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Gestational Protein Restriction Increases Angiotensin II Production in Rat Lung1
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ABSTRACT

Gestational protein restriction (PR) alters the renin-angioten-
sin system in uterine arteries and placentas and elevates plasma
levels of angiotensin II in pregnant rats. To date, how PR
increases maternal plasma levels of angiotensin II remains
unknown. In this study, we hypothesize that the expression
and/or the activity of angiotensin I converting enzyme (peptidyl-
dipeptidase A) 1 (ACE) in lungs, but not kidneys and blood,
largely contribute to elevated plasma angiotensin II levels in
pregnant rats subject to gestational PR. Time-scheduled preg-
nant Sprague-Dawley rats were fed a normal or low-protein diet
from Day 3 of pregnancy until euthanized at Day 19 or 22.
Expressions of Ace and Ace2 (angiotens in I converting enzyme
[peptidyl-dipeptidase A] 2) in lungs and kidneys from pregnant
rats by quantitative real-time PCR and Western blotting, and the
activities of these proteins in lungs, kidneys, and plasma, were
measured. The mRNA levels of Ace and Ace2 in lungs were
elevated by PR at both Days 19 and 22 of pregnancy. The
abundance of ACE protein in lungs was increased, but ACE2
protein was decreased, by PR. The activities of ACE, but not
ACE2, in lungs were increased by PR. PR did not change
expressions of Ace and Ace2, the activities of both ACE and
ACE2 in kidneys, and the abundance and activity of plasma ACE.
These findings suggest that maternal lungs contribute to the
elevated plasma levels of angiotensin II by increasing both the
expression and the activity of ACE in response to gestational PR.

angiotensin I converting enzyme, angiotensin II, gestational
protein restriction, kidney, lung, pregnancy, rat

INTRODUCTION

The renin-angiotensin system (RAS) plays an important role
in regulating homeostasis and blood pressure. RAS includes
multiple components with different functions that are expressed
in a tissue- or organ-specific manner [1–3]. Angiotensinogin,
mainly produced in liver, is the starting substrate for the
production of various angiotensin peptides. Angiotensinogin is
converted to angiotensin I (angiotensin 1–9) by REN (renin),
an enzyme mainly produced by kidney. Angiotensin I is further
converted to angiotensin II (angiotensin 1–8) by ACE
(angiotensin I converting enzyme [peptidyl-dipeptidase A] 1),
and angiotensin II is converted to angiotensin (1–7) by ACE2
(angiotensin I converting enzyme [peptidyl-dipeptidase A] 2).
Among these angiotensin peptides, angiotensin II is considered
to be the main effector of the RAS, increasing arterial pressure

by its potent vasoconstrictor action and also by stimulating the
release of aldosterone and consequent renal fluid retention [4].

Lung and kidney have been considered to be main sources
for angiotensin hormones in blood circulation, although
multiple tissues or organs possess local RAS [5]. ACE protein
is predominantly localized to the surface of endothelial cells in
the pulmonary circulation [6] and is a potent generator of
angiotensin II [7]. It has been shown that more than 90% of
conversion of angiotensin I to angiotensin II occurs in lungs
[8], thus, lungs may be the primary source of circulating
angiotensin II. Kidneys have the highest activity of ACE2
compared to other tissues or organs [7] and, therefore,
contribute to the degradation of angiotensin II. Moreover,
kidneys are the main organs producing REN, which converts
angiotensinogen to angiotensin I and thus initiates the cascade
of hormone production [9]. In addition, blood not only acts as a
carrier for endocrine hormones and exerts their effects
systemically, but also contains soluble ACE proteins that are
originally derived from the transmembrance ACE of vascular
endothelial cells [10].

In normal pregnancy, RAS undergoes significant changes
both systemically and locally, with a progressive increase in
different components of RAS [11–13]; however, normotension
is maintained. In contrast, failure to adapt to the increased RAS
during pregnancy may cause pregnancy complications such as
preeclampsia [1, 2, 14]. To date, mechanisms for these
dramatic increases in RAS during pregnancy are not fully
understood. It is known that fetal RAS is susceptible to external
stimuli during pregnancy, because RAS in multiple fetal
organs, including the brain, kidney, lung and heart, is altered in
response to gestational protein restriction (PR) [15, 16],
glucocorticoid exposure [17–19], and maternal hypoxic stress
[20], and these changes in fetal RAS have been suggested to
underlie the mechanisms in fetal programming. However, it is
unclear if there are changes in maternal RAS in different
organs that might contribute to fetal programming.

Malnutrition during pregnancy is one of the causes of
intrauterine growth restriction, with long-lasting detrimental
effects on the health of adult offspring [21, 22]. Dietary protein
insufficiency occurs in large populations of developing
countries due to poverty, and in certain ethnic groups of
developed countries it occurs due to varied social-economic
limitations [23, 24]. It has been established that offspring from
dams with maternal PR during gestation develop hypertension
and cardiovascular diseases in adulthood in a gender- and time-
dependent manner [25–31]; however, the underlying mecha-
nisms have not been completely understood.

Pregnant rats fed a low-protein diet have been widely used
to study the effects of fetal programming on the development
of hypertension and metabolic syndromes [32]. Our previous
studies have shown that, in response to maternal PR,
angiotensin II type I receptor expression was increased in the
uterine artery [33] and ACE2 was decreased in placental
labyrinth [34]. Moreover, we also found that plasma levels of
angiotensin II in the PR group were significantly higher than
those in the control group at Days 19 and 22 of pregnancy,
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respectively. In addition, in both the PR and control groups,
plasma levels of angiotensin II at Day 22 were significantly
higher than those at Day 19 [33]. It is known that mild global
dietary restriction reduces uterine and placental blood flow
[35], and protein insufficiency itself impairs vasodilation of
mesenteric artery in pregnant rats [36]. These alterations in
RAS in gestational PR, together with the elevated plasma
angiotensin II [33], may impair the blood flow to the fetus,
resulting in intrauterine growth restriction. The fetal growth
restriction is associated with cardiovascular disease, including
hypertension, in adult offspring [37–40]. To date, the
mechanisms of elevated plasma angiotensin II in response to
gestational PR remain unknown. In the current study, we
hypothesize that the expression and/or the activity of ACE in
lungs, but not kidneys and blood, largely contribute to elevated
plasma angiotensin II levels in pregnant rats subject to
gestational PR. Ace and Ace2 gene and protein expressions,
as well as activity, in lung and kidney tissue are quantitated in
normal and PR dams. Additionally, plasma ACE protein and
activity were measured for comparison.

MATERIALS AND METHODS

Animal and Diets

All procedures were approved by the Animal Care and Use Committee at
the University of Texas Medical Branch and were in accordance with those
published by the U.S. National Institutes of Health Guide for the Care and Use
of Laboratory Animals. Timed pregnant Sprague-Dawley rats weighing
between 175 and 225 g were purchased from Harlan (Houston, TX). At Day
3 of pregnancy, rats were randomly divided into two dietary groups, housed
individually, and fed a control (CT, 20% casein) or low-protein (6% casein)
diet until they were euthanized on Day 19 or 22 of pregnancy (n¼ 5 rats/diet/
day of pregnancy). The isocaloric low-protein and normal-protein diets were
purchased from Harlan Teklad (cat. TD.90016 and TD.91352, respectively;
Madison, WI).

Anesthesia and Sample Procurement

At Day 19 or 22 of pregnancy, rats were anesthetized by carbon dioxide.
The whole blood was collected by left ventricle puncture using a 10-ml syringe
and an 18G needle partially injected into a BD Vacutainer blood-collection tube
containing K2-ethylenediaminetetraacetic acid (EDTA; cat. 36643; BD,
Franklin Lakes, NJ) or heparin (cat. 367874; BD) and centrifuged at 3000 3

g for 15 min at 48C. The plasma with EDTA was collected for angiotensin II
enzyme immunoassay [33] and Western blotting analyses on ACE and ACE2
proteins. The plasma with heparin was used for ACE activity assay. Lungs and
kidneys were collected, snap frozen in liquid nitrogen, and stored at �808C
until analysis.

Tissues were thawed on ice before analyses. The middle lobe of the right
lung from each dam was trimmed off the trachea and primary bronchi and used
for RNA extraction, and the upper lobe of the right lung was used for protein
extraction. The right kidney from each dam was cut into two halves
longitudinally, and one half was used for RNA extraction, the other half for
protein extraction.

RNA Extraction and RT-PCR

Total RNA was extracted from lung and kidney tissues (n¼ 4–5 rats/diet/
day of pregnancy) by Trizol reagent (cat. 15596-018; Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol. The possible genomic DNA in total
RNAs was digested with RNA-free DNase I (cat. 79254; Qiagen Inc., Valencia,
CA), followed by clean-up procedures using a Qiagen RNeasy minikit (cat.

74104; Qiagen). In all these procedures the manufacturer’s instructions were

followed. Complementary DNA was synthesized from 1 lg of total RNA by

reverse transcription in a total volume of 20 ll by using a MyCycler Thermal

Cycler (cat. 170-9703; Bio-Rad Laboratories, Hercules, CA) under the

following conditions: one cycle at 288C for 15 min, 428C for 50 min, and

958C for 5 min.

Quantitative Real-Time PCR

Real-time PCR detection was performed on a CFX96Real-Time PCR

Detection System (cat. 184-5096; Bio-Rad). Primers were designed using

Primer 3 Version 4 (http://primer3.sourceforge.net/) or prepared according to

the references and are shown in Table 1. Syber Green Supermix (cat. 170-8882;

Bio-Rad) was used for amplification of Ace, Ace2, Ren (renin), and Rn18s. The

reaction mixture was incubated at 958C for 10 min and cycled according to the

following parameters: 958C for 30 sec and 608C for 1 min for a total of 40

TABLE 1. Quantitative real-time PCR primers.

Gene Forward primer (50!30) Reverse primer (50!30) GenBank accession no. Product size (bp)

Ace cagaggccaactggcattat ctggaagttgctcacgtcaa NM_012544.1 137
Ace2 caggcattgacaattgttgg tctcccaccactttttggtc NM_001012006.1 115
Ren ctgtgcatactggctctcca agaacttgcggatgaaggtg NM_012642.4 88
R18s gctgagaagacggtcgaact ttaatgatccttccgcaggt M25017.1 86

FIG. 1. Quantitative real-time PCR analysis of Ace (A) and Ace2 (B) in
lungs from pregnant rats with PR at Days 19 and 22 of pregnancy. CT,
control; PR, protein restriction. The error bar represents the mean 6 SEM
expressed as relative units of mRNA standardized against R18s (n¼ 4–5).
*P , 0.05; **P , 0.01.
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cycles. Negative control without cDNA was performed to test primer
specificity. The relative gene expression was calculated by use of the threshold
cycle (C

T
) Rn18s/C

T
target gene.

Protein Extraction from Lung and Kidney

Lung and kidney tissues were lysed in Component C Buffer using the
SensoLyte 390 ACE2 Activity Assay Kit (cat. 72086; Anaspec Inc., Fremont,
CA), and total proteins were extracted and analyzed with an ACE and ACE2
activity assay and Western blotting. All these procedures were conducted by
following the manufacturer’s instructions with minor modifications. Briefly,
tissues were homogenized in Component C Buffer containing 0.5% (v/v)
Triton-X 100 with a Polytran homogenizer at 15 000 rpm for 1 min, followed
by incubation for 15 min at 48C. Tissue lysates were centrifuged for 10 min at
1000 3 g at 48C and the supernatant fractions were collected, aliquoted, and
stored at�808C until analyzed by ACE and ACE2 protein activity assays and
Western blotting. Protein concentration was determined by using a Pierce BCA
Protein Assay Kit (cat. 23225; Pierce Biotechnology, Rockford, IL).

Western Blotting

Aliquots of 50 lg of proteins from rat lungs and kidneys or 2 ll of rat
plasma were added with 43 sample buffer (200 mM Tris [pH 6.8]; 8% [w/v]
SDS; 0.005% [w/v] bromophenol blue; 20% [v/v] glycerol; 2% [v/v] b-
mercaptoethanol), followed by incubation at 708C for 10 min. The separated
proteins in SDS-PAGE were transferred onto a nitrocellulose membrane at 48C
overnight. After blocking in 5% nonfat milk, a rabbit anti-ACE polyclonal IgG
(cat. PT344R; Panora Biotech, Sugarland, TX) or a rabbit anti-ACE2
polyclonal IgG (cat. ab87436; Abcam Inc., Cambridge, MA) at 1:2000
dilutions was added to nitrocellulose membrane and incubated at 48C
overnight. The blots were washed and incubated with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (cat. 1030-05; Southern Biotech,
Birmingham, AL) at 1:2000 dilutions at room temperature for 1 h. ACTB
(b-actin) was used as an internal control for Western blotting in this study.
Primary antibody, mouse monoclonal antibody for ACTB (cat. 3700; Cell
Signaling, Danvers, MA), and secondary antibody, HRP-conjugated goat
antimouse IgG (cat. 1030-05; Southern Biotech, Birmingham, AL), were used
at 1:10 000 dilutions. Proteins in blots were visualized with Pierce enhanced
chemiluminescence detection (cat. 32209; Thermo Scientific, Rockford, IL)

and Blue Lite Autorad Film (cat. F9024; BioExpress, Kaysville, UT) according
to the manufacturers’ recommendations. The signals in films representing the
contents of the target proteins ACE and ACE2 and the internal control protein
ACTB were quantified by densitometry using Fluorchem 8000 software (Cell
Biosciences, Santa Clara, CA). The relative amount of target protein was
expressed as a ratio to ACTB in each rat lung or kidney analyzed by Western
blotting.

ACE Activity Assay

The ACE activity was measured using the substrate hippuryl-L-histidyl-L-
leucine. ACE cleaves the substrate to expose a free N-terminus, which can be
fluorogenically labeled with o-phthaldialdehyde. The procedures were
described in detail by Hemming and Selkoe [41]. A total of 2.5 lg protein
from each tissue of interest or 2.5 ll plasma was analyzed, and fluorescence
was measured after 15-min reactions at Ex/Em ¼ 355 nm/544 nm. When
plasma ACE activity was measured, 2.5 lg of lung proteins from control rats at
Day 19 of pregnancy was used as a positive control.

ACE2 Activity Assay

The ACE2 activity was assessed with SensoLyte 390 ACE2 Activity Assay
Kit by following the manufacturer’s instructions. A total of 50 lg proteins from
each tissue of interest was analyzed, and fluorescence was measured after 30-
min reactions at Ex/Em¼ 330 nm/390 nm.

Statistical Analysis

All quantitative data were subjected to least-squares ANOVA by using the
general linear models procedures of the Statistical Analysis System (version
9.1; SAS Institute, Cary, NC). Data on gene expression, the relative abundance
of proteins, and enzyme activity were analyzed for effects of day of pregnancy,
diet treatment, and their interaction. In ANOVA, differences in treatment or day
means were determined by the Student-Newman-Keuls multiple comparison
test. Log transformation of variables was performed when the variance of data
was not homogenous among treatment groups, as assessed by the Levene test.
P � 0.05 was considered significant; a P . 0.05 and P � 0.10 was considered
a trend toward significance. Data were presented as least-squares means with
overall SEMs.

FIG. 2. Western blotting analysis of ACE and ACE2 proteins in lungs from pregnant rats with PR at Days 19 and 22 of pregnancy. A) ACE proteins shown
as 150-kDa bands. B) Relative abundance of ACE protein. C) ACE2 proteins shown as 90-kDa bands. D) Relative abundance of ACE2 protein. ACTB, beta-
actin; CT, control; PR, protein restriction. The error bar represents the mean 6 SEM expressed as the ratio of density of the ACE or ACE2 band to that of
ACTB (n ¼ 4–5). *P , 0.05.
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RESULTS

The mRNA Levels of Ace and Ace2 in Maternal Lung Were
Increased by Gestational PR

The mRNA levels of Ace were increased by 2.7- and 3.4-
fold (P , 0.01) in the PR group at Days 19 and 22 of
pregnancy, respectively, compared to those in the control group
(Fig. 1A). The mRNA levels of Ace2 were increased by 1.7-
fold (P , 0.05) in the PR group at Day 19, compared to those
in the control group, while mRNA levels of Ace2 were
comparable in PR and control groups at Day 22 (Fig. 1B).

The Abundance of ACE Proteins in Maternal Lung, but Not
ACE2 Proteins, Was Increased by Gestational PR

The abundance of ACE protein in lungs was increased 3.0-
fold (P , 0.05) in the PR group at Day 19 of pregnancy
compared to the control group; a similar trend was observed at
Day 22 (P¼ 0.08; Fig. 2, A and B). The abundance of ACE2
protein in lungs was decreased (P , 0.05) by 1.4- and 1.6-fold
in the PR group at Days 19 and 22, respectively. In both PR
and control groups, the abundance of ACE2 protein was greater
(P , 0.05) at Day 19 compared to Day 22 (Fig. 2, C and D).

The Activity of ACE Proteins in Maternal Lung Was
Increased by Gestational PR

The relative activity of ACE protein in lungs was increased
by 1.3- (P , 0.01) and 1.2-fold (P , 0.05) in the PR group at
Days 19 and 22 of pregnancy, respectively, compared to that in
the control group (Fig. 3A). The relative activity of ACE2
protein in lungs was not altered by PR at both Days 19 and 22
(Fig. 3B).

The mRNA Levels of Ace, Ace2, and Ren in Kidney from
Pregnant Rats Were Not Changed by Gestational PR

The mRNA levels of Ace (Fig. 4A), Ace2 (Fig. 4B), and Ren
(Fig. 4C) in kidney in pregnant rats were not altered by
gestational PR at both Days 19 and 22 of pregnancy.

The Abundance of ACE and ACE2 Proteins in Kidney in
Pregnant Rats Was Not Changed by Gestational PR

The abundance of ACE proteins in kidney in pregnant rats
was not changed by PR at both Days 19 and 22 of pregnancy.
In both the PR and control groups, the abundance of ACE
proteins was greater (P , 0.05) at Day 19 than that at Day 22
(Fig. 5, A and B).

The abundance of ACE2 proteins in kidney in pregnant rats
was not changed by PR at both Days 19 and 22 of pregnancy.
In the PR group, the abundance of ACE2 proteins was greater
(P , 0.01) at Day 19 than that at Day 22 (Fig. 5, C and D).

The Activities of ACE and ACE2 Proteins in Kidney in
Pregnant Rats Were Not Changed by Gestational PR

The activities of ACE (Fig. 6A) and ACE2 (Fig. 6B)
proteins in kidney in pregnant rats were comparable between
the PR and control groups at both Days 19 and 22 of
pregnancy.

Plasma Levels of ACE Proteins in Pregnant Rats Were Not
Changed by Gestational PR

The relative abundance of ACE proteins in maternal plasma
was not altered by PR at both Days 19 and 22 of pregnancy. In

both PR and control groups, the relative abundance of ACE
proteins in plasma was higher (P , 0.001) at Day 22 than Day
19 (Fig. 7). In addition, ACE2 protein was not detectable by
Western blotting (data not shown).

Plasma ACE Activity Was Not Changed by Gestational PR

The relative activity of ACE in maternal plasma was
reduced by 1.3-fold (P , 0.05) by PR at Day 19 of pregnancy,
and unchanged by PR at Day 22. Compared to Day 19, the
relative activity of ACE in maternal plasma at Day 22 was
decreased by 1.6- (P , 0.001) and 1.3- (P , 0.05) fold,
respectively, in control and PR groups.

DISCUSSION

This study revealed for the first time that increased
expression of ACE in lung tissue, but not kidneys or plasma,
is likely a key contributor to elevated plasma angiotensin II in
pregnant rats fed a PR diet. This conclusion is further
supported by observations that Ace expression is low in uterine
and mesenteric arteries and that PR does not increase Ace
expression in these vessels [33, 42]. Our previous studies found
that gestational PR caused elevations in the expression of
angiotensin II receptor type I in uterine arteries [33] and
enhanced uterine artery constriction to angiotensin II ex vivo
(Gao and Yallampalli, unpublished data). Moreover, we also

FIG. 3. In vitro analysis of ACE (A) and ACE2 (B) activities in lungs from
pregnant rats with PR. CT, control; PR, protein restriction. The error bar
represents the mean 6 SEM (n ¼ 4–5). *P , 0.05; **P , 0.01.

GAO ET AL.

4 Article 64



found that Ace2 expression in the placental labyrinth zone was
reduced in PR rats [34], possibly contributing to the elevated
angiotensin II locally. These two studies, together with the
findings of this study, suggest that PR during pregnancy causes
alterations in maternal RAS that may reduce utero-placental
blood flow. In addition, it was reported that total uterine and
placental blood flows in pregnant rats with global dietary
restriction were reduced 60%–65% relative to the ad libitum-
fed dams [35]. Therefore, findings of this study contribute to
our knowledge of the RAS-mediated fetal growth restriction
and associated fetal programming of hypertension.

Several lines of evidence suggest that the PR-induced
elevations in plasma angiotensin II levels [33] may be derived
from the increased production due to elevated expression of
Ace and ACE activity in the maternal lung, and not due to the
decreased degradation of angiotensin II. First, ACE proteins in
rat lungs are more abundant than those in kidneys (Figs. 2A
and 5A). Second, the ACE activity in lungs is 50 times higher
than that in kidneys in pregnant rats (Figs. 3A and 6A), which
is similar to that reported in adult nonpregnant rats [7]. Third,
although the abundance of ACE2 proteins was variable in rat
lungs (Fig. 2, C and D) and kidneys (Fig. 5, C and D) with
gestational PR, the ACE2 activity was unchanged in both these

tissues. Fourth, although ACE2 protein (Fig. 5, C and D) and
activity (Fig. 6B) were relatively greater in kidneys compared
to lungs, they were unchanged with PR. Furthermore, the
greater ACE2 expression and activity in kidneys may limit the
local net production of angiotensin II. Finally, due to the
abundance of capillary numbers, density, and large capillary
surface density in lungs [43], the pulmonary circulation is
suited to contribute large amounts of angiotensin II to the
systemic circulation. Therefore, the data presented here,
together with previously published results [33], support the
idea that increased pulmonary ACE expression and activity
contributes to enhanced generation of angiotensin II in
pregnant rats with PR, and may contribute to the elevated
angiotensin II levels in maternal circulation.

Unlike in lungs, Ace and Ace2 gene expressions (Figs. 4 and
5) and enzyme activities in kidneys (Fig. 6) were not altered by
gestational PR in late pregnancy. In spite of the potent activity
of renal ACE2 in kidneys [7], angiotensin II degradation via
renal ACE2 activity in pregnant dams was unchanged by
gestational PR. This may rule out the contribution of kidneys to
the elevated plasma levels of angiotensin II in response to
gestational PR. Similarly, gestational PR did not alter Ren
expression in kidneys (Fig. 4C). These findings suggest that

FIG. 4. Quantitative real-time PCR analysis of Ace (A), Ace2 (B), and Ren (C) in kidneys from pregnant rats with PR at Days 19 and 22 of pregnancy. CT,
control; PR, protein restriction. The error bar represents the mean 6 SEM expressed as relative units of mRNA standardized against R18s (n ¼ 4–5).
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FIG. 5. Western blotting analysis of ACE and ACE2 proteins in lungs from pregnant rats with PR at Days 19 and 22 of pregnancy. A) ACE proteins shown
as 150-kDa bands. B) Relative abundance of ACE protein. C) ACE2 proteins shown as 90-kDa bands. D) Relative abundance of ACE2 protein. ACTB, beta-
actin; CT, control; PR, protein restriction. The error bar represents the mean 6 SEM expressed as the ratio of density of the ACE or ACE2 band to that of
ACTB (n ¼ 4–5). *P , 0.05; **P , 0.01.

FIG. 6. In vitro analysis of ACE (A) and ACE2 (B) activities in kidneys
from pregnant rats with PR. CT, control; PR, protein restriction. The error
bar represents the mean 6 SEM (n¼ 4–5).

FIG. 7. Western blotting analysis of ACE proteins in plasma from
pregnant rats with PR at Days 19 and 22 of pregnancy. A) ACE proteins
shown as 150-kDa bands. B) Relative abundance of ACE protein. CT,
control; PR, protein restriction. The error bar represents the mean 6 SEM
of the density of ACE bands (n ¼ 4–5). ***P , 0.001.
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maternal kidneys may not play an important role in the
regulation of plasma angiotensin II in response to gestational
PR. However, in offspring kidneys the expression of ACE and
ACE2 depends on the type of programming insult during
pregnancy. For example, in undernutrition models, there are no
changes in both renal Ace and Ace2 mRNA levels in offspring
[7], although nephrogenesis and renal functions are impaired
[28, 44]. However, renal ACE levels are elevated with no
changes in ACE2 (Yallampalli et al., unpublished) in PR
models. Thus, the expression sensitivity of renal ACE and
ACE2 in the offspring may be dependent upon the type of
insult.

The current study contributes novel data regarding plasma
ACE and angiotensin II levels investigates for the first time the
relevance of plasma ACE to plasma angiotensin II levels under
the setting of gestational PR. Several lines of evidence support
that plasma ACE does not contribute to the elevated
angiotensin II levels in plasma in response to PR. First, plasma
ACE activity was decreased by PR at Day 19 but not at Day 22
of pregnancy (Fig. 8), although the abundance of ACE protein
in plasma was unchanged by PR at both days (Fig. 7). Second,
the reduced plasma ACE activity at Day 22 compared to that at
Day 19 in the PR group (Fig. 8) obviously cannot cause the
increased plasma angiotensin II levels at Day 22 compared to
Day 19 [33]. Third, the contribution of other enzymes such as
plasma chymases for the elevated plasma angiotensin II levels
in the PR group are negligible, since 98% of total ACE activity
was inhibited with ACE inhibitor and captopril (data not
shown), and chymase activity was shown to be uninhibited by
ACE inhibitors [45]. Fourth, the low abundance or absence of
ACE2 protein in maternal plasma may also contribute to
reduced degradation of angiotensin II in the systemic
circulation. Overall, this study suggests that gestational PR
causes elevated maternal plasma angiotensin II levels, with
lung as the key contributor to its production. These elevated
angiotensin II levels then act on systemic and uterine arteries,
resulting in elevated blood pressure and reduced blood flows,
respectively, as demonstrated in ewes infused with angiotensin
II in late pregnancy [46].

The functions of Ace and Ace2 in both lungs and kidneys
may be regulated at multiple levels, including transcriptional,
posttranscriptional, and posttranslational. For instance, mRNA
levels of Ace2 in lungs of the PR group at Day 19 of pregnancy
were elevated (Fig. 1B), but protein levels (Fig. 2D) and

activities were not (Fig. 3B). Although the underlying
mechanisms for this discrepancy remain unclear, similar
observations were also reported for RAS components in other
tissues, including rat uterine artery [33] and the placental
labyrinth zone [34]. Recently, it has been reported that gene
expressions of Ace, Ace2, and Agtr2 (angiotensin II receptor,
type 2) are posttranscriptionally regulated by micro-RNAs [16,
20]. However, to date, the existence of micro-RNAs regulating
expressions of ACE and ACE2 in maternal lungs and kidneys
has not been reported. Moreover, the complicated glycosyla-
tion of ACE not only changes its molecular weight and band
size in SDS-PAGE, but also modulates its catalytic properties,
cellular localization, and affinity to substrates [47, 48]. This
may partly explain the discrepancy between the protein levels
and enzymatic activities in lungs, kidneys, and plasma.

The mechanisms for the elevated expression of Ace in lungs
remain unknown, and this question needs to be addressed in
future studies. We suggest that the increased glucocorticoids in
rats fed with PR diet may contribute to the elevated activity of
ACE proteins, since gestational PR has been shown to increase
plasma levels of glucocorticoids [49], and glucocorticoids
increases ACE activity in endothelial cells as well as in normal
rat lungs in vitro [50–52]. In addition, our preliminary study
found that gestational PR is associated with elevated
expression of glucocorticoid receptor in maternal lungs (Gao
and Yallampalli, unpublished data). Collectively, these data
suggest nutrient restriction during pregnancy may increase
glucocorticoids, thus impacting fetal growth and development
by modulating the expression of Ace and/or the activity of ACE
proteins in maternal lungs.

In summary, the current study suggests that increased
expression of pulmonary ACE contributes to elevated circu-
lating angiotensin II in pregnant rats with PR. This novel
finding opens a new window for future research on
mechanisms of maternal contributions to fetal programming
of hypertension.
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