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Aims

and results

Myxomatous mitral valve disease (MMVD) is associated with leaflet thickening, fibrosis, matrix remodelling, and leaflet
prolapse. Molecular mechanisms contributingto MMVD, however, remain poorly understood. We tested the hypothesis
that increased transforming growth factor-f3 (TGF-B) signalling and reactive oxygen species (ROS) are major contribu-
tors to pro-fibrotic gene expression in human and mouse mitral valves.

Using qRT—PCR, we found that increased expression of TGF-f31 in mitral valves from humans with MMVD (n = 24) was
associated with increased expression of connective tissue growth factor (CTGF) and matrix metalloproteinase 2
(MMP2). Increased levels of phospho-SMAD2/3 (western blotting) and expression of SMAD-specific E3 ubiquitin-
protein ligases (SMURF) 1 and 2 (QRT—PCR) suggested that TGF-31 signalling occurred through canonical signalling cas-
cades. Oxidative stress (dihydroethidium staining) was increased in human MMVD tissue and associated with increases in
NAD(P)H oxidase catalytic subunits (Nox) 2 and 4, occurring despite increases in superoxide dismutase 1 (SOD1). In
mitral valves from SOD1-deficient mice, expression of CTGF, MMP2, Nox2, and Nox4 was significantly increased, sug-
gesting that ROS can independently activate pro-fibrotic and matrix remodelling gene expression patterns. Furthermore,
treatment of mouse mitral valve interstitial cells with cell permeable antioxidants attenuated TGF-f31-induced pro-fibrot-
ic and matrix remodelling gene expression in vitro.

Activation of canonical TGF-f signalling is a major contributor to fibrosis and matrix remodelling in MMVD, and is amp-
lified by increases in oxidative stress. Treatments aimed at reducing TGF-[3 activation and oxidative stress in early MMVD
may slow progression of MMVD.

Cardiovascular surgery e Valves e Mitralvalve e Regurgitation e Antioxidants

1. Introduction

Myxomatous mitral valve disease (MMVD) is acommon cardiac condition
affecting between 2 and 3% of the population.”” Myxomatous changes
in the mitral valve include leaflet thickening, fibrosis, and matrix
remodelling, ultimately contributing to prolapse and regurgitation.

In unstressed conditions, transforming growth factor-g (TGF-B)
appears to tonically suppress cellular proliferation and promote valve
interstitial cell-cycle arrest.’ Following injury, however, TGF-B can
induce differentiation of quiescent valvular interstitial cells to a
myofibroblast-like pheno‘cype.“’6 These activated myofibroblasts
express extracellular matrix proteins’ and fibrotic markers such as

smooth muscle a-actin (SM a-actin)*® and connective tissue growth
factor (CTGF).”~"

Many histological and biochemical changes in myxomatous mitral
valves are consistent with TGF-3 receptor activation. Previous work
has shown that multiple TGF-f3 receptors and their ligands are increased
in myxomatous mitral valves.'>"® TGF-B receptors exert many of their
effects through SMAD2/3 phosphorylation'*' (i.e. canonical signalling),
whichisantagonized by the intracellular E3 ubiquitin ligases SMURF1 and
SMURF2."¢~"? Insights into changes in endogenous inhibitors of TGF-B
signalling in human MMVD, however, are limited.

Reactive oxygen species (ROS) play a critical role in the pathogenesis
of numerous cardiac diseases, and are often associated with TGF-
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signalling,”® matrix remodelling,”" and fibrosis.”>~>* The primary enzym-
atic source of ROS in a variety of cardiovascular diseases is from
NAD(P)H oxidases that can be activated in response to growth
factors and/or cytokines such as TGF-B1. Specifically, NAD(P)H
oxidase catalytic subunit 4 (Nox4)-derived ROS have been shown to
play a critical role in the transduction of TGF-1-induced differentiation
of cardiac myofibroblasts.*>*® Importantly, Nox4-derived ROS may also
serveasan alternative pathway activating pro-fibroticand matrix remod-
elling gene expression.”’ ~>° While previous studies have reported
increases in systemic markers of oxidative stress in patients with mitral
valve prolapse,®® we are not aware of studies characterizing changes in
oxidative stress in mitral valve tissue from this population, nor have
there been investigations examining the role of ROS in the initiation
and/or amplification of transcriptional responses to pro-fibrotic
stimuli in mitral valve interstitial cells.

The aims of this study were, thus, (i) to determine whether oxidative
stress is increased in mitral valves from humans with MMVD, (ii) to de-
termine whether increases in oxidative stress are associated with
increases in NAD(P)H oxidase levels and canonical TGF- signalling
pathwaysin human MMVD, (jii) to determine whether reductions in anti-
oxidant gene expression are independent contributors to increases in
pro-fibrotic and matrix remodelling gene expression in mitral valves in
vivo, and (iv) to determine whether increasing intracellular antioxidant
capacity can attenuate TGF-B1 signalling in mitral valve interstitial cells
in vitro.

2. Methods
2.1 Tissue

Studies were performed on 48 samples of human mitral valve tissue col-
lected during surgery at Mayo Clinic, Rochester. The 24 controls were non-
myxomatous mitral valves explanted from cardiac transplant recipients. The
other 24 samples were collected from individuals with myxomatous mitral
valve degeneration during mitral valve repair procedures. Patients with
MMVD were identified following clinical evaluation in the Mayo Clinic Valvu-
lar Heart Disease Clinic. The diagnosis of MMVD was confirmed by clinical
histopathological analysis of tissue following surgery (gross and microscopic
features consistent with MMVD, i.e. evaluated by Verhoeff—Van Gieson
staining). These histopathological changes were associated clinically with
severe mitral regurgitation, no mitral stenosis, and a history of mitral valve
prolapse with chordal rupture. Valve tissue from patients with mitral pro-
lapse of a defined genetic origin (e.g. Marfan syndrome, Loeys—Dietz, osteo-
genesis imperfecta, etc.) was not used in the current study.

2.2 Animal model

Superoxide dismutase 1 (SOD1) knockout and wild-type mice littermates
(n=12andn = 11, respectively) were aged 3 months. Animals were eutha-
nized via intraperitonealinjection of pentobarbital sodium (0.5 mL). Samples
of mitral valve tissue were harvested and stored in Trizol (Invitrogen).

2.3 Ethical considerations

For human studies, all protocols and procedures were approved by the
Mayo Clinic Institutional Review Board and conformed to the principles
outlined in the Declaration of Helsinki. For animal studies, all protocols
and procedures were approved by the Mayo Clinic Institutional Animal
Care and Use Committee and conformed to the guidelines set forth by
the National Institutes of Health in the Guide for the Care and Use of
Laboratory Animals.

2.4 Cell culture

Mitral valves from three C57BL/6 mice were harvested and pooled. All cells
were grown in complete media (40% Dulbecco’s modified Eagle’s medium,
40% Ham’s F-10,20% foetal bovine serum, and antibiotics) between passages
3and 9 and harvested at 90—100% confluence. Treatmentsincluded TGF-31
(10 ng/mL) and polyethylene glycol-superoxide dismutase (PEG-SOD)
(200 U/mL) for 24 h. Cells were harvested using lysis buffer (Invitrogen),
1% 2-mercaptoethanol.

2.5 RNA isolation and complementary DNA
synthesis

Intact valve tissue was pulverized and transferred to Trizol reagent (Invitro-
gen). Total RNA was extracted using chloroform extraction techniques
(Invitrogen). Complementary DNA (cDNA) was synthesized from total
RNA using the Superscript VILO cDNA Synthesis Kit (Invitrogen).

2.6 Gene expression

Gene expression for TGFB1, CTGF, MMP2, MMP9, NOX2, NOX4, SOD1,
SOD2, SOD3, CAT (Catalase), ACTA2 (SM a-actin), SMURF1, SMURF2 was
measured using TagMan Gene Expression Assay primers and Master Mix
using an Applied Biosystems 96-well Thermal Cycler. GAPDH and HPRT1
were used to normalize gene expression levels.

2.7 Western blotting

Protein was isolated from pulverized tissue or from lysed cells. Gel electro-
phoresis was performed using Bis-Tris gels (Invitrogen) and transferred to
nitrocellulose membranes. Membranes were incubated with primary anti-
bodies against p-SMAD2 (1:1000, Cell Signaling), p-SMAD3 (1:2500,
Abcam), or GAPDH (1:10 000, Abcam) for 18 h at 4°C and subsequently
incubated with a goat anti-rabbit/mouse HRP-conjugated secondary anti-
body for 1.5 hatroom temperature (1:5000, Fisher Scientific). After addition
of a chemiluminescent substrate (Thermo Scientific), band detection was
accomplished using digital imaging techniques (Fluorochem M) and quanti-
fied using the Image] (NIH) or Cell Biosystems software.

2.8 Dihydroethidium staining

ROS were measured in cryosectioned myxomatous and non-myxomatous
human mitral valve tissue samples frozen in OCT compound (see Detailed
Methods in the Supplementary material online).

ROS were also measured in freshly excised, wild-type and CuZnSOD-
deficient mouse mitral valves. Tissue was stained, wet-mounted en bloc on
glass slides, and imaged using confocal microscopy (see Detailed Methods
in the Supplementary material online).

2.9 Statistical methods

All data are reported as mean + SE. Significant differences between non-
myxomatous and myxomatous human valve tissue were detected using un-
paired t-tests. Significant differences between littermate-matched wild-type
and SOD1 knockout mice were detected using paired t-tests. For cell culture
experiments examining interactions between TGF-B1 and antioxidant
levels, main effects were detected using an analysis of variance, and
Bonferroni-corrected paired t-tests were used for post hoc testing.

3. Results

3.1 Mitral valve function in
non-myxomatous and myxomatous mitral
valves

Evidence of mild, ischaemic mitral valve regurgitation was present in 58%
of non-myxomatous mitral valves. In contrast, severe mitral valve regur-
gitation due to leaflet prolapse was present in all patients with MMVD, as
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evidenced by abnormal mitral regurgitant volumes (71 + 6.3 cc) and left
atrialvolume indices (56 + 3.7 cc/m?). Leftventricular function was well
maintained in patients with MMVD.

3.2 TGF-p1 expression and SMAD2, 3
phosphorylation in human tissue

Expression of TGF-1 was increased in human myxomatous mitral
valves compared with non-myxomatous valves (Figure 1A) and was asso-
ciated with increases in protein levels of p-SMAD?2/3 (Figure 1B—E).

3.3 Expression of TGF-f31 target genes in
human tissue

CTGF was significantly increased in human myxomatous mitral valves
compared with non-myxomatous mitral valves (Figure 1F). While
matrix metalloproteinase 2 (MMP2) was significantly increased in
patients with MMVD (Figure 1G), MMP9, however, was comparable
between non-myxomatous and myxomatous valves (Figure 1H). Expres-
sion of SMURF1 and SMURF?2, endogenous inhibitors of TGF-f31 signal-
ling, was also elevated in mitral valves with MMVD (Figure 1/ and ).

3.4 Oxidative stress in human tissue

DHE fluorescence was low in non-myxomatous human mitral valves,
but was elevated in mitral valves with MMVD (Figure 2A and B).

3.5 Pro-oxidant and antioxidant gene
expression in human tissue

Expression of Nox2 and 4, catalytic subunits of the NAD(P)H oxidase
enzymatic complex, was increased in myxomatous mitral valve tissue
(Figure 2C and D). Humans with MMVD had elevated gene expression
of the cytosolic antioxidant SOD1 (Figure 2E). Expression of other anti-
oxidants such as SOD2 (mitochondria), SOD3 (extracellular), and cata-
lase (peroxisomes) did not differ between myxomatous and
non-myxomatous mitral valve tissue (Figure 2F—H).

3.6 Expression of TGF-31 and SMAD2/3
phosphorylation in SOD1-deficient mice

TGF-B1 expression was unaltered in mitral valves from SOD1-deficient
mice compared with wild-type littermates (Figure 3A). Protein levels of
p-SMAD?2, 3 were also comparable between groups (Figure 3B—E).

3.7 TGF-p1 target gene expression in mice
with SOD1 deficiency

Expression of CTGF and MMP2 was increased in mitral valves from
SOD1 knockout mice compared with wild-type littermate controls
(Figure 3F and G). Expression of MMP9, SMURF1, and SMURF2 was
not significantly changed in SOD1-deficient mice (Figure 3H—/).

3.8 Oxidative stress in SOD-1-deficient
mitral tissue

DHE fluorescence was low in wild-type mitral valves, but elevated in
SOD1-deficient mitral valves (Figure 4A and B).

3.9 Pro-oxidant and antioxidant gene
expression in SOD1 deficiency

As expected, expression of SOD1 was undetectable in mitral valves
from SOD1-deficient mice (see Supplementary material online).

Expression of Nox2 and 4, however, was increased in mitral valves
from SOD1 knockout mice (Figure 4C and D).

3.10 Effects of exogenous antioxidants on
SMAD?2 phosphorylation and SMURF
expression in response to TGF-f31 in mouse
mitral valve interstitial cells in vitro

SMAD?2 phosphorylation levels in mouse mitral valve interstitial cells
(MMVICs) were elevated after 24 h of TGF-1 treatment (10 nmol).
However, addition of PEG-SOD had no effect on induction of SMAD2
phosphorylationin TGF-f31-treated cells (Figure 5A and B). Gene expres-
sion of SMURF1 and SMURF2 in mMVICs was increased following
TGF-B1 treatment, but unchanged by PEG-SOD stimulation (Figure 5/
and]).

3.11 Effects of exogenous antioxidants on
pro-fibrotic and matrix remodelling gene
responses to exogenous TGF-31 in mMVICs
in vitro

Treatment of mMVICs with TGF-B1 (10 nmol, 24 h) resulted in induc-
tion of CTGFand MMP2 mRNA levels, whereas SM a-actin was not sig-
nificantly increased (Figure 5C—E). Co-incubation of TGF-B1-treated
mMVICs with PEG-SOD did not significantly alter expression of SM
a-actin or CTGF (Figure 5C and D). TGF-B1-induced expression of
MMP2, however, was abrogated by co-treatment with PEG-SOD
(Figure 5E).

3.12 Effects of TGF-31 and antioxidants
on oxidative stress in vitro

SOD1 expression was unchanged in mMVICs following TGF-f1 treat-
ment for 24 h (Figure 5F). Nox4 mRNA, however, was significantly
increased in response to exogenous TGF-B1 (Figure 5G). Addition of
PEG-SOD did not significantly reduce TGF-B1-induced changes in
Nox4 gene expression. Interestingly, Nox2 expression was decreased
with treatment of TGF-f31, and slightly elevated upon co-incubation
with PEG-SOD (Figure 5H).

4. Discussion

The major findings of this study are: (i) canonical TGF-B signalling is
increased in MMVD despite increases in inhibitory molecules, (ii) oxida-
tive stress is increased in human myxomatous mitral valves due to
increases in Nox2- and Nox4-dependent oxidases, and occur despite
up-regulation of SOD1 expression, (iii) reducing SOD1 in mice in vivo
increases oxidative stress and pro-fibrotic/matrix remodelling gene ex-
pression in mitral valve leaflets, and (iv) increasing antioxidant capacity in
mMVICs in vitro reduces expression of matrix remodelling genes in re-
sponse to TGF-B1. Collectively, these data support a working model
in which cytosolic oxidative stress is a key modulator of pro-fibrotic
and matrix remodelling genes in humans with MMVD.

4.1 Canonical TGF-f3 signalling is increased
in MMVD

In the current study, TGF-B1 expression and phosphorylated SMAD?2/3
protein were both significantly increased in MMVD, indicative of
increases in canonical TGFf signalling. These data are consistent with
previous reports of increases in TGF-B1 expression in myxomatous
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Figure | TGF-B1expression, levels of canonical TGF-B1 signalling molecules, and SMAD target gene expression in non-myxomatous and myxomatous
human mitral valve tissue. (A) TGF-B1 expression is significantly increased in MMVD (qRT—PCR, n = 24 non-myxomatous valves, n = 24 myxomatous
valves). (B—E) Western blots showing SMAD?2/3 phosphorylation (B and D) and subsequent quantitation using densitometry (C and E). Note that
SMAD?2/3 phosphorylation—indicative of canonical TGF-B1 signalling—is significantly increased in MMVD (n = 5 non-myxomatous valves, n = 5 myx-
omatous valves). (F—H) Changes in CTGF, MMP2, and MMP9 in MMVD. Note that CTGF (F) and MMP2 (G) are markedly increased in MMVD (qRT—
PCR, n = 24 non-myxomatous valves, n = 24 myxomatous valves). (I and J) Changes in expression of the intracellular E3 ubiquitin ligases SMURF1 and
SMURF2, which are key negative regulators of canonical Smad signalling. Note that both SMURF1 and SMURF2 are markedly increased in human
MMVD (n = 24 non-myxomatous valves, n = 24 myxomatous valves). *P < 0.05 in all figures.
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Figure 2 ROS and pro/antioxidant gene expression in non-myxomatous and myxomatous human mitral valves. (A and B) Micrographs and quantitation
of dihydroethidium staining in non-myxomatous and myxomatous human mitral valves. Note that ROS are significantly increased in valve tissue from
patients with MMVD (n = 5 non-myxomatous valves, n = 5 myxomatous valves). (C—F) Expression of pro- and antioxidant genes in non-myxomatous
and myxomatous human mitral valve tissue. Expression of Nox2 (C), Nox4 (D), and SOD1 (E) is significantly increased in myxomatous tissue. (F—H) Ex-
pression of other SOD isoforms (SOD2 and SOD3) and catalase was relatively unchanged (n = 24 non-myxomatous valves,n = 24 myxomatous valves for

panels (C)—(F). *P < 0.05 in all figures.

mitral valves.>"® This up-regulation of canonical TGF-B1 signalling in
human MMVD was associated with elevated expression of several
known TGF-B1 target genes, including CTGF and MMP2. Empirical evi-
dence suggesting that inhibition of TGF-3 signalling may be a viable
therapeutic target in MMVD is derived from mouse models of Marfan
syndrome, where mitral valve prolapse can be largely prevented by par-
enteral administration of TGF-B neutralizing antibodies.®'

Interestingly, increased TGF-31 expression and SMAD?2/3 phos-
phorylation in  myxomatous mitral valves occurred despite
up-regulation of the E3 ubiquitin ligases SMURF1 and SMURF2.
Along with SMAD6 and SMAD7, the promoter regions of both
SMURF1 and SMURF2 are rich in SMAD-binding elements and
play a critical role in the negative feedback regulation of SMAD sig-
nalling.?>73” Along these lines, multiple in vitro studies have shown
increased SMURF1/2 expression with exogenous TGF-B1 stimula-
tion,"”** and knockdown of either of these inhibitory molecules dra-
matically increases TGF-31 target gene expression in multiple cell
types.’® Collectively, these data suggest that increases in SMURF1/
2 expression play a role in limiting increases in canonical Smad sig-
nalling, but are not sufficient to abrogate increases in pro-fibrotic or
matrix remodelling genes.

4.2 Mechanisms of increased oxidative
stress in MMVD

To our knowledge, this is the first report demonstrating that oxidative
stress is increased in mitral valve tissue from humans with MMVD. Fur-
thermore, our data suggest that Nox2 and Nox4 are likely contributors
to increased oxidative stress in myxomatous mitral valves, as expression
of both enzymes was markedly increased in MMVD. Previous reports
using myocardial tissue have established a clear link between
up-regulation of TGF-f signalling and Nox4 activation, suggesting that
Nox4-derived ROS are critical for SMAD2/3 phosphorylation in re-
sponse to TGF-B1.%° While increases in Nox2 may increase overall cel-
lular oxidative stress and contribute to amplification of TGF-
signalling20 and matrix remodelling protein activation,”’ our observation
that exogenous TGF-f3 resultsin robust down-regulation of Nox2 in vitro
strongly suggests that multiple signalling mechanisms contribute to
NAD(P)H oxidase isoform expression and activity in MMVD.

Our data also suggest that oxidative stress is increased in valve tissue
from patients with MMVD despite significantincreases in CuZnSOD ex-
pression. Expression of CuZnSOD is highly responsive to increases in
oxidative stress and inflammation due to the presence of several
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Figure3 TGF-B1mRNA expressionand p-SMAD2/3 levels in mitral valves from SOD1 knockout mice compared with wild-type littermates. (A) TGF-1
expression was unaltered in SOD 1-deficient mitral valves (n = 9 wild-type valves, n = 13 knockout valves). (B—E) Immunoblots showing SMAD?2/3 phos-
phorylation (B and D) and subsequent quantitation using densitometry (Cand E). Note that similar to TGF-1 expression, SMAD2/3 phosphorylation is not
changed in mitral valves with SOD1 deficiency (n = 4 wild-type valves, n = 4 knockout valves). (F—H) Pro-fibrotic and matrix remodelling gene expression
in mitral valves from wild-type and SOD1-deficient mice. Note that CTGF and MMP-2 are significantly increased in SOD1 knockout mice (n = 9 wild-type
valves, n = 13 knockout valves). *P < 0.05 in all figures.
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NFkB-binding sites in its promoter region, and has been shown to play a
critical role in suppression of inflammation and fibrosis in a number of
disease states.>?~*? Interestingly, this pattern of oxidant-related gene
expression markedly differs from that observed in calcific aortic valve
stenosis, where uncoupled NOS and reduced antioxidant capacity are
the primary contributors to increases in ROS levels.**

4.3 SOD1 plays arole in the up-regulation of
pro-fibrotic/matrix remodelling genes in vivo

In support of the concept that SOD1 is a tonic suppressor of TGF-f3 sig-
nalling in vivo, we demonstrated that genetic deletion of SOD1 in mice
resulted in significant up-regulation of pro-fibrotic and matrix remodel-
ling genes. More specifically, we found that CTGF and MMP2—both
target genes of canonical TGF-B signalling® ~*°

mitral valves from SOD1-deficient mice, despite our observation that

—are up-regulated in

TGF-B expression and p-SMAD?2/3 protein were relatively unchanged.
These data suggest that even in the absence of changes in canonical
TGF-B signalling, SOD1 is likely to be a protective/compensatory anti-
oxidant mechanism that prevents fibrosis and excessive matrix turn-
over/remodelling in non-myxomatous mitral valves.

Our data also suggest that SOD1 activity serves as a tonic suppressor
of NAD(P)H oxidase expression and activity, as genetic deletion of
SOD1 resulted in increased expression of Nox2 and Nox4 in mitral
valves. Previous work in other cell types suggested that activation of
NAD(P)H oxidase may self-perpetuate through a phenomenon called

ROS-induced ROS release (or RI-RR).>**" Our data from SOD1-
deficient mice are consistent with a working modelin which SOD1 sup-
presses RI-RR in non-myxomatous mitral valve interstitial cells (at least,
with regard to Nox2- and Nox4-derived ROS), and inadequate antioxi-
dant responses may contribute to exacerbation of RI-RR and amplifica-
tion of pro-fibrotic signalling cascades in MMVD.

4.4 Role of increased oxidative stress
in mitral valve interstitial cell responses
to TGF-p31

Our observation that induction of matrix remodelling gene expression
in response to exogenous TGF-31 was attenuated by pre-treatment
of mitral valve interstitial cells in vitro with cell-permeable SOD strongly
suggests that a cellular redox state is an important determinant of
TGF-B1-mediated MMP2 expression, and may be a useful complemen-
tary treatment to slow progression of MMVD in vivo. It is important to
note, however, that not all TGF-B1-induced changes in gene expression
were abrogated by PEG-SOD. First, up-regulation of Nox4 was not
affected by this treatment, suggesting that Nox4 is tightly coupled to
TGF-B1 signalling in an ROS-independent manner. Up-regulation of
SMURF1/2and CTGF by TGF-1, however, no longerachieved statistic-
al significance after treatment with PEG-SOD, suggesting fibrosis and
matrix remodelling gene expression induced by TGF-B1 are dependent
upon generation of intracellular ROS. Furthermore, PEG-SOD elimi-
nated suppression of Nox2 by TGF-B1, implying that some of the
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Figure 5 Effects of reducing oxidative stress on TGF-B1-induced gene expression (10 ng/mL TGF-B1 for 24 h) in mMVICs in vitro. (A—E) Effects of anti-
oxidant treatment on induction of TGF-31 signalling molecules and target genes related to myofibroblast activation, fibrosis, and matrix remodelling. Note
that PEG-SOD (200 U/mL) tends to reduce SMAD phosphorylation levels and TGF-1-induced myofibroblast activation (SM-a-actin) and CTGF expres-
sion, and abrogates TGF-B1-induced MMP-2 expression. (G and H ) Regulation of anti/pro-oxidant enzyme expression in TGF-31-treated mMVICs. Note
that SOD1 is relatively unchanged and Nox4 is significantly increased in mMVICs after treatment with TGF-1, whereas Nox2 is significantly reduced by
TGF-B1. Furthermore, induction of Nox4 is relatively unaffected by treatment with PEG-SOD, whereas TGF-B1-induced suppression of Nox2 is elimi-
nated by PEG-SOD. (I and J) Regulation of endogenous inhibitors of canonical TGF-B1 signalling by oxidative stress. Note that increases in SMURF1 and
SMURF2 expression with TGF-1 treatment were attenuated (or no longer significant) following treatment with PEG-SOD (n = 5 cell lines in each con-

dition). *P < 0.05 for all figures.
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potentially beneficial, anti-inflammatory aspects of TGF-31 are also
mediated by ROS. Thus, successful application of antioxidant therapies
in MMVD require further investigation of the context dependence of
ROS-related signalling in mitral valve interstitial cells.

4.5 Conclusions

These studies are the first to demonstrate that oxidative stress is
increased in MMVD, which likely augments TGF-B-induced fibrosis
and matrix remodelling. Furthermore, cytosolic antioxidant capacity
plays a role in tonic suppression of fibrogenic and matrix remodelling
gene expression in mitral valves. Our data suggest that future studies
examining the utility of antioxidant therapy as a complementary modal-
ity to slow or prevent progression of myxomatous mitral valve prolapse
are warranted.

4.6 Limitations

One limitation to the current study is that the amount of tissue available
for molecular analyses is very limited (as a relatively small amount of
tissue is removed during mitral valve repair procedures). Thus, we
were not able to perform all measurements on all samples (especially,
those requiring a relatively large amount of tissue).

Asecond limitation compounding the smallamount of tissue removed
relates to the resection of almost exclusively myxomatous tissue during
surgical mitral valve repair. More specifically, we generated correlations
between regurgitant volume, left atrial volume, and key molecular
changes we observed in tissue from patients with MMVD, but did not
find significant correlations between indices of mitral valve function
and the consequent molecular changes within each group (i.e. non-
myxomatous or myxomatous valves; data not shown). The lack of a
strong correlation within each group can likely be attributed to two
factors: (i) the severity of the disease (i.e. a cohort of patients with
disease severe enough to warrant surgery), and (ii) the fact that predom-
inantly diseased tissue is removed at the time of surgery (i.e. only myxoid
regions of the valve). When combined, these two factors make the vari-
ance of both measurements relatively low within each group. We would
presume that performing correlations between valve function, valve
thickness/fibrosis (difficult to measure consistently in frozen sections),
and molecular markers would be significant in animal models of
MMVD, in which molecular and functional changes could be measured
over a greater continuum and across greater regions of the entire
mitral valve structure. Future studies in appropriate animal models of
mitral valve disease will be critical to confirming these working hypoth-
eses and advancing our understanding of the pathogenesis of MMVD.

Common to our current reportand many others utilizinghuman valve
tissue, our non-myxomatous valves were taken from patients undergo-
ing transplant surgery. Thus, while the mitral valves were not myxoma-
tous, the leaflet tissue was likely exposed to an ‘abnormal’ metabolic and
neurohormonal milieu. Despite this, we observed significant differences
between frankly myxomatous mitral leaflets and those explanted as
bystanders to other cardiac diseases, suggesting that the molecular
changes in MMVD are not processes that occur secondary to cardiac
disease in general, but are instead primary drivers of myxomatous
valve remodelling and disease.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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