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ngiotensin converting enzyme inhibitors such as captopril
A are potent and widely used antihypertensive agents that
are frequently used as first-line therapy for chronic hyperten-
sion owing to their excellent safety profile. However, most
authors recommend that these drugs not be used in the second
and third trimester of pregnancy because of potential harm to
the fetus (1, 2). To date, the mechanism of this reported fetal
toxicity has not been extensively studied. The article by Choe
et al. in this issue of Pediatric Research explores one possible
mechanism for the deleterious effects of ACE inhibition, the
prevention of angiotensin II-induced cardiac cell turnover and
apoptosis.

Angiotensin converting enzyme (ACE) is a central element
of the renin-angiotensin system (RAS), the most important
regulator of blood pressure in land-dwelling mammals. ACE
converts the decapeptide, angiotensin I, to the potent pressor
octapeptide, angiotensin II (Ang II), which governs peripheral
vascular tone and regulates glomerular filtration in the kidney.
Ang II plays a critical role in the maintenance of fetal arterial
pressure, and in the regulation of fetal GFR and renal blood
flow (3). In addition to these direct actions on blood flow, Ang
II also activates intracellular signaling pathways involved in
growth and apoptosis in many cell types, including the myo-
cytes and fibroblasts of the heart. Ang II promotes myocyte
enlargement and protein synthesis, as well as hypertrophy-
associated alterations in the cardiac gene expression program
(4, 5), through specific cellular receptor subtypes AT1 and
AT2. AT1 is the more abundant in the adult heart (6, 7), and
has been linked to control of both hypertrophy and apoptosis in
the cardiac myocyte (8, 9). The AT2 receptor in the heart is less
well understood, but it has been proposed to act in opposition
to AT1 based on its differential expression in various types of
myocardial pathology (6, 10—13). The AT1 receptor is coupled
through Gaq proteins to a variety of intracellular signals
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including the generation of oxygen free radicals (14, 15), to
activation of Ras (16) and of the extracellular regulated kinase/
mitogen-activated protein kinase (ERK/MAPK) protein kinase
family (17). Ang II has also been shown to activate nuclear
factor kappa B (NFkB)-dependent transcription in other cell
types, possibly through its effects on cell redox state (18).
ACE, Ang II, and its receptors are present from very early
embryogenesis, implying that these Ang II-dependent signal
pathways are also important during development (3, 19).

The significance of Ang II in modulating growth is high-
lighted by the fact that ACE inhibitors cause significant fetal
toxicity during pregnancy. Although ACE inhibitors are not
teratogens, they appear to inhibit aspects of fetal growth in the
second and third trimesters, with dose-dependent decreases in
implants and live births, reduced neonatal growth, and in-
creased perinatal mortality across a wide range of species
(20-22). In human babies, kidney function is frequently af-
fected, resulting in oligohydramnios, renal tubular dysgenesis,
and neonatal anuria (22). Abnormal growth of bone, lung or
other organs, as well as mild to severe intrauterine growth
retardation, persistent patent ductus arteriosus, fetal and neo-
natal death, have also been reported. A syndrome of renal
tubular dysgenesis and severely underdeveloped calvarial bone
has been linked to ACE inhibitor use in the second and third
trimesters (23). The way in which ACE inhibitors cause these
abnormalities is unclear, but could stem from hypotension,
reduced blood flow, and chronic hypoxia, or alternatively
through direct effects of Ang II on cell fate decisions in target
tissues. Such cell fate decisions may take the form of growth or
apoptosis, both of which are essential to normal fetal
development.

In their manuscript, Choe ef al. provide evidence that Ang I1
regulates a terminal wave of myocardial cell proliferation and
apoptosis that has been previously shown to occur during the
early postnatal period (24). Although the significance of apo-
ptosis in this context is not clear, it coincides with the with-
drawal of cardiac myocytes from the cell cycle and with the
establishment of postnatal blood flow patterns. In the present
study, treatment with the ACE inhibitor enalapril reduced the
survival rate of neonatal rats, and also reduced both heart and
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body weights. Diminished heart size was associated with low-
ered cell proliferation rates, as well as reduced apoptosis, in
both myocytes and interstitial cells (predominantly fibroblasts).
Because proliferating cells outnumbered apoptotic cells 10:1,
the net effect on heart growth was negative. However, the bulk
of programmed cell death occurred in cardiac myocytes. None
of these effects were seen with hydralazine at doses previously
established to have equivalent effects on blood pressure. These
experiments suggest that the effects of ACE (and ACE inhibi-
tion) on cardiac growth are mediated through direct cell sig-
naling rather than through secondary hemodynamic effects.

These results confirm that both cell death and proliferation
are components of the cardiac adaptation to growing hemody-
namic demands in the young heart, and demonstrate that
angiotensin signaling drives both phenomena. One major con-
clusion to be drawn from this study is that RAS-mediated cell
turnover is an important component of the reshaping of the
newborn myocardium to accommodate both increasing blood
volume and new patterns of blood flow. The importance of
Ang 1II in growth of the newborn heart parallels the prominent
role of Ang II in cardiac hypertrophy in the adult. Together
with the long and reasonably successful history of using neo-
natal cardiac myocytes to model adult heart growth (23, 25),
these observations provide further evidence that the cell sig-
naling pathways regulating normal cardiac growth and stress-
induced hypertrophy may differ only in degree rather than
representing qualitatively different processes.

An interesting parallel can be made with the phenomenon of
myocardial remodeling in the adult. Remodeling is the end
result of the complex cellular and molecular changes that occur
in response to alterations in hemodynamic loading or other
types of stress (20). Remodeling can occur in response to
pressure or volume overload, excessive neurohormonal stimu-
lation, or loss of myocardial tissue through infarction. It is
reasonably well established that apoptosis, hypertrophy, and
fibroblast (and to some extent, myocyte) proliferation are all
components of the remodeling process, and that Ang II is an
important mediator of these cellular phenomena. Ang II, me-
diated by the AT1 receptor subtype, has been shown to mod-
ulate cardiac myocyte growth (26-28) and apoptosis (13,
29-32), in response to stretch and pressure overload, in dia-
betic cardiomyopathy and after myocardial infarction. Preven-
tion of Ang Il-mediated remodeling is now an established
therapeutic goal in the adult cardiac patient after acute coro-
nary occlusion, and Ang II-mediated apoptosis may play an
important role in the deterioration of cardiac function in heart
failure patients (13, 33). Remarkably, Ang II appears to be an
effector for both pediatric and adult remodeling, even though
the consequences (normal growth versus pathologic decom-
pensation) are diametrically opposed in the two cases. It will be
important to identify the factors that render the pediatric
myocardium resistant to decompensation in the face of chronic
stress.

Another interesting finding of this study was that the rate of
apoptosis in neonatal cardiac tissue was correlated with levels
of the protein clusterin (variously known as apolipoprotein J,
sulfated glycoprotein-2 (SGP-2), apoptor, glycoprotein 80
(gp80), glycoprotein IIT (GPIII), and testosterone-repressed
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prostatic message-2 (TRPM-2)), although not to levels of Bel-x
and Bcl-2, two other proteins implicated in apoptosis regula-
tion. Clusterin is a ubiquitously expressed, secreted glycopro-
tein found in most biologic fluids. Expression of clusterin is
induced in many tissue types undergoing involution, apoptosis
or remodeling (reviewed in (34)). It has been variously postu-
lated to act as a neuroprotectant during cellular stress, a
mediator of cell-cell interactions, an anti-apoptotic signal, an
antioxidant, a complement inhibitor, and a chaperone-like mol-
ecule that binds to partially denatured proteins and prevents
their aggregation (35, 36). In the present study, a reduction in
clusterin expression was observed in enalapril-treated rats,
providing strong corroboration for the observed reduction in
apoptosis. In contrast to clusterin, levels of Bcl-x and Bel-2 did
not differ appreciably between treated and untreated rats, sug-
gesting that the total quantity of these proteins is not an
important determinant of apoptotic rates in this particular
setting. Other factors, such as phosphorylation state, subcellu-
lar localization, or the abundance of pro-apoptotic Bcl-2 family
members, may be more important in governing the actions of
these proteins during this apoptotic process (37, 38).

This study raises a number of interesting questions. Does the
apoptosis in neonatal myocardium stem from the arrest of
proliferative activity, or is it due to hemodynamic stress inher-
ent in rapid postnatal growth? What are the long-term conse-
quences of interfering with the postnatal remodeling process?
Which, if any, of the cardiac effects of ACE inhibition account
for its perinatal toxicity, and to what extent? How important is
apoptosis in this setting? Certainly, apoptosis has a critical role
in early fetal development; patterning of the heart, as well as of
other organs and tissues, requires the precise deletion of spe-
cific cells. But it is not clear whether myocyte apoptosis during
late fetal and early neonatal life has equivalent physiologic
significance. It is also possible that other effects of ACE
inhibition, for example reduced production of fibroblast-
derived matrix molecules, share the blame for poor growth and
development.

Answering this last question will be challenging. With ex-
isting models, it is not possible to block early neonatal cardiac
remodeling selectively without impact on the function of other
organs, especially the kidney and lungs. Consequently it is
difficult to identify the source of greatest risk to the fetus and
newborn from late-term ACE inhibitor use. Although nothing
is known about the functional significance of either prolifera-
tion or apoptosis in the late-term, it is possible to speculate that
the remodeling process is advantageous rather than harmful at
this stage of cardiac development. Working this out will re-
quire targeting anti-apoptotic strategies to the fetal and new-
born myocardium, most likely through transgenic approaches.
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