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Abstract
We previously demonstrated that angiotensin-(1-7) [Ang-(1-7)], which is increased in the kidney
and urine during pregnancy, influences normal fluid expansion of pregnancy. These previous studies
were completed by chronic administration of the Ang-(1-7) receptor antagonist D-Alanine-[Ang-
(1-7)] (A-779) at a dose of 48 μg/kg/hr after the start of pregnancy (gestational days 11-19). To further
explore the role of Ang-(1-7) on kidney function during early, middle, and late pregnancy, Sprague
Dawley rats were chronically pretreated 8 days prior to pregnancy and throughout pregnancy
(gestational days 0-19) with vehicle or A-779 at a dose of 24 μg/kg/hr. Metabolic studies were
completed in virgin animals and throughout pregnancy (gestational days 4-5, 14-15, and 18-19).
Chow consumption and water intake increased throughout pregnancy while the difference between
intake and output (balance) was increased only at late (day 19) pregnancy with both vehicle and
A-779 administration. Urine volume and urinary osmolality were significantly increased and
decreased respectively throughout pregnancy in vehicle treated rats only. In late (19 day) pregnancy,
A-779 administration significantly decreased chow consumption and water intake. In virgin animals,
A-779 administration significantly increased urine volume, while during late pregnancy (19 day),
urine volume was significantly decreased with A-779 administration. These studies using
pretreatment with a lower dose of A-779 prior to pregnancy confirm results of higher dose A-779
administration after the start of pregnancy. These studies show that Ang-(1-7) produces antidiuresis
in virgin rats and diuresis in late gestation. Ang-(1-7) also contributes to the enhanced water intake
during pregnancy allowing maintenance of the normal volume expanded state despite diuresis.

INTRODUCTION
Normal pregnancy is a condition in which there is progressive increase of the renin-angiotensin
system, specifically evidenced by an increase in circulating concentrations of angiotensinogen,
renin activity, and angiotensin II (Ang II) (1-3). Our laboratory has previously demonstrated
that pregnancy is also associated with increased circulating, urinary excretion, and renal
concentrations of angiotensin-(1-7) [Ang-(1-7)] (4) (5). Merrill et al (3) and Valdes et al. (6)
demonstrated increased plasma concentrations and urinary excretion of Ang-(1-7) during the
third trimester of human pregnancy. Urinary Ang-(1-7) concentration was also shown to
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increase with gestation in rats (4). Renal concentration of Ang-(1-7) increased at mid (15 day)
and late (19 day) gestation in rats with Ang-(1-7) being co-localized with its processing enzyme
angiotensin converting enzyme 2 (ACE2) in the proximal and distal tubular cells of the inner
cortex/outer medulla regions of kidneys from Sprague Dawley rats (5). Previously, the volemic
condition of the animal has been shown to effect the renal actions of Ang-(1-7). Ang-(1-7) has
been shown to produce diuresis in normal volemic male rats with denervated kidneys (7) and
in kidneys perfused in situ with Ang-(1-7) (8). However, Santos et al. (9) (10) demonstrated
that Ang-(1-7) can produce antidiuresis independently of vasopressin (AVP) in water-
expanded male rats that can be accounted for by potent actions on proximal tubules (11) and
inner medullary collecting ducts (9).

Recently, our laboratory explored the actions of Ang-(1-7) on kidney function in virgin female
and pregnant rats by chronic infusion of a specific Ang-(1-7) receptor antagonist D-alanine-
[Ang-(1-7)] (A-779) [48 μg/kg/hr] on days 11-19 of gestation. These studies uncovered that
Ang-(1-7) elicits contrasting effects on renal fluid balance depending on the physiological
condition of the animal producing anti-diuresis in virgin females and diuresis during
pregnancy. To further explore whether prior blockade of Ang-(1-7) before pregnancy would
alter the contribution of Ang-(1-7) to fluid balance, we aimed to pre-treat virgin female Sprague
Dawley rats with a lower dose (24 μg/kg/hr) of A-779 prior to pregnancy and evaluate the
effects of Ang-(1-7) in early, middle, and late gestation. We hypothesized that longer treatment
with a lower dose of the Ang-(1-7) receptor antagonist would demonstrate similar kidney
effects of Ang-(1-7) as those seen with the shorter higher dose regimen producing antidiuresis
in virgin female rats and diuresis during pregnancy.

METHODS
Animals

Virgin female Sprague Dawley rats at 9 weeks of age and 14 week old males were obtained
from Harlan Laboratories (Indianapolis, IN) and housed under a 12h light/dark cycle in a
facility approved by the Association for Assessment and Accreditation of Laboratory Animal
Care. Females were individually housed following surgical procedures and during pregnancy.
All protocols were approved by the Animal Care and Use Committee of Wake Forest
University School of Medicine and are in compliance with NIH guidelines.

Surgical Procedures
A 2 mL Alzet (5μL/hr) osmotic pump (Alzet Osmotic Pumps, Cupertino CA) connected to the
jugular vein via PE-60 tubing was placed in the subcutaneous tissue allowing continuous
intravenous infusion of vehicle or the Ang-(1-7) antagonist, D-Alanine-[Ang-(1-7)] (A-779)
(Bachem, Torrance CA) at a dose of 24 μg/kg/hr for 8 days. The dose was selected based on
previous publications (12;13) which demonstrated that A-779 was a specific antagonist of Ang-
(1-7), and we selected half the dose used to treat animals after the start of pregnancy in our
previous study (14) based on consideration of the longer duration of treatment. Female virgin
rats were placed in metabolic cages following pump implantation and 24 hour metabolic
studies, including water and food consumption, were conducted on treatment day 6-7. At day
7 of treatment, females were removed from metabolic cages, placed in standard cages, and
mated for up to 14 days. Daily vaginal smears were obtained and stained with hematoxylin and
eosin for visualization of sperm. Day 0 of pregnancy was designated as the day when sperm
were found in the vaginal smear. Animals deemed pregnant were returned to metabolic cages
for the remaining study duration. To allow for continuous drug administration, animals were
anesthetized with isoflurane and an incision was made in the back of the neck for removal of
the original osmotic pump. To supply continuous drug administration, additional osmotic
pumps were connected via the incision to the original PE-60 jugular vein cannula on day 5 of
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mating (if needed, 11%), and days 1 or 2 and 12 of pregnancy. The length of drug administration
at day 19 of pregnancy varied between 28 and 40 days based upon animal mating. 24 hour
metabolic studies and food and water consumption were measured on gestational days 5, 15,
and 19. 19 day pregnant animals were weighed and sacrificed by decapitation.

Biochemical measurements
Urinary sodium and potassium concentrations were measured using the Nova Biomedical
automated electrolyte analyzer (Nova Biomedical, MA). Freezing point depression (Precision
Systems Inc, MA) was used to determine urinary osmolality.

Statistical Analysis
Comparisons throughout pregnancy in vehicle treated rats only and A-779 treated rats only
during pregnancy were analyzed by a repeated measures one-way ANOVA followed by
Newman Keuls post hoc test. Comparisons at each time point (virgin, 15-day pregnant, and
19-day pregnant) between vehicle and A-779 groups were completed by unpaired Student t
test. A probability of <0.05 was considered statistically significant. All values were expressed
as mean ± SEM. The calculation of percent during pregnancy were calculated by assigning the
vehicle treated group (either virgin or appropriate time comparison) as 100% and determining
the appropriate percent increase or decrease of the value during pregnancy.

RESULTS
Table 1 shows maternal body weight and fetal characteristics with and without A-779 at 19
days of gestation. There was no effect of A-779 on maternal or fetal body weight or fetal length
or number (Table 1). Vehicle and A-779 treated rats consumed increased quantities of chow
(Figure 1) at early, mid, and late gestation as compared to non-pregnant controls.
Administration of A-779 prior to pregnancy significantly decreased chow consumption by 83%
at the 19th day gestation as compared to vehicle administration. Water consumption (Figure 1)
significantly increased throughout gestation with animals consuming levels that were 186%
and 177% above non-pregnant animals treated with vehicle and A-779 respectively at late
gestation. A-779 administration significantly decreased water consumption by 83% and 80%
respectively at 15 and 19 days of pregnancy. Urine volume (Figure 2) increased throughout
gestation (y= 0.75x + 16.54, urine volume over time) in the vehicle treated rats reaching levels
that were 201% higher at 19 days gestation as compared to non-pregnant controls. A-779
administration significantly increased urine volume by 126% in virgin animals and showed no
further change in urine volume with pregnancy (y= 0.19 + 19.91, urinary volume over time).
Urine volume (Figure 2) was significantly reduced by 76% at the 19th day of gestation by
A-779 administration. The difference between intake and output reflecting balance (Figure 2)
was increased at the 19th day of normal pregnancy increasing 200% and 246% respectively as
compared to vehicle and A-779 treated non-pregnant animals. The difference between intake
and output was not significantly altered in virgin or pregnant animals with A-779
administration. Urinary osmolality (Figure 2) showed a similar yet inverse pattern to urine
volume throughout gestation with decreased (y= -17.11x + 1313, urinary osmolality over time)
urinary osmolality in vehicle treated rats and no change (y= -3.08x + 1197, urinary osmolality
over time) in urinary osmolality over time in pregnant animals treated with A-779. A-779
administration tended to decrease urinary osmolality in virgin animals while tending to increase
urinary osmolality in 19 day pregnant animals as compared to vehicle treated time controls.
Urinary Na (Table 2) did not change in either vehicle (y= 0.01x + 1.10, urinary Na over time)
or A-779 (y= 0.01x + 1.38, urinary Na over time) treated animals throughout pregnancy.
Urinary K (Table 2) did not change in either vehicle (y= 0.10x + 2.46, urinary K over time) or
A-779 (y= 0.04x + 3.17, urinary K over time) treated animals throughout pregnancy. A-779
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treatment did not alter urinary Na and K in virgin and pregnant rats as compared to vehicle
treated time controls.

DISCUSSION
The present study confirms our previous demonstration (14) of the effects of endogenous Ang-
(1-7) by use of its antagonist A-779 on fluid regulation and electrolytes. Under the experimental
design of pretreatment of animals prior to pregnancy with A-779, Ang-(1-7) elicits contrasting
effects on urine volume depending upon the animal’s physiological state producing diuresis in
late gestation and antidiuresis in virgin females. These changes in urinary volume were
associated with small changes in urinary osmolality although not significant such that Ang-
(1-7) tended to decrease urinary osmolality in late gestation and increase urinary osmolality in
virgin females. These studies also demonstrate additional effects of Ang-(1-7) through
increased water intake and chow consumption in late gestation that was not present in virgin
animals. Ang-(1-7) showed no effect on urinary electrolytes or fetus characteristics during
pregnancy under this lengthened duration of treatment with the Ang-(1-7) antagonist A-779.

This study was unique in design as compared to our previous publication (14) by lowering the
dose and increasing the duration of A-779 administration. The current study pretreated female
rats prior to pregnancy with A-779 (24μg/kg/hr) such that 19 day pregnant animals received
27-40 days of continuous A-779 administration. This contrasts with our previous design which
treated rats continuously with A-779 (48μg/kg/hr) from days 11 through 19 of gestation only.
Results were similar under the respective experimental designs with Ang-(1-7) producing
diuresis associated with a tendency or a significant decrease in urinary osmolality in late
gestation and antidiuresis associated with a tendency or a significant increase in urinary
osmolality in virgin females. These findings in both studies suggested that primary role of Ang-
(1-7) shifts from fluid conservation in virgin females to fluid loss during pregnancy with no
change in urinary electrolyte excretion suggesting an aquaretic role of Ang-(1-7).

Until our recent publication (14), the actions of Ang-(1-7) on the female kidney and during
pregnancy had been unknown. In males, Ang-(1-7) had previously been shown to have diuretic
and natiuretic properties in male Sprague Dawley rats that were independent of renal blood
flow and glomerular filtration rates (8) (7). These diuretic actions of Ang-(1-7) were in contrast
to a potent antidiuretic effect of the peptide in volume expanded male rats (10) and in male
Wistar and spontaneously hypertensive rats (SHR) treated chronically with A-779 (12). The
specificity of the Ang-(1-7) effects were demonstrated in mas receptor knockout mice where
the antidiuretic effect of Ang-(1-7) after acute water load was lost (15). The current study
demonstrates again that Ang-(1-7) can have differing fluid regulating actions depending on the
physiological state of the animal producing antidiuresis in virgin female animals and diuresis
in late gestation.

The present study also demonstrates that water intake is significantly decreased with A-779
administration confirming our previous report which suggests that Ang-(1-7) can serve as a
dipsogen, contributing significantly to the enhanced water intake in late gestation. Ang-(1-7)
is generally not regarded as a dipsogen (16). This later characteristic of Ang-(1-7) is confirmed
in our virgin animals as the effects of Ang-(1-7) are restricted to the kidney with no change in
water intake. The suggestion that Ang-(1-7) has a central component on fluid intake during
pregnancy warrants further study.

Pregnancy is associated with hormonal, biochemical, hemodynamic, and renal changes
including increased plasma volume (PV) by 50%, increased cardiac output (CO) by 30-40%
despite normal or decreased blood pressure, increased glomerular filtration rate (GFR), and
resetting of osmoreceptors. The increase in thirst by Ang-(1-7) during pregnancy which we
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report is consistent with a lowering of the osmotic threshold for thirst and vasopressin (AVP)
secretion that is associated with normal pregnancy (17) (18;19). The increased urinary volume
excretion which we report in the current and previous publications appears to also be an overall
consequence of pregnancy as demonstrated by metabolic studies in goats, sheep, and Sprague
Dawley, and Long-Evans rats (18) (4;20). Thus, there must be tight regulation between the
increases in water intake and urinary excretion such that PV can expand normally.

While not examined specifically in this present study due to the paired experimental design,
the increase in water intake and diuresis by Ang-(1-7) in late gestation in the present study
suggests similar fluid regulating mechanisms to those described in our previous publication
(14). These associated mechanisms include a resetting and further leftward shift to higher levels
of AVP for every level of osmolality which is already decreased with pregnancy by 8-10 mosm/
kg (17). An increase in circulating AVP can compensate for factors that increase diuresis such
that normal expansion of PV can occur. Additionally, kidney water channels including
aquaporin 1 (AQP1) and aquaporin 2 (AQP2) have been shown to be involved in water
retention. AQP1 is an AVP independent water channel highly expressed in the descending thin
limb and proximal tubule. Previously, we showed that the Ang-(1-7) can mediate the diuresis
seen in pregnancy by down-regulation of the AQP1 water channel without a change in the
collecting duct AVP sensitive water channel AQP2 (14). While aquaretic changes without
alterations in collecting duct permeability are not typical and AQP2 has previously been shown
to increase in the kidney medullary papillae during pregnancy (21), AQP1 knockout mice are
unable to concentrate their urine appropriately in response to water deprivation and show
decreased transepithelial osmotic water permeability in isolated proximal tubules (22). These
previous studies suggest that the Ang-(1-7) mediated diuresis in pregnancy could result from
mechanistic changes involving AVP, AQP1, and AQP2 which all deserve further study to
determine their exact role in water reabsorption during pregnancy.

Unlike other antihypertensive agents including the angiotenin converting enzyme (ACE)
inhibitors, use of the Ang-(1-7) receptor antagonist, A-779, does not appear to have detrimental
effects on fetal characteristics including the fetal size, length, or number or on maternal body
weight in late gestation. Previous studies have shown that placentas perfused with the ACE
inhibitors enalapril and temocapril demonstrated that both drugs can cross the human placenta
in similar quantities in maternal-fetal directions (23) contributing to the contraindication of
such drugs in pregnancy. Infants exposed to ACE inhibitors have been shown to be at increased
risked for malformations of the cardiovascular system and the central nervous system even
when ACE inhibitors are administered in the first trimester of pregnancy (24). Angiotensin II
(Ang II) is formed from Angiotensin I (Ang I) by ACE and is important in early embryologic
development of the heart, kidney, and brain (25) and impaired proliferation of fetal smooth-
muscle cells in the ductus arteriosus (26). Thus, any agent that could potentially cross the
placenta and block the actions of Ang II could be detrimental to normal fetal development. In
the ovine fetus, infusion of Ang-(1-7) or the receptor antagonist A-779 to the fetus directly did
not have any effect on blood pressure or renal function (27). This finding is consistent with
current results of more chronic administration of A-779 with no fetal change.

In the setting of increased renal expression of Ang-(1-7) during pregnancy (5), the current study
supports our previous report that endogenous blockade of Ang-(1-7) actions produce
contrasting effects on renal fluid balance depending upon if the animal is pregnant or not. Even
when the experimental design is altered such that there is a longer duration of a lower dose of
the Ang-(1-7) receptor antagonist, A-779, the renal actions of Ang-(1-7) remain the same
producing anti-diuresis in virgin female animals and diuresis in late gestation. The increased
water intake associated with the increase in diuresis in late gestation contributes to the normal
plasma volume expansion of pregnancy. These studies demonstrate that Ang-(1-7) is an
important factor in mediation of normal fluid expansion during pregnancy.
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Figure 1.
Chow consumption and water intake in virgin, 5d-Preg, 15d-Preg, and 19d-Preg Sprague
Dawley rats treated with vehicle (gray bars) or A-779 (black bars). During gestation, water
intake and chow consumption were increased. A-779 significantly decreased chow
consumption at day 19 of pregnancy and water intake at days 15 and 19 of pregnancy. Values
are expressed as mean ± SEM. Differences between the means were evaluated by a one-way
ANOVA with Newman-Keuls post-hoc test throughout gestation in each treatment group.
Differences between groups at each time point during pregnancy were compared using an
unpaired student’s t-test. n=4-6 per group. a p<0.05 vs virgin vehicle; b p<0.05 vs 5d-Preg
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vehicle; c p<0.05 vs 15d-Preg vehicle; d p<0.05 vs 19d-Preg vehicle; e p<0.05 vs virgin
A-779; f p< 0.05 vs 5d-Preg A-779; g p<0.05 vs 15d-Preg A-779.
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Figure 2.
Urine volume, balance, and urinary osmolality in virgin, 5d-Preg, 15d-Preg, and 19d-Preg
Sprague Dawley rats treated with vehicle (gray bars) or A-779 (black bars). During gestation,
urine volume and balance were increased while urinary osmolality was decreased. In virgin
animals, A-779 administration increased urine volume while A-779 decreased urine volume
in 19d-Preg animals. Values are expressed as mean ± SEM. Differences between the means
were evaluated as previously described in Figure 1. n=4-10 per group. a p<0.05 vs virgin
vehicle; b p<0.05 vs 5d-Preg vehicle; c p<0.05 vs 15d-Preg vehicle; d p<0.05 vs 19d-Preg
vehicle; e p<0.05 vs virgin A-779; f p< 0.05 vs 5d-Preg A-779; g p<0.05 vs 15d-Preg A-779.
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Table 1
Maternal body weight, and fetus characteristics in Sprague Dawley rats treated with vehicle and A-779.

19d-Pregnant

Vehicle A-779

Maternal Body Weight (g) 376 ± 5.6 363 ± 9.8

Fetal number 14.9 ± 0.8 14.5 ± 0.7

Fetal Weight (g) 2.33 ± 0.07 2.36 ± 0.10

Fetal Length (cm) 2.88 ± 0.02 2.89 ± 0.04

Values are expressed as mean ± SEM. Differences between treatment groups at the 19th day of pregnancy were compared using an unpaired student’s t-
test. n=7-8/group.
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