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Abstract

Pregnancy is a physiological condition characterized by a progressive
increase of the different components of the renin-angiotensin system
(RAS). The physiological consequences of the stimulated RAS in
normal pregnancy are incompletely understood, and even less under-
stood is the question of how this system may be altered and contribute
to the hypertensive disorders of pregnancy. Findings from our group
have provided novel insights into how the RAS may contribute to the
physiological condition of pregnancy by showing that pregnancy
increases the expression of both the vasodilator heptapeptide of the
RAS, angiotensin-(1-7) [Ang-(1-7)], and of a newly cloned angio-
tensin converting enzyme (ACE) homolog, ACE2, that shows high
catalytic efficiency for Ang II metabolism to Ang-(1-7). The discovery
of ACE2 adds a new dimension to the complexity of the RAS by
providing a new arm that may counter-regulate the activity of the
vasoconstrictor component, while amplifying the vasodilator compo-
nent. The studies reviewed in this article demonstrate that Ang-(1-7)
increases in plasma and urine of normal pregnant women. In pre-
eclamptic subjects we showed that plasma Ang-(1-7) was suppressed
as compared to the levels found in normal pregnancy. In addition,
kidney and urinary levels of Ang-(1-7) were increased in pregnant rats
coinciding with the enhanced detection and expression of ACE2.
These findings support the concept that in normal pregnancy enhanced
ACE2 may counteract the elevation in tissue and circulating Ang II by
increasing the rate of conversion to Ang-(1-7). These findings provide
a basis for the physiological role of Ang-(1-7) and ACE2 during
pregnancy.
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Introduction

Pregnancy is a physiological condition char-
acterized by a progressive increase of the dif-
ferent components of the renin-angiotensin
system (RAS). The physiological consequences
of the stimulated RAS in normal pregnancy are
incompletely understood, and even less under-

stood is the question of how this system may be
altered and contribute to the hypertensive dis-
orders of pregnancy. In normal pregnancy,
estrogen and/or progesterone cause an over-
expression of the RAS by augmenting both
tissue and circulating levels of angiotensino-
gen (1,2) and renin (3-7). During pregnancy,
there is a large increase in plasma angiotensin-
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ogen due to stimulation of its hepatic synthesis
by estrogen. In association with increased cir-
culating estrogen, maternal prorenin and renin
are also increased during pregnancy (8).
Prorenin reaches a peak within 20 days after
conception and remains high until parturition
(9,10). Plasma renin activity rises during the
first few weeks of pregnancy and plasma an-
giotensin II (Ang II) increases in association
with the rise of angiotensinogen and plasma
renin activity during gestation (11,12). In-
creased urinary and plasma aldosterone are
found during pregnancy (10,11). Pregnant
women and animals are resistant to the pressor
effects of Ang II (13-15) and they remain
normotensive despite a 2-fold increase in Ang
II, an event that has been associated with a
down-regulation of the AT1 receptor (12,16).
In pregnant animals administration of angio-
tensin converting enzyme (ACE) inhibitors
results in a decrease in blood pressure, demon-
strating the tonic role of Ang II in blood pres-
sure maintenance during pregnancy (17).

Despite the activation of the RAS during
pregnancy, blood pressure is normal or de-
creased (18,19). Why does an activation of
the RAS not result in hypertension in normal
pregnancy? Is the down-regulation of the
AT1 receptor sufficient to account for the
blood pressure changes? Or are there other
components of the RAS that need to be
considered? In pursuing this question, we
discovered that estrogen shifts the pathways
of formation of the angiotensin peptides in a
tissue-specific manner, reducing formation
of Ang II and augmenting the production of
angiotensin-(1-7) [Ang-(1-7)] in Sprague
Dawley and mRen2 transgenic rats (20). Ang-
(1-7) acts as counter-regulator of the cardio-
vascular actions of Ang II by acting as a
modulator of vascular tone (21). The vasodi-
latory actions of Ang-(1-7) have been re-
ported for a number of vascular beds (22-28)
and involve the release of nitric oxide, ki-
nins, and prostaglandins (22-25). In addi-
tion, Ang-(1-7) was demonstrated to contri-
bute to the anti-hypertensive actions of ACE

inhibitors and AT1 receptor antagonists (29-
31). Prominent antihypertensive effects of
Ang-(1-7) were demonstrated in experimen-
tal hypertensive models (32,33). Local re-
gional angiotensin peptide levels (kidney and
adrenal) are modulated by the estrous cycle,
resulting in an increase in Ang I and/or its
product Ang-(1-7) during estrus (34,35).

The discovery of a new enzyme, ACE2,
adds a potential new dimension to the com-
plexity of the RAS. This enzyme shows ap-
proximately 42% homology with ACE (36,
37) but displays different biochemical ac-
tivities from ACE. ACE2 is a carboxypepti-
dase that exhibits high catalytic efficiency to
generate Ang-(1-7) at the same time that it
inactivates the vasoconstrictor counterpart
Ang II. ACE2 also cleaves one amino acid of
Ang I to generate Ang-(1-9), which can be
further processed into Ang-(1-7) by neprily-
sin and ACE (38). The catalytic efficiency of
ACE2 in generating Ang-(1-7) from Ang II
is almost 500-fold greater than that for the
conversion of Ang I to Ang-(1-9) and 10- to
600-fold higher than that of prolyl oligopep-
tidase and prolyl carboxypeptidase, respec-
tively, to form Ang-(1-7) (38). ACE2 is in-
sensitive to ACE inhibitors (captopril, lisi-
nopril and enalapril) (36,37), a fact suggest-
ing that ACE2 may act to counter-regulate
the activity of the vasoconstrictor compo-
nents of the RAS. In light of these new
findings, the question was raised if Ang-(1-
7) and ACE2 could contribute to cardiovas-
cular regulation in pregnancy.

Figure 1 is a schematic presentation of
the action of the RAS and highlights poten-
tial places where pregnancy modulates com-
ponents of the RAS.

Human studies

Plasma Ang-(1-7) increases in normal human
pregnancy and decreases in preeclampsia

In normal human pregnancy we evalu-
ated whether the known rise in plasma Ang
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II is counterbalanced by an increase in plasma
Ang-(1-7) and whether a fall in plasma Ang-
(1-7) levels in preeclampsia may be a factor
involved in the development of hyperten-
sion. Nulliparous preeclamptic patients and
third trimester normotensive pregnant con-
trols matched for parity, race, and gesta-
tional age were enrolled (N = 15/group). A
nonpregnant group (N = 15) was also in-
cluded for comparison. Preeclampsia patients
had no previous history of hypertension.
Preeclampsia subjects had significant hyper-
tension (159 ± 3/98 ± 2 mmHg) and all had
>3+ proteinuria. Plasma Ang I (176.4 ± 57.1
vs 32.5 ± 5.6 fmol/ml, P < 0.05), Ang II, and
Ang-(1-7) were significantly elevated in nor-
mal pregnant women as compared to non-
pregnant subjects (Figure 2). Plasma Ang-
(1-7) was increased by 34% (P < 0.05) and
plasma Ang II was increased by 50% (P <
0.05). In preeclampsia subjects plasma Ang-
(1-7) was reduced (14.2 ± 2.3 fmol/ml, P <
0.05 vs 3rd trimester of pregnancy); plasma
Ang II was also reduced (30.15 ± 2.3 vs 53.3
± 10.1 fmol/ml, preeclamptic vs 3rd trimes-
ter normal pregnant, P < 0.05), but remained
elevated compared to nonpregnant subjects
(20.1 ± 1.5 fmol/ml, P < 0.05) and was 50%
higher than plasma Ang-(1-7), suggesting
that there is a shift in the balance of the
peptides in preeclampsia. Other components
of the RAS, with the exception of ACE, were
reduced in preeclamptic subjects. Assess-
ment of the relationship between Ang-(1-7)
and blood pressure revealed a negative cor-
relation of Ang-(1-7) with systolic (r = -0.4,
P < 0.05) and diastolic (r = -0.5, P < 0.05)
blood pressure. These data suggest a poten-
tial role for reduced production of Ang-(1-7)
contributing to the elevated blood pressure.
These studies confirm that the RAS is acti-
vated in the third trimester of normal preg-
nancy, including an increase in plasma Ang-
(1-7) levels. In preeclampsia, the decreased
levels of plasma Ang-(1-7) in the presence of
persistent elevated plasma Ang II are consist-
ent with the development of hypertension.

Potential sites of regulation of the RAS during pregnancy

↑ Aogen

↑ Ang I ↑ ACE2 Ang-(1-9)

↑ ACE2 ↑ Ang-(1-7)

Ang-(1-5)

↑ Vasodilation

↓ ACE

↓ Ang II

↓ Vasoconstriction

↓ AT1 receptor AT1-7 receptor

↑ Renin

↓ ACE

    NEP 24.11
↓ ACE

NEP
     PE

Figure 1. Schematic presentation of the renin-angiotensin system. Arrows indicate points
of up- or down-regulation of RAS components. ACE = angiotensin converting enzyme;
ACE2 = angiotensin converting enzyme 2; Ang II = angiotensin II; Ang-(1-7) = angiotensin-
(1-7); Aogen = angiotensinogen; NEP = neutral endopeptidases; NEP 24.11 = neprilysin; PE
= prolyl endopeptidase.
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and their subsequent lactation. Two groups
of normotensive, non-proteinuric women
were studied: group 1 consisted of 9 cycling
women with previous normal obstetrical his-
tories and group 2 consisted of 10 women
with a normal pregnancy and previous nor-
mal obstetrical history. No significant differ-
ences in urinary Ang-(1-7) were observed
between the follicular or luteal phase of the
normal menstrual cycle (data not shown).
There was a progressive rise of urinary Ang-
(1-7) throughout normal human gestation,
attaining levels that were 10-fold greater
than those observed during the normal men-
strual cycle (Figure 3). Urinary Ang II showed
a similar pattern, reaching levels that were
25-fold higher than the values observed dur-
ing the menstrual cycle. At 35 weeks of
gestation, urinary Ang-(1-7) was the pre-
dominant angiotensin peptide in the urine,
reaching levels that were 6-fold higher than
Ang II. The urinary excretion levels may
reflect local kidney production of peptides
and thus during pregnancy the elevated renal
Ang-(1-7) may play a role in the vasodilatory
adaptations of mid and late human preg-
nancy.

Animal studies

In order to better dissect the RAS during
pregnancy, studies were conducted on an
animal model. Pregnant rats were evaluated
at late gestation (19th day) and virgin female
rats were evaluated during the diestrus phase
of the estrous cycle.

Kidney concentration and urinary excretion
rate of Ang-(1-7), Ang II and Ang I in virgin
and pregnant rats

Table 1 shows the basal characterization
of both virgin and pregnant rats. Virgin ani-
mals were at the diestrus phase of the estrous
cycle as indicated by cytology and resting
plasma 17ß-estradiol concentration, which
were nearly 5-fold lower than those found in
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Figure 3. Urinary excretion of angiotensin II (Ang II) and Ang-(1-7) during gestation, lactation
(PP), and menstrual cycle (MC). Data are reported as means ± SEM for N = 10 during
gestation, N = 10 during lactation and N = 9 during the menstrual cycle. Although not
indicated, all values of urinary Ang II and Ang-(1-7) were significantly different from those
found during the menstrual cycle. Data are adapted from Valdes et al. (40). *P < 0.05
compared to day 4 of gestation (Student t-test).

Table 1. Basal characterization of virgin female and 19th day pregnant rats.

Virgin female rat 19th day pregnant rat
(N = 13)  (N = 18)

Maternal body weight (g) 251 ± 11 332 ± 5*
Litter size (No.) - 12.6 ± 0.4
Fetus weight (g) - 1.43 ± 0.01
Urinary flow (ml/24 h) 15 ± 0.9 22.0 ± 1.2*
Creatinine excretion (µmol 24 h-1 g-1) 0.35 ± 0.03 0.36 ± 0.02
17ß-estradiol (pM) 22.6 ± 1.6 101.3 ± 14.8*
Angiotensinogen (nM) 278 ± 32 436 ± 27*
PRC (nmol l-1 min-1) 4.25 ± 0.7 15.8 ± 3.2*
Serum ACE (µmol min-1 l-1) 107 ± 5.7 80 ± 3.5*
Plasma Ang I (pM) 29.4 ± 3.1 32.7 ± 3.6
Plasma Ang II (pM) 24.9 ± 2.0 19.6 ± 1.6
Plasma Ang-(1-7) (pM) 32.1 ± 5.2 46.9 ± 9.8

Data are reported as mean ± SEM. ACE = angiotensin converting enzyme; PRC =
plasma renin concentration. *P < 0.05 compared to virgin rats (Student t-test).

Urinary Ang-(1-7) increases throughout
normal human pregnancy

In these studies, the 24-h urinary excre-
tion of Ang-(1-7) and Ang II was evaluated
during the ovulatory menstrual cycle and
during singleton normotensive pregnancies
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pregnant animals. Urinary flow was signifi-
cantly increased during late pregnancy (P <
0.05) without a change in creatinine excre-
tion. Pregnancy was associated with signifi-
cant increases in plasma angiotensinogen
(57%) and plasma renin concentration
(271%). Serum ACE activity was decreased
by 20% in pregnant animals. In contrast to
the human pregnant subjects, there was no
significant change in plasma concentration
of Ang I, Ang II and Ang (1-7) at the 19th
day of pregnancy.

Twenty-four hour urinary excretion of
the angiotensin peptides was significantly
increased in pregnant animals (Figure 4),
reaching levels that were increased by 93%
(Ang I), 44% (Ang II) and 60% [Ang-(1-7)]
of values found in virgin rats. Kidney Ang I
and Ang-(1-7) concentrations were signifi-
cantly increased in pregnant animals as com-
pared to virgin females. The Ang I and Ang-
(1-7) concentrations were increased by 7-
and 5-fold, respectively (P < 0.05). There
was no significant change in kidney Ang II
concentration of pregnant and virgin females.
These studies provide evidence that urinary
excretion of angiotensin peptides reflects
local kidney content of angiotensin during
pregnancy.

Renal immunocytochemical distribution of
Ang-(1-7) and ACE2 during pregnancy

In these studies we determined the renal
immunocytochemical distribution of Ang-
(1-7) and ACE2 in kidneys of virgin and 19-
day pregnant Sprague Dawley rats. Rats were
sacrificed on the 19th day of pregnancy and
tissues were examined for renal immunocy-
tochemical distribution using a polyclonal
antibody to Ang-(1-7) or a monoclonal anti-
body to ACE2 (Figure 5). Ang-(1-7) immu-
nostaining was predominantly localized to
the inner cortex and outer medulla and was
found in proximal and distal tubules. There
was no staining in the glomerulus. ACE2
immunostaining was also visualized predomi-

fm
ol

/g
 o

r 
fm

ol
/2

4 
h

2100

1800

1500

1200

900

600

300

0

Kidney content Urinary excretion

*
*

*

*
*

Virgin Pregnant Virgin Pregnant Virgin Pregnant
Ang I Ang II Ang-(1-7)
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Ang-(1-7) in the kidney of virgin and pregnant rats. Data are adapted from Brosnihan et al.
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nantly in the tubules of the inner cortex/outer
medulla region of both virgin and pregnant
rats and was not found in the glomerulus.
Analysis of the Ang-(1-7) (33 ± 0.6 vs 21 ±
1.6 arbitrary units, P < 0.05 pregnant vs
virgin) and ACE2 (25 ± 4.0 vs 11 ± 0.9
arbitrary units, P < 0.05 pregnant vs virgin)
immunostaining revealed that kidneys from
pregnant rats had a more intense staining
compared to virgin females. The similar lo-
calization of ACE2 and Ang-(1-7) suggests
that ACE2 may play a role in the renal
production of Ang-(1-7) in pregnancy.

Pregnancy enhances the vasodilator response
to Ang-(1-7) in rat mesenteric arteries

In order to evaluate a functional response
of Ang-(1-7) during pregnancy, the Ang-(1-
7) vasodilator effect was assessed in mesen-

teric resistance vessels from pregnant and
virgin female rats. Mesenteric arteries (230-
290 µm) from 19-day-old pregnant Sprague
Dawley rats and age-matched virgin females
were mounted in a pressurized myograph
system. Ang-(1-7) concentration-dependent
response curves (10-10 to 10-5 M) were deter-
mined in arteries pre-constricted with endo-
thelin-1 (10-7 M). Addition of progressively
higher concentrations of Ang-(1-7) (10-10 to
10-5 M) had no effect on mesenteric vessels
isolated from virgin female rats at the di-
estrus phase of the estrous cycle (Figure 6).
In contrast, in pregnant animals Ang-(1-7)
(10-10 to 10-5 M) caused significant dilation
of the mesenteric vessels (P = 0.05). Ang-(1-
7) reached a maximum plateau at 10-6 M and
displayed an EC50 of 2.7 nM. Pretreatment
of the vessels with the specific Ang-(1-7)
receptor antagonist D-Ala7 completely
blocked the Ang-(1-7)-induced dilation in
pregnant rats (data not shown, P < 0.05),
providing further evidence that pregnancy
increases the vascular endothelial response
to Ang-(1-7).

These studies have demonstrated that
there is enhanced Ang-(1-7) expression dur-
ing pregnancy. In normal human pregnancy,
plasma Ang-(1-7) is increased, whereas in
preeclampsia there is a decrease in plasma
Ang-(1-7). In both humans and rats, preg-
nancy is accompanied by increased urinary
excretion of Ang-(1-7), which in the rat is
reflective of the increased renal concentra-
tion of Ang-(1-7). In the kidney, Ang-(1-7)
and ACE2 are similarly distributed and there
is an enhanced distribution of both in preg-
nancy. Finally, the increased Ang-(1-7) va-
sodilation in mesentery resistance vessels in
pregnancy supports the concept that Ang-(1-
7) may be an important contributor to blood
pressure regulation in pregnancy.
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