.

OVX (n=12) RLX (n=24) p

Total Cholesterol 573 ± 88 520 ± 59 0.61

LDL-Cholesterol 454 ± 62 403 ± 48 0.53

HDL-Cholesterol 55 ± 9 73 ± 9 0.25

Triglycerides 67 ± 24 58 ± 10 0.70

LDL:HDL Ratio 9.3 ± 0.5 6.6 ± 0.5 0.004

All serum lipid values expressed as mg/dl ± SEM, p<0.05 considered statistically significant. OVX: ovariectomized control group; RLX:
raloxifene therapy group.
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Table 2

Changes in vessel wall dimensions from baseline to end-of-follow-up as assessed by MRI.

Lumen Area Vessel Wall Area

OVX (n=12) −1.2 ± 7.5% −1.9 ± 3.4%

Low RLX (n=12) −0.5 ± 13.5% −4.8 ± 6.4%

High RLX (n=12) −1.4 ± 17.4% −6.2 ± 6.6%

All RLX (n=24) −0.9 ± 10.7% −5.5 ± 4.5% *

All values expressed as the percent change ± SEM between baseline (at randomization) and end-of-follow-up.

*
p<0.05 versus baseline.

OVX: ovariectomized control group; RLX: raloxifene therapy group (Low: low-dose, High: high-dose).
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Table 3

Quantitative analysis of vessel calcification by μCT and corresponding bone morphogenetic protein-2
(BMP-2) expression by Western blot analysis.

Mineral Density (mg/cm3) Particle Density (particles/cm3) Calcific Arc Angle BMP-2 (Arbitrary Units)

OVX (n=12) 8.4 ± 2.8 94 ± 26 33 ± 7° 37.7 ± 0.1

Low RLX (n=12) 6.4 ± 2.1 89 ± 27 67 ± 10° * 62.5 ± 0.1

High RLX (n=12) 5.8 ± 2.0 79 ± 23 60 ± 11° 53.9 ± 0.1

All RLX (n=12) 6.1 ± 1.4 85 ± 17 63 ± 7° † 58.2 ± 0.1 *

All values expressed as mean ± SEM;

*
p<0.05 and

†
p<0.01 versus OVX.

OVX: ovariectomized control group; RLX: raloxifene therapy group (Low: low-dose, High: high-dose).
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