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Abstract
Our previous report indicated that vascular injury enhances vascular remodeling in fetal growth restriction (FGR) mice. The
angiotensin II type 2 receptor (AT2R) is relatively highly expressed in fetal mice. Therefore, we investigated the roles of
AT2R in FGR-induced cardiovascular disease using AT2R knockout (AT2KO) mice. Dams (wild-type and AT2KO mice)
were fed an isocaloric diet containing 20% protein (NP) or 8% protein (LP) until delivery. Arterial blood pressure, body
weight, and histological changes in organs were investigated in offspring. The birth weight of offspring from dams fed an LP
diet (LPO) was significantly lower than that of offspring from dams fed an NP diet. The heart/body and kidney/body weight
ratios in AT2KO-LPO at 12 weeks of age were significantly higher than those in the other groups. Greater thickness of the
left ventricular wall, larger cardiomyocyte size and enhancement of perivascular fibrosis were observed in AT2KO-LPO.
Interestingly, mRNA expression of collagen I and inflammatory cytokines was markedly higher in the AT2KO-LPO heart at
6 weeks of age but not at 12 weeks of age. AT2R signaling may be involved in cardiovascular disorders of adult offspring
with FGR. Regulation of AT2R could contribute to preventing future cardiovascular disease in FGR offspring.

Introduction

Low birth weight, which is defined as birth weight under
2500 g, affects approximately 15% of all newborns world-
wide [1]. Fetal growth restriction (FGR) is one of the main
factors in low birth weight. FGR is caused by conditions
such as maternal malnutrition, pregnancy-induced hyper-
tension (preeclampsia), smoking, alcohol abuse, and drugs.
FGR is a risk factor for high mortality and medical pro-
blems in early life [2]. Moreover, FGR is also a risk factor
for disease in adulthood. A number of epidemiological and
animal studies suggest that FGR is associated with an

increased risk of cardiovascular disease and metabolic dis-
orders in adulthood [3–6]. The concept that programming in
early life affects adult health is known as “developmental
origins of health and disease”.

Barker et al. reported the association between mortality
from coronary heart disease and birth weight. Mortality is
higher in FGR than in non-FGR adults [3]. Skilton et al.
reported that aortic intima-media thickness in the neonate is
greater in FGR [7]. Martyn et al. reported that the risk of
carotid stenosis at 70 years old is higher in FGR [8]. In basic
studies, Vonnahme et al. reported that fetal sheep with
maternal undernutrition-induced FGR showed ventricular
hypertrophy and increased liver weight [9]. Recently, using a
cuff placement model, we also reported that maternal low-
protein (LP) diet-induced FGR promotes vascular remodel-
ing, [10]. Therefore, FGR is associated with cardiovascular
disease in adulthood, but the mechanism is still unclear.

The renin-angiotensin system (RAS) plays important
roles in physiological control of the cardiovascular and
renal systems [11]. The two phenotypes of the angiotensin
II receptor are known as angiotensin II type 1 receptor
(AT1R) and type 2 receptor (AT2R). The functions of AT1R
include vasoconstriction, elevation of blood pressure,
thickening of the vessel wall, arteriosclerotic action, and
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cardiac hypertrophy. On the other hand, AT2R has a pro-
tective role against cardiovascular disease. AT2R is more
highly expressed in fetal tissues than in adult tissues and is
considered to play a role in organ development of the fetus
[12]. Wang et al. reported that the kidneys showed more
apoptotic cells in FGR than in non-FGR, and both renin and
angiotensinogen decreased in the FGR group 13]. More-
over, our previous report demonstrated that mice over-
expressing AT1R-associated protein (ATRAP), which
promotes AT1R internalization and attenuates angiotensin
II-mediated function, did not show an increase in blood
pressure in an LP diet-induced FGR model, while blood
pressure elevation was observed in wild-type (WT) LP-diet-
induced FGR mice [14]. These data suggest an interaction
between the RAS and FGR-induced cardiovascular disease.
Although there are several reports focusing on the RAS in
dams, such as studies of pregnancy-associated hypertension
and FGR, we did not find studies that investigated the effect
of the RAS on FGR-offspring using genetically modified
mice. Here, focusing on the role of AT2R in FGR offspring,
we investigated the difference in cardiovascular organs
between WT and AT2R knockout mice (AT2KO) mice in an
LP-diet-induced FGR model.

Methods

This study was performed in accordance with the National
Institutes of Health guidelines for the use of experimental
animals. All experimental protocols were approved by the
Animal Studies Committee of Ehime University.

Animals and treatment

Male C57BL/6J strain (WT and AT2KO) mice were used in
this study. The animals were housed in a room in which
lighting was controlled (12 h on, 12 h off) and room tem-
perature was kept at 25℃. FGR was induced by maternal
protein restriction. Dams were fed an isocaloric diet con-
taining 20% protein (normal protein; NP, Oriental Yeast,
Tokyo, Japan) or 8% protein (LP, Oriental Yeast) from
10 weeks of age until delivery. On the day of delivery, all
dams were returned to the NP diet. At 2, 6, and 12 weeks of
age, we measured the offspring body and organ weights,
such as the heart, liver, kidney and brain. At 12 weeks of
age, offspring heart rate and blood pressure were measured
using the tail-cuff method (MK2000ST; Muromachi Kikai
Co., Tokyo, Japan).

Morphometric analysis

Formalin-fixed, paraffin-embedded sections of hearts were
prepared at 6 and 12 weeks of age. The middle segment of

the heart was cut into cross sections. The sections were
stained with hematoxylin-eosin for measurement of left
ventricular wall thickness and cross-sectional area of car-
diomyocytes and by van Gieson’s method for measurement
of interstitial and perivascular fibrosis. Perivascular fibrosis
was expressed as the ratio of the area of perivascular fibers
to the area of the coronary artery. Measurement of areas was
performed using image analysis software (Densitograph;
ATTO Corporation, Tokyo, Japan).

Real-Time RT-PCR

Total RNA was extracted from hearts using Sepasol RNA I
Super G (Nacalai tesque Inc., Kyoto, Japan). Real-time
quantitative reverse-transcription polymerase chain reaction
(PCR) was performed with a SYBR Premix Ex Taq kit
(Takara Bio Inc., Shiga, Japan). PCR primers were as follows:
AT1 receptor, 5′-AGTCGCACTCAAGCCTGTCT-3′ (for-
ward) and 5′-ACTGGTCCTTTGGTCGTGAG-3′ (reverse);
AT2 receptor, 5′-CCTGCATGAGTGTCGATAGGT-3′ (for-
ward) and 5′-CCAGCAGACCACTGAGCATA-3′ (reverse);
interleukin (IL)-1β, 5′-TCCAGGATGAGGACATGAGCA
C-3′ (forward) and 5′-GAACGTCACACACCAGCAGGT
TA-3′ (reverse); IL-6, 5′-CCACTTCACAAGTCGGAGGC
TTA-3′ (forward) and 5′-GCAAGTGCATCATCGTTGTTC
ATAC-3′ (reverse); monocyte chemotactic protein-1, 5′-TTA
ACGCCCCACTCACCTGCTG-3′ (forward) and 5′-GCTT
CTTTGGGACACCTGCTGC-3′ (reverse); tumor necrosis
factor (TNF)-α, 5′-ATGTAGGCCATGAGGTCCAC-3′ (for-
ward) and 5′-TGCGACTTCAACAGCAACTC-3′ (reverse);
collagen I, 5′-ATCTCCTGGTGCTGAGGAC-3′ (forward)
and 5′-ACCTTGTTTGCCAGGTTCAC-3′ (reverse); and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5′-AT
GTAGGCCATGAGGTCCAC-3′ (forward) and 5′-TGCG
ACTTCAACAGCAACTC-3′ (reverse).

Cuff-induced vascular injury model

When offspring were 10 weeks of age, inflammatory vas-
cular injury was induced by polyethylene cuff placement
around the femoral artery under anesthesia with intraper-
itoneal injection of 60 mg/kg pentobarbital sodium in saline,
and morphometric analysis to measure the neointimal area
was performed as described previously [10].

Statistical analysis

All values are expressed as the mean ± standard deviation in
the text and figures. The data were analyzed by analysis of
variance. If a statistically significant effect was found, post
hoc analysis was performed with a Tukey-Kramer test to
detect the difference. Values of p less than .05 were con-
sidered statistically significant.
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Fig. 1 a Birth weight of male
C57BL/6J mice (WT) and AT2R
knockout mice (AT2KO)
offspring from mothers fed a
normal protein (NPO) and a low
protein (LPO) diet. The values
are the mean± SD (n= 38 to 76
for each group). **p< 0.01 vs.
NPO. b Body weight of male
offspring at 0, 2, 4, 8, and
10 weeks of age. After 2 weeks
of age, there is no significant
difference in body weight. Heart
rate (c) and systolic blood
pressure (d) at 12 weeks of age.
The values are the mean± SD
(n= 5 to 7 for each group)

Fig. 2 Time course of organ-to-body weight ratio of kidney (a), heart (b),
liver (c), and brain (d) and brain weight (e) at 2, 6, and 12 weeks of age.
The values are the mean± SD (n= 4 to 11 for each group). *p< 0.05 and

**p< 0.01 vs. other groups at the same age. Light gray; WT-NPO, black;
WT-LPO, white; AT2KO-NPO, dark gray; AT2KO-LPO
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Results

Effect of LP diet in dams on physical parameters of
offspring

The average birth weight was significantly lower in LP
offspring (LPO) compared with normal-protein (NP)
offspring (NPO) in both WT and AT2KO mice (Fig. 1a).
The body weight of LPO caught up at 2 weeks of age.
Thereafter, there was no significant difference in body
weight among the groups (Fig. 1b). Heart rate and sys-
tolic blood pressure evaluated using the tail-cuff method
at 12 weeks of age did not differ among the groups
(Fig. 1c, d).

Effect of low protein diet in dams on organ weights
of offspring

We examined the weights of organs, such as the heart,
kidney, liver and brain, at 2, 6, and 12 weeks of age (Fig. 2).
Organ weight to body weight ratios did not differ among the

groups until 6 weeks of age; however, heart weight to body
weight ratio (HW/BW ratio) and kidney weight to body
weight ratio (KW/BW ratio) at 12 weeks of age were sig-
nificantly higher in AT2KO-LPO than in the other groups
(Fig. 2a, b). On the other hand, liver weight to body weight
ratio did not differ among the groups (Fig. 2c). The brain
weight to body weight ratio of the LPO groups at 2 weeks
of age was significantly higher than that of the NPO groups
(Fig. 2d), but actual brain weight did not differ among the
groups (Fig. 2e).

AT2KO-LP offspring exhibited cardiomegaly and
perivascular fibrosis in the heart

Analysis of hematoxylin-eosin-stained cross-sections of the
heart at 12 weeks of age indicated that AT2KO-LPO mice
showed a significant increase in left ventricular wall area to
body weight ratio compared with WT-NPO and AT2KO-
NPO (Fig. 3a, b). Moreover, the cross-sectional area of
cardiomyocytes was significantly greater in AT2KO-LPO
mice than in the other groups (Fig. 3c, d).

Fig. 3 Cardiac hypertrophy at 12 weeks of age. Representative photos
of hematoxylin-eosin staining of cross-sections of the heart at a macro
view (a) or at high magnification (c). Left ventricular area to body
weight ratio (b) and cross-sectional area of cardiomyocytes (d). The

values are the mean± SD (n= 4–10 for each group). *p< 0.05 and
**p< 0.01 vs. NPO (Color figure online)
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Fig. 4 Cardiac fibrosis at
12 weeks of age. a
Representative photos of
perivascular fibrosis of the heart
with van Gieson’s staining. b
Fibrosis area/coronary artery
area ratio. c mRNA expression
of collagen I. The values are the
mean± SD (n= 4 to 5 for each
group). **p< 0.01 vs. NPO
(Color figure online)

Fig. 5 mRNA expression of angiotensin II type 1 receptor (a) and type
2 receptor (b) at 6 weeks and the inflammatory cytokines IL-6 (c),
MCP-1 (d), IL-1β (e) and TNF-α (f) at 6 weeks and 12 weeks of age.

The values are the mean± SD (n= 5–6 for each group). **p< 0.01 vs.
the other groups
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On the other hand, the collagen fibers around coronary
arteries in mice at 12 weeks of age were shown by van
Gieson’s staining of sections of the heart (Fig. 4a). The
fibrosis area to coronary artery area ratio in AT2KO-LPO was
significantly higher than that in the other groups (Fig. 4b),
while interstitial fibrosis was not different among the groups.
To clarify the mechanism, we assessed the mRNA expression
of collagen Ι in the heart at 6 weeks of age. Collagen I was
significantly more highly expressed in AT2KO-LPO than in
AT2KO-NPO, whereas there was no significant difference in
expression in each mouse at 12 weeks of age (Fig. 4c).

AT2KO-LP offspring showed increased expression of
inflammatory cytokines in the heart

Next, we examined the mRNA expression of AT1R and
AT2R at 6 and 12 weeks of age. At 12 weeks of age, there
was no significant difference in the expression of angio-
tensin receptors in each group. The expression of AT1R at
6 weeks of age in the AT2KO group was significantly
higher than in the WT group (Fig. 5a, b). Moreover, we
analyzed the effect of FGR on mRNA levels of proin-
flammatory cytokines in the heart at 6 and 12 weeks of age
using real-time quantitative RT-PCR (Fig. 5c–f). At both 6
and 12 weeks of age, the mRNA expression level of MCP-1
was significantly higher in AT2KO-LPO than in the other
groups (Fig. 5d). At 12 weeks of age, the mRNA expression
of IL-1β, IL-6, and TNF-α was not different among the
groups; however, at 6 weeks of age, these expression levels
were significantly higher in AT2KO-LPO than in the other
groups (Fig. 5c, e, f).

AT2KO-LP offspring did not show an increase in
neointimal formation in the cuff-induced vascular
remodeling model

Finally, we investigated inflammation-induced vascular
remodeling as described previously [10]. In a previous
report, neointimal formation in the femoral artery was
exaggerated in LPO compared with NPO in WT mice
(Fig. 6). However, in AT2KO mice, LP-induced FGR did
not affect neointimal formation, while AT2KO-LPO showed
an increase in neointimal formation, as noted in our pre-
vious report (Fig. 6) [15].

Discussion

Here, we demonstrated that AT2R is involved in LP-diet-
induced cardiac hypertrophy, with an increase in inflammatory
cytokines, while there was no significant difference in birth-
weight and blood pressure between mice with and without
AT2R expression. The results of the present study show the
role of AT2R in FGR-induced cardiovascular changes.

Utsunomiya et al. reported that expression of AT2R in
the heart was restricted to the coronary blood vessels [16].
In our data, the ratio of perivascular fibrosis to coronary
artery area was enhanced in AT2KO-LPO, but there was no
difference in interstitial fibrosis. These data suggest that
AT2R plays a protective role against fibrosis, especially in
the coronary vessels. In the present study, AT2KO-NPO did
not exhibit a significant change in cardiac development,
while FGR induced such a change in AT2KO mice. Our

Fig. 6 Neointimal formation. Representative photos (a) and quantitative analysis (b) of neointimal area in cross-sections of the femoral artery with
elastica van Gieson staining 14 days after cuff placement (100x magnification). The values are the mean± SD (n= 10–12 for each group)
(Color figure online)
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previous report regarding angiotensin-converting enzyme 2
(ACE2)-deficient (ACE2KO) mice demonstrated that dele-
tion of ACE2 also increases heart weight, coronary artery
thickening and perivascular fibrosis [17]. This change was
observed from 4 weeks of age. Although in this paper, a
low-protein diet was not employed in ACE2-deficient mice,
RAS components could play an important role in cardiac
development, especially in development of coronary arter-
ies. Very recently, Rabelo et al. reported that deletion of
ACE2 induces vascular dysfunction through nitric oxide
(NO) imbalance and oxidative stress [18]. Interestingly,
Shukla et al. demonstrated that maternal nutrient restriction
during pregnancy impairs an endothelium-derived hyper-
polarizing factor-like pathway in sheep fetal coronary
arteries [19]. AT2R signaling is well known to have vaso-
dilator activity, dependent on the bradykinin–bradykinin B2

receptor-NO-cyclic guanosine monophosphate (cGMP)
pathway [20]. Therefore, deletion of AT2R could prevent
protection against LP-induced endothelial dysfunction
through dysfunction of the bradykinin-bradykinin B2

receptor-NO-cGMP pathway. Our examination of oxidative
stress-related effects, such as expression of NADPH sub-
units, did not show a significant change in AT2KO-LPO. If
we had been able to analyze NADPH subunit expression in
dissected arteries to separate the coronary arteries from
cardiac tissue, some differences might have been observed.

On the other hand, AT2R-induced vasorelaxation,
natriuresis, antigrowth, and anti-inflammatory effects occur
exclusively in women [21]. Our previous report demon-
strated that neointimal formation is decreased in female
mice compared with that in male mice through an increase
in AT2 receptor expression [22]. Therefore, female mice
could show a greater difference in cardiovascular change in
FGR offspring. However, no significant difference in
hypertrophy was observed between female AT2KO-LPO
and AT2KO-NPO (data not shown), indicating that no
advantage of the cardio-protective effect of AT2R was
observed in female mice. Alternatively, it is possible that
deletion of AT2R in the dam affects uterine artery function
and induces epigenetic changes in the offspring. Acute,
progressive endothelial dysfunction is observed in women
with preeclampsia 23]. Mice lacking endothelial NO syn-
thase exhibit a preeclampsia/FGR-like phenotype [24].
Therefore, an LP-diet may exaggerate uterine artery dys-
function in AT2KO dams and result in epigenetic mod-
ification in offspring. Considering that AT2KO-LPO did not
show a lower birthweight than WT-LPO, uterine artery
function was not different between WT and AT2KO mice;
however, further investigation is necessary to assess the
detailed mechanism to determine whether FGR-induced
cardiovascular change was induced by the lack of AT2R in
dams, offspring, or both.

On the other hand, we observed an increase in kidney
weight/body weight in AT2KO-LPO at 12 weeks of age. We
previously reported that mice with overexpression of
ATRAP, which reduces AT1R signaling, show a slight but
not significant increase in kidney weight/body weight ratio
at 24 weeks of age with or without an LP diet [14]. Thus,
AT1 receptor signaling may not contribute to this result.
Growth-stimulatory effects by angiotensin II through AT1R
may be counterbalanced by AT2 receptor-mediated apop-
tosis and growth inhibition [25]. AT2KO mice exhibit
abnormal ureteric bud budding, increased incidence of
double ureters and vesicoureteral reflux with attenuated
apoptosis of mesenchymal cells during fetal metane-
phrogenesis [26]. Ablation of cap mesenchyme generated
by condensation of the mesenchymal cells on the ureteric
bud in early fetal kidneys causes progressive renal hypo-
plasia [27]. Therefore, one possible mechanism for this
result is that lack of AT2-receptor-induced apoptosis in
mesenchymal cells may increase kidney weight; however,
the detailed mechanism is unclear.

Neointimal formation was not significantly different
between AT2KO-LPO and AT2KO-NPO, although we
expected more exaggerated vascular remodeling in AT2KO-
LPO than in AT2KO-NPO. This result indicates that vas-
cular remodeling is more strongly influenced by deletion of
AT2R itself than by environmental factors, because this
model is induced by subacute stress-induced vascular injury
involving the vasculature and inflammatory cells. In this
model, the genetic factor in offspring is superior to the
FGR-induced effect. Moreover, AT2KO mice are systemic
gene-deletion mice; therefore, various factors, such as car-
diomyocytes, vasculature, macrophages and immune cells,
are involved in these phenomena. Mice with more specific
gene modification should be employed in future research.

In the present study, of the absence of AT2R is involved in
cardiovascular disorders of adult offspring with FGR. How-
ever, it is not well known that “AT2R stimulation” is one of
the prevention approaches for FGR-induced future cardio-
vascular disease. A relative increase in AT2R signaling by
treatment with an angiotensin converting enzyme inhibitor or
AT1R blocker (ARB) is considered to be a prevention
approach. However, administration of an RAS blockade
agent is contraindicated due to their potential fetotoxicity,
such as oligohydramnios, as reported by Shimada et al. [28].
Recently, compound 21, a direct AT2 receptor stimulator, has
been demonstrated to contribute to protection against end-
organ damage in animal studies [29]. Although the terato-
genic effects are not well elucidated, future investigation of
treatment with compound 21 may be necessary.

In conclusion, these results suggest that AT2R signaling
may be involved in cardiac development in adult offspring
with FGR. Therefore, although AT1R blockers cannot be
used in the gestational period because of the teratogenic
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risk, regulation of AT2R could contribute to prevention of
future cardiovascular disease in FGR offspring.
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