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Statin Effects on Vascular Calcification
Microarchitectural Changes in Aortic Calcium Deposits in Aged  
Hyperlipidemic Mice

Joshua Zhaojun Xian, Mimi Lu, Felicia Fong, Rong Qiao, Nikhil Rajesh Patel , Dishan Abeydeera, Sidney Iriana,  
Linda L. Demer , Yin Tintut

OBJECTIVE: Statins lower cardiovascular event risk, yet, they paradoxically increase coronary artery calcification, a marker 
consistently associated with increased cardiovascular risks. As calcium deposits influence rupture risk due to stress 
from compliance mismatch at their surfaces, we hypothesized that statins may lower cardiovascular risk by altering the 
microarchitecture of calcium deposits. Thus, using mice with preexisting vascular calcification, we tested whether pravastatin 
reduces the mineral surface area of calcium deposits.

APPROACH AND RESULTS: Aged Apoe−/− mice were treated with pravastatin or vehicle for 20 weeks. Aortic calcification was 
assessed by in vivo micro-computed tomography/micro-positron emission tomography using fluorine-18-labeled sodium 
fluoride at weeks 0, 10, and 20 and by histomorphometry at euthanasia. Micro-computed tomography analysis showed 
that, in both groups, the amount of vascular calcification increased significantly over the 20-week period, but pravastatin 
treatment did not augment over the controls. In contrast, the micro-positron emission tomography analysis showed that, at 
week 10, the pravastatin group had less 18F uptake, suggesting reduced surface area of actively mineralizing deposits, but 
this decrease was not sustained at week 20. However, a significant difference in the mineral deposit size was found by 
histomorphometry. The pravastatin group had significantly more aortic microcalcium deposits (<50 µm in diameter) than the 
controls. The pravastatin group also had more vascular cells positive for alkaline phosphatase activity than the controls. The 
amount of collagen and osteopontin, additional osteoblastic markers, were not significantly different between the 2 groups.

CONCLUSIONS: These results suggest that pravastatin treatment alters the microarchitecture of aortic calcium deposits with 
potential effects on plaque stability.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Cardiovascular calcification has been associated with 
increased morbidity and mortality.1 Particularly, in the 
coronary arteries, calcification has been long estab-

lished as a strong predictor of cardiovascular disease 
and poor prognosis2,3 potentially due to plaque rupture.

See accompanying editorial on page 1306

Although 3-hydroxy-3-methylglutaryl (HMG) CoA 
reductase inhibitors (statins), are associated with 
reduced cardiovascular risks,4–10 they are also associated 

with increased progression of coronary and aortic calcifi-
cation,6,8 which is associated with increased cardiovascu-
lar risk.11–13 In an effort to explain this paradoxical effect, 
some studies suggest that statin-induced progression 
of calcification may proceed in some as-of-yet unknown 
manner that increases the amount of calcification while 
reducing cardiovascular risk, such as by changing the 
size distribution or density of calcium deposits.5,7,14 It 
is conceivable that a change in microarchitecture may 
decrease rupture risk, such as reduced mineral surface 
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area, which may occur by the coalescence of small 
deposits and/or decreased porosity. Surface area is 
expected to influence rupture because rupture stress is 
greatly magnified at the edges of calcium deposits fac-
ing solid stresses13 as a result of compliance mismatch.15 
Thus, it is possible that coalesced calcium deposits with 
reduced surface area may pose less risk of debonding 
and subsequent plaque rupture. Since fluoride adsorbs to 
surfaces of actively mineralizing apatite mineral depos-
its with high affinity,16 18F-NaF micro-positron emission 
tomography (µPET) imaging may serve as a marker to 
quantify surface area of cardiovascular calcium deposits.

We previously found such a reduction in surface area of 
aortic calcium deposits in mice treated with parathyroid hor-
mone (PTH)17 and those subjected to treadmill exercise.18 
Given that previous clinical trials show increased levels of 
serum PTH with statin treatment,19,20 we tested the effects 
of pravastatin on serum PTH levels in this report. We also 
assessed the progression and microarchitecture of vascular 
calcium deposits using a mouse model where pravastatin 
has previously been shown to increase plaque calcification.21

MATERIALS AND METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request. The 
materials listed in the Methods are described in detail in the 
Data Supplement.

Animals and Treatments
Female apolipoprotein E-null (Apoe−/−) mice (C57BL/6J back-
ground, The Jackson Laboratory, Bar Harbor, ME) were fed a 
normal laboratory diet (Teklad 7013, Envigo, IN), and vascular 
calcification was allowed to develop as they aged. To have an 
adequate number of subjects and avoid confounding effects, 
female mice were chosen for this study, as they have been 
shown to have more vascular calcification than male mice.22 As 
shown in Figure 1, at 56 weeks of age, the mice were separated 
into 2 groups, a control group (n=20) and a group treated with 
pravastatin (LKT Laboratories, Inc, St. Paul, MN) in the drink-
ing water (dosage of 40 mg/kg of mouse body weight, n=20) 
for 20 weeks. One mouse assigned to the pravastatin group 
had to be euthanized due to ulcerative dermatitis. MicroPET/
micro-computed tomography (µCT) imaging was performed on 
each mouse at 3 time points (week 0, week 10, and week 20), 
and mice were euthanized 24 hours after the last scan to allow 
for the decay of 18F. Blood was collected immediately before 
euthanasia for serum PTH. Two additional mice from each 

group were euthanized due to ulcerative dermatitis during the 
20-week period. One additional mouse in the pravastatin group 
died after µPET/µCT imaging, before collection of the serum 
sample. The number of mice in each group is described in the 
figure legends. Experimental protocols were reviewed and 
approved by the Institutional Animal Care and Use Committee 
of the University of California, Los Angeles.

Serum PTH and Lipid Profile
Serum PTH levels were quantified by murine PTH (1-84) 
ELISA (Quidel, San Diego, CA), following the manufactur-
er’s instructions. Serum lipid levels were determined by the 
UCLA Atherosclerosis Research Unit Core Laboratory (Pointe 
Scientific Reagents; Fisher Scientific).

Serial In Vivo 18F-NaF µPET/µCT Imaging
Aortic mineral content and surface area were quantified by in 
vivo 18F-NaF µPET/µCT imaging, as previously described,17 
using a µPET scanner (Focus 200 µPET, Concorde, 

Nonstandard Abbreviations and Acronyms

µCT	 micro-computed tomography
µPET	 micro-positron emission tomography
18F-NaF	� fluorine-18-labeled sodium fluoride
PTH	 parathyroid hormone

Highlights

•	 Aortic calcification progresses in control and pravas-
tatin-treated mice to a similar degree over a 20-wk 
period.

•	 Pravastatin treatment was associated with signifi-
cantly less progression in apparent mineral surface 
area at early time points.

•	 Progression of aortic calcification without corre-
sponding progression in surface area suggests the 
coalescence of calcium deposits.

•	 The number of microcalcium deposits was greater in 
pravastatin-treated mice than in controls.

•	 Surface area of aortic calcium deposits changed in a 
biphasic manner in pravastatin-treated mice.

•	 Pravastatin may alter progression and microarchi-
tectural features of vascular calcium deposits.

Figure 1. Experimental design.
Schematic of the timing of interventions for control and pravastatin 
groups. Each mouse was imaged at wks 0, 10, and 20. The 
treatment period started 1 wk after the first micro-positron emission 
tomography (µPET)/micro-computed tomography (µCT) imaging at 
56 wks of age.

D
ow

nloaded from
 http://ahajournals.org by on A

pril 28, 2021



Basic Sciences - AL
Xian et al� Statin Effects on Vascular Calcium Deposits

Arterioscler Thromb Vasc Biol. 2021;41:e185–e192. DOI: 10.1161/ATVBAHA.120.315737� April 2021    e187

Microsystems, Knoxville, TN) and a high-resolution µCT scan-
ner (CrumpCAT, UCLA). Each mouse was imaged at 3 time 
points: baseline (week 0), mid-treatment (week 10), and post-
treatment (week 20) at 55, 66, and 76 wks of age, respec-
tively. AMIDE software was used to analyze both µPET and 
µCT images. A volumetric region of interest of cardiovascular 
calcifications was drawn and isolated from the reminder of 
the body. Three-dimensional isocontour mapping was used to 
quantify region of interest parameters. The minimum isocontour 
threshold for 18F-NaF was defined as 2.2% of injected dose per 
cubic centimeter (%ID/cc) and for µCT, it was defined as 250 
Hounsfield units. To assess the total content of calcification, 
the volumetric Hounsfield unit was calculated as the product 
of mean density (Hounsfield units) and the volumetric size. One 
mouse in the control group was excluded from analysis due 
to technical difficulties with the 18F-NaF injections, and one 
mouse in the statin group was excluded from the µCT analysis 
due to undetectable calcification at week 0 and week 10.

Histomorphometric Analyses
At euthanasia, hearts were harvested and embedded in optimal 
cutting temperature compound. Each aortic root was sectioned 
(10 µm thick) and stained for each analysis, as described 
below. For quantification, images of the sections were captured 
using the EXi Aqua camera under a 2X microscope magnifi-
cation and processed on ImageJ software (NIH). By maximiz-
ing image contrast, areas of positive Alizarin red staining were 
isolated. The processed images were analyzed using custom-
ized MATLAB software to quantify the cross-sectional area and 
perimeter of deposits, as surrogate measures for the volume 
and surface area, respectively.

The calcium deposits were identified by Alizarin red stain-
ing. The microarchitecture of calcium deposits was quantified, 
as described above. For each mouse, 2 aortic root sections 
separated by ≈300 to 500 µm were analyzed. According to 
previously defined criteria,23 calcium deposits were categorized 
as micro, intermediate, or large calcium deposits, according to 
diameter: ≤50 µm (corresponding cross-sectional area ≤2000 
µm2), 50 to 100 µm (cross-sectional area 2000–7850 µm2), 
and >100 µm (cross-sectional area >7850 µm2), respectively.

Alkaline phosphatase activity was assessed by histochemi-
cal staining, using nitro blue tetrazolium/5-Bromo-4-chloro-
3-indolyl phosphate solution (Fisher Scientific), collagen was 
assessed by Masson’s modified trichrome staining (International 
Medical Equip, CA), and osteopontin was assessed by immu-
nohistochemistry using rabbit polyclonal anti-osteopontin 
antibody (Abcam). The positive staining was quantified as 
described above.

Statistical Analysis
Statistical analysis was performed using Prism software (v.7). 
The data were first subjected to the D’Agostino-Pearson omni-
bus test for normality. A Student t test (paired or unpaired, as 
appropriate) was performed for parametric (normally distrib-
uted) data, and the Mann-Whitney U test was performed for 
nonparametric data. For comparison of >2 sets of data, the 
repeated-measures 1-way ANOVA was performed for the 
parametric data and the Friedman test for the nonparametric 
data. Statistical significance was set at a P≤0.05. Values are 
expressed as mean±SEM.

RESULTS
Effects of Pravastatin on Microarchitecture 
and Total Content of Cardiovascular Calcium 
Deposits by In Vivo Imaging
Effects of pravastatin on calcium deposits were tested 
in aged Apoe−/− mice, which spontaneously develop car-
diovascular calcification on a normal laboratory diet with 
aging. Each mouse was imaged by µPET/µCT scanning 
at weeks 0, 10, and 20 (baseline pre-, mid-, and post-
treatment) to assess surface area and content of aortic 
calcium deposits, respectively (Figure  2A). Analysis of 
serial µCT imaging revealed that aortic calcium content 
progressed significantly in both the control and pravas-
tatin groups over the 20-week period (Figure 2B). Analy-
sis of serial µPET imaging revealed that 18F uptake in 
the control group increased significantly with aging from 
week 0 to week 10 (P=0.03) but did not change from 
week 10 to week 20 (P=0.77; Figure 2C). In contrast, 
18F uptake in the pravastatin group did not change from 
week 10 to week 20 (P=0.61) but increased significantly 
from week 0 to week 10 (P=0.02; Figure 2C).

Since baseline calcification differed among the mice, 
we calculated fold-changes between the two 10-week 
periods for each mouse. The µCT analysis showed that 
the fold changes between the control and pravastatin 
groups were not significantly different between the first 
10-week period (control, 1.72±0.15 versus pravastatin-
treated, 1.68±0.12; P=0.95) or the second 10-week 
period (control, 1.53±0.11 versus pravastatin-treated, 
1.67±0.10; P=0.12). Interestingly, 18F-NaF uptake was 
significantly lower in the pravastatin group than the 
control group over the first (0–10 week) period (Fig-
ure 2D) but not over the second (10–20 week) period 
(Figure 2E).

Effects of Pravastatin on Cardiovascular 
Calcium Deposits by Histomorphometric 
Analysis
We further analyzed the calcium deposits in the aortic 
roots via histomorphometry. Results showed that consis-
tent with µCT analysis, the cross-sectional area of cal-
cium deposits was similar between the 2 groups (data 
not shown). Interestingly, the pravastatin group had a 
greater total number of calcium deposits, identified by 
Alizarin red positivity (Figure  3A). Further analysis of 
the calcium deposits, categorized into micro (<50 µm 
in diameter), intermediate (50-100 µm in diameter), or 
large deposits (>100 µm in diameter),23 revealed that 
the greater number of deposits in the pravastatin-treated 
mice, compared with controls, were in the size range of 
microdeposits (Figure 3B).

To assess the mechanism of pravastatin effects on 
microcalcium deposits, we tested whether pravastatin 
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induced calcification through osteogenic differentiation. 
Based on histochemical staining, the pravastatin group 
had greater numbers of alkaline phosphatase positive 

cells (Figure 4A and 4B). We also examined the extracel-
lular matrix, a key determinant of biomineralization. Our 
histochemical staining showed no significant difference 

Figure 2. Effects of pravastatin on calcium deposits by micro-computed tomography (µCT)/micro-positron emission 
tomography (µPET) imaging.
A, A representative lateral view of the µPET maximum-intensity projection (pseudo-color) superimposed on the µCT image of the skeleton in the 
control and pravastatin-treated mice at baseline (wk 0), mid-treatment (wk 10), and post-treatment (wk 20). B, MicroCT analysis of aortic calcium 
content in the control (n=18) and pravastatin-treated (n=16) mice. C, MicroPET analysis of aortic sodium fluoride labeled with fluoride 18 isotope 
(18F-NaF) uptake in the control (n=17) and pravastatin-treated (n=17) mice. *P=0.03 (Control wk 10 vs wk 0), **P=0.02 (Pravastatin wk 20 vs 
wk 10). D, Fold-change in 18F-NaF uptake over the first 10-wk period (wk 10 vs wk 0) in the control (n=17) and pravastatin-treated (n=17) mice. E, 
Fold change in 18F-NaF uptake over the second 10-wk period (wk 20 vs wk 10) in the control (n=17) and pravastatin-treated (n=17) mice.
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between the 2 groups with respect to the amount 
of collagen present in these mice (Figure  4A; control, 
0.44±0.04 versus pravastatin-treated, 0.50±0.05 mm2; 
P=0.33), which is in agreement with another study in 
mice,24 although statin therapy has been shown to pro-
mote collagen degradation in humans.25 An additional 
osteoblastic differentiation marker, osteopontin, also 
showed similar expression between the 2 groups (Fig-
ure  4A; control, 0.23±0.45 versus pravastatin-treated, 
0.41±0.88 mm2; P=0.13).

Consistent with a prior study,21 our results also 
showed an increase in total cholesterol level (control, 
146±8 versus pravastatin, 202±12 mg/dL; P<0.01) 
with pravastatin treatment for 4.5 months. Consistent 
with the increase in cholesterol levels, the lesion area, 
stained by oil red O, in the aortic root was also greater in 
the pravastatin group (control, 0.29±0.04 versus pravas-
tatin-treated, 0.40±0.04 mm2, P=0.04). Serum levels of 
PTH, however, did not significantly differ between the 2 
groups (control, 187±32 versus pravastatin, 211±39 
pg/mL; P=0.54).

DISCUSSION
Since statin therapy, which is widely accepted as hav-
ing positive cardiovascular outcomes, paradoxically 
increases vascular calcification,4–10 we tested whether 
the cardiovascular benefits of statins are in part explained 
by an alteration in the morphological features of calcium 
deposits, specifically a reduction of surface area, which 
may reduce the potential sites of rupture. Several of 
the many pleiotropic mechanisms of statins may have a 
role in such a phenomenon, including those acting via 
HMG-CoA reductase inhibition to improve dyslipidemia, 
HMG-CoA reductase inhibition that is independent of 
the effects on circulating lipids, and/or off-target effects 
that are independent of HMG-CoA reductase inhibition.

Studies show that, in humans, increased coronary 
calcification has been observed starting after about 6 
years of statin treatment.6,8 In our study, the aortic cal-
cium mineral content assessed by µCT imaging showed 
a significant progression of calcification with aging in 
both the control and pravastatin-treated groups. Interest-
ingly, in the pravastatin group, the progression seems to 
be greater at week 20 than week 10. Histological analy-
sis showed that the number of microcalcifications was 
greater in statin-treated mice at the 20-week timepoint 
(equivalent to about 15.5 years in humans, based on 
lifespan26). Since microcalcifications are associated with 
progression of calcium content,27 one may predict that, if 
the treatment were to continue longer, the calcium con-
tent may exceed that of controls. A 35-week treatment 
with pravastatin in mice has been shown to increase the 
percentage of plaques having calcification.21

Given that mineral surface area is expected to influ-
ence biomechanical vulnerability, we used serial in vivo 
µPET imaging to assess changes in surface area of aor-
tic calcium deposits. In the control group, the 18F-NaF 
uptake increased significantly with aging during the 
first 10-week period then plateaued during the second 
10-week period. This latter finding of increased calcifi-
cation by µCT without a corresponding increase in sur-
face area by µPET suggests that calcium deposits may 
coalesce spontaneously with aging (in the control group). 
Interestingly, the pravastatin group showed the opposite 
results with µPET imaging. The 18F-NaF uptake failed 
to increase during the first 10-week period, becoming 
significantly less than in controls, suggesting they had 
significantly less increase in surface area despite the 
significant increase in the calcium mineral content by 
µCT. Interestingly, this difference of PET tracer uptake 
between the 2 groups was not sustained during the sec-
ond 10-week period since the pravastatin group showed 
a trend toward a greater increase, which may be, in part, 
attributable to the greater number of microdeposits since 
they have greater surface area.

Hydrophilic statins (such as pravastatin and rosuvas-
tatin) have been shown to penetrate and modulate the 

Figure 3. Effects of pravastatin on sizes of calcium deposits 
by histomorphometric analysis.
A, The total number of calcium deposits in the control (n=18) 
and pravastatin-treated (n=16) mice. B, The number of deposits 
categorized by size: microcalcium (<50 µm in diameter), 
intermediate (50–100 µm in diameter), and macrocalcium (>100 
µm in diameter) deposits.

D
ow

nloaded from
 http://ahajournals.org by on A

pril 28, 2021



Basic


 
Sciences





 - 

AL
Xian et al� Statin Effects on Vascular Calcium Deposits

e190    April 2021� Arterioscler Thromb Vasc Biol. 2021;41:e185–e192. DOI: 10.1161/ATVBAHA.120.315737

biology of the vasculature both at the level of vascular cells 
and at the level of intact vessel physiology.28–30 Pravastatin 
also inhibits HMG-CoA reductase in myocytes, resulting 
in cholesterol depletion.31,32 Two potential mechanisms 
for pravastatin effects on calcification include effects on 
vitamin K and/or lipid levels (Figure 5). Statin inhibition of 
vitamin K availability33,34 may prevent activation (by gamma-
carboxylation) of the calcification delimiters, matrix-Gla 
protein, and osteocalcin,35,36 allowing juxtaposed deposits 
to coalesce, reducing the surface area, and thus 18F-NaF 
uptake at week 10. Such coalescence is supported by the 
finding of mismatch between µCT and µPET at week 10. 
The increase in cholesterol levels in the statin-treated mice 
may contribute to oxidized lipid accumulations, causing 
increased macrophage production of procalcific cytokines24 
that we previously showed to induce alkaline phosphatase 
and promote calcification.37–39 The observed increase in 

the number of alkaline phosphatase-positive cells may 
increase the number of niduses from which microcalcium 
deposits develop, thus increasing 18F-NaF uptake at week 
20. If the 2 mechanisms are staggered, they may account 
for the observed biphasic effects.

Our previous experiments with intermittent PTH injec-
tions17 and treadmill exercise,18 which also elevated serum 
PTH levels, showed a reduction in mineral surface area 
and increased size of vascular calcium deposits by 18F-NaF 
µPET/µCT imaging and histological analysis. However, in 
this study, we did not observe increased serum PTH lev-
els with pravastatin treatment. Given some evidence that 
statins increase serum PTH levels,19,20 one possibility is that 
an initial transient increase in PTH blunted the expansion 
of vascular mineral surface area with aging, but once PTH 
levels normalized, the effect on surface area returned to 

Figure 4. Effects of pravastatin 
on osteoblastic markers by 
histomorphometric analysis.
A, Representative images of calcium 
deposits in a control mouse by alizarin 
red histochemistry, alkaline phosphatase 
(purple) histochemistry, osteopontin 
(brown) immunohistochemistry, and 
collagen (blue) histochemistry. An arrow 
indicates the location of each marker. 
Scale bar, 200 µm. B, Quantitation of the 
number of ALP (alkaline phosphatase) 
positive cells in the control (n=18) and 
pravastatin-treated (n=16) mice.
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control levels. Further studies are required to test whether 
statins affect serum PTH levels at various time points.

Although statins lower lipids and reduce vascular 
calcification when mice are on a high-fat diet,40–42 we 
applied a regimen, which used a normal laboratory diet, 
previously shown to increase vascular calcification to test 
our hypothesis. This regimen happens to also increase 
or not lower the cholesterol levels in other studies,21,42–44 
which is one limitation of this study.

To our knowledge, there are no studies showing a 
window of time when humans undergoing statin treat-
ment have increased susceptibility to cardiovascular 
events. However, our findings suggest that pravastatin 
treatment in mice has a biphasic effect on the microar-
chitecture of the calcium deposits in a time-dependent 
manner—reducing surface area initially and recovering to 
near control levels later, possibly from de novo formation 
of smaller deposits. Thus, the ability of statins to con-
fer clinical benefit while increasing coronary calcification 
may relate to complex time-dependent changes in micro-
architecture of the calcium deposits.
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