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ACE2-Ang I-Ang (1-7)-Mas pathway presents a new area for drug discovery in
. the treatment of cardiovascular disease, as well as in perinatal medicine and
f preventive medicine against diseases of fetal origins.

M3IATY FLONAIN - SMIADY

ELSEVIER

Angiotensin-converting enzymes and
drug discovery in cardiovascular diseases

Lijun Shi', Caiping Mao*>”®, Zhice Xu*** and
Lubo Zhang®*

" Department of Human Sport Science, Beijing Sport University, Beijing 100084, China

2 First Hospital of Soochow University, Suzhou 215000, China

3 perinatal Biology Center of Soochow University, Suzhou 215000, China

4 Center for Perinatal Biology, Loma Linda University School of Medicine, Loma Linda, CA 92350, USA

Angiotensin-converting enzyme (ACE) is a major target in the treatment of
cardiovascular diseases (CVDs). In addition to ACE, ACE2 - which is a
homolog of ACE and promotes the degradation of angiotensin II (AngII) to
Ang (1-7) - has been recognized recently as a potential therapeutic target
in the management of CVDs. This article reviews different metabolic
pathways of ACE and ACE2 (Ang I-Ang II-AT1 receptors and Ang I-Ang (1-
7)-Mas receptors) in the regulation of cardiovascular function and their
potential in new drug development in the therapy of CVDs. In addition,
recent progress in the study of angiotensin and ACE in fetal origins of CVD,
which might present an interesting field in perinatal medicine and
preventive medicine, is briefly summarized.

Introduction

It has been well established that the renin-angiotensin system (RAS) is an important regulator of
cardiovascular function and has a pivotal role in the pathophysiological development of various
cardiovascular diseases (CVDs). In addition to the systematic RAS, many tissues in the body,
including the brain, contain their own local RAS [1].

Classically, the substrate of RAS — angiotensinogen (AGT), a glycoprotein - is cleaved by renin
to generate decapeptide angiotensin (Ang) I. Angiotensin-converting enzyme (ACE; peptidyl
dipeptidase A; EC 3.4.15.1) is a membrane-bound metalloprotease that converts Ang I to
octapeptide Ang II (Fig. 1). Ang II is the most active known peptide of the RAS and acts on
various tissues in the body via selective binding to two major subtypes of G-protein-coupled
receptors: Ang II type 1 (AT1R) and type 2 (AT2R) receptors [1,2]. Although other types of Ang II
receptors, such as AT4R, have been identified in some tissues, most of the ‘classical” actions of Ang
II in the regulation of blood pressure (BP) and blood volume, as well as body fluid balance, are
mediated by AT1R [3]. AT2R seems to have an important functional role in development [4].
AT2R-mediated actions have been suggested to counteract both short- and long-term effects of
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Angiotensinogen is transformed to Ang | by renin and subsequently converted by ACE into Ang Il or by ACE2 into Ang (1-7). ACE2 also cleaves Ang | to Ang (1-9),
which is further converted by ACE into Ang (1-7). Ang Il acting on AT1R leads to physiological or pathophysiological activities. Acting on Mas receptors, Ang (1-7)
might attenuate the actions of the ACE-Ang II-AT1R axis. Solid or dashed lines indicate positive or negative effects, respectively. ACE, angiotensin-converting
enzyme; AT1R, angiotensin Il type 1 receptor; Mas, Ang (1-7) receptor; ACE-l, ACE inhibitor; ARB, AT1R blocker.

ATIR, such as vasoconstriction and cell proliferation [5]. Increas-
ing evidence supports a role for AT2R in the regulation of cellular
growth, differentiation, apoptosis and regeneration of neuronal
tissues [4]. Several studies, therefore, have aimed at Ang II recep-
tors, and drugs such as AT1R antagonist losartan have been used in
both basic research and clinical applications in the treatment of
CVDs. Besides pharmacological targets on Ang II receptors, ACE
has been recognized as one of the major targets in the treatment of
hypertension and other CVDs. In clinical and basic research,
therefore, ACE inhibitors (ACE-Is) and/or specific AT1R blockers
(ARBs) have been used as effective drugs to inhibit the ACE-Ang I1-
ATI1R axis in the management of CVDs [6].

The RAS is far more complex than initially anticipated, how-
ever. In recent years, several novel components of the RAS have
been discovered, such as (pro)renin receptors [7,8], ACE2 [9] and
the G-protein-coupled receptor Mas [10], which add to the com-
plexity of the RAS. One of these new aspects for potential drug
development is the identification of ACE2 [11,12] (Fig. 1). ACE2 is
anew homolog of ACE that favors the degradation of Ang Il to Ang
(1-7). Ang (1-7) binds to Mas receptors and is considered to be a
beneficial peptide of the RAS cascade in the cardiovascular system.
Actions of the ACE2-Ang (1-7)-Mas axis are often opposite to
those of the well-documented ACE-Ang II-AT1R axis [8]. Accord-
ingly, several studies have suggested that the activation of the
ACE2-Ang (1-7)-Mas axis prevents and even reduces the damage
observed in CVDs [13,14]. Unlike the ubiquitous ACE, ACE2 was
originally thought to be predominantly expressed in the heart,
kidney, testis and other tissues [11,12]. Subsequent studies, how-
ever, showed a much more widespread distribution of ACE2 in the
lung, liver, small intestine and brain, although its levels were lower

than those in the kidney [15,16]. It seems that both peripheral and
central ACE2 might be involved in cardiovascular regulation.

In addition, many recent epidemiological studies have demon-
strated the fetal origins of hypertension and CVDs. The abnormal
development of the RAS in the fetus plays an important part in an
increased risk of CVD in the adult [17,18]. Studies over the past two
decades have shown that the RAS is crucial, not only in the control
of fetal cardiovascular responses, body fluid balance and neuroen-
docrine regulation but also in postnatal health or illness [17,18].
Alterations of the normal development of the fetal RAS by envir-
onmental insults during pregnancy might have a critical impact
on the in utero ‘programing’ of hypertension and CVDs in later life
[19,20].

In this article, we briefly review the recently discovered phy-
siological and pathophysiological effects of peripheral and brain
ACEs in cardiovascular homeostasis. ACE-Is and ACE2 and their
clinical relevance to CVDs are discussed. In addition, we summar-
ize new progress in the study of the fetal RAS during development
in the link with ACEs, which might present an interesting field in
perinatal medicine and preventive medicine.

The chemical structure and biochemical properties of
ACEs

The structure and biochemical properties of ACE

ACE is a zinc metallopeptidase that converts inactive Ang I to
active Ang Il by cleaving the dipeptide histidine-leucine from the
C-terminal of Ang I. It is a key enzyme in the RAS for the produc-
tion of Ang II. ACE is distributed throughout the body, including
the central nervous system (CNS) [21]. ACE exists in both mem-
brane-bound and soluble forms. The latter exists in blood plasma,
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amniotic fluid, seminal plasma and other body fluids [22]. There
are two distinct isoenzymes of ACE. The endothelial isoenzyme
(the somatic form) is present throughout the body and is com-
posed of two highly similar domains, each of which bears a
functional catalytic site. The other isoenzyme (the germinal form)
is found exclusively in the testis and, with the exception of
approximately 67 amino acids at the N terminus, is identical to
the C-terminal domain of endothelial ACE, thus containing only a
single catalytic site. Both forms of ACE function at the cell surface
as ectoenzymes to hydrolyze circulating peptides.

ACE, or kininase II, was originally named for its ability to
convert Ang I into Ang II or to inactivate bradykinin. ACE acts
as a peptidyl dipeptidase removing COOH-terminal dipeptides
from active peptides containing a free COOH terminus. However,
many studies have demonstrated that it also can act as an endo-
peptidase on other substrates, such as substance P and the lutei-
nizing-hormone-releasing hormone [23]. Indeed, physiological
substrates of ACE are broad and include not only Ang I, bradykinin
and substance P but also hemoregulatory peptide N-acetyl-Ser-Asp-
Lys-Pro [24]. N-Acetyl-Ser-Asp-Lys-Pro, a putative bone marrow
suppressor, is a hematopoietic factor that is a natural substrate for
the NH,-terminal domain of ACE. It might have a role in hemo-
poietic cell differentiation, whereas both domains are thought to
be important for regulating tissue and blood levels of the vasoac-
tive hormones Ang II and bradykinin. Proangiotensin-12, or Ang
(1-12), was found a few years ago. Ang (1-12) also could be a
substrate of ACE and was identified as a propeptide of the RAS in
plasma and tissues by Nagata et al. [25]. This AGT-derived product
is a previously unrecognized important precursor peptide to the
RAS cascade. When injected intravenously in rats, Ang (1-12)
immediately raised BP, and its vasoconstrictor and pressor effect
mostly disappeared after the administration of an ACE-I or Ang
receptor blockers. Previous studies [25-27] suggested that the
direct enzymatic conversion of Ang (1-12) into Ang I seems to
be mediated by serum ACE. Prosser et al. [28], however, demon-
strated recently that Ang (1-12) is converted to Ang II by cardiac
chymase in rats. This enzyme is expressed in tissue mast cells and
increased during ACE-I therapy. Inhibition of ACE activities has
proved to be important in the treatment of hypertension and other
CVDs [29].

The structure and biochemical properties of ACE2

Both ACE and ACE2 are endothelium-bound carboxypeptidases
and can be cleaved by distinct metalloproteases located on the cell
surface and released in soluble forms. They share many biochem-
ical properties with each other. In contrast to the wide-expressed
ACE, however, expression of ACE2 was initially described in the
heart, kidney and testis [11,12,30]. Its expression was initially
thought to be limited mainly to endothelial cells of the arteries,
arterioles, venules in the heart and kidney [11,12,30], and renal
tubular epithelium and vascular smooth muscle cells of the intrar-
enal arteries and coronary blood vessels [11]. Recent studies have
shown that ACE2 expression is also ubiquitous in the brain and
most cardiovascular-relevant tissues. Unlike ACE, ACE2 functions
as a strict carboxypeptidase and cleaves a single C-terminal residue
from a distinct range of substrates rather than a dipeptide; there-
fore, ACE2 is able to cleave the decapeptide AngI to Ang (1-9) and
octapeptide Ang II to Ang (1-7) in vitro [12,31] (Fig. 1). The major

role of ACE2 in Ang peptides metabolism is to produce Ang (1-7),
however, which opposes actions of Ang II and mediates vasodila-
tation and antiproliferation. Therefore, through the Ang (1-7)
pathway, ACE2 can counterbalance physiological and pathophy-
siological effects of the ACE-Ang II pathway [32]. It seems that
conversion of Ang I to Ang (1-9) via ACE2 is not normally of
physiological importance, except under conditions that raise Ang
IIlevels (e.g. during ACE-I or ARB treatments). In addition to Ang I
and Ang II, ACE2 also shows broad substrate specificity. It parti-
cipates in the metabolism of other peptides not related to the RAS,
such as neurotensin-(1-11), dynorphin A-(1-13), B-casomorphin-
(1-7), ghrelin, [des-Arg®]-bradykinin and [Lys-des-Arg9]-bradyki-
nin [31]. However, the physiological significance of ACE2 in the
regulation of these peptides is unclear [33]. Despite sharing many
biochemical properties with ACE, ACE2 is insensitive to classic
ACE-Is [11,12].

ACE genes

As a homolog of ACE, ACE2 shares 42% sequence identity with
ACE in the metalloprotease catalytic regions [12]. Comparison of
their genomic structures indicates that the two genes are very
similar. Collectrin is another homolog of ACE2 expressed exclu-
sively in the kidney. Human collectrin has 47.8% identity with
non-catalytic extracellular, transmembrane and cytosolic domains
of ACE2; however, unlike ACE and ACE2, collectrin lacks active
dipeptidyl carboxypeptidase catalytic domains [34]. ACE gene is
located on chromosome 17, but ACE2 and collectrin genes are
located close to each other in the same region of the X chromo-
some. It has been shown that the ACE2 gene is localized in a
hypertension-related quantitative trait locus on the X chromo-
some [20]. Increasing evidence shows that ACE2 has a crucial role
in the regulation of BP and cardiovascular function. For example,
recent studies have suggested a strong association between the
ACE2 gene polymorphism and hypertension in patients with
metabolic syndrome [35], essential hypertension [36], left ventri-
cular hypertrophy with hypertrophic cardiomyopathy, coronary
heart disease and myocardial infarction [37].

The effects of two ACEs on the cardiovascular system
The effect of peripheral ACE and ACE2 on the cardiovascular
system

The distribution of ACEs in the periphery

As mentioned above, a large body of evidence has demonstrated
that ACE is widely expressed not only in the lung but also in many
other tissues [1], including renal proximal tubular epithelium,
vascular adventitia, gut, macrophages and selected portions of
the brain [38,39]. For example, cardiac ACE mRNA can be detected
easily in both rat and human hearts [40,41]. ACE activity is also
readily detectable by several methods, such as autoradiography or
enzymatic assay. It has been demonstrated that ACE is present in
viable cardiomyocytes, cardiac blood vessels and the endocar-
dium, either under normal conditions or after myocardial infarc-
tion [42].

ACE is detectable in vasculatures and is present in the endothe-
lial cells of all vascular beds. There are, however, many reports of
the converting enzyme activity in blood vessels not associated
with the endothelium [43]. Indeed, in different layers of vascular
wall, the data are not very consistent with each other. Wilson et al.

334 www.drugdiscoverytoday.com



Drug Discovery Today * Volume 15, Numbers 9/10 + May 2010

REVIEWS

[44] and Rogerson et al. [43] reported a predominant labeling of
ACE in the endothelium and adventitia. Arnal et al. [45] showed
high levels of expression in ACE mRNA and protein in the media of
rat aorta, where the expression levels are almost as high as in the
endothelium, whereas the expression is relatively low in the
adventitia. Hamming et al. [46] investigated the localization of
ACE2 protein in various human organs and found that ACE2 was
present in arterial and venous endothelial cells and arterial smooth
muscle cells in all organs studied. Additional studies are required
for further clarification.

Accumulating data show that the kidney also contains a local
tissue RAS that plays an important part in the control of renal
functions and BP regulation [47,48]. ACE is expressed in the
proximal tubular brush border in the kidney [39].

ACE2 expression has also been demonstrated in the heart
[12,30,49] and vasculatures. It is localized to the endothelial
and smooth muscle cells of intramyocardial vessels and on cardiac
myocytes [11,12,49]. It has also been found in the thoracic aorta,
carotid arteries and veins. In the kidney, ACE2 is predominantly
expressed in the proximal tubular brush border [50], where it co-
localizes with ACE. ACE2 is also found in endothelial and smooth
muscle cells of renal vessels and in glomerular visceral and parietal
epithelial cells [51].

Peripheral ACE and cardiovascular function

The studies with targeted homologous recombination in mouse
embryonic stem cells have provided a surprising series of insights
into the action and functional importance of the RAS [52-54].
ACE.1 (null) mice are null for all expression of ACE. These mice
have shown a profound reduction in BP, the inability to concen-
trate urine and a maldevelopment of the kidney. By contrast,
ACE.2 (tissue null) mice produce approximately 34% of the nor-
mal ACE enzymatic activity but completely lack tissue ACE. They
also have low BP. Reduced BP is a key feature of ace-deficient (no
ACE) mice [53,54]. To investigate the fine control of body physiol-
ogy by the RAS, Cole et al. [52] developed a novel promoter
swapping approach to generate a more selective tissue knockout
of ACE expression. With this approach, ACE.3 (liver ACE) mouse
model was produced, which selectively expressed ACE in the liver
but lacked all ACE within the vasculature [52]. Surprisingly, studies
on these mice showed that endothelial expression of ACE was not
required for BP control or normal renal function.

It has been demonstrated that ace-deficient mice are neither
defective in heart development nor prone to heart disease [53,54].
In ace-deficient mice, hearts are histologically normal and no
defect in heart function is detected [53,54]. Nonetheless, ACE
plays an important part in vascular remodeling during vascular
injury and restenosis, hypertension and atherosclerosis [55].

Peripheral ACE2 and cardiovascular function

Increasing evidence indicates that ACE2 has a crucial role in
cardiovascular homeostasis, and its altered expression is associated
with major cardiac and vascular pathophysiology. It has been
shown that patients with hypertension show a marked ACE upre-
gulation but ACE2 downregulation in both the heart and kidney
[56,57]. This suggests that disruption of the balance between ACE
and ACE2 results in abnormal BP control, thus ACE2 might protect
against the increase in BP and the ACE2 deficiency might lead to

hypertension. Crackower et al. [30] were the first to test ACE2 as
the gene underlying the BP locus on the X chromosome and
reported low ACE2 levels in the kidneys of three types of hyper-
tension rats. In salt-sensitive Sabra hypertensive rats, ACE2 mRNA
and protein expression was lower than that in salt-resistant Sabra
normotensive rats. In both spontaneously hypertensive rats
(SHRs) and spontaneously hypertensive stroke-prone rats, kidney
ACE2 expression was also decreased, as compared with that of
Wistar-Kyoto control rats [30,58]. A recent finding in a new con-
genic hypertensive rat strain, Lew.Tg (mRen2), derived from trans-
genic Ren-2 shows that the treatments with ACE-I lisinopril or ARB
losartan induce an increase in cardiac and renal ACE2 expression
and/or activity and a decrease in BP [S9]. Taken together, these
findings indicate that ACE2 is a key element in the regulation of
BP. Nonetheless, its significance in hypertension needs to be
studied further.

Previous studies have shown that the deletion of ACE2 results in
notable alterations in cardiac and vascular functions, observed
mainly from the ACE2 knockout animals [60,61]. For example,
Crackower et al. [30] first demonstrated that ace2 null mice exhib-
ited severe reduction in cardiac contractility and decreased aortic
and ventricular pressure. Interestingly, these animals showed no
changes in BP, although their plasma and tissue levels of Ang II
were increased significantly. The cardiac contractile dysfunction
was completely reversed by the concomitant deletion of the ACE
gene in ace2 knockout (ACE2-/y) mice, suggesting that the cardiac
function is modulated by the balance between ACE and ACE2 and
that the increase in local cardiac Ang II is involved in these
abnormalities [30]. By contrast, Gurley et al. [60] demonstrated
that their ACE2 null mice lacked cardiac structural or functional
changes but exhibited a small elevation of baseline BP and
enhanced susceptibility to Ang II-induced hypertension. Their
recent studies have shown that there are no changes in ACE2-/y
with a 129/SvEv background and variable changes in mixed ani-
mals [60,62]. In another study, Yamamoto et al. [61] also failed to
identify cardiac abnormalities in their ace2 knockout mice. They
did, however, demonstrate reduced cardiac contractility after
transverse aortic constriction, a model of pressure overload. The
transverse aortic constriction in the ace2 knockout mice was
associated with a marked increase in cardiac Ang II levels and
increased fibrosis, left ventricular dilation and myofibrillar disar-
ray, as compared with wild-type mice subjected to the same
procedure [61].

ACE2 might influence the electrical pathways of the heart,
however. Indeed, Donoghue et al. showed spontaneous lethal
episodes of ventricular tachycardia and fibrillation developed in
ACE2 transgenic mice [63]. The level of ACE2 upregulation corre-
lated with the severity of the conduction disturbance. This sup-
ports a previous study that demonstrated that high concentrations
of Ang (1-7) in the heart induced cardiac arrhythmias [64]. These
findings suggest an important role for ACE2 in counteracting the
effects of accumulating Ang II.

Other studies further demonstrated the important role of ACE2
in cardiac function. Burrell et al. [49] showed that ACE2 increased
after myocardial infarction, suggesting that enzyme plays a part in
the negative modulation of the RAS in the metabolism of Ang
peptides after myocardial injury. Cardiac hypertrophy, fibrosis and
hypertension are associated with an increase in cardiac ACE2 gene
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expression and ACE2 activity in rats [65]. Ang (1-7)-forming
activity has also been observed in patients with either idiopathic
dilated cardiomyopathy or primary pulmonary hypertension,
which is inhibited by the ACE2-specific inhibitor MLN4760
[66]. Recent studies on myocardial infarcted animals have shown
that the use of Ang II formation inhibitors (i.e. ACE-Is) or ARBs
results in an increase in ACE2 transcription and translation
[32,65,67,68]. These observations imply that upregulation of
ACE2 is a compensatory response to the inhibition of Ang II,
demonstrate that peripheral ACE2 exerts a pivotal role in cardio-
vascular functions and indicate great potential for drug develop-
ment targeting of ACE2.

The effects of central ACE and ACE2 on the cardiovascular
system

Brain ACE and cardiovascular function

In the brain, ACE mRNA is expressed in the choroid plexus,
caudate putamen, cerebellum, brainstem and hippocampus in
therat [69]. The localization of ACE protein in the CNS was verified
by quantitative autoradiography with high levels in the choroid
plexus, blood vessels, subfornical organ (SFO) and organum vas-
culosum of the lamina terminalis, and lower levels in the thala-
mus, hypothalamus, basal ganglia and posterior pituitary gland
[70].

A large body of evidence shows that a hyperactive brain RAS
plays a crucial part in the development and maintenance of
hypertension. Although the precise mechanisms by which Ang
II triggers hypertension are not clear, they seem to be involved in
an increased sympathetic vasomotor tone and altered cardiac
baroreflex function [71]. Ang II acting on brain AT1R [72,73]
induces an increase in BP by promoting vasoconstriction, renal
sodium and water reabsorption, increasing cardiac output, sym-
pathetic tone [74] and arginine vasopressin (AVP) release [75] and
stimulating the sensation of thirst in the CNS. In SHRs, the
upregulation of brain RAS components such as AGT, Ang II,
ACE and AT1R precedes and sustains the development of hyper-
tension [72].

Brain ACE2 and cardiovascular function

Many recent studies have shown that ACE2 is widespread through-
out the brain [11,12]. In addition, studies performed in brain cell
cultures have demonstrated that ACE2 was expressed predomi-
nantly in glial cells [76]. After these initial studies, evidence of
ACE2 and its role in the CNS emerged rapidly. For example, using a
selective antibody, Doobay et al. [15] found that ACE2 was present
not only in nuclei like the cardio-respiratory neurons of the
brainstem involved in the central regulation of cardiovascular
function but also in non-cardiovascular areas, such as the motor
cortex and raphe. In addition, Lin et al. [16] showed the presence of
ACE2 mRNA and protein in the mouse brainstem. These findings
suggest a broad effect of ACE2 in the CNS, in addition to its
regulation of cardiovascular function.

Now, it is well established that the ACE2-Ang (1-7)-Mas axisis a
new avenue of actions of the RAS [77]. Emerging evidence clearly
supports the principle that the ACE2-Ang (1-7)-Mas axis is a
physiologically relevant arm of the RAS in counterbalancing the
actions of the ACE-Ang II-AT1R pathway [77]. ACE2 can meta-
bolize Ang II to the vasodilatory peptide Ang (1-7) and, therefore,

to some extent, the physiological role of central Ang (1-7) indi-
cates some roles of brain ACE2. Ang (1-7) acts through binding to
its receptor Mas, which has been demonstrated to be highly
expressed in the brain [78]. There is a large body of evidence for
the role of Ang (1-7) in the CNS. Ang (1-7) is the pleiotropic
bioactive component of the RAS. It exerts effects that can be
identical to, different to or the opposite of those displayed by
Ang II [79,80]. For example, it mimics Ang II stimulation of AVP
and prostaglandin release, as well as peripheral norepinephrine
outflow [80]. By contrast, Ang (1-7) causes natriuresis, diuresis and
vasodilatation, as well as inhibiting angiogenesis and cellular
growth [79]. In many cases, this peptide acts as an endogenous
antagonist of Ang II. Ang (1-7) has been suggested to have an
antihypertensive effect, as well as counterbalancing pressor and
proliferative actions of Ang I, because its effects that oppose those
of Ang II are enhanced in rat models of hypertension [79]. Intra-
cerebroventricular infusion of Ang (1-7) induced a significant
increase in baroreceptor control of heart rate sensitivity for reflex
bradycardia [10,81]. Central Ang (1-7) exerts the antihypertensive
effect in many ways. Gironacci et al. [78] demonstrated that central
Ang (1-7) decreased sympathetic nervous system activity by inhi-
biting norepinephrine release from the hypothalamus in SHR and
by acting through a bradykinin/nitric oxide-mediated mechanism
that stimulates the cGMP/protein kinase G signaling pathway. It
might also participate in the potentiation of bradykinin release
and the kinin receptor expression [82].

Accordingly, it is widely accepted that ACE2 plays a pivotal part
in the central control of cardiovascular homeostasis. Diz et al. [83]
reported recently that ACE2 activity and as ACE and neprilysin
activities, were present in plasma membrane fractions of the
dorsomedial medulla in Sprague-Dawley rats. Injections of the
Ang (1-7) antagonist [p-Ala(7)]-Ang (1-7) into the nucleus tractus
solitarii (NTS) reduced the baroreceptor reflex sensitivity for the
control of heart rate by 40%, whereas injections of the AT1R
antagonist candesartan increased the baroreceptor reflex sensitiv-
ity by 40%, when reflex bradycardia was assessed. Consistently,
injections of MLN4760, the most potent and selective ACE2
inhibitor currently available, into the NTS reduced the barorecep-
tor reflex sensitivity. These findings support the concept that
within the NTS, local synthesis of Ang (1-7) from Ang II is required
for normal sensitivity for the baroreflex control of the heart rate in
response to the increases in arterial pressure.

Xia et al. [84] reported that activation of central AT1R reduced
ACE2 activity in hypertensive mice, thereby impairing baroreflex
function and promoting hypertension. Overexpression of ACE2 in
the brain reduces hypertension by improving arterial baroreflex
and autonomic function. This supports the idea that brain ACE2
plays a crucial part in the central regulation of BP and the devel-
opment of hypertension. Moreover, ACE2 overexpression in the
SFO also impairs Ang II-mediated pressor and dipsogenic
responses, which are mediated — at least in part — by inhibiting
ATI1R expression [85]. All of these experimental results have
offered a new target for the treatment of hypertension and other
CVDs.

The studies about the brain ACE2 and its role in the cardiovas-
cular system are still limited, however, although some important
information has come out in recent years. Doobay et al. [15]
recently examined ACE2 immunostaining in transgenic mouse
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brain sections from neuron-specific enolase-AT(1A) (overexpres-
sing AT(1A) receptors), R(+)A(+) (overexpressing AGT and renin)
and control (nontransgenic littermates) mice. These studies
showed that ACE2 staining was widely distributed throughout
the brain and was localized to the cytoplasm of neuronal cells.
In the SFO, ACE2 was increased significantly in the transgenic
mice, whereas in the brainstem, ACE2 mRNA and protein expres-
sion were inversely changed when comparing transgenic to non-
transgenic mice. This is supported by subsequent studies by Lin
et al. [16], who demonstrated that a reduction in AT1R mRNA was
associated with a reduction in ACE2 mRNA in the brainstem by
using a gene silencing approach. These findings suggest that ACE2
levels are tightly regulated by other components of the RAS,
supporting the notion that ACE2 acts as a compensatory mechan-
ism to limit brain RAS hyperactivity. Moreover, ACE2 expression
in brain areas involved in the control of cardiovascular functions
suggests its crucial role in the central regulation of BP and diseases
involving the autonomic nervous system, such as hypertension
[15]. In addition, Feng et al. [85] showed recently that ACE2
overexpression in the SFO impaired Ang Il-mediated pressor
and drinking responses at least by inhibiting AT1R expression,
which indicates ACE2 has an effect on the downregulation of AT1IR
in this region. Further studies are needed to address the details of
the phenomenon observed.

ACE-Is, ACE2 and their clinical relevance to the CVD
ACE-Is and their therapeutic effects on CVD

The ACE-Ang II-AT1R axis has long been thought to be the main
path for the RAS in controlling cardiovascular function; therefore,
specific ACE-Is and ARBs have been the major therapeutic strategies
for the treatment of hypertension and other CVDs [6]. Many potent
ACE-Is have been synthesized and subsequently evaluated in clin-
ical trials. As is well known, ACE is a key enzyme of the RAS, which
converts Ang I to Ang II and degrades bradykinin into inactive
peptides. Inmany CVDs, levels of ACE are increased [86]. This results
in increased circulating and tissue levels of Ang II and decreased
levels of bradykinin. The imbalance of Ang II and bradykinin will
induce harmful effects on myocardial or vascular functions and
structures, including vasoconstriction, salt and water retention,
ventricular hypertrophy, sympathetic nervous system overstimula-
tion and vascular smooth muscle cell proliferation. ACE-Is block the
conversion of Ang I to Ang II and inhibit the breakdown of brady-
kinin, which can recover the balance of Ang II and bradykinin.
Evidence from clinical trials demonstrates that ACE inhibition has
this impact on almost all classes of cardiovascular drugs, reducing
the risk of myocardial infarction, stroke, diabetes mellitus and renal
impairment [87]. They benefit patients with hypertension, heart
failure, left ventricular dysfunction, postmyocardial infarction,
nephropathy, peripheral vascular disease, diabetes, stroke and tran-
sient ischemic attack [88,89]. A novel functional role of ACE
involved in outside-in signaling has been identified by Fleming
et al. [90]. These investigators showed that binding of an ACE-I to
ACE led to the activation of signal events that were likely to affect
the expression of several proteins. The characterization of the novel
signaling pathway via ACE also suggests that some of the beneficial
effects of ACE-Is can be attributed to the activation of a distinct ACE
signaling cascade, rather than to changes in Ang II and bradykinin
levels [90].

In addition to ACE inhibition, the RAS also can be inhibited by
ARBs. ACE-Is and ARBs have important protective effects on
myocardial and vascular functions, in addition to their antihy-
pertensive effects. Several studies noted a marked increase in
cardiac ACE2 expression in response to RAS blockade by ACE-Is
[32] or ARBs [32,67,68] (Fig. 1). The cardioprotection by RAS
blockade is caused not only by the reduced Ang II-mediated effects
but also by a local increase of Ang (1-7) that has beneficial effects
on the heart by binding to its putative receptor Mas [10]. However,
several clinical investigations found that both classes of drugs have
some limitations. For example, in some patients, increased plasma
Ang II concentrations were observed during the ACE-Is therapy.
This was partly because of the production of Ang II via non-ACE
pathways. Moreover, elevated aldosterone concentrations can also
occur in a significant proportion of patients during the ACE-Is
therapy. By contrast, ARBs block the deleterious effects of Ang II at
AT1R, whereas the beneficial effects of kinins might be dimin-
ished. The ARB therapy can result in the activation of AT2R,
resulting in potentially beneficial anti-inflammatory, antithrom-
botic and antiproliferative effects. The combination therapy with
ACE-Is plus ARBs offers the potential for effective BP control,
decreased aldosterone production and enhanced kinin activity
and, thus, is the focus of recent clinical trials and is currently
being investigated [88,89]. In addition, it also is possible to con-
sider a single drug that contains both ACE-Is and ARBs with various
concentrations of the two inhibitors.

ACE2, a potential target for CVD therapeutics
For several years, ACE has been thought to be the major regulatory
enzyme in the RAS. After the discovery of ACE2, it has gained
recognition as an important regulator of cardiovascular function.
Emerging evidence clearly supports the concept that the ACE2—
Ang (1-7)-Mas axis is a physiologically cardioprotective pathway
of the RAS in counterbalancing actions of the ACE-Ang II-AT1R
pathway. Expression and activity of ACE2 are altered in several
CVDs, including hypertension, renal damage, heart failure and
vascular remodeling; therefore, the ACE2-Ang (1-7)-Mas pathway
offers an opportunity to develop a new and refined therapeutic
strategy for CVDs. Before embarking on the therapeutic aspects,
however, more investigations are needed to elucidate the details
and exact mechanisms of ACE2 in the regulation of cardiovascular
function. MLN4760 is an inhibitor against ACE2. New and selec-
tive drugs or activators targeting ACE2 should be explored.
Because ACE2 opposes the vasoactive and proliferative actions
of Ang II and shows the beneficial effects for the cardiovascular
system, the upregulation of ACE2 expression or activity is a desir-
able characteristic in the treatment of CVDs. Increasing ACE2
levels by stimulating its expression or the exogenous application
of recombinant ACE2 might have beneficial effects in several
disease conditions and should be the scope of future studies.
Actually, recent data from several groups have shown that ACE2
gene therapy provides beneficial effects on cardiovascular func-
tions. Researchers have overexpressed ACE2 in the heart of adult
animals using gene transfer techniques. They found that ACE2 gene
delivery is able to protect the heart against myocardial injuries
induced by Ang II infusion [91], ischemia [92] or damages elicited
by high BP in SHRs [93]. In addition, recent studies have shown that
administration of ACE2 activators might be a valid strategy for
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antihypertensive therapy. Prada et al. [94] demonstrated that
xanthenone, a compound that enhances ACE2 activity, causes
considerable reduction in BP and a striking reversal of cardiac
and renal fibrosis in hypertension of the SHR model. They presented
for the first time a structure-based drug discovery approach to enable
the development of enzyme activators. The clinical ramifications of
their study are significant for CVD and other diseases associated
with hypertension, such as obesity and diabetes.

The ACEs in the fetus

Compared with the extensive studies of the RAS in the adult, the
investigations related to the RAS in the fetus are substantially
fewer. Since the concept of the ‘fetal origins of adult health and
diseases’ was introduced [95], the development of the RAS in
normal and abnormal patterns before birth has attracted great
attention. Increasing evidence suggests that an overactivated RAS,
including increased ACE activity [17,18], contributes critically to
fetal programing of hypertension in the adult.

Functional development of ACE on fetal cardiovascular response
and body fluid homeostasis

The ACE immunoreactivity has been demonstrated in human fetal
brain [96]. Both ACE mRNA and protein were detected in the
choroid plexus and other brain regions in fetal rats and rabbits
[69,70]. In rat fetal brain on day 19 of gestation, ACE was detected
in the choroid plexus, SFO and posterior pituitary but not in
extrapyramidal structures and the anterior pituitary [95]. After
birth, ACE was identified in the caudate—putamen [96]. By con-
trast, ACE2’s expression in the brain was absent until embryonic
day 15, when a prompt increase in expression followed [30].

A physiological question was raised immediately after the dis-
covery of ACE in the fetal brain (i.e. whether and when the brain
ACE in the fetus is functional during development). Although
ACEs were expressed in the developing fetus before birth, the
functional development of these enzymes was less understood.
In recent studies, we investigated the functional development of
brain ACE related to the cardiovascular regulation in utero in the
chronically prepared near-term ovine fetus with intracerebroven-
tricular injection of Ang I. An in utero survival surgery was exerted
in the ovine fetuses [97,98]. An intracranial cannula was placed in
the fetal lateral ventricle at 70-90% gestation. After recovery for
four to five days, the fetal sheep was tested. We found that
intracerebroventricular injection of Ang I, the substrate of ACE,
induced Ang II-like physiological actions, including an increase of
fetal BP and plasma AVP concentrations, as well as c-fos expression
in the putative cardiovascular nuclei such as the paraventricular
nuclei. Captopril, an inhibitor of ACE, suppressed the Ang I-
induced responses significantly. These results indicate that the
functional development of central endogenous ACE is established
at least at the last third of gestation and that endogenous brain
RAS-stimulated pressor responses and AVP release by acting at the
sites are consistent with the cardiovascular network in the
hypothalamus (Shi et al., unpublished data).

Because the last third of gestation is crucial in functional
development and might serve as a vulnerable ‘window’ in the
face of environmental insults leading to disease programing, this
novel information gained in fetal sheep contributes not only to
the understanding of normal neurophysiologic development in

the fetal brain but also to the knowledge of RAS-mediated hyper-
tension development of fetal origins.

Alterations in ACEs in fetal programing of hypertension
Increasing evidence supports the concept that adverse events in the
perinatal environment predispose an individual to diseases later in
life [95]. ACE and ACE2 are coexpressed in many tissues, and altera-
tions in their expressions and activities might participate in fetal
programing of hypertension [99,100]. For example, in an animal
model of a low-protein diet during pregnancy, elevated BP in adult
offspring was associated with increased pulmonary and plasma ACE
activity [17], and ACE-Is prevented the increase of BP [101]. In
addition, hypertension in lambs exposed to low-protein in utero
was associated with an enhanced renal ACE protein expression [102].

Although glucocorticoid exposure can acutely increase ACE
expression in vascular smooth muscle [103], chronic upregulation
of the RAS components might also occur as a result of inappropri-
ate exposure to glucocorticoids in utero. Recently, Shaltout et al.
[100] investigated the effect of antenatal betamethasone given to
sheep at a dose and gestational time point similar to the therapy
that women at risk for preterm delivery receive. They found that
the antenatal betamethasone treatment increased mean arterial
pressure (97 + 3 versus 83 + 2 mmHg, P < 0.05) in the adult off-
spring, and this increase in BP was blocked by an AT1R antagonist,
candesartan. This suggests a higher vasoconstrictor tone in the
betamethasone-treated animals than in the control animals. They
further evaluated several key enzymes that are crucial for main-
taining the balance between Ang II and Ang (1-7). They showed
that the betamethasone treatment was associated with a higher
serum ACE activity but lower serum ACE2 activity, which supports
a shift toward greater synthesis (ACE) and reduced metabolism
(ACE2) of Ang II, as well as reduced formation of Ang (1-7). The
alterations in the ratio of these peptides would favor an elevation
of BP. Antenatal betamethasone treatment was also associated
with reduced ACE2 activity in the isolated proximal tubules and
in the urine. The reduction in the ACE2 activity in both of these
compartments suggests a reduced expression of the enzyme, rather
than increased shedding of the enzyme into the tubular fluid.
Moreover, an ACE2 immunoblot of the proximal tubules revealed
lower protein levels consistent with the lower ACE2 activity in the
tubules. ACE and neprilysin activities in the proximal tubules were
not altered by the antenatal betamethasone treatment. Taken
together, these data indicate that antenatal steroid treatment
results in the chronic alteration of ACE and ACE2 in the circulatory
and tubular compartments, which might contribute to the
increased BP in fetal programing of hypertension.

ACE-Is regulate blood vessel formation during development

The RAS has an essential role in pathological development in
blood vessel growth [55]. Cooper et al. found that infants born
to women who took ACE-Is during the first trimester of pregnancy
had an excess of major congenital malformations compared with
unexposed women, supporting the notion that inhibition of blood
vessel formation might account for congenital abnormalities
owing to exposure to ACE-Is during the first trimester [104].
However, mice lacking ACE showed no evidence of congenital
abnormalities such as those seen in human fetuses exposed to
ACE-Is [54]. The differences are not currently fully understood.
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The developing brain and heart in the fetus are major sites for the
formation of blood vessels, and the patterns of the recently
reported malformations resulting from exposure to ACE-Is during
the first trimester are consistent with the impairment of vasculo-
genesis and early angiogenesis. However, the precise roles of the
different constituents of this system remain poorly understood.

It is anticipated that prenatal medicine in the prevention of
diseases in fetal origins will attract more and more attention given
that several adult diseases can be developed originally at prenatal
stages. Recent progress has been made in showing that the RAS
plays an important part in programing diseases initiated in the
fetal period; therefore, future directions for the prevention of RAS-
mediated diseases of fetal origins might focus on ACEs and their
inhibitors at both prenatal and postnatal stages.

Concluding remarks
Different metabolic avenues leading Ang I to the Ang II-AT1R/
AT2R pathway via ACE or the Ang (1-7)-Mas pathway via ACE2
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