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Ectopic mineralization of soft tissues is known to be a typical response to systemic imbalance of various
metabolic factors as well as tissue injury, leading to severe clinical consequences. In this study, coxsac-
kievirus B3 (CVB3) infection in mice resulted in significant tissue injury, especially in the heart and pan-
creas. Inflammatory damage and apoptotic cell death were observed in CVB3-infected heart and pancreas
tissues. Along with tissue damage, substantial ectopic calcification was detected in CVB3-infected heart,
pancreas, and lung tissues, as determined by von Kossa staining and calcium content quantification. In
addition, CVB3 infection induced upregulation of osteogenic signals, including six genes (BMP2, SPARC,
Runx2, osteopontin, collagen type I, and osterix) in the heart, three genes (SPARC, osteopontin, and colla-
gen type I) in the pancreas, and two genes (BMP2 and alkaline phosphatase) in the lung, as determined by
quantitative real-time PCR analysis. Intriguingly, we showed that o-lipoic acid diminished CVB3-medi-
ated inflammatory and apoptotic tissue damage, subsequently ameliorating ectopic calcification via
the suppression of osteogenic signals. Collectively, our data provide evidence that ectopic calcification
induced by CVB3 infection is implicated in the induction of osteogenic propensity, and a-lipoic acid
may be a potential therapeutic agent to ameliorate pathologic calcification.
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1. Introduction

Pathological ectopic mineralization has been reported to be
responsible for serious clinical outcomes in humans [1]. Soft tis-
sues such as the heart, kidney, stomach, lung, articular cartilage,
and blood vessels are known to be susceptible to ectopic calcifica-
tion [1,2]. Pathophysiological conditions that predispose soft tis-
sues to abnormal calcification include microbial or viral infection,
inflammation, metastatic cancer, aging, chronic kidney disease,
diabetes, dyslipidemia, oxidant insults, hypercalcemia, and hyper-
phosphatemia [3-5]. Clinical classification of ectopic calcification
generally encompasses both dystrophic and metastatic calcifica-
tion. Dystrophic calcification is superimposed onto damaged
tissues as a result of infection, necrotic cell death, and inflamma-
tion. For example, dystrophic calcification has been observed in
tuberculosis lesions caused by pulmonary mycobacterial infection
as well as in old infarcts [6]. Metastatic calcification is a
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cell-mediated, highly regulated process that represents calcium
deposition onto undamaged tissues as a result of mineral imbal-
ances in the circulating blood, leading to systemic extracellular
matrix mineralization [5].

Final destined cells, considered to be terminal cells in specific
tissues, can transdifferentiate into unwanted cells with entirely
different properties distinct from intact cells. For instance, osteo-
genic transdifferentiation of cells within soft tissues results in
localized and systemic calcification as well as irreversible dysfunc-
tion at the cellular and tissue levels. One of the most well known
models of cell-mediated ectopic calcification is transdifferentiation
of vascular smooth muscle cells into osteoblast-like cells, showing
the formation of apoptotic bodies and membrane-bound matrix
vesicles as well as the induction of osteogenic genes, including
BMP2, Runx2, osterix, collagen type I, alkaline phosphatase, osteo-
pontin, and osteocalcin [7-9]. To explore vascular calcification,
murine knockout models of various genes encoding fibroblast
growth factor 23, Klotho, matrix Gla protein, osteoprotegerin, fet-
uin A, apolipoprotein E, and low-density lipoprotein receptor as
well as a nephrectomy model and stimulants, including vitamin
D, nicotin, and warfarin, have been reported [10-13].

Despite these efforts, previous experimental animal models are
not suitable for studying the pathological calcification process, and
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it remains difficult to analyze the mechanism of ectopic calcifica-
tion in other soft tissues except for aortic blood vessels. Our recent
study reported that mice infected with coxsackievirus B3 (CVB3),
human pathogenic picornavirus with a single-stranded RNA gen-
ome, show increased serum levels of inflammatory cytokines,
including IL-1B, TNF-a, and the receptor activator of NF-kB ligand
(RANKL), leading to substantial ectopic calcification in the heart,
pancreas, and lung [14]. This model possesses time- and cost-sav-
ing advantages and can efficiently induce soft tissue calcification
in vivo. Further, it was proven at the cellular level that RANKL is
linked to in vitro cardiac fibroblast calcification by inorganic phos-
phate via induction of osteogenic signals, including BMP2, SPARC,
Runx2, Fra-1, and NF-xB. In this study, we tried to analyze the mul-
tiple causative factors of ectopic calcification at the tissue level. We
observed that CVB3-infected mice exhibited inflammatory and
apoptotic tissue damage as well as osteogenic gene induction, spe-
cifically in the heart, pancreas, and lung. We further evaluated o-
lipoic acid (1,2-dithiolane-3-pentanoic acid, ALA) as a potential
therapeutic target for the prevention of ectopic calcification.

2. Materials and methods
2.1. Virus and mice

CVB3 (Nancy strain) was prepared in cultures of HeLa cells
grown in DMEM (HyClone, Logan, UT, USA) supplemented with

10% FBS (HyClone) and antibiotics (Invitrogen, Carlsbad, CA,
USA). Virus titer was measured in PFU/ml by plaque assay.
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Seven-week-old BALB/c mice were purchased from Central Lab
Animal (Seoul, Korea) and maintained at the animal facility of
Yeungnam University College of Medicine. All animal experiments
were approved by the institutional review board of Yeungnam Uni-
versity Medical Center and were in compliance with the Guide for
the Care and Use of Laboratory Animals.

2.2. Study design

Male mice at 7 weeks of age were injected intraperitoneally
(i.p.) with CVB3 (2 x 10* PFU) in PBS or with PBS alone (control).
ALA (10 mg/kg, Bukwang Pharm Corp., Seoul, Korea) was pre-in-
jected 1 day before CVB3 injection. Then, ALA was injected the
same time as virus administration as well as every other day there-
after. Mice were sacrificed on day 14 or at the indicated times after
CVB3 infection for collection of soft tissues.

2.3. Histological analysis

Specimens fixed with 3.7% formaldehyde were embedded in
paraffin and sectioned at a thickness of 4 um. Paraffin-embedded
sections of soft tissues were deparaffinized and subjected to hema-
toxylin and eosin (HE) staining for histological analysis or von Kos-
sa staining for analysis of calcium deposition. Images were scanned
with an Aperio ScanScope Model T3 and were analyzed with
ImageScope software (Aperio Technologies, Vista, CA, USA).
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Fig. 1. Histological analysis and TUNEL assay of tissues from CVB3-infected mice. (A) Tissue sections from control (n = 7) and virus-infected (n = 7) mice were stained with HE
at 3 days after CVB3 infection. Representative images are shown. Scale bar, 100 um. (B) Assessment of apoptosis in heart, pancreas, and lung tissues from control (n = 7) and
CVB3-infected mice (n =7) at 14 days post-injection. Abundant brown staining of CVB3-infected heart and pancreas is shown. Representative images are shown. Scale bar,

100 pm.
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2.4. Calcium quantification

For quantification of calcium in the heart, pancreas, and lung
tissues were semi-dried and weighed. The tissues were then
chopped into small pieces, and calcium deposited in tissues was
extracted with 0.6 N HCl. After rocking vigorously at 4 °C for
48 h, the suspension was centrifuged at 10,000xg for 10 min at
4 °C. Calcium content of the resulting supernatant was determined
colorimetrically using a QuantiChrome Calcium Assay Kit (BioAs-
say Systems, Hayward, CA, USA) and was normalized according
to tissue weight.

2.5. Apoptosis assay

Apoptotic cells in heart, pancreas, and lung tissues from CVB3-
infected or control mice were detected by using a TACS 2 TdT DAB
in situ apoptosis detection kit (Trevigen, Gaithersburg, MD, USA)
according to the manufacturer’s instructions. Briefly, paraffin-
embedded sections were deparaffinized by heating at 57 °C for
20 min and rehydrated by sequential washing in xylene as well
as 100%, 95%, and 70% ethanol prior to the labeling reaction. Fol-
lowing protease K digestion and quenching of endogenous peroxi-
dase with 2% hydrogen peroxide (H,0;) solution, tissue sections
were covered with deoxynucleotidyl transferase (TdT), TdT dNTP
mix, and Co®* cations in TdT buffer and incubated in a humidified
chamber at 37 °C for 60 min. Labeled cells were detected by the
conversion of diaminobenzidine by streptavidin-horseradish per-
oxidase. The slides were counterstained with 1% methyl green for
3 min. All images of the samples were taken using an Aperio Scan-
Scope Model T3 (Aperio Technologies).

2.6. Quantitative real-time PCR

Total RNA was extracted from tissues using TRIZOL reagent (Invit-
rogen). Two micrograms of total RNA was reverse-transcribed into
cDNA using a M-MLYV reverse transcription kit (Invitrogen). Quantita-
tive real-time RT-PCR was performed using SYBR Premix Ex Taq (Taka-
ra Bio Inc, Japan) on the Applied Biosystems 7500 Sequence Detection
System and software (Applied Biosystems, Carlsbad, CA, USA). Relative
gene expression levels were determined by the comparative ACt meth-
od, and target gene Ct-values were standardized against -actin expres-
sion. Primers used were bone morphogenetic protein 2 (BMP2),
5'-TTTGCACCAAGATGAACACAGC-3' and 5'-GCTTCCGCTGTTTGTGTT-
TG-3'; SPARC, 5'-CTGCGTGTGAAGAAGATCCA-3' and 5'-TGGGA-
CAGGTACCCATCAAT-3"; Runx2, 5'-AGATGATGACACTGCCACCTCTG-
3’ and 5'-GCTCTCAGTGAGGGATGAAATGC-3’; alkaline phosphatase
(Alp), 5'-AACACCAACGCTCAGGTCCC-3’ and 5-CTGAGTGGTGTTG-
CATCGCGT-3’; osteocalcin (OCN), 5'-CTAGCAGACACCATGAGGACC-
3’ and 5-TGCCCTCCTGCTTGGACATGAA-3’; osteopontin (OPN),
5-CCCATCTCAGAAGCAGAATCT-3' and 5'-TTGCTTGGAAGAGTTTCT-
TGCT-3’; bone sialoprotein (IBSP), 5'-TTTCCAGTCCAGGGAGGCAG-
3’ and 5-TCCGCCTCCTGGTCTTCATTC-3’; collagen, type I, alpha 1
(Col1a1), 5-TGGTGCTAAGGGTGAAGCTG-3' and 5'-GCAATACCAG-
GAGCACCATTG-3'; osterix (Osx), 5'-CTCTCTGCTTGAGGAAGAAG-3'
and 5'-TATGGCTTCTTTGTGCCTCCTTT-3'; B-actin, 5-CCCTGAAG-
TACCCCATTGAA-3" and 5'-CTTTTCACGGTTGGCCTTAG-3'.

2.7. Statistical analysis

All results are expressed as means + SD of at least three inde-
pendent experiments or the indicated number of mice. Multiple
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Fig. 2. Ectopic calcification and activation of osteogenic signals induced by CVB3 infection. (A) Heart, pancreas, and lung tissues from control (n = 5) and virus-infected (n = 8)
mice were stained with von Kossa and calcium content was quantified. Representative images are shown. Scale bars, 100 pm. Quantitative data are presented as milligrams of
calcium per gram of tissue as well as means + SD. *P < 0.01. (B) Tissue expression levels of osteogenic marker genes, including bone morphogenetic protein 2 (BMP2), SPARC,
Runx2, alkaline phosphatase (Alp), osteocalcin (OCN), osteopontin (OPN), bone sialoprotein (IBSP), collagen, type I, alpha 1 (Col1a1), and osterix (Osx), in control (n=5) and
virus-infected (n = 5) mice were determined by quantitative real-time PCR. Quantification of mRNA expression (2-22Ct method) is represented as a fold difference relative to
control and is normalized to an endogenous control ($-actin). Values are expressed as means + SD. *P < 0.01.
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comparison between three or more groups was performed by anal-
ysis of variance (ANOVA) using the SPSS 18.0 software package.
When significant differences were found, pairwise comparisons
between each group were carried out using two-tailed Student’s
t test. A P value of <0.05 was considered to be significant.

3. Results
3.1. Tissue damage caused by CVB3 infection

We extensively examined pathological signs in BALB/c mice fol-
lowing CVB3 infection. At three to four days after infection, mice
exhibited reduced exercise performance as well as decreased food
intake compared with control mice. A large amount of undigested
food also remained in the intestinal tract of infected mice at 7 days
post-infection. At 14 days post-infection, the survival rate of CVB3-
infected mice had decreased by 26%, and the average weight of sur-
viving mice was reduced by 23% compared with control animals.
As shown in Fig. 1(A), intensive analysis of CVB3-infected mice
was conducted at the tissue and cellular levels at three days
post-infection. Cardiac myocytes showed altered nuclear morphol-
ogy with irregular size and shape, and the arrangement of cells was
not regular. In pancreatic acinar cells and islets of Langerhans from
CVB3-infected mice, nuclear aberrations such as nuclear cleft and
condensed chromatin were accompanied by cytoplasmic abnor-
malities. Further, intense inflammatory cell infiltration was ob-
served in interstitial cells in the pancreas. At 14 days post-
infection, inflammatory cells, including lymphocytes, were still
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apparent in the heart and pancreas (Supplementary Fig. 1), indicat-
ing CVB3-mediated inflammatory damage in virus-infected tissues.
We also observed reduced thickness of subcutaneous fat tissue
without any other apparent damage, whereas there were no phe-
notypic changes in other tissues, including the spleen, kidney,
brain, liver, aorta, skeletal muscle, fat, and testis (Supplementary
Fig. 1). To analyze apoptotic tissue damage, TUNEL assay was per-
formed on CVB3-infected tissues. TUNEL assay-positive cells were
easily detectable in pancreas and heart tissues (Fig. 1B). Apoptotic
cell numbers apparently increased in pancreatic acinar cells,
whereas relatively low numbers of apoptotic cells were detected
in duct-lining pancreatic cells.

3.2. Ectopic calcification and osteogenic signal stimulation induced by
CVB3 infection

Ectopic calcification was detected in the heart, pancreas, and
lung (Fig. 2A). Specifically, calcium deposition was detected in car-
diac muscle and pancreatic acinar cells that displayed drastic
inflammatory and apoptotic damage. Calcification was also ob-
served in interstitial cells of CVB3-infected lung tissue, although
inflammatory and apoptotic damage was not observed following
viral infection. However, other tissues such as the spleen, kidney,
brain, liver, aorta, skeletal muscle, skin, fat, and testis appeared
normal in CVB3-infected mice (Supplementary Fig. 2). Our results
indicate that the ectopic calcification apparent in CVB3-infected
tissues occurred at sites of inflammatory and apoptotic tissue
damage.
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Fig. 3. Histological analysis of CVB3-infected tissues after ALA treatment. (A) Experimental strategy for the treatment of CVB3-infected mice with ALA. After ALA treatment
for 1 day, CVB3 and/or ALA was injected at day 0, and ALA was injected every 2 days thereafter. Mice were sacrificed on day 14. (B) Tissue sections from mice treated with
control (n =7), ALA (n=7), CVB3 (n =7), or both CVB3 and ALA (n = 7) were stained with HE at 14 days post-injection. Representative images are shown. Scale bar, 100 pm.



382

Ectopic calcification of soft tissues has been reported to be a
cell-mediated, active pathological process similar to bone forma-
tion or osteogenesis [15]. We next examined the expression levels
of several marker genes necessary to osteoblast differentiation in
order to investigate the molecular mechanism underlying CVB3-
induced ectopic calcification. Quantitative real-time PCR analysis
was carried out using specific primers for nine genes involved in
osteogenic signaling. As shown in Fig. 2B, six genes, including
BMP2, SPARC, Runx2, OPN, Colla1, and Osx, showed greater than
twofold increases in expression in CVB3-infected heart tissue.
Expression of three genes (SPARC, OPN, and Col1a1) in the pancreas
and two genes (BMP2 and Alp) in the lung was upregulated by more
than twofold in CVB3-infected mice compared with control mice.
Together, these data suggest that osteogenic genes could play a
pivotal role in ectopic calcification following CVB3 infection.

3.3. Effect of a-lipoic acid on CVB3-induced ectopic calcification

We previously reported that ALA inhibits aortic calcification in
mice [16]. Therefore, we tested the effect of ALA on CVB3-induced
ectopic calcification, as presented in Fig. 3A. Treatment with ALA to
CVB3-infected mice restored normal nuclear morphology and cell
arrangement in heart tissue and induced mild inflammatory infil-
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tration in interstitial cells in the pancreas, suggesting that ALA
could play a role in attenuating inflammatory tissue damage
(Fig. 3B). ALA significantly ameliorated CVB3-induced ectopic cal-
cification in the heart, pancreas, and lung, as revealed by calcium
content quantification (Fig. 4A). Furthermore, analysis of osteo-
genic gene expression showed that the expression of three genes
(SPARC, OPN, and Col1a1) stimulated by CVB3 infection was down-
regulated following ALA treatment in virus-infected heart tissue
(Fig. 4B). Expression levels of three genes (SPARC, OPN, and Colla1)
in the pancreas and two genes (BMP2 and Alp) in the lung were also
reduced by ALA treatment in CVB3-infected mice (Fig. 4B). To-
gether, these results indicate that ALA attenuates CVB3-induced
calcification, possibly through the reduction of inflammatory dam-
age and downregulation of osteogenic gene expression.

4. Discussion

In our analysis of the pathological signs of CVB3 infection in a
mouse model, CVB3 infection resulted in severe damage to the
heart and pancreas compared to other tissues as a result of persis-
tent inflammation, and both body weight and subcutaneous fat
content were reduced in CVB3-infected mice due to apparent mal-
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Fig. 4. Effects of ALA on CVB3-induced ectopic calcification and osteogenic gene expression. (A) Quantification of calcium content in mice treated with control (n=7), ALA
(n=7),CVB3 (n=7), or both CVB3 and ALA (n = 7). Quantitative data are presented as milligrams of calcium per gram of tissue as well as means * SD. *P < 0.01. (B) Relative
gene expression analysis of osteogenic markers in heart, pancreas, and lung tissues from mice treated with control (n = 5), ALA (n=5), CVB3 (n =5), or both CVB3 and ALA
(n=5). Quantification of mRNA expression is represented as a fold difference relative to control and is normalized to an endogenous control ($-actin). Values are expressed as

means + SD. *P<0.01.
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nutrition and subsequent increased consumption of fatty acids to
satisfy the energy demands of other tissues.

Pathogenesis of soft tissue calcification is known to involve
multiple and complex factors as follows: (i) metabolic factors,
including oxidative stress, inorganic phosphate, and vitamin D
[8,17,18], (ii) inflammation and inflammatory cytokines [19,20],
(iii) apoptosis and apoptotic bodies [7], (iv) activation of osteogenic
genes such as BMP2, Runx2, osterix, collagen type I, alkaline phos-
phatase, osteopontin, and osteocalcin [8,9], (v) circulating regula-
tors, including fetuin A, matrix Gla protein, osteoprotegerin/
RANKL, Klotho, and fibroblast growth factor-23 [10,21-23], and
(vi) several clinical factors, including diabetes, chronic kidney dis-
ease, and osteoporosis [3,4,24]. In the present study, we observed
that CVB3 infection resulted in inflammatory and apoptotic dam-
age to the heart and pancreas. Apoptosis in CVB3-infected tissues
is thought to be a direct effect of viral infection, whereas inflamma-
tory cell infiltration is an indirect effect caused by host immune re-
sponses. Such damage may be a result of energy depletion in virus-
infected cells as well as inflammatory reactions in tissue surround-
ing the infected lesion. In addition, expression of osteogenesis-
associated genes was upregulated in CVB3-infected tissues. For
example, six genes (BMP2, SPARC, Runx2, OPN, Coll1u1, and Osx) in
the heart, three genes (SPARC, OPN, and Collx1) in the pancreas,
and two genes (BMP2 and Alp) in the lung were significantly stim-
ulated by CVB3 infection, a result consistent with previous obser-
vations that abnormal soft tissue calcification is closely
associated with osteogenic mineralization processes [8,9]. Taken
together, our data suggest that pathogenetic factors such as inflam-
mation, apoptosis, and induction of osteogenic genes play essential
roles in CVB3-mediated ectopic calcification.

ALA, a naturally occurring antioxidant, is known to be a potent
and ideal antioxidant capable of directly scavenging oxidants and
enhancing levels of other antioxidants, and it inhibits the intrinsic
mitochondrial apoptotic pathway [25,26]. ALA has been shown to
be an efficient therapeutic agent for the prevention and treatment
of diabetes and cardiovascular disease [27,28]. In addition, our
group previously reported that ALA treatment results in the reduc-
tion of vascular calcification by inhibiting VSMC apoptosis via res-
toration of mitochondrial function [16]. Here, we demonstrated
that ALA treatment in CVB3-infected mice resulted in decreased
virus-induced ectopic calcification via reduction of the inflamma-
tory response, apoptotic tissue damage, and osteogenic signaling.
This study further suggests that ALA may be of interest for the
treatment of abnormal soft tissue calcification.
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