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Early origins of cardiac hypertrophy: Does cardiomyocyte attrition
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Summary understanding of the early mechanisms whiclvedithe
_ . _ _ programming of adult diseases in general is limit¥de
1. Epidemiologic and experimental vidence hypothesize that cardiac ypertroply can hae
suggests that adult ei@opment of cardigascular disease is developmental origin in excess cardiomyte attrition
influenced by eents of prenatal and early postnatal "fe-during a critical perinatal growth windo Findings which
Cardiac lypertroply is recognized as an important predictofa/e drectly assessed the impact of fetalwgtio restriction
of cardiovascular  morbidity and mortality but the o the myocardium are considered, and cellular and
developmental origins of this condition are not wellyolecylar mechanismsviaved in the potential pathologic

understood. _ ~ ‘catch-up’ gravth of the heart during later maturation are
2. In the heart, a switch from hyperplastic to§eantified.

hypertrophic cellular growth occurs during late prenatal or

early postnatal life. Postnatal growth of the heart is almo$he developmental origins of adult disease

entirely reliant on ypertroply of individual o
cardiomyogtes and damage to heart muscle in adulthood is  1he deelopmental (or “early”/*fetal”) origins of
typically not reparable by cell replacement. Therefore, Uit disease ypothesis postulates that vironmental

reduced number of cardiomyges may render the heartfactors, particularly nutrition, act early in life to program
more vulnerable in situations where an increasetkload the later occurrence of cardascular and metabolic disease

is required. and premature death in adulthdo@orrelations between

3. A number of different animal models veleen INfant mortality rates and cardgi@scular and coronary heart
used to study fetal programming of adult diseasedisease incidence were first reportedra30 years agd.
including nutritional, hypoxic, maternal/neonatal endocrindn€ typothesis that cardiascular disease has origin
stress, and genetic models. Although studiesstigating Ytero imeged follaving the seminal observations of
the cellular basis of myocardial disease inghorestricted Barker; who found high rates of coronary heart disease
models are limited, a reduction in cardiomytcnumber occurred in populations with high neonatal mortality
through either reduced cellular proliferation or increaseguPseguent epidemiologicalvestigations extended these
apoptosis appears to be a central feature. initial findings to identify associations betweenvlbirth-

4. The mechanisms responsible for the programmin‘qe@ht and increased risk for hypertension, impaired
of adult cardieascular disease are poorly understoog Wdlucose tolerance, type 2 diabetes, insulin resistance,
hypothesize that cardiac ypertroply can hae Obesity and metabolic syndrome. .
developmental origin in excess cardiomyte attrition There is nw corvincing epidemiological evidence to
during a critical perinatal growth windo Findings which SuPPort the contention that impaired \gtb in utew is
have drectly assessed the impact of fetalwgtio restriction assomgted with increased cangiscular risk in adulthood,
on the myocardium are considered, and cellular arffd this has prompted a recent call tovendeyond
molecular mechanismsvialved in the potential pathologic 0PSeration —of —association werds achieving an
‘catch-up’ gravth of the heart during later maturation ar¢/nderstanding — of ~ the  underlying mechanisms.

identified. Experimental studies k& dgnificantly adwanced
understanding of the consequences of intrauterinevtigro
Introduction restriction (IUGR) on asculay renal, and endocrine

) ) ) ] ] development, antecedent to the later occurrence of
Epidemiologic and xperimental evidence suggestshypertension, renal disease, and type 2 diabetes,
.that adult deelopment of -cardigascular disease IS regpectiely (reviewed in McMillen, 2008). Surprisingly
influenced by eents of prenatal and early postnatal I'|fe_. while left ventricular kpertroply has been reported in
Cardiac lypertroply (an increase in heart size) isgruth restricted irdints® experimental inestigation of the
recognized as an important predictor of cardoular efiects of early growth perturbation on later disease

morbidity and mortality but the deelopmental origins of outcome in the heart has been extremely limited.
this condition are not well understood. Indeed, current
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Neonatal cardiac gowth and development mortality!! In hearts of these mice itas demonstrated that
) _ _ belonv a aitical cardiomyocyte population threshold &
Cardiomyocyte hyperplastic and hypertrophic growth 10° cells per heart), cardiomyocyte size increased

exponentially in association with a decrease in total
myog/te numbet! This finding suggests that a reduced
number of cardiomygdes may render the heart more
vulnerable in situations where an increased workload is
required (Figure 1). Despite these recenteiiments in
the understanding of the compleegulation of the cardiac
cell cycle, little is knavn about hw physiological insults
guring early dedlopment (such as IUGR) can influence
f:ardiomyocyte number at birth.

The heart is the first gan to form during mammalian
embryogenesisand is the aran most affected by disease in
childhood and in adulthodtPrenatal growth of the heart is
primarily due to perplasia of cardiomyocytes. A switch
from hyperplastic to hypertrophic cellular @it occurs
during late prenatal or early postnatal Af€. This switch
from hyperplastic to hypertrophic guth coincides with
binucleation of cardiomyocytes and the transition t
terminal diferentiation (i.e. karyokinesis in absence o
cytokinesis). The human egalent of third trimester cargiomyocyte apoptosis shapes the neonatal heart
gestational deslopment occurs postnatally in rodents, and
the shift to terminal differentiatiorxeends 3-4 days into the Apoptosis is an important instrument in
postnatal perio@1°In humans, there is evidence that thisardiovascular deelopment and occurs at critical time
transition is more fully enacted prior to birthytlthe switch points during major delopmental processés.While the
from hyperplastic to hypertrophic cellular grtn has not importance of cardiomygte apoptosis  during
been tracked in detail. After the transition to terminaémbryogenesis has been well documeftddss is knan
differentiation is completed, postnatal @tb of the heart is about the role of apoptosis during late gestation and early
almost entirely reliant on ypertropty of individual postnatal life. In rats, the number of cardiomytes in the
cardiomyogtes and damage to heart muscle in adulthood fight and left ventricle are approximately equal at bifth.

typically not reparable by cell replacement (Figure 1). Relatively abrupt changes in blood floand circulatory
resistance occur shortly after birth and the number of
A proliferation A cardiomyogtes in the left entricle becomes twfold
c _ : greater than the rightewtriclel* Apoptotic activity in the
o #utrients di;;:ﬁ:f;‘;ﬂ ..' & postnatal rodent heart is highest at postnatal day 1 and
® Hypoxia s £ declines thereaftéf!® Apoptosis affects the rightentricle
3 Bortisol 2 more than the left ventricle during this critical postnatal
3 BnglT g period®>®and likely plays an important role in the cardiac
= J 8 adaptations that occur shortly after birth. The importance of
8 EGF-1 . & apoptosis during the neonatal period was recently
t s;’;’;:a/ € highlighted by a study in which the mitochondrial death
2 & protein Nix was conditionally \@r-expressed in either
neonatal or adult mouse hearts.While Nix over-
hypertrophy expression in the early postnatal period resulted in apoptotic
A i cardiomyopatk, Nix expressed at identical or highevéks
birth in the adult heart had minimal effects on cardionyy®c

apoptosis, chamber size, antricular contractile function.

Figure 1. Neonatal heart plasticit,. A hypothetical Over-&pression of @q under the control of the cardiac-
‘critical window’ where poliferative, hypertophic and SPecific alpha-myosin heavy chaia-KMHC) promoter in
apoptotic responses determine tixéeat of myocyte culling the post-natal heart is associated with apoptotic
and define the cell population for ongoing hypeptiic cardiomyopath at maturity® More recentlyit was sho/n
growth. Perinatal insults shicas por nutrition, hypoxia that conditional wer-expression of @q was only
and endocrine streseduce the number of cells (dashedSSociated with eccentric cardiagpbrtroply and systolic
line) and limit the cell population available to supportdysfunction following induction of the transgene in
myocadial growth tmjectory Reduced cell number is neonates, but not aduft§Clearly, apoptosis is critical for
hypothesized to be ligk with increased cellular neonatal cardiac #elopment and dysregulation of this
hypertrophy during maturation (dotted line). process can result in cardiac disease. A more detailed
understanding of o perinatal insults such as gvth

) restriction impact myocardial apoptosis induction is
At the molecular leel, cardiomyogte number required.

appears to be exquisitely controlled. Cardiac-specific
deletion of surwin, an important regulator of cellwdsion, Physiological and pathological cardiac growth signaling
leads to a reduced cardiomyte mitotic rate, without

increased apoptosis, and a reduction in total cardioyppgoc X i i
which the heart gres rapidly'® Myocardial growth during

numbert! Survivin  knock-out mice display cardiac "' ' ' '
s period must not only accommodatle increasing

dilatation, decompensated heart failure, and premaumil X [ i
demands of the rapidly gring animal but also post-natal

The neonatal period is avddopmental period during
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changes in the patterns of bloodwflcand circulatory cardiovascular and metabolic disease. The most common
resistance (i.e. right to left heart loadig§)Physiological nutritional models of IUGR wolve feeding pregnant rats or
growth of the heart also occurs in response tgula sheep either a reduced calorie diet (50% normal étaka
physical actvity or chronic eercise training?® At the low protein diet (8-10% normal intak during gestation,
molecular lgel, an insulin/insulin-lile gowth factor 1 but there is considerable variation in the duration and nature
(IGF-1)-responsie sgnaling pathvay involving activation of dietary interventions utilized in these types of
of phosphoinositide 3-kinase (PI3K) and Akt is associatadvestigation.

with physiological lypertroply of the hearf! In mice, Minimal information rgading the influence of
ablation of the p85 regulatory swiit of class 1 PI3K  maternal caloric restriction on the heart\vsilable. In rats,
suppresses post-natal vélwpmental cardiac gwmth and maternal nutrient restriction (40% control diet) during mid-
impairs the phsiological hypertrophic response of the heario late-gestation does not program cardigpentroply in

to exercise?? However, information rgarding the ontogen neonate¥ or in offspring at either 4 or 7 months of atje.

of PI3K/Akt expression is limited and the ysiological In sheep, maternal undernutrition (50% control diet) during
importance of this signaling pathway during the neonatehrly- to mid-gestation is usually associated with right and
period avaits further resolutio®2> left ventricular lypertroply in the fetus’*36 but the long-

In contrast, cardiac ypertroply in response to term effects in adult offspring tx@ rot been gamined. An
pathological stimuli (e.g. hypertension, myocardiainvestigation of the impact of maternal caloric restriction on
infarction) ultimately results in hearaifure, arrlythmia, cardiomyogte hypertroply, hyperplasia, or apoptosis in
and sudden deafi. The molecular hallmarks of growth-restricted offspring has not been reported.
pathological cardiac ypertroply are well described and The impact of maternal gestational protein restriction
typically involve G potein-coupled receptor ae#tion, on fetal/neonatal myocardial wiopment has been studied
signaling through mitogen aetied protein kinases more etensvely. The lov protein diet model typically
(MAPKSs) and calcineurin A, and version to a fetal gene involves feeding pregnant rats an isocalorig fwotein diet
program?’ In the adult, MAPK pathays hae been (8-10% proteirvs20% protein in normal diet) from the first
characterized as mediating pathological remodelingay until the end of gestation. A wo protein diet
However, MAPK pathways also support growth of theconsistently programsypertension and insulin resistance
neonatal heart, and studies of genetically manipulatégevieved in Vuguin, 200%) and was linked with reduced
models indicate that these pathways are ofsigogical survival at 11 nmonths of age in rat. While maternal
importance early in maturatidt?® Despite intensie  protein restriction is associated with cardiac eydarent at
interrogation of lypertrophic signaling pathways in the3 and 11 months of age in the F&t® a reduced heart
adult heart, an understanding of the contiitms of MAPK  weight is often found at younger agés®4® Maternal
vs PI3K/Akt signaling in defining ‘pysiological’ vs protein restriction (9% protein) in rats is associated with
‘pathological’ growth programming in the neonatal heart isicreased rates of cardiomyocyte apopfSsiand a
lacking. reduction in the total number of cardiomyocytes per heart at

_ o ) birth.31 Interestingly in these animals, a \o protein diet
Intrauterine gr owth restriction and myocardial growth significantly depresses ejection fraction and is associated

A number of diferent animal models ka been used with a thinner left ventricular wall in offspring during the

, o a8 . .
to study fetal programming of adult diseases. These inclupreSt tt.vvo weeks fof”hfe. dThbe early degreTsmn of car<(jj|ac
nutritional (caloric restriction, l@ protein diet), lypoxic unction - was  foflowe y a gradual reey an

. : L ormalization of ejection fraction and a progressi
(bilateral  uterine  artery ligation, utero—placentaf1 . . . 38
embolization, single umbilical artery ligation,ygoxic Increase in the thickness of the leéintricle vall.>® At 40

chambers), maternal/neonatal endocrine stre eks of age, th_ese rats had significant '“‘““’C“'af
(glucocorticoid &posure, maternal diabetes), and geneti 3:jperttr.0ply dand tcrillslplqyetld signs dolf' %g‘“?'r"';l‘c dysf;m(;ﬂon,
(Spontaneously Hypertensi Rat; insulin receptorinsulin Indicatve pathological remodeling: ese studies
gene, IGF-1 and IGF-2 knock-od®While the impact of indicate increased cardiomyocyte apoptosis during early
IUGR on nephrogenesis has beenxteasvely da/dopmgnt and post-natal ‘catch-up’ .gmn of the hearF
investigated®® fewer studies hae examined the influence of may be important for the programming of pathological
IUGR on cardiogenesis.Below, findings of altered cardiac hypertroph

myocardial deelopment _in differe'nt. experimental ”_‘OdelsFetal hypoxia and placental restriction

of IUGR (maternal nutrient restriction, fetal hypoxia, and

glucocorticoid &posure) are summarized and contrasted Maternal chronic ypoxia exposure during gestation

(Table 1). (10.5% Q from E15-21) increases the incidence of
) o cardiomyogte apoptosis almost 3-fold in the fetal rat
Maternal nutrient restriction heart*! The increased incidence of apoptosis in these hearts

Reduced supply of nutrients during prenatal and ealjl associated with reduced expressiovelie of the pro-

postnatal life interferes with cell proliferation iranous urvival protein Bel-2 and a concomitant increase in the

S a1 : :
organs, including the heaft, and has been proposed as g\poptotlc mduper 55'. The size of bmucleafted
central mechanism ding the ‘programming’ of adult cardiomyogtes is also increased in the fetal hypoxic rat
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Table 1. Analysis of hypertrophic, hyperplastic and apoptotic phenotypes in animal models of intrautenvid gr
restriction.

Heart Size : . .

Model Species Fetus/ Adult ﬁardlct)myﬁcyte rC]:ardlo:nypcyte Cardmmyocyte References

Neonate ypertrophy yperplasia apoptosis
Caloric Rat o o ? ? ? 32,33
restriction Sheep 1 ? ? ? ? 34-36
Protein Rat ! 1 ? ? 1 31,37,38
restriction
Hypoxia/ Rat 1 1 1 ? 1 32,33,41
placental Sheep Lort ? o orl o ? 42-44
restriction
Glucocorticoid  Rat 1 T orl 1 ! o 50,53,54
exposure Sheep 1 1 1 L ort ? 48,49,51,55

Effect of interventiont increased effect, decreased effect, no effect, ? unknown effect.

heart, consistent with the interpretation that nyyec Glucocorticoid exposure

hypertroply compensates for myocyte loss in maintaining . o
tissue growth. The fsct of fetal hypoxia on cardiomygie Exposure to natural or synthetic glucocorticoids
proliferation was not reported in this stu@udies of wine  throughout prgnang or during early post-natal life
models of placental restriction Ve indicated that consistently programs adult cardéscular and metabolic
cardiomyogte proliferation (Ki67 staining) is urfatted disease in animal models {rewved in McMillen &
by fetal lypoxia#2 but havenot yet addressed the questiorfRobinson, 2009. In humans, there is evidence that

of whether apoptosis might be implicated. dexamethasone treatment in pretermaitt at risk of
Despite the implication of an important role forchronic lung disease is associated with various long-term
apoptotic cell death in the hearts ofpbxic rats with 2ad\erse outcome?, including typertrophic

IUGR, the impact of fetal ypoxia on cardiac ypertrophy ~Ccardiomyopatia*’ Cardiac lypertroply is dso commonly
predisposition is still unclear Studies in  placental- obsered in animal models of maternal, fetal, or neonatal

restricted, hypoxic, \ine models of IUGR ha reported glucocorticoid &posurei®St but the underlying cellular
reduced®®® or increasetf heart size and delayed mecham;m is contversial (Ta_ble 1). High-dose cortlsql
cardiomyogte dedlopment in the gneth-restricted |nfu3|_on into the near—term ovine feFus has beep associated
fetus?243 In contrast, maternal gestational hypoxia in rat¥ith increased left ventricular cardiomyocyte size, but no

induced cardiac ypertroply in the fetus’ neonaté2 and change in myocyte number In contrast, neonatal
in offspring at 4 and 7 months of age, with associatéix@methasone treatment in ratsasw reported to be
increases in pathological hypertrophic genepression, accompanied by a ma# suppression of cgrdlomWne
cardiac fibrosis and diastolic dysfunctininterestingly, Proliferation on post-natal days 2 anc’?4and bsy
maternal hypoxia in the rat was shown to incread@diomyogte Iypertroply a 50 weeks of agé®
predisposition to ischemia-reperfusion injury in aduifdministration of dexamethasone to pregnant rats during
offspring at 4, 6, and 7 months of agé! However, Li et late gestation was obsed to decrease total myocardial
al. could not detect gndifferences in the resery from DNA content in offspring suggesting decreased
ischemia-reperfusion injury in offspring at 2 months ofardiomyogte proliferation>* Similarly, direct infusion of
age? Although there were minor differences in thecortisol into neaterm fetal sheep was found to reduce left
ischemic  protocols between these studies the¥entricular DNA content®® Glucocorticoids are commonly
discrepancies suggest that increased vulnerability Eievated in gravth-restricted model¥’ Collectively, these
ischemia-reperfusion injury delops relatvely late in this studies indicate that in such a perturbed endocrinologic
model. While the effect of maternal ygoxia on ervironment, reduced cardiomygie proliferation and
hypertrophic predisposition in offspringwaits further induction of cardiomyocyteype_rtropiy occurs during late
resolution, it is clear from these studies that myocardife-natal and early post-natal life. _

development at the cellularwhole ogan, and functional One major difficulty in interpreting the impact of pre-
level is significantly affected by chronic fetal hypoxia. A and post-nat:_all glucocomcqld admlnlstrgtmn_ on cardiac
systematic analysis of the fefts of fetal hypoxia on development is the potenpal confound_lng mfluenc_:e of
cardiomyogte apoptosis, proliferation, and maturatior?!00d pressure changes in these typicaljjpentensie

throughout cardiac aelopment is required. models®® The fetal heart is particularly resporesi o
alterations in hemodynamic loading, which carfectf

cardiomyogte size, numberand maturatior?’ In order to
analyse the direct effects of cortisol on the fetal heart,
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Giraud et al. infused a sub-pressor dose of cortisol (0.patterns of the Angll receptor subtypesT{Aand AT,) in
ug/kg.min, 7d) into the circumfkecoronary artery of fetal the kidng, adrenals, and Vier.58 However, there is little
shee® While sub-pressor doses of cortisol werdfisignt information rgarding the expression Vels of Angll

to induce cardiacypertroply in the fetal lamb, this was not receptor subtypes in the hearts ofwgitorestricted animals.
accompanied by an increase in cardionyyesize and ws Decreased fetal cardiac proteinvéis of AT, and AT,
surprisingly associated with an increased percentage reteptors, but unchanged mRNexpression, has been
cells which stained posit for the cell proliferation mage obsered with maternal nutrient restrictidh. Maternal
Ki67.4° This study suggested that the increase ioortisol administration as found not to significantly faict
cardiomyogte size that is often reported in glucocorticoiccardiac A, or AT, gene &pressiorp9 however, protein
treatment models may be a consequence of loadiegpression s not assessed in these studiegerGhat AT,
influence. Havever, in vitro evidence that corticosterone receptor gpression is largely restricted to embryonic, fetal
stimulates a ypertrophic response in cultured neonataind neonatal tissué$,and that the wolvement of this
cardiomyogtes, indicates that glucocorticoids can directlyeceptor in fetal/neonatal heartvéldpment and gneth has
induce cardiomyocyte gwih.8 While it is evident that not been defined, more detailedastigations into the role
glucocorticoids can induce cardiagpertrophyin vivo, the  of cardiac Angll receptors in the programming of cardiac

underlying cellular mechanismvaits further resolution. hypertroply are required.
Angiotensin I, IGF-1 and cardiac development IGF-1
Numerous growth factors ¥ teen identified as IUGR is associated with reduced fetal serum and

regulators of cardiomyade hyperplasia, ypertroply, and tissue leels of IGF-13°71Consistent with an important role
apoptosis. In particulaengiotensin Il (Angll) and IGF-1 for insulin-like growth factors and IGF-binding proteins in
both play an important role in early cardiacvelepment fetal grawth, genetic knock-out of components of the IGF
and h&e keen implicated in the programming response taxis commonly results in gndh restriction (reiewed in

IUGR. Vuguin, 20079). IGF-1 also plays a critical role in the
. ) normal physiological gnth of the heart. Qar-expression
Angiotensin Il of IGF-1 in the mouse heart causes an increase in heart

All components of the renin-angiotensin systerP{VEight’I \.NhiChthiS tz;l]pparentlty du7ez I:o cardiogtﬁrm
(RAS) are gpressed in the heart from early gestation. Th@yperp asia_rather than ypertroply. owever, er

major effector peptide of the RAS is Angll. Local cardiacc’tUdles of IGF-1 and IGF-1 receptor transgenic miae ha

production of Angll has been implicated in theattributed cardiac ypertroply in these models to an

pathogenesis of cardiag/pertroply.>® However, Angll is mcrﬁasef in  cell S|tze, ven th(ilu gh cardlodmy_qaeth
also important for neonatal cardiac growth. In animals afyo'eration -was hot concurrently assessed in - these

ina?3,74 i _ ;
humans the activity of the RAS increases around birth atHJd'heS' ; G?r}eterprissmn\lels;fthF lta:§ redtjgegsm
is thought to ®ert a major influence in regulating cell e hearts of fetal rats exposed to gestatiopgiokia.

gromth and ogan differentiation®®61 Treatment of neonatal Therefore, the reduction in cardiomyocyte number oleskrv

piglets with an angiotensin-ceating enzyme (&E) ![n different mg\(y:ielels c;f|(|5U|:Gf may be at least in part related
inhibitor has been sk to interfere with the normal osuplp;essef IS.O : ) hich und t-natal ‘catch
physiological typertroply of the left \entriclé? and to nerestingly In rats which undergo post-nataf catch-

suppress cell proliferation and apoptosis in the neonatal Hﬂy growth, 1GF-1 .Ieels are mcrease%?.' It has been
heart&® suggested that rapid post-natal growth in the octnbdé

The circulating RAS is up-gellated in the gneth- ;ec:gced tcei” nutmbers W|fth|rey l:D(]‘;iy otgan? r?r?]y p:gc'i:uie
restricted fetu§® Angll signaling in the neonate may grm;ena .Ol;corges .O{e‘ig:.q. ltmc |ont. qi eth d it
therefore be of crucial importance in defininggaor signaling axis has been in y interrogated in the adu

plasticity and capacity for long term maturationalvgto heart angl ISH essentla! for no(rjmal yph)loglcal %m:/g‘F 1
Increased RAS activity is wolved in the deelopment of processes. However, -increased expression o )

hypertension associated with IUGR. Treatment of IUGI§ignaling components has been reported in the hearts of
rats eposed to a la protein dietin uteo with an ACE growth-restricted offspring in adulthod@.Thus it could be

inhibitor or an A, receptor antagonist from 2-4 weeks afte§peculat§d th‘."lt he|g'hte.ned wation .Of this “plysiological
bith was observed to prent the deelopment of growth signaling axis in the _settlng of reduced cellu_lar
hypertensior§55 Similarly, treatment of the Spontaneouslyend(wmem may actually contribute to adverse pathological

Hypertensie Rat, a genetic model of essentigplkrtension remodeling associated with IL.JGR' The relatinfluence qf
and growth restrictiof® with an ACE-inhibitor for a 4 ‘physiological’ and “pathological” hypertrophic signaling

week period early in life (6-10 weeks of age) was founﬂﬁ””% t():ardiac del??mentf inf gtroweti:t—'resgricted models
sufficient to preent genetic hypertension and cardia¢> 10U'd P€ an area ot focus for futureastigations.

hypertroply in this modef?” Collectively, these studies Growth restriction targets the cardiac cell cycle

demonstrate that Angll is important in thevelepment of

hypertension and cardiac hypertrgpturing early life. Studies employing unbiased genexpression
IUGR is also associated with alteredpeession profiling in experimental models of IUGR Ve revealed
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nev molecular targets in the programming of myocardial
disease. Of particular interest is the identification of
dysregulated expression of cell cycle proteins in thenghe
restricted fetal heart. Maternal gestational hypoxia i3.
associated with den-regulation of a number of cellycle
regulatory genes, including cyclin-dependent kinase 5,
cyclin D2, cyclin D3 and cell dision cycle 25B7°
Similarly, maternal undernutrition results in a madk 4.
increase in the xpression of the RA helicase CHAMP
(cardiac-specific helicase aaied by MEF2) in the wine
fetal hear® CHAMP is specifically expressed in the hearb.
during deelopment and adulthood. Interestingly at
embryonic day 15, whenewtricular cardiomyocytes form
trabeculae, CHAMP appears to be expressed preferentidly
in the trabecular region where the proliferatirate is
diminished relatie © the adjacent compact zone,
suggesting that CHAMP might play an aetirole in cell 7.
cycle arrest’ These findings indicate that IUGR induces
global gene expression changes in the heart which act in
concert to reduce cardiomyocyte proliferation. More.
detailed studies of the importance of cellycle
dysreggulation in the grath-restricted fetal heart will
provide nev insight into the mechanisms responsible for
programming of adult cardiascular disease.

9.
Conclusion and perspecties

The mechanisms responsible for the programming of
adult cardiwascular disease are poorly understood. Cardi
hypertroply, an important predictor of cardiascular
morbidity and mortality can hae devdopmental origins.
Although studies iestigating the cellular basis of
myocardial disease in grth-restricted models are limite
a reduction in cardiomyocyte number through either
reduced cellular proliferation or increased apoptosis
appears to be a central featurd. reduced number of

cardiomyogtes at birth may render the heart moré‘z'

vulnerable in situations where an increased workload is
required and may subsequently increase susceptibility to
cardiac lypertroply and ischemic heart disease in
adulthood. Future studies which allanolecular dissection
of the ley genes inolved, and which generate gatedin
vivo models of IUGR will advance our understanding of the
mechanistic bases for the programming of adult
cardiovascular disease.
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