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ABSTRACT

The female heart undergoes adaptive remodelingiglgriegnancy to compensate for the
increased hemodynamic load imposed by the develdpins. However, unlike a
similar adaptive process which occurs under pathcéb conditions (such as
hypertension and valvular heart disease) the caatianges observed during
hypertrophy associated with pregnancy are revexsitile goal of this study is to identify
changes in gene expression associated with pregmadieced hypertrophy. We tested
the hypothesis that pregnancy-induced physiolodigpertrophy has a unique genetic
signature, likely due to altered hormone levelsiciisupports and promotes reversible
remodeling. Comparing the gene expression praskociated with physiological
remodeling with that involved in pathological renetidg of the heart, may lead to new
therapeutic approaches for treating pathologicatthdisease under conditions of
increased hemodynamic load. We analyzed two miagalatasets for gene changes
during mid and late pregnancy and the early podtipaperiod and compared them to
virgin mice in diestrus. Numerous changes in @ditalar matrix genes were identified
and the mRNAs for TIMP1-4, MMP3, MMP11, MMP13-MMRP1dMP25, and MMP28
were quantified in left ventricles by real-time PCé&hfirming some of the microarray
changes but not others. Late pregnancy and tihe@ast-partum period exhibited the
most gene changes. As changes in TIMP and MMP nme8RiNay reflect changes in their

protein levels and activity, we predict that MMPgId IMPs are important players



during the peripartum period may determine therex@é matrix remodeling that occurs

in the left ventricle during this time.
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CHAPTER 1
INTRODUCTION

1.1 Introduction Overview

Cardiovascular disease is the most common causeath in the world. Based
on 2013 statistics from the American Heart Assammtapproximately 83.6 million
Americans are living with some form of cardiovasecuisease (Go et al, 2014). The
cardiovascular system is comprised of the heariaaricculation system of blood vessels.
The heart is a muscular organ which pumps bloaoutiit blood vessels to tissues to
supply all the cells of the body with oxygen. Carhypertrophy is defined as an
increased thickening of the heart wall includingttof the left and right ventricles and
which can decrease the size of the heart chambers feature of many types of
cardiovascular disease. Despite advances to thecaesearch field, pathological
cardiac hypertrophy is not completely understood @eserves further study. Once
damage occurs to the cardiac muscle, such as draidgpovascular disease, there is no
way to restore the muscle back to normal. Pathodbghanges in the heart extend to
regions outside the cardiac muscle and includextracellular matrix regions.
Pathological cardiac hypertrophy can lead to hiadctre, while physiological cardiac
hypertrophy, such as that which occurs with exeraisd during pregnancy, is beneficial
to the heart and is reversible. In this secti@dinucture of the heart and cell types

within it will be reviewed and the relationship Weten the muscle cells (myocytes) and



their extracellular matrix (ECM) environment wiklliscussed. Pathological and
physiological hypertrophy (including that of pregog) will be reviewed and compared.
As changes in the extracellular matrix are featofesardiac hypertrophy, components of
the extracellular matrix will be reviewed. Matnxetalloproteinases (MMPs) and Tissue
inhibitors of metalloproteinases (TIMPs) are maggulators of extracellular matrix
remodeling. As initial microarray data analysessded that some genes for MMPs and
TIMPS are regulated during the physiological hyqmgathy accompanying pregnancy,
these proteins will be the focus of this work amelit general function and relevance to
normal heart function and cardiac hypertrophy bdlreviewed herein.

1.2 Anatomy of the Heart

In human, the heart is located within the mediastirof the thorax and weighs
usually between 250 to 350 grams (Marieb 2013)e-ird of the heart mass projects to
the right of the mid-sternal line, and two-thirdgte mass lies to the left of the mid-
sternal line. It has four chambers which serviediol the blood. The two upper
chambers, the right and left atria, are separayemiall called the interatrial septum.
The two lower chambers, the right and left venéisclare separated by a wall called the
interventricular septum. The heart muscle in th@necber walls serves to pump the
blood. The right ventricle pumps blood through plsdmonary trunk to the lungs, while
the left ventricle pumps blood through the aortd #moughout the body. Furthermore,
there are four cardiac valves which are locatetienheart at the entrance and the exit of
each ventricle. The heart has control of unidioeal blood flow through the chambers
by opening and closing the valves of the hearttfl®m valve opening and closure

results from differences in the blood pressurehentivo sides of the valve. There are



two atrioventricular (AV) valves, the tricuspid andtral valves. When the ventricles are
contracting the AV valves stop backflow through #tea. The other two valves are
called the semilunar valves and include the pulmpaad aortic valves. When the

ventricles relax these valves stop backflow throtighaorta and pulmonary arteries.
1.3 Cedllstypesof the heart

The heart contains different cell types that paréite in the structural,
biochemical, mechanical and electrical propertiethe heart. The main cell types
include the cardiomyocytes, fibroblasts, endothekdis, and smooth muscle cells. The
myocardium is composed of the atrial and ventricodéadiomyocytes to form the
muscular walls of the heart (Xin et al, 2013). h&ligh myocytes occupy two thirds of
the tissue volumepproximately 70% of cells within the myocardiune &ibroblasts
(Banerjee et al, 2007; Borg and Baudino, 2011; &uith et al, 2004)Fibroblasts
reside in the connective tissue (Krenning et al@®Gouders et al, 2009). Vascular
smooth muscle cells are found in blood vessel vealts endothelial cells line the inside

of the heart and blood vessels.
1.4 Myocardial cells (cardiac muscle cells) and fibroblasts

The myocardium of the heart houses the cardiac lmasds also called
cardiocytes or cardiac myocytes (Wolfgang Kihn€l30 The cardiac muscle tissue is
formed by an end to end arrangement of myocytgsa 8liding filament mechanism,
similar to skeletal muscle, the cardiac muscle r@ats. On the other hand, in contrast to
skeletal muscle cells, cardiac cells are brancsiealt, and wide, and have centrally
located nuclei. The human cardiac myocyte canraontonstantly 3 billion or more

times without fatigue. Myocytes measure approxatyat00 to 150 pum in length and 20



to 35 um in width, and each myocyte functions aawnnomous contractile unit (Severs
2000).

There are three types of cell junctions includimg gap junction, the desmosome
and the fascia adherens which are found at thecadsged discs between myocytes.
Mitochondria comprise 30% of the volume of the edtells and make those cells
highly fatigue resistant. Contractile myofilameotssist of actin, myosin, and
associated proteins. There are two types of nayofints thin actin filaments and thick
myosin filaments. The myofibrils are divided in&petitive sections called sarcomeres.
Sarcomere that have (A) dark bands, (1) light band (Z) discs which reflect the
arrangement of actin and myosin filaments. Theiearmuscle cell has sarcoplasmic
reticulum tubules for storing and releasindg Gahich contributes to the contraction
cycle (Marieb et al, 2013).

Fibroblasts are cells of mesenchymal origin andoaesent in every tissue in the
body (Krenning et al, 2010; Souders et al, 2008@rphologically, fibroblasts are flat,
spindle-shaped with multiple processes of connedissue surrounded by ECM.
Cardiac fibroblasts play a central role in the pbiggjical turnover of the ECM as well as
its pathological remodeling (Fan et al, 2012).Thegrete ECM proteins, cytokines,
TIMPs and MMPs, natriuretic peptides and growthdes Fibroblasts impact ECM
homeostasis, myocyte hypertrophy and apoptosisogegesis, and cardiac electrical
properties.

1.5 Pathological and physiological hypertrophy

They are two forms of cardiac hypertrophy, conderand eccentric, and the

change in myocytes is different depending upon twbige is occurs. Concentric



hypertrophy results in a thickening of the ventiacwall and is associated with
increased myocyte size while eccentric hypertra@sylts in a lengthening of the
myocyte and increased chamber diameter. Hypengroph be adaptive and
physiological or it can be pathological and ultislgptmaladaptive and detrimental to
function. Hypertrophy usually occurs in respors@gémodynamic stress from volume or
pressure overload and both types show increasddacagrowth or hypertrophy (Mone et
al, 1996). During pregnancy the heart developsighygical left ventricular

hypertrophy as a result of the natural volume @aatI(Li et al, 2012). In response to
normal exercise or pregnancy physiological hypehyoresults and is characterized by
an increase in cardiac pumping ability and musdssiMone et al, 1996). Pressure
overload leads to concentric hypertrophy. Volumerlmad-induced hypertrophy under
non-pathological conditions is characterized asopg@rtional enlargement of the
chamber size and the wall thickness (Dorn et @32@nd is reversible without aberrant
effects on cardiac function (Daniels et al, 1988jrR et al, 2000; Schannwell et al,
2002). Physiological hypertrophy involves normigamization of cardiac structure and
normal or enhanced cardiac function. On the dtlaed, pregnancy, unlike exercise, has
a continuous rather than sporadic force demanti@heart, and pregnancy is also
accompanied by changes in the mother's hormon#&osment (lorga et al, 2012).
Physiological growth is reversible in the instanfexercise- or pregnancy-induced
hypertrophy and is associated with normal cardiactire and normal or improved
cardiac function (Ferrans , 1984; Schaible and $&hg1984, Fagard 1997) (Fig.1).
Physiological hypertrophy occurs in pregnancy ialtiy women without heart disease

to allow adaptation to the extreme hemodynamic gbaithat occur during pregnancy.



These changes in the heart slowly return to noxalales during the post-partum period,
but complete resolution may take as long as 6 nsoaftier delivery in humans. In
contrast concentric hypertrophy is a hypertrophagh of a hollow organ without
overall enlargement, and occurs as a result obpresoverload, which is characterized as
increased wall thickness without a concomitant demenlargement. Pathological
hypertrophy occurs in response to chronic volumpressure overload in a cardiac
disease setting such as valvular heart diseaserteyysion, myocardial infarction, or
ischemia associated with coronary artery dise®sghological hypertrophy is also
typically associated with loss of myocytes, fibsysiardiac dysfunction, and increased
risk of heart failure and sudden death (Cohn €t397; Levy et al, 1990; Weber et al,
1993).

1.6 Extracdlular matrix

Extracellular matrix (ECM) is the collective groopproteins and
polysaccharides that surrounds most cells in t&sitecontributes to the structure and
function of a tissue (Lodish Freeman 2007). Th&/E&S the heart contributes to the
structural and functional integrity of the heartdygating an organized complex of
proteins and proteoglycans that service many fanst(Borg et al, 1993). In the
myocardium the ECM scaffold surrounds and suppbdscells such as the
cardiomyocytes and fibroblasts (Frangogiannis 20EX}JM molecules include collagen,
fibrillin, fibronectin, hyaluronic acid, proteoglgas and proteases and numerous other
glycoproteins and proteoglycans. Proteases break groteins. There are two main
classes of protease that breakdown ECM protein®AMDs (A disintegrin and

metalloproteinase domain-containing proteins) aldRd (Lockhart et al, 2011).
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Figure 1.1. Cardiac hypertrophy can be classifeglaysiological, which occurs during
pregnancy or in response to chronic exercise trgins reversible and characterized by
normal cardiac morphology and function. In corttragpertrophy that occurs in settings
of disease is detrimental for cardiac structurefandtion and can lead to heart failure.
Developmental hypertrophy is associated with thenab growth of the heart after birth
until adulthood. RV: right ventricle, LV: left vemtle. Normal/ physiological heart
growth is shown in green, pathological heart groistthown in red (Reproduced with
permission from Dr. Julie R. McMullen and Pharmagyl and Therapeutics).



ADAMTs and MMPs are in turn inhibited by TIMPs. d&r normal conditions,
all these players function in equilibrium to mainteardiac ECM homeostasis (Bowers
et al, 2010). The ECM is critical in both homessand pathological remodeling
(Manabe et al, 2002), where it maintains structstability, correct myocyte geometry
and provides for the transmission of contractiledéo/Caulfield and Borg, 1979; Weber
1989). The loose connective tissue matrix of tidoenysium fills the intercellular
spaces and containing a number of capillaries @teet al, 2013). Recent work has
revealed that the ECM is involved in cell-cell safing, regulation of cell proliferation,
and control of gene expression. It also aids ihdiferentiation, cell migration and cell
growth that aids the formation of cells into tissaad organizes their cellular functions
(Daley et al, 2008; Frantz et al, 2010). ECM rerig) is a key process for
development of cardiac hypertrophy, the post-myaieainfarction response, dilated
cardiomyopathy and heart failure (Swynghedauw 1999)

The cardiac myocytes of the myocardium are tetheygether by an intricate
framework of ECM proteins which provides structurdégrity to the tissue and a means
for optimal vectoral transmission of force (Baidwak 2003). Cardiac remodeling
includes myocyte hypertrophy and fibroblast proateon and alterations to the
expression and distribution of major structuraltpmes of the ECM. The different cell
populations of the heart vary in their ability t@ake and secrete different ECM
components. Various studies show that cardiaolfilasts are the main cells that
synthesize ECM components and secrete proteolyagrees such as the MMPs
(Eghbali et al, 1989; Pelouch et al, 1993). Cardilaroblasts are the primary producers

of MMP family members (Baudino et al, 200&)ibroblasts and vascular smooth muscle



cells (VSMCs) are involved in collagen type | aticahd fibronectin production, and
VSMCs, myocytes and endothelial cells produce lamsiand type IV collagen (Cohn et
al, 2000). Cardiac myocytes also produce collagesnd proteoglycans (Jane-Lise et al,
2000).

The cardiac ECM plays an important role in synaired beating of
cardiomyocytes to help the relaxation phase ohteat (Mishra et al, 2013). The
function of the healthy heart depends on an effedtansmission of force from cardiac
myocytes to the ECM scaffold and the ECM proteinteat and arrangement are
important for this process. Aberrant expressioBGM components can lead to cardiac
malformations like those found in congenital hetisease (Lockhart et al, 2011).
Understanding ECM turnover during LV remodeling parst-MI patients and targeting
ECM proteins will likely aid development of noveeatment strategies (Yabluchanskiy
et al, 2013).

The following describes the major ECM and ECM-as#ed proteins, collagen,
elastin, proteoglycans, hyaluron, fibronectin, laimj and integrins:

Collagen: Fibrillar collagens are the most abundant ofEM proteins. These
proteins provide structural strength by helpingiteate three-dimensional matrix
between cardiac muscle fibers (Bishop and Lauf&d85). Collagen structure is a unique
triple helix: a right-handed supercoil of thredleénded polyproline Il-like polypeptide
strands composed of regular Gly-XY repeats (typicd and Y are Pro and 4-
hydroxyproline (Hyp), respectively) (Beck and Brkys1998; Okuyama 2008). The
specific cellular functions of collagen are knowrbe elicited by the interaction of

specific epitopes displayed on the triple helixhneither collagen receptors (i.e.,



integrins, discoidin-domain receptors, and platglgtoprotein VI) (Lebbink et al, 2009;
Leitinger and Hohenester, 2007) or other collageadihg molecules (Giudici et al,
2008; Sweeney et al, 1998). There are at leadts2®ict collagen types expressed in
vertebrates. Several collagen types have beetifiddrwithin the myocardium

including types I, lll, 1V, V, VI and VIII (Chapmaat al, 1990; Iruela-Arispe and Sage,
1991; Kitamura et al, 2001). Approximately 70%8&%o of total cardiac collagen is in
the left ventricle and provides tensile strengfine majority of this collagen is type
collagen I. Collagen type Il makes up approxirhai®% of total cardiac collagen and
helps maintain the elasticity of the ECM netwoBarly pressure-overload hypertrophy
studies revealed increased collagen content asawellyocardial mass as a result of
experimental pressure overload (Bing et al, 197Hroughout systole, myocytes bear
the vast majority of the wall stress but the sunahng collagen transmits force and helps
maintain myocyte arrangement. In diastole, periaty®llagen fibers uncoil as the
ventricle fills; once these fibers are stretchetldoome straightened these fibers resist
further expansion, account for the steep portiothefend-diastolic pressure-volume
curve, and prevent myocytes from overstretchingis Toncept of the mechanical role of
fibrillar collagen in the heart emerged generdtisotigh correlative studies (Borg et al,
1981). Passive tension in cardiac muscle is daleet@ontribution of collagen, titin,
microtubules, and intermediate filaments. Morergigative modeling studies of
collagen structure and content to myocardial meiclsas needed to completely
understand the mechanical impact of changes iagefi type ratios and collagen cross-
linking. The fibrillar collagens are identified thistructural support for the matrix but

the non-fibrillar collagens are important regulator securing and organizing the ECM

10



meshwork. Type IV collagen is the major comporadrihe basement membrane.
Collagen IV constructs a scaffold with laminin, &etin, and perlecan to create a
collagen, proteoglycan, and glycoprotein meshworthe basement membrane
(Khoshnoodi et al, 2008; LeBleu et al, 2007). Tg/pé and VI collagen interact in the
basement membrane creating a connecting bridgeebatihe basement membrane and
the interstitial matrix (Kuo et al, 1997).

Elastin: Elastic fibers impart passive recoil, promotd aéachment and regulate
growth factor availability to dynamic tissues sashlung, aorta and skin (Kielty 2006).
Elastic fiber constituents (elastin and fibrillinarofibrils) are degraded by serine
proteases and MMPs (Ashworth et al, 1999). Indiald with cardiac disease and
increased MMP activation will eventually have reeldienyocardial elastin content which
is associated with increased ventricular stiffnessh as in the case of the spontaneous
hypertrophic rat with decompensated heart failMajgmdar and Tyagi, 1999). The
myocardium contains elastin in the walls of corgrnaipod vessels as well as in the
interstitium, but it is yet unclear whether elastontributions are significant to
myocardial mechanics (Fomovsky et al, 2010). Acsthemia disrupts the interstitial
elastin fibers (Sato et al, 1983), as well as pneseverload (Henderson et al, 2007) and
consequential heart failure (Cheng et al, 2006eén years ago (1999), Mujumdar and
Tyagi speculated that changes in both the elasliagen ratio rather than collagen
content alone controlled the increased diastalffness in pressure overload.

Proteoglycans. The ECM is composed of large proteoglycans (Ri&s)a
contain glycosaminoglycan (GAG) (Gao et al, 201jater flow in and out of the tissue

during loading regulates cartilage mechanics amdmgrolled by proteoglycans. There is

11



currently no evidence that proteoglycans play alammole in the myocardium, but it is
possible. Fluid movement is important to myocdradiachanics yet it is poorly
understood. Proteoglycans present in the myocardie frequently overlooked when
examining the cardiac ECM (Azeloglu et al, 200Byoteoglycans are known to be a
significant determinant of residual stress in aterbut their role in the myocardium
needs further study.

Hyaluronan: (HA) is the most abundant GAG in the developieguit.
Glycosaminoglycans are long unbranched polysaab&ahains of repeating
disaccharide units. Hyaluronan is a non-sulfatéds@omposed of an extra-long
carbohydrate chain which allows it to displacergdavolume of water. It can act to
absorb shock and affects the distribution and prarf proteins in ECM (Toole et
al,2004). In the developing heart, HA is foundhe cardiac jelly and later in
development in the AV canal and cardiac outflovettendocardial cushions tissues and
forming leaflets. Moreover, HA is also a presengicardial mesenchyme and in the
interstitial space surrounding the cardiomyocytethe myocardial structures in the
heart. HA and its receptor CD44 are present in the hdareaborn and adult rats
(Hellstrom et al, 2006 An experimental rat model of cardiac hypertipghowed
increased synthesis of HA and CD44 (Hellman e2@08).

Adhesive glycoprotens:

Fibronectin (FN): Fibronectin is a ubiquitous, multifunctional exdeflular
glycoprotein involved in cell adhesion, wound hieglimigration and tissue structuring
throughout embryogenesis (Hay 1991; Potts and Calyd®96). The structure of

fibronectin has a series of repeating FN I, Il #iidomains and is considered to be

12



synthesized by nearly all the heart cell types pkcardiac myocytes (Hein and Schaper,
2001). Fibronectin can interact with integrinsestECM proteins includingyaluronan,
heparin sulfatproteoglycans, collagen, fibronectin and other mualles (Pankov and
Yamada, 2002). In the myocardium, fibronectin wsstty located in the basement
membranes surrounding myocytes, smooth muscleamdndothelial cells (Ahumada
et al, 1981, Heling et al, 2000; Sharov et al, 3005

Laminin: The basement membrane glycoprotein laminin istarg cell adhesion
molecule with similar functions to fibronectin, antkdiates cell migration, expansion
and contributes to the structure of basement mamebr@l ryggvason 1993). Laminin
can bind integrin receptors. Pressure overloa@ttggphy results in an increased levels
of total laminin; however, in response to increasedkload differential expression of
laminin isoforms has been reported. The hyperiegpleft ventricle in the rat pressure
overload model exhibited increased laminin chaipregsion (Grimm et al, 1998).

Integrins. Integrins are heterodimers consisting of bofinaland beta subunits.
Integrins are expressed in both myocytes and fibsté in the myocardium, however
only a subpopulation of the known eighteeand eigh3 subunits have been identified in
these cell types. The subunitk, 03, a5 , 06, a7, a9 andal0 associate witf1l subunit in
the myocardium anfi3 andB5 expression have also been detected in cardmet(®Ross
and Borg, 2001). Integrins function as a familyrahsmembrane cell surface adhesion
receptors that mediate bidirectional signaling plasma membrane and anchor the
intracellular cytoskeletal proteins to the surrongdECM (Humphries et al, 2004).
Under normal conditions integrins allow signalimg¢eractions between cardiac cells and

matrix proteins to promote ECM homeostasis. Dugagliovascular disease ADAMs

13



proteases can attack integrins causing sheddinghwhduces cell-matrix interactions
(Fedak et al., 2006). Proteolytic cleavage ofgntes can also give rise to soluble
integrin fragments with the ability to bind varioB€M proteins and stimulate myocyte

attachment to matrix proteins during cardiac gro(@bldsmith et al., 2003).

1.7 Matrix metalloproteinases and Tissue inhibitors of
metalloproteinases are important regulators of extracellular matrix

remodeling

Matrix metalloproteinases are a group of extratailmatrix degrading enzymes
that are involved in normal matrix turnover, buttare also involved in causing adverse
remodeling which can result in ventricular dysfuoct(Berk et al, 2007; Umar et al,
2007). Matrix metalloproteases are zinc contaimaigium-dependent endopeptidases
which are released as inactive zymogens in a |&emt (Dhanaraj et al, 1996; Lindsey
and Zamilpa, 2012; Tyagi et al, 1993). MMPs arévated by autoproteolysis, serine
proteases, or other activated MMPs. In the lai®§% search for MMPS inhibitors
began (Hodgson 1995). At that time only a few MNtiad been identified, making their
individual functions difficult to assess. AbnormMMP enzyme activity aberrantly
increases proteolysis of extracellular matrix pragdeading to the loss of their
supportive role to cardiomyocytes. Such eventspte disorder in ECM protein
orientation and its coordination and can resulefhventricular dysfunction as well as
pump failure (Aggeli et al, 2012). MMPs can degradwide variety of extracellular
molecules including various bioactive moleculesvemty four MMP genes have been
identified within humans, which are classified isig groups based on domain

organization and substrate preference. Thesedacl@tromelysins (MMP-3, -10 and -
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11), Gelatinases (MMP-2 and -9), Collagenases (MIMF- and -13), Matrilysin (MMP-
7 and -26) , Membrane-type (MT)-MMPs (MMP-14, -185, -17, -24 and -25) and
others (MMP-12, -19, -20,-21, -23, -27 and -28)s84 and Nagase, 2003). Collectively,
these enzymes can degrade all components of threceltilar matrix thereby influencing
many essential processes, such as cell prolifexatiigration, differentiation, and death,
along with cell-cell interactions (Elkington et 2005). By modulating the expression
and activity of MMPs via TIMPs, fibroblasts can nifgctollagen production and
degradation (Truter et al, 2009).

MMPs are inhibited by TIMPghere are four TIMP types that have been
identified and exist within the ECM, these includ&P-1, -2, -3 and -4 TIMPs are
involved in normal and abnormal cardiac functionlsas cardiac fibrosis (Spoto et al,
2012), angiogenesis (Seo et al, 2003; Seo et al, )28 well as apoptosis (Finan et al,
2006; Kallio et al, 2011). Each type of TIMP disyd a different tissue expression with
all four types being expressed in the heart. TWM&«pression is abundant in heart. The
activity of MMPs is governed through activation andibition by other proteins along
with the TIMPs as well as at the transcription&kele As cardiac fibroblasts produce
both MMPs and ECM proteins, fibroblasts play a nble in the arrangement of ECM.

ECM remodeling is managed by the balance in agtofitMMPs by their natural
inhibitors, TIMPs. Studies of cardiac disease hasted disturbances in the equilibrium
between the TIMPs and MMPs in the failing heartehloccur transitional time points
(Graham et al, 2008)IMPs bind to MMPs stoichiometrically in a 1:1 @and once the
levels of MMPs are equivalent to TIMPs, proteolysiseutralized. In many

pathological situations, the concentration of MM$&mcreased as the TIMP levels are
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decreased, disturbing the balance in favor of théeemases. Such imbalance correlates
with extreme substrate turnover along with a woesketisease status. Animal models
have indicated direct causal roles of excess MMRigcin pathological left ventricle
remodeling. The effects of MMP activity dependswirether the pressure overload is
acute or chronic (Fingleton 2007).

Neutrophils are considered a rich source of MMRsutrophil infiltration occurs
as early as 15 minutes after the initiation of rapon in the heart (Frangogiannis
2012). MMPs cleave collagens and other ECM pretatrsite-specific locations to
generate ECM fragments (Villarreal et al, 2003).many pathological situations, this
degradation of ECM is accompanied by the continugmeeration of a fibrin-based

provisional matrix that provides structural supdortthe infarct region.
1.8 Other ECM proteinsand their genes:

Biglycan: Biglycan, an extracellular proteoglycan, is synibed as a 38 kDa
polypeptide core sequence, and is a member oftla#l Eeucine-rich repeat proteoglycan
or SLRP family (Mercado et al, 2006). It is encodéy the BGN gene (Traupe et al,
1992). The functions of biglycan include colladgdmil assembly (as it can bind
collagen), cell adhesion, and growth factor intBoas (as it can bind some growth
factors and regulate their bioactivity) (Ahmed e2803; Schonherr et al, 1995). It
regulates the expression and sarcolemmal localizati the intracellular signaling
proteins dystrobrevin-1 and -&;, B1-syntrophin and nNOS. It promotes muscle cell
integrity. Biglycan has a direct role in pathologliremodeling of cardiac tissue and
mediates cardioprotection (Bereczki et al, 2008ngiotensin Il receptor type 1 (AT1)

antagonism, which is a intervention well documeritetdalt cardiac remodeling during
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heart failure, can block the increase in target caydial biglycan expression (Ahmed et
al., 2003).

Versican : The VCAN gene encodes the ECM protein versiedarge
chondroitin sulfate proteoglycan and is a major ponent of the ECMvith a wide tissue
distribution which includes the vasculature (Kenaggl, 2006; Wight and Merrilees,
2004). In ECM it can bind hyaluronan and a varmtgther ECM molecules including
type | collagen, fibronectin, fibulins, tenascindhd integrins among others
(Zimmermann and Dours-Zimmermann, 2008). Duringettsoment of cartilage, heart,
hair follicles and kidney, versican is found ashiygexpressed in the mesenchymal cell
condensation areas and versican VO and V1 isoformgro are show to be involved in
the process of precartilage mesenchymal condensaitid subsequent chondrogenesis.
ADAMTS family members can cleave versican (Kerale2006).

Fibulin-2: Fibulin-2 is a calcium-binding protein encoded bg FBLN2 gene
and its mRNA is prominently expressed in mousethesue and is present in low
amounts in other tissues (Zhang et al, 1994). licontains multiple calcium-binding
sites in a tandem array of 11 epidermal growthdialtke domains and forms an anti-
parallel disulfide bonded homodimer (Pan et al,3t¥asaki et al, 1997). There is high
expression of fibulin-2 during cardiac valvuloséftemation. It is produced by
migratory cardiac mesenchymal cells that derivenfemdocardial cells (Bouchey et al.,
1996; Tsuda et al, 2001; Zhang et al, 1995). k2lserves as a scaffold protein in the
ECM by binding to a variety of ligands includingptyIV collagen, fibronectin,
fibrinogen, fibrillin, laminins, aggrecan, and vieen (Gu et al, 2000; Olin et al, 2001,

Sasaki et al, 1995)The fibulin-2 is produced by epicardial cells ugbair migration
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over the myocardial surface and expression peiisisghout coronary vasculogenesis
and angiogenesis (Tsuda et al, 2001). Fibulintigshleridging plasma membranes to the
basement membranes. During wound-healing, FBLN®Ines overexpressed and may
also influence tissue remodeling (Fassler et @61%trom et al, 2006).

Tenascin XB and C: Tenascin C and tenascin XB are two members of the
tenascin gene family encoded by the TNC and TNXiBegerespectively (Tee et al,
1995). A member of the tenascin family, also kn@srhexabrachion-like protein is a
glycoprotein that is expressed in connective tissoeluding skin, joints and muscles.
There are few studies that have shown that C-tedndiomains of human TNX bind to
major dermal fibrillar collagens and tropoelastifhe interaction has been mapped to the
fibronectin type Il repeat 29 (FNIII 29) and thet€minal fibrinogen domain (FbgX) of
TNX (Egging et al, 2007). Tenascin organizes galafibrils for both structure and
stability and impacts the rigidity and elasticitiytissues. Tenascin X, a product of
fibroblasts in the ECM can mediate fibrosis in flesence of collagen. Consequently,
Jing et al. showed tenascin facilitates myocarfthabsis and cardiac remodeling by the
transforming growth factopd and peroxisome proliferator-activated receptor
alcoholic cardiomyopathy (Jing et al, 2011).

Agrin: Agrin is an ECM protein encoded by the AGRN géRrepp et al, 1991).

It is involved in the accumulation of acetylcholireeeptors at the neuromuscular
synapse during embryogenesis. Agrin signals throdgSK, a muscle-specific receptor
tyrosine kinase which is also present at the neusauoiar junctior(Ngo et al, 2007). In
the myocardium agrin interacts with th® subunit of the NaK*-ATPase, and it

modulates the basal frequency of myocyte contragtiblgenberg et al, 2009b;
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Hilgenberg et al, 2009c). Myocytes from agrin nmit@ice show higher contraction
frequency which is reversed with agrin treatmend eating wildtype with agrin
antagonist shows a similar phenotype.(Hilgenbew),62009a)(Hilgenberg et al, 2009)
Heparinase-1: Heparinase is an en@b-glucuronidase that degrades the
sulfate side chains of the GAG heparin sulfatdheextracellular matrix (Nakajima et al,
1983). InB-adrenergic agonist-induced cardiac hypertrophgahaase expression
might be induced in ventricular myocardium and rhjglay an important role in cardiac
hypertrophy development (Kizaki et al, 2005). He heart, heparinase is synthesized by
endothelial cells as a latent 65-kDa form and e&epssed in lysosomes to become a 50-
kDa active enzyme (Zetser et al, 2004). It cledwagzarin sulfate at low-sulfation sites,
liberating sequestered ligands from surface HSP@lau(setti et al, 1997). It has also
been shown that through surface HSPGs, hepariaastigger intracellular signal
pathways including Src, Akt, and p38 MAPK.(Cui t2011; Fux et al, 2009)
Thrombospondin-1: Thrombospondin-1 (TSP-1) is a multifunctional matri
protein mediating inhibition of angiogenesis, praimio of apoptosis, cell to cell and cell
to matrix interactions (Crawford et al, 1998; Se=dlal, 2005). Thrombospondirns
encoded by the THBSdene. In ECM it exists as a large modular glyctgrn
component and contains three subunits (Wolf et390) It is expressed by
macrophages and endothelial cells in a highly reggdl manner and is also present in
platelet granules (Sheibani and Frazier, 1998%art be rapidly induced as for example
during vascular injury (Raugi et al, 1990)hrombospondin is upregulated during heart

failure and thought to be protective (Schellingale009).
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Procollagen C-endopeptidase: Procollagen C-endopeptidase is also known as
bone morphogenic protein 1 and encoded by the By#Pe and functions as a positive
regulator of collagen deposition (Ogata et al, 398 plays a role in cardiac fibrosis
(Kessler-Icekson et al, 2006). Procollagen C-er@tidase enhancer 1 increases its
activity. It may also play a key role in the ECNbguction during atheroma formation
and the proliferation of smooth muscle cells (Karakal, 2000), and may contribute to
cell growth and differentiation (Masuda et al, 1p98

Lysyl oxidase: Lysyl oxidase is a copper-containipgpteinthat is encoded by
the LOXgene (Hamalainen et al, 1991). Specific lysyl asibs catalyze the post-
translational modifications such as cross-linkifgallagen and elastin in the ECM. The
primary sources of lysyl oxidases in the heartcareliac myocytes and fibroblasts. The
enzyme induces oxidative deamination of ¢keamino group of selected lysine and
hydroxylysine residues of proteins resulting in fbienation of allysine and
hydroxyallysine. The percentage of cross-linkisg icontributing factor to diastole
function during the filling phase of the cardiaclkey(Yu et al, 2010). In addition, the
collagen cross-linkages appear to protect thellabrcollagen from MMP mediated
degradation (van der Slot-Verhoeven AJ et al, 200%jerefore, altered ECM
biomechanical properties and ventricular diastelechanics may result from elevated
concentrations of cross-linked ECM collagen.

Collagen 8 alphal: The COL8A1 (collagen type VI, alpha-1) gene enesnd
alpha 1 chain of collagen, type VIII. This collagierm is thought to control adherence,
migration, and proliferation of different cells (@ et al, 2009). Type VIII collagen is

localized within the vascular basement membranedtérendothelial cells (Wayne et al
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1996). This collagen is made by mast cells, endiaileells, keratinocytes and some
tumor cells (Shuttleworth 1997).

Collagen 3 alphal: The COL3A1 gene encodes the ECM collagen type I
alpha-1 protein (Janeczko and Ramirez, 1989; Sdperga et al, 1988). The expression
of COL3ALl is associated with chronic liver diseade=e et al, 2008). Collagen types |
and Il from fibroblasts form a network to assigteardiac cell alignment, interaction and
communication.

Collagen 5 alphal: The COL5A1 gene encodes the ECM protein collapg®
V, alpha 1(Greenspan et al, 1992). Collagen type V is arbetmer that is composed of
two proul1(V) chains and a single pu2(V) chain, which are encoded by the COL5A1
and COL5A2 genes, respectively (Ritelli et al, 20X3o0l5al expression was found in
the heart, dorsal aorta wall, mesonephric tubles)chial arches, and intestinal
mesenchyme (Roulet et al, 2007).

Collagen 1 alpha2: The COL1A2 gene, which encodes tiieando2 chain of
type | collagen, COL1A2 chain protein (Malfait ét 2006; Retief et al, 1985). COL1A2
is overexpressed in intracranial aneurysms amocetéd on 7g22.1 where the best
evidence of linkage was detected (Voss and Rautgrth@86; Yoneyama et al, 2004).
Occasionally, mutations in COL1A2 result in a remen of Ehlers-Danlos syndrome

Collagen 1 alphal: Type | collagen is a heterotrimer consisting o tul (1)
chains and one2 (1) chain, encoded, respectively, by the COL1A#l &OL1A2 genes.
In the skin, type-I collagen chain is the most atant ECM protein and is necessary for
differentiation, normal growth, and wound repaio\{rell et al, 1999) Collagen-I

enhances ECM cross-linking, resulting in increasedhanical strength in the wound.
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Tightly regulated synthesis of these two moietiesuees a 2:1 ratio of COL1A1 and
COL1A2 (Kanji et al, 2014; Karsenty and de, 1993phme mutations in COL1A1 result
in a rare form of Ehlers-Danlos syndrome.

TIMP1: Tissue inhibitor of metalloproteinase 1 is enabtg the TIMP1 gene.
This enzyme is produced and secretedilimpblasts, macrophages, endothelial cells,
VSMCs and cardiomyocytes (Vanhoutte and HeymanK)RO0TIMP1 inhibits all
MMPs, but it can’t inhibit MMP-2 and MT1-MMPJreemers et al., 2003 The effect of
TIMPL1 in the heart is decreased cardiac inflamnmadiod reduced hypertrophic response
(Heymans, 2005, Heymans, 2006).

TIMP2: Tissue inhibitor of metalloproteinase 2 is enabtdg the TIMP2 gene.
This enzyme is produced lfifproblasts, endothelial cells, macrophages, VSisi@
cardiomyocytes. It inhibits all MMPs, except MMP&hd activates pro-MMP-2
(Vanhoutte et al, 2006).

TIMP3: Tissue inhibitor of metalloproteinase 3 is encobdgdhe TIMP3 gene.
The cellular sources afiroblasts, VSMC and cardiomyocytes. TIMP3 inksdviIMP-
1, -2, -3, -9 and -13, spontaneous hypertrophigaese, LV dilatation and contractile
dysfunction (Fedak et al, 2004). It reduces film@hd increases proliferation, apoptosis,
and angiogenesis (Tian et al, 2007). It contributel V dilatation and mortality and
dilated cardiomyopathy (Kassiri et al, 2005).

TIMP4: Tissue inhibitor of metalloproteinase 4 is enabtg the TIMP4 gene
metalloproteinase 4 (TIMP-4) this enzyme is producebyfibroblasts, cardiomyocytes

,VSMCs. TIMP4 inhibits MMP-1, -3, -7 and (¥anhoutte et al,2006).
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MMP2: Matrix metalloproteinase 2 is encoded by the MNMjege, falls under
the gelatinasgroup, and is also called gelatinase A or matretatiopeptidase 2
(Devarajan et al, 1992). The cellular sourciasoblasts, cardiomyocytes, macrophages,
T- and B-lymphocytes and VSMC®ne of the major known functions of matrix
metallopeptidase 2 is to degrade collagens inctutlipes I, IV, V, VII, X, Xl and XIV
collagen, aggrecan, decorin, elastin, fibronegalectin-3, gelatin, hyaluronidase-treated
versican, laminin-1 and-5, and osteonectin. Ex8#g$2 activity in the heantesults in
slower wound healing, decreased inflammatory respamd cardiac rupture (Matsumura
et al, 2005).MMP2 has a role in myocardial remodeling in a nunmdfecardiovascular
diseases, including idiopathic dilated cardiomybgatnd ischemic and myocardial
infarction (Braunhut and Moses, 1994; Coker e1889). Additionally, in vascular
remodeling of hypertrophied heart it prevented peesgion to ventricular dilation,
increased capillary formation as well as severeshypphy and dysfunction as result of
vascular remodeling (Friehs et al, 2006).

MMP3: Matrix metallopproteinase 3 is encoded by the N8\jéne, falls under
thestromelysingroup, and is also called stromelysin-1or matretatiopeptidase 3 (Zhu
et al, 2011). The cellular source for this enzysféroblasts, cardiomyocytes, and
VSMCs. One of the major known functions of MMP3 is to it collagens including
types lll, IV, V and IX collagen, aggrecan, decoefastin, entactin, fibronectin, gelatin,
hyaluronidase-treated versican, laminin, largegemaC, ostenectin, perlcan, and
proteglycan linked protein. There is no the carditiectobservedvith MMP3deletion

in mice (Heymans et al, 1999).
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MMP11: Matrix metalloproteinase 11 is encoded by the Ml¥Bene and is
also called stromelysin-3 or matrix metallopeptalad (Li et al, 2000). MMP11 targets
include: gelatin, insulin-like growth factor-bindgjmprotein-1, the laminin receptor, serine
proteinase inhibitors (such a%-proteinase inhibitoly1PI, anda2-antiplasmin), type VI
collagena2-macroglobulin an@-casein (Barrasa et al, 2012; Motrescu et al, 2008)

MMP13: Matrix metalloproteinase 13 is encoded by the Mi@IBene, falls
under theCollagenaséamily, and is also called Collagenase-3 or matrix
metallopeptidase 13 FibroblastproduceMMP13. It is involved in the breakdown of
collagens including type I, II, 111, IV, IX, X an&IV collagen, aggrecan, fibronectin,
gelatin, large tenascin-C, osteonectin, and penleddevertheless, MMP13 deletion in
mice has no significant effeoh the hear(Vanhoutte et al,2006).

MM P14: Matrix metalloproteinase 14 is encoded by the MKIBene and is the
first member of thé/T-MMP group, whose members are membrane inserted algas
called Membrane-type MMP (MT1-MMP) or matrix metgdeptidasel4. It is produced
by fibroblasts, cardiomyocytes, and VSMCs. MMP14 plaegle in ECM remodeling and
isinvolved in the breakdown of collagens includingeyl, Il and III collagen,
fibronectin, laminin , elastin, casein, vitronec¢tyelatin entactin, large tenascin and
proteoglycan under physiological and pathologicaiditions. However, there is no the
cardiac effecbbservedn the MMP14 null mouse (Klawitter et al, 2011r¢kid et al,
2002.

MM P15: Matrix metalloproteinase 15 is encoded by the M&Bene and is the
second member of thdT-MMP group. It is also called Membrane type-2 matrix

metalloproteinase (MT2-MMP) or matrix metallopepisé 15 and is membrane inserted.
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MMP15 is responsible for degradation of various ponents of the ECM under
physiological and pathological conditions.

MMP16: Matrix metalloproteinase 16 is encoded by the MigBene and is the
third member of th&AT-MMP group. It is also called Membrane type-3 matrix
metalloproteinase (MT3-MMP) or matrix metallopepisé 16 and is membrane inserted
Additionally, MMP-16 can not only directly degrademe matrix molecules, However, it
can also activate pro-MMP-2 (gelatinase A). Thailteng activated MMP-2 hydrolyses
collagen type IV and other connective tissue sabestrand is thought to be one of the
most important MMPs in tissue remodeling and cedration (Planutiene et al, 2011,
Walsh et al, 2007).

MM P25: Matrix metalloproteinase 25 is encoded by the MBIB2ne and is the
sixth member of th&/T-MMP group. It is also calletype 6 metalloproteinagMT6-
MMP) or matrix metallopeptidase 25. vtas first detected in polymorphonuclear
leukocytes.Functional studieshowed that MT6-MMRs involved in the breakdown of
type I-1V collagens, gelatin, fibronectin, and filjEnglish et al, 2001). MMP-25 has
been suggested to have a role in inflammationyleelmigration, and is linked to tumor
invasion (Kuula et al, 2008).

MM P28: Matrix metalloproteinase 28 is encoded by the MBIB2ne and is
alternatively named epilysin or matrix metallopdpse 28 (Marchenko and Strongin,
2001). MMP28 was expressed in keratinocytes astéstand in response to injury. The
number of normal tissues which express it includimgheart, skin, lung, intestine, testes,
and brain as well as a variety of tumor and tunatirimes (Padmavati et al, 2013).

During wound repair, MMP-28 may play a key roleepithelial cell proliferation and
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may also play a key role in the restructuring alyeformed basement membrane. (Ma
et al, 2013). MMP28 was play increase interes nolvivo, however, little is known
about its substrates. Recombinant MMP28 has lerted to degrade casein in vitro
and is thought to cleave several neural proteiok a8 neurite outgrowth inhibitor A
(Nogo-A), neural cell adhesion molecule (NCAM-1areuregulin 1 (NRG1) (Lohi et
al, 2001; Werner et al, 2008; Werner et al, 2007).
1.9 Aims of thisstudy

A wealth of information regarding gene changedmhearts of various models
of pathological cardiac hypertrophy exists, yet¢his only limited information about the
gene expression changes that accompany the physaldypertrophy of pregnancy and
its reversal during the post-partum period. s frioject, we have two aims. Aim | is to
utilize microarray analyses to determine changegire expression in the left ventricle
of the hearts of pregnant and non-pregnant mideatigarelated to extracellular matrix
and pathological cardiac hypertrophy states. Aim fo quantify by real-time PCR
changes in specific MMP and TIMP mRNA expressiothm left ventricle of the hearts

from non-pregnant mice and mice durprg@gnancy and the early post-partum period.
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CHAPTERZ2

MATERIALS AND METHODS

2.1 Animals.

Age-matched 3-4 month old non pregnant and timedrmant C57BL/6 mice
were purchased from Jackson Laboratories (Bar Halhg) and divided into 4 groups
(n = 4-6 per group). Animals were housed underdatied conditions. All of the animals
were handled and euthanized under the guidelinemiviersity of South Carolina
Institutional Animal Care and Use committee. Anisnaere subjected to isoflurane
inhalation until toe pinch reflex was lost, subgztto cervical dislocation, and
decapitated to collect trunk blood. Animals wesergiced under the following states:
1) non-pregnant mice in diestrus mice (checkedydar two consecutive cycles by
vaginal smears) (Champlin et al, 1973), 2) Mic&atlays of pregnancy (mid-
pregnancy) where cardiac remodeling is well undgn8aMice at 18/19 days of
pregnancy (late pregnancy) where the demands dmetie are the greatest, 4) Mice at
1.5 days post-partum when the heart's structurettee process of returning to the non-
pregnant state, a process that is believed to i@lete by post-partum day 1 in mice
(Gonzalez et al, 2007).

2.2 Cardiac tissue collection

The body weight, heart weight, kidney weights, luwejght, tibia length, and

number of embryos were recorded for each mouseaheisacrifice, the left ventricles

and other tissues (uterus, ovary, liver, hearbledts devoid of the ventricles) were
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immediately frozen on dry ice or in liquid nitrogand stored at -80 °C for later RNA
isolation.
2.3. Quantitativereal-time PCR (Q-PCR)
2.3.1. RNA isolation

Frozen tissues were maintained on dry ice afteovafrom the -80 °C. RNA
was isolated using Trizol reagent (cat#15596-02f¢, Technologies) and the Qiagen
RNeasy kit. Excess Trizol reagent was added tefidissue in a glass dounce
homogenizer on wet ice and dispersed with 15-2ikefr. Lysates were transferred to
microfuge tubes and spun 10 min in an Eppendorigerfated microfuge at 12000xg at 4
°C to pellet debris and then the supernatant tearesf to new tube. Lysates were
allowed to sit for 5 min at room temperature t@alldissociation of ribonucleoprotein
complexes. The volume of supernatant was measum@@.2 ml chloroform was added
to each 1 ml of Trizol. The tube was vigorouslylksraby hand for 15 seconds, then let
sample to sit for 3 min and spun for 10 min at X2@Pat 4 °C. The mixture was
separated into a lower red phase and a colorlgsr @gueous phase. The upper aqueous
phase was collected as the interphase was avoieelaqueous phase was placed in a
new tube. After measuring the volume an equalmelwf 70% ethanol was added to the
aqueous phase and the tube was vortexed and sangrkefoaded into an RNeasy
column with collection tubes and centrifuged al09Xy for 30 seconds. After discarding
the flow-through, RW1 buffer (700 pl) from the Qeagkit was added to column and was
centrifuged at 9,000xg for 30 seconds and flow ERRsh buffer (500 ul) was added to
column with new collection tube and centrifuge® &00xg for 30 seconds. After the

flow-through was discarded the another 500 ul oERBffer was added, centrifuged at
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9,000xg for 2 minute and finally the flow-througlasvdiscarded from collection tube.
The column with the bound RNA was dried by cengétion at 9,000xg for 2 minutes.
RNase-free water (40) was added to the column matrix and eluted byrspig 2
minutes at 9,000xg and then kept on ice for usstared at -80 °C. RNA was quantified
using a Biophotometer (Eppendorf) at 260 nm. [mhd were made for cDNA synthesis
and stored at -80 °C.

2.3.2 Microarray analyses:

Gene expression profiling or microarray analysiabdé®s measurement of
thousands of genes in a single RNA sample andvifassused for this purpose with left
ventricular RNA. Purification of RNA was performeding Trizol and the Qiagen
RNeasy kit as above. Samples for microarray aralysere screened for quality by
Expirion (Biorad) RNA analysis chip. An aliquot ligh quality RNA (n = 2 per group)
was sent to the MUSC Medical University of Southidliaa Proteogenomics Facility for
microarray hybridization to AffymetrixGeneChip Mau&ene 2.0 ST array. Dr. Jeremy
Barth at the MUSC searched the Gene Ontology (8f@) tatabase for genes related to
extracellular matrix and cardiac hypertrophy arerigsulting list was supplemented
from the literature. These gene lists were usdti@basis of examining gene changes
initially from data from an existing NCBI GEO dagagtGSE36330 (entitled:
comparison of exercise and pregnancy-induced caldipertrophy) and subsequently
from data derived our animals and the Affymetri@ 3T arrays.

Briefly, total RNA samples will be converted irtietin-labeled and fragmented
cRNA and then hybridized to Affymetrix mouse GengChO ST using established

procedures. Hybridized arrays were washed, floarmty labeled and then scanned in an
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Affymetrix 7G scanner. Resulting hybridization aatill be normalized by RMA
algorithm and then filtered by fold change andistiagl (t-test) thresholds to identify
genes differentially expressed between experimamalcontrol samples at acceptable
false discovery levels (e.g., <56%). Pathway emnieht was also evaluated with Partek
software. Heat maps were created for the lisextaicellular matrix genes and cardiac
hypertrophy genes.
2.3.3. cDNA synthesis

cDNA was synthesize using the Biorad iScript cDNyatBesis Kit (cat# 1636,
Bio-Rad). The cDNA synthesis reaction consisteddl of RNA, 4 ul of 5X buffer
iScript reaction mix, andyi of iScript Reverse Transcriptase mix. cDNA syrsike
reaction were added to a 0.6 ml PCR tube for eastpke and placed in the room
temperature for 2 minute before putting in thermaller and then cDNA synthesis was
carried out in a thermal cycler (Effendorf, HauppauNY). The cycle consisted of 25
°C for 5 minutes, 42 °C for 30 minutes, and 85¢®Cfminutes, and 4 °C hold. After
cDNA synthesis, each sample of the cDNA was dilutetd 60 ul RNase-free water and
stored at -20° C for later usage for real time PCR.
2.3.4. Real time PCR

Validated mouse primers for PCR were purchasead ffgagen Superarray.
Standard curves were generated for each primefT$et.genes evaluated were: TIMPL,
TIMP2, TIMP3, TIMP4, MMP2, MMP3, MMP11, MMP13, MME1L MMP15, MMP16,
MMP25, and MMP28. RNA levels for each tissue samwpére derived using the
standard curve method and normalized to intern@irobrplp0 mMRNA levels. All PCR

primers were initially tested for single producssassessed by single peaks in melt-
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curves and by visualizing the correct size ban@%nagarose gels. Standard curves
were generated by initially amplifying the amplic@urifying it using the Qiagen PCR
purification kit, quantifying the amplicon and magi10-fold serial dilutions of the
amplicon, followed by real-time PCR amplificatiohtbe dilution series.

Quantitative polymerase chain reaction was perfdrosng real-timé&CR. We
used SYBR-green based reagents (BioRAD Sso-Advakiestiermix) for real-time PC
with cDNA from the left ventricle of each animdh some cases, leftover heart tissue
(right ventricle and septa) RNA was also examingddal-time PCR (not shown). All
primers used are listed in table 2.1. Quantificati@as performed by real-time PCR using
the standard curve method. cDNA samples were &stpln duplicate and repeated if
numbers varied by more than 0.8 Ct. A water nggatontrol was included in each PCR
run. PCR reactions consisted of 4 ul cDNA (20 hgl) primer mix assay, 5ul RNase-
free water and10 pl 1X SSoAdvanced SYBR Green mmaste Real-time PCR was
performed using an I-cycler (Bio Rad Hercules, @#Ath the initial denaturation, 1X, 95
°C for 1.5 min, followed by 35 cycles of denaturatior 15 seconds at 95 °C, annealing
for 15 seconds at 60 °C, elongation for 30 secahd®° C, followed by 10 min final
extension at 72 °C, and a melt curve using 80 syal®.5 °C increments starting at 60
°C. The expression profile of each gene analyya@dl-time PCR was visually
compared with the microarray results to determiled trends were similar or different.
2. Data and statistical analysis

The amount of target mMRNA for each sample was pgteded from a standard
curve generated for each primer set and an exaspleown in Figure 2.1. Each target

MRNA amount was normalized to amount of rplp0 mRNAhe sample. All results are
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expressed as mean + standard error of mean (SBMIR ratios were In-transformed and
analysis of variance (ANOVA) preformed. Statiskisgnificance was tested with
analysis of ANOVA followed by Tukey’s post-hoc tést multiple group comparisons
and GraphPad Prism version 3.02 for Windows (GrapgHboftware, Inc, San Diego,
CA) was used for statistical analysis for at |dasatth independent sets of samples of
MRNA in left ventricle tissues of female mice fdirraal-time PCR data. The mean and
standard error of the mean were used on this study:-value less than or equal to 0.05

was regarded as significant.
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Table2.1. Summary of primersused for real-time PCR analysis of mMRNA
expression.

Official Name Gene Gene bank Reference | Amplic | Standard

Symbol | Accession # Position | -on size curve
(bp) slope

Tissue inhibitor of | TIMP1 | NM_011593.2| 710 83 -3.30

metalloproteinase 1

Tissue inhibitor of | TIMP 2 | NM_011594.3| 960 116 -3.27

metalloproteinase 2

Tissue inhibitor of | TIMP3 | NM_011595.2| 702 75 -3.59

metalloproteinase 3

Tissue inhibitor of | TIMP4 | NM_080639.3| 726 156 -3.37

metalloproteinase 4

Matrix MMP2 | NM_008610.2| 2258 63 -3.45

metallopeptidase 2

Matrix MMP3 NM_010809.1| 1175 94 -3.38

metallopeptidase 3

Matrix MMP11 | NM_008606.2| 1470 94 -3.49

metallopeptidase 11

Matrix MMP13 | NM_008607.2| 1145 88 -3.21

metallopeptidase 13

Matrix MMP14 | NM_008608.3| 1904 122 -3.36

metallopeptidase 14

Matrix MMP15 [ NM_008609.3| 1108 116 -3.39

metallopeptidase 1%

Matrix MMP16 | NM_019724.3| 1769 143 -2.99

metallopeptidase 16

Matrix MMP25 | NM_00103333 2061 191 -3.50

metallopeptidase 2% 9.3

Matrix MMP28 | NM_172797.2| 2227 161 -3.49

metallopeptidase 28
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CHAPTERS
RESULTS

3.1 Animal tissue data and heart weight/tibial length

The body weight (BW) of each mouse was recordedrbefacrifice. Hearts were
weighed after removal of excess blood. Table Bdlws the mean body weights, heart
weights (HW), tibia length (TL), right and left kidy weights, HW/BW and HW/TL for
each animal. Tibia length was used for normaliatf heart weight (HW/TL), as it has
been previously demonstrated to be more relialale ttormalization based on body
weight (Wei et al, 1984; Yin et al, 1982). Mearahaveight were normalized to tibia
length for each group of animals (virgin, day 18grancy, day 18/19 pregnancy and
post-partum 1.5 day). As predicted, late pregnamd/the early post-partum period
were associated with a significant increase inthe@aight. There was no difference
between day 12 groups and virgin group heart weightmalized to tibia length. There
were significant increases in the HW/TL of the d&y19 group and post-partum 1.5 day
group compared to the virgin group. There washarease in the HW/TL for day 18/19
and post-partum 1.5 day compared to the day 12pgrdtere was no difference between

the day18/19 and post-partum 1.5 groups (Figure 3.1
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3.2 .Microarray data: Differentially expressed genesin theleft ventricle.

The GEO database (GEOset) contains publicly addessiicroarray datasets. To
reveal differentially expressed genes, we geneiaati maps for the GEO dataset
GSE3633(nd our 2.0 ST microarray data for both the GOdistxtracellular matrix
genes (Figures 3.2 and 3.3) and cardiac hypertrgphgs (not shown). For our animal
study and the 2.0 ST microarrays (Figure 3.3) GBerllular genes were differentially
expressed and 147 probe sets were differentiaffyessed for the GEO dataset
GSE36330 arrayThe differential expression criteria was P<0.0saetn any possible
pairwise comparison (unadjusted student's t-tédte heat map represents the relative
expression of the genes across the 4 groups witha@mal represented individually in
the heat map.

As shown in Figure 3.2 the genes between 49-Wnitigless-related MMTV
integration sitel 63-Lamc3: | laminin gamma3 wenedr in the virgin mice and higher
in day 18/19 mouse left ventricles. The genes shostween 1-Tfipl1: tuftelin
interacting protein 11 to 21-Agrn: agrin appeamieigin post-partum left ventricles.
From 49-wingless-related MMTYV integration site @ ®6hbs1: thrombospondin 1 were
higher on day 18/19 pregancy and post-partum 1ly5.delowever, with some exceptions
virgin and day 12 animals were lower for genegtidstom 1-Tfip11: tuftelin interacting
protein 11 to 63-Lamc3: laminin gamma3 except thieeg from 23Seracl: serine active
site containing 1 to number 3Btbp1: latent transforming growth factor beta bimgli
protein 1.

Figures 3.4, 3.5, 3.6 and 3.7 show heat mapstected ECM genes discussed in

the Introduction section. These 25 genes revakirg differences in their temporal
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pattern of gene expression depending on the statieegnancy. Dayl18/19 of pregnancy
and the post-partum period showed versican ananibwspondin 1 genes were increased.
Genes increased at post- partum day 1.5 includgydain, versican, fibulin 2, tenascin
XB and C, agrin, and thrombospondin 1; howelieparanase was lowest in post-partum
animals and highest in day18/19 mice. Data in f@@u5, show that some collagen-
related genes were increased post-partum micedimg/yprocollagen C-endopeptidase
enhancer protein collagen, type |, alphadlagen, type Ill, alpha 1 collagen, type V,
alpha 1 and collagen, type VIIl, alpha 1. FigBesand 3.5 shows that most of these
genes were lower in virgin and day 12 mice withekeeption of bioglycan in virgin
fibulin 2, agrin and thrombospondin 1 which had edxesults on day 12 ,which showed
higher expression in the virgin and day 12 mice.

Data in Figures 3.6 and 3.7 showed that TIMP1MMP3 were higher in the
day 18/19 and post-partum mice, while TIMP1 wasdpim virgin and day 12 mice.
TIMP2 gene expression was increased in the postipgreriod whereas the other
groups had lower overall expression. TIMP3 didstaiw any pattern by microarray
(not shown) By microarray TIMP4 mRNA was lowest in the virgirogp but the other
groups were higher. MMP2 and MMP14 mRNAs were égjhin the day 12 mice while
other groups were had lower expression. MMP11 gepeession was lowest in day
18/19 mice. In the virgin amabst-partum groups MMP13 gene expression was lowest
while on day 12 MMP13 gene expression was highgstibroarray (Figure 3.7). By
microarray, MMP15 and MMP16 gene expression wabkdrign virgin and day 12 mice
and in day 18/19 was lowest and post-partum micgee to be less than the virgin

group. MMP25 gene expression was low in all groofpmice with the exception of one
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mouse at day 18/19. MMP28 gene expression was@l groups of mice except
dayl2 were it was higher.
3.3 Real-time PCR resultsfor TIMPs

The entire set of four TIMP mRNAs was evaluateshgsjPCR and was selected
based on our initial analysis of the GEO datasetaarray results and that TIMPs are
endogenous inhibitors and important for ECM remiodel Figure 3.8 shows there was a
tendency of 18/19 and post-partum 1.5 day aninca&ve a higher mean in TIMP1;
however this was not significantly different frorther groups. For TIMP2 mRNA
expression there was a tendency for virgin and-pagum 1.5 day animals to have the
lowest means; however this was not significantffedent from other groups (Figure
3.9). We found that TIMP3 was not significantlyfeient between groups (Figure 3.10)
and this was consistent with the array findings. shown in Figure 3.11, TIMP4 mRNA
in the virgin and day 12 groups were significartigher than the post-partum day 1.5
group (P<0.05). The day 18/19 group was signifigamgher than the post-partum
group (P<0.01).
3.4 Real-time PCR resultsfor MM Ps

We selected a set of nine MMP genes to evaluatgyug?CR based the
microarray results. For MMP2 mRNA, there was al&ty for virgin animals to have
the highest mean, but it did not significantly diffrom the other groups (Figures 3.12).
As shown in Figure 3.13, MMP3 mRNA in the pregnaday 12 group was significantly
lower than the day 18/19 group (P<0.05). Thereavner other differences between
groups. A decrease in MMP11 mRNA in the post-pargoup was observed and was

not significantly changed between the groups (Fedui4). MMP13 mRNA in the post-
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partum group was significantly lower than day 18¢t8up; there were no other
differences between groups for MMP13 mRNA (Figwts3. MMP14 was not
significantly changed between the groups (Figui®)3. MMP15 had no significant
change between groups (Figure 3.17). The postipagroup had the lowest MMP16
MRNA but was not significantly different from othgroups (Figure 3.18). There was no
statistically significant difference in the gengeession levels of MMP-25 found
between groups (Figure 3.19). mRNA expression fof28 did not vary significantly

among groups (Figure 3.20).
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Table: 3.1. The mean body weights, heart weights, tibia length, right and left kidney
weight, ratio HW/BW and ratio HW/TL for each animal.

M easur ement Virgin Day 12 Day 18/19 PP1.5
(n=6) (n=5) (n=6) (n=4)

body weight (g) 19.41+ 23.76+0.408 | 34.21+1.72 24.23+1.04
0.528

heart weight (g) 0.103+ 0.097+0.003 | 0.119+0.002 127 0.009
0.006

tibialength 1.792 1.76+0.735 | 1.77+0.0421 1.750+ 0.50

(cm) 0.037

number of 0 5.80+0.734 6.33:1.145 6.250+ 0.479

embryos

right kidney 0.133% 0.15+0.010 0.17+0.007 162+ 0.0105

weight (Q) 0.006

left kidney 0.134+ 0.15+0.011 0.15+0.005 | 0.159+0.0100

weight (g) 0.006

lung weight (g) 0.131+ 0.168+0.011| 0.14+0.006 | 0.146+0.0063
0.008

HW/BW (mg/g) 5.373¢ 4.10+£0.173 3.56+0.224 | 5.2610+0.309
0.396

HW/TL 5.820+ 5.55:0.253 6.80+£0.205 | 7.281.£0.472

(mg/mm) 0.404

-Values expressed as mean 4 standard error of mean.

-n = number of mice per group.

-Groups represent virgin mice in diestrus, micdagt 12 pregnancy (Day 12), mice at
day 18/19 pregnancy (Day 18/19), and mice at pagtsg day 1.5 (PP1.5).
-Abbreviations: BW, body weight; HW, heart weight,, tibia length.
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Figure3.1. Theratio of heart weight to tibia length (HW/TL) for the four groups of
female mice. Groups represent virgin mice in diestrus, miceagt t2 pregnancy (day
12), mice at day 18/19 pregnancy (day 18/19), aiue it post-partum day 1.5 (PP1.5).
The bars represent mean and SEM for n = 5 virgimals, n = 4 animals at day 12 and
PP 1.5, and n = 6 animals for day 18/19. Dataamatyzed by ANOVA followed by
pairwise T test. * indicates P<0.05 vs. the virgioup, # means P<0.05 vs. dayl12, +
indicates P<0.05 vs. day 18/19.
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Figure 3.2. Heat map showing differential expression of extracellular matrix genes

in theleft ventricle from GEO dataset GSE36330. Redrepresents the most highly
increased genes, blue represents the most higbigaled genes, and white indicates no
relative change in expression.
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Figure 3.2 Continued.
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Figure 3.3. Heat map showing differential expression of extracellular matrix genes
in theleft ventricle as measured by our Affymetrix 2.0 ST array. Redrepresents th
most highly increased gendduerepresents the most highly decreased genes, anel
indicates no relativehange in expressi or intermediate levelsVirgin micewere in
diestrus, P day 12 and day18/19 indicate the d@yeginancy, and ppl.5 represents-
partum day 1.5.
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Figure 3.4. Individual gene profilesfrom the heat mapsfor selected genes discussed
in the Introduction from our array Affymetrix 2.0 ST. Colors represent relative
expression with blue being less and red indicagiregter relative expression and white
being intermediate (no relative chang¥)rgin mice were in diestrus, P day 12 and
day18/19 indicate the day of pregnancy, and ppdpgesents post-partum day 1.5.
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Figure 3.5. Individual gene profilesfrom the heat map for selected collagen and
collagen related genesin left ventricles. This part of théneat map comes from o
array Affymetrix 2.0 STColors represent relative expression with blue dgpéess anc
red indicating greater relative expres:and white intermediate or neutrdlirgin mice
were in diestrus, P day 12 and day18/19 indicataltyeof pregnancy, and pp]
represents pogtartum day 1.5
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Figure 3.6. Individual gene profilesfrom the heat map for TIMP1, TIMP2 and
TIMP4 gene expression in left ventricles. TIMP3 was not included in the heat map
analysis because it showed no changes. TIMPI1cdatas from our array Affymetrix
2.0 ST while TIMP2 and TIMP4 data come from GECadat GSE36330. Colors
represent relative expression with blue being éegbred indicating greater relative
expressionVirgin mice were in diestrus, P day 12 and dayl&iticate the day of
pregnancy, and ppl.5 represents post-partum day 1.5
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Figure 3.7. Individual gene profilesfrom the heat mapsfor MM P2, MM P3,

MMP11, MMP13, MM P14, MM P15, MM P16, MM P25, and MM P28 in left
ventricles. MMP11, MMP13, MMP25 and MMP28 data comes from auay
Affymetrix 2.0 ST. MMP2, MMP3, MMP14, MMP15 and MRL6 data comes from
GEO dataset GSE36330. Colors represent relatipeesgion with blue being less and
red indicating greater relative expression and evbéing neutral or no relative change.
Virgin mice were in diestrus, P day 12 and dayl&iticate the day of pregnancy, and
ppl.5 represents post-partum day 1.5.
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Figure 3.8. Thelevd of tissueinhibitor of metalloproteinases 1 (timpl) mRNA in left
ventricle tissue of female mice as measured by qPCR. Virgin mice were in diestrus,

day 12 and day18/19 indicate the day of pregnaay,ppl.5 represents post-partum day
1.5. Bars represent mean and SEM for n=5 virgimals, n=4 animals for day 12 and

pp 1.5, and n=6 animals for day 18/19. ANOVA was significant.

48



TIMP2

=1
£:1000 -
< ]
< 800
o

-

N 400 -
g 200

virgin day 12 day18/19 ppl5

(@3]

o

o
I

o

Figure 3.9. Thelevd of tissueinhibitor of metalloproteinases 2 (timp2) mRNA in left
ventricle tissue of female mice as measured by qPCR. Virgin mice were in diestrus,
day 12 and day 18/19 indicate the day of pregnaamay,ppl.5 represents post-partum
day 1.5. Bars represent mean and SEM for n=5nvaigimals, n=4 animals for day 12
and pp 1.5, and n=6 animals for day 18/19. ANO\&swot significant.
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Figure 3.10. The level of tissueinhibitor of metalloproteinases 3 (timp3) MRNA in

left ventricletissue of female mice as measured by gPCR. Virgin mice were in

diestrus, day 12 and day 18/19 indicate the dgyednancy, and ppl.5 represents post-
partum day 1.5. Bars represent mean and SEM fewirgin animals, n=4 animals for
day 12 and pp 1.5, and n=6 animals for day 18AI90OVA was not significant.
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Figure3.11. Theleve of tissue inhibitor of metalloproteinases 4 (timp4) mMRNA in

left ventricletissue of female mice as measured by qPCR. Virgin mice were in
diestrus, day 12 and day 18/19 indicate the dgyrednancy, and ppl.5 represents post-
partum day 1.5. Bars represent mean and SEM fewirgin animals, n=4 animals for
day 12 and pp 1, 5, and n=6 animals for day 18AI90OVA had P=0067. * indicates
mean is significantly different than pp 1.5 at ®B&and ** P<0.01 by Tukey’s post-hoc
test.
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Figure 3.12. The level of matrix metalloproteinase 2 (mmp2) mMRNA in left ventricle
tissue of female mice as measured by gPCR. Virgin mice were in diestrus, day 12 and
day 18/19 indicate the day of pregnancy, and pppBesents post-partum day 1.5. Bars
represent mean and SEM for n=5 virgin animals, aials for day 12 and pp 1.5, and
n=6 animals for day 18/19. ANOVA was not signifitan
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Figure 3.13. Thelevel of matrix metalloproteinase 3 (mmp3) MRNA in left ventricle
tissue of female mice as measured by gPCR. Virgin mice were in diestrus, day 12 and
day 18/19 indicate the day of pregnancy, and ppepBesents post-partum day 1.5. Bar
represent mean and SEM for n=4 animals for virday, 12 and pp 1.5, and n=6 animals
for day 18/19. ANOVA had P=0.05. Day 12 signifitdg differed from day 18/19
P<0.05 by Tukey’s post-hoc test.
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Figure3.14. Thelevel of matrix metalloproteinase 11 (mmp11) mRNA in left

ventricle tissue of female mice as measured by qPCR. Virgin mice were in diestrus,
day 12 and day 18/19 indicate the day of pregnaay,ppl.5 represents post-partum
day 1.5. Bar represent mean and SEM for n=4 asifoalvirgin, day 12 and pp 1.5, and
n=6 animals for day 18/19. ANOVA was not signifitan
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Figure 3.15. The level of matrix metalloproteinase 13 (mmp13) mMRNA in left

ventricle tissue of female mice as measured by gPCR. Virgin mice were in diestrus,
day 12 and day 18/19 indicate the day of pregnaamay,ppl.5 represents post-partum
day 1.5. Bar represent mean and SEM for n=4 asifoalvirgin, day 12 and pp 1.5, and
n=6 animals for day 18/19. ANOVA had P=0.049. D&y19 significantly differed from
pp 1.5 P<0.05 by Tukey’s post-hoc test.
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Figure 3.16. The level of matrix metalloproteinase 14 (mmp14) mRNA in left
ventricle tissue of female mice as measured by qPCR. Virgin mice were in diestrus,
day 12 and day 18/19 indicate the day of pregnaamay,ppl.5 represents post-partum
day 1.5. Bar represent mean and SEM for n=5 vagimals, n=4 animals for day 12
and pp 1.5, and n=6 animals for day 18/19. ANOVA wat significant.

Note: The second round of animals gave RNA comagahs that were 10-100 fold

greater than the first round of animals. Availatdenples may need to be
reassayed in the future together to address thisapancy.
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Figure3.17. Thelevel of matrix metalloproteinase 15 (mmp15) mRNA in left
ventricle tissue of female mice as measured by gPCR. Virgin mice were in diestrus,
day 12 and day 18/19 indicate the day of pregnaamay,ppl.5 represents post-partum
day 1.5. Bar represent mean and SEM for n=5 vagimals, n=4 animals for day 12
and pp 1.5, and n=6 animals for day 18/19. ANOVA wat significant.
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Figure 3.18. The level of matrix metalloproteinase 16 (mmp16) MRNA in left
ventricle tissue of female mice as measured by qPCR. Virgin mice were in diestrus,
day 12 and day 18/19 indicate the day of pregnaamay,ppl.5 represents post-partum
day 1.5. Bar represent mean and SEM for n=5 vagimals, n=4 animals for day 12
and pp 1.5, and n=6 animals for day 18/19. ANOVA wat significant.
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Figure 3.19. Thelevel of matrix metalloproteinase 25 (mmp25) mMRNA in left

ventricle tissue of female mice as measured by gPCR. Virgin mice were in diestrus,
day 12 and day 18/19 indicate the day of pregnaaay,ppl.5 represents post-partum
day 1.5. Bar represent mean and SEM for n=4 anifoaldrgin, day 12 and pp 1.5, and
n=6 animals for day 18/19. ANOVA was not signifita

Note: We may want to redo MMP25 with more cDNAhe future as many were near
upper end of standard curve and may account fdatge variability.
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Figure 3.20. The level of matrix metalloproteinase 28 (mmp28) MRNA in left

ventricle tissue of female mice as measured by qPCR. Virgin mice were in diestrus,
day 12 and day 18/19 indicate the day of pregnaamay,ppl.5 represents post-partum
day 1.5. Bar represent mean and SEM for n=4 asifoalvirgin, day 12 and pp 1.5, and
n=6 animals for day 18/19. ANOVA was not signifita
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CHAPTER 4
DISCUSSION

Pregnancy-induced cardiac hypertrophy is a phygio& adaptation to a volume
overload situation which involves thickening of thentricular wall (Eghbali et al, 2006).
The myocardial ECM and its integrity impact bothdiac structure and function and are
altered during the hypertrophy process. Duringpib&t-partum period there is a return of
the hypertrophied heart to its non-pregnant stale ECM remodeling is important in the
process of hypertrophy and recovery from hypertyoph examined the ECM gene
expression profile by microarray and followed up #xpression of some genes by
guantitative PCR. This project has three majadifigs. First, the heart weight/tibial
length ratio was significantly increased in thelptegnancy and post-partum mice
versus the virgin mouse group, indicating significheart hypertrophy. Second, the
hearts of late pregnant and post-partum mice vehsugirgin mice when assessed by
microarray showed that 63 genes extracellular mg&ne probe sets from our
Affymetrix 2.0 ST array and 147 genes extracellolatrix genes probe sets from GEO
dataset GSE36330 array were differentially expisepending on the state of cardiac
hypertrophy. Third, some TIMP and MMP mRNAs weigngicantly regulated when
assessed by gPCR whereas some were not consigtethevpattern observed by the
heat maps of the microarray data.

There was a significant increase in the HW/TL & ¢lay 18/19 group and post-

partum 1.5 day group compared to the virgin grotpctvis in agreement with the

61



concept that by late pregnancy there is a physicdéb@daptation that is not completely
reversed by day 1.5 post-partum in our aninfdisar et al, 2012Xiao, et al,201%

Sixty-three ECM genes by heat map (from our aniraatsour 2.0 ST array data)
showed had a significant difference in the exposbetween virgin, day 12 of
pregnancy, day 18/19 of pregnancy and post-partdnddy animal groups. Twenty-five
of these genes were discussed in the Introductitre heat map showed 8 of 25 mRNAs
were increased in late pregnant and immediatel{+pasum mice including Bgn, Vcan,
FbIn2, Tnxb, Tnc, Agrn, Loxl1 and Thbs1 and somiagen genes were also found to
have increased expression during the same perohabing Colla2, Col3al, Col5al and
Col8al. However, Hpse was lowest-regulated on-pagtm and highest-regulated on
day18/19 mice. The heat map showed that TIMP1,P2MI'IMP4 and MMP3 are
increased in the late pregnant or post-partum gendile MMP2, MMP11, MMP13,
MMP14, MMP15, MMP25 and MMP28 genes were as a wioMer during the same
period. Confirmation of many of these microarragmges still need to be validated by
guantitative PCR as we found that the gPCR dataalichlways agree with the
microarray heat map data.

Because TIMP and MMP protein activity balance eattler and net MMP
activity determines matrix molecule turnover, weused on the four members of the
TIMP and nine members of the MMPs gene familidspfalvhich were detected by the
microarray as potentially regulated (with the extm®@pof TIMP3). By PCR, TIMP4
MRNA was significantly lower in the early post-part suggesting potentially lower
TIMP4 levels/activity. If TIMP4 protein and acttyiare consistent with the mRNA

change it would suggest théd targets MMP-1, -3, -7 and -9 were less inleibitiuring
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this period. TIMP1 mRNA trended to be higher in late-pregnaanyg the post-partum
period although it was not statistically signifitad IMP1 can inhibit aIMMPs except
MMP-2 and MT1-MMP, suggesting that if protein lesfalctivity followed the pattern of
MRNA expression that many MMP targets would belited. By PCR, overall at post-
partum day 1.5 there was a trend for MMP11, MMRBIP14, MMP16, MMP25,
MMP28 to have their lowest mean (although not stiglly significant in most cases).
MMP3 mRNA was decreased in the day 12 mid-pregngnoyp and MMP13 was
decreased in post-partum group than day 18/19 grawggesting that their protein
targets would have lower turnover at these tin@se must keep in mind that mMRNA
levels do not necessarily reflect protein levelpmtein activity levels and so caution
must be taken in interpreting mRNA exclusively.ti®lugh there were trends in TIMP
and MMP mRNA expression, much of our gPCR datagdiout not to be statistically
significant. As there was a lot of variability eten animals it may be necessary to
increase the number of animals per group to rethecgariability of the small group size.
Our data showed there are changes in gene exprasdiee left ventricle during
pregnancy and in the early post-partum period coetpen virgin mice. Other studies
have showed shown gene changes in the heart vagnancy (Bernardo et al, 2010).
Umar et al. (2012) found MMP2 mRNA was lower in tiearts of late pregnant mice
than in virgin animals and the GEOset microarraa dere are in support of this prior
finding. In contrast, pathological hypertrophy microarraglgsis showed increased
expression of MMP-2 in the mouse LV after transeesrtic constriction (Wang et al,
2003). One interpretation of this difference iattthe type of hypertrophy may influence

MMP2 mRNA increase or decrease. In addition, tagesof hypertrophy progression at
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which the RNA level was assessed may influencedbelts. Our study identified

TIMP1 to be highest (not significant by gPCR) itelaregnancy and the early post-
partum period, TIMP2 was high in late pregnancy lamgest in post-partum animals, and
MMP3 was lowest in D12 animals and higher in virdgate pregnant and post-partum
animals. Mori et al. (2006) using a pathological hypertrophguse model of TNF1.6
overexpression showed increased MMP3, TIMP1, andPdvhRNA levels.Another
study showedhe level of transcripts for TIMP1 and TIMP2 wenereased in
pathological heart due to aortic stenosis (Heynedrad, 2005).Although the pattern of
MMP3, TIMP1, and TIMP2 was not identical betweea gathological and physiological
hypertrophy models, the same genes showed diffatexpression.

Our animal data showed that mRNA expression byaarcay for collagen | and
collagen lll increased in the post-partum periodsiloly indicating the need for new
collagen synthesis and deposition during the remthe non-pregnant state. Collagen |
and collagen 11l in the left ventricle were incredsn a myocardial infarction model.
This suggests a distinct pattern of cardiac gepeession induced by the physiological
load versus pathological load (Jin et al, 2000pl1a2, Col3al, Col5al, Col8al, Bgn,
Vcan, Fbin2, Tnxb, Tnc, Agrn, Loxl1 and Thbsl1 shdwbanges on the heat map by
microarray. These gene changes in the left véatoicpregnant mice suggest that the
extracellular matrix is being remodeled and maycai® changes in newly synthesized
collagen and other matrix proteins.

Another study in mice showed that there was aifstgnt increase during the late
pregnant and the post-partum period in MMP3 andHINhRNA expression (Chung et

al, 2012). Our results are fairly consistent witis prior study. The MMP mRNAs
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examined here showed a tendency as a whole todoeased during late pregnancy and
the post-partum period, suggesting the possilblityecreased MMP level/activity in the
left ventricle during this time.

The physiological hypertrophy of pregnancy is reeerduring the post-partum
period although in our case it was not completelyersed by post-partum day 1.5. In
contrast, pathological hypertrophy is associateti development of heart failure. The
most significant distinction between physiologiaall pathological hypertrophy is the
reversible nature of physiological hypertrophy.future studies it will be interesting to
compare the pregnancy gene profile we analyzedtWéhfor models of volume
overload that progress to pathological hypertrophyture studies will determine if the
changes in some TIMPs and MMPs are observed agirtitein and activity level. In
addition, it will be interesting to determine iktlchanges are regulated by pregnancy
hormones and whether pregnancy hormones coulddbegtive to the heart in animal

model of pathological cardiac hypertrophy.
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