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Abstract

The renal endothelin system contributes to sex differences in blood pressure with males
demonstrating greater endothelin type-A receptor-mediated responses relative to females.
Intrauterine growth restriction programs hypertension and enhanced renal sensitivity to acute
angiotensin Il in male growth-restricted rats. Endothelin is reported to work synergistically with
angiotensin I1. Thus, this study tested the hypothesis that endothelin augments the blood pressure
response to acute angiotensin Il in male growth-restricted rats. Systemic and renal hemodynamics
were determined in response to acute angiotensin Il (100 nanogram/kilogram/minute for 30
minutes) with and without the endothelin type-A receptor antagonist, ABT 627(10 nanogram/
kilogram/minute for 30 minutes), in rats pretreated with enalapril (250 milligram/Liter for one
week) to normalize the endogenous renin angiotensin system. Endothelin type-A receptor
blockade reduced angiotensin I1-mediated increases in blood pressure in male control and male
growth-restricted rats. Endothelin type-A receptor blockade also abolished hyper-responsiveness
to acute angiotensin Il in male growth-restricted rats. Yet, blood pressure remained significantly
elevated above baseline following endothelin type-A receptor blockade suggesting that factors in
addition to endothelin contribute to the basic angiotensin ll-induced pressor response in male rats.
We also determined sex-specific effects of endothelin on acute angiotensin I1-mediated
hemodynamic responses. Endothelin type-A receptor blockade did not reduce acute angiotensin I1-
mediated increases in blood pressure in female control or growth-restricted rats, intact or
ovariectomized. Thus, these data suggest that endothelin type-A receptor blockade contributes to
hypersensitivity to acute angiotensin Il in male growth-restricted rats and further supports the sex-
specific effect of endothelin on blood pressure.
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Offspring of pregnancies complicated by placental ischemia, hypertension and preeclampsia
exhibit a greater risk for the development of increased blood pressure (BP) (1, 2) and
cardiovascular (CV) disease in later life (1, 3). A mechanical reduction in uteroplacental
perfusion in the rat results in placental ischemia leading to hypertension in the mother and
intrauterine growth restriction (IUGR) in the offspring (4). Male growth-restricted offspring
exhibit a marked increase in BP that initiates in early life and persists in adulthood (5). Male
growth-restricted offspring also exhibit an enhanced sensitivity to acute angiotensin 11 (Ang
[1) (6) further implicating that fetal exposure to pregnancies complicated by placental
ischemia programs increased CV risk in the offspring. The mechanisms that contribute to
the etiology of increased BP that has its origins in fetal life are multifactorial and have not
been fully elucidated. However, programmed increases in BP (7) and the enhanced BP
response to acute Ang Il (6) programmed by fetal exposure to placental ischemia in male
growth-restricted offspring are testosterone dependent implicating a role for sex steroids.
Androgens can potentiate renal responsiveness to Ang Il via the Rho kinase signaling
pathway (8). Previously, we reported that the enhanced BP response to acute Ang Il in the
male growth-restricted rats is independent of the Rho kinase pathway (9). Thus, one goal of
this study was to investigate another potential mechanism that mediates hypersensitivity to
acute Ang Il in male growth-restricted rats.

Numerous experimental and human studies suggest that the endothelin (ET) system
contributes to the development and progression of hypertension through its effects on
vascular and renal function (10, 11). ET is a powerful vasoconstrictor, which exerts its
effects on vascular smooth muscle via its endothelin type-A (ET ) and endothelin-type B
(ETp) receptors (11). Hypertension induced by chronic Ang Il infusion in the male rat can
be blocked by an ET 4 receptor antagonist (12) and ET is reported to enhance the pressor
response to Ang Il (13) implicating a synergistic effect of ET and Ang Il on BP. Numerous
studies also indicate that the ET system contributes to sex differences in BP with ETp
receptor-dependent increases in BP more prevalent in males relative to females (14).
Although male growth-restricted rats are hypertensive in early adulthood, female growth-
restricted rats are normotensive (5). Ovariectomy induces hypertension in female growth-
restricted rats in young adulthood (15) and also enhances the BP response to acute Ang Il
(16). Thus, the aims of this study were to test the hypothesis that ET contributes to the
enhanced BP response to acute Ang Il in male growth-restricted rats and to determine if the
effect of ET on acute Ang ll-mediated pressor responses in growth-restricted offspring is
sex-specific.

MATERIALS AND METHODS

Detailed Materials and Methods are available in the online-only Data Supplement.
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RESULTS
Birth weight, body weight, and kidney weight

Birth weight was significantly reduced in growth-restricted rats compared to same-sex
control counterparts (Table 1). Males were heavier than females, but body weight did not
differ relative to same-sex counterparts at 16 weeks of age (Table 1); kidney weight (Table
1) and kidney to body weight (data not shown) did not differ in same sex groups. Kidney
weight was greater in males relative to females and ovariectomy had no significant effect on
kidney weight among groups; however, body weight was increased in ovariectomized
female rats (Table 1).

The effect of an endothelin type A receptor antagonist on mean arterial pressure

BP was increased to a greater degree by acute infusion of ANG Il in male growth-restricted
relative to male control (P<0.05) (Figure 1a). However, female growth-restricted did not
demonstrate a similar response (Figure 1b). Blockade of the ET 5 receptor significantly
reduced the BP response to acute Ang Il in male rats (Figure 1a) but BP remained
significantly elevated relative to baseline (P<0.05) (Figure 1a). However, blockade of the
ET a receptor abolished the differential response to acute Ang Il in male growth-restricted
rats relative to male control. Blockade of the ET 4 receptor with ABT-627 had no effect on
BP in intact Ang ll-treated female control or growth-restricted rats (P<0.05 vs. baseline
female control or IUGR) (Figure 1b). Blockade of the ET a receptor with ABT-627 also did
not significantly alter BP in ovariectomized female control or growth-restricted rats (Figure
S1).

The effect of an endothelin type A receptor antagonist on renal hemodynamics

Acute Ang Il induced a significant decrease in GFR in male control and male growth-
restricted rats that was greater in male growth-restricted compared to male control (P<0.05)
(Figure 2a). Blockade of the ET a receptor with ABT-627 abolished the decline in GFR
induced with acute Ang Il in male control and growth-restricted rats restoring values back to
baseline (Figure 2a). ETA receptor blockade was unable to restore GFR in intact (Figure 2b)
or ovariectomized (Figure S1) female control or growth-restricted offspring (P<0.05 vs.
baseline control). Inhibition of the ET p receptor attenuated the significant decline in eRPF
that occurred in response to acute ANG Il in male growth-restricted offspring (P<0.05)
(Figure 3a); yet, eRPF remained significantly lower in ABT-627 treated male growth-
restricted relative to ABT-627 treated male control (Figure 3a). Ang Il induced a decrease in
eRPF that was not abolished by ET a5 receptor blockade in intact female growth-restricted
rats (P<0.05 IUGR baseline versus vs. IUGR Ang Il and IUGR Ang Il + ABT) (Figure 3b)
and did not significantly alter eRPF in ovariectomized rats versus their baseline treated
counterpart (Figure S1). Normalizing GFR or eRPF to body weight or kidney weight did not
alter outcomes (data not shown). The marked increase in RVR in male growth-restricted rats
relative to male control was abolished by ET p receptor blockade (P<0.05) (Figure 4a) and
normalized RVR in male growth-restricted rats relative to male baseline, control or growth-
restricted. However, RVR remained significantly elevated in ABT-627-treated intact female
growth-restricted rats relative to baseline intact female control and growth-restricted (Figure
4b); ET p receptor blockade had no effect on RVR in Ang ll-treated female ovariectomized
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rats (Figure S1). Filtration Fraction did not differ between groups under baseline conditions,
before or after acute infusion of Ang Il, or in conjunction with ABT-627 (data not shown).

Renal expression of the endothelin system

Whole kidney pre-pro-endothelin (ppET) mRNA expression and 24-hour urinary excretion
of endothelin did not differ in male or female growth-restricted relative to same-sex control
counterpart (Figure S2). Protein expression of the ET a and the ETg receptor were
significantly elevated in male growth-restricted offspring within the cortex and medulla
compared to male control (Figure S3). In females ET a receptor protein expression did not
differ but medullary ETg receptor protein expression was significantly decreased in female
growth-restricted relative to female control (Figure S4).

Discussion

The main findings from this study demonstrate a role for the ET system in the sexual
dimorphic developmental programming of BP control in growth-restricted rats exposed to
placental ischemia during fetal life. Male growth-restricted rats exhibited a significantly
greater increase in BP in response to acute Ang Il compared to male control. The increased
BP response to acute Ang Il was significantly reduced by blockade of the ET 5 receptor in
male control and growth-restricted rats. Blockade of the ET a receptor also abolished the
exaggerated BP response to Ang Il in male growth-restricted rats suggesting hypersensitivity
to acute Ang Il is mediated by the ET 5 receptor. However, ET 5 receptor blockade during
acute infusion of Ang Il failed to restore BP entirely back to baseline in male control and
growth-restricted rats indicating that other factors in addition to ET may contribute to the
basal acute Ang Il-mediated BP response in male rats. ET 4 receptor blockade had no
significant effect on acute Ang Il-induced increases in BP in female control or growth-
restricted rats regardless of ovarian status. Therefore, administration of an ET a receptor
antagonist at a dose that significantly reduced Ang IlI-mediated increases in BP in male rats
had no effect in female control or growth-restricted rats, intact or ovariectomized. These
findings strongly suggest that the sexual dimorphism observed in the regulation of BP in
adult rats is partially mediated by the ET System.

Investigation into the contribution of the ET system to the developmental programming of
BP control is very limited. Male offspring exposed to early life stress (EL S) are
normotensive under basal conditions but exhibit a hyperresponsiveness to chronic Ang Il
that is androgen dependent in male ELS rats (17). Male ELS rats also exhibit an exaggerated
BP response to acute air jet stress (AJS) (18). The exaggerated response to AJS is abolished
in male ELS rats homozygous for ETg receptor deficiency (18) suggesting a role for the ET
system in the etiology of increased CV risk in ELS rats. Whether the ET system contributes
to the enhanced BP response to chronic Ang Il in male or female ELS rats has not been
examined. Male offspring exposed to hypoxia during fetal life develop IUGR and a
significant increase in BP with age that is not observed in their female IUGR counterparts
(19). Blockade of the ET a/g receptor attenuates the increase in BP in male IUGR rats
programmed by fetal exposure to hypoxia but has no effect on baseline BP in female rats,
control or IUGR (19). Thus, these studies suggest that the ET system contributes to the
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developmental programming of BP in male rats and indicates a sex-specific effect of ET on
BP in the model of IUGR induced via prenatal hypoxia.

Numerous models of developmental programming exhibit a sex difference in BP control
with females protected relative to their male counterparts (15, 17, 19, 20). We previously
reported that female growth-restricted rats are normotensive during young adulthood (15);
whereas male growth-restricted rats exhibit a significant increase in BP that is testosterone
dependent (7). Hyperresponsiveness to acute Ang 1 is also testosterone-dependent in male
growth-restricted rats (6) whereas BP is increased and hypersensitivity to acute Ang Il is
exacerbated by ovariectomy in female growth-restricted rats in young adulthood (15, 16).
Many experimental models that mimic essential hypertension also exhibit sex differences in
the importance of the ET system in BP regulation. Females are protected against the
development of Ang Il-induced hypertension (21) and exhibit a delay in the development of
hypertension induced via deoxycorticosterone acetate (DOCA)-salt that is also attenuated
relative to their male DOCA-salt counterparts (22). The renal ET system contributes to sex
differences in the regulation of BP in these experimental models with males exhibiting
greater ET o-mediated responses whereas the ETg receptor is protective against increased
BP in the female (23). ET A receptor blockade reduces BP in male but not female salt-loaded
stroke-prone spontaneously hypertensive rats (SHR), an experimental model of more severe
hypertension (24). However, ET a receptor blockade has no effect on BP in female SHRs in
young adulthood but attenuates the hypertension that develops in post-cycling SHR, a model
of postmenopausal hypertension (25). ET levels increase with age (26) and circulating ET-1
levels are positively associated with increased testosterone levels in postmenopausal women
(27). Circulating ET-1 levels are also positively associated with increased testosterone in
women with polycystic ovary syndrome (PCOS) (28). Testosterone up-regulates ET-1
mMRNA and induces an increase in secretion of ET-1 from endothelial cells (29). Thus,
elevated testosterone levels that occur in menopause or women with PCOS could contribute
to increase in circulating levels of ET in female-specific conditions that are associated with
increased CV risk and involve a role for the ET system in their etiology of elevated BP.
Elevations in circulating levels of testosterone may also contribute to increased activation of
the ET system in male growth-restricted rats. Hypertension and enhanced sensitivity to acute
Ang Il in male growth-restricted rats are testosterone dependent and are also associated with
a significant increase in circulating testosterone (6, 7). However, estradiol also mediates an
influence on ET production. In vitro estradiol reduces the increase in ET-1 production
stimulated by Ang 1l (29). Whether estradiol exerts similar actions in vivo is not clear.
Nonetheless, these studies indicate that modulation of the ET system by sex steroids may
contribute to sex differences in Ang Il sensitivity in growth-restricted offspring.

The mechanism that mediates ET-induced amplification of acute Ang Il-mediated systemic
and renal hemodynamic responses is unknown. Riggleman et al. demonstrated that ET
acting via its ET p receptor contributes to the acute pressor response to acute Ang Il (30). ET
also contributes to the enhanced pressor response to acute Ang Il in the SHR relative to
WAKY rats (31) implicating that ET amplifies the actions of acute Ang I1. Ang Il receptor
density and ligand affinity are increased in the SHR (32) suggesting that differences in the
binding and distribution of the Ang Il receptors may be a contributory factor in the
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hyperresponsiveness to acute Ang Il observed in the SHR. Renal AT receptor expression
and glomerular 1251-Ang 1l binding are increased in male offspring exposed to maternal
protein restriction (33). A greater reduction in GFR following acute Ang 1l is noted in male
offspring exposed to a maternal low protein diet relative to control (34) suggesting that
differences in Ang Il receptor expression and binding may be a contributor factor in the
developmental programming of impaired renal function. However, renal AT, receptor
MRNA expression and density are not elevated in male growth-restricted rats programmed
by exposure to placental ischemia (35). Oriji and Keiser demonstrated that Ang 11
stimulation of rat aortic rings results in the rapid release of ET mediated via protein kinase C
(36). Thus, the enhanced actions of ET on Ang Il-mediated responses could also involve the
rapid release of ET from the vasculature.

Renal ppET mRNA expression and urinary excretion of ET-1 were not significantly
different in female or male growth-restricted rats relative to their control counterpart.
Urinary ET-1 is reported not to differ in male versus female rats (37). Whether expression of
the ET system was altered in males relative to females was not directly compared in this
study. Nevertheless, renal protein expression of the ET a receptor was up-regulated in the
renal cortex and medulla of male but not female growth-restricted rats relative to same-sex
control. The ET system including type A and type B receptors is highly expressed in the
collecting duct with males rats reported to exhibit greater ET p receptor expression relative
to females (38). Activation of the ET 5 receptor is also enhanced in male rats relative to
females (38) suggesting differences in signaling of the ET receptor may contribute to sex
differences in IUGR-induced hypertension. ET is tightly linked to the nitric oxide (NO)
system within the medulla and renal ET can differentially regulate nitric oxide synthase
(NOS) activity within the kidney (39). Sex steroids can also modulate NO availability (40)
and renal levels of endothelial NOS are higher in female rats relative to males (41). Yet,
male rats are more susceptible to NOS inhibition than females (41) indicating that a loss of
NO may uncover the actions of a vasoconstrictor such as ET which is more prominent in
male versus female rats. Whether NOS activity is increased in a compensatory manner in
female growth-restricted rats or whether enhanced activation of the ET 5 receptor mediates
enhanced sensitivity to acute Ang Il in male growth-restricted rats is not known. Thus, the
mechanisms that contribute to enhanced renal sensitivity to acute Ang Il-mediated responses
in growth-restricted rats are not known. Additional studies are required to fully elucidate the
mechanisms that mediate sex differences in the BP response to acute Ang Il following
IUGR.

Clinical Perspectives

Hypertension is more common in men than women prior to menopause (42). Birth weight is
inversely associated with BP in both men and women (43) and low birth weight men exhibit
a greater CV risk in young adulthood relative to their female low birth weight counterparts
(44). The mechanisms that contribute to sex difference in BP control are multifactorial and
within the low birth weight population, not clearly elucidated. This study supports an
important role for the ET system in the etiology of increased CV risk that develops in male
growth-restricted rats and also implicates the ET system as a contributor to sex differences
in the developmental programming of BP.
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ary Material
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NOVELTY AND SIGNFICANCE
What is new?

Our study demonstrates that the ET a receptor contributes to the pressor response to acute
Ang Il in male rats and further reveals that the ET 5 receptor mediates hypersensitivity to
acute Ang Il in male growth-restricted rats.

Our study also shows that blockade of the ET a receptor at a dose that significantly
reduces Ang ll-mediated increases in BP in male rats has no effect on Ang Il-mediated
increases in BP in female rats regardless of their birth weight or ovarian hormone status.

What is Relevant?

Currently birth weight is not a consideration in the management of BP within the general
population. Demonstration that the ET 5 receptor contributes to the developmental
programming of high BP in male animals and that the effect of ET a receptor blockade on
BP is sex-specific should encourage the development of endothelin antagonists for the
treatment of high BP with the caveat that their use may be limited by sex yet, their
viability as an antihypertensive agent may be enhanced in low birth weight men.

Summary

Further studies are necessary to discern the impact of sex and birth weight on
effectiveness of an antihypertensive regimen in low birth weight individuals.

Hypertension. Author manuscript; available in PMC 2016 December 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Intapad et al. Page 11

>

Male = Control
180- *tt Bl IUGR

160- *t .
t1#
1404 *t1#

Mean arterial pressure
(mmHg)

Baseline ANGII  ANGII+ ABT
Female

w
—
$

160 *1. *1_ *1. *1_

Mean arterial pressure
(mmHg)

Baseline ANGIl  ANGII+ ABT

Figurel. Mean arterial Pressure (MAP)
a) Male control and growth-restricted (IUGR) rats. b) Female control and growth-

restricted rats. MAP was measured at 16 weeks of age in chronically instrumented,
conscious animals pretreated with the angiotensin convertor enzyme inhibitor, enalapril
(250mg/L for 1 week). MAP was measured at baseline during an acute infusion of ANG Il
(100 ng/kg/min) for 30 min, and during a 30 minute infusion of ANG Il plus the ETp
receptor antagonist, ABT-627 (10 ng/kg/min for 30min). Values were allowed to return to
baseline between acute treatments. *P<0.05 versus baseline control. TP<0.05 versus
baseline IUGR. ¥ P< 0.05 vs. ANG Il control. # P<0.05 vs. Ang Il IUGR.. Data values
represent mean+SEM
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Figure 2. Glomerular Filtration Rate (GFR)
a) Male control and growth-restricted (IUGR) rats. b) Female control and growth-

restricted rats. GFR was measured at 16 weeks of age in chronically instrumented,
conscious animals pretreated with the angiotensin convertor enzyme inhibitor, enalapril
(250mg/L for 1 week). Renal function was measured at baseline during an acute infusion of
ANG I1 (100 ng/kg/min) for 30 min, and during a 30 minute infusion of ANG Il plus the

ET A receptor antagonist, ABT-627 (10 ng/kg/min for 30 min). Values were allowed to
return to baseline between acute treatments. *P<0.05 versus baseline control. tP<0.05
versus baseline IUGR. £ P< 0.05 vs. ANG Il control. # P<0.05 vs. Ang Il [IUGR. Data
values represent mean+SEM.
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Figure 3. Effective Renal Plasma Flow (eRPF)

ANGII  ANGII+ ABT

a) Male control and growth-restricted (IUGR) rats. b) Female control and growth-
restricted rats. eRPF was measured at 16 weeks of age in chronically instrumented,
conscious animals pretreated with the angiotensin convertor enzyme inhibitor, enalapril
(250mg/L for 1 week). Renal function was measured at baseline during an acute infusion of
ANG I1 (100 ng/kg/min) for 30 min, and during a 30 minute infusion of ANG Il plus the

ET a receptor antagonist, ABT-627 (10 ng/kg/min for 30min). Values were allowed to return
to baseline between acute treatments. *P<0.05 versus baseline control. TP<0.05 versus
baseline IUGR. ¥ P< 0.05 vs. ANG Il control. # P<0.05 vs. Ang Il IUGR. 8 P< 0.05 vs.
ANG+ABT Il control. Data values represent meantSEM.
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Figure 4. Renal Vascular Resistance (RVR)

ANGII ANGII+ ABT

a) Male control and growth-restricted (IUGR) rats. b) Female intact control and growth-
restricted rats. RVR was measured at 16 weeks of age in chronically instrumented,
conscious animals pretreated with the angiotensin convertor enzyme inhibitor, enalapril
(250mg/L for 1 week). Renal function was measured at baseline during an acute infusion of
ANG I1 (100 ng/kg/min) for 30 min, and during a 30 minute infusion of ANG Il plus the

ET A receptor antagonist, ABT-627 (10 ng/kg/min for 30min). Values were allowed to return
to baseline between acute treatments. *P<0.05 versus baseline control. TP<0.05 versus
baseline IUGR. ¥ P< 0.05 vs. ANG Il control. # P<0.05 vs. Ang Il IUGR. Data values

represent mean+SEM.
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Table 1

Birth weight, body weight, and kidney weight in male and female, intact and ovariectomized, control and
growth-restricted (IUGR) rats at 16 weeks of age.

Experimental group Birth weight (g) Body weight (g) Kidney weight (g)

Males

Control 6.7+0.2 409+13 2.7+0.2
IUGR 5.5+0.1F 432+19 2.7+0.1

Females
Control Intact 6.1+0.1 25618 1.6+0.2
IUGR Intact 5.1+0.1° 254+6 1.5+0.1
Control Ovariectomized 6.0£0.1 31549 T 1.6+0.1
IUGR Ovariectomized 5.0+0.1° 31849t 1.6+0.1

*
P<0.05 vs. same-sex counterpart;

TP<0.05 vs. intact counterpart. Values represent mean+SEM
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