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Background: Aortic valve calci cation is an active proliferative procgs, where interstitial

cells of the valve transform into either myo broblasts or oeoblast-like cells causing valve
deformation, thickening of cusps and nally stenosis. Thisgprocess may be triggered

by several factors including in ammation, mechanical stres or interaction of cells with

certain components of extracellular matrix. The matrix isitferent on the two sides of

the valve lea ets. We hypothesize that in ammation and mechnical stress stimulate

osteogenic differentiation of human aortic valve intersi@l cells (VICs) and this may
depend on the side of the lea et.

Methods: Interstitial cells isolated from healthy and calci ed huma aortic valves
were cultured on collagen or elastin coated plates with exile bottoms, simulating the
matrix on the aortic and ventricular side of the valve lea st respectively. The cells
were subjected to 10% stretch at 1 Hz (FlexCell bioreactor) rotreated with 0.1mg/ml

lipopolysaccharide, or both during 24h. Gene expression ofmyo broblast- and

osteoblast-speci ¢ genes was analyzed by gqPCR. VICs culted in presence of
osteogenic medium together with lipopolysaccharide, 10% setch or both for 14 days
were stained for calci cation using Alizarin Red.

Results: Treatment with lipopolysaccharide increased expressionfaosteogenic gene
bone morphogenetic protein 2 (BMP2) (5-fold increase from control;p D 0.02) and
decreased expression of mMRNA of myo broblastic markers:a-smooth muscle actin
(ACTA2)(50% reduction from control;p D 0.0006) and calponin(CNN1)(80% reduction
from control; p D 0.0001) when cells from calci ed valves were cultured on cdagen, but
not on elastin. Mechanical stretch of VICs cultured on colgen augmented the effect of
lipopolysaccharide. Expression of periostifPOSTN)was inhibited in cells from calci ed
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Bogdanova et al. In ammation and Stretch Stimulate Osteodifferentiation

donors after treatment with lipopolysaccharide on collage (70% reduction from control,
p D 0.001), but not on elastin. Lipopolysaccharide and stretchboth enhanced the
pro-calci ¢ effect of osteogenic medium, further increasng the effect when combined
for cells cultured on collagen, but not on elastin.

Conclusion:  Inammation and mechanical stress trigger expression of d®ogenic
genes in VICs in a side-speci ¢ manner, while inhibiting thenyo broblastic pathway.
Stretch and lipopolysaccharide synergistically increasealci cation.

Keywords: in ammation, mechanical stress, valve interstitia I cells, valve calci cation, osteogenic differentiation,
extracellular matrix

INTRODUCTION In calci ed aortic valve lea ets, calcium deposits are spolel
observed on the aortic sideYip and Simmons, 20)1
Aortic valve calci cation is the most common valve diseaserhe reasons for this are unknown, but may be caused by
in the developed countriesBeckmann et al., 20)0believed dj erent mechanical and biochemical stimuli including di ent
to be caused by changes in the cell biology and phenotypg&mposition of extracellular matrixdhen and Simmons, 2011;
of valve interstitial cells (V'CS) L(eopold, 2012; RUtkOVSkiy Hinton and Yutzey’ 2011; Y|p and Simmons, Zy)l'ﬂhe matrix
et al., 201). Because the occurrence of heart valve calci catiof the brosa layer (the aortic side) is primarily composed
will increase in an aging population, it is imperative to nd of collagen, whereas theentricularislayer (ventricular side)
treatments less invasive than heart surgery and more e ectivcontains high concentrations of elasting(if et al., 2005: Yip and
than transcatheter valve replacement. Elucidating theuleell  Simmons, 201)L
and molecular mechanisms of valve calci cation may open up The extracellular matrix may in uence cellular processes by
for new pharmacological therapiesigthieu et al., 2004 Due  sjgnaling through adhesion receptors, regulate the pretienta
to a lack of good animal models studying VICs in culture isof growth factors and cytokines to cells and transduce
the best model a|ternatiV£OW|er and Merryman, 2035V|CS hemodynamic forcesqhen and SimmonS, 20)_1The possib]e
in healthy aortic valves have most characteristics of qeies role for extracellular matrix on the calci cation process isoply
broblasts while in calcied valves their phenotype starts toynderstood. VICs cultured on di erent types of coatings show
resemble either myo broblasts or osteoblastsliler et al., dijerent ability to calcify Benton et al., 2008; Rodriguez and
2011; Rajamannan et al., 2)11lnammation is believed to jasters, 2009; Yip et al., 2009; Rutkovskiy et al., REHcwever,
be one of the key mechanisms of aortic valve calci catiorgollagen and elastin have not been compared head-to-head in
(Mohler et al., 2001; Coté et al., 2013; Pawade et al., 20%feir ability to modify response to pro-calci ¢ stimuli.
Rutkovskiy et al., 20)Moreover, bacteria have been found in  The signaling pathways of calcication may also dier
valve cusps on autopsyi{guchi Mde et al., 2007 suggesting petween VICs from healthy and calci ed valves. Conseqyentl
the possibility of a direct pathogenic e ect of microbes onwhen stimulating VICs to investigate the cellular and molacu
cell di erentiation. Lipopolysaccharide (LPS) is an endotoxi mechanisms of calci cation, cells from both healthy and catt
of gram-negative bacteria interacting with toll-like receto valves ought to be studied. Therefore, we obtained both and
2 and 4 which are expressed on the plasmalemma of humagybjected them to similar treatments. The aims of this study
VICs (Meng et al., 2008; Yang et al., 2009a; Lopez et al.).201gere: (1) to investigate the e ect of in ammation and mecheai
Stimulation of VICs with LPS promotes expression of osteogienistress on induced osteogenic di erentiation with calci tat of
markers, such as bone morphogenetic protein 2 (BMP2), alkalingultured human VICs, either alone or in combination; (2) to
phosphatase (ALP)E@bu et al., 2008; Meng et al., 2008; Yangompare the e ect of in ammation and mechanical stress on
etal.,, 2009a; Wang etal., 2014; Zeng et al., Jdndirunt-related  osteogenic di erentiation in VICs cultured on either coliex or
transcription factor 2 (RUNX2) lfleng et al., 2003 mediated  elastin, representing the extracellular matrix on the aosti
by pro-in ammatory mediators, such as intracellular adhesio ventricular sides of the lea ets, respectively; and (3) teBtigate
molecule 1 (ICAM1) (leng et al., 2008; Song et al., 2011; Wan@ ects of in ammation and mechanical stress on VICs from

etal., 2013 healthy and calci ed aortic valves.
Aortic valves lea ets are constantly subjected to mechanic

stress Back et al., 20)3and mechanical stress exceeding the

physiological range may cause calci catibe(imann etal., 2009; MATERIALS AND METHODS

Rutkovskiy et al., 20)7Ex vivocyclic stretch of human VICs has

already been found to trigger expression of osteogenic msyke Aortic valves were harvested at the Department of
such as BMP2Ralachandran et al., 2010; Ferdous et al., $,013Cardiothoracic Surgery, Oslo University Hospital, Oslo,
RUNX2 Balachandran et al., 20jland some othersL.ehmann  Norway. All procedures were approved by the local Ethical
et al., 200p However, its e ect has not been compared orCommittee and were performed in accordance with the principle
combined with in ammation. of the Declaration of Helsinki. Healthy valve leaets were
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collected from explanted hearts of heart transplant recipientsnanufacturer's protocol for calci cation. Brie y, the VICstill
without history of heart valve disease. Calcied aorticvesl attached to the matrix were washed with PBS and xed with 70%
were harvested from patients with undergoing aortic valvesthanol for 1 h at room temperature. Then the cells were washed
replacement after written informed consent. All the valveswith Milli-Q water and stained with Alizarin Red.

included in the study had tricuspid morphology. To quantify Alizarin Red signal, the cells were washed three
_ times with Milli-Q water and incubated in 10% acetic acid for
Cell Isolation and Culture 30min at room temperature in a shaker. Then the collected

The excised aortic valve lea ets were treated with 1 mg/micell suspensions were heated to @5for 10 min, cooled to

of collagenase Il (Worthington Biochemical Corporation,room temperature and neutralized with 1 M sodium hydroxide
LS004177) made up in Dulbecco's Modied Eagle Medium(NaOH). Absorbance in resulting samples was measured at
(DMEM) (Life technologies, 41966-052) for 10 min at @7and 405nm on a plate reader (Molecular Devices, E11191). One
endothelial cells were scraped o with cotton swabs from bottstaining was performed per well.

sides. Then the lea ets were subjected to overnight digesti . )

with collagenase Il at 3T. The cell suspension was thenLipopolysaccharide and Cyclic Stretch

homogenized by repeated pipetting up and down, followed byStimulation

centrifugation at 3009 for 5min and cell pellet was collectedTo establish the optimal time point for the e ect of LPS on
The VICs were cultured in cell culture medium containing expression of genes involved in calci cation (Groups 3.1 and
DMEM (Gibco by Life technologies, 41966-052), 10% Feta.2), VICs from either healthy or calci ed valves [25,000sgeer
Bovine Serum (FBS, Gibco by Life Technologies, 10270-1d6) awell in 24-well plates precoated with collagen | (Gibco, A1048
Penicillin/Streptomycin (P/S, 1%, Gibco by Life technolegie 01)] were stimulated with 0.4g/ml LPS (E. coli 0111:B4, Sigma,
P4333) at 37C in 5% CQ until con uence of 70-80% before L4391) dissolved in cell culture medium. The cells were caité
passaging. The cells from passages 2 to 6 were used in #i¥eer O (control without stimulation), 24, 48, 72, and 96 hRNA
experiments. An overview of the experimental groups is showfsolation. The concentration of LPS was pre-calibrated fa th
in Table 1 Givenn are biological replicates of cells from di erent most e cient induction of ICAM1 and BMP2gene expression
donors. Control groups were from the same donors as th¢Supplementary Figure L

treatments in Series 1-4. The cells from the same donorseat th  To study gene expression after stimulation with LPS and cyclic
same passage were used in the experiments on elastin and sifetch (Groups 4.1-4.8), on next day after seeding VICs were

collagen coatings in Series 2 and Series 4. stimulated with 0.Ing/ml LPS and/or cyclic stretch at 1 Hz (as
) . described above) for 24 h. The experiments were performed on
Measurement of Calci cation 125,000 VICs per well seeded on type | collagen or elastin pre-

In experiments studying the eect of LPS on calci cation coated BioFlex 6-well cell culture plates (Dunn LabortechBik-
(Groups 1.1-1.4), VICs isolated from healthy aortic valveg001C and BF-3001E) and incubated at@n 5% CQ. In the
were seeded 25,000 per well in 24-well plates pre-coated wigambined groups (Groups 4.4 and 4.8) the cells were stretched
collagen | (Gibco, A10483-01) and stimulated with @giml  continuously at the same time as they were stimulated by LPS.
LPS (E. coli 0111:B4, Sigma, L4391) and/or osteogenic mediuControl samples without any treatment were maintained at the
(cell culture medium supplemented with & ascorbic acid, same time without mechanical stretch. The cells from control
0.1mM dexamethasone and 10 mM beta-glycerophosphate). Asroups were cultured on BioFlex 6-well cell culture plates pre-
acontrol, VICs were cultured in cell culture medium withaarty ~ coated with collagen | or elastin similarly to the cells frohet
stimulation at the same time. Medium in all groups was changeg@reatment groups.
twice a week for 14 days.

For the quanti cation of calci cation following treatment Gene Expression Assay
with stretch and LPS (Groups 2.1-2.5), VICs isolated fromTotal RNA was isolated with Trizol reagent (Invitrogen,
healthy aortic valves were seeded in concentration of 085,015596026) according to the manufacturer's protocol, and
cells per well on type | collagen and elastin pre-coated BioFldis concentration was quantied using NanoDrop ND-1000
6-well cell culture plates (Dunn Labortechnik, BF-3001C andSpectrophotometer (Saveen Werner). Reverse transcription
BF-3001E). After 24 h the cells were stimulated with osteioge was performed using qScript cDNA Synthesis Kit (Quanta
medium alone or together with cyclic stretch and/or @d/ml  BioSciences Inc., 95047-500) according to the manufatgure
LPS (E. coli 0111:B4, Sigma, L4391). Cyclic stretch was @ppligrotocol with the following thermal cycle: 10 min at Z5, 50 min
to the culture plates at 1Hz (0.5s of 10% stretch alternatingt 42 C, and 4 min at 94C.
with 0.5 s of relaxation) by using a computer-controlled vatuu Quantitative reverse transcription polymerase chain reecti
stretch bioreactor (FlexCell International CorporationX+ (RT-qPCR) was run for markers of in ammation: intracellular
5000T) inside the 5% Cgincubator at 37C. Cyclic stretch adhesion molecule IGAM1), osteogenic di erentiation: bone
was applied for 2h per day during the rst 7 days of 2-weeksnorphogenetic protein 2 EMP2, runt-related transcription
experiment. VICs stimulated with cyclic stretch alone witho factor 2 RUNX2, and periostin POSTN, and myo broblastic
osteogenic medium in the same time frame were used as contrali erentiation: a-smooth muscle actinACTA2) and calponin 1
The medium in all treatment groups was changed twice a week(CNNJ). 18S ribosomal RNA (TATAA Biocenter, gA-01-0106S)

Following 2 weeks of stimulation the cells were stainedvas used as the endogenous control in all experiments. PCR
with Alizarin Red (Sigma-Aldrich, A5533) according to thereactions were performed using Power SYBR Green detection
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TABLE 1 | Experimental groups.

Series Groups Healthy Calci ed Flex LPS OM
(10% stretch) (0.2 mg/ml) (osteogenic medium)
Series 1 Group 1.1 nD3 _ _ _ _
Group 1.2 nD3 _ _ C _
Group 1.3 nD3 _ _ _ C
Group 1.4 nD3 _ _ C C
Series 2 Group 2.1 nD6 _ C _ _
Group 2.2 nD 6 _ _ _ C
Group 2.3 nD6 _ _ C C
Group 2.4 nD 6 _ C _ C
Group 2.5 nD6 _ @ @ @
Series 3 Group 3.1 nD 4 _ _ C
Group 3.2 _ nD4 _ C _
Series 4 Group 4.1 nD 6 _ _ _ _
Group 4.2 nD 6 _ _ C _
Group 4.3 nD6 _ C _ _
Group 4.4 nD6 _ C C _
Group 4.5 _ nD6 _ _ _
Group 4.6 _ nD6 _ C _
Group 4.7 _ nD6 C _ _
Group 4.8 _ nD6 @ C _

PCR Master Mix (Applied Biosystems, Life technologiescomparison post-test. Data are shown as mea®EM. The data
4367659). RT-gPCR was carried out in ABI7900 (Appliedn calci cation in Groups 2.1-2.5 and PCR results from Groups
Biosystems) apparatus with the following amplication 4.1-4.8 showing e ect of stretch and/or LPS were analyzed
conditions: one cycle at 5C for 2min followed by 95C  with one-way ANOVA or non-parametric test (Kruskal-Wallis
for 10 min and 40 cycles of 98 for 15s followed by 6@ for  test) because of non-equal distribution. Post-tests wereedon
1min. The fold change of gene expression compared to 18&ing Dunnett's multiple comparisons test (for one-way ANOVA)
rRNA was calculated using the comparative CT method. All PCRnd Dunn's multiple comparisons test (for non-parametric test)
samples were run in duplicates. Primer sequences are presenilue di erences between gene expression in cells cultured on

in Supplementary Table 1 collagen or elastin were determined with pairédest (for
parametric data) or Wilxon matched-pairs signed rank test (for
Statistical Analysis non-parametric data). Data are shown as mearsSD. For all

Principal component analysis (PCA) was performed todata Shapiro-Wilk normality test was employed to establish the

determine, which continuous variables discriminate betwe type of distribution.p  0.05 in all data analyses was considered

groups of cells cultured on collagen or elastin. Continuoustatistically signi cant.

variables were gqPCR gene expression data from?! 2T

(RQ estimation). Markers of inammation: ICAM1, RESULTS

osteogenic di erentiation: BMP2 RUNX2 POSTN, THBS1

(thrombospondin 1), and myo broblastic di erentiation: Induction of Calci cation

ACTA2 and CNN1 were used in PCA. PCA was performed Groups 1.1-1.4

using Phantasus tool (https://genome.ifmo.ru/phantasus/yICs from healthy aortic valves were treated with osteogenic

with integrated limma instrument Ritchie et al., 2005 medium for 2 weeks, resulting in robust -calcication

Percentage contribution of each gene expression was c&ldula (Figures 1A,0). Stimulation of VICs with LPS alone for 2

by XLSTAT-Base software. weeks did not cause calci cation, however, addition of LPS to
All the other data were analyzed using GraphPad Prism ésteogenic medium increased calci cation induced by osteday

software (La Jolla, USA). The data in the experiment studyingnedium alone Figures 1A,D).

the e ect of LPS on calci cation (Groups 1.1-1.4) were analyzed

using one-way ANOVA with Tukey's multiple comparisons post-Groups 2.1-2.4

test. Data are shown as meanSD. The timeline experiment Stretch for 2h per day during the rst 7 days of a 2-

with LPS stimulation (Groups 3.1-3.2) was analyzed usingieeks experiment alone without osteogenic medium did not

two-way ANOVA. The di erences between cells from healthycause calci cation of VICs cultured on collagen and elastin

and calci ed valves were determined with Sidak's multiplecoatings Figures 1B,C, When the VICs were stretched in the
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FIGURE 1 | (A) Visualization of calcium by Alizarin Red staining of valvetérstitial cells isolated from healthy aortic valves© 3) and cultured on collagen | coating for
14 days in normal control medium (contr), osteogenic mediungOM), control medium supplemented with LPS (LPS) or osteogenic medium supplemented with LPS
(LPSCOMC). 10. (B,C) Visualization of calcium by Alizarin Red staining of valvetérstitial cells isolated from healthy aortic valves D 6), cultured on collagen | and
elastin coatings and stimulated by stretch alone in contrainedium (FlexXCLPS-OM-), osteogenic medium alone (Flex-LPS-OR), by LPS (Flex-LPE€OMC) and
stretch (FlexCLPS-OMC), or both (FlexCLPSCOMC) in presence of osteogenic medium (OM). 10. Experiment was performed for 14 days. Flex was applied 57
days of experiment (2 h per day)(D,E) Alizarin Red staining was quanti ed by absorbance at 405 nm. Bta were normalized to control group (LPS-OM-{D) or
(FlexCLPS-OM-) (E) equated to 1, Differences in gene expression between VICs dulred on collagen and elastin coatings are shown in black sta. The effect of
stimulations on gene expression is shown in green stars foratlagen and in red stars for elastin. * indicates 0.0¥ p  0.05, ** indicates 0.001< p  0.01, ***
indicates 0.0001< p  0.001, *** indicatesp  0.0001. Overallp-values from one-way ANOVA or non-parametric analysis aren®wn in green for collagen and in red
for elastin. Data presented as mean SD. p-values< 0.05 were considered statistically signi cant.

same time frame in the presence of osteogenic medium, theomparing to calci ed valves. After stimulation the expressi
calci cation was augmented compared to osteogenic mediurof POSTNwas inhibited in cells from both healthy and calci ed
alone Figures 1B,C,E Combination of LPS and osteogenic valves Figure 2D). The expression oARCTA2 and CNN1 was
medium without mechanical stretch stimulated calcicatio also downregulated after stimulation with LPS, but without
of VICs cultured on collagen, but not on elastin coatingsigni cant di erences between cells from healthy and caldi e
(Figures 1B,C,R valves Figures 2E,F.

Group 2.5 Gene Expression in Valve Interstitial Cells
The combination of stretch and LPS produced an additive e ectultured on Elastin or Collagen

on top of that of each treatment for cells cultured on collage Groups 4.1-4.8

Wherea§ cells cultured on elastin were a ected only by meiclahdn mRNA expression of CAM1, BMP2, RUNX2, POSTN, ACTA2
stressKigures 1B,C.& and CNN1was measured after 24 h in VICs from calci ed D

. . 6) or healthy 0 D 6) aortic valves stimulated with LPS and/or
Effects_ _Of LPS on Gene Expression in Valve stretch. Cells without any stimulation were used as contrbéde
Interstitial Cells treatments were compared in cells cultured on two dierent
Groups 3.1-3.2 coatings: elastin and collagen mimicking the ventriculad ¢he
To nd the optimal time to study the eect of LPS on aortic sides of the valve lea ets. Results are presented lgene-
calci cation-related genes, the time course of gene exjmess gene. The data presented in parentheses are me®i of a ratio
after 24, 48, 72, and 96 h of LPS stimulation was determineg control groups. Se@able 2for more details and the summary
in VICs from healthy and calci ed valvesCAM1 and BMP2  of gene expression in Groups 4.1-4.8.
were transiently upregulated 24 h after stimulation in celish
from healthy and calci ed aortic valves without a signi dcan ICAM1
di erence between the two cell sourcebiqures 2A,B. The The expression of CAM1 in cells from healthy and calci ed
expression of RUNX2 tended to increase in cells from valves cultured on collagen was increased after stimunlatich
calci ed valves after 48 hFHjgure 2C). Baseline expression of LPS (30.1 22.9 for healthy, 41.9 30.2 for calci ed), but not
POSTNwas signi cantly higher in VICs from healthy valves with stretch. No treatment caused signi cant changes in ¥IC
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FIGURE 2 | Relative gene expression of intracellular adhesion moleli1 (ICAM1)(A), bone morphogenetic protein 2(BMP2) (B), runt-related transcription factor 2
(RUNX2)(C), periostin (POSTN (D), a-smooth muscle actin (ACTA2)(E), calponin 1 (CNN1)(F)in valve interstitial cells isolated from healthy © 4, gray) and calci ed
(n D 4, black) valves cultured on collagen | coating, stimulatedith LPS and collected on different time points (24, 48, 72, ad 96 h). Changes in gene expression in
cells with LPS stimulation in relation to control cells withut LPS stimulation are shown in gray (for healthy donors) drblack (for calci ed donors) stars. Differences in
gene expression between cells from healthy and calci ed dons are shown in red stars. * indicates 0.0k p  0.05, ** indicates 0.001< p  0.01, *** indicates
0.0001 < p 0.001, ***indicatesp  0.0001. Overallp-values from two-way ANOVA indicating differences in genex@ression between cells from healthy and
calci ed donors are shown in red. Overalp-values from two-way ANOVA indicating effect of the time onene expression are shown in black. Data presented as mearn
SEM. p-values < 0.05 were considered statistically signi cant.

cultured on elastinlCAM1 expression was lower in VICs from expression following LPS treatment alone on elastin (00.2)
calci ed, but not from healthy valves cultured on elastin0 compared to VICs cultured on collagen (meBnl; Figures 3G
0.1) compared to VICs on collagen (me&n 1) after LPS 4C).
stimulation Figures 3A 4A).
POSTN
BMP2 The expression dPOSTNwas downregulated after stimulation
LPS stimulatedBMP2 expression in VICs from calcied (5.1 with LPS in VICs from calci ed donors cultured on collagen30
3.4), but not from healthy valves on collagen. On elastin 0.1), but not on elastin. There were no signi cant di erendes
BMP2 expression increased by stretch in cells from calci edPOSTNexpression after stimulation with LPS and stretch in VICs
(7.6 13.8), but not from healthy valves. The combinedfrom healthy valve2OSTNexpression was higher following LPS
stimulation with stretch and LPS signi cantly increasedeth treatment in VICs from calci ed, but not from healthy valves
expression oBMP2in cells from both healthy and calci ed cultured on elastin (3.2 2.4) compared to collagen (medh
valves cultured on both collagen (33.9 35.1 for healthy, 1;Figures 3D 4D).
7 3 for calcied) and elastin (17.6 13.8 for healthy,
171 12.2 for calcied). BMP2 expression was lower ACTA2
following LPS treatment (0.2 0.1) and higher following |PS as well as the combination of stretch and LPS signi cantly
stretch (4.7 3.4) on elastin compared to collagen (meandecreased expression ACTA2 in VICs from healthy (0.4
D 1) in cells from calcied, but not from healthy valves 0.4 for LPS, 0.3 0.4 for combination of stretch and LPS)

(Figures 3B 4B). and calcied (0.5 0.2 for LPS, 0.5 0.2 for combination
of stretch and LPS) valves on collagen. In VICs from healthy
RUNX2 valves stretch alone also decreagetiTA2 expression (0.3

Neither LPS nor stretch alone had signicant eect on 0.3). ACTA2 expression in VICs from healthy and calci ed
RUNX2 expression in VICs from either calcied or healthy valves cultured on elastin was downregulated by stretch
valves. However, combined stretch and LPS incre&gNX2 (0.5 0.2 for healthy, 0.3 0.1 for calcied) and the
expression in VICs from both healthy (11.612.4) and calcied combination of stretch and LPS (0.4 0.3 for healthy, 0.4
(7.5 19.5) valves on collagen, but not on elastin. VICs 0.3 for calci ed). Expression cACTA2 in VICs from both
from calci ed, but not from healthy valves had low&UNX2 healthy and calci ed valves cultured on elastin was higher
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FIGURE 3 | Relative gene expression of intracellular adhesion moletaul (ICAM1)(A), bone morphogenetic protein 2(BMP2) (B), runt-related transcription factor 2
(RUNX2)(C), periostin (POSTN (D), a-smooth muscle actin (ACTA2)(E), calponin 1 (CNN1)(F) in valve interstitial cells isolated from healthy valves D 6) cultured on
collagen or elastin coatings and stimulated by LPS and streh (Flex), or both. Differences in gene expression between®s cultured on collagen and elastin coatings
are shown in black stars. The effect of stimulations on genex@ression is shown in green stars for collagen and in red starfor elastin. * indicates 0.01< p  0.05, **
indicates 0.001< p  0.01, **** indicatesp  0.0001. Overallp-values from one-way ANOVA or non-parametric analysis areh®wn in green for collagen and in red
for elastin. All data were normalized to control group (FlekPS-) equated to 1. Data presented as mean SD. p-values< 0.05 were considered statistically signi cant.

following LPS treatment (2.1 1.5 for healthy, 1.8 1.5 applied to VICs from calcied valves. In cells cultured on
for calci ed) compared to collagen (meab 1; Figures3E elastin the expression dENN1 was inhibited by stretch (0.5

4E). 0.3) and the combination of stretch and LPS (0.30.2) in
VICs from calci ed, but not healthy valves. The expression of
CNN1 CNN1was higherin VICs from calci ed valves after stimulation

The expression o€NN1 decreased after both LPS (0.50.2 Wwith LPS (3.2 1.6), but lower after stimulation by stretch
for healthy, 0.2 0.1 for calcied) and stretch (0.6 0.3 (0.5 0.3) on elastin compared to collagen (meén 1;
for healthy) in all VICs on collagen except after stretch @lon Figures 3F 4F).

Frontiers in Physiology | www.frontiersin.org 9 November 2018 | Volume 9 | Article 1635



Bogdanova et al. In ammation and Stretch Stimulate Osteodifferentiation

FIGURE 4 | Relative gene expression of intracellular adhesion moleli1 (ICAM1)(A), bone morphogenetic protein 2(BMP2) (B), runt-related transcription factor 2
(RUNX2)(C), periostin (POSTN (D), a-smooth muscle actin (ACTA2)(E), calponin 1 (CNN1)(F)in valve interstitial cells isolated from calci ed valves\(D 6) cultured
on collagen or elastin coatings and stimulated by LPS and sttch (Flex), or both. Differences in gene expression betweeVICs cultured on collagen and elastin
coatings are shown in black stars. The effect of stimulation gene expression is shown in green stars for collagen and ired stars for elastin. * indicates 0.0k p
0.05, ** indicates 0.001< p  0.01, *** indicates 0.0001< p  0.001, **** indicatesp  0.0001. Overallp-values from one-way ANOVA or non-parametric analysis
are shown in green for collagen and in red for elastin. All datwere normalized to control group (Flex-LPS-) equated to 1Data presented as mean SD. p-values

<0.05 were considered statistically signi cant.

Principal Component Analysis of Gene all analyzed genes with dierent percentage contribution.
Expression Genes with highest percentage contribution in PC1 and

To identify if cells cultured either on collagen or on elasti PC2 determined cluster separation. Graphical results based
and stimulated with LPS, stretch or both form separateon this analysis demonstrates that the cells from calcied,
clusters by gene expression we used PCA. Each principalit not from healthy valves cultured on collagen formed
component (PC1 and PC2) combined expression data ¢i separate group from the cells cultured on elastin after
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stimulation with LPS and stretch alone, but not whendierentiate into osteogenic pathwayREdriguez and Masters,
the two treatments were combinedFigure ). Percentage 2009. Notably, not just the composition, but stiness has a
contribution of each gene expression in PCA is provided inmajor in uence (Yip et al., 200Q Surprisingly, cells cultured

Supplementary Table 2 on elastin in our study had a stronger osteogenic response to
mechanical stress. However, LPS had a more pronounced e ect
DISCUSSION on collagen. Potentially, it could mean that in ammation is neo

crucial for calci cation. Also, LPS itself may interact withainix

In the present investigation we found that mechanical stres§€omponents: di erent extracellular matrix components may act
(Flex) and in ammation (LPS) acted synergistically to stiate ~ as a storage, activation and delivery depots for variousfact
expression of osteogenic genes and calci cation in humafaking them more or less available to the celf®({riguez and
VICs from healthy and calci ed valves. Although in ammatio Masters, 2000

and mechanical stretch had been suggested to stimulate Incurrentstudy we analyzed expression of a few calci cation-
expression of osteogenic genége(ig et al., 2008; Lehmann related genes in human VICs.

et al., 2009: Yang et al., 2009a; Balachandran et al., 2010/CAM1 is an inammatory molecule mediating pro-
Song et al., 2011; Lépez et al., 2012; Ferdous et al., 200steogenic gene expression in VICs in response to the
Wang et al., 2014to our knowledge this is the rst time LPS stimulation $ong et al., 2011; Wang et al., 214PS

a synergistic eect has been shown on osteogenic gempregulates expression HEAML1 on cell surface and this can
expression. down the line stimulate expression &MP2 (Wang et al.,

In the present study the VICs cultured on collagen had2019. We found that stimulation of VICs with LPS leads to
stronger expression of osteogenic genes after stimulatitm w expression ofiCAM1 on collagen, but not on elastin, and it
LPS compared to VICs cultured on elastin surface. In addjtioniS accompanied by increased expressionBMP2 BMP2 in
combination of LPS together with osteogenic medium stirreda  turn activates the expression &UNX2 (Yang et al., 2009p
calci cation of cells cultured on collagen, but not on elast the main transcriptional regulator of osteoblastic lineage
Our ndings suggest the role of matrix composition in seleeti (Tkatchenko et al., 2009In the present study, stimulation of
susceptibility of the aortic side of the valve to calci catjias VICs with LPS alone did not activate expression RIINX2
it is made up predominantly of collagen while the ventricularHowever, stimulation of cells by LPS together with stretch
side which is rich in elastinL(atif et al., 2005; Yip and Simmons, upregulatedRUNX2expression on collagen, but not on elastin.
201). Our ndings are in line with the previous reports The weaker eect of LPS ofRUNX2 expression compared

stating that extracellular matrix in uences ability of V&Cto to BMP2in our 24-h time frame may re ect the notion that

FIGURE 5 | Partition of the groups based on the results of principal comonent analysis of gene expression in VICs cultured on collag or elastin and stimulated by
LPS, stretch or both. Principal component analysis was usedo investigate does treatment with LPS or/and stretch dividé/ICs cultured on collagen or elastin by
different groups. Expression data on a set of the followingenes was used:ICAM1, BMP2, RUNX2, POSTN, THBS1, ACTA2and CNNL1. Scatter plot demonstrates
that cells from calci ed valves cultured on collagen (in gre® and elastin (in red) form separate clusters by gene exprsi®n after simulation by LPS (Flex-LPS) or
stretch (FlexCLPS-) alone, but not in combination (Fle LPSC). Cells from healthy valves do not form separate clusters @l cases. Each dot on scatter plot
represents individual cell line (cell replicate in experénts).
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RUNX2is downstream tdBMP2when it comes to osteogenic multifactorial, and di erent pro-calci ¢ factors employ digtct
di erentiation (Rutkovskiy et al., 20)7 signaling pathways.

The extracellular matrix protein periostin is involved in  Our study has several limitations. First, cell cultures aoé n
osteoblast di erentiation and bone development. Knockout offully representative of thén vivo situation. Second, the short
POSTN in a murine model results in induction of several time frame of our experiments does not fully represent the
osteogenic factors includinBUNX2 and leads to aortic valve disease process that takes several years. Third, VICs edltur
calci cation (Tkatchenko et al., 2009 The expression of on collagen and elastin coatings were both subjected to 10%
POSTN s higher on the ventricular side of the valve andstretch by FlexCell system. However, cells on di erent sides o
lower on the aortic side, where calci cation occur€hen the valve and on dierent extracellular matrixes are exposed
and Simmons, 20)1 Our data corroborates these ndings asto dierent levels of mechanical stress during the cardiac
the expression oPOSTNwas lower in VICs from calcied cycle Back et al.,, 20)3 Our reason to subject cells to the
than from the healthy valves even without stimulation withsame degree of stretch was to dissect the e ect of stretch as
LPS. After stimulation with LPS the expressionRDSTNwas opposed to no stretch, rather than to calibrate it to maximize
decreased in cells cultured on collagen, but not on elastimr maximally diverge cellular response. Finally, the factors
It is still not clear whether periostin actually contributes by which the human VICs are exposed to in the present
or opposes calci cation, but most of the evidence suggeststudy are only a few of the factors present in calcifying
that a lack or decreased expression of periostin is prolea ets, such as ongoing matrix remodeling, invasion of ioma
calcic. cells, apoptosis, and others. Nevertheless, our study eires

Two dierent pathways of pathological dierentiation of the separate and combined e ect of mechanical stretch and
VICs contribute to aortic valve calci cation: myo broblés  in ammation which is an original approach and it oers a
and osteoblastic. The relative contribution of those twonew angle in understanding the mechanisms of aortic valve
pathways to aortic valve calcication is uncleaMi{ler calci cation.
et al.,, 2011; Monzack and Masters, 20)1Myo broblastic
di erentiation causes VICs to form multicellular aggregatescoNCLUSIONS
(“nodules”) which undergo apoptosis and serve as a substrate
for calcium accumulation Niiller et al., 201). We found

) i LPS-induced in ammation increases expression of osteogenic
that upregulation of osteogenic geneBMP2 and RUNX2

J=1] - i fgenes and inhibits expression of myo broblastic genes in§/IC
by LPS and stretch coincides with downregulation ofqitred on collagen (representing the aortic side of thevaipl
myo broblastic markers ACTAZ and CNNI). It will be ;i ot on elastin (ventricular side of the valve). Stretébne
tempting to supply similar experiments with myo broblastic o< modest e ects on osteogenic and myo broblastic gene

di erentiation. Our data provides additional evidence that gynression. LPS and stretch synergistically increase cation
myo broblastic and osteogenic di erentiation in the samellce 4.4 osteogenic gene expression in cells cultured on collagen

population may be mutually exclusivé/pnzack and Masters, cqating. Cells from calcied valves are more sensitive to the

201. _ _ treatments with LPS and/or stretch than cells from healthy
Our gene expression data show that the cells from calci eq/alves.

valves are more sensitive to LPS treatment compared to the
cells from healthy valves, in line with existing studiesoal

showing similar di erences in response to TRnd LPS {u AUTHOR CONTRIBUTIONS

et al., 2011; Zeng et al., 201These data may indicate that the . . ) )
VICs from calci ed valves already have a “pro-in ammatory” AR conceived the idea and together with JV supervised the
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