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Abstract

The aim of this study was to investigate whether treatment with diminazene aceturate (DIZE), a putative ACE2 activator, or
with angiotensin-(1-7) during pregnancy could attenuate the development of cardiovascular dysfunction in the adult
offspring of spontaneously hypertensive rats (SHRs). For this, pregnant SHRs received DIZE or Ang-(1-7) throughout
gestation. The systolic blood pressure (SBP) was measured in the male offspring from the 6th tol16th weeks of age by tail-
cuff plethysmography. Thereafter, the left ventricular contractile function and coronary reactivity were evaluated by the
Langendorff technique. Samples of the left ventricles (LVs) and kidneys were collected for histology and western blot assay
in another batch of adult rat offspring. Maternal treatment with DIZE or Ang-(1-7) during pregnancy attenuated the increase
in SBP in adult offspring. In addition, both DIZE and Ang-(1-7) treatments reduced the cardiomyocyte diameter and fibrosis
deposition in the LV, and treatment with Ang-(1-7) also reduced the fibrosis deposition in the kidneys. Maternal treatment
with DIZE, as well as Ang-(1-7), improved the coronary vasodilation induced by bradykinin in isolated hearts from adult
offspring. However, no difference was observed in the contractile function of the LVs of these animals. The expression
levels of AT1 and Mas receptors, ACE, ACE2, SOD, and catalase in the LV were not modified by maternal treatment with
Ang-(1-7), but this treatment elicited a reduction in AT2 expression. These data show that treatment with DIZE or Ang-
(1-7) during gestation promoted beneficial effects of attenuating hypertension and cardiac remodeling in adult offspring.
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Introduction

Cardiovascular diseases (CVDs) affect many people all
around the world and are the leading cause of death [1].
Hypertension, characterized by a sustained increase in
blood pressure, presents an important risk factor for the
development of other pathologies of the cardiovascular

Supplementary information The online version of this article (https://
doi.org/10.1038/s41440-019-0321-8) contains supplementary
material, which is available to authorized users.

>4 Carlos H. Castro system, such as myocardial infarction and heart failure [2].
castro@ufg.br . . .
Some factors, such as family history, sedentary lifestyle,
! Departamento de Ciéncias Fisiol6gicas, Universidade Federal de unbalanced diet, stress, and high sodium intake, among
Goids, Goidnia, GO 74.690-900, Brazil others, contribute to the development of CVDs, including
2 Instituto de Patologia Tropical e Saiide Ptblica, Universidade hypertension [3].
Federal de Goids, Goinia, GO 74.690-900, Brazil It has been proven that harmful stimuli during gestation
3 Departamento de Histologia, Universidade Federal de Goids, can promote deleterious outcomes in offspring [4, 5].
Goiania, GO 74.690-900, Brazil Maternal exposure to a high-fat diet [6], hypoxia [7],
4 Departamento de Farmacologia, Universidade Federal de Goids, smoking [8], dehydration [9], or protein restriction [10] led
Goiénia, GO 74.690-900, Brazil to the development of hypertension in the offspring.

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41440-019-0321-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41440-019-0321-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41440-019-0321-8&domain=pdf
mailto:castro@ufg.br
https://doi.org/10.1038/s41440-019-0321-8
https://doi.org/10.1038/s41440-019-0321-8

1884

A. S. M. Bessa et al.

Furthermore, previous studies have observed that the renin-
angiotensin system (RAS) can play a role in this patholo-
gical process [11-14]. A high sucrose intake during gesta-
tion promoted changes in vascular reactivity associated with
increased protein expression of the ATI receptor in the
aorta and mesenteric arteries of the offspring [13]. Mothers
submitted to a low-protein diet during pregnancy had off-
spring with an increase in blood pressure and increased
urinary excretion of Ang II [10, 15]. Moreover, treatments
with the angiotensin-converting enzyme (ACE) inhibitor or
AT1 receptor antagonist were able to reverse the increased
blood pressure in the offspring of protein-restricted rats
during pregnancy [16].

Interestingly, recent studies have shown that the use of
beneficial therapies during pregnancy resulted in beneficial
responses in the offspring [17, 18]. Maternal supplementa-
tion with resveratrol during gestation of spontaneously
hypertensive rats (SHR) mitigated the development of
hypertension in the offspring [17]. Furthermore, exercise
during pregnancy enhanced offspring insulin sensitivity and
improved offspring glucose homeostasis [18]. Thus, these
studies offer new insights supporting that intervention
during pregnancy may be a beneficial strategy for the pre-
vention of CVDs.

Angiotensin (Ang)-(1-7), an important peptide of the
RAS, is mostly produced through the action of ACE2 on
Ang II. Ang-(1-7), through Mas receptor activation, indu-
ces many beneficial actions in the cardiovascular system
(for review, see Santos et al. [19]). Indeed, this heptapeptide
induces several opposite effects to those elicited by Ang Il
by ATI1 activation [20, 21]. Ang-(1-7) presents anti-
hypertensive [22-24], vasodilation [25] and antiar-
rhythmogenic effects [26] and prevents cardiac remodeling
[27, 28] and improves coronary perfusion and endothelial
dysfunction [29-31].

Several studies have explored pharmacological ACE2
activators as tools for the treatment of cardiovascular dys-
function. 1-[(2-dimethylamino)ethylamino]-4-(hydro-
xymethyl)-7-[(4-methylphenyl)sulfonyloxy]-9H-xanthene-
9-one (XNT) was able to increase ACE2 activity, promote
the hypotensive response, improve cardiac function and
reverse the cardiac and renal fibrosis in several animal
models [32-34]. Similarly, protective effects have been
reported with diminazene aceturate (DIZE), another puta-
tive ACE2 activator [35-38]. DIZE increased ACE2 activ-
ity in the kidneys [35], plasma and heart tissue [38, 39].
This compound reduced the cerebral infarct size and neu-
rological deficits in a model of cerebral ischemia [39, 40],
prevented monocrotaline-induced pulmonary hypertension
[41], reduced cardiac hypertrophy and dysfunction [35, 37],
and decreased the infarcted area and left ventricular remo-
deling post myocardial infarction in rats [38]. However,
some studies have failed to show an effect of DIZE on
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increasing ACE2 activity [35, 42], noting, however, that the
beneficial effects of DIZE might also depend on ACE2-
independent mechanisms.

Thus, considering that (i) maternal exposure to adverse
factors contributes to the development of cardiovascular
dysfunction in the offspring, (ii) pregnant mothers exposed
to beneficial stimuli can attenuate or prevent the develop-
ment of injuries in the offspring, and (iii) the cardioprotec-
tive effects of the ACE2/Ang-(1-7)/Receptor Mas axis, we
sought to investigate whether treatment with DIZE or Ang-
(1-7) during pregnancy could attenuate the development of
cardiovascular dysfunction in the adult offspring of SHRs.

Methodology
Animals

Rats were maintained in a controlled temperature (22 + 2 °C)
room with a 12 h/12 h light/dark cycle. Water and food were
available ad libitum. All protocols were approved by the
Animal Use Ethics Commission of Federal University of
Goids (CEUA/UFG—yprotocol number: 039/2017). The
estrous cycle of the female SHRs (12-16 weeks old) was
monitored for mating and to establish the beginning of the
treatments with DIZE or Ang-(1-7). Dams were mated with
male SHRs (12-16 weeks old), and vaginal smears were
checked daily for the presence of spermatozoa. The presence
of sperm was considered gestational day O.

Treatment with DIZE

After confirmation of pregnancy, dams were randomly
assigned to receive DIZE at a dosage of 1 mg/kg or an equal
volume of filtered tap water (1 mL/kg). DIZE or saline was
administered via gavage once a day throughout the gesta-
tion. On the third postnatal day, the litter was adjusted to 8
pups. After weaning, only male offspring were used for the
following analyses.

Treatment with Ang-(1-7)

On the first day of Diestro II, the rats were randomly
assigned to receive either saline or Ang-(1-7). For this, the
female SHRs were anesthetized with tribromoethanol (0.25
g/kg, ip.) and underwent surgery for subcutaneous
implantation of an osmotic minipump containing Ang-(1-7)
(delivered at a dose of 24 pg/kg/h) or saline. The infusion
was kept throughout the gestation period. Two days after
surgery, one SHR male and two SHR females were housed
together for mating. The litter adjustment and offspring
selection followed as described previously in the DIZE
treatment.
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Blood pressure measurement

The systolic blood pressure (SBP) was evaluated by the
noninvasive method of tail-cuff plethysmography (Power-
Lab/400 ADInstruments). The SBP of the parents was
evaluated before and during the gestational period. In the
offspring, the SBP was measured from the 6th tol16th weeks
of age. Data were analyzed using LabChart 7 software.

Isolated heart preparation

In the 17th week of age, the male rats were euthanized by
decapitation, and the left ventricular function and coronary
reactivity were evaluated by isolated heart preparation
according to the Langendorff technique. The hearts were
excised and perfused with Krebs—Ringer solution containing
NaCl 118,41 mmol/L, NaHCO; 26.24 mmol/L, KCI 4.96
mmol/L, KH,PO, 1.17 mmol/L, MgSO,4-7H,0 1.17 mmol/L,
CaCl, 1.25 mmol/L, and glucose 11.65 mmol/L. The solution
was maintained at constant temperature (37+1°C) and
oxygenation (95% O, and 5% CO,). A water-filled balloon
was inserted into the left ventricle through an incision in the
left atrium to record the isovolumetric pressure. Coronary
perfusion pressure was measured with a pressure transducer
that was connected to the aortic cannula. In the stabilization
period, the perfusion flow was adjusted to keep the perfusion
pressure above 80 mmHg. Thereafter, the flow was main-
tained constant. After a stabilization period (30 min) and an
additional Smin to record the basal parameters, the dose-
response curves for bradykinin (BK, 1078-1073 mol/L, bolus
dose of 0.3 mL) were performed. L'V pressure was recorded at
a sampling rate of 1 kHz. The maximal rate of left ventricular
pressure rise (dP/dt max), maximal rate of left ventricular
pressure decline (dP/dt min) and heart rate were calculated
from the intraventricular pressure wave. Data were analyzed
using a Dataq acquisition system.

Morphometrical and stereological analyses

The hearts and kidneys were collected for morphological
analyses. Left ventricles were dissected and weighed, and the
ventricular mass index (VMI) was determined as the ratio of
LV mass (in mg) to body weight (in g). The left ventricles
were dissected out and immersed in potassium chloride
solution (4 mmol/L). The medial part of the left ventricle and
a half part (coronal section) of the kidneys were fixed in
Metacarn solution for four hours. Thereafter, the samples
were dehydrated in ethanol, clarified in xylol and embedded
in paraffin. The tissue fragments were sectioned at 5um
thickness, fixed on glass slides and stained with Picrosirius
Red. The measurements of cardiomyocyte diameter were
performed in the region corresponding to the nucleus and with
visible cell limit. To evaluate the deposition of the interstitial

and perivascular total collagen, a system coupled with a
polarizing filter that facilitates the identification of the col-
lagen fibers was used. The stereological analyses were per-
formed on a multipoint system with 130 points to quantify the
total collagen deposition. All images were obtained under a
Zeiss AxioScope Al microscope. All analyses were per-
formed using Image Pro-Plus v6.1 software.

Western blot analysis

Left ventricle tissue samples were homogenized in lysis
buffer containing 1x phosphate buffered saline, 1% Non-
idet, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate and protease inhibitors (1 pg/mL aprotinin, 1 pg/mL
pepstatin, 1 ug/mL leupeptin, 100 mM PMSF and 100 mM
sodium orthovanadate). Forty micrograms of protein from
each sample was separated by electrophoresis on a poly-
acrylamide gel and transferred to nitrocellulose membranes.
Nonspecific bindings were blocked by incubation with 5%
milk diluted in 0.1% Tween20 in Tris-buffered saline
(TBS-T). Membranes were incubated overnight with spe-
cific primary antibodies as follows: anti-ACE (1:500,
Santa Cruz Biotechnology); anti-ACE2 (1:1000, Gene tex),
anti-AT1 (1:200, Santa Cruz Biotechnology), anti-AT2
(1:1000, Booster), anti-MAS (1:1000, Santa Cruz Bio-
technology), anti-SOD (1:1000, Santa Cruz Biotechnology),
anti-Catalase (1:1000, Santa Cruz Biotechnology), and anti-
GAPDH (1:2000, Santa Cruz Biotechnology). Thereafter,
the membranes were incubated with secondary antibodies.
Immunoreactive bands were visualized by chemilumines-
cence and quantified by densitometry. ImageJ software was
used to quantify the bands using GAPDH as a normal-
ization control.

Data analysis

Data are expressed as the mean + SEM (standard error of
the mean). Experimental numbers represent fetuses or off-
spring from different dams. Data were analyzed by the
Student’s 7 test or two-way analysis of variance, as appro-
priate. All statistical analyses were considered significant at
p<0.05. The statistical analyses were performed using
GraphPad Prism 6.0 software.

Results
Effects of maternal DIZE treatment during
pregnancy on the cardiovascular system of adult

SHR offspring

The length of gestation was 20-21 days in both pregnant
nontreated dams and those treated with DIZE. The number
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Fig. 1 Systolic blood pressure of the adult offspring from hypertensive
rats treated with DIZE during pregnancy. Data are expressed as the
mean + SEM. Two-way ANOVA followed by the Sidak’s post hoc
test. *P <0.05 vs. the SHR group

of pups was not different between groups (SHR: 11.7 £0.25
vs. SHR DIZE: 10.0 £ 1.25).

Treatment with DIZE during the gestational period
attenuated the increase in SBP in adult offspring of hyper-
tensive animals (Fig. 1). Maternal treatment with DIZE did
not change the VMI (3.80 £0.169 vs. 3.51 +0.063 mg/g in
SHR DIZE; P =0.076) but significantly reduced the car-
diomyocyte diameter (Fig. 2a—-c) and the interstitial
(Fig. 2d—f) and perivascular (Fig. 2g—i) fibrosis deposition
in the left ventricles of the adult offspring rats.

To evaluate whether changes in cardiac morphology
could affect cardiac function or coronary vasodilation, iso-
lated heart preparation was performed. Left ventricular end-
systolic pressure (LVESP), dP/dt max, dP/dt min, and heart
rate were not different between groups (Table 1). However,
the coronary vasodilation induced by BK was significantly
improved in hearts from SHR DIZE rats (Fig. 3).

Effects of maternal Ang-(1-7) treatment during
pregnancy on the cardiovascular system of adult
SHR offspring

The SBP of the pregnant SHRs did not change in the
gestational period. However, the blood pressure of the
pregnant SHRs treated with Ang-(1-7) was reduced in the
first and second weeks of the gestational period (Supple-
mentary Figure). The length of gestation was 21 days in
both groups. The number of pups was not different between
treated and nontreated pregnant rats (SHR: 11 +0.57 vs.
SHR Ang-(1-7): 10 £0.70).

As shown in Fig. 4, maternal treatment with Ang-(1-7)
during pregnancy attenuated the increase in SBP in the
offspring of hypertensive animals.

Maternal treatment with Ang-(1-7) reduced the VMI
(3.14£0.038 vs. 2.99+0.060 mg/g in SHR Ang-(1-7),

SPRINGER NATURE

P <0.05) and the cardiomyocyte diameter of the left ven-
tricles from adult offspring (Fig. 5a—c). Furthermore, the
interstitial (Fig. 5d—f) and perivascular (Fig. 5g—i) fibrosis
deposition was significantly reduced in the left ventricles of
the SHR Ang-(1-7) offspring rats.

To assess whether the effects of Ang-(1-7) treatment
during gestation were also beneficial to other tissues,
collagen deposition was evaluated in the kidneys of
adult offspring. Similar to the hearts, this treatment sig-
nificantly reduced total collagen deposition in the kidneys
(Fig. 6a—c).

Table 2 presents the basal values of the isolated hearts
from SHR and SHR Ang-(1-7) offspring rats. The LVESP,
dP/dt max, dP/dt min, and HR were not different between
groups. However, maternal treatment with Ang-(1-7) was
able to improve BK-induced vasodilation in the hearts of
adult offspring rats (Fig. 7).

Some studies have demonstrated alterations in the
expression of components of the RAS stimulated by fetal
programming [43, 44]. Thus, we evaluated the protein
expression of RAS components in the offspring from
mothers treated with Ang-(1-7). As shown in Fig. 8, this
treatment did not change the expression of the ATl
(Fig. 8a) and Mas receptors (Fig. 8c), ACE (Fig. 8d) and
ACE2 (Fig. 8e) but evoked a slight reduction in the
expression of the AT2 receptor (Fig. 8b) in the left ven-
tricles of the offspring.

Furthermore, oxidative stress is an important mechanism
involved in the development of cardiac remodeling.
Thus, the expression of SOD and catalase in the
offspring was also investigated. Maternal treatment with
Ang-(1-7) did not alter the expression of these proteins
(Fig. 9a, b).

Discussion

The major findings of this study were that maternal treat-
ment of SHRs with DIZE, as well as Ang-(1-7), attenuated
the increase in blood pressure, improved coronary vasodi-
lation, and reduced cardiomyocyte hypertrophy and fibrosis
deposition in the left ventricle of adult offspring.

Fetal programming has been widely studied, especially
its relationship with cardiovascular dysfunction in offspring
[4, 10, 13, 45]. In addition, it has been proposed that RAS is
involved in this process [13, 43, 44].

In this study, maternal treatment with DIZE attenuated
the increase in blood pressure in the offspring. The effect of
DIZE on blood pressure has previously been demonstrated
[36]. DIZE reduced the blood pressure of normotensive and
hypertensive rats possibly by a mechanism involving the
Mas receptor and NO [36]. In addition, this compound
reduced the right ventricular systolic pressure in a



Stimulation of the ACE2/Ang-(1-7)/Mas axis in hypertensive pregnant rats attenuates... 1887

Fig. 2 Morphological analyses in the left ventricle of the offspring
from hypertensive rats treated with DIZE. Representative micrographs
of the a, b cardiomyocyte diameter, d, e interstitial collagen content
and g, h perivascular collagen content. Quantification of the

Table 1 Basal parameters of left ventricular function in isolated hearts
of the offspring from hypertensive rats treated with DIZE

SHR SHR DIZE
n=4 n=>5
PP (mmHg) 92.75+10.38 120.7 £ 11.60
HR (bpm) 223.5+14.14 206.1 +£20.98
LVESP (mmHg) 105.7£13.96 137.3+13.49
dP/dt max (mmHg/s) 2741 +£328.3 3254 +£426.9
dP/dt min (mmHg/s) 1753 £310.2 2280 +£237.7

Data are expressed as mean+SEM. Data were analyzed by the
Student’s ¢ test

PP perfusion pressure, HR heart rate, LEVSP left ventricular end-
systolic pressure, dP/dt max maximal rate of pressure increase, dP/dt
min maximal rate of pressure decrease

monocrotaline-induced pulmonary hypertension animal
model, indicating a reduction in the pulmonary arterial
resistance [34].
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Fig. 3 Changes in the perfusion pressure induced by bradykinin in
isolated hearts of the offspring from hypertensive rats treated with
DIZE during pregnancy. Data are expressed as the mean + SEM. Two-
way ANOVA followed by the Tukey’s post hoc test. *P <0.05 vs.
SHR at the same concentration; "P<0.05 vs. vehicle in the
respective group

Previous studies have demonstrated the effectiveness of
DIZE in activating ACE2 [35, 36, 38, 39], which could

increase  Ang-(1-7) formation. In addition, the
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Fig. 4 Systolic blood pressure of the offspring from hypertensive rats
treated with Ang-(1-7) during pregnancy. Data are expressed as the
mean + SEM. Two-way ANOVA followed by the Sidak’s post hoc
test. *P <0.05 vs. the SHR group

Fig. 5 Morphological analyses in the left ventricle of the offspring
from hypertensive rats treated with Ang-(1-7). Representative micro-
graphs of the a, b cardiomyocyte diameter, d, e interstitial collagen
content and g, h perivascular collagen content. Quantification of the
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antihypertensive action of Ang-(1-7) has been widely
described [23, 46]. Therefore, the effect of maternal treat-
ment with Ang-(1-7) was evaluated to determine whether
this peptide could also promote beneficial effects in the
cardiovascular system of offspring. Interestingly, this
treatment also attenuated the increase in blood pressure in
adult male offspring. Although several studies have
demonstrated that DIZE was able to increase ACE2 activity
[35, 36, 38, 39], others have failed to demonstrate this effect
[35, 42]. Thus, we cannot rule out the possibility that DIZE,
in our study, has promoted its beneficial effects indepen-
dently of ACE2.

Pregnancy promotes several alterations in the RAS, even
in hypertensive states [47-52]. Reduced AT1 and increased
AT?2 expression were observed in the kidneys of pregnant
SHRs [47]. In addition, the expression of ACE and ATI1
receptor was lower in mesenteric arteries in these animals
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Fig. 6 Analysis of total collagen deposition in kidneys of the offspring from hypertensive rats treated with Ang-(1-7). Representative micrographs
and quantification of the total collagen deposition. Data are expressed as the mean + SEM. Unpaired Student’s ¢ test, *P <0.05

Table 2 Basal parameters of left ventricular function in isolated hearts
from offspring of SHR and SHR Ang-(1-7)

SHR SHR Ang-(1-7)
n=3>5 n=6
PP (mmHg) 105. 5+£2.87 108.0 +3.86
HR (bpm) 2329+13 260.0 +6.95
LVESP (mmHg) 112.7+9.81 94.18 +8.60
dP/dt max (mmHg/s) 2916 +246 2663 +262
dP/dt min (mmHg/s) 1900 + 262 1703 +235

Data are expressed as mean+SEM. Data were analyzed by The
Student’s ¢ test

PP perfusion pressure, HR hear rate, LEVSP left ventricular end-
systolic pressure, dP/dt max maximal rate of pressure increase, dP/dt
min maximal rate of pressure decrease
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Fig. 7 Changes in the perfusion pressure induced by bradykinin in
isolated hearts of the offspring from hypertensive rats treated with
Ang-(1-7) during pregnancy. Data are expressed as the mean = SEM.
Two-way ANOVA followed by the Tukey’s post hoc test. *P <0.05
vs. SHRs at the same concentration; + P <0.05 vs. vehicle in the
respective group

[48]. Pregnant women present significantly higher plasma
angiotensin II [49]. Furthermore, plasma levels of Ang-
(1-7) are reduced in preeclampsia subjects [50, 51]. Simi-
larly, the Ang-(1-7) concentration was significantly
decreased in an animal model of preeclampsia [52]. Thus, it
is possible that the treatment with DIZE or Ang-(1-7) could
shift the RAS balance by increasing the activity of the

ACE2/Ang-(1-7)/Mas axis, which in turn could lead to an
improvement in the uterine blood flow and therefore in
beneficial effects in the offspring. Indeed, numerous studies
have shown that Ang-(1-7) elicits vasodilation by an
endothelium-dependent release of nitric oxide [30, 53-55].
However, one cannot rule out the possibility that the
reduction in the blood pressure in offspring is due to the
effect of Ang-(1-7) of reducing the blood pressure in
pregnant rats.

The reduced blood pressure in offspring from mothers
treated with DIZE or Ang-(1-7) was accompanied by an
improvement in the coronary dilation induced by bradyki-
nin, an endothelium-dependent vasodilator. Our group has
previously demonstrated that treatment with DIZE
improved coronary flow in isolated hearts from pressure-
overloaded rats. Likewise, XNT, an ACE2 activator,
improved endothelial function in both SHRs and diabetic
Wistar rats [32]. Several studies have reported that Ang-
(1-7) is also able to improve endothelium function [56, 57].
Hence, these data suggest that both treatments performed in
this study improved endothelial function in the coronary
bed of the male offspring. However, since elevated blood
pressure itself can trigger damage to endothelial function
[58], we cannot assert whether the improvement in coronary
endothelial function was due to the direct effect of Ang-
(1-7) or indirectly from the reduction in blood pressure in
the pregnant rats.

Maternal exposure to DIZE or Ang-(1-7) promoted a
significant reduction in cardiomyocyte diameter and fibrosis
deposition in the male offspring. These effects may be
caused by the reduced blood pressure observed in the off-
spring. However, a previous study has shown that adult
offspring of mice exposed to small pollutant particles during
the gestational period presented hypertrophy with increased
mRNA of hypertrophic genes through a mechanism invol-
ving histone acetylation modification [59]. In addition, an
increase in the molecular markers for cardiac dysfunction
was reported in the prehypertensive stage of SHRs [60],
suggesting that the cardiac remodeling in SHRs is, at least

SPRINGER NATURE
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in part, independent of blood pressure. Therefore, it is
possible that treatment with DIZE and Ang-(1-7) promoted
molecular effects in the fetus, i.e., through epigenetic
modifications.

Similar to the results observed in hearts, treatment with
Ang-(1-7) significantly reduced total collagen deposition in
the kidneys. These data suggest that the treatment during
gestation was not restricted to the heart. The protective
effects of Ang-(1-7) in kidneys have been shown in pre-
vious studies [61-63]. Ang-(1-7) prevented kidney injury
in hypertensive [62] and diabetic [61] animal models.
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Moreover, genetic deletion of the Mas receptor leads to
renal fibrosis [63].

Some studies have shown that alterations in the expres-
sion of components of the RAS induced by fetal program-
ming (with high sucrose intake [13], hyperthyroidism
induction [43] or renovascular hypertension [44] during
gestation) are associated with cardiovascular dysfunction in
the offspring. Furthermore, Lee et al. [64] showed that ACE
is upregulated in several tissues in SHRs via histone code
modifications [64]. In our study, treatment with Ang-(1-7)
did not change the expression of the AT1, Mas receptor,
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ACE or ACE2 but reduced the expression of the AT2
receptor. Although some studies support a cardioprotective
role of the AT2 receptor [65], there is accumulating evi-
dence suggesting that the contribution of the AT2 receptor
to the development of cardiac hypertrophy is very complex
and its role in cardiac remodeling remains controversial
[65]. For instance, gene overexpression or pharmacological
stimulation of the AT2 receptor promoted an anti-
hypertrophic effect [66, 67]. On the other hand, chronic loss
of AT2 abolished cardiac hypertrophy and fibrosis [68].
Thus, we cannot assert that the cardioprotection observed in
the male offspring is associated with reduced AT2 expres-
sion in the hearts. Further experiments are needed to better
understand these data.

Ocxidative stress has been identified as one of the key
contributing factors in the development of hypertension and
cardiac hypertrophy [69]. Therefore, we evaluated the
expression of antioxidant enzymes in the left ventricles of
male offspring. We did not observe any difference in the
expression of SOD or catalase between groups, suggesting
that the protective effects found in the offspring from dams
treated with Ang-(1-7) can be mediated by an oxidative
stress-independent mechanism.

In summary, we found that treatment with DIZE or Ang-
(1-7) during gestation promoted substantial effects in
attenuating hypertension and cardiac remodeling in male
adult offspring. Although the mechanisms underlying this
improvement require further investigation, the degree of the
beneficial effects was notable. It should be emphasized that
Ang-(1-7) is an endogenous peptide, thus resulting in a
very low risk of adverse effects for mothers or fetuses.
Thus, these data indicate that the pharmacological man-
agement toward increasing the activity of the ACE2-Ang-
(1-7)-Mas receptor axis during pregnancy may be a bene-
ficial strategy to attenuate or prevent CVDs in descendants.
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