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Abstract

Rheumatic Heart Disease (RHD) is one of the main causes of heart failure in Africa. One
of the major manifestations of RHD is chronic primary mitral regurgitation (CPMR), which
causes an abnormal volume overload on the left ventricle (LV) resulting insadve
remodelling. Currently, no medical therapy has been proven to attenuate this adverse
remodelling or to improve outcomes in patients WitRMR. Betaadrenergic receptor
blockers have been found to attenuate LV adverse remodelling in animal models|Bf

and in humans with heart failure due to systolic dysfunction, but no prior study has
prospectively examined the LV response to carvedilol in patients with CPMRcurrent

study was divided in to three components. Firstly, clinical, echocardiograptiiserum
markers of LV remodelling were measured in CPMR patients in response to carvedilol
therapy. Secondly, the expression of genes, important in LV réhmggevas compared
between patients with CPMR and tissue from normal hearts in order to gstadwieline
abnormalities in gene expression levels in CPMR. Lastly, changes in LV remodelling gene
expression were measured in response to carvedilol therapy in the patients with CPMR.
Twenty consecutive patients with isolated CPMR, who metspeeifiedinclusion and
exclusion criteria, were recruited to the study over aymwar period. Seven patients did

not complete the study. Following baseline investigations including clinical evaluation,
transthoracic echocardiography (TTE), serum analysis andridéreyocardial biopsy
(EMB), thirteen patients with severe CPMR awaiting mitral valve surgery were
randomized to carvedilol therapy (n=7) or standard of care (n=6). At the time of surgery
(at a median of 10 and 7 months after baseline in the two groupectigsly), non
invasive investigations and EMB were repeated. Baseline expression levels of 109 genes
important in volumeoverload LV remodelling were compared with levels in normal hearts
(n=5). To account for the small sample size, patients were ugbdiaswn controls in

order to counter heterogeneity within the two groups. Carvedilol failed to improve serum
or echocardiographic measures of LV remodelling. In particular, in patients treated with
carvedilol TTE measures of LV function did not improwdile measures of right
ventricular function deteriorated. Furthermore, serum markers of adverse cardiac function,
including MMP-2, Fas and N9pro-BNP increased in patients treated with carvedilol. At
baseline, compared with normal hearts, patients witkreeCPMR displayed abnormal
expression of a numbadrenergidsigitirgncaldumihanglimgr t a nt
cell survival, apoptosis and exicallular matrix regulation. This is the first study to
demonstrate significant dowme g u | a t-admenergid récepteband the angiotensin
Il-receptorl genes in patients with severe CPMR. Subsequently, after treatment with
carvedilol, there was significant dowagulation of cardigprotectiveb-arrestin2 PDE1A

andP D G Fald a trend towards significatdwn-regulation of cardigprotectivePDE4D.
Significant upregulation ofPLN, which has previously been found to be associated with
abnormal calcium regulation, contractile dysfunction and premature cardiac death, was
noted in patients treated with carietl Taken together, these findings suggest that
carvedilol fails to attenuate adverse remodelling in patients with severe chronic primary
mitral regurgitation.
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Chapter 1

Left ventricular remodelling in chronic primary mitral regurgitation: implications

for medical therapy.



1.1 Introduction

Mitral regurgitation (MR) is caused by failure of adequate coaptatidhe anterior and
posterior mitral leaflets during left ventricular (LV) contraction resulting in various degrees
of regurgitation of blood from the LV into the left atrium (LA). The result of this
regurgitation is twofold. Firstly, there is a reductiarforward stroke volume (FSV) into

the aorta with subsequent reduction in perfusion. Secondly, there is an increase in LA blood
volume during ventricular systole which results in an increase in left ventricular preload

thesecal | ed o6vol statee overl|l oaded?©d

MR is classified as either primary (organic) or secondary (functional) and acute or
chronicl? Causes of acute MR include infective endocarditis and spontaneous cordal
rupture and will not be discussed further in this review. Chronic secondary MR can be
ischemic and/or neischemic in nature and therapies for secondary MR range from
medical to surgicalln contrast, chronic primary MECPMR)is predominantly caused by
degenerative disease in developed couritréesl rheumatic heart disease (RHD) in
developing countriesRHD is one of the major contributors to the aetiology of heart failure

in Africa, where it remains the most common form of acquired cardiovascular disease in

children and adults.

Current therapy for patients with sev€&¥BMR as recommended lguidelines comprises
surgical repair or replacement in patients who are surgical candidates or conservative (i.e.
palliative) therapy in patients with very poor left ventricular function who are deemed to
be poor surgical candidatest present, there is no recommendation for drug therapy in

patients with any degree @PMR. However, once heart failure develops angiotensin



converting enzyménhibitors (ACEIs), betdblockers and spironolactone may be

considered.

Although there have been several recent revi@egsing on ventricular remodilg in

ischemic heart disease, hypertensive heart disease and aortic stenosis, there have been few
recent reviews on pathological left ventricular rembdglin patients withtCPMR.”® In

this review we focus in particular othe pathophysiological changes seen in the
myocardium of the left ventricle due to volume overload caus&PMR. We also discuss

medical interventionsvhich may attenuate or reverse the adverse changes S€EMiR

focusing on data related to the usdefablockers in these patients.



1.2 Pathophysiological changes in the LV in chronic primary MR

Primary MR may present acutely, as a slowly progressive disease or as chronic progressive
MR with sudden deterioration related to acute changes in méhat anatomy such as a
ruptured cord. Acute MR is usually a medical emergency requiring emergent surgery and

is not the focus of this review.

Patients withCPMR are often asymptomatic for long periods of time before presenting at
a late stage in hearaifure. During this period there is development of progressive left
ventricular dysfunction as the LV is remoel in an attempt to produce an adequate
forward stroke volumé®!' Tenyear cardiovascular mortality varies betweel 586 with

worse prognosis for patientstisevere MR213

Alterations in the global structure of the LV in respons€RYIR have been reviewed in

detail previously? Briefly, MR results in increases in LA volume, a reduction in FSV and

an increase in LV preload. By mechanisms that are unclear but are discussed in more detail
below, the LV responds to the increased preloa@dnentric hypertrophy with a serial
increase in myocyte sarcomeres and myofibril slippage (Figure'*t1)Eccentric
hypertrophynormalizes afterload as estimated by mean systolic stcesspared to
patients withaortic regurgitationAR), leading to a period ofso a | t e thp é n€at i ono .
However, the hypertrophy that develops is actually insufficient to fully compensate for the
wall stress that develops. This is dueinadequateprotein synthesis triggered by MR
compared to pressure overléatt andprogressive deterioration in myocardial functfén.

There is no clear explanation for this phenomenon but it has been proposed that the lower

systolic load irthe case of MR may result in an insufficient hypertropgsponse at a time



when there is a marked demand foriacreased stroke volunté Altered cytoskeletal
changes, such as microtubular density, may also play &rdléh time, in the face of
inadequate hypertrophy and a dilating LV, systolic vealess increases (based on the
LaPlace effectvhere wall stress is directly relatedthe pressure within the ventricle and
its radius, and inversely related to the

dimensions and inadequate hypertropts#:°

A: Normal heart | l B: Chronic compensated MR | l C: Decompensated MR l
P predoad

*  Normal predoad + P LA volume & pressure «  “Mpreload

*  Normal LA volume + P WVvolume « M WVWvolume

*  Normal LV volume *  Pcontractiity *  Jcontractility

& contractility «  Eccentric hypertrophy o PP wall stress

¢ Normal wall stress but normal wall stress o LTSV

*  Normal TSV & FsV o PTISV *  JFSV
*  Normal FSV

Figure 1.1, Left ventricular remodelling in chronic primary mitral regurgitation. A: Normal LV s represented on the
left, Wall strass is normal. B: Chronic compensation with eccentric hypertrophy and dilatation, The increasein LV
volume is compensated for by the increase in wall thickness, Wall stress appears to be normalized by the eccentric
hypertrophy. FSV & normal because of increased LV filling. C: Adversely remodeded LV of decompensated chronse MR.
The myocardial wall & thin resulting in an increase in wall stress. The arrow indicates severe MR, which becomes more
severe with a ddating LV. LA = left atrlum; LV = left ventricle, TSV = total stroke volume; FSV = forward stroke volume;
MR = mitral regurgitation

Chronic increases in wall stress are detrimental to the myocardium resulting in activation
of a number of complex inflammatory and apoptotic pathways in a similar manner to heart
failure from othercauses. Ultimately, there myocyte loss and sliding disssiement of
cardiomyocytes, or cell slippage, caused by disruption of the myocardial extracellular
matrix (ECMYintegrin linkage$:?® Various lines of evidence point to tirtependent

changes in the upegulation and dowanegulation of remodéng pathways m chronic
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primary MR?’ This processs initiated by diastolic mechanical stretch due to an increase
in enddiastolic wall stress leading to an early increase in reactive oxygen species (ROS)
generation, inflammatory cytokine expression and neurohormonal activation with
increases in angiotensihand catecholamines. Early in the remdibgl process there is
interstitial collagen loss and cell slippage. But with time there is myocyte apoptosis and
pathological ECM fibrosig® Chronic decompensated MR ensues, and the LV resembles

endstage dilated cardiomyopathy.

1.2.1 MR causes mechanical stretch, which triggers mechanoreceptors and activates
signaktransduction pathways

Myocardial mechanoreception is currently poorly ustesd?*3! There is no evidence
that specialized mechanosensaglls exist in the myocardium and the role of stretch
activated channels in sensing stretch is debat@Bl@o systems appear to barpicularly
important in mechanoreception in the cardiomyocyte: the colagegrin-cytoskeleton

connection®3?and sarcomereelated signking.3!

The contractiosrelaxation cycle of the myocyte depends on the coordinated interaction
between the thin actin filament and the khimyosin filament within the myocyte
sarcomeré? Actin is bound directly to the-glisc while myosin is bound indictly to the
Z-disc via the giant elastic protein tifih3® In the normal heart, titin is responsible for
restoring the stretched sarcomere to its resting length following active contri4cfion.
However, another important role for titin is in mechanoreception and the activation of a

number of signal transductigrathways when there is chronic myocyte stréich 34368



It does this by changes in the expression of various genes involved in adaptation to the

increased load and, ultimately, to the activatibuasious maladaptive pathways*

Titin complexes with a number of pdihgential 0
complex) including the Alisclocalized protein MLP (muscle LIM protein), which has
been shown to be responsible for hypertrophy and cardiomyopathy irdefident
animals*?**3MLP, aside from its structural role in thedfsk and its interaction with signal
transduction proteins, is able to translocat¢onucleus and thereby act as a transcription
factor modifying gene expression depending on mechanical stfeddhP may be
responsible forcontrol of other transcription factors coordinating alterations in the
expression of genes responsible for ventricuemoddling. Another important titin
signalosome that controls muscle gene expression is the sarcontsrdisissociated
protein titin khase (TK), which is activated by myocyte streteft. TK may primarily
respond to diastolic stretéAwhich is particularly relevant in the case of pathological

volume overload caused by chronic NIRgure 1.2).
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Figure 1.2: Schematic representation of gene regulation in response to myocyte sarcomere stretch via signal
transduction through MLP and TK (see text for details). MLP = muscle LIM protein; TK = titin kinase.

Pathological volumeverloadinduced mechanical stretch has a number of other effects on
the cardiomyocyte. For example, in vitro*® and in vivd® rat experimentsTumour
Necrosis Factor alphaTlF-U is produced by cardiomyocytes resulting an
inflammatory response® stretch, suggestingthat TNF i s an i mport ant

pathophysiological response of the myocardium to volume overMadhanical stretch

also results in the local production of angiotensthdhd ROS2 which, via transcription

factors, such as TRAIL (TNFelated apoptoss nduci ng | i g*aresdit)yin an d

local increases in primflammatory cytokines further contributing to activation of
remodéling signaltransduction pathway$:>° Finally, as discussed in more detail below,
mechanicalstretch is transmitted through the ECM to cardiomyocyte integrins, which
trigger a number of intracellular signal transduction pathways involved in hypertrophy and

apoptosis240

C 0 Mg

N F



1.2.2 CPMR increases cardiac reactive oxidative stress

ROS play an important role in signal transduction and physiologic regulation in vascular
and myocardial cells. However, under pathological conditions, such as excessive myocyte
stretch or excessive inflammatory signals, ROS have been shown to activataeptiata
remoddling signal transduction pathways>? These signal transduction pathways include
(but are not limited to) protein phosphorylation pathways leading to cell growth or
apoptosis (depending on ROS levels and other factors); matriallopeoteinase
activation®3 cell cycle protein pathways leading to apoptosis; and pathways leading to the

activation of inflammatory* transcription fac

ROS are increased ipatients with congestive heart failefteand there is evidence of
pathological increases in ROS in patients with chronic isolated MR who still have LV
gjection fractions above 60%This data suggests that there is an increase in oxidative
stress even before the LV starts to@ep systolic dysfunction, which supports the notion
that wall stress is present throughout the evolution ofrévoddling in primary MR>’

This oxidative stress appears to be present as long as the vamlenh@adpersists (Figure

1.3)58

1.2.3 CPMR triggers an inflammatory response

TNF-a, interleukinl (IL-1) and interleukirb (IL-6) are produced by all nueted cells
including cardiac myocyte¥.Cytokines are responsible for beneficial adaptation to-short
term stresses, such as hemodynamic overload, within the myocardium. These molecules

may play an irportant role in protecting the heart from oxidative injury and there are



several lines of evidence supporting their beneficial lshortterm stres§® However,

the role of cytokines iremodéling is complicated and not easily predictable. For example,
TNF-a can have both a protective and an adverse effect on the myocardium depending on
which TNFreceptors are activat€dFurthermore, prolonged elevation of tissue cytokines

has been found to have deleterious effects on th&£Y/.

Chronic elevation of cytokines has an effect on left ventricelaodéling by blunting of

b-adrenergic signing®® and activation of apoptotic pathwaf/$® TNF-U al so i ncr eas
cardiomyocyte apopto$iz®’ by activatingmitogenactivated protein kinaseViAPK)-1

(P3®and NFoa B a-regulatmy MABKe3WERK-1).68 Overexpression 6fNF-U

has also been showp increase tissue matrix metalloproteinase (MMP) activity with

resultant acute loss in myocardial fibrillar collagen and LV dilatéifdhHowever, with
continuingTNF-Uoverexpression there is an increase in TIM&pression and reduatio

in MMP expression leading to abnormal increases in fibrillar colfg€suggesting a

time-dependent effect of chronic exposure to elevated myocamdiadU

Cytokines are elevated in patients with heart faildie patients with pressure and volume

overload® and in other forms of heart dised4¢> Several lines of evidence suggest that

the myocardial response to TNF i s si mi |l ar regar dlessions of ae
analysis by microarray suggests that there is a-tiependent inflammatory response to

volume overlad (Figure 1.35/% Very early after the initiation of volume overload in

aortocaval fistula rats there is a marked increase in expression of inflammatory pathway
genes followed by relative penmsatiedadt ipemi dd

volume overload! This is supported by earlier studies that demonstrate that myocyte

1C



stretch induces TNE s e ¢ r entmiyanyte$® % and mast celteficient rats with
volume overload were protected from TNFlependent LVremodelling’* Similarly,
during compensated CPMR humanswith normal LV ejection fraction (L\EF), there is

a downregulation of inflammatory pathway$

Mast cells increase early and continue to increase

Adrenergic: activated throughout

Interstitial collagen

B-AR responsiveness

ROS: increased oxidative stress throughout

) 1 )

Acute MR “Compensated” Decompensation
Inflammation LaPlace criteria met bt ongoing myocyte stress

Figure 1.3a: Proposed time-dependent changes in various remodelling pathways Including changes in
measured prevalence of mast cells,
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Figure 1.3b: Proposed overall time-dependent changes in remodelling pathway activation,

Acute MR Decompensation

Actwity of regulatory pathways

Time

Figures 1.3a & 1.3b: Proposed time-dependent changes in various remodelling pathways including
changes in measured prevalence of mast cells. MMP = matrix metalloproteinases;, B-AR = B-
adrenergic; ROS = reactive oxidative species. See text for details,

As the LVbecomes dilated and dysfunctional there is an increase in inflammatory pathway
gene expressioff,which is supported by clinical work in patients with sev@RR "3

and severe rheumatic aortic regurgitatidrOverall, there appears to be a biphasic
elevation in the inkmmatory response to mitral regurgitation with early volume overload
activating the expression afumerous inflammatory pathways and decompensation

triggering a second inflammatory response (Figure 1.3).

1.2.4 Myocyte loss in chronic primary MR
Apoptosisis activated by several extracellular death signals including myocyte sfttetch,
catecholaming&°2 and inflammatory cytokine®, and various intracellular death

signals®*®” These death sign&fsactivate transcription factdisultimately resulting in

12



activation of the caspase casc8teoss of myocytes will increase the stress on remaining
myocytes. This leads to further incremse@ ROSP, cytokine releas®, increases in
adrenergic activatiot; perpetuating loss of myocytes in a deward spiraling process
Time-dependent apoptosis of nomyocyte ells has been described in voluhoaded

rat$’ and there is evidence thGPMR causes a reduction in contractile eleménté?2
Based on this evidence and evidence from studies/otandialremodellingdue to other
causes, it is probable that cell loss is an important component in left ventricular dilatation

and dysfunction ICPMR.

1.2.5 ECM changes in chronic primary MR

Myocyte arrangement and myocardial integrity is highly oiged to enable the
continuously moving myocardium to produce coordinated contraction resulting in stroke
volume®® The structural integrity is provided by the ECM, which isnpoised of a
basement membrane, proteoglycans and glycosaminoglycans, and ECM proteins such as
type I, Il and V collagen of which approximately 85% is type | collatj€his collagen
framework serves to maintain cardiac myocyte alignment without which the myocytes
would O0slipbdb altering the &AleEEGMisahghlysi z e
dynamic part of the myocardium that changes depending on the degree and type of
mechanical stress, neurohormonal activation, inflammation and oxidative stress. These
stressors on the ECM result in changes in the expression and activation of the proteins
responsible for ECM turnover and, ultimately, alterations in collagen deposition and

degradation.
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Matrix metalloproteinases (MMPSs) are a hetemgmus family of enzymes responsible for

the proteolysis of various protebased extracellular substances. They include the
collagenases (MMR, MMP-8 and MMR13), stromelysins (MM and MMR10) and

the gelatinases (MMR and MMR9). They are expressed anéceeted into the
extracellular space by a variety of cells including cardiac myocytes, cardiac fibroblasts and
macrophage¥ However, the roles of each MMP and the control of their activity are not
yet clearly elucidated and is an area ofyoing resear¢h Some stdies have demonstrated

a correlation between MMP expression and cardiomyopathy phentt§paad some
studies have demonstrated that serum levels of MMPs have prognostic value in heart

failure 28:2°

Tissue inhibitors of methdproteinases (TIMPs) are lemolecularweight proteins that

bind to the catalytic domain of active MMPs preventing substrate binding. There are 4
species of TIMPs with overlapping functions within the myocardium, which are not

restricted to MMP inhibitionOther pleomorphic effects have been described. For example,

TIMP-2 increases collagen production by fibroblasts whereas T3NPresponsible for

fibroblast apoptosi&®

Biological and/or mechanical stimuli trigger various signal transduction pathways resulting
in the production of MMP transcription factors and the secretion of these enzymes into the
ECM8410%103 Mechanical stimuli, such as stretéi,are transduced through the ECM,
which, via collagenintegrin-cytoskeleton connections, is connected to and activates a
number of intramyocyte signal transduction pathways involved in ECM

remodelling®>4710%1%8| ocal ROS, endothelit , angi otensin |l -and cat
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a n dadrbnergiceceptors, are also responsibleifmreases in MMP expressiéh?!109.110

Cytokines, such as TNB a n-1 havelbeen found to increase MMP expres&iotf,

promoting matrix degradation and ventricular dilatafio®n the other hand, MMP

production can be suppressed by T8 ct i vat ed NFaB bind%ng in s
whereas its expression is up regulated by AngiotensmdIlt i vat ed NFaB in
experiments$!? Angiotensin 11 and aldosterone both increaseNE@modelling mainly

through TGFb'!2 although the effects of this protein are multiple and often opposing
depending on circumstancéé.TGFb st i mul ati on induces matur a
myofibroblasts and enhances ECM protein synthesis via induction of TIMP expression and
inhibition of certain MMPs expressidi® However, this is dependent on the load on the
myocardium and there is clear evidence tlwtime overbad results in reduction in TGF

b and | oss of Y whereapedsurd ovéaad inareaded THH €8 imhe

result is increased detection of markers of collagen types | and Ill turnover in thetserum,

pathological decreases in interstitial cgiat®1'811%nd left ventricular dilatation.

In response to different hemodynamic overloads (pressure versus volume), the ECM
undergoes different patternsreimodelling?® Volume overloadesults inloss of collagen

fibrils surrounding individual myocyté%!812Qyith resultant wall thinning and ventricular
dilatation changing the geometrical shape of the LV, whereas excess matrix deposition is
observed in psure overloaf!!?? Despite similar fibrotic molecular pathways and
cellular effectors,he pathophysiological mechanisms leading to fibragimodellingare
different depending on the load on the hé&br exampleACEls reduce remodéhg and
collagen accumulation in pressure overlé&dyut not inCPMR.%124 Furthermore, the

expression of integrins, which are important in E@ijocyte connectivity and ECM
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remodelling are reduced in MR® but increased in pressure overldéd Similarly,
profibrotic TGFb e x pr e s s i 0 in mice with pressues aosedodd but is
decreased in dogs with experimental MfRand expression oplasminogen activator
inhibitor-1 (PAI-1), is increased in a swine model of early pressure overfoadt

decreased in chronic MR®

There appears to be a tirdependent increase and decrease in MMRigctiuring the
evolution of LVremodellingin response t&€PMR (Figure 1.3§"1**Myocardialmast cells
have been found to be instrumental in increases in MMP activity in early volume
overload®119127.128nd are increasl in number in response to volume overloatliced
increases in myocardial TNB® In animal models there is an early rise in myotdrd
MMP levels after the volumbaded state is created but this seems to normalize after the
acute phas&®*°*MMP gene expression in dogs with isolated MR, has confirmed that, at
4 months, there is dowregulation of a number of nesollagen genes important in ECM
structure, dowsregulation of prefibrotic connective tissue growth factor and plasminogen
activator and dowrregulatbn of numerous genes in the TBF p a t''A Moavgver,
MMP-1 and MMR9 gene expressiowas still markedly increased in these dogs with
compensated MR compared with contrgfsAs the LV garts to dilate in dogs with chronic

myxomatous mitral valve disease, MMRevels decreasg!

Over time there areharacteristic changes in the MMP/TIMP ratio enabling the ventricle
to initially increase compliance in the acute and compensated phases of MR. However, at
some point (the Atransitiono point) there i:

the decompasated and dilated L¥:132What controls the steady deterioration in the
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myocardium in response to volume overload is not clear and apgpds£omplex. In the
early stages of volume overload there are decreases in Epbsition (compared with
pressure overloatff but late in the progression of the dilating voluloaded heart an
increase in perivascular collagen deposition has been fidt&dyvhich may reduce

ventricular compliance and promote systolic dysfunctfon.

1.2.6 CPMR activates the neurohormonal system: implications for betdlocker
therapy

Patients wittCPMR demonstrate L\8ystolic dysfunction even before a reduction in LVEF
occurst®*134 As with heart fdure due to any other causéPMR results in activation of

the neurohormonal system and inflammatory cascade at both systemic and loc&ttevels.
137 With neurohormonal activation, myocardial angiotensin Il plays an important role in
the regulation of cell proliferation, apoptosis, inflammation and production of mediators of
remodellingsuch as platelederived growth factor and MMP$8 Persistent angiotensin
receptorl activation by angiotensin Il nonty results in the generation of ROS but also
alterations in protein synthesis via tyrosine kinase receptor activation andK MAP
signdling.***Furthermore, angiotensin#ictivated ROS act as second messengers that also
have effects on inflammation and cell growth.Angiotensin Il also acts on the

sympathetic nerve endings in the myocardium to facilitate catecholamine rél€dse.

Longterm increases in myocardial angiotensin Il increase local-dGFwi t h resul t a
increases in activation of genes involved in ECM production via nuclear translocation of
N F a8 143Unlike the pressure overloaded heart where there is progressive fiiftises,

increase in myocardial aiegensin Il in volume overload results in an increase in ECM
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turnover with loss of interstitial ECM?® Despite the clear link between angiotensin and
remodéling in heart failure, to date there has been little clinical evidence to support the
role of medical therapy directed against angiotensin in subjects with chronic organic
MR.16:146148 This may be explained by the fact that A€Eeduce the breakdown of
bradykinin, which has been implicated in thdialiincrease in MMP activity and collagen

breakdown seen in volume overlo4é.

Three t-ggesesnef gibcARse)cegprteorksngvwn t o exi st
bz a n dwith an approximate ratio of 80:17*8 b, a n d arehimportant in the regulation

of myocyte excitatiorcontraction couplin§? bi-AR is the predominant receptor subtype
expressed i n t he-ARsgita stimuladom cesultslini Gkpeotetoupléde r b
activaion of the adenyl cyclaseAMP-protein kinase A (PKA) signalling cascade. This
leads to activation of a number of subcellular pathways important in cardiomyocyte
contractile function including calciuchannel activation and troponin | phosphorylation.

I n ¢ o nAR sighdlling héis negative effects on adenyl cyclase activation and the
subsequent @roteinactivated ionotropic respon8ebs-AR appears to be important in
protection from hypertrophic and fibrotiemodellingby preserving NO/cGMP signalling

during cardiac stress®

T h eadrenergic receptor system plays an important role in the pathogenesis of myocardial
remodeling and heart failur€® The exact mechanisms are unclear but it has been known
for decades that chronically increased plasma catactioés can lead to heart

failure 1®1152possibly through myocytapoptosis (Figure 1.4.
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wre 1.4 Signalling pathways involved in sustained B-AR-stimvilated cardiac myocyte apoptosis |adaoted from Amin of .57, Chronic £,-AR
8 8

signaling Increases cAMP and PKA with resulting Increases in ROS, INK active ard MAPK] actovotion. Thess pativways result in the

activation of mitochondrial death pathrways, in contrast, [5;-AR signaliing appears to be protectyve

In dogs withCPMR there is activation ahe adrenergic systéft'°and recent gene array

data inCPMR patients wih preserved LVEF demonstrate increased expression of genes

i nv ol vadrdnergimsigiing.>® This indicates that the adrenergic system is activated
during the compensatory phase@®R and supports the concept that blocking these
pathways may reduce their adversensequences. However, with transition to
decompensation there is a reduction in adrenergic responssvéngatients with systolic
heart failure (HF)several studies in the last foure c ad e s s h q-weceptoh a t
density>3and its MRNA®*%a r e r e d u£receptovdénsity remains unchanged.
Similarly, in animals with HF due to chronic voluroev e r | 16AR tesponbiveness is
reduced due to neurohormonal activatigfigure 1.3)®1%” These changes ni-AR
expression are caused by sustained adrenergic activity causing an increasegregson
and activity of GRK2 (G proteinc oupl ed recept or kA RKa seer;

adrenergicr ecept or ki na sieAR being ghosphorylated and lalkesltfon e
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desensitization, internalization and recyclii§The result is a reduction in the density of
bir-ARs and a reduced propensi tiyeceptoractivatiom c yt e ac

which may protect the myocyte from lotgrm catecholamine toxicify.

1.3Betab| oc ker t her aARgigndlimpandockniead outcomes in HF

C h r o nARcacivation causes a number of detrimental effects ultimately resulting in
changes in the ECM and cell loss from necrosis and apoptosisch in turn leads to
cardiac dilatation and failuf@® However, the intracellular pathways responsible for these
final acts are uncledWh at i s c AR antagonists ihphowetclinibal outcomes
in patients with systolic heart failure anthprove cardiac function and myocardial

remodelling'®°

Mostadbenergic bl ockerfsRsar(ewhan thabgoeBitbyst i ¢ t o
occupying the receptor and preventisgynal transduction via @rotein activation.

Importantly, thereisanup e g u | a t-ARcexpressibn abd improvements in receptor

sensitivity resulting in reversal of cardie@modelling!*® However, the pharmacological

and clinical effects of these agents vary quite considerably. Cardioselectivaduddars
(metoprol ol , bi soprol ol and at en®dRsdhan f or e x
b-ARs, wher eas ¢ARs maathab.éARs abd hasd/asoditatory effects,

via nitr iieceptorblotkade &Figure 105). Thare other important differences

between carvedilol and other bdiimckers. For example, metoprolol -vggulates
cardioprotectivebs-AR expression whereas carvedilol does n$t:1%? Carvedilol has

antioxidant and antiproliferative properties!®® and differs from metoprolol in its effects

on hemodynamics,LV f unct i o AR axpokssiod®®®’ Carvedilot®® and
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bisoprolot®® have also been shown to improve right ventricular (RV) ejection fraction,

attenuate RV dilatation and reduce pulrmgnartery hypertension in patients with ischemic

and nonischemic dilated cardiomyopathy. Although there are no recent confirmatory

studies, these improvements in RV function may be related to reductions in RV afterload

and/or improvements in RV contrditii. 1°1%°In contrast, shorterm (2 week) metoprolol

did not improve RV function in patients with moderttesevere degenerative M
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Figure 1.5: Proposed mechanssms of action of canvedilel. Carvedilol bicx

effects, it s postulsted th

cks both BAR and QAR with various cardiac and peripharal vasomotor
% carvedilol also reduces toxc catecholamine affects by reducing BAR signalling. Furthermore, s B-arresting and

artiosidant effects, it is thought that carvedilol improves :—an"# =arveval, HR=heart rate; B-AR=E-adrenergic receptoe; 0 AR=(1 -adrensrgic

raceptor SEBP=systolic bhood prossure; PAP=pUmonary artery pressurs; POWP=pulmonary capillary wedge pressare; CRV=carvadilol; protein

abbreviations are Bsted In the abbeeviations section

Clinical

-advepepgix reteptdr blackembtherapy in patients with heart failure is

well known?8917L172with some data suggesting that patient outcomes are better with

carvedilol than the immediatelease form of metoproldl3

Sever al mechani sms for

proposef including antiarthythmic properties!* i

t h-eeceptoniplackade danebeen

mp r o-adeedergic sigriiing by
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cardia -AR upregulatiorf? free radical scavengin§2improvements in calcium cycling

by the sarcoplasmic reticulufa!’ bradycardia reducing myocardial work, mechanical
stress.’® and prolonging diastolic calcium uptake and cycling by the sarcoplasmic
reticulum; inhibition of the renkangiotensiraldosterone system; and there is grayvi

e vi de n caatagbnists,tin pdrticular carvediféf;%® directly reduce apoptos$fst’*

1% and collagen loss by MMP activatiof?.

1.4. b-AR blockade in MR counters adverse adrenergic effects

Since MR leads to a reduction in forward stroke volume, it is hypothesized that the
adrenergic system is activated to maintain systemiodlpressure and perfusion and
blockade of the adrenergic system should limit adverse left ventrremdelling There

is evidence thaEPMR results in excessive activation of the sympathetic nervous system
with increases in myocardial catecholamineeley*1?%13¢similar to heart failure from

other cause¥?!

Tallaj et al'® d e mon st r a-AR blockade avith exXiendedtlease metoprolol

succinate attenuated angiotensimidiated norepinephrine and epinephrine release in the
myocardiumofi o gs wi t h -4 swdédalkud eddur(a2t i on) i sol at ed
et al® demonstrated that norepinephrine release into the cardiac interstitium was
significantly higher in dogs wiARbDlockedeubacut e
In anearlier study by Tsuts@ital®?’i n 6 chroni cdo (3 mbRblotker) cani n
atenolol improved left ventricular function, which was associated with improvement in
contractile function of isolated cardityocytes and an increase in the number of contractile

elements. This was supported by a similar study by Neetoab'*’, which showed that
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onl y wbhAR blocler was added to &CEI did forward stroke volume and cardiac
contractility return to normal. Recently, Trappanesal'®?demonstrated an improvement
i n3-AfRR e x pr e sstNO-oGMP eouapting With chronic therapy withetoprolol in

dogs with pr i gsRrisycardidRrotectve, this eay fpartially explain the

potenti al be m®AR blockadein pranfiry MRt s of b

1.5. b-AR blockade therapy for CPMR

At present there is no proven medical therapyG®MR. Surgery is the mainstay of
treatment for severe MR bciirries perioperative risk and patients arneptally subjected

to the lifdime risk of anticoagulation if they undergo mitral vateplacementAlthough

tissue valves are commonly used in the degenerative mitral valve disease in older patients,
these are less durable in younger patieltany patients in the developing wosdte from

poor and rural backgrounds where access to regular medication and reguar anti
coagulation assessment is difficult. A medication that could limit or even reverk¥ the
dysfunction associated with the voluioaded state ofCPMR would be extremely
beneficial to these patients even if only to delay the need for surgical intervention. This
would especially be true in women of chidéaring age. Warfarin is teratogenic and many
women with prosthetic valves have complicated pregnancies related tadtuéaic

effects of warfarin or the risks related to bleeding during pregnancy.

Persistent, and often worsened, postoperateysfunction is a major cause of morbidity

and mortality in these patient®, although this is not a universal finding especially when

patients are referred for early surgéft3'8° Nevertheless, a means to imprdwe function
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in the perioperative period might improve the postoperative morbidity and mortality

associated with left ventricular dysfunction.

Current guidelines recommend surgery for patients with severe pulmonary hypertension
on presentation or a progressively dilating LV, even if they are asymptori&tmyever,

timing of surgery is uncertaiff*8” and there is no clear guideline as to the urgency of the
surgery in asymptomatic patients without oMevt systolic dysfunction (LVEF <60%).
Several studies support early surgery @MVR.181% EnriquezSaranoet al'® showed

that mtients with an effective regurgitant orifice area of at least 48 asmassessed by
echocardiography should promptly be considered for cardiac surgery. Batbait?*

found that asymptomatic patients with evidence of pulmonary hypertension (>50mmHg at
rest) should undergo prompt surgery. Hoeie there is also evidence that asymptomatic
patients with severe MR can be followed until they become symptomatic or demonstrate
echocardiographic signs o¥ dysfunctiont3*19?How these patients should be managed

in the interim is unclear but it is important that patients are not left untreated until
irreversibleLV remodeling has taken place. In resowlguaited hospitals, patients who do

not need emergency surgery often wait several months before they undergo surgery by
which time there has been progressive advancement of ventricular réngptilding to
permanat impairment of function. Medical therapy that could reverse or at least attenuate

LV remodellingmay improve outcomes in these patients.

To date, there is little evidence to support medical therapy in the treatment of patients with

organic valve diseas® in the reversal or attenuation of t¥modellingwhich maydelay

the need for surgerin asymptomatic patient§® Vasodilator therapy which reduces
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peripheral vascular resistance and afterload!?! have generally not improved outcomes

in patients with MR or in experimental MR canine modéfg+1471%4Ajthough several

very small studies from the 1970s to the 1990s showed benefit of vasodilator therapy in
acute MR®small human studsfrom the same period failed to show lgegm benefit.®

One retrospective study, however, demonstrated an improvement in echocardiographic
LVEF in patients treated with afterloadducng agents$*® However, there are no e

randomized studies assessing kbeagn vasodilator therapy, including ACEIs, in humans.

There is some clinical e v-ARdbbckade maly attensiatep por t  t
remodellingin patients wittprimary MR (Table 1.1). Stewagt al'recruited 25 patients

with moderate or severe degenerative MR amdloenly assigned the participants to the

b:-AR blocker metoprolol or placebo for approximately two weeks. Left ventricular
function was assessed at baseline and on study completion by cardiac magnetic resonance

i magi ng. T h e y 1-AR dlacked resitdd inta ddcrease idy work and an

increase in forward stroke volum¥&.Mitral annular dimensions alsappeared to improve

over the 2week period in the same cohort of patiéfitsA retrospective observational

study involvng 895 patients in Calif oAR blackers howed
therapy with severe MR and normal left ventricular function had a significantly lowered
mortality hazard regardless of the presence of hypertension or coronary artery‘dfsease.
Ahmedet all® published the results of the first randomized controlled Phase llb trial of
betablockade in patientswvith chronic degenerative MR. Thirty eiglaisymptomatic

patients with moderatm-severe isolated MR were randomized to either placebo of long

acting metoprolol for 2 years. Cardiac magnetic resonance analysis showed that patients

randomiz2 d t oARtblbcker Had significantly bettéVEFs after 2 years of therapy.
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In contrast, there are several q@taical and clinical studies demonstrating that beta

blocker therapy actually worsens LV dimensions and function in chronic primary MR

(Tade 1.1)110.148,197.200.200 recent, longeterm (23 to 35 weeks) study in rats found that
echocardiographic measureslof remodellingwere not improved by carvedil&i? In

fact,LV dimensions, ejection fraction and survival were significantly lower with-teng

carvedilol use. Similarly, in a-fhonth dog model, extendedlease metoprolol succinate

failed to attenuate the adverse global tdmodellingand ECM loss, but did preserve
cardiomyocyte functioR? Interest ng | vy , al | d o-dR blotkere(e=6)e d wi t h
survived to 4 months whereas only 5 out of 9 of the untreated dogs survived to 4 months.
Similarly, Sabriet al!! found that, despite reductions in interstitial collagen degradation

and reductions in adversemodellingrelated intracellular signalling, extendezlease

metoprolol succinate failed to attenuate LV dilatation or declim LV function. A

retrospective echocardiographic study in 134 human subjects with metiesateere MR

(67% degener at-speciahidc 20806 dkeomi ngd) b-f ound ¢t}
AR blockadedeveloped worsening of their ejection fraction omemean of 20 months

follow up1*® Findly, despite improvements ihV work and annular dimensiol$ in

patients treated over a sh@eriod with metoprolol, there were significant increases in

LVESV and LVEDV with no significant change in LVEF or regurgitant voluifte.

At the present time, there are no recommendations regarding medical theGipyiR
Afterload reduction has not consistently been shown to improve g
outcomegb124147.148.19Datg from heart failure trial®1’*12as well as from animal

model§? and human trial$® suggest a role for betsdockade in MR. However, other
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studies do not support a role for bétackade in MRL10:148:187.200.20The discrepancies of

these findings are unclear but some explanations can be proposed.

Firstly, studies have been pamited in different experimental models and at different
stages in the evolution of MRelated LVremodelling Many of the experiments performed
thus far have been in animal models with controlled formation of volume overload showing
that early introductionof betablocker therap$+°>'2° may be beneficial and this is
supported to some extent by the work of Ahratal**®in humans. However, there appears

to be a timedependent pattern during themodellingof the LV in chronic primary MR.

Early after the development of MR there is a marked increase in the inflammatory and
neurohormonal response to thei@cvolume overload**>A period of compensation and

a relatively normal inflammatory response appears to follow until the late decompensated
stage is reached when adverse pathway activation seémestase.’ Depending on when,

in this evolution of LVremodelling studies to date have been performed, there lmeay
discrepant findings with respect to the impact of {idtakade on L\wemodelling Beta
blockade may have more impressive effects if used early in the evolution of volume

overloadrelated LVremodellingbut may be less effective later on.

Secondly, arious betaadrenergic agents have been tested under different circumstances.
Compared to the impressive beneficial results in heart failure patients with the mixed
adrenergic blocker, carvedil&i®?°?2 Pu et al?’! demonstrated that this drug caused
worsening LV dimensions and function in aminsubjects with primary MR. In contrast,

treatment of dogs with the selective bbtacker atenolol improved L\femodelling?
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whereas treatment with metoprolol in animals and humans have had mixed

resuItsl.lo*182’196'197'199'200

Thirdly, an important question is whether patients presenting in more advancedo$tages

LV remodellingwill respond to antremodellingtherapy or whether the wall stresses

determined by the LaPlace Law will outweigh any potential-bkieker effect. In this

regard the findings of Paet al 2°° are interesting because although there were
improvements in cardiomyocyte contractility and beteeptor responsiveness, LV
remodellingwas not attenuatedbymetas ol ol . |t waAR blpckadetfalddat ed t h
to preserve interstitial collagen loss and therefore failed to prevegbing myocyte

slippage. There appears to be a strong early adrenergic respdDBBIRY® and beta

blocker therapy before onset of LV dilatation may have more benefit.

Lastly, in patients with rheumatic mitral valve disease, there is a possibility that rheumatic

fever causing rheumatic carditis may have Wagiing effects on the myocardium

attenuating reversemodellingby betablockers.
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Table 11. Studies of betablocker therapy& LV function inprimary MR.
AbbreviationsBB = beteblocker; MVP = mitral valve prolapse; RCT = randomised controlled trial; MR = mitral regurgitation; NE = norepinepldicetestthat the study favoudeBB therapy in
primary MR indicates that the study did not favour BB therapy in primary MR; LV = left ventricle; LVEF = left ventricular ejedtanlff4€DV = left ventricular end diastolic volume; LVESV = left
ventricular end systolic volume; GCrardiac output; RAAS = reszingiotensin aldosterone system; echo = echocardiogram; MRI netiagesonance imaging®PM = parts per million

Authors | Year | Subject| Cause of MR | Number | Type of study| Control Type of BB Duration | Outcome measures Favours BB
treated of BB
with BB
Tsutsui | 1994 | Dog Experimental N=6 Case N=6 Atenolol 50mg | 3 months Cardiocyte +
et al9 chordal controlled daily contractility,
rupture myofibrillar density
Nemoto | 2002 | Dog Experimental N=11 Longitudinal NA Atenolol 3 months | Hemodynamics, LV +
et al.146 chordal 100mg daily function
rupture
Tallajet | 2003 | Dog Experimental | 2 weeks Case Normal: Metoprolol 4 weeks RAAS activation +
al.1e chordal MR+BB: controlled n=8 succinate
rupture n=6 100mg daily
4 weeks 2 weeks
MR+BB: MR: n=8
n=8
4 weeks
MR: n=6
Hankes | 2006 | Dog Experimental | 4 weeks Case Normal = 6| Metoprolol 4 weeks NE release into +
etal % chordal of MR+BB| controlled Untreated succinatg cardiac interstitium
rupture =8 MR = 6 100mg daily
Ohetal. | 2007 | Human 71% N =134 | Retrospective NA Not 1-88 Echo LVEF -
147 degenerative cohort ascertained months
Patetal. | 2008 | Dog Experimental N=11 Case N=10 Metoprolol 4 months | LV remodelling by Improved
201 chordal controlled succinate MRI & Echo; cardiomyocyte function
rupture 100mg twice cardiomyocyte & BB receptiveness but
daily function failure to attenuate
remodelling
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Authors Year | Subject| Cause of MR| Number | Type of study Control Type of BB | Duration | Outcome measures Favours BB
treated of BB
with BB
Sabriet 2008 | Dog Experimental N=6 Case controlled Normal =6| Metoprolol | 4 weeks | LV remodelling by | BB reduced FAK tyrosin
al.109 chordal Untreated succinate Echo; interstitial phosphorylation but no
rupture MR =6 100mg daily collagen change in remodelling
quantification; FAK| parameters; BB reduced
signalling (integrin | epicardial collagen loss
signalling) but not endocardial
collagen loss
Varadarajan| 2008 | Human | LVEF >55% + N =218 | Retrospective N =614 Not stated 8 years Mortality +
et al1% 'severe MR’ observational
cohort study
Stewartet | 2008 | Human MVP N =25 Double blind NA Metoprolol 14 days MRI
al. 197 crossover toa
. EF -
study maximum
190mg/d LVEDV -
LVESV -
LV 'work' (CO) +
Ahmedet | 2012 | Human MVP N =19 RCT N =19 Toprol XL MRI LVEF +
al. =0 25100mg MRI LVESV -
daily
LV longitudinal -
strain rate
Puet al. 202 | 2013 Rat Experimental | N =43 RCT N=44 Carvedilol | 36 weeks Echo only -
dilserﬁgtteign ‘Long (1200 PPM) LV dimensions
te_rmigBB LVESV and mass
n index
FS and EF
Survival probability
Trappanese| 2015 | Dog Experimental N=8 Casecontrolled | Normal = | Metoprolol | 4 weeks Activation of +
et al181 chordal (MR + 10 succinate i AR/INGCcGMP
rupture BB) 100mg daily signalling
Untreated i AR expression +
MR =8
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1.6. Conclusion

Left ventricularremodellingin response to the volume load createdd®VR is a complex
process that stems from excessive diastolic stretch of myocytes. Excessive stretch triggers
activation of numerous signal transduction pathways resulting in an initial adaptive
remodellingprocess in the form of eccentric hypertrophy. léger, chronic activation of

these pathways results in abnormal increases in reactive oxygen species, catecholamines,
angiotensin Il and inflammatory cytokines. This is followed by a transition to adverse
remodellinginvolving cardiomyocyte apoptosis anddrstitial collagen loss, common to all

forms of heart failure.

Limited data does not support the routine kbegn use of afterloaceducing agents for the

treatment oCPMR. In contrast, thereisp!| i ni c al dat a -AReblockads t r at i n
reveres remodellingcaused by the volume overload GPMR and there is some recent

clinical data to support this hypothesis. However, there are studies demonstrating worsening

LV remodellingwith betablocker therapy. Whether these contrasting outcomes ated ¢ta

differences in bethlockers, varying experimental models or differences in timing of therapy

will need clarification. Ultimately, further studies are still required to elucidate the exact
mechanisms involved and large randomized clinical trialsnaesled to clarify the role of

these agents for patients withiPMR.
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Chapter 2

Overall study rationale, aims, materialsand methods.
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2.1. Study rationale

I n order to addr es sadrenergic receptomblocker eeetsa ooat leastc a n a
attenuate left ventricular remodelling due to chronic-ischaemic mitral regurgitation?),

the rationale for this study centred on determining changes irelgiioular remodelling in
patients with chronic primary mitral regurgitation (CPMR) over time in relation to treatment
with the beteblocker carvedilol. The first chapter described the rationale for using beta
blocker therapy in primary chronic mitral regiation but a detailed examination of the
effects of the bethlocker carvedilol, which has been proven to improve outcomes in
patients with heart failure from a variety of other diseases, has never been described in
patients with CPMR. Assessment ofeaiiation of adverse remodelling (worsening of left
ventricular dimensions and function) and/or reveesaodelling (improvements in left
ventricul ar di mensi on s-ademnedic feaeptar blackade)canben r e s p
done using nofinvasive invesgations (clinical, echocardiographic and serum markers) and
invasive investigations (gene expression at the tissue level). In order to determine whether
carvedilol improves left ventricular remodelling in patients with CPMR it is critical to be
able to bllow these patients over months to years sincelietker therapy needs time to
effect changes in myocyte biology. In an ideal situation patients with this disorder undergo
surgical repair or replacement of the defective mitral valve very soon aftéiatireosis of

their condition. However, in our setting at Charlotte Maxeke Johannesburg Academic
Hospital (CMJAH), a large academic public hospital in Johannesburg, South Africa, patients
frequently wait several months from the time of diagnosis to timaiwél valve surgery
mainly due to limited resources. This gave a unique opportunity to temporally examine left

ventricular remodelling due to CPMR in response to carvedilol therapy.
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2.2. Aim
To determine the effects of tibe-adrenergic receptor blockearvedilol on left ventricular

structure and function in patients with chronic primary mitral regurgitation.

2.3. Inclusion criteria
Patients were included if they met ESthd AHA/ACC criteria for mitral valve surgery:
1. Patients with isolated severe chronic primary mitral regurgitation who are
symptomatic;
2. Asymptomatic patients with isolated CPMR as defined by:
a. An end systolic dimension of40mm or an ejection fraction of <60% on
echocardiography; and/or
b. Pulmonary hypertension (pulmonary artery pressure > 50mmHg) that cannot be

attributed to another cause.

2.4. Exclusion criteria
1. Secondary (o6functional é6) mitral regurgitat.i
2. Acute mitral egurgitation.
3. Patients with CPMR but an ejection fraction <30% and considered to be unfit for
surgery.
4. In cases of rheumatic mitral regurgitation, a mitral valve area of <fwrexclude
patients with mixed mitral valve disease).
5. Any other hemodynamicallgignificant comorbid valvular disease.
6. Active rheumatic carditis.

7. Active infective endocarditis.
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8. Patients who require urgent surgery.

9. Patients with coronary artery disease.

10. Other chronic debilitating illnesses such as AIDS and chronic renal disease.

11. Patients with cont n-eedcepta blockerttherapy.s t o t he

12. Patients who refused to take part in the study.

2.5. Study methods

2.5.1. Enrolment

Twenty consecutive patients with isolated CPMR, who fulfilled the inclusion and exclusion
criteria and gave informed consent to a protocol approved by the Human Research Ethics
Committee of the University of the Witwatersrand, were recruited and underwent all baseline

investigations (Appendix 1).

2.5.2. Study protocol

Patients from both groupsderwent baseline investigations, before initiation of treatment,
as detailed below. All patients were admitted to the coronary care unit at CMJAH for
observation on the day of initial investigations. Patients underwent standard preparation for
cardiac atheterization and coronary angiography in the cardiac catheterization laboratory
including being kept nil per mouth overnight prior to cardiac catheterization and ensuring
that the patients had normal full blood counts, renal function and no bleediegdgnAfter

ruling out any complications from the initial investigations patients were discharged after an
overnight stay. Immediately after baseline investigations, including cardiac catheterization
and endomyocardial biopsy (EMB), patients were randamn{zsing a random number

generator from the online website www.random.org) to receive carvedilol or no anti
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remodelling therapy. Amntiemodelling therapy included besalrenergic receptor
antagonists, angiotensgonverting enzyme inhibitors, angiotenseceptor blockers and
mineralocorticoid receptor antagonists. In the study group carvedilol was initiated at a dose
of 3.125mg twice daily and dfitrated to 25mg twice daily over a period of one month. This
resulted in two groups of patients, one of whaalted as the study control group. Patients
allocated to carvedilol were initiated and then up titrated on their medication at home for the
first week and returned for follow up at 2 and 4 weeks after enrolment and then monthly
until surgery. Patients weggesented for surgery immediately after their baseline cardiac
catheterization and their contact details were given to the cardiothoracic unit at CMJAH.
The timing of the patients6é surgery was det e
their surgcal list. At the time of admission for surgery final investigations (see below) were
undertaken and a final EMB specimen was obtained during surgery by the cardiothoracic

surgeon (Figure 2.1).
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20 patients who met inclusion/exclusion criteria

|

Baseline clinical examination, 6BMWT, MLHFQ, ECG, blood tests, echocardiography, cardiac catheterization and EMB

/ Randomization \

Patients randomized to CRV Patients randomized to nil

! |

Patients who completed follow up Patients who completed follow up

\/

Final clinical examination, 6BMWT, MLHFQ, ECG, blood tests, echocardiography and surgical EMB

Figure 2.1. Flow diagram of study. 6MWT=six-minute walk test; MLHFQ=Minnesota Living with Heart Failure Questionnaire; EMB=endomyocardial
biopsy; CRV=carvedilol; MR=mitral regurgitation; PE=pulmonary embolism..

For comparison of gene expression in the CPMR patients texttiini this study with gene
expression in normal hearts, total heart RNA (from cadavers with no history of cardiac
disease) was purchased from commercial suppliers. Appene g#fows the details of the

three donor RNA samples from five donor hearts.

2.6. Data collection

2.6.1. Sixminute walk test (6MWT)

The 6MWT is a simple, safe and inexpensive test used to estimate functional capacity in
cardiac patients. Although measurement of oxygen consumption during cardiopulmonary
testing is the gold standafdr determining functional capacity, the 6MWT can be used to

assess changes in functional capacity in patients over fline.6MWT has been found to
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be a reliable method of assessing functional ability in cardiac rehéibititpatientsand a

metaanalysis determined that the 6MWT was responsivde c hanges i n patie
status® In this regard, the 6MWT can be used to assess changes in functional capacity in
patients on heart failure medication such as carvedilol. Study patients undertook a 6MWT at

the time @& recruitment to the study and immediately prior to surgery (Figure 2.1). This

entailed walking at a comfortable pace on a flat surface for six minutes. All recruits walked

the same 6cour sebod. The di stance wal ked durin

2.6.2. Heart Failure Questionnaire

The Minnesota Living with Heart Failure Questionn@iit HFQ) is one of the most widely

used quality of life (QOL) questionnaires in heart failure tidlse MLHFQ was selected

since it is representative of the ways heart failure and treatments can affect the key physical,
emotional, social and mental mponents of QOL. The MLHFQ asks each patient to
indicate, using a zero to five scale, how much each of 21 facets (Appendix 3) prevented them
from living as they desired. This subjectively quantifies the effects that symptoms, functional
limitations and psghological distress have on an individual's QOL. The questionnaire
enables assessment of how patients feel in response to heart failure therapy by stimulating
the patient to consider various aspects of daily living that may have been affected by heart
failure. The MLHFQ has been validated in several randomised heart failure trials and is a

useful tool to monitor response to therdpy.

2.6.3. Echocardiographic assessment left ventricular function
Baseline and preperative echocardiography [by a single (blinded) echocardiographic

technologist] was performed on all recruited patients. Echocardiographic examinations were
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performed with an iB3® imaging device (KoninklijkePhilips, NV, USA). All Doppler
echocardiographic data were obtained in digital format and stored on an Rcelera
workstation (Koninklijke Philips, NV, USA) for offine analysis. Echocardiographic data
was collected according to current guidelifiddMMode and 2D measurements of chmm
dimensions, tissue Doppler measurements of left and right ventricular function and speckle
imaging for strain assessment were recorded. These measurements permitted the
determination of left ventricular ejection fraction (LVEF), LV end diastolic (LVBR2Dd

end systolic dimensions (LVESD), left atrial dimensions, right ventricular dimensions and
systolic tricuspid annular motion, quantification of tricuspid regurgitation and measurement
of right ventricular systolic pressure and inferior vena cava difaes (for determination

of pulmonary artery pressure) and quantification of mitral regurgitant volume, LV systolic
and diastolic wall motion, strain and strain rate. Mitral regurgitation severity was determined
by a combination of enlargement of the laftium and ventricle, visual judgement of the
regurgitant jet into the left atrium, vena contracta measurement, effective regurgitant orifice
measurement by the proximal isovelocity surface area method and regurgitant volume

measurement.

2.6.3.1. Determming the severity of MR

Severe MR is diagnosed by a combination of clinical and echocardiographic parameters. For
example, from a clinical point of view, the presence of heart failure due to MR would
constitute severe MR. Other clinical findings includadence of pulmonary hypertension,

a displaced and volureaded apex beat and a loud pansystolic murmur. However,
echocardiography is the most validated method of evaluation of LV function and the severity

of MR in clinical practice. Severity of MR is djaosed on echo using colour Doppler jet
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area, vena contracta width, proximal isovelocity surface area (PISA), regurgitant volume

(RV) and evidence of LA and LV dilatatidhA vena contracta width (V
an effective regurgitémnrt a©rRViacfe @& Gml (ER ORI :
diagnostic of severe MR according to the European Association of Echocardiotfraphy.

However, when the EROA or VCW are not measurable then the size of the colour flow jet

can be used. A very large central jet or an eccentric jet that adheres to the LA wall and
reaches the posterior wall of the LA constitutes severe MR. Also, the consimvave (CW)

signal of a severe MR jet is very dense and triangular. Finally-geamtitative measures

such as pulmonary vein systolic flow reversal and an E velocity in the mitral inflow of

O1.5cm/ s are inddcative of severe MR.

PISA is a method that relies on the ability to determine the velocity of regurgitant blood as
it approaches the valve orifice. In morevere cases of regurgitation the acceleration of
blood flow occurs more proximal to the orifice (i.e. deeper in the LV cavity) and this
convergence of flow forms a hemisphere which is identified by CW Doppler. The radius of
this hemisphere is measured anflow rate (cm/s) is calculated using the product of the
surface ar ea o f? andihe aliassmgnielscipyl{\@) atthe h@misphere. The
EROA is calculated using these measures (where EROA = {&28x)/peak velocity of

the MR jet by CW). Th RV is then calculated by multiplying the EROA by the MR jet CW
velocity time integral (VTI). Although PISA is the most validated measure of MR severity,
in many cases of primary MR, in particular rheumatic MR where the leaflets are often
asymmetrically éthered, the jet is not central. In these cases -gaantitative and
gualitative measures of MR severity are required. The RV can also be determined using

volumetric methods if the LVOT and mitral annulus can be reliably mea$tiRdd= [TSV
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T FSV] where TSV (total stroke volume) determined through the mitral valve in diastole

and FSV (forward stroke volume) is determined through the aortic valve during systole. This

method is difficult because if the diameter of the LV outflow tract (LVOT) or the mitral

annulus are measureccimr r ect | y, t hat er r o However,shisu ar ed (
method has been validated against other methods including cardiac magnetic resonance

imaging and found to be highly reproducibfe.

2.6.3.2. Assessment of LV function by echocardiography

LV function is determined by myocardial contractility, which is the ability of the
myocardium to generate force independent of loading conditfonith gradual

development of MR, the LV end diastolic volume (LVEDV) increases slowly over a period

of months to years (Figure 1.1). As discussed in Chapter 1, this leads to the development of
eccentric hypertrophy and chronic,saa | | ed o6 c o mp e n s the difierénceMR . LVE
between the LVEDV and LV end systolic volume (LVESV) and is a validated and easily
measured parameter by echocardiography. LVEF
method or by 3D volumetric analysis. However, LVEF is ldagendent and thefore

markedly affected by preload and afterload. MR increases preload by virtue of a regurgitant

volume into the LA. Therefore, patients with MR have an increased LVEDV and LVEF
automatically increases simply on the basis of an increase in diastoleezdhitially, there

is an increase in the LVEF as a result of the increase in LVEDV and the ejection of a portion

of the TSV into the low pressure LA. This is a false assessment of LV function and does not

truly assess the ability of the myocardium to teeh'> An increase in preload and/or a

decrease iafterload elevate LVEF despite a lack in the change in the myocardial contractile

state. As discussed in Chapter 1, myocyte dysfunction occurs well before the LVEF starts to
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deteriorate in cases of primary MRTherefore, guidelines for surgery for patients with MR
often quote a LVEF <60% as indicative of LV dysfunction and an indication for mitral valve

surgery*?

Evidence of LV dilatation is indicative of LV dysfunction. Therefore, increases in LVEDV
and LVESV can be used as surrogate indicators of LV dysfunction and surgery is indicated
when theESD (endsystolic dimension, which is a surrogate measure of ESV) is more than
40mm?? LV contractile reserve can be assessed by measuring the LVEF response to
exercise.’ However, this is not a frequent clinical test in-pperative workup of the patient

with primary MR. LV dp/dt has also been used as a measure of LV contractile fuliction.
This parameter is determined by measuring the rate at which the LV produces the MR jet in

the first second of syale and is easily reproducible and measurable.

Myocardial strain imaging is a lodaddependent method of assessing LV function, which is

potentially important in patients with primary MR Strain is a mechanical characteristic

that describes the deformation (lengthening and shortening) of myocardiergscgand is
described by t h'Loistheorginal lenyth &f a segnupt Hf myocardium

and oL is the |l ength change noted in that seg
value is dimensionless and is expresasd percent or fraction. Strain rate is the rate of
deformation (i.e. how quickly the segment changes length). Both strain and strain rate have

been shown to correlate well with measures of LV funcfid®peckle tracking, which is

based on grayscale-ode | mages with the produetion o
constructive and destructive interference of ultrasound beams in the myoc&tdneb)es

assessment of strain independent of the Doppler angle. This technology permits assessment
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of LV function using 4 types of strain: longitudinal,atimferential, radial and rotational.
Although myocardial segments deform in-dihensional manner, most studies have been

performed using individual strain measures, for example longitudinal strain.

Speckle tracking technology has been used to idegdifly LV dysfunction in patients with
primary MR2%22Kim et al?® studied 59 patients with primary severe MR and LVEF of
O050% and c o mifhatealtly cdnthoks.nThew showed that LV longitudinal
dysfunction occurred earlier than short axis dysfunction in patients with primary MR
compared with controls. This is supported by data demonstrating latent LV systolic
dysfunction in patients with sereprimary MR?* In addition, in 122 patients undergoing
mitral valve repair with normal LV systolic function (LVEF >60% and LVESD < 40mm),
pre-operative echocardiography with longitudinal strain assessment demonstrated
myocardial contractile dysfunction, which improveihwongterm (13 years) followup 2°
Furthermore, longitudinal strain has been shown to be an independent determinant of event
free survival and idependently correlates with increases in brain natriuretic peptide (BNP)

in moderateto-severe degenerative MR patients with normal LV volumes and I%EF.

2.6.4. Serum

Venesection was performed on all study patients at baseline and immediately prior to mitral
valve surgery. Blood was collectgdBD Vacutaine? EST Il Advance tubes (BD Plymouth,

UK) and allowed to clot over 30 minutes at room temperaackethen centrifuged for 15
minutes at 3200 G. The serum was aspirated and aliquoted irdabpfied 1.5 ml
Eppendorf tubes (Hamburg, Germg). These tubes were stored-&0° until the day of

assaying.
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2.6.4.1. BNPBrain natriuretic peptide (BNP) and its inactive amino terminal portion (NT
proBNP) are neurohormones released by myocytes in response to volume expansion and
pressure overload. Both BNP and NIpro-BNP are released by the myocardium in
response to changes in atrial and ventricular size due to alterations in volum& lioad.
patients with chronic primary mitral regurgitation, increased levels of BNP are associated
with poorer prognosi& Serum for BNP was sulitted to the National Health Laboratory

Services (NHLS, Johannesburg, RSA) at study baseline and immediately prior to surgery.

2.6.4.2. CRP. Inflammation has been weallocumented to be associated with the
pathogenesis of heart failuit@:reactive proteifCRP) is an acute phase reactant produced

by the liver in response increases in It6 secretionby macrophageandT cells®°
Elevation of serum levels of CRP have also b&®wn to be a risk for the development of
heart failuré* and higher levels of CRP have been found to be associated with more severe
heart failure and with poor outcos® Furthermore, there is evidence that CRP together
with other biomarkers, such as BNP and ST2, better identifies maaertigher risk of
adverse outcomes.Serum for CRP was submitted to tNational Health Laboratory

Services (NHLS, Johannesburg, RSA) at study baseline and immediately prior to surgery.
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2.6.4.3. TNFU, -1IbL, -6, IL33, ST2, Fad.igand, Fas, MMP-1, -2, and-9 & TIMP -

1 and -4 quantification. As detailed in Chapter 1, inflammation, apoptosis and ECM

turnover are important processes in LV remodelling in patients with chronic primary MR.
Important biomarkers of inflammation include TNF and the interl eukins
Ligand are serum markeo$ apoptosis while several MMPs and TIMPs are responsible for

ECM turnover. Baseline and poperative serum was collected for the following tests:

soluble Fas/AP€l receptor (sFas), an inhibitor of apoptosis, and soluble Fas ligand (sFas

L), an inducer oapoptosis**sST2 and K33 levels333¢-¥/inflammatory cytoknes (TNF

U, -1, 1I-6):**°and MMPR1, -2 and-9, and TIMR1 and-44+45

2.6.4.3.1. TNFU, -1IbL, -6, ILE33, ST2, Fad.igand and Fas serum quantification.

Quantification of the serum concentration of these analytes was performed after thawing

frozen serum. Magnetic Lumin&8creening Assays (RnBystems, Inc., MN, USA) were

used according to the manufact uwelpléteswag ui del i |
used with 7 diluted standard cocktails to generate a standard concentration curve. Standards

were provided in the kit. For B3, ST2,Fas and Fak the Kit Lot number was 1423662.

For TNFU, -1IbL a 6 dhe KitlLot number was 1423659. Concentrations for standard

analytes are given in the Certificate of Analysis for the analytes (Appendix 4B and 4C).
Standard cocktails were reconstite d wi t h 0. 2 ml of the52kd.t o6Cal
After allowing the standard cocktails to stand for 15 minutesfad3dilution series was

prepared in order to generate the standard curve for the analytes. The Microparticle Cocktalil,

Biotin Antibody Cocktail and StreptavidiRE solution were prepared according to the

protocol. 5@ L of t he Gock@aitwapaaded to eathef the 96 microplate wells.

Following this, 5@ L of st andard or s anBahplesweesunimadded t

57



duplicae 1:2 dilutions and single 1:10 dilutions with 2 blanks well making up the 96 wells.
The standards and samples were initially incubated with the microparticles. This was
followed by washing the standards and samples and then incubating with the Biotin
Antibody Cocktail. Following further wash steps the standards and samples were then
incubated with StreptavidiRE. After a final wash the standards and samples were re
suspended in Wash Buffer before being analysed in thePR System (BidRad

Laboratories, PA, USA).

2.6.4.3.2. MMR1,-2, and-9 & TIMP -1 and-4 quantification. Quantification of the serum
concentrations of these analytes was performed after thawing frozen serum. Milliplex

MMP panels (EMD Millipore Corporation, MA, USA) were used accordingthe
manufacturerdéds gui del i ne sl-ZaAdOphe HMMPZMAGA and 5|
55K Kit was used (Kit Lot number 2753476) (Appendix 5A). For THARNd-4 the
HTMP2MAG-54K Kit was used (Kit Lot number 2753477) (Appendix 5B). Standards and

Quiality Controls were prepared according to the Kit protocol. For the MMP Kit, the standard

and the Quality controls (QCs) were reconstituted (separately) with P50 o f dei oni ze
water and seven 1:3 serial dilutions were prepared. The microplate wells wereattedw

with Wash Bufferan®@5¢ L a | i standatds qualify controls and samplese added

to the wells. A 96well plate was used with the 7 diluted standard cocktails to generate a
standard concentration curve. MMP samples were run in duplicatelilugons and single

1:50 dilutions with 2 blank wells making up the 96 wells. Mixed beads, Detection Antibody

and StreptavidiPE were sequentially added after washing in between each step. Finally

10 L Shdath Fluid (BieRad Laboratories, PA, USA) wased to resuspend the beads

before analysing the standards, QCs and samples in th&l8ioSystem (BidRad
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Laboratories, PA, USA). The same process was followed for the TIMPs according to the
manufacturers protocol. TIMR was run in duplicate 1:20 dilans and TIMP4 was run

neat as per the distributorés recommendati on

All multiplex panels were analysed on a Bitex 200 System (BiRad Laboratories, PA,

USA) and results were copied into an Efcspreadsheet (Microsoft Corporation, WA,

USA) for anaysis.
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2.6.5. Cardiac catheterization & Endomyocardial Biopsy

Patients underwent cardiac catheterization and endomyochialisly (EMB) at baseline.
Patients were prepared according to the standard protocol for preparation of patients for
coronary angiogram and cardiac catheterization at CMJAH as described above. Coronary
angiography was necessary to rule out coronary adisease and cardiac catheterization

and left ventricular cineventriculography were used to assess pulmonary pressures, left

ventricular contractility and confirm the severity of mitral regurgitaffon.

Coronary angiography and left and right heart catheterization were performed according to
standard protocols. Patients were given a small dose of sedation by the attending anaesthetist.
The patient was then draped and the groin was cleaned with a stietiiiens After infusion

of local anaesthetic in the right groin, the right femoral artery and vein were punctured. A
7F sheath was inserted into the artery and a 6F sheath was inserted into the vein. Coronary
angiography was performed using standard ragtat left 6F Judkins catheters. A 6F pigtail
catheter was used to determine LV and aortic pressures and to perform an LV
ventriculogram. A right heart study was subsequently performed using a 6F multipurpose
catheter. Pressures and oxygen saturations wataned from the right atrium, right
ventricle, pulmonary artery and, where possible, the pulmonary capillary wedge. LV EMB

was subsequently performed via the right femoral artery as described below.

At the time of cardiac catheterization and coronaryiargphy the following data were
obtained: coronary anatomy, LV end diastolic pressure and ejection fraction, regional wall
motion assessment, quantification of mitral regurgitation by contrast angiography,

pulmonary artery pressures, pulmonary capillagdge pressure, forward stroke volume,
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cardiac output and indexed cardiac output (by Fick method) and regurgitant volume (LV

output [EDW-ESV]i FSV)46

2.6.5.1. Endomyocardial biopsy

The use of EMB is gaining increased relevance in clinical practice because of new therapies
for cardianyopathies. EMB is an important tool to understand the cellular and molecular
pathophysiology of cardiovascular diseasevivo myocyte biology can only be studied

from tissue specimens and although there are-imasive and serum markers of

inflammationand fibrosis, the value of these markers remains experimental.

Both LV and right ventricular EMB are safe procedures when performed by experienced
interventionalistd! Two studies have found low rates of EM&8ated complications for

both right ventriculd® and left ventricular EMB'. In the study by Yilmazt al,*” in 755
patients, the rate of major complications for-EWIB and RVEMB was 0.64% and 0.82%,
respectively. A lower rate of minor complication was reported fofBENB (2.89%) than

for RV-EMB (5.1%).

In the present study, EMB was performed aceaydo the technique of Yilmaat al*’ Left

femoral artery access was used to introduce a 7F guiding catheter (JR4.0, AL1.0 or JL4.0)
(Medtronic, MN, USA) after intravenous infusion of 5000u of unfractionated heparin.
Biopsy specimens were taken using disposable 2.2mm x 105cn? Eawipmyocardil

Biopsy Forceps (Argon Medical, Tx, USA). The EMB procedure started with a 7F JR4
coronary guiding catheter, which was passed retrograde through the aortic valve into the LV

using a standard J tip guide wire. If we failed to achieve a suitable positiba LV with
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the JR4.0 guide then we tried an AL 1.0 or a JL 4.0 (Medtronic, MN, USA). The bioptome
was then advanced through the guiding catheter into the LV under fluoroscopic guidance.
Care was taken that the jaws of the bioptome were opened withiK tteevity before close

wall contact was reached. Upon wall contact with the opened jaws as much pressure as
needed to produce a smooth curve at the end of the guiding catheter and the bioptome was
used. Several (8) biopsy specimens were taken from randgites within the middle one

third of the LV. The biopsy specimens measured approximately?leach. After each
biopsy, aspiration of blood from the guiding catheter and rinsing with heparinised sodium
chloride solution was performed to prevent clottisghocardiography was used to assist in
positioning of the bioptome and to detect complications related to the pro¢&Ballewing

biopsy, patients were admitted to the coronary care unit for overnight observation.

At the time of mitral valve surgery, the cardiothorasicgeon obtained myocardial biopsy
specimens under direct visualization of the left ventricle. These specimens measured
approximately 2mrheach. These specimens were also taken from random positions within

the LV.

At the time of percutaneous or surgi&MB the biopsy specimens were either flash frozen
in liquid nitrogen for gene expression analysis (see below) or collected in formalin for
histopathology (see below). The frozen specimens were then storé&f°auntil all

specimens had been collected.

Tissue acquired at the time of EMB and at the time of surgery was prepared for light

microscopy and electron microscopy examination for potential quantification of interstitial
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collagen, myocardial inflammation, fibrosis and apoptefsisMicroscopy specimens were
examined by Professor Martin Hale from the Department of Anatomical Pathology,
University of the Witwatersrand to confirm that the endomyocardium was adequately
represented in the biopsy specimens. For light microscopy, specimeeadixed in 10%
buffered formalin and processed for paraffin embedding according to the method of Tsutsui
et al®%. 4um slices were cut from the specimen blocks, which were then mounted on glass

slides and stained with hematoxylin and eosin for morphometric analysis.

2.6.6. Gene expression analysis

2.6.6.1. RNA extraction and quantification

All tissue specimens were processed at the same time on completion of specimen collection.
Lysis and homogenization of tissue was performed using miRNeasy Mifii dfid
TissueRuptdt ( Qi agen Sciences, MD, USA) according
(Appendix 6). In the case where more than one tissue fragment was available for individual
patients (samples) at baseline biopsy, these frozen biopsy specimens were combined in order

to increase the total RNA (only baseline specimens for a patient were cdmitie

specimens taken at the same time since the fragments were very small). The specimens were
first thawed at room temperature before lysis and homogenization of the tissue was
performed. Briefly, the tissue samples were placed ine7QQIAzol Lysis Reagent. The

tissue was homogenized using disposable TissueRup@iagen Sciences, MD, USA)

probes until the tissue lysate was uniformly homogeneous. 140 0f chl or of or m wa
followed by centrifugation at 12000g for 15 minutes in order to separaseltitéon into an

aqueous and an organic phaBlee organic phase was discarded and 100% ethanol was used

to precipitate the RNA. The samples were pipetted into spin columns in order to trap RNA.
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After cleaning with the supplied buffer several times theARMs finally eluted in RNase

free water. The RNA was1suspended in 30 LRNasefree water and stored &0°.

The RNA extracted from the samples was quantified using spectrophotometric analysis on
a NanoDrop NB2000 Spectrophotometer (NanoDrop Techn@sginc., Wilmington,

Del.). The concentration of the RNA was calculated by using the standard that 1 OD260 =
40ng RNAE L The quality of the samples was assessed by calculating the OD260/0D280
ratio. Quality of samples was considered to be good when the OD260/0D280 ratio was close

to 2.0 (Appendix 7).

The integrity of the RNA was evaluated using the Agilent RNA 6000 Nano Kit (Agilent
Technologies, CA, USA) (Appendix 8A)ell. of each s aasefieeewaterRNA i n
was added to Agilent G&ye mix (Agilent Technologies, CA, USA) in the supplied-16

well chips which were then inserted into an Agilent 2100 Bioanalyzer (Agilent

Technologies, CA, USA) for analysis.
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2.6.6.2. Gene expression (GX)

Unfortundely there was a problem with the first Agilent cassette. This resulted in poor
clarity to the gel for samples 1 to 12, including the ladder (Appendix 8B) whereas the cassette
for samples 124 were much clearer. This resulted in variable RNA Integrity banmn

(RIN) (Appendix 8C), which meant that comparing expression between samples would
potentially be difficult using microarray. Because of this, we decided to submit the RNA to

Nanostring (Nanostring, Seattle, USA) fpgne expressior5(X) determination.

Twenty-nine total RNA samples (13 baseline, 13 final and three normal heart RNA samples)
were sent to Nanostring (in Seattle, USA) for analysis with their Gene Expressioff Assay
(Appendix 9). This system is based on the polymerase chain reaction (PCRg¢$atnovel
digital colourcoded barcode technology that enables determination of gene expression in
very small quantities of tissue since no amplification steps are required. A list of genes of
interest, including GenbafikNational Institutes of HealtiNIH, USA) accession numbers,

were sent to Nanostring for gene expression analysis.

Multiplex gene expression analysis, using 100ng total RNA per sample, was performed
commercially by NanoString (Seattle, USA) using an nCofii@estom (based on the genes
selected) Codeset. Results were analysed using the NanoString nSolver Analysis Software
Package 3% A background subtraction using the geometric mean of the negative controls
was included and gene expression levels were n@adatio both the geometric mean of the
positive controls and the geometric mean of three reference geA&DH PGK1 and
HPRTJ. The additional reference genes were excluded from the analysis because of high

variation in expression levels between sam(f##3HAandSTR and expression levels at or
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below background levelRPLPQ. Eight candidate genedDRB3, FasLG, IL1B, IL10,

MMP-1, MMP-13, PDCDland SAGQ were expressed at levels at or below that of the

negative controls and thus were also excluded floemanalysis. Normalised counts were

used to generate ratilata, 95% confidence intervals (Cls) and false discovery rates (FDRS)

for all genes comparing CPMR patients at bas

patients to ANeandatfoloMup.ent s at basel in

2.6.6.3. Selection of genes for analysis

Due to budget constraints only 109 candidate genes and 6 housekeeping genes could be
selected for analysis. The 109 candidate genes were selected based on previous gene
expression studies imnimals and humans with heart failure, volume overload and
CPMR¥®%*"Genes were selected if they -raceppoe known
signalling, cardiac bioenergetics, ECM remodelling, cell survival, apoptosis, inflammatory

and fibrosis pathways.

Appendix 10 gives a full lisif the genes that were selected for analysis. The gene, G&nbank
(National Institutes of Health) accession number, gene name and alternative gene name, brief
description of role of the gene product and a more detailed description of the gene products

are given in Appendix 10.

Most of the genes were selected basedhase genes previously found to be up/dewn
regulated in animal or human subjects with chronic primary MR or models of volume
overload. For example, 24 genes that had previously been found to be significantly up/down

regulated in patients with primary MR (opared with normal hearts) were selected from
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data published by Zhersg al>® Zhenget al>* used microarray to identify genes significantly
up/downregulated in four dogs with experirtedmprimary MR. From this study 31 genes

were selected for analysis (Appendix 11). Céeal.*° identified a number of genes involved

in ECM and inflammatory pathways that were up/dewgulated ina mouse model of
volume overload. Thirtyeight of the genes from this study were selected. Several genes were
found to have significantly altered expression in more than one of these studies. For example,
CTGF (Connective tissue growth factor) was foundh&we significantly altered gene
expression in all three of the studies mentioned above. Letsak® and Zhenget al®*
demonstrated theBERCA2was downrregulated in patients and dogs (respety) with

primary MR and therefore this gene was selected for analysis (Appendix 10). For some genes
there is no specified original reference in the table but these genes were selected based on
their known role in important pathways. For examfie AR and b>-AR were selected
because of t heARrsignaling @ae tChapter AADRBK1abd ADRBK2
(BARK-1 and BARK?2, respectively) were selected because of their importance in G
protein receptor €AR dgwhregdlatieni(sgen @Gpel 1) AGTRIa nd b
(angiotensin receptdr) was selected because of its fundamental importance in angiotensin

Il signalling (see Chapter 1FAS FASL FADD (Fasassociated via death domain),
Caspasel and Caspasel0 were selected because of their known imgoaece in apoptotic
pathways (see Chapter 1) (Figure 2.2). The BGFr ecept or s wer e sel ect e
importance in ECM remodelling and signalling-1 O , N F K and thd@ TNF téceptor
superfamily members 1A and 1B were selected because of theimkmportance in
inflammatory pathways and TNfelated apoptotic and inflammatory pathways (see Chapter

1) (Figure 2.2)The natriuretic peptides ar@N2(andIL-33) were selected because of their

known role as markers of myocardial volume overl&sd.
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biological themes behind large gene lists. It is based on established medical literature (for
example, data from articles available on PubMédhe P valus provide an estimate of the
probability thata given enrichment is present by chance alone and are derived using
corrections for multiple comparisons (Benjamini and Hochberg false discovery Tdtissks

a validated method of determining whether changes in the expression of multiple genes are by
chance or have likely occurred due to a true change in a biological/cellular/molecular

processes i.e. that the changes in the expression of the genes are truly pathological.

Subsequently, the effect of carvedilol upon gene expression was investigatgdeash
individual subject as their own control, in order to minimize biological variation, to identify
those genes whose expression was most altered in relation to carvedilol therapy.
Bioinformatics and hierarchic clustering was used to investigate m&ttehich improved the
statistical relevance by combining data on several genes. nCodatarwere converted to 2

log values and the delta (difference of gene expression between baseline and final) for each
gene was calculated in the individual patienftee mean expression values were then
computed for the CRV and for the Nil group for the different genes. Using hierarchical
clustering, genes that were most determining for the effect of carvedilol were identified. The
most upregulated and most dowagubted genes for CRV treatment vs Nil treatment were
identified from those genes -1Wh Ofegend\N@RBl t a f ol
was omitted because of large intedividual variation.The changes between baseline and
follow-up readings were calculated for each individual separately and the medians of these
differences calculated and compared between the two gumipg a 2sample Wilcoxon
MannWhitney test. A pvalue <0.05 was consited to be statistically significant and a p

value of <0.1 to show a trend.

70



2.9.References

1. Baumgartner H, Falk V, Bax JJ, et al. 2017 ESC/EACTS Guidelines for the management
of valvular heart diseasBuropean heart journa2017;38(36): 273991.

2. Nishimura RA, Otto CM, Bonow RO, et al. 2017 AHA/ACC Focused Update of the 2014
AHA/ACC Guideline for the Management of Patients With Valvular Heart Disease: A Report
of the American College of Cardiology/American Heart Association TaskeFarcClinical
Practice Guidelineirculation2017;13525): e1159%95.

3. Bellet RN, Adams L, Morris NR. The-@inute walk test in outpatient cardiac
rehabilitation: validity, reliability and responsiveness&#x2014;a systematic review.
Physiotherapy98(4): 277-87.

4. Hamilton DM, Haennel RG. Validity and reliability of then@inute walk test in a cardiac
rehabilitation population] Cardiopulm Rehab2000;20(3): 15664.

5. NaveiroRilo JC, DiezJuarez DM, Romero Blanco A, Reboliutierrez F, Rodriguez
Martinez A, Rodriguefsarcia MA. Validation of the Minnesota living with heart failure
guestionnaire in primary carBev Esp Cardio2010;63(12): 141927.

6. Rector TS, Cohn JN. Assessment of patient outcome with the Minnesota Living with
Heart Failure gestionnaire: reliability and validity during a randomized, doddbied,
placebecontrolled trial of pimobendan. Pimobendan Multicenter Research Ghoupieart
J1992;124(4): 101725.

7. Lancellotti P, Tribouilloy C, Hagendorff A, et al. Recommendatidios the
echocardiographic assessment of native valvular regurgitation: an executive summary from
the European Association of Cardiovascular Imadig.Heart J Cardiovasc Imaging013;

14(7): 61144.

8. Lang RM, Badano LP, MeAvi V, et al. Recommendatis for cardiac chamber
guantification by echocardiography in adults: an update from the American Society of
Echocardiography and the European Association of Cardiovascular Iméagingdeart J
Cardiovasc Imagin@015;16(3): 23370.

9. Rudski LG, Lai WW, Ailalo J, et al. Guidelines for the echocardiographic assessment of
the right heart in adults: a report from the American Society of Echocardiography endorsed
by the European Association of Echocardiography, a registered branch of the European
Society of @rdiology, and the Canadian Society of Echocardiogragbyrnal of the
American Society of Echocardiography : official publication of the American Society of
Echocardiography2010;23(7): 685713; quiz 868.

10. Remenyi B, Wilson N, Steer A, et al. Worlteart Federation criteria for
echocardiographic diagnosis of rheumatic heart diseasevidencédased guidelinedNature
reviews Cardiology012;9(5): 297%309.

11. Grayburn PA, Weissman NJ, Zamorano JL. Quantitation of mitral regurgitation.
Circulation 2012;126(16): 200517.

12. Lancellotti P, Moura L, Pierard LA, et al. European Association of Echocardiography
recommendations for the assessment of valvular regurgitation. Part 2: mitral and tricuspid
regurgitation (native valve diseasBur J Echocardgr 2010;11(4): 307%32.

13. Dele-Michael AO, Fujikura K, Devereux RB, et dleft ventricular stroke volume
guantification by contrast echocardiograplgomparison of linear and flolWwased methods

to cardiac magnetic resonan&ehocardiography2013;30(8): 8808.

71



14. Nakano K, Swindle MM, Spinale F, et al. Depressed contractile function due to canine
mitral regurgitation improves after correction of the volume overlda@lin Invest1991,

87(6): 207786.

15. O'Gara P, Sugeng L, Lang R, et &he roleof imaging in chronic degenerative mitral
regurgitationJACC Cardiovasc Imaging008;1(2): 22137.

16. Urabe Y, Mann DL, Kent RL, et al. Cellular and ventricular contractile dysfunction in
experimental canine mitral regurgitatid@irculation research992; 70(1): 13%47.

17. Leung DY, Griffin BP, Stewart WJ, Cosgrove DM, 3rd, Thomas JD, Marwick TH. Left
ventricular function after valve repair for chronic mitral regurgitation: predictive value of
preoperative assessment of contractile reserve by exexdhiseardiographylournal of the
American College of Cardiology996;28(5): 1198205.

18. Esterly JS, Darin KM, Gerzenshtein L, Othman F, Postelnick MJ, Scarsi KK. Clinical
implications of antiretroviral drug interactions with warfarin: a eesetrol stuly. J
Antimicrob Chemothe2013;68(6): 13603.

19. Gorcsan J, 3rd, Tanaka H. Echocardiographic assessment of myocardialstraial

of the American College of Cardiolog®11;58(14): 140113.

20. Greenberg NL, Firstenberg MS, Castro PL, et al. Dapgdeived myocardial systolic
strain rate is a strong index of left ventricular contractifttyculation 2002;1051): 99-105.

21. Lancellotti P, Cosyns B, Zacharakis D, et al. Importance of left ventricular longitudinal
function and functional reserve in patients with degenerative mitral regurgitation: assessment
by two-dimensional speckle tracking Am Soc Echocardiogt008;21(12). 13316.

22. Mascle S, Schnell F, Thebault C, et al. Predictive value of global longitudinal strain in a
surgical population of organic mitral regurgitatidnrAm Soc Echocardiod012;25(7): 766

72.

23. Kim MS, Kim YJ, Kim HK, et al. Evaluation of leftentricular short and longaxis
function in severe mitral regurgitation usingdnensional strain echocardiographym

Heart J2009;157(2): 34551.

24. Moustafa SE, Kansal M, Alharthi M, Deng Y, Chandrasekaran K, Mookadam F.
Prediction of incipient lefiventricular dysfunction in patients with chronic primary mitral
regurgitation: a velocity vector imaging stu@ur J Echocardiog011;12(4): 2918.

25. Witkowski TG, Thomas JD, Delgado V, et al. Changes in left ventricular function after
mitral valve epair for severe organic mitral regurgitatiéimn Thorac Sur@012;93(3): 754

60.

26. Magne J, Mahjoub H, Pierard LA, et al. Prognostic importance of brain natriuretic peptide
and left ventricular longitudinal function in asymptomatic degenerative mégairgitation.
Heart2012;98(7): 58491.

27. Maisel A. BType Natriuretic Peptide Levels: Diagnostic and Prognostic in Congestive
Heart Fai | ur@rculatwin2a02;a08520N 2328817

28. Januzzi JL, Troughton R. Are Serial BNP MeasurementduUse Heart Failure
Management?: Serial Natriuretic Peptide Measurements Are Useful in Heart Failure
ManagementCirculation 2013;127(4): 5008.

29. Clavel MA, Tribouilloy C, Vanoverschelde JL, et al. Association efype Natriuretic
Peptide With Survial in Patients With Degenerative Mitral Regurgitatidournal of the
American College of Cardiolog3016;68(12): 1297307.

30. Pepys MB, Hirschfield GM. @eactive protein: a critical updaté.Clin Invest2003;
111(12): 180512.

72



31. Kardys I, Knetsch AMBIleumink GS, et al. €eactive protein and risk of heart failure.
The Rotterdam StudyAm Heart J2006;1523): 51420.

32. Anand IS, Latini R, Florea VG, et al.-Reactive Protein in Heart Failure: Prognostic
Value and the Effect of Valsarta@irculation 2005;11210): 142834.

33. Mebazaa A, Di Somma S, Maisel AS, Bayesnis A. ST2 and multimarker testing in
acute decompensated heart faildkker J Cardiol2015;1157 Suppl): 384 3b.

34. Nishigaki K, Minatoguchi S, Seishima M, et al. Plasma Fas ligamdinducer of
apoptosis, and plasma soluble Fas, an inhibitor of apoptosis, in patients with chronic
congestive heart failurdournal of the American College of Cardiolo§)997;29(6): 1214

20.

35. Sliwa K, Skudicky D, Bergemann A, Candy G, Puren A,e$aP. Peripartum
cardiomyopathy: analysis of clinical outcome, left ventricular function, plasma levels of
cytokines and Fas/ARQ. Journal of the American College of Cardiolo2§00;35(3): 70t

5.

36. Shah RV, Januzzi JL, Jr. ST2: a novel remodeling hiker in acute and chronic heart
failure. Curr Heart Fail Rep2010;7(1): 9-14.

37. Seki K, Sanada S, Kudinova AY, et al. InterleuBi® prevents apoptosis and improves
survival after experimental myocardial infarction through ST2 signalthig: Heart Fai
2009;2(6): 68491.

38. Mann DL. Innate immunity and the failing heart: the cytokine hypothesis revisited.
Circulation researct2015;116(7): 125468.

39. Chen YW, Pat B, Gladden JD, et al. Dynamic molecular and histopathological changes
in the extracelllar matrix and inflammation in the transition to heart failure in isolated volume
overload Am J Physiol Heart Circ Physi@011;300(6): H225160.

40. Kapadia SR, Yakoob K, Nader S, Thomas JD, Mann DL, Griffin BP. Elevated circulating
levels of serum tumr necrosis factealpha in patients with hemodynamically significant
pressure and volume overloakburnal of the American College of Cardiolog®00;36(1):
20812.

41. Wilson EM, Gunasinghe HR, Coker ML, et al. Plasma matrix metalloproteinase and
inhibitor profiles in patients with heart failuré Card Fail2002;8(6): 3908.

42. Jordan A, Roldan V, Garcia M, et al. Matrix metalloproteirhsed its inhibitor, TIMP

1, in systolic heart failure: relation to functional data and progndsistern Med2007;
262(3): 38592.

43. Nagatomo Y, Carabello BA, Coker ML, et al. Differential effects of pressure or volume
overload on myocardial MMP levels and inhibitory contfahJ Physiol Heart Circ Physiol
2000;2781): H15%61.

44. Spinale FG. Myocardial matrix remodeling and the matrix metalloproteinases: influence
on cardiac form and functioRhysiol Rex2007;87(4): 1285342.

45. George J, Patal S, Wexler D, Roth A, Sheps H&ren G. Circulating matrix
metalloproteinas€ but not matrix metalloproteinaSge matrix metalloproteinas®, or tissue
inhibitor of metalloproteinasé predicts outcome in patients with congestive heart faiure.
Heart J2005;150(3): 4847.

46. Oral H, Sivasubramanian N, Dyke DB, et al. Myocardial proinflammatory cytokine
expression and left ventricular remodeling in patients with chronic mitral regurgitation.
Circulation2003;107(6): 83%7.

73



47. Yilmaz A, Kindermann |, Kindermann M, et al. Comparatevaluation of left and right
ventricular endomyocardial biopsy: differences in complication rate and diagnostic
performanceCirculation 2010;1229): 90069.

48. Holzmann M, Nicko A, Kuhl U, et al. Complication rate of right ventricular
endomyocardial ibpsy via the femoral approach: a retrospective and prospective study
analyzing 3048 diagnostic procedures over afyddr period.Circulation 2008;11817):
17228.

49. Platts D, Brown M, Javorsky G, West C, Kelly N, Burstow D. Comparison of
fluoroscopicversus reatime threedimensional transthoracic echocardiographic guidance of
endomyocardial biopsiekur J Echocardiogl010;11(7): 63%43.

50. Tsutsui H, Spinale FG, Nagatsu M, etHEifects of chronic betadrenergic blockade on

the left ventriculaand cardiocyte abnormalities of chronic canine mitral regurgitali@iin
Invest1994;93(6): 263948.

51. Dellitalia LJ, Balcells E, Meng QC, et allolumeoverload cardiac hypertrophy is
unaffected by ACE inhibitor treatment in dod$e Americarjournal of physiologyl997;

2732 Pt 2): H96170.

52. Lowes BD, Minobe W, Abraham WT, et al. Changes in gene expression in the intact
human heart. Downregulation of alptrgyosin heavy chain in hypertrophied, failing
ventricular myocardium Clin Investl997;100(9): 231524.

53. Lowes BD, Gilbert EM, Abraham WT, et al. Myocardial gene expression in dilated
cardiomyopathy treated with bebéocking agentsThe New England journal of medicine
2002;346(18): 135765.

54. Zheng J, Chen Y, Pat B, et al. Microay identifies extensive downregulation of
noncollagen extracellular matrix and profibrotic growth factor genes in chronic isolated mitral
regurgitation in the dodCirculation 2009;11915): 208695.

55. Zhang YM, Bo J, Taffet GE, et al. Targeted deletdbROCK1 protects the heart against
pressure overload by inhibiting reactive fibrogiaseb j2006;20(7): 91625.

56. Zheng J, Yancey DM, Ahmed MI, et al. Increased Sarcolipin Expression and Adrenergic
Drive in Humans With Preserved Left Ventricular &jen Fraction and Chronic Isolated
Mitral RegurgitationCirculation: Heart Failure2014;7(1): 194202.

57.Zhang W, Qu X, Chen B, e tAdranergic FROmctionsiincha | Rol e
Heart.Circulation 2016;1331): 48-61.

58. Leszek P, Koreweki J, Klisiewicz A, et al. Reduced myocardial expression of calcium
handling protein in patients with severe chronic mitral regurgitaianJ Cardiothorac Surg
2006;30(5): 73743.

59. Wajant H, Pfizenmaier K, Scheurich P. Tumor necrosis factor smgnaCell Death
Differ 0000;10(1): 4565.

60. Foo RS, Mani K, Kitsis RN. Death begets failure in the hdatlin Invest2005;1153):
56571.

61. Wang J, Duncan D, Shi Z, Zhang B. WibBsed GEne SeT AnalLysis Toolkit
(WebGestalt): update 201Rucleic adds researct2013;41(Web Server issue): W733.

62. Jourquin J, Duncan D, Shi Z, Zhang B. GLAD4U: deriving and prioritizing gene lists
from PubMed literatureBMC genomic2012;13 Suppl 8 S20.

63. Dennis G, Jr., Sherman BT, Hosack DA, et al. DAVID: Dbate for Annotation,
Visualization, and Integrated Discovefiienome biolog®2003;4(5): P3.

74



Chapter 3

Clinical, echocardiographic and serum markers of left ventricular remodelling in
response to treatment with carvedilol in patients withchronic primary mitral

regurgitation.
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3.1. Introduction

Chronic primary mitral regurgitation (CPMR) develops in patients over months to years due
to a progressive abnormality of the mitral valve appargitedominantly related to
degenerative disease wteveloped countries and rheumatic heart disease in developing
countries, where it remains the most common form of acquired cardiovascular disease in

children and adults

Patients are asymptomatic for long periods while the left ventricle (LV) progressively dilates
in response to abnormal preloadhe ecentric hypertrophy that develops normalizes
afterload leading to a periodof-soa | | ed & c o mp e n s a tinadegudie.protdio we v e r
synthesis an@rogressive deterioration in myocardiahttion, the hypertrophy that develops

is insufficient to fully compensate for the wall strés$his leadsto an increase in
inflammatory cytokine expression, neurohormonal activation and reactive rosgpeies
generation. These chronic stressors activate a number of complex inflammatory and apoptotic
pathways in a similar manner to heart failure from otlaeisesEarly in the LV remodelling
process there is loss of interstitial collagen and cell agppdue to degradation of the
myocardial extracellular matrix (ECM). Later changes include myocyte apoptosis and
pathological ECM fibrosi.As a result, chronic decompensated MR ensues, and the LV
resembles endtage dilated cardmyopathy.Subsequent LV dysfunction translates into
increases in endiastolic pressure, increased left atrial pressure and pulmonary hypertension,
which leads to right ventricular dilatation and dysfunction. These changes are easily

measurable using insive and nofinvasive imaging techniques such as echocardiogfaphy
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and result in the activation of a number of molecular pathways within the myocardium, which

can be measured using serum markérs.

Adrenergic drive is increased in animals and humans with chronic volume overload and is
thought to result in increased adverse effectBiwithe myocardium including inflammation,

cell loss and breakdown of extracellular matrix protéifish e r e fadrenergic blockade

has been explored in a number of animal and human studies with variable effdetL).

Carvedilol is a particularly interesting agent in this regard but has only been studied in rats

with experimental mitral regurgitation. t b | o a & 15 d adifenerbic réceptors and also
peripheral U receptors, which should reduce

regurgitation, consequently, volume overload.

To date, no human study has detailed the left ventricular response to treatment of patients with
CPMR with carvedilol. It was the hypothesis of this study that carvedilol would attenuate LV

remodelling in patients with CPMR while they awaited definitive mitedve surgery.
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3.2. Methods

Details of the materials and methods are provided in chapter 2.

3.2.1. Study subjects

The investigation conforms to the principles outlined in the Declaration of Helsinki. Informed
consent was obtained from all patiemtscording to a protocol approved by the Human
Research Ethics Committee of the University of the Witwatersrand (M101036). Patients were
included in the study if they had CPMR and met guideline criteria for elective mitral valve
surgery!? Patients were excluded if they had aortic valve disease, mitral stenosis, active
infective endocarditis, emorbid coronary artery disease, chronic kidney disease,
cont r ai nd-iblocker thevapys wete pregmant, or had a history ofrentiodelling

t her ap yblodkesse andiobensin converting enzyme (ACE) inhibitors, angiotensin

receptor blockers or mineralocorticoid receptor antagonists).

Patients underwent baseline clinical examination, transthoracic echocardiography, blood
analysis and cardiacatheterizationimmediately after baseline investigations patients were
randomized to receive standard of care (diuretics, potassium supplementation) plus carvedilol
(ACRVO group) or standard of care only (AN
cavedilol was uptitrated to 25mg twice daily over a period of one month. Patients were
presented for surgery to the cardiothoracic unit immediately after their baseline cardiac
catheterization. The timing of t hrd onpheet i ent s

surgical waiting list, was determined by the cardiothoracic unit.
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3.2.2. Echocardiography
Baseline and preperative echocardiography was performed with a1i33® ultrasound
device (Koninklijke Philips, NV, USA) by a single sonographer blintestudy medication

protocol on all recruited patients according to established guidétifres.

3.2.3. Serum

Baseline and preperative serum was collected for CRP,-pid BNP, soluble Fas/ARQ®

receptor (sFas) and soluble Fas ligand (d5d4sST2® TNF-U , -1, II-6 $*MMP-1, MMP-

2, MMP-9, and TIMP1 and TIMR4.1718 Quantification was performed using Magnetic
Luminex® Screening Assays (R&D Systems, Inc., MN, USA) (for TF -116L -6, $T2,

FasLigand and Fas) or Milliplex® MAP panels (EMD Millipore Corporation, MA, USA)

(for MMP-1, -2, and-9 & TIMP-1and-4) according to manufacture
were run using the Bi®lexTM 200 system (BiRad, Texas, USA), and concentrations
generated automatically using the #iex manager software, version 5.0 ({Rad

Laboratoies Inc, Hercules, USA).

3.2.3.1. Selection of serum tests

Due to financial constraints only a limited number of serum tests could be selected. NT
proBNP, ST2 and H33 were selected because of their known use as markers of myocardial
volume overload®!® The MMPs and TIMPs were selected based on prior studies showing
that an important aspect of myocardial remodelling in volume overload is loss of normal ECM

due to MMP activation and an increase in the MMP/TIMP r&tté Major serum markers of
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inflammation were selected based on prior Wi Finally, since cell loss is an important

part of the pathophysiology of remodelling in models of volume oadrlé-as ligand and

serum Fas receptor were selected as serum markers of apoptosis in these patients. Increased
plasma levels of soluble Fas receptors have been found in patients with heart failure and

peripartum cardiomyopathy:2®
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3.3. Results

3.3.1. Study population

The first patient was recruited in November 2@h#l last patient underwent her final surgery

in December 2015. Twenty consecutive patients with CPMR, who gave informed consent,
underwent baseline investigation including clinical examination, ECG, echocardiography,
6MWT, blood tests, cardiac cathetetina and LV EMB according to the study protocol.
Unfortunately the LV wall was perforated at the apex in the first EMB patient. She was taken
for emergent surgery and underwent a successful mitral valve replacement without further
complication. Patient nuber 8 developed a deep vein thrombosis and ultimately fatal
pulmonary embolism while waiting at home for surgery. Four patients were lost to follow up
despite many attempts to make contact and locate them. In one patient, screening failed to
identify intemittent hypertension. Therefore, seven patients were excluded from the final
analysis. Thirteen patients underwent full baseline and final investigations as per study

protocol and were included in the final analysis (Figure 3.1).
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20 CPMRpatients who met inclusion criteria

A4

Baseline clinical examination, BMWT, MLHFQ, EGG, blood tests, echocardiography, cardiac catheterization and EMB

1 patient had LV perforation and underwent immediate MVR

/ Randomization \

9 patients were randomized to CRV 10 patients were randomized to Nil
1 patient demised from a
> PEbefore surgery
2 patientslost to ¢
follow up 2 patientswere lost to
follow up
> 1patient was
subsequently found
1 | to have hypertension
7 patients randomized to CRV 6 patients randomized to Nil
completed the study completed the study

— ==

| Final clinical examination, BMWT, MLHFQ, ECQG, blood tests, echocardiography and surgical EMB

Figure 3.1. How diagram of study. 6MWT=six-minute walk test; MLHFQ=Minnesota Living with Heart Failure Questionnare; LV=left
ventricular; EMB=endomyocardia biops/; CRV=standad of care pluscarvedilol; Nil=standad of care; PE=pulmonay embolism.

3.3.2. Baseline charderistics

3.3.2.1. Baseline demographic and general characteristics

There were no significant differences between the two groups of patients with respect to
clinical characteristics (Table 3.1). In 12 (92%) patients the cause of CPMR was rheumatic
heart dsease. The median duration of follow up from the time of therapeutic carvedilol dosing
(the time at which the CRV patients were on 50mg daily) or baseline investigations (in the
case of the Nil group) to the time of surgery was 10 months and 7 monthsctiesly
(p=0.4738). All patients had evidence of severe CPMR with 11 of 13 patients being in NYHA

functional class 02. Baseline parameters
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pulmonary artery pressure of 57mmHg, median LV end systolic dianfeténon (indexed
25.5mm/n3), median ejection fraction of 61% with an effective regurgitant orifice of 0.§8cm

and a median serum NaroBNP of 822 ng/L.

Table 3.1. Baseline clinical characteristics.

Carvedilol Nil P value
Number 7 6
Age (years) 34 42 NS
Female 4 5 NS
Black race 6 6 NS
Atrial fibrillatior? 2 1 NS
Body surface area @n 1.69 1.82 NS
Cause of MR
Rheumatic 6 6 NS
Mitral valve prolapse 1 0 NS
Clinical
Duration of follow up (months) 10 7 NS
NYHA I 1 1 NS
NYHA Il 3 5 NS
NYHA Il 2 0 NS
NYHA IV 1 0 NS
ECG heart rate (bpm) 78 81 NS
Systolic blood pressure (mmHQ) 110 116 0,0981
Six minute walk test (m) 450 450 NS
MLHFQ 56 56.5 NS
Drugs
Furosemide (mg/day) 40 40 NS
Digoxin (mg/day) 0 0 NS

NYHA=New York Hedssociation, MLHFQ=Minnesota Living with Heart Failure Questionnaire; NS=not significant.
“Patients with atrial fibrillation were treated with warfarin according to their INR.
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3.3.2.2. Baseline echocardiographic parameters

At baseline the median L¥imensions were significantly greater in those patients allocated
to carvedilol therapy (Table 3.2). The median LVEDDI was 41nfimthe CRV group
compared with 31.13mm#Arin the control group (p=0.0152). The median LVESDI was
29.03mm/m compared with 1@8mm/n? in the two groups, respectively (p=0.0066). The
median LVEDVI was 125.33ml/fin the CRV group at baseline but only 89.99n3limthe
control group (p=0.0223). Similarly, the LVESVI in the CRV group at baseline was
68.98ml/nt compared with 37,63nmi# in the control group at baseline (p=0.0152) (Figure

3.2AD).

A. Baseline LVEDDI B. Baseline LVESDI

ﬂE‘ a B CRY ‘E - ]

‘E. # Control IE lifﬂ
C. Baseline LVEDVI D. Baseline LVESVI

£ e | ¥, el

Figure 3.2, Baseline left ventricular dimensions and volumes in the two study groups.
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There were no significant differences between the two groups with respect to the remaining
baseline echocardiographic parameters, cardiac catheterization findings or serum markers of
LV remodelling (Table 3.2). The baseline median LVEF was 57% in the CRV group and 64%
in the control group (p=0.1331). The median LVdp/dt was 1518mmHg/s in the CRV group
and 1375.5mmHg/s in the control group (p=0.7714). The indexed cardiac output (C.I.) was
1866.1ml/min/nt in the CRV group and 2073.05ml/mirdiin the control group (p=0.4751).

The baseline median GLS (global longitudinal strain) v1&86 in the CRV group and 6%

in the control group (p=0.6723). Indexed LA volume was 142.51fitthe CRV grou@and
97.88ml/nt in the control group at baseline (p=0.1531). Baseline median vena contracta was
10mm in the CRV group and 8.5mm in the control group (p=0.1682). Median effective
regurgitant orifice in the CRV group was 0.8/4and 0.38mrhin the control grap (p=0.224).
Baseline median mitral regurgitant volume was 119ml in the CRV group and 81.5ml in the
control group (p=0.4314). Median right ventricular base was 40mm at baseline in both groups
(p=0.6141). Tricuspid annular plane systolic excursion as asuneaf right ventricular
function was 17mm in the CRV group and 18.5mm in the control group at baseline
(p=0.3146). The pulmonary artery pressure estimate (based on maximum velocity of the
tricuspid regurgitant jet) was 43.5mmHg in the CRV group and 34gimlthe control group

(p=0.5218).

3.3.2.3. Baseline cardiac catheterization findings

Baseline median pulmonary artery systolic pressure was 57mmHg in the CRV group and

49mmHg in the control group (p=0.8862). Median mean pulmonary artery pressure was
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37mnHg and 37.5mmHg in the two groups, respectively (p=0.943). LV end diastolic pressure
was 17mmHg in the CRV group and 13mmHg in the control group (p=0.4314). Indexed
cardiac output was 1960ml/minfim the CRV group and 2200ml/minfrim the control group

(p=0.3914).
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Table 3.2. Baseline echocardiographic and invasive hemodynamic data.

Carvedilol Nil P value
Echocardiography
LVEDD Indexed (mmAn 41 31,13 0,0152
LVESD indexed (mm#n 29,03 19,48 0,0066
LVEDV indexed (mlAn 125,33 89,99 0,0223
LVESV indexed (mlAn 61,83 35,75 0,0152
Ejection fraction (%) 57 64 NS
Left ventricular dp/dt (mmHg/s) 1518 1375,5 NS
Cardiac output indexed (ml/min/&) 1866,1 2073,05 NS
Global longitudinal strain (%) -16 -16 NS
LA volume indexed (ml/f 142,51 97,88 NS
Vena contracta (mm) 10 8,5 NS
Effective regurgitant orifice (cfh 0,8 0,38 NS
Regurgitant volume (ml) 119 81,5 NS
Right ventricular base (mm) 40 40 NS
Tricuspid annular plane systolic excursion (mm 17 18,5 NS
Right ventriculatateral S' (cm/s) 12,3 12,3 NS
PASP (estimate based on TR Vmax)(mmHg) 43,5 34 NS
Cardiac catheterization
PASP (mmHg) 57 49 NS
PA mean (mmHg) 37 37,5 NS
LV EDP (mmHg) 17 13 NS
Cardiac output indexed (ml/min/&) 1960 2200 NS

LV=left ventricular; EDD=end diastolic diameter; ESD=end systolic diameter; EDV=end diastolic volume; ESV=end systolic volume
LA=left atrium; PASP=pulmonary artery systolic pressure; PA=pulmonary artery; EDP=end diastolic pressure; NS=not significant.
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Table 3.3. Baseline serum data.

Carvedilol Nil P value
NT-proBNP (ng/L) 839 367,5 NS
CRP (mg/L) 0 7 NS
MMP-1 (pg/ml) 13654,99 13571,66 NS
MMP-2 (pg/ml) 182525,05 202869,62 NS
MMP-9 (pg/ml) 67245,59 91953,76 NS
TIMR1 (pg/ml) 115526,67 126303,75 NS
TIMR4 (pg/ml) 157,475 220,075 NS
MMP1:TIMP1 0,1147 0,0948 NS
MMP1:TIMP4 143,142 70,127 NS
MMP2:TIMP1 1,435 1,898 NS
MMP2:TIMP4 1317,979 1030,88 NS
MMP9:TIMP1 0,4232 0,692 NS
MMP9:TIMP4 281,023 417,664 NS
¢bCh ¢6LAK 3,59 3,355 NS
L[ mi 6Lk 0 0 NS
IL6 (pg/ml) 2,6 2,91 NS
Fas (pg/ml) 5494,98 4581,79 NS
FasL (pg/ml) 37,85 27,985 NS
ST2 (pg/ml) 9434,18 8649,1 NS

NS=not significant.

3.3.2.4. Baseline serum results (Table 3.3)

NT-pro BNP levels were 839ng/L in the CRV group and 367.5ng/théncontrol group
(p=0.5677). CRP levels were not significantly different in the two groups (p=0.2899).
Baseline MMPL levels were not significantly different between the CRV group and the
control group (p=0.7751). Similarly there were no significant lresalifferences between

the two groups with respect to MMP(p=0.5677), MMP9 (p=0.2531), TIMPL (0.7751) or
TIMP-4 (p=0.5218) levels. There were no significant differences between baseline

MMP/TIMP ratios between the CRV and control groups.
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3.3.2.5.Comparison of the two groups after removal of EM

One patient (EM) in the study group had a LV EF of 38% at the time of recruitment. After
removing this patient from the analysis, the baseline characteristics of the two groups were
unchanged (there was ktd statistically significant difference in the LV dimensions at

baseline with greater dimensions in the study group).

3.3.2.6. Comparison of the two groups after including only those with EF >60%

Several studies have presented data on patientspaiibnts "preserved” LV function (EF
>60%)2"?8 The data was analysed after removing patients with an LV EF <60%. In this
analysis there were no statistically significant differences in the baseline characteristics
between the study group and the control groupvéi@r, after removing patients with low

LV EF, there were only 3 patients in each group.
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3.3.3. Changes in clinical, echocardiographic and serum parameters from baseline to
final (in response to treatment with carvedilol) (Table 3.4)
Median absolute chge and median percentage change for each variable from baseline to

final measurement was compared between the two groups.

3.3.3.1. Change in heart rate (measured by resting ECG) over time

In the CRV group the median heart rate (HR) fell by a median bea6 per minute while

there was no absolute change in the HR in the control group. This did not translate into a
statistically significant change between the two groups over time (p=0.2505) (Figure 3.3).
There was also no significant difference in thecpatage change of the E@igtermined HR
between the two groups over time. When the analysis was conducted after excluding patient
EM or including only patients with an LV EF >60%, no significant changes between the two

groups were found over time.
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Figure 3.3. Absolute change in median ECG HR. bpm = beats per minute.
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Table 3.4. Changes in clinical, echocardiographic and serum parameters in response to

carvedilol treatment.

Carvedilol Nil

Absolute Change % change Absolute change % change P value
Parameters
ECG heart rate (beats/min) -16 -21,43 0 -1,15 NS
Systolic BP (mmHg) -3 -2,5 3,5 3,22 NS
6MWT (meters) 0 0 -12,5 -2,38 NS
Echocardiography
LVEDD Indexed (mmAn -1,075 -2,899 -0,3145 -0,877 NS
LVESD indexed (mm#n -0,592 -1,818 -0,603 -2,705 NS
LVEDV indexed (mlAn -7,101 -6,74 -3,558 -2,66 NS
LVESV indexed (mlAn -0,538 -0,8696 1,818 7,998 NS
Ejection fraction (%) -4 -6,25 -2,5 -3,846 NS
LV dp/dt (mmHg/s) -216 -18,54 246 16,81 NS
Cl (ml/min/n?) -306,83 -16,44 -209,831 -8,13 NS
Global longitudinal strain -1 4,76 -4 22,22 NS
LA volume indexed (ml/f -28,743 -20,17 13,17 17,36 NS
Vena contracta (mm) -1 -10 1 13,89 0,0590
Effective regurgitant orifice (cth -0,33 -34,78 0,025 2,38 0,0150
MR volume (ml) -53 -41,21 6 3,96 0,0321
Right ventricular base (mm) 1 2,7 5 12,05 NS
TAPSE (mm) -3 -15,79 2 9,81 0,0307
Right ventricular lateral S' (cm/s) -3,04 -24,72 -0,9 -7,32 0,0865
PASP (mmHg) 1 2,22 4 10,39 NS
Bloods
BNP (ng/L) 789 96,47 -11 0,597 0,0865
CRP (mg/L) 0 -2,899 11,5 -0,877 NS
Serum analytes (pg/ml)
MMP-1 -2243,69 -14,31 -253,94 2,91 NS
MMP-2 4075,75 2,23 -60249,91 -35,62 0,0455
MMP-9 13335,56 19,2 -10428,35 -5,51 NS
TIMR1 -28614,02 -20,77 -8741,78 -8,69 NS
TIMR4 -23,77 -12,01 -39,225 -24,57 NS
MMPL1:TIMP1 0,00244 2,84 0,00476 9,16 NS
MMP1:TIMP4 15,4767 19,73 14,2805 29,54 NS
MMP2:TIMP1 0,46089 32,43 -0,372899 -25,79 0,0223
MMP2:TIMP4 206,0855 27,07 -178,8797 -25,95 NS
MMP9:TIMP1 0,45197 72,33 -0,0679 -2,88 NS
MMP9:TIMP4 172,5031 44,02 14,34744 4,22 NS
TNFh -0,46 -11,36 -0,365 -14,17 NS
ILL 0 - 0 - NS
IL6 -0,84 -29,5 0,1 3,53 NS
Fas 556,34 8,5 -492,02 -10,84 0,0633
FasL -3,14 -8,3 5,505 24,95 NS
ST2 -2010,78 -23,36 -1952,99 -17,81 NS

6MWT=six minutevalk test; LV=left ventricular; EDD=end diastolic diameter; ESD=end systolic diameter; EDV=end diastolic volume;
ESV=end systolic volume; LA=left atrium; PASP=pulmonary artery systolic pressure; Cl=cardiac output indexed; TAPS&watauspid

plane systlic excursion; NS=not significant.
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3.3.3.2. Change in systolic blood pressure (at rest) over time

The median change in resting systolic blood pressure in the CR\BmasHg. In the control

group the blood pressure increased by 3.5mmHg. There wasatistically significant
difference when the two groups were compared (p=0.3524) even after removing patient EM
from the analysis (p=0.3776) or when the analysis was performed using patients with LV EF

>60% (p=0.2967).

3.3.3.3. Change in distance walkeih 6 minutes from baseline to final

There was no change in the distance walked between baseline and final in the CRV group.
There was a median reduction in distance walked between baseline and final among the
control group of 12.5 meters. There was no ificant difference in the absolute (p=0.7184)

or percentage (p=0.8292) change between the two groups over time (Figure 3.4), whether
patient EM was excluded (p=0.7471) or only patients with preserved LV EF were included

(p=0.7642).
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Figure 3.4. Change in distancén meters)walked by patients during six minute walk test
(p=0.7184).

3.3.3.4. Change in Minnesota Living with Heart Failure Questionnaire Score

The MLHFQ score increased by a median of 7 points in the CRV group over time and
decrease by a median of 12.5 points in the control group with no statistically significant

difference in the absolute (p=0.6682) or percentage (p=0.4751) or when patient EM was
removed from the analysis (p=0.5218) or when only patients with preserved LVEF were

included (p=0.6547).
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3.3.3.5. Changes in dosing of furosemide and digoxin over time

There were no statistically significant differences in the dosing of furosemide or digoxin over
time between the CRV group and the control group (p=1.000 for furosenpd®.&545 for
digoxin). This did not change when patient EM was excluded or only patients with preserved

LVEF were included.

3.3.3.6 Changes in echocardiographic and serum markers in response to carvedilol

therapy.

3.3.3.6.1 Ejection fraction

The medianeduction in EF in the CRV and control groups was 4% anb 2réspectively,

with no significant difference in the change between the two groups (p=0.7206) (Figure 3.5).
No statistical difference between the two groups was noted when EM was removed from the

analysis or when only those with preserved LVEF were included in the analysis.
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Figure 3.5 Change in ejection fraction in patients treated with carvedilol (CRV) versus
standard of care (NIL). Error bars indicate interquartile range.

3.3.3.6.2 LVEDDI(LV end diastolic dimension indexed to BSA)

There was a median reduction in LVEDDI in the CRV group by 1.075maroh0.3145mm/

in the control group with no statistical significant difference in the absolute (p=0.6166) or
percentage (p=0.6166) change aume. No statistical difference between the two groups was
noted when EM was removed from the analysis or when only those with preserved LVEF

were included in the analysis.
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3.3.3.6.3 LVESDI (LV end systolic dimension indexed to BSA)

There was a mediareduction in LVESDI in the CRV group by 0.592mn3%/end 0.603
mm/n¥ in the control group with no statistical significant difference in the absolute (p=0.721)
or percentage (p=0.6682) change over time. No statistical difference between the two groups
was noéd when EM was removed from the analysis or when only those with preserved LVEF

were included in the analysis.

3.3.3.6.4 LVEDVI (LV end diastolic volume indexed to BSA)

There was a median reduction in the LVEDVI of 7.101 rAlinthe CRV and 3.558 ml/fin

the control group over time. There was no statistical difference between the two groups with
respect to these changes (p=0.7751 for the absolute and percentage change). No statistical
difference between the two groups was noted when EM was removedhieoamalysis or

when only those with preserved LVEF were included in the analysis.

3.3.3.6.5 LVESVI (LV end systolic volume indexed to BSA)

There was a median reduction in the LVESVI in the CRV group by 0.538 miicha minor
increase of 1.818 ml/frin the control group. This was no statistically significant difference
between the two groups (p=0.8864) (Figure 3N\g).statistical difference between the two
groups was noted when EM was removed from the analysis or when only those with preserved

LVEF were included in the analysis.
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Figure 3.6. Change in left ventricular end systolic dimension (indexed to body suafaa) in patients

treated with carvedilol (CRV) versus standard of care (NIL). Error bars indicate interquartile range.

3.3.3.6.6 LV dp/dt

The LV dp/dt decreased by a median of 216 mmHg/s in the CRV group and increased by 246

mmHg/s in the control groypvhich was not significantly different (p=0.224). No statistical

difference between the two groups was noted when EM was removed from the analysis or

when only those with preserved LVEF were included in the analysis.
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3.3.3.6.7 Cardiac output indexed tdody surface area

There was a reduction in the echocardiogragisiomated CI in both groups. The median
decrease in Cl in the CRV group was 306.83 ml/mirdnd 209.83 ml/min/&in the control

group with no statistical significant difference between the groups (p= 0.7751). No
statistical difference between the two groups was noted when EM was removed from the

analysis or when only those with preserved LVEF were included in the analysis.

3.3.3.6.8 Global longitudinal strain (GLS)

There was a median naction in GLS in the CRV group by 1% and by 4% in the control
group over the duration of the study. This was not statistically different (p=0.1127). No
statistical difference between the two groups was noted when EM was removed from the

analysis or when dythose with preserved LVEF were included in the analysis.

3.3.3.6.9 Left atrial volume indexed to BSA

The LA volume (indexed) decreased by a median of 28.74 %niffrthe CRV group but
increased by a median of 13.17 mifmthe control group. However, this was not statistically
different (p=0.3914). No statistical difference between the two groups was noted when EM
was removed from the analysis or when only those with preserved LVEF were included in the

analysis.
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3.3.36.10 Vena contracta

The vena contracta decreased by a median of 1mm in the CRV group but increased by a
median of 1mm in the control group. This was not statistically different between the two
groups (p=0.059) and there was no effect of removing EM fremalalysis or including only

those with EF >60%.

3.3.3.6.11 Effective regurgitant orifice

There was a statistically significant difference in the median change in ERO between the CRV
and the control groups over time (absolute change: p=0.015; percehtageecp=0.01). In

the CRV group there was a median reduction in the ERO of 0238dnn the control group

there was a median increase of 0.38cWwhen EM was removed from the analysis, there
remained a statistically significant difference between the dvoup (p=0.0161) but if the
analysis was only performed with those patients with an LV EF >60% then there was no
statistically significant difference in the changeERO over time between the two groups

(p=0.1771). Changes in ERO over time are representFigure 3.7.
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Figure 3.7. Change in median effective regurgitant orifice (p=0.015).

3.3.3.6.12 MR volume

There was a median reduction in MR volume of 53ml in the CRV in comparison to a 6ml
median increase in the MR volume in the control group. This was statistically significant
(p=0.0321) even when EM was removed (p=0.0161) but not when analysis was only
performed withpatients with preserved LV EF (p=0.1771). Changes in MR volume over time

are represented in Figure 3.8.
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Figure 3.8 Change in median mitral regurgitant volume (p=0.0321).

3.3.3.6.13 Right ventricular base diameter
There was a median increas¢he RV base in the CRV group of 1mm and 5mm in the control
group. This was not statistically different between the two groups (p=0.4308) and there was

no effect of removing EM from the analysis or including only those with EF >60%.

3.3.3.6.14 Tricuspd annular plane systolic excursion (TAPSE)

There was a decrease in the TAPSE in the CRV group by a median of 3mm while this
increased by a median of 2mm in the control group. This was found to be a statistically
significant change between the twooups (0.0307) but not when EM or patients with

LVEF <60% were removed from the analysis (Figure 3.9).
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Figure 3.9.Change in tricuspid annular plane systolic excursion in patients treated with
carvedilol (CRV) versus standard of care (NIL). Error Iadgcate interquartile range.

3.3.3.6.15 Right ventricular tissue

Doppl er

This decreased more in patients treated with carvedilol with a trend towards significance

(p=0.0865) (Figure 3.10).
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Figure 3.10. Change inright ventricule€8d i n pati ents treated with car\

versus standard of care (NIL). Error bars indicate interquartile range.

3.3.3.6.16TR Vmax (maximum velocity of the TR Doppler jet; in mmHQg)

The TR Vmaxincreased by 1mmHg and by 4mmHg in the CRV and control groups,
respectively. There was not statistically significant change between the two groups
irrespective of patient exclusions. This suggests that pulmonary artery pressure was not

affected by treatnre with carvedilol.

3.3.3.6.17 NTFpro-BNP

The BNP increased by a median of 789ng/L in the CRV group during the follow up period.
In contrast, the BNP decreased by a median of 11ng/L in the control group. Although the
absolute change was not statisticalifferent between the two groups (p=0.0865), there was

a statistically significant difference between the two groups when the median changes were

analysed as percentage changes (p=0)0#&ure 3.11)Even when EMvas removed from
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the analysis there wasstatistically significant increase in BNP in the CRV group compared
with the control group during the follewp period (p=0.0374). However, there was no
difference between the two groups when the analysis was only performed on patients with a

baseline EF60% (p=0.4561).
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Figure 311 Change in serum Npro BNP in patients treated with carvedilol (CRV)
versus standard of care (NIL). Error bars indicate interquartile range.

3.3.3.6.18 CRP

There was no significant change in CRP between the two groups.

3.3.3.6.19ChangesinTNE) over ti me
Serum TNFU | evels decreased in both groups over

group there was a decrease from 3.59pg/mL by a median of 0.46pg/mL and in the control
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group the decrease was from 3.355pg/mL by diameof 0.365pg/mL with no significant
difference between the two groups (p=0.8864). Removing EM from the analysis or performing

the analysis with only preserved EF patients did not change the outcome.

3.3.3.6.201-:1 b
Serum levels of [E1 b ¢ o u |qdantifienl in eithex group because the circulating levels of

this cytokine were below the measurable limits.

3.3.3.6.21 IL-6

The median decline in H6 in the CRV group was 0.84pg/mL while there was an increase in
IL-6 in the control group by a median@fL. However this did not translate into a significant
difference between the two groups (p=0.3914) even when EM or patients with reduced LV

EF were removed.

3.3.3.6.22 Fas

There was a median increase in serum Fas in the CRV group of 556.34pg/mL lnebaealec

in serum levels of this marker of apoptosis in the control group by a median of 492.02pg/mL.
There was a trend to statistical significance when the two groups were compared (p=0.0633)
(Figure 3.12). Thislifference was not statistically significanhan patients with reduced LV

EF were removed from the analysis.
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Figure 3.12. Absolute change in median serum Fas (p=0.0633).

3.3.3.6.23 Fas Ligand
There was a median decrease in serum FasL in the CRV group by 3.14pg/mL and a median
decrease in the caot group by 5.505pg/mL, which was not significantly different between

the two groups (p=0.6682) even when the analysis was performed without patients with low

LVEF.

3.3.3.6.24 ST2

ST2 levels decreased in both groups over time. In the CRV group theaemeaBan decrease

of 2010.78pg/mL and in the control group this decrease was a median of 1952.969pg/mL,
which was not significantly different (p=0.6682). There was no change in the analysis when

patients with low LV EF were excluded.
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3.3.3.6.25 11-:33
Serum levels of I£33 could not be quantified in either group because the circulating levels of

this cytokine were below the measurable limits.

3.3.3.6.26MMP -1
MMP-1 decreased from 13654.99pg/mL by a median of 2243.69pg/mL in the CRV group and
from 1357166pg/mL by a median of 253.94pg/mL in the control group with no significant

difference between the two groups with respect to changes in-Mbifer time (p=0.1985).

3.3.3.6.27 MMR2

MMP-2 increased by a median of 4075.75pg/mL from 182525.05pg/mL inRhedtoup

but decreased by a median of 60249.91pg/mL from 202869.62pg in the control group. There
was a statisticallgignificant difference in the changes in MMPevels between the two

groups over time (p=0.0455) (Figure 3.13).
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Figure 3.13 Change irserumMMP-2 in patients treated with carvedilol (CRV) versus
standard of care (NIL). Error bars indicate interquartile range.

3.3.3.6.28 MMPR9
The MMP-9 levels increased by a median of 13335.56pg/mL in the CRV group and decreased

by a median of 10428.3%/mL in the control group.

3.3.3.6.29 TIMR1
TIMP-1 levels decreased by a median of 28614.02pg/mL in the CRV group and by a median

of 8741.78pg/mL in the control group.
3.3.3.6.30 TIMR4

Serum levels of TIMR were extremely low in both groups éditients with no statistically

significant changes over time (p=0.1093).
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3.3.3.6.31 Changes in the MMP/TIMP ratios over time
Since the TIMPs inhibit the MMPs an important measure of MMP activity is the ratio of MMP

to TIMPZ

3.3.3.6.31.1 MMP1/TIMP -1 ratio
This ratio increased by a median of 0.00244 compared with a median increase of 00476 i

the control group (p=0.8864).

3.3.3.6.31.2 MMP1/TIMP -4 ratio
There was no statistically significant difference in the median change of this ratio over time

between the two groups (p=1.000).

3.3.3.6.31.3 MMP2/TIMP -1 ratio
The ratio of MMR2 to TIMP-1increased by a median of 0.46089 over time in the CRV group,
whereas it decreased by 0.372899 in the control group. This was statistically significant

(p=0.0223).

3.3.3.6.31.4 MMP2/TIMP -4 ratio

Because the serum levels of TIMPwere so low compared withe high serum levels of
MMP-2, the MMR2/TIMP-4 ratios were extremely high. There was a median increase in the
MMP-2/TIMP-4 ratio of 206.0855 and a median decrease in the ratio of 178.8797 in the

control group. However this was not statistically sigwaifit(p=0.1003).



3.3.3.6.31.5 MMPR9/TIMP -1 ratio
This ratio increased by a median of 0.45197 in the CRV group and decreased by a median of

0.0679 in the control group, which was not significantly different (p=0.6682).

3.3.3.6.31.6 MMP9/TIMP -4 ratio

Again, because of the low serum levels of TMMPthese ratios were particularly high. Despite
this no statistically significant difference in the changes over time was detected between the

CRYV and the control groups (p=0.4652).
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3.4. Discussion

This small,randomised, controlled study is the first to examine the effects of carvedilol on

left ventricular remodelling in humans with CPMR. Complete data was available for 13 out

of an initial 20 patients. The duration of follow up (a median of 10 months inuttig gtoup

and 7 months in the control group) should have been sufficiently long enough to see changes

in left ventricular dimensions in response to carvedilél.Overall, this was a cohort of

patients with severe decompensated CPMR as evidenced by NYHA clinical status that was

02 in the majority, Heart SFeevatedilVdimansioassit i onn a
both groups at baseline with evidence of LV dysfunction (GLS reduced to a meeli#niof

both groups), and pulmonary hypertension.

At baseline, patients randomised to carvedilol were well matched with respect to the control
patients except for the LV dimensions and volumes on transthoracic echocardiography. This
suggests that the patients randomised to carvedilol were possiblyoat advanced stage of

LV remodelling than the controls. Even when one patient, who had a poor baseline LVEF,
was removed from the comparison there was still a significant difference between the baseline
LV dimensions and volumes compared with the cont®@lse might expect that should an
intervention have a positive effect, it would most likely demonstrate this in patients with more
severe disease. Therefore, by treating the patients with more severe LV remodelling (by
chance) it would be expected that, sldocarvedilol truly attenuate or reverse adverse
remodelling in patients with CPMR, it would manifest in this study. However, this was not
the case. Even when the comparison was restricted only to patients with EF <60% at baseline

(four patients allocatetb treatment and one allocated to control), changes in clinical and
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echocardiographic parameters followed those for the whole group described here (data not

shown).

Onepossibleargument for failure of an attenuation effect with carvediéan in thistsidyis

that these patientsad significantlydilated hearteandwerethus possiblyoeyond the point of
deriving benefit from carvediloMall stress probably outweighs any potential Hetecker

effect and patients with already marked dilatation and dygsion at baseline are probably
most sensitive to the effect of the La Place Law, hence the failure of carvedilol to show benefit

in the group with more LV dysfunction.

Overall, there was no evidence that carvedilol improved or worsened the clinicaiarondli
patients duringheir wait for surgery. There was no significant effect of carvedilol on LV
dimensions or function compared with controls, which is consistent with lack of improvement
in LV dimensions after metoprolol treatméntThe effective regurgitant orifice and
regurgitant volumelecreased significantly in the group treated with carvedilol corroborating
previous findings in patients treated with other Hetakers®! This may be a result of the
negative ionotropic and chronotropic effects of Hateckade and possibly due to afterlead

reducing effects of alphgeceptor vasodilatory effect of the drug.

Right ventricular @inction is an important measure of LV function since RV function is
directly influenced by LV function. Firstly, the LV and RV share the interventricular septum
and, due to septal contractile dysfunction, dysfunction in the LV directly affects RV
function32 Secondly, the ventricles share one pericardial compartment leading to dependent

restrictions® This is paticularly important in the case of the eccentrically hypertrophied and
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dilated LV in patients with mitral regurgitation. With further LV adverse remodelling there is
further LV dilatation and compromise of RV function within the confines of a single
pericadial chamber. There was no statistical difference in tricuspid regurgitation between the
two groups over time and the right ventricle size did not change markedly over the duration
of the study. However, RV function worsened significantly in the CRV geouppared with

the control group, which is consistent with metoprolol treatment in patients with degenerative

mitral regurgitatiors*

Since RV dysfunction in patients with CPMR is associated with impaired cardiovascular
outcomes>® it is concerning that patients treated with carvedilol had significant worsening of

RV function during the course of the study without an obvious increase in echocardiographic
estimated pulmonary artery pressure. Although RV function was only assesggttiagspid

annul ar pl ane systolic excursion (TAPSE) an
measures have been validated and been shown to be useful in predicting mortality in patients

undergoing valve surgefy.

In terms of the serum tests, the serum marker of apigpieas increased in patients treated
with carvedilol compared with controls. Previous studies in peripartum cardiomyopathy and
dilated cardiomyopathy have demonstrated that serum Fas levels correlate with LV
dysfunction?®®” There were no otir significant differences between the two groups with
respect to the markers of inflammation (HaFIL-1 and IL-6) or ST2 and its ligand H33.
Although circulating levels of cytokines are increased in patients with heart failure,

cardiomyopathies and iwome overload;?®*8use of carvedilol in the current study to treat

113



CPMR did not significantly reduce serum markers of inflammation. This may be due to the
lack of effect of carvedilol on the myocardial and systemic inflammatory state in these
patients, implying a lack of drug effect, or that these tests are not sensitive enough to quantify

a significant drug effect.

Serum ST2 levels were measured becauseque studies have found it to be a useful marker

in patients with heart failur®. Since the 1L33/ST2 system may be important in the
pathophysiology of myocardial fibrosidthese two proteins were included in the serum panel

in this study. However, measurable levels of3i were not detected in the serum of these
patients and sST2 levels decreased in both groups with no treatment effect noted. In contrast,
an increase in sem BNP was noted in patients treated with carvedilol, which suggests that
there is an increase in myocardial loading in patients taking carvedilol. Recent data shows that
patients with CPMR, who have elevated-NDBNP, have markedly poor progno$té? The

fadt that serum levels of BNP increased in patients treated with carvedilol suggests that

patients treated with this drug may possibly have worsetiemmg prognosis.

The extracellular matrix is a highly dynamic part of the myocardium that changes depending
on the degree and type of mechanical stress, neurohormonal activation, inflammation and
oxidative stress. These stressors result in changes in the regulatory pathways responsible for
alterations in collagen deposition and degradation. MMPs and TIMPsxpressed and
secreted into the extracellular space by a variety of cells including cardiac myocytes, cardiac
fibroblasts and macrophag®sin response to different hemodynamic overloads (pressure

versus volume), the ECM undergoes different patterns of remod&foagexample, volume
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overload results in loss ahterstitial collagerf? whereas pressure overload increases

fibrogenic factors and collagen depositi3r®

Overall there are timdependent increases and decreases in MMP activity during the
evolution of LV remodelling in response to CPMR (Figure 13YIn animal models there is

an early rise in myocardial MMP levels after the voldoeded state is created but this seems

to normalize after the acute phd&éMicroarray studies in dogs with isolated MR, has shown
that, at 4 months, there is dowegulation of a amber of genes important in ECM structure

and function with orgoing activation of MMP$3 However, as th LV starts to dilate in dogs

with chronic myxomatous mitral valve disease, M@Fevels decreas®.In time MMP

activity is reduced and late in the progression of adverse LV remodelling there is an increase
in perivascular collagen depositidf° which may reduce ventricular compliance and

promote systolic dysfunctich.

In this study there was a significant increase in serum N\Rd the ratio of seruMMP-
2/TIMP-1 in patients who were treated with carvedilol compared with patients who received
no antiremodelling therapy. However, there were no significant changes in-MWMP-9

or the remaining MMP/TIMP ratios. This is the first study to demonstratecaease in MMP

2 in response to drug therapy in patients with CPMR and is consistent with myocardial MMP
studies in some patients with heart faild® but not others’ Supporting the current study,
Yamazakiet al>® demonstrated increased serum MigiRevels in patients with heart failure

and Georgeet al?® demonstrated that serum levels of MMP but not MMPR9, were
correlated with poor outcomes in patients with congestive heart failure. Studies in patients

with ischemic heart disee® and aortic or aortic valve disedssuggest that changes in serum
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MMP levels may depend on the underlying pathology. Increased levels of2ANVdRild be
associated with increased ECM degraddtard imply that carvedilol treatment is associated

with on-going ECM degradation. Although there isdance to suggest that the myocardium

is an important source of MMPs it is not possible to exclude other sG&fééstivation of

MMP pathways in other organs may explain the increasedlating levels of MMPs in

these patients. Supporting this hypothesis are the gene expression findings, which are detailed
later. There were no significant changes in the expression of MMP genes in the carvedilol
group compared with the control group fatt, there was a nesignificant downrregulation

of MMP-2 in the hearts of patients treated with carvedilol. The discrepancy between the serum
and tissue expression data in this study also suggest that the cause of the increased serum
MMP-2 in patientsreated with carvedilol is not the heart and cautions against relying on

circulating MMP levels to determine drug effects in patients with CPMR.
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3.5. Conclusion

This small, randomized, controlled study is the first to examine the effects of carvedilol on
left ventricular remodelling in patients with severe CPMR. At baseline, patients randomized
to carvedilol had slightly larger LV dimensions and volumes compaitbdive patients who

were not treated. This suggests that the patients randomized to carvedilol were possibly at a
more advanced stage of LV remodelling than the controls. However, to address the baseline
differences, patients were used as their own clntoodetermine treatment effect. After a
median follow up of 10 months, patients treated with carvedilol did not show improvements
in clinical, echocardiographic or serum markers of LV remodelling. Of concern was a decrease
in right ventricular function Wh an associated increase in serum Fas anepfdBNP

suggesting that, if anything, there was a detrimental effect of carvedilol in these patients.

Carvedilol treatment was associated with a significant increase in serum levels o2 ldivPP
MMP-2/TIMP-1. Based on prior studies in patients with heart failure this finding suggests
that patients in the treatment arm were disadvantaged by carvedilol theraplegéaiseof

MMP-2 are associated with ECM degradation.

The results of the current study do not supghe hypothesis that carvedilol reverses adverse
remodelling in patients with CPMR. Combined with the findings described in subsequent
chapters, these results suggest that patients treated with carvedilol may in fact contribute to
adverse LV remodellingFurthermore, these results support the findings oétPal,® who
demonstrated a@vse remodelling and a reduction in survival when rats with experimental

primary MR were treated with carvedilol.
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Chapter 4

Gene expression changes in patienigth chronic primary mitral regurgitation

compared with normal hearts.
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4.1. Introduction

Chronic primary mitral regurgitation (CPMR) is caused by a progressive abnormality of the
mitral valve apparatugredominantly related to degenerative diseagteireloped countries

and rheumatic heart disease in developing countries, where it remains the most common form
of acquired cardiovascular disease in children and atfii$.present, there is no medical
therapy that effectively improves adverse left ventricular remodelling or outcomes in patients

with CPMR34

Patients with CPMR are often asymptomatic for many years while the left ventricle (LV)
progressively dilates in response to abnormal preload. Thentic hypertrophy that
develops normalizes aftedd leading to a period ofsbpal | ed O6compensati ond.
to inadequate protein synthesis apbgressive deterioration in myocardial function, the
hypertrophy that develops is insufficient to fully compensate for the wall Stiigss.leads

to persistent neurohormonal activation and reactive oxygen species generation. These chronic
stressors activate a number of complex inflammatory and apoptotic pathways in a similar
manner to heart failure fromthercausesEarly in the LV remodelling process there is loss

of interstitial collagen and cell slippage caused by disruption of the myocardial extracellular
matrix (ECM). Later changes include myocyte apoptosis and pathological ECM fibAssis.

a result, chronic decompensated MR ensues, and the LV resemblstagaddilated

cardiomyopathy.

Recent microarray gene expression data has identified changes in a number of cellular and
ECM pathways in response to volume overloachimals and humansAdrenergic drive, in

particul ar, i's increased both early and | ate
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adrenergic receptor blockade for CP§IR Only one previous study has determined changes

in molecular remodelling pathways in patients with CPMR. Zhengal® performed
microarrays from LV tissue of 35 patients taken at the time of mitral valve surgery compared
with 13 normal cadaver controls. Sixteen of the 35 CPMR patients in their cohort had a history
of hypertension and 17 patients had a history oframibdelling therapy use. They identified
significant upregulation of pathways involved ib-a d r e n e r gadrenergicnsdconé
messenger signalling and dowggulation in a number of inflammation pathways. This work
has not since been repeated and it wouwdd ifteresting to confirm these findings in
predominantly black African patients and, in particular, in patients with advanced LV
remodelling. Furthermore, considering that patients with hypertension were included in the
previous study? assessment of the expression of multiple genes in a cohort of patients with
pure volume overloadu® to CPMR has not yet been reported. Therefore, a comparison of
gene expression in several pathways previously found to be important in LV remodelling in
response to volume overload was carried out in the patients recruited to this study. These were
compaed with gene expression in tissue from commercially available normal cadaver hearts

and this comparison forms the basis for this chapter.
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4.2. Methods

Details of the methods and materials are described in Chapter 2.

4.2.1. Study subjects

The investigtion conforms to the principles outlined in the Declaration of Helsinki. Informed
consent was obtained from all patients according to a protocol approved by the Human
Research Ethics Committee of the University of the Witwatersrand (M101036). Patiesmts wer
included in the study if they had CPMR and met guideline criteria for elective mitral valve
surgery>* Patients were excluded if they had aortic valve disease, mitral stenosis, active
infective endocarditis, emorbid coronary artery disease, chronic kidney disease,
contr ai nd-iblodeet thecapysweite preghant, or had a history of-mmiodelling

t her ap yblodkesse andiobensin converting enzyme (ACE) inhibitors, angiotensin

receptor blockers or mineralocorticoid receptor antagonists).

Patients underwent baseline clinical exaation, transthoracic echocardiography, blood
analysis and cardiac catheterization, during which LV endomyocardial biopsies (EMB) were
obtained using disposable 2.2mm x 105cm Jawz® Endomyocardial Biopsy Forceps (Argon
Medical, Tx, USA). Several (8) biopsyspecimens were taken from the middle third of the
LV. EMB specimens were frozen in liquid nitrogen for gene expression analysis and collected
in 10% buffered formalin for histopathology. The frozen specimens were then ste866. at

Endomyocardial samplg was confirmed by light microscopy.
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4.2.2. RNA isolation

Patient RNA was extracted using the miRNeasy Mini Kit® (Qiagen Sciences, MD, USA).
RNA was quantified using spectrophotometric analysis on a NanoDrop-20{D
Spectrophotometer (NanoDrop Techrgi&s Inc., Wilmington, Del.) andRNA integrity
determined using an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). For
comparison of gene expression levels in heart tissue from CPMR patients (n=13) with gene
expression levels in normal heart tisstotal heart RNA (from five cadavers with no history

of cardiac disease) was purchased commercially (orye2Bold female and 4 males between

the ages of 24 and 39).

4.2.3. Gene selection

The nCountét Custom Codesencluded 109 candidate genes and 6 reference genes as well

as 6 positive and 8 negative controls. Candidate genes were selected based on previous gene
expression studies in animals and humans with heart failure, volume overload and-€PMR.

16 Most of the genes had previously been found to be significantly up/degutated in

animal or human subjects with CPMR or models of volume overload. Additional genes known

t o be di r ec trdcgptorisignalling, EEM remodellirfy, cell survivahoatosis,
inflammatory and fibrosis pathways were also selett€the six reference genes were
previously shown to be stably expressed with a large dynamic range of expression levels in
cardiac tissueThe selection process for these genes is detailed in section 2.6.6.3 (Appendix

10).
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4.2.4. Gene expression analysis

Multiplex gene expression analysis, using 100ng total RNA per sample, was performed
commercially by NanoString (Seattle, USA) using an nCofinBarstom Codeset. Results

were analysed using the NanoString nSolver Analysis Software Pack&8ge\®hackgraind
subtraction using the geometric mean of the negative controls was included and gene
expression levels were normalised to both the geometric mean of the positive controls and the
geometric mean of three reference ger@dRDH, PGK1 and HPRTJ). The addibnal
reference genes were excluded from the analysis because of high variation in expression levels
between samplesSPHA and STR and expression levels at or below background levels
(RPLPQ. Eight candidate geneADRB3, FasLG, IL1B, IL10, MMR, MMP-13, PDCD1
andSAQ were expressed at levels at or below that of the negative controls and thus were also
excluded from the analysis. Normalised counts were used to generatalat#tjo95%
confidence intervals (Cls) and false discovery rates (FDRs) foea#ggcomparing CPMR

patients at baseline to the normal heart controls.

4.2.5. Statistical analysis

The gene expression pattern of the panel of 109 genes in the CPMR patients at baseline was
compared with that from normal heart tissue. Two methods werktasealidate that the
changes that were found were indeed true and not by chance. Firstly, thiedolges in gene
expression in the patients with CPMR (compared with normal controls) were compared with
previous findings3 Secondly, online bioinformatics tools were used. Differentially expressed
genes were assigned to significantly enriched Gene Ontology (GO) processes using the online
bioinformatics tool WebGestalt (WEB-based Gene SeT AnalLysis Toolket)

(http://www.webgestalt.odg® Using WebGestallt, it was possible to associate genes with
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individual disease and drug terms usBigAD4U.'° The results obtained by WebGestalt were
confirmed by DAVID 6.8 littps://david.ncifcrf.go)?® and STRING 10.5 Https:/string

db.org both consulted in Janua®p18. The P value provides an estimate of the probability
that a given enrichment is present by chance alone and are derived using corrections for

multiple comparisons (Benjamini andehberg false discovery rates).
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4.3. Results

Appendix 12 lists the fold changes in expression of genes in the CPMR patients versus the
normal patients, while the heat map in Figure 4.1 and the schematic in Figure 4.2 highlights
significant gene expression level changes between CPMR and normal Héarts;-
adrenergic receptoADRBJ was significantly dowstegulated with significant activation of
ADRBK2/GRK3 There was also dowregulation of genes involved in cell survival
(ATF3/CREB, ARRB2, FOS, JUN, MAPK1, NR4AdPIM1) and activation of prapoptotic
CASP10n the CPMR patients. Significant dowagulation ofAGTR1, SERCA2 (ATP2A2),
DUSP1, HSPA1A, H6 andTGFBR2genes were noted in patients with CPMR. Overall there
was upregulation of a number of genes involved inNEGtructure and regulation.TBP2,
LTBP4, LUMandMMP23) with a trend towards significant arpgulation ofCTGF, MTNand

POSTNIn addition, there was significant dowegulation ofEMILIN2 andPAI-1.

Of the abnormally regulated genes, GO analysis usilyfID revealed an enrichment of

genes coding for several important molecular functions including receptor binding
(GO:0005102; 15 genes; adjusted p = 9.20°%),1G-protein coupled receptor binding genes

(6 genes; adjusted p = 9.59 x°)@&nd cytokine regptor binding (8 genes; adjusted p = 9.20

x 107) (Appendix 13 Figure 1A). This suggests that the changes in gene expression found
between normal hearts and CPMR patients was not by chance, but that there were indeed
pathological changes in several molecubrocesses due to changes in the genes listed in
Appendi x 13 Figure 1A. Only the genes rel at
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Further GO analysis revealed an enrichment of genes important in a number of biological

processessuch@ésr esponse to hormone stimulus® (GO:

(Appendix 13 Figure 1B). Finally, GO analysis revealed an enrichment of genes coding for
collagen and nowollagen ECM proteins (GO:0044421; 18 genes; adjusted p = 1.8%x 10
(Appendix 13 1C). Furthermoredifferentially expressed genes were highly significantly
linked to vascular and heart diseaé&ppendix 13 Figure 1D)which further suggests that

the changes in the expression of the individual genes is related to cardiovascular pathology
rather than another pathology or chance. For examplédppendix 13 Figure 1D, the
simultaneous abnormal regulation FMP9 AGTR1, AP2A2 CCL2, IL6, SLN, ADRBL1,

TIMP4, NPPBandNPPC  i's strongly linked tth fAHeart
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Figure 4.1.Heat map highlighting significant changes in expression levels of several genes important in left
ventricular remodelling in normal heart tissue (Control), patients with CPMR at Baseline and Final (after
treatment with carvedilol). Note, for thischaptern | v t he fABaselined results are r
pertain to Chapter 5. Red indicates significant upregulation; green indicates significantegoNation in

relation to housekeeping genes. Colour brightness corresponds with degree of dédatimormal gene

expression. For examplBUSPlexpression levels are elevated in normal hearts, whereas levels are decreased

in CPMR hearts (and this remains so regardless of treatment allocation or subsequent treatment with
carvedilol). In comparisorROSTNexpression is higher in CPMR patients than in normal hearts. Comparing
AFinal 06 to fiBaselined gene expression | evels in resp
changes in the expression of these genes in response to carveddply tbgcept in the case ®DE4D,

PDE1A,PDGFA, ARRBandPLN. Changes in response to carvedilol therapy are discussed in Chapter 5.
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Figure 4.2.Schematic highlighting significant changes in gene expression levels in patients with severe CPMR

compared \ith normal hearts in the current study. Green=dowa g ul at ed; Re d adrgnergicgul at ed.

receptorl 1{AR) was significantly downegulated associated with compensatoryrupgu |l at-i on of
adrenergic receptor kinag (GRK3). Significant dowsmeguldion of gene products important in calcium
handling, cell survival and apoptosis are highlighted. Gene products included in the study but with no
significant expression change are also included in the figure (no colour). CPMR=chronic primary mitral
regurgtation; RTK=receptor tyrosine kinase; SR=sarcoplasmic reticulum; p85=PIKABR4pted from

Amanfu & Saucermaft

Further supporting the validity of the changes in gene expression in the CPMR patients is
found in the data of Zhergt al'® (Appendix 14).The results in the current study wéme

overall agreement with their observations; gene expression levels changes followed a similar
pattern in both studies. However, the exact level of diftexkexpression between our study

and the published results might be explained by slight differences in disease status in the
patients recruited in the two studi€sxceptions included a lack of significant change in
expression levels oAKAP7, PRDX3, CORINind PDE1A Nevertheless, these similar
findings are important from two perspectives. Firstly, it supports the findings of #teng
al.®® and, secondly, indicates that the fold changes found for the current study patients are

unlikely due to chance (i.e. ads validation for the gene expression results in theecurr
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study) and implies that the fold changes in the other genes (not selected froneZhléf)g

are likely to be valid.
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4.4, Discussion

4.4.1. Animal models of mitral regurgitation versus human CPMR

A number of genes were selected from animal studi€ddowever, there is clearly a lack

of consistency in the direction of regulation (up/down) of the genes in the different
experimental subjects. Table 4.1 compares the fold changes in genes expression between the
dog experiments of Zhergg al'* and the human data performed by the same group (Louis

J Del | 61 t a FiAthoughacbnumora ¢jenes yand . pathways were significantly
up/downregulated due to MR, there aseveral examples where the direction of the fold
change was opposite in the animal experiment versus the human analysis. For example,
ATF3(or CREB protein), an important signal transduction protein involved in cell survival
and growth pathways (Figure 4.2vas upregulated 2.58 fold in 4 dogs after 4 months of
MR!* whereas in 35 patients with primary MR at the time of surdér3 was dwn-
regulated 3.27 fold&® Similarly PDE4Dwas upregulated in the dogs but dowegulated in

the humans. In contrast,TGF, an important protein in ECM regulation and cell adhesion,

was downrregulated 1.56 fold in dogs but found to beragulated in humans by 2.28 fold.

Of the 47 genes selected for this study that had previoustyd»eamined in both the human
andanimal studie$*° there was only a correlation (same direction of regulation) in 17 of
these geneppendix 15). This isn stark contrast to the correlation between the two human
studies (this study and the study of Zhewigal'®), where there is a strong correlation
between the results of the two human studies in terms of direction and magnitude of gene
expression fold changes versus normal controls, except for the lack of change in expression

levels of AKAP7, PRDX3, CORIENdPDE1A

134



In addition, there was also a lack of correlation between the two animal sttidiesr

example,CTGFwas significantly ugregulated in the two human studies aneregulated

in rats with aortecaval (ACF}induced volume overload at 15 weéR&ut this gene was

significantly downregulated in the dog model of CPMR.

Table 4. Comparison of resul from dogs
Gene Fold change in dog$ Fold changes in huma# Correlation between studies?
ANF 3,74 21,87 Yes
ATF3 2,58 -3,27 No
ATP2A2 down (no value given) No result given
C10QA -1,89 No result given
COL5A2 -1,6 No result given
CSFI1R -3,76 No result given
CTGF -1,56 2,28 No
CXCR4 1,75 No result given
DCN -1,8 No result given
FBLN1 -1,78 No result given
FBN1 -1,79 No result given
ICAM1 -2,65 No result given
ITGAV -1,6 No result given
KITLG 1,93 No result given
LUM -1,63 No result given
Ltbp2 -1,87 No result given
MMP1 5,14 No result given
MMP9 10,13 No result given
MMRN1 -6,14 No result given
NPPB 3,68 5,13 Yes
PAHL -2,99 No result given
PDE4D 2 -2,64 No
PPBP 13,03 No result given
SELL 6,1 Noresult given
SELP 3,96 No result given
TGFB2 -1,68 No result given
TGFB3 -1,52 No result given
THBS1 -2,41 -2,18 Yes
TLR4 -1,77 No result given
VCAN -1,67 No result given
VTN -2,19 No result given

and
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Therefore, whether the animal models epenpletely representable of CPMR in humans
needs further clarificatiof?. Firstly, there are innate differences between humans and
animals. Secondly, the volume overload in rats was due to ACF formation and not MR.
Thirdly, the volume overload created in the animal models occurred suddenly (at the time
of study initiation) whezas CPMR takes many years to develop in human. Lastly, there are
probably timedependent changes in the expression of various genes in the myocardium
during the evolution of LV remodelling in response to volume overload. It is impossible to
directly correat e 15 weeks of ACF volume overl oad

volume overload) with an undetermined duration of CPMR in humans.

This suggests that it is difficult to make direct comparisons with the fold results obtained in
the current humantsdy subjects with those of the animal experiments. There are likely to

be significant differences in the expression of these genes in humans compared with animals,
which may be related to the type of overload (ACF versus MR) and the duration of overload
(months in dogs versus years in humans). However, the genes were selected because they
have been found to be markedly up/desegulated in volume overload and MR subjects

and because they are known to be involved in important signalling pathways related to

AR signalling, apoptosis, inflammation and ECM remodelling. Therefore, changes in the
expression of these genes in humans treated with a medication may lead to important

conclusions.

It is important, however, to highlight that the two human studieglkeded. This strengthens

the findings in these patients in response to carvedilol, which is described in a later chapter.
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4.4.2. Gene expression in patients with CPMR compared with normal hearts

This is the first study to compare gene expression in artoh patients with pure volume
overload due to CPMR on no prior argimodelling therapy with normal hearts. One
previous study has performed a similar comparison with normal hearts but included CPMR
patients with a history of hypertension and aathocklling therapy:® The results of the
current study were in overall agreementhatiteir observations, genes expression levels
changes followed a similar pattern in both studfggpendix 14. However, the exact level

of differential expression between our study and the published resultstmigkplained by

slight differences in disese status in the patients recruited in the two the studies.

CPMR is characterized by LV volume overload and dilatation, left atrial volume overload
and dilatation, pulmonary hypertension and right ventricular pressure overload and
dysfunction. It is notsurprising, therefore, that an increase in the expression of atrial
natriuretic factor ANF) and brain natriuretic peptidB8P) were found in the patients with
CPMR compared with normal hearts. These results also validate the trustworthiness of the
gene expression data. There was no significant chang®RIN a gene that encodes the
peptidase that converts pANF to biologicaly active ANF, or in the levels of natriuretic
peptide C.ST2ligand expression was also increased in the study patients compared with
normal hearts, where&JI 2was dowrregulated. This may indicate a regulatory response to

chronic volume overload, whiaeeds further investigation.

Expressi omadornerhei cbAR) dADRBItwas sigfifcantly down

regulated in CPMR hearts compared with normal hearts, which compares well with previous
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studies in patients with heart failui&?*b.-adrenergic receptoADRB2 expression was not

found to be different between the CPMR hearts and normal hearts, also consistent with

failing hearts?® This is the first known report of dowm e g u | a t-ARm@ene exgpression

in humans with CPMR supporting preus animal dafd?®and suggests that the patients in

the current study were at a more advanced stage of decompensation than those in the Zheng

et al study®® In response to increased metabolic stress the sympathetic nervous system, via
catecholamines, stimulates cardiac function via -bdt@nergic and alpkadrenergic

receptors. Recent data suggests that the predominant myocyte adrenergic receptors are the

b-1 and-1-B h e awd-2 t & addadrdnergic receptors are mostly abseomf

myocytes but are abundant on mogocytes?’ bi-AR activation results in increased

ionotropy, lusitropy and chronotropy via Gs/cAMIBpendenPKA activation. At the same

time, there is activation of self e g u | arestin/@RKbwhich, if chronically activated,

medi at eAsR tfhor b nternalisation and deéRensitiz
produces myocyte hypertrophy and apopt8simd therefore, in order to protect against

these negative effects of c hr onARmromolesnp at het i
survival in the face of excessiwatecholamine levels. However, this leads to decreased

responsi vARagomssss artd contbbutes to impaired cardiac contractflity.

Consistent with prior finding® SERCA2 ATP2A2J wasdownregulated in CPMR hearts,
suggestive of advanced myocyte calcium dysregulation and cellular dysfutidoriher
evidence of abnormal begairenergic signalling, ancbnfirming previous finding$® was

the significant dowsregulation ofPDE4D in patients with CPMR. PDEA4D is responsible
for activation of PKAme d i a-AReddserfsitization and deficiency results in a reduction

i ni-AR signalling, increasing the risk for heart failure and cardiac arrhythinitise
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phosphodiesterases (PDEs) comprise a large group of genes divided into eleven families and
are thought to control cAMP levels resultimg localized cAMP gradients within the
cytoplasm, which control the activity of, among other proteins, protein kinase A (BRA).

In the heart, PDE4D has been identified as possibly the most important regulator of cAMP
in cardiac myocytes and is responsible for signalling complexes invdiviig, b-arrestin,

PKA and Akinase anchoring proteins (AKAP%)2® Complexing of PDE4D with AKAP

and PKA results in the activation of calcium release from the sarcoplasmic reticulum for
excitationcontraction coupling by the apodine receptor. PDE4D is also responsible for

activation of PKAmediated-AR desensitization.

Activation of differentb-adrenergic recepto(®. v e r < forsexample) byb-AR agonists
results in recruitment of different PDE signalling complexes. In partidula&R activation
initiates PDE4D variant 8, whereas bindingbefAR by ab-AR agonist triggers PDE4D
variant 5% At rest (without b-AR agonist binding) PDE4D binds directly fm-AR
preventing a local increase in cAMP levels under basal conditions (Figurew#hig)
protects thehi-AR from PKA-mediated phosphorylation and desensitisattadowever,
with b-AR -agonist binding, PDE4D no longer binisAR permitting a local increase in
cAMP levels and PKAmediated inteased desensitization fmfAR resulting in a reduction
in expression ob1-AR. Importantly, a deficiency of PDE4D results in an increase-tiR
desensitization and a subsequent reductidn-#R signalling and PDE4D deficiency has

been identified asreimportant risk factor for heart failure and cardiac arrhythiitias.
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PDE4Ddown-regulation in patients with CPMR has previously been docum&naed was

confirmed in the current studyhere was a 2.4 negative fold change (p=0.014BDE4D,

a negative

f e e d b a-adkenergesgynalling protein PEKATheserresults ¢ a |

(downregulation ofADRB1andPDE4D) highlight that patients with CPMR are at higher

risk for heart failure and arrhythnifaand explain, to some extent, the molecular basis of

decompensation in these patients.
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Overall there was a predominant doevagulation of cell survival pathway genes
(ATF3/CREB ARRB2, FOS, JUN, MAPK1, NR4Aahd PIM1) and an ugregulation of
apoptoticCASP10n patients with advanced CPMR. Significant changes in gene expression
levels were also found in several other genes important in cellular sign&liRgAland

DUSP)) for which no clear role in LV remodelling hastybeen establishé@®

Chronic adrenergic activation in response to reduced forward stroke volume and long
standing myocyte stress activates a number of death signals resulting in cardiomyocyte
apoptosis (Figure 1.4)***! The cellular pathways involved in cell death and survival are
extremely complex but several important gene products at key positions in these pathways
were analysed in the current study (Figure 4.2). Consisteiht pvivious findings in
humans.® the presurvival proteinATF3 (or CREB) was significantly dowregulated in
humans with CPMR. Further significant dosagulation was noted fddUSP1, JUNand

FOS There was also significant dowagulation ofPIM-1 in the current study supporting

the findings of the previous studyp humans® PIM-1 is an important downstream
component of AKTinduced cardioprection®” PIM-1 downregulation increases
apoptosig? which supports that hypothesis that, in patienits @wdvanced CPMR there is

an increase in myocardial cell death.

Some discussion is included here on STATS3 since further study on this important second
messenger is justified. STAT 1 and STAT3 are members of the signal transducer and
activator of transcption (STAT) protein family. These are transcription factors
predominantly activated by membrane recejpgsociated Janus Kinases (JAKS). The JAK

STAT pathway plays an important role in a number of hypertrophy and cardioprotective
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signals** For examplemechanical cardiomyocyte stretch activates the-FART pathway
via the angiotensin Il receptor typélmatrix-metalloproteinase activation in response to
stretch is mediated by the angiotensidAK-STAT pathwa$® and stretched myocardial
fibroblasts activate cardiomyocyte JAKTAT signalling through paracrine 4H&

communicatiorf’

STATS, in particular, appears to be important in the activation of cardioprotective and anti
apoptotic gene€ As discussed earlier, sustaindm-adrenergic receptor activation
potentiates cardiomyocyte apoptosis and fibrosis but how this is controlled atellsidr

level is still unclear. Several studies dentoate thatb-ARs activate several pathways in
addition to the traditional secomdessenger (PKAlependent) mechanist°! Recently,
Zhanget al 2> demonstrated that STAT3 is a pivotal regcond messengaanscription
regulator oth1-AR signalling and that activation of STAT3 is cardioprotective. In knockout
mice the researchers were able to demonstrate increased cell death and cardiac fibrosis in
response to chronis-AR stimulation®® Therefore, the function of STAT3 is essential for
normal b;-AR-mediated suppression of adverse remodelling feemite STAT3, or lack

thereof, is critical to the pathogenesis of heart failure (Figure 4.4).
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Figure 4.4.STAT3 s a c t i7AR sigeallingbregultibg in the transcription of both excitatcmmtraction
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gene itself Adrbl). Furthermore, there is an increase in a number eépraval genes such &l-2, BckXL
andPIM-1 promoting cell proliferation and survival. Adapted from Zhahgl5?

STAT3 has also been shown to protect hearts from the adverse effects of thAdRic

as

activatior?® and low cardiac STAT3 has been described in patients with poor prognosis peri

partum cardiomyopathd/.In the current study, in patients with CPMR, there was also-a non

significant 2.22fold downregulation ofSTAT3 Based on the data available, a reduction in

the activation of STAT3 would imply a lack of the carghmtective effect of this

transcriptionfactor in these patients with volume overléaduced heart failure. It could

hypothesized that dowregulation ofSTAT3would potentiate further adverse remodelling

be

in the myocardium due to further cell loss and fibrosis. Although this result was not

significant, the dowrregulation by 2.2zold of STAT3n the CPMR patients and the recent
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data suggesting that low levels of expresS3tAT3potentiate cell death and adverse
myocardial remodelling certainly indicate that further reductions in the activatiSTAT3
would be detrimental in these patients and justify future research focused on H$ 28K

pathway in patients with CPMR.

The negative regulator of phosphoinositRi&inase (PI3K)PIK3R1 (p85) was increased

by 4.07 fold in the MR patients dosistent with the 2.2 fold increase found by Zhehg
al.’®). The PI3K pathwayontrols important cellular processes such as protein synthesis, cell
growth and proliferation, angiogenesis, cell cycle and sur¥ifallowing activation, PI3K
activates AKT via several intermediaries. AKT then regulates activation of a number of
effectors involved in survival and cell growfRIK3 is an important neoAMP-dependent
mediator ofb-adrenergic receptor signalling and has been found to promote cardiomyocyte
survival via AKT activatiorr® An increase in the negative regulator of PI3K, i.e. PI3KR1

(p85)?" would reduce AKT production and subsenihgreduce presurvival signals.

Overall there is a predominant dowagulation of cell survival pathway genes and an up
regulation of apoptotic pathway genes in these patients with advanced CPMR. This supports
the hypothesis that with progressiordigease in patients with CPMR there is predominant
cell loss and adverse left ventricular remodelling. Without intervention these patients will

progress to irreversible LV dilatation and estdge heart failure.

In the patientsvith CPMR there was both upnd downregulation of genes known to be

involved in inflammation (Appendix 12). Noticeablthere was a significant increase in
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PPBPandTLR4 and a marked decreasedllin6. Significant activation o€6 and down
regulation ofiL-6 was also found by Zimg et al'® Though not statistically significant, there
appeared to be an ovdricture of inflammatory activation (activation 66, CSF1R, JAK2
andSELDB consistent with persistent inflammatory stress in these patients.-i2gwlation

of CCL2, which is normally cardioprotectivé,is also consistent with egoing adverse
remodeling in the myocardium of these patients. However, the cellular effects of cytokine
production by cardiomyocytes are extremely complex, unpredictable anihean For
example, the cardiprotective or-destructive effects of TNB depend upon whether
TNFR1 or TNFR2 activation predominat®sTherefore, the level of cytokine gene
expression in patients with CPMR may be extremely variabpeert#ng on where the
individual patient lies in the spectrum of left ventricular remodelling. This is supported by a
lack of consistent benefit from TN& neutralization in rats with volume overlddar in

humans with heart failuré.

It is difficult to completely explain the inconsistent changes identified in this study. Zheng
et al®® reported extensive dowmegulation of humoral immune response and cytokine
signalling but an increase in complement in patients with CPMR. In the study ofe€Chen
al.,’> there was a more striking and consistent activation of inflammatory pathways with
chronic volume overload. These findings support the idea that expre$sidlammatory
pathway proteins may be dependent on the stage of heart failure in subjects with volume

overload.
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Compared with normal hearts, there was a significant degulation of the angiotensin Il
receptor 1 geneAGTRJ. This protein is the majaeceptor mediating the cardiovascular
effects of angiotensin Il and has a number of pleiotropic effects including activation-of PAI
1 (Figure 4.5) and the pmurvival JAK-STATpathway in cardiomyocyte$:°? Previous
studies have failed to show benefit with A@thibitor therapy in animal models or in
patients with CPMR2*%° The fact thatAGTR1is downregulated in CPMR may, to some

extent, explain the lack of effect of A@ghibitors on LV remodelling in these patients.

The mineraloorticoid receptoNR3C2was upregulated 1.59 fold (p=0.0008) consistent

with the findings of Zhengt al® How this impacts LV remodelling in CPMR is unclear

but this receptor is known to be important in ECM regulation (Figureé’%.5).
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Figure 4.5. Basic relationship between rermmgiotensiraldosterone system and extlular matrix
remodeling. Gene products analyzed in current study are highlighted in red. Angll= angiotensin II;
MR=mineralocorticoid receptor; HRE=hormone response element; MMPixmaetalloproteinaseAdapted

from Marney & Brownt®

The results in the current study support the idea that these patients were at a very advanced
stage of adverse LV remodelling. Many gilorotic genes were activated in CPMR patients

at basehe compared with normal hear@TGF, which enhances TGB-mediated fibrosis

(Figure 4.6f" was 2.3fold higher, corroborating previous studies with chcomolume
overload>*Similarly, there was significant eggulation of the latdrransforming growth

factors binding proteing and-4, which are required for the secretion and correct folding of
TGFb and per mit-bapmnepraicd ti ©®hWi@aEyh notlsignifidast, E C M.
there was also ugegulation of TGFb itself and the TG receptorl. Increased expression

of a umber of ECM structural protein genes sudhM, MATN2 and POSTNwere also



noted with norsignificant 2.43fold increased expression of type 1 collagen. Increased
collagen expression late in the evolution of LV remodelling is consistent with the findings
of Chenet al*® who demonstrated a clear biphasic increase in collagens in rats with volume
overload. Late increases in collagen expression are probably responsible for the development
of pathological fibrosis in these patients. Increased ECM protein expression may refle
pathological fibrosis late in the evolution of LV remodellfig\dditionally, we noted down
regulation of the ECM proteireMILIN2 and a 5.7fold downregulation & PAI-1,
supporting previous findings. Downregulation of PAI-1 in these patiets suggests a
predisposition towards pathological cardiac fibr§3i€.Increased expression MMP-23

was found with no significant chgas in the expression MMP-2 or MMP-9. The lack of
up-regulation ofMMP-2 and MMP-9 supports a prdibrotic ECM environment with little
breakdown by MMPs and is consistent with prior findings in dogs with dilated hearts due to

CPMR™
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Overall, the findings described in this chapter are consistent with a progression towards

increased pathological fibrosis, abnormal ECM

cardiomyopathy in these patients with CPMR.

remodelling atetompensated
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4.5. Conclusion

Chronic primary mitral regurgitation is characterized by volume overload resulting in
increased left ventricular wall stress, loss of normal intersfibabsis and myocyte loss.
Although animal models have been particularly important in identifying molecular pathways
important in the remodelling process, this study and the previous study in Héimginisght

the differences between animal models and human patients. The current study findings
correlated with the previous findingy Zhenget al'® with respect to several important
genes involved in LV remodadtlg in patients with CPMR. However, a number of differences
were noted between the two human studies and the gene expression results found in previous
animal model studies. These differences may be explained by several points. Firstly, that
there arennat differences between humans and animals. Secondly, different models of
volume overload were used in animal experiments (for example, experimental mitral
regurgitation in dogs versus creation of aar&val fistulae in rates). Thirdly, that volume
overloadin animals is created acutely compared with the slowly developing volume
overload in human CPMR. Finally, that there are tolependent changes in the expression

of various genes in the myocardium during the evolution of LV remodelling in response to
volume overload, which may be consistent in animals but which may be idiosyncratic in
humans. These results caution against generalising animal model results to Rtmeans.
validity of the results in this study are strengthened by the correlation with thes refsu
Zhenget al'® and the expected finding of markedly raised expressioiviuretic peptide

genes in these patients.
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This is the first study to clearly demonstrate a significant dagulation inbi-adrenergic
receptor in humans with CPMR. This result is consistent with studies in patients with
advanced heart failure and supports a strategy ofdvet&er therapy in patients with CPMR

but this needs further investigation. There was also a sigrifa@nnregulation of the
PDE4D, an important PKAdependent regulatory protein. Low levels of tRIBE4D are
associated with increased risk of heart failure and cardiac arrhythmias. Furthermore, in
support of previous workl*there was a significant downegulation ofSERCA2which is
associated with abnormal calcium handling and heart failure. This is also the first study to
clearly demonstrate a significant dowagulation of the ragiotensin Il receptel gene in
patients with CPMR, which may partly explain the failure of AGhkibitors in the medical

treatment of chronic mitral regurgitation.

Consistent with advanced adverse LV remodelling in these patients was the overall down
regulation of important prsurvival genes such &REB, DUSPL, FOS, JUN, MAPK1,
NR4AlandPIM-1 and the activation of important pepoptotic genes such @saspaselo,
FASandPIK3R1 Furthermore, there was activation of severalipflammatory genes and
various prefibrotic genes indicating egoing myocardial inflammatory stress and abnormal

fibrosis.

These results suggest that the patients recruited to this study were at an advanced stage of
adverse LV remodelling due to their chronic volume overldHte findings here are
consistent with decompensated etdge cardiomyopathic hearts. This study adds to the

current understanding of the evolution of adverse LV remodelling in patients with CPMR
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and, in particular, highlights several important signalpathways that could form the basis
for future research into the alterations in molecular pathways in the vavenmaded

heart.
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Chapter 5

Effect of long-term carvedilol therapy on molecular markers of left ventricular

remodelling in patients with severe chronic primary mitral regurgitation.
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5.1. Introduction

Chronic primary mitral regurgitation (CPMR) is caused by a progreabivermalityof the

mitral valve apparatusredominantly related to degenerative disease in developed countries
and rheuratic heart disease ideveloping countrieswhere it remains the most common
form of acquired cardiovascular disease in children and adfulis.present, there is no
medical therapy that effectively improves adverse left ventricular remodelling or outcomes

in patients with CPMR:*

Patients with CPMR are often asymptomatic for many years while the left ventricle (LV)
progressively dilates in response to abnormal preload. Thentic hypertrophy that

develops normalizes afterload leadingto a period ef sol | ed Ocompensati ono
due toinadequate protein synthesis grdgressive deterioration in myocardial function, the
hypertrophy that develops is insufficient toljutompensate for the wall stres$his leads

to an increase in inflammatory cytokine expression, neurohormonal activation and reactive

oxygen species generation. These chronic stressors activate arnomltomplex

inflammatory and apoptotic pathways in a similar manner to heart failure fromcatsss.

Early in the LV remodelling process there is loss of interstitial collagen and cell slippage

caused by disruption of the myocardial extracellular m&ECM). Later changes include

myocyte apoptosis and pathological ECM fibrdsis.

Recent microarray gene expression data has identified changes in a number of cellular and
extra cellular matrix pathways in response to volume overload in animals and htfimans.
Since adrenergic drive is increased in volume overlbaatjrenergic blockade has been

explored in a number of animal and human studies with varefféet!®'” Carvedilol,
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whi ch bl ac k& n dadréhbrgichreceptors, is a particularly interesting agent in
this regard since it po talnerergiablokage, bloekdthec e s af t
b-adrenergic system and has been found to significantly improve outcomes in patients with

heart failure'®

To date,carvedilol has only been studied in rats wéttperimental mitral regurgitatiot.
Based on the remarkable benefit of carveditohuman patients with heart failuvath
reduced ejection fractidfiwe hypothesized that carvedilol would attenuate LV remodelling
in patients with CPMR. In order to address thisgtion, we examined changes in expression
of genes important ib-adrenergic signalling, ECM remodelling, cell survival and energy

metabolism pathways in hearts of patients with CPMR treated with carvedilol.
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5.2.Methods

5.2.1.Study subjects

The investigation conforms tdhe principles outlined in the Declaration of Helsinki.
Informed consent was obtained from all patients according to a protocol approtiesl by
Human Research Ethics Committee of the University of the Witwaterghh@1036).
Patents were included in the study if they had CPMR and met guideline criteria for elective
mitral valve surgery:* Patients were excluded if they had aortic valve disease, mitral
stenosis, active infective endocarditisyraorbid coronary artery disease, chronic kidney
disease, contraindications Bblocker therapywere pregnant, or haa history of antt
remodelling therapy useb-plockers, angiotensin converting enzyrf®CE) inhibitors,

angiotensin receptor blockers or mineralocorticoid receptor antagonists).

Patients underwent baseline clinical examination, transthoracic echocardiogbéqdbry,

analysis and cardiac catheterization, during whi¢rendomyocardial biopsies (EMB) were
obtainedusing disposable 2.2mm x 105cm Jawz® Endomyocardial Biopsy Forces(Arg

Medical, Tx, USA). Several (3) biopsy specimens were taken from the middle third of the

LV. Immediately after baseline investigations patients were randomized to receive standard

of care (diuretics, potassi umowpupshdardhad nt at i o
careonly ( ANi | 6 group) . I n the CRV -tgrateadtio@5mgt he dos
twice daily over a period of one month. Patients were presented for surgery to the
cardiothoracic unit immediately after their baseline cardahbeterization. The timing of

the patientsdéd surgery, which is | argely depe:
by the cardiothoracic unit. At the time of surgesysecondEMB specimen was obtained

Percutaneous or surgical biopsy specimeresewfrozen in liquid nitrogen for gene
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expression analysis and collected in 10% buffered formalin for histopathology. The frozen
specimens were then stored&@°. Light microscopy was used to confirm endooayrdial

sampling.

5.2.2.Echocardiography
Basdine and preoperative echocardiography was perfornvdth an iE33® ultrasound
device (Koninklijke Philips, NV, USAby a single sonographer blinded to study medication

protocol on all recruited patients according to established guidéfines.

5.2.3.RNA isolation

RNA was extracted using the miRNeasy Mini Kit® (Qiagen Sciences, MD, USA). RNA
was quantified using spectrophotometric analysis on a NanoDrop-200D
Spectrophotometer (NanoDrop Technologies.,IWilmington, Del.) andRNA integrity
determined using an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). For
comparison of gene expression levels in heart tissue from CPMR patients (n=13) at baseline
with gene expression levels in normal héiggue, total heart RNA (frofiive cadavers with

no history of cardiac disease) was purchasmdmercially(one 23year old female and 4

males between the ages of 24 and 39).

5.2.4.Gene selection

One hundred and nirtandidate gene6 reference genes as well as 6 positive and 8 negative
control genes were selectedCandidate genes were selected based on previous gene
expression studies in animals and humans with heart failure, volume overlo@d &Rl

(Appendix 10)"° Mostof the genes had previously been found to be significantly up/down
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regulated in animal or human subjects with CPMR or models of vadueréoad. Additional
genes known to be -retéptoresighalling, ECM vemodellag] celi n b
survival, apoptosis, inflammatory and fibrosistpeays were also selecté¥? The six
reference genes were previously shown to be stably expressed with a large dgngeic

of expression levels in cardiac tissue.

5.2.5.Gene expression analysis

Multiplex gene expression analysis, using 100ng total RNA per sample, was performed
commercially by NanoString (Seattle, USA) using an nCofir@arstom Codesdfor the
candidate genes)Results were analysed using the NanoString nSolver Analysis Software
Package 3% A background subtraction using the geometric mean of the negative controls
was included and gene expression levels were normalised to bg#otietric mean of the
positive controls and the geometric mean of three reference geA&DH, PGK1 and
HPRTYJ. The additional reference genes were excluded from the analysis because of high
variation in expression levels between sam@#3HAandSTR ard expression levels at or
below background levelfRPLPQ. Eight candidate geneA@PRB3, FasLG, IL1B, IL10,
MMP-1, MMP-13, PDCD1land SAQ were expressed at levels at or below that of the
negative controls and thus were also excluded from the analysismiahk®d counts were

used to generate ratilata, 95%confidence intervals (Cls) arfidlse discovery rates (FDRS)
for alll genes comparing CPMR patients at bas

patients to ANi |l 0 patupents at baseline and a
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5.2.6.Statistical analysis
In the panel of 109 genethe effect of carvedilol upon gene expression was investigated

using each individual subject as their own confirobrder to minimize biological variatiyn

to identify those genes whose expression was most altered in relation to carvedilol therapy.

The changes between baseline and follppweadings were calculated for each individual
separately and the medians of these differences calculated and compaeshtibe two
groupsusing a 2sample Wilcoxon MariWhitney test. A pvalue <0.05 was considered to

be statistically significant and a-v@alue of <0.1 to show a trend. Using hierarchical
clustering, genes that were most determining for the effect of cemwedre identified. The

most upregulated and most dowegulated genes for CRV treatment vs Nil treatment were
identified from those genes-1.7 QnagereNPEPBR | t a

was omitted because of large inrbedividual variaton.
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5.3. Results

Twenty consecutive patients with CPMR were recrudedording to the study protocol.
Seven patients did not undergo final surgery for various reasons as outlined in Figure 3.1.
Therefore, thirteen patients underwent full baseline amal fnvestigations as per study
protocol and were included in the final analysis. Seven patients were randomly assigned to

receive carvedilol and were 4jrated to a dose of By daily fi C R \group).

5.3.1.Baseline results

There wereno significantdifferences between the two groups of patients with respect to
clinical characteristics (Table 3.1). In patientsthe cause of CPMRasrheumatic heart
disease. The median duration of follow up from the time of therapeutic carvedilol dosing
(the time atwhich theCRV patients were on 50mg daily) or baseline investigations (in the
case of the Nil group) to the time of surgery was 10 months and 7 moespgctively
(p=0.4738). All patients had evidence of sev€RMR with 11 of 13 patients beinimp

NYHA functional clas® 2Baseline parametefsr the entire groupcluded median resting
pulmonary artery pressure of 57mmHg, median LV end systolic diameter of 40mm (indexed
25.5mm/n3), median ejection fraction of 61% with an effective regurgitant orifice of
0.68cnt, and a median serum NITo-BNP of 822 ng/L. At baseline the median LV
dimensions were slightly greater in those patients allocated to carvedilol therapy (Table 3.2).
There were no significant differences between the two groups with respecteémtiaing
baseline echocardiographic parameters, cardiac catheterization findings or serum markers of

LV remodelling (Table 3.3).
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There were no significant differences between the two groups with respect to baseline levels
of expression of the candidatengs except foincreasedCTGF, LTBP2, PDE6/and

P D G Frlthe patients allocated to carvedilol treatment (Appendix 16). However, since the
FDR for all these changes was 1, the likelihood of these differences actuallgibeifigant

is low.

5.3.2.Geneexpression changes in response to carvedilol treatment

Overall carvediloltreatment did not significantly alter the expression levels of most of the
genes in this study (Figure 4.1) (Appendix 17). Howgwepatients treated with carvedilol,
downregulato n o f genes -adranprgic sigaallihg ARRB2, BDElAand

PDE4D) as well a® D G FatldCOL5A2and activation oPLN was demonstrated (Figures

5.1-5.6).
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Figure 5.6. Change in levels dPLN gene expression in CRV and Nil groups.

When hierarchic clustering and Pearsondés col
CPMR patientswe observed a good separation of the patients into two groups with the

majority of the treated patients clustering into the CRV group (5 out of 6 patients) and the

same for the notreated patients in the Nil group (Figure 5.7). This analysis confirneed th

changes in gene expression levelABRB2, PDE1A, PDE4BndP D G Folit notCOL5A2

or PLN. Additionally, significant clusteringwas notedioHBS1, ANF, CCL2, PPB

FOS, EMILIN2andTIMPA4.
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Figure 5.7Molecular analysisf effect of carvedilol therapy on markers of left ventricular remodelling in patients with severe chronic primary

mitral regurgitation. A) The top upregulated and dewgulated genes for CRV treatment vs Nil treatment were selected as those genes with

adel ta fold c hh7.geegend(NPPB)wasomitted b&dause of the largéridieidual variation. B) Hierarchic clustering

of the 12 CPMR patients (6 CRV (dCx), 6 Nil (dNx)). By combining the delta expression values of the 15 topglgepes patient and

using Pearsonds correlation statistics in hierarcdparatedintbtwst er i ng,
groups with the large majority of the treated patients in the CRV group l{p&5/6) andthe same for the netneated patients in the Nil

group (bludine). The colour scale on the top indicates upregulation in red and reduced expression in green.
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5.4. Discussion

In patients treated with carvedilol there was a significant reduction in the expri oon o f ¢
arrestin2 (ARRB32, COL5A2, PDE1AandPDGFawith atrend towards significant down

regulation of PDE4A and significant increased expression levelsPaiN. Figure 5.8

highlights the roles ofARRB2, PDE1APDE4D, P D G Fdnd PLN in cardiomyocyte

signalling. Hierarchical clustering confirmed these findings and identified additional gene

expression changes that clustered according to treatment alloG&Boewas no significant

change i n t heARdxpatierdsstreated with oafveditobmpared with the
controls over ti me. Since ther eARwibaselinel r e a d
in these patients, furt her-AR atel reatmeno with i n t |

carvedilol may have been lesgparentit has previouy been demonstrated that patients
with heart failurewith reduced ejection fractionnet opr ol ol 1-AR deositye a s e s
whereas there i s | i t+ARIldensitpintherheartscohpatiergsdreaiedd c ar

with carvedilol, which may explaithe findings in the current stud$.
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Figure 5.8.Schematic highlighting the significant changes in patients treated with carvedilol versus
patients not treatedGreen=@wn-regulated; Red=upregulated;PMR=chronic primary mitral
regurgitation; RTK=receptor tyrosine kinase; SR=sarcoplasmic reticdldapted from Amanfu &
Saucermag®

As discussed previouslf;AR are one of thousands of the sedeEmsmembrane receptors
(7TMRs) and, GAR-adpnist, dndergp cobfgrmagiongd changest allow
GTP-binding protein(G protein)activation These activated G proteins exchange GTP for
GDP activating a number of effector enzymes such as adenylate &jcBesides G
proteins, twoother protein families are able to interact with 7TMRs: thpr@eincoupled
receptor ki n a samestins{ GAKK2s(¢ preteincbupled receptor kinase;

f or mer | yARK-a | lo-agdnistbreceptor kinase and GRK 3 are ubiquitously
expressed in human tissue and @sponsible for most agondgpendent receptor labelling

and b-arrestin recruitmer®® GRKs, together wittb-arresting ar e i mp o#AR an't
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phosphorylation and labelling for desensitization, internalization and recyiggre

5.9)2939 h;-AR desensitization occurs due to a decrease in receptor gene expression (a
reduction in b--AR mRNA) and/or an increase in receptor uncoupling due to
phosphorylation by GRK f eardstontw thel phdsghoryated d i n g
receptor. O-arrestin tihecacaptdr istinterndlized and undergoes degradation.
Therefore, enhamMRkR&Kmg nte xpfr e GRK Darrgdhinaandira ncr e a

reduction in expression 6fi-AR has been associatedtwheart failure®>?

,Lf, ' |'p" \( N ) GRK ;_ f} arrestm.
(B b e ) \_/

Ga " B-arrestin
| Ul binding

GRK
Phosphorylation

Endosome

Degradation g g ’

Internalization

Recycling

Dyna mlr_i:,,x

nsasse-¢
(P-arrestin)

Cuy

Figure 5.9, b-adrenergic receptor production, phosphorylation, internalization and degradation. See
text for detailsGU: G pr ot ei n -gadmms subuminof GrotenpGRK:Gprotein
coupled receptor kinase. Adapted from Pieatal?®

b-arrestins, together with GRKSs, are also involved in sevefalo®inindependent signal

transduction pathways (such as proliferation, cell activatiorcathdeath*?33Six arrestins
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have been i dent i f-arredlinl tawartest®?) arev&xpressed i( Most
tissues, two are found mainly in visual tissue (includirgn8gen visual arrestin or SAG)

and two remain to be fully characteriz€d-arrestinl and-2 appear to substitute for each

otherto some extentsince kneckut mi c e | a c-&rmesting appedcebe ledlthyt he b
but double knoclout mice die during embryonic growth.However, they sometimes
oppose one anot Beiapatwayk® Theicexactoote iniseverad impogant
pathways remains to be determiffdolit they have been shown to be important scaffolds in

a number of signal transduction pathways including ERR’ 38 INK33° MAPK/p38*° and

PIBKA! Furthermoret her e i s evi de-arestnsmay haveligmpeasttantit h a t
apoptotic roles in the célt*? Bot tar best i ns des e narestnl se GPC
localised to the cytoplasm and nucleus, suggesting that it may have nuclear transcription

fact or c ap a-briedtin2isioealsed onlhd the eytoplasth.

b-arrestin2 (ARRB2, which was already significantly dowegulatedn CPMR patients at

baseline, was further downegulated in the patientdlocated tacarvedilol. The molecular
consequences of these changes in patients with CPMR are unclear and may be unimportant
especially consigring that the major isoform @a r r e st i n i -arredtifl evithh e ar t
basel i ne emestiaZsbeingovery lmnvt Thdrefore, significanhanges in the

levels of expression oARRB2may have no translational effect. Nevertheless, further
investigation is needed since some Hateckers are able to induce signal transduction
activationthrough@ r ot ei n i radestipdependennmegmisms. Carvedilol has

been shown to activate t he c aardstindgpandente ct i v

mechani sms mo-bleckerts*hla a ratortodele metoprolol increased cardiac
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fi brosi s-arrestin? signgl randducticA wh er e a s -arrestimnediatéd b
signalling has been shown to increase apoptosis and cardiac deteribratipnesent it is

di fficult to predi ct -awnektianmedidted signalihgfweuwdtbein of a |
humans with volume overl oad. Furt fareestmor e, i
2 gene expressipn ¢ 0 mp a r-armstind gend exdression, would result in further

adverse remodelling or not.

Carvedilottreated patients demonstrated demggulation of PDE1A and PDE4D. As
discusseth Chapter4 t hese pr ot e i-adrenergic sgnaligngguatiocnandt i n
deficiency increases the risk of heart failure and cardiac arrhytfifnias.addition,
significant dowrregulation of plateletlerived growth factorRDGFA),an important driver

of numerous developmental and pathological processes including cell survival and cardiac
fibrosis was noted in patients allocated to carvedilol ther&mwnregulation ofPDGFA

in carvedilottreated patients mgyomote adverse LV remodellirtd.

Phosphadmban PLN) expression was significantly increased in patients treated with
carvedilol. Phospholamban regulates cardiac myocyte calcium handling by inhibiting
SERCA2a (ATP2A2) and phosphorylation by PKA relieves SERCAZ2a inhibition permitting
calcium influxinto the sarcoplasmic reticulum. MutationsRN and superinhibition of
SERCA by mutantPLN have been associated with contractile dysfunction, dilated
cardiomyopathy and premature cardiac dédtfAbnormal ncreased expression BEN

has already been dated in patients with CPMRand we have already demonstrated that

SERCA2 expresion is reduced in patients with advanced CPMR. Furthereased

17¢



expressiorof PLN, with potentialexacerbation of SERCAZ2 inhibition, in CPMR patients
treated with carvedilol may promote abnormal calcium regulation and amplify contractile

dysfunction.

Hierarchical clustering identified increaseéNFandNPPBgene expression, consistent with
the increase in serum NAroBNP, suggest increased and progressive abnormal myocardial
loading in patients allocated to carvedilol treatment. Myocardial inflammiaticervedilot
treated patients is reflected by increased expressidtO&, CCL2 IL1B andIL10.2 In
patients treated with carvedilol, we found increased expres$idMP9 andMMP23with
downregulation of collagens arl&MILIN2, which have been associated with adverse LV
remodelling”® Increased expression 8HBSlandPPBPand dowrregulationof PDGFA

have been associated with pathological cardiac fibfd$m8:>!

Lack of significant changes in the expression levels of ECM genes may reflect stiztady
pathdogical fibrosis with no further significant changes in relation to drug thepP

gene expression was not significantly different between the two groups, which is in contrast
to the serum findings: circulating MMPwas significantly increased in patients treated with
carvedilol. Activation of MMP pathways in other organs may explai@ increased

circulating levels of MMPs in these patients.

There was a nosignificant decrease in the expressionPéfl-1 in patients treated with

carvedilol compared with the controlRAI-1 protects against cardiac fibrosis (Figure
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5.10)>° Therefore a reductioim expression oPAI-1 by carvedilol may signal an increased

risk of pathological fibrosis in patients treated with carvedilol.

Cardiomyocytes Fibrosis

y  Paracrine

| | 1 ' '
1 - J .I‘ \"‘ “‘
Autocrine ‘

Figure 5.10Role of cardiomyocytPAlI-1inTGFb me di at ed AdaptedifrenElevaris br osi s .
et al®®

Altered cardiac metabolism, characterized by abnormal substrate utilization, abnormal
oxidative phosphorylation and abnormal ATP metabolism, plays and important rol€in HF.
Volume overload is associated with abnormal intramyoliyié accumulation, contractile
dysfunction and downegulation of a number of genes important in metabotisthThe

lipid accumulation is caused by an inabilitytbé heart to oxidise excessive circulating free
fatty acids. In rats with chronic volume overload there is suppression of a number-of lipid
regulatingPPARAassociated genes possibly due to activation of inflammatory patfways.
PPARAappears to be important in limiting lipid accumulation and presepardjomyocyte
metabolicfunction in CPMR since activation ®fPARAreduces ventricular dysfunction in
experimental CPMR? Apart from a relatively lower expression BPARAIN patients

treated withcarvedilolthere were no significant changes in the expression of genes involved
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in bioenergeticsATP5A1, FASNMindMCAD). However, it is tempting to argue that further
downregulation of PPARAdue to carvedilol treatment (possibtiue to inflammatory
pathway activation) may exacerbate pathological myocardial energy metabolism and

promote contractile dysfunction in patients with CPMR.

Overall, in patients allocated to carvedilol treatment, there were no significant improvements
in the expression levels of genes important in LV remodelling. Several reasons for these
findingsare worth consideringrirstly, the study may have lacked power to show a benefit
due to the small sample size. However, if anything, there was a signalrafrd¢iten among

those patients treated with carvedilol. Seconillis unknown whether patients presenting

in more advanced stages@PMR will respond to antremodelling therapy or whether the

wall stresses determined by the LaPlace Law will outweigtpatential beteblocker effect.

In fact, betablocker depression of the sympathetic nervous system magreste LV
dilatation in CPMRZ’ In contrast to patients with heart failure due to reduced ejection
fraction, who clearly benefit from the amgmodelling effects of carvedilol, patients with
CPMR have substantial preload due significant mitral regurgitation.This additional
volumeload on an already dilated and dysfunctional LV is unlikely to be overcome by just

addressing adverse remodelling processes in the LV.

By chance, patients allocated to the carvedilol arm of they $tad greater LV dimensions
at baseline than patients in the control grdugould be argued that these patients were
already at greater risk for further adverse remodeling considering potential increases in wall

tension To address this, individual patients were used as their own controls in this analysis
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and consistent changes in the expression of genes were still identified between CRV and Nil
patients. Furthermoref carvedilolwasto have a beneficial effect, @leffect might have
beenexpected to be mme pronounced in hearts with m@advance@dverse remodeling,
whichwas not foundin this regard the findings of Pett al'*are interesting because despite
improvements in cardiomyocyteontractility and betaeceptor responsiveness, LV
remodel |l ing was not attenuat eAR blockaderfailedo pr ol ¢
to preserve interstitial collagen loss and therefore failed to prevent ongoing myocyte

slippaget?

Thirdly, prior studies have been performed anvariety of experimental models and at
different stages in the evolution of Mielated LV remodelling. Many of the experiments
performed thus far have been in animal models with controlled formation of volume
overload showing that early introduction otdblocker therapy'* may be beneficial and

this is supported by the work of Ahmetial'®in humans. Since previous studies have been
conducted at various stages in the evolution of LV remodelling, there may be variable
findings with respect to the impact of bdtimckade on LV remodellp Betablockade may

be beneficial if used early in the evolution of volume overdaadted LV remodelling but
may be less effective later oRourthly, various betadrenergic agents have been tested
under different circumstances. Compared to the impegeneficial results in heart failure
patients with carvedilo Puet al'’ demonstrated that carvedilol worsened LV dimensions
and function in rats with pmary MR. In contrast, treatment of dogs with the selective beta
blocker atenolol improved LV remodellithwvhereas treatment with metoprolol in animals

and humans have had mixed restfit€:>5¢Finally, althoughevidencehas been presented
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to suggest that there is dowegulation of cardigrotective pathways, the molecular
pathogenesis of LV remodeling in volume overload is compleéeveral of the genes
studied here are involved in many different pathways with many possible effects that justify

further investigation.
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5.5.Conclusion

This is the first study to prospectively investigate changes in gene expression levels in the
heartsof humans with CPMR in response to treatment with carvedilol. Carvedilol failed to
have a significant effect on the expression levels of most of the genes investigated here
Furthermore, significant dowregulation of several cardiorotective genes andgsificant
increased expressiaf an important calcium regulatdPLN, was found in the hearts of
CPMR patientsfter treatmentvith carvedilol.Consistent with the lack of beneficial effect

of carvedilol on echocardiographic and serum markers of camdiamdelling, and
consistent with previous animal model data, there was no signal of benefitin CPMR patients
allocated to carvedilol therapyurther research is still required to better understand the
molecular changes during the evolution of LV remodglin patients with CPMR. Finally,

based onhesefindings, cautioris needed before usimgrvedilol in patients with CPMR.
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Chapter 6

Concluding remarks.
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6.1.Introduction

Chronic primary mitral regurgitation (CPMR), caused by failure of adequate coaptation of
the mitral leaflets, results in an increased left atrial volume load and subsequent abnormal
LV preload. Hemodynamically, this causes a decrease in fdrstianke volume and cardiac
output, increased pulmonary and right ventricular pressures, and a chronically -volume
overloaded left ventricle. The most common cause of CPMR irSahlaran Africa is
rheumatic heart disease, with degenerative mitral valve mammonly found among

populations from developed countrfes.

Current glidelines recomnmel surgery for patientwith severe pulmonary hypertension on
presentation or a progressively dilating L&ten if they are asymptomatié.However,
timing of surgery is uncertain anaWw these patients should be managed in the interim is
unclear? Certainly, it is important that patients are not left untreated until irreversible LV
remodelling has taken place. In resodlingted settings, patients who do not need
emergency surgery oftamait several months before they undergo surgery by which time
there has been a progression of adverse LV remodelling leading to permanent impairment
of function. Medical therapy that could reverse or at least attenuate LV remodelling may
improve outcomed these patientddowever, currentlythere is no recommendation for
drug therapy in patientsith CPMR except in palliative casés.This means that for patients
with LV systolic dysfunction due to CPMR there is very little evidence that LV deterioration

can be attenuated either prior to surgery or after repair/replacement of the mitra®valve.



Chapter 1 included a detailed description of the structural and moleculati@vaf LV
remodelling in the volumeverloaded heart based on data reported inoritro, animal and
clinical studies. Ecentric hypertrophypredominantly due to interstitial collagen loss,
developsn response to an increase in LV preload leadlings normalizes forward stroke
volume and cardiac output hutlue toinadequate protein synthesis aptbgressive
deterioration in myocardial function, tleecentrichypertrophy that develops is insufficient
to fully compensate for the wall streésBersistent wall streggomotes cardiainflammatory
cytokine expressiofil'! neurohormonal activatidh'® and reactive oxygen spesie
generéion,** which activate a number of complexolecularpathways™ Early in the LV
remodelling process there is loss of interstitial collagen and cell slippage caused by
disruption of the myocardial extracellular matrix (EGMegrin linkages®!’ Subsequent

changes include myocyte apoptosis and pathological ECM fibfo'Sis.

As a result of inadequate tissue perfuglomadrenergicsystem is activated in patigsrwith

CPMR. Thishas been identified as a potential target in patients with CEB¥iR herefore,
b-adrenergic blockade has been explored in a number of animal and human studies with
variable effect:???° Carvedilolreducesafterloadt h r o +adyemerdit blockade, blocks the
b-adrenergic system and has been found to significantly improve outcomes in patients with
heart failure with reduced ejection fractitfiHowever,carvedilol has only been studied in

rats with experimental mitral regurgitatiéhBased on the remarkable benefit of carvedilol

in human patients with heart failungth reduced ejection fractiéhit washypothesized that
carvedilol would attenuate LV remodelling in patients with CPMR. In order to adthiess

guestion patients with CPMR were recruited prospectively and a number of investigations,
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related to LV global and molecular remodelling, were carried out as described in Chapter 2.
Patients were then randomized to receive carvedilol therapy or stavfdeare (diuretics

and potassium supplementation if required) while awaiting definitive surgical therapy at
which time investigations were repeated in order to determine an effect of carvedilol therapy

on LV remodelling

The findings of this thesis adescribed in the subsequent chapters. Chapter 3 described the
clinical, echocardiographic and serum findings in CPMR patients treated with carvedilol
versus those who were treated with the standard of care. Chapter 4 described the baseline
expression of Q9 genes important in LV remodelling in CPMR patients compared with
normal hearts and compared these findings to findings from previous animal and human
studies. Finally, Chapter 5 described the changes in expression of these genes in the CPMR

patients irresponse to carvedilol therapy versus standard of care.

6.2. Major highlights of this work

1. This is the first study comparing expression of genes in patients with pure volume
overload due to CPMR versus normal hearts.

2. This is the first study in humans wittolume overload to measure changes in gene
expression over time and in response to medical therapy.

3. This is the first study in humans to show that carvedilol failed to significantly improve
clinical, echocardiographic or serum markers of LV remodellinghérmore, there was

a signal of further adverse LV and right ventricular (RV) remodelling in patients treated



with carvedilol as evidenced by worsening of RV function, an increase in serum BNP and
an increase in serum MMP2.

. In patients with severe CPMPaormal expression of a number of genes important in
extrac el | ul ar mat radrenergicesignaliihg, Fehiangiotensin Bldosterone
system regulation, myocardial strain, cell survival and apoptosis, calcium regulation,
cellular bioenergetics argdress, and inflammation were found. The changes noted in the
patients in the current study were in keeping with prior studies, but with a few notable
differences probably related to differences in the severity of adverse LV remodelling in
the different tudy cohorts. Of interest, this is the first study to demonstrate significant
downr e gul at i cadrenerdic recdptek gdne in patients with CPMR. This
suggests that the patients recruited in the study were possibly at an advanced stage of
adverse LVremodelling. In patients with CPMR significant dowegulation ofthe
angiotensin 1l receptor 1 gengas also demonstrated, which may have important
implications for potential antagonists of the reanmgiotensin aldosterone system in these
patients A number of other cardiprotective genes were found to be demegulated in

the patients with CPMR including genes important in myocyte function, such as
SERCA2/ATP2AandPDE4D, and genes important in cell survival. Finally, abnormal
regulation of several pfibrotic genes was also noted.

. A poor correlation between gene expression data from animal models and human subjects
was noted. Because of the difficulties in recruiting large numbers of patients in this field,
animal models have often been used. Thargmifrom this study and the previous study

of Zhenget al?° caution against ésapolation of animal gene expression data directly to

humans. The differences measured in animals and humans may be due to a number of
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reasons including the experimental nature of the volume overload in animal models

(including the use of aortcaval modis) and the duration of the volume overload in

ani mal models (it is difficult to deter mi:
6. Overall there was little effect of carvedilol on the expression of remodelling genes in

patients with CPMR. There appeared to Isgaal of further adverse remodelling with

downregulation of cardioprotectiveb-arrestin2 PDE1A and P D G Fdid a trend

towards significant dowsnegulation ofPDE4D. Significant upregulation ofPLN, which

may be associated with abnormal calcium regutatiod contractile dysfunctiomyas

noted in patientg¢ated with carvedilol.

The use of betalockers in CPMR continues to be controversédihough selectivébeta
blockertherapy hasttenuated.V remodelling insomeanimal€? and human studigsother
preclinical ard clinical studies demonstrateorseningLV function in CPMR after beta
blocker therapy'2526-2%3The only previous assessent of the effects of carvedilol on LV
function was along (23 to 35 week) study in ratswith clear exacerbation of
echocardiographic measures of LV functfdin a 4month dog model, extendedlease
metoprolol succinate failed to attenuate the adverse globalrdvodelling despite
preservation ofcardiomyocyte functioR® Similarly, Sabriet al?! found that, despite
reductions in interstitial collagen degradation and reductions in adnarsmlellingrelated
intracellular signalling, extendeaglease metoprolol succinate failed to attenuate LV
dilatation or deche in LV function and aretrospective echocardiographic study in 134

human subjects with moderaies ever e MR (67 % de ge-specifiat i ve
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thickeningd) found tadranergipbiotkade devetopee wopsensigg d  t

of their ejectdn fraction over a mean of 20 months followp.

Overall, carvedilol does not appear to reverse or attenuate adverse remodelling in patients
with severe chronic primary mitral regurgitation/hy patients allocated to carvedilol
therapy failed to demonstrate improvements in cardiac function is probablyfactdial

and has been discussed in detail at the end of Chapter Five. Despite the small sample size
many markers of adverse remodelling cetesitly worsened in those treated with carvedilol
(adverse RV measures, increased BNP, increased serum MMP2, abnormal changes in gene
expression levels in several genes important in LV remodelling). It is most likely that the
abnormal preload of the LV peetuates wall stress, which cannot be opposed by medical
therapy alone. In fact, these patients are probably completely dependent on the sympathetic
response to heart failure and inhibition of the neurohormonal sys@ymexaerbate LV
dilatation in CPMR® Ultimately, the only therapy that will counter adverse remodelling is

mitral valvesurgery>?

6.3. Study Imitations

The small sample size tee majodimitation of this studyThe study was underpowered to
show a benefit for carvedilol treatment and irgraup heterogeneity may have affected
statistical outcomed.o address this, individual patients were used as their own controls in
this analysis and consistent changes irettigession of genes were still identified between
carvedilottreated patients and those not treated with carvediloé small number of

participants in this study should be considered within the context of global research in this
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field: the largest genexpression studies have been performed in four dogs before and after
experimental induction of MR8 in five aortecaval fistula (ACF) versus five sham rats at 2,

5 and 15 week¥’ in 35 patients with CPMR (of whom 16 had a history of hypertengfon);
and in 11 ACF rats versus 11 transverse aortic dotish after 2 weeks of abnormal
loading®* Finally, prospectively recruiting patients to undergovestigational left
ventricular biopsy is challenging and several patients were lost to follow up during the course

of the study largely due to poor so@oonomic reasons.

The aims included determining, firstly, the changes in the expression of gegueseints

with CPMR compared with normal controls, and, secondly, determining changes in
echocardiographic and molecular markers of remodelling in response to carvedilol
treatmentThe reasons for not determining an appropriate sample size are multigtly, Fi
determining a sample size prior to study initiataasparticularly difficult since at the time

that the protocol was written and submitted to the ethics committee (in 2010) the only
quantitative molecular data availalite CPMRwas that of Zhengt al *3in four dogs. No
humanpublisheddata was available to identify a single gene (or a cluster of genes) as a
primary endpoint or to permit computation of a sample. S2eondly,lte main reason that

no sample size calculation was performed was ttmeprotocol called for the performance

of left ventricular biopsies iall recruited patients at baseline. Since this is a very invasive
and potentially hazardous procedure, we decided to limit the number of patients in order to
limit the risk. Thirdy, retrospectively, it was very difficult to recruit patients whetboth

the inclusion/exclusion criteriand were prepared to undergo invasive left ventricular

biopsy. Ultimately, it took five years just to recruit the 20 patients (as set out in the protocol).
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To get a larger sample size would have meant a much longer study period with limitations
arising becauwesof the ever changing practice of medicine (for example, time to surgery was
decreasing during the study period), or that the study would have had to have been

multicentre.

By chance patients allocated to the carvedilol arm of the study had greatemh&hdions

at baseline than patients in the control grdugould be argued that these patients were
already at greater risk for further adverse remodeling considering potential increases in wall
tension However, a beneficial effect of carvedilol miglave been expected in patients with

the most advanced adverse LV remodeling at baselinehwas not found

This was an opelabel trial. The primary investigator and the patients were aware of drug
allocation. However, the technologists involved intiasic clinical examinations (heart rate

and blood pressure measurements, for example), echocardiographic and laboratory work
were blinded to treatment allocation. It is unlikely that a placebo effect would influence gene

expression changes.

6.4.Future studies

Betablockers may not be beneficial in patients with advanced decompensation because the
volume overload may outweigh any potential benefit thatremiodelling agents may
have!® Elimination of the neurohamnonal response may therefore be detrimentslibjects

with advanced LV remodellingspecially since the volume overload persisks contrast,

in patientswith more moderatenitral regurgitatiorand less evidence of Lkémodellingor
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dilatation there maystill be a role forbetablockersin preventing furtheremodelling
possibly incombination with other agents known to improve LV funcfidfuture studies
should examine the role dietablockersin patients and models with mildesolume
overload. Furthermorat would be particularly interesting to examine the role of-anti
remodelling therapy in patients who have already undergone corrective mitral valve

surgery323°

This study has helped identify a number of important genes to target in more focussed studies
in futurein vitro, animal,pre-clinical and larger clinical tas. For example, furthestudies

on the effects oEPMR and drug therapnb-a d r ener gi ¢ s i gn-ardedtin ng (i
and GRK interactions)JAK-STAT signalling calcium regulation, cell survival, apoptosis

and extrecellular matrix regulation are warranteltl was unfortunate that several other
important pathway proteins were not examined in this study. Due to budget constraints it
was not possible to perform extensive microarrays. It would be interesting in the future to
analyse changes IPKA and AKT pathways>¢ There were a number of foldhanges in the
expression of genes when comparing@R®R andnormal hearts and also when comparing

the CRVversusNil treatments groupsvhich did not reach statistical significanpessibly
because of the small numbelsut warrant further investigationn particular, STAT3
appears to be important n-adfenergic signalling and cardioprotectid®® In addition,
elucidation of the effects of ventricular loading on STAT3 pathway regulation should be the

focus of future research.
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It would be interesting to repeat a number of these experirfraatical therapy for volume
overloadedearts) with larger numbers of patients or in laagenal models (pigs or sheep)

To date, no animal study has measured changes in molecular pathways in CPMR in response
to therapy. Larg@animal models may be useful to clarify the myocardial responssitmig
antiremodelling therapies at a molecular level and may avoid the limitations of other animal
models!® Although animal models are important in terms of hypothesis generation, there is
still much work thatneeds to be carried out in humans. All studies thus far have used
surrogate clinical markers (serum, echocardiographic and molecular) as study endpoints.
Hard clinical endpoints (such as reductions in hospitalization for heart failure and reductions

in cadiovascular death) studies with medical therapies areesjiliired.
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6.5. Conclusion

The pathophysiology of remodelling in relation to different loading conditions is a
fascinating and growing area in cardiovascular medicine. We still have substantial steps to
take in order to better understand the remodelling process in animal models aralstill

at a nascent stage with regard to fully defining the pathways that are important in adverse
remodelling in humans, whether early in the remodelling process or at more advanced stages
of adverse LV remodelling. Even less is known about the xightricle, which appears to

be equally important in lonterm outcomes in these patients. Therefore, we still have a great
deal of work to do in patients with valvular heart disease to try and understand the adverse
remodelling processes, which will hdpky lead to medical breakthroughs in the future.

The data presented here do not support the hypothesis that carvedilol reverses or attenuates
adverse LV remodelling in patients with severe CPMR and, at present, caution is
reommended before consideringablockers for patients with severe CPMR. Nevertheless,
hopefully these findings contribute to the current knowledge base regarding remodelling in

patients with mitral valve disease, potentially leading to furtheepth studies.
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Appendix 1: Human Research Ethics Committee (HREC) certificate

UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
Division of the Deputy Registrar (Research)

HUMAN RESEARCH ETHICS COMMITTEE (MEDICAL)
R14/49 Dr Keir McCutcheon

CLEARANCE CERTIFICATE M101036

PROJECT Can a B-adrenergic receptor blocker reverse or at
least attenuate left remodellingdue to chronic
non-ischaemic mitral regurgitation?"

INVESTIGATORS Dr Keir McCutcheon.

DEPARTMENT Department of Internal Medicine/ Cardiology
DATE CONSIDERED 29/10/2010

DECISION OF THE COMMITTEE* Approved unconditionally

Unless otherwise specified this ethical clearance is valid for 5 years and may be renewed upon
application.

DATE 29/10/2010 CHAIRPERSON

(Professor PE Cleaton-Jones)

*Guidelines for written ‘informed consent’ attached where applicable
cc: Supervisor : Prof Pravin Manga

DECLARATION OF INVESTIGATOR(S)

To be completed in duplicate and ONE COPY returned to the Secretary at Room 10004, 10th Floor,
Senate House, University.

1/We fully understand the conditions under which I am/we are authorized to carry out the abovementioned
research and I/we guarantee to ensure compliance with these conditions. Should any departure to be
contemplated from the research procedure as approved I/we undertake to resubmit the protocol to the

Committee. I agree to a completion of a yearly progress report.
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Appendix 2A: Certificate for total heart RNA from Donor 1.

P AR Agilent Technologies
540011 0006273800
Lot 0006273800
Page 1 of 1
Catalog Number 540011
Product Name MVP Total RNA, Human Heart
Expiration Date 2022-05-30
Quantity 25 pg
Certified By Dana Faver
Quality Controlled By Matt Huffman
Shipping Conditions Shipped on dry ice.
Storage Conditions Store total RNA at -70°C. Multiple freeze/thaw cycles should be avoided,
Concentration 1.0pg/pl
RNA Source Information
Tissue Single Donor
Sex Female
Age 23 Years
Pathology N/A
Strain N/A
Gestation N/A

No further RNA source information is available.
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Appendix 3: Minnesota Living with Heart Failure Questionnaire.

https://eprovide.mapi-trust.org/instruments/minnesota-living-with -heart-failure-

guestionnaire
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Selected pages from R&D serum handbook
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Appendix 4B: Certificate of Analysis for IL-33, ST2, Fas and Fas ligand

Magnetic Luminex® Screening Assays
Premixed Multiplex

Certificate of Analysis

Kit Lot Number [ 1423662 | Standard Cocktail Lot Information
Lot No. Recon Vol.
Kit Catalog Number [ LXSAHM- 4 ] Standard C| 1419349 0.25mL__ [mL
Standard D| 1417618 0.25mL_ [mL
Microparticle Mix Standard E| 1387478 0.2 mL mL
Lot Number [ 1423663 | mL
mL
Biotin Antibody Mix mL
Lot Number [ 1423664 | mL
mL
mL
mL
mL
Standard Standard
Analyte Region Value pg/mL Analyte Region Value pg/mL
IL-33 14 11,360 ST2/IL-1 R4 18 140,860
Fas Ligand 39 4,330 Fas 73 35,440

This Premixed Multiplex was tested and found to perform within specifications.

Approved by Deiane R, Wotta Date February 23, 2016
d
\
R D Systems, Inc. PHONE: (612) 379-2956 WATS: (800) 343-7475
614 NE McKinley PI. FAX: (612) 379-6580 E-MAIL: info@rndsystems.com
Minneapolis, MN 55413 752180.3
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Appendix 4C: Certificate of Analysis for TNFa, IL-1b and IL -6.

Magnetic Luminex® Screening Assays
Premixed Multiplex

Certificate of Analysis

Kit Lot Number [ 1423659 | Standard Cocktail Lot Information
Lot No. Recon Vol.
Kit Catalog Number [ LXSAHM- 3 | Standard A| 1402479 0.2mL  |mL
mL
Microparticle Mix mL
Lot Number [ 1423660 | mL
mL
Biotin Antibody Mix mL
Lot Number [ 1423661 | mL
mL
mL
mL
mL
Standard Standard
Analyte Region Value pg/mL Analyte Region Value pg/mL
TNF alpha 12 3,620 IL-6 13 3,420
IL-1 beta 28 4,320

This Premixed Multiplex was tested and found to perform within specifications.

Approved by Déave R, Wotta

Date February 23, 2016

RD

PHONE: (612) 379-2956
FAX: (612) 379-6580
752180.3

R D Systems, Inc.
614 NE McKinley PI.
Minneapolis, MN 55413

WATS: (800) 343-7475
E-MAIL: info@rndsystems.com



Appendix 5A: Selected pages from MMP Panel instructions

Human MMP
Magnetic Bead Panel 2

96-Well Plate Assay

Cat # HMMP2MAG-55K

The M logo s a trademark of Merck KGaA, Darmstact, Germany.
© 2013 EMD Wilpore Corporation, Bilerica, MA 01821 USA.

HMMP2MAG 55K

9. Gently remove well contents and wash plate 2
times following instructions listed in the PLATE
WASHING section

10.Add 25 pL of Detection Antibodies into each
well. (Note: Allow the Detection Antibodies to
warm to room temperature prior to addition.)

11.Seal, cover with foil and incubate with agitation
on a plate shaker for 1 hour at room
temperature (20-25°C). DO NOT ASPIRATE
AFTER INCUBATION.

12. Add 25 pL Streptavidin-Phycoerythrin to each
well containing the 25 L of Detection
Antibodies.

13.Seal, cover with foil and incubate with agitation
on a plate shaker for 30 minutes at room
temperature (20-25°C).

14.Gently remove well contents and wash plate 2
times following instructions listed in the PLATE
WASHING section.

15. Add 100 L of Sheath Fluid (or Drive Fluid if
using MAGPIX®) to all wells. Resuspend the
beads on a plate shaker for 5 minutes.

16. Run plate on Luminex, 200™, HTS, FLEXMAP
3D™ or MAGPIX® with xPONENT software.

17. Save and analyze the Median Fluorescent
Intensity (MFI) data using a 5-parameter logistic
or spline curve-fitting method for

Remove well
contents and wash
2X with 200 pL
Wash Buffer

Add 25 pL Detection Antibodies
per well

Incubate 1 hour at
RT

Do Not Aspirate

Add 25 pL Streptavidin-
Phycoerythrin per well

Incubate for 30
minutes at RT

Remove well
contents and wash
2X with 200 uL
Wash Buffer

Add 100 pL Sheath Fluid per
well

IMMUNOASSAY PROCEDURE

«Prior to beginning this assay, it is imperative to read this protocol completely and to
the Technical Guidell

Allow all reagents to warm to room (emperature (20-25°C) before use in the assay.

« Diagram the ISt 1d), Standard 1, Standard 2,
Standard 3, Standard 4, Standard 5, S(andard 6, Standard 7] Controls 1 and 2, and
Samples on Well Map in a vertical

will only read the 96-well plate vertically by default.) It is recommended to run the assay

in duplicate.

If using a filter plate, set the filter plate on a plate holder at all times during reagent
dispensing and incubation steps so that the bottom of the plate does not touch any
surface.

2. Decant Wash Buffer and remove the residual
amount from all wells by inverting the plate and
tapping it smartly onto absorbent towels several
times.

Shake 10 min, RT

Decant

3. Add 25 L of each Standard or Control into the
appropriate wells.

. Add 200 pL of Wash Buffer into each well of the 'Add 200 pL Wash Buffer
plate. Seal and mix on a plate shaker for 10 per well
minutes at room temperature (20-25°C).

Add 25 pL Standard or
4. Add 25 L of Assay Buffer to the background

and sample wells.

5. Add 25 uL of appropriate matrix to the background and sample
background, standards, and control wells. wells
When assaying serum, plasma or urine, use the Add 25 L appropriate
Assay Buffer provided in the kit. When matrix solution to
assaying tissue culture or other . standards,
use proper control culture medium as the matrix and control wells
solution.

o

Add 25 L of Sample (1:20
serum/plasma or neat urine) into the
appropriate wells. well

luted sample wells

7. Vortex Mixing Bottle and add 25 pL of the
Mixed Beads to each well. (Note: During

Control to appropriate wells
Add 25 L Assay Buffer to

Add 25 L neat Samples to

Add 25 pL Beads to each

addition of Beads, shake bead bottle
intermittently to avoid settling.)

@®

Seal the plate with a plate sealer. Wrap the Incubate 2h at RT
plate with foil and incubate with agitation on a with shaking
plate shaker 2h at room temperature (20-25°C).

HMMP2MAG-55K Rev 23-OCT-2015 PAGE 12 EMD MILLIPORE

PLATE WASHING

1.) Solid Plate

If using a solid plate, use either a handheld magnet or magnetic plate washer.

A.) Handheld magnet (EMD Millipore Catalog #40-285) - Rest plate on magnet for 60

seconds to allow complete sem\ng of magnetic beads. Remove well contents by gently

d ing the plate in an waste and gently tapping on absorbent
pads to remove residual liquid. Wash plate with 200 L of Wash Buffer by removing
plate from magnet, adding Wash Buffer, shaking for 30 seconds, reattaching to magnet,
letting beads settle for 60 seconds and removing well contents as previously described
after each wash. Repeat wash steps as recommended in Assay Procedure.

B.) Magnetic plate washer (EMD Millipore Catalog #40-094, #40-095, #40-096 and #40-
097) - Please refer to specific automatic plate washer manual for appropriate equipment
settings. Please note that after the final aspiration, there will be approximately 25 pL of
residual wash buffer in each well. This is expected when using the BioTek plate washer
and this volume does not need to be aspirated from the plate.

If using an automatic plate washer olher than BioTek® 405 LS or 405 TS please refer
to the for

2.) Filter Plate (EMD Millipore Catalog #MX-PLATE)
If using a filter plate, use a vacuum filtration manifold to remove well contents. Wash
plate with 200 pL/well of Wash Buffer, removing Wash Buffer by vacuum filtration after
each wash. Repeat wash steps as recommended in the Assay Procedure.

EQUIPMENT SETTINGS
Luminex 200™, HTS, FLEXMAP 3D®, and MAGPIX® with xPONENT® software:

MMP concentrations in samples. (Note: For
diluted samples, multiply the calculated
concentration by the dilution factor.)

HMMP2MAG-55K Rev 23-OCT-2015 PAGE 13

Read on Luminex (50 L, 50
beads per bead set)

These specifications are for the Luminex 200™, Luminex HTS, Luminex FLEXMAP 3D®,
and Luminex MAGPIX® with xPONENT® software. Luminex instruments with other software
(e.g. MasterPlex®, STarStation, LiquiChip, Bio-Plex Manager™, LABScan™ 100) would
need to follow instrument instructions for gate settings and additional specifications from the
vendors for reading Luminex magnetic beads.

For magnetic bead assays, the Luminex 200™ and HTS instruments must be calibrated
with the xPONENT® 3.1 compatible Calibration Kit (EMD Millipore Catalog #40-275) and
performance verified with the Performance Verification Kit (EMD Millipore Catalog #40-276).
The Luminex FLEXMAP 3D® instrument must be calibrated with the FLEXMAP 3D®
Callbramr Kit (EMD Mllllpore Catalog #40-028) and performance verified with the FLEXMAP

EMD MILLIPORE

it (EMD Millipore Catalog #40-029). The Luminex MAGPIX®

mstrumenl must be calibrated with the MAGPIX® Calibration Kit (EMD Millipore Catalog
#40-049) and performance verified with the MAGPIX® Performance Verification Kit (EMD
Millipore Catalog #40-050).

NOTE: When setting up a Protocol using the xPONENT® software, you must select

MagPlex as the Bead Type in the Acquisition settings.

NOTE: These assays cannot be run on any instruments using Luminex IS 2.3 or

Luminex 1.7 software.

HMMP2MAG-55K Rev 23-OCT-2015 PAGE 14 EMD MILLIPORE
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Appendix 5B: Selected pages from TIMPL and-4 Panel instructions

IMMUNOASSAY PROCEDURE

. Prior to beginning this assay, it is imperative to read this protocol completely and to
l thoroughly understand the Technical Guidelines.

*  Allow all reagents to warm to room temperature (20-25°C) before use in the assay.

«  Diagram the placement of Standards [Std 0 pg/mL (Background), Std 1, Std 2, Std 3,
Std 4, Std 5, Std 6] Controls 1 and 2, and Samples on Well Map Worksheet in a
vertical configuration. (Note: Most instruments will only read the 96-well plate
vertically by default.) It is recommended to run the assay in duplicate.

* Ifusing afilter plate, set the filter plate on a plate holder at all times during reagent
dispensing and incubation steps so that the bottom of the plate does not touch any

surface.
1. Add 200 pL of Wash Buffer into each well of the Add 200 pL Wash Buffer
plate. Seal and mix on a plate shaker for 10 minutes per well
at room temperature (20-25°C).
2. Decant Wash Buffer and remove the residual amount Shake 10 min, RT
from all wells by inverting the plate and tapping it
smartly onto absorbent towels several times. Decant
Human TIM P 3. Add 25 pL of each Standard or Control into the
Magnetic Bead appropriate wells. 25 uL Assay Buffer should be o Add 25 L Standard or
used for background and sample wells (0 pg/mL). i
Panel 2 9 p (0 pg/mL) Control to appropriate wells
4. Add 25 pL of Sample into the appropriate wells. * Add 25 pL Assay Buffer to
96-Well Plate Assay 5. Add 25 pL of appropriate matrix solution to the aaeil;ground and sample

background, standards, and control wells. When
| assaying urine, use assay buffer provided in the kit .

cat' # HTMPZMAG 54K as matrix; when assaying tissue culture or other Add 2|5 L ﬁ)' sample to

supernatant, use proper control culture medium as sample wells

the matrix solution. + Add 25 L appropriate

6. Vortex Mixing Bottle and add 25 pL of the Mixed matrix solution to
Beads to each well. (Note: During addition of Beads, background, standards, and
shake bead bottle intermittently to avoid settling.) control wells
7. Seal the plate with a plate sealer. Wrap the plate with * Add 25 uL Beads to each
foil and incubate with agitation on a plate shaker 2 well
hours at room temperature (20-25°C) or overnight
(16-18 hr) at 4°C. Incubate 2 hours at
RT or overnight at
4°C with shaking
The M logo s  trademark of Merck KGaA, Darmtact, Germany.
© 2013 EMD Milipore Corporation, Billerica, MA 01321 USA.
HTMPZMAG 54K HTMP2MAG-54K Rev. 30-0CT-2015 PAGE 11 EMD MILLIPORE
8. Gently remove well contents and wash plate 2 times ASSAY CHARACTERISTICS
following instructions listed in the PLATE WASHING
section. Cross-Reactivity
Remove well There was no or negligible cross-reactivity between the antibodies for an analyte and any of
9. Add 25 pL of Detection Antibodies into each well. contents and wash the other analytes 'r?(g's anel Y y
(Note: Allow the Detection Antibodies to warm to 2X with 200 pL ytes in this panel.
room temperature prior to addition.) Wash Buffer
10.Seal, cover with foil and incubate with agitation on a Assay pg/mL)
plate shaker for 1 hour at room temperature (20- - Minimum D Concentration (MinDC) is calculated using MILLIPLEX® Analyst 5.1. It
25°C). DO NOT ASPIRATE AFTER INCUBATION. Add 25 pL Detection measures the true limits of detection for an assay by mathematically determining what the
Antibodies per well empirical MinDC would be if an infinite number of standard concentrations were run for the
11.Add 25 pL Streptavidin-Phycoerythrin to each well assay under the same conditions.
containing the 25 pL of Detection Antibodies.
Incubate 1 hour at Overnight Protocol
12.Seal, cover with foil and incubate with agitation on a RT Analyte n =5 Assays)
plate shaker for 30 minutes at room temperature (20- ‘Mi’;DE) Mi"DC+i)SD
o . pg/m (pg/m
25°C). Do Not Aspirate TIMP- 70 3,
. TIMP- 17.0 7.
13.Gently remove well contents and wash plate 2 times -
S . . Add 25 pL Streptavidin- TIMP-: 46.0 2.
following instructions listed in the PLATE WASHING Phycoerythrin per well TIMP- 2.0 0.

section.

Same Day Protocol

14.Add 100 pL of Sheath Fluid (or Drive Fluid if using (n =3 Assays)
MAGPIX®) to all wells. Resuspend the beads on a Analyte MinDC MinDC+2SD
plate shaker for 5 minutes. Incubate for 30 (pg/mL) (pg/mL)
minutes at RT TIMP- 4.0 101
15.Run plate on Luminex 200™, HTS, FLEXMAP 3D™ TIMP- 9.0 18.4
or MAGPIX®with xPONENT software. TIMP- 520 1042
Remove well L__TIMP- 40 58
16.Save and analyze the Median Fluorescent Intensity contents and wash
(MFI) data using a 5-parameter logistic or spline 2X with 200 pL
curve-fitting method for calculating analyte Wash Buffer Precision

concentrallon§ in samples. Note: For dllu!e_d Intra-assay precision is generated from the mean of the %CV's from 8 reportable results
samples, multiply the calculated concentration by the

— across two different concentrations of analytes in a single assay. Inter-assay precision is
dilution factor. Add 100 L Sheath Fluid or generated from the mean of the %CV’s across two different concentrations of analytes across
Drive Fluid per well 4 different assays.

Read on Luminex (50 pL, 50 Analyte Overnight Protocol
beads per bead set) Intra-assay %CV | Inter-assay %CV
TIMP-1 <10% <10%
TIMP-2 <10% <10%
TIMP-3 <10% <10%
TIMP-4 <10% <10%
HTMP2MAG-54K Rev. 30-OCT-2015 PAGE 12 EMD MILLIPORE HTMP2MAG-54K Rev. 30-OCT-2015 PAGE 15 EMD MILLIPORE
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Appendix 6: Selected pages from mRNAeasy mini handbook
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