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Abstract

Preeclamptic women produce agonistic autoantibodies to the angiotensin II type 1 receptor (AT1-

AA) and exhibit increased blood pressure (MAP), vascular sensitivity to angiotensin II (ANG II), 

and display a decrease in renal function. The objective of this study was to examine the renal 

hemodynamic changes during pregnancy in the presence of AT1-AAs with or without a slow 

pressor dose of ANGII. In this study MAP was elevated in all pregnant rats treated with ANG II 

with or without AT1-AA. Glomerular filtration rate (GFR) was reduced from 1.90 ±0.16 ml/min in 

normal pregnant (NP) to 1.20 ±0.08 in ANGII + AT1-AA rats. Renal blood flow (RBF) was 

decreased in ANGII + AT1-AA vs NP rats to 7.4 ±1.09 vs. 15.4 ±1.75 ml/min. Renal vascular 

resistance (RVR) was drastically increased between ANGII + AT1-AA vs NP rats (18.4 ±2.91 vs. 

6.4 ±0.77 mmHg/ml/min). Isoprostane excretion was increased by a 3.5 fold in ANG II + AT1-AA 

vs. NP (1160±321 vs. 323±52 pg/ml). In conclusion ANG II and AT1-AA together, significantly 

decrease GFR by 37%, RBF by 50%, and caused a 3 fold increase in RVR and isoprostane levels 

vs NP rats. These data indicate the importance of AT1-AAs to enhance ANG II induced renal 

vasoconstriction and reduce renal function as mechanisms to cause hypertension as observed 

during preeclampsia.
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Introduction

Preeclampsia is a multisystemic disorder that is characterized by new onset hypertension 

that usually occurs in the 3rd trimester of pregnancy1, 2. It is estimated that between 3–5% of 

pregnant women in the USA each year have preeclampsia. Preeclampsia is the leading cause 

of preterm birth, morbidity, and mortality for the mother and the fetus1, 2. Women with 

preeclampsia have elevated levels of the angiotensin II type 1 receptor autoantibodies (AT1-

AA), oxidative stress, reduced renal function, and increased ANG II sensitivity3–8. AT1-AAs 

in preeclampsia bind with a high affinity to the 7 amino acid sequence on the second 

extracellular loop of the angiotensin II type 1 (AT1) receptor, in which it activates the AT1 

receptor, increases intracellular calcium levels, and stimulates activation of intracellular 

MAP/ERK kinase and TNFα pathways similar to ANG II9–13.

Several studies from our lab and others have demonstrated the important role of AT1-AAs in 

the pathophysiology of preeclampsia. In-vitro studies with vascular smooth muscle and 

trophoblast cells demonstrate increased tissue factor VII and tissue factor activity, reactive 

oxygen species (ROS), NADPH oxidase components, and activation of NFκβ when 

incubated with AT1-AAs13–15. Furthermore, human umbilical vein endothelial cells 

(HUVEC) incubated for 6 hours with the AT1-AAs drastically increased endothelin-1 (ET-1) 

protein expression16. In-vivo studies, in which isolated human and rodent AT1-AAs 

administered to rats during pregnancy, increased blood pressure, oxidative stress, renal artery 

resistant index, and several circulating factors associated with preeclampsia, such as sFlt-1, 

sEng, endothelin-1, and endothelial microparticles7, 16–22. Thus all these studies taken 

together confirm the critical role of AT1-AAs in causing many of the common 

characteristics of preeclampsia observed in women7, 16–22.

Another characteristic shared by women with preeclampsia is increased sensitivity to ANG 

II, demonstrated years ago by Gant et al8. In Gant’s studies, young women between ages of 

13–17, with majority being Black American women, were infused with various doses of 

ANG II until their diastolic blood pressure increased by 20 mmHg11. In this study they 

found that women destined to become preeclamptic displayed an increase in blood pressure 

at lower concentrations of ANG II versus those that had a normal pregnancy. From this early 

study it was established that women with preeclampsia have increased sensitivity to ANG II 

from as early as 22 weeks of gestation until term11.

In rodent studies it has been shown that renal hemodynamic parameters, such as glomerular 

filtration rate (GFR), renal vascular resisintance (RVR), and renal blood flow (RBF) are not 

altered by ANG II infusion, suggesting that the renal vascularture in normal pregnant 

rodents, and perhaps humans, are refractory to the vasoconstrictory actions of ANG II (23) In 

our previous studies, the renal artery resistance index was enhanced to a greater degree with 

low pressor doses of ANG II and AT1-AA infused together into normal pregnant rats, thus 

suggesting that AT1-AA enhances the renal vasoconstriction of low dose ANG II17. 

Additionally, renal afferent arterioles isolated from pregnant rats subjected to non-constrictor 

doses of ANG II and the AT1-AA together, caused enhanced vasoconstriction compared to 

nonconstrictor doses of either ANGII or AT1AA alone4. Therefore, these data support the 

synergistic effect to occur in the kidney between ANG II and AT1-AA during pregnancy. 
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Thus we believe the presence of AT1-AAs during preeclampsia facilitates the increase in 

ANG II sensitivity. Although our previous data has shown marked changes in the renal 

artery resistance index and constriction of renal afferent arterioles, the effect of AT1-AAs 

and ANG II on renal hemodynamics during pregnancy has never been examined. Therefore, 

the overall purpose of this study was to examine the changes in renal hemodynamics during 

pregnancy in the presence of AT1-AAs and/or ANGII.

Methods

Pregnant Sprague Dawley rats purchased from Harlan Sprague Dawley Inc. (Indianapolis, 

IN) were used in this study. Rats were housed in a temperature-controlled room (75°F) with 

a 12 hour light and dark cycle each day and maintained on a normal diet with free access to 

water. All animal protocols were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Mississippi Medical Center. All experiments 

performed were in accordance with the National Institutes of Health guidelines for use and 

care of animals.

Administration of ANG II and/or AT1-AA

On day 13 of pregnancy rats were anesthetized with isoflurane and implanted with osmotic 

mini-pumps (Alzet Model 2001, Durect Corp, Cupertino, CA) intraperitoneally infusing 

angiotensin II (ANG II) at 50 ng/kg/min and/or agonistic angiotensin II type 1 receptor auto-

antibodies (AT1-AA; 1:40 dilution), previously isolated from reduced uterine pressure rats 

(RUPP), the rat model of preeclampsia. Pregnant Sprague Dawley rats were divided into 4 

groups: Normal Pregnant (NP, n=6), Pregnant + ANG II (ANG II, n=6), Pregnant + AT1-AA 

(AT1-AA, n=8), and Pregnant + ANG II + AT1-AA (ANGII + AT1-AA, n= 6). The 

concentration of ANG II was selected, as it should not result in a rapid increase in blood 

pressure, but rather a slow and modest increase in blood pressure. The 1:40 dilution for the 

AT1-AA was chosen because it has the same bio-activity response serum from preeclamptic 

patients containing the AT1-AA, and it is the dose that we previously published to achieve 

similar levels of AT1-AAs found in circulation of PE women when infused into pregnant 

rats3. Furthermore this dilution of AT1-AA alone has been shown increase blood pressure 

and other facets of preeclampsia when infused into pregnant rats.

Renal Function Assessment

On day 19 of pregnancy, rats were subjected to terminal renal function surgeries. Briefly, 

pregnant rats were anesthetized with Ketamine (30 mg/Kg im) and Inactin (50 mg/Kg ip) 

and maintained at 37°C on a thermostatically controlled surgical table. Next, catheters were 

placed into the femoral artery and vein for the measurement of blood pressure and the 

infusion of a saline solution containing FITC-labeled inulin (2 mg/mL) for the determination 

of GFR. A transonic flowmeter probe was placed on the left renal artery to measure renal 

blood flow and the bladder was cannulated for the collection of urine. After a 45–60 minute 

equilibration period, a 30-minute urine and plasma collection was performed. At the end of 

the experiment, the plasma and urine were collected for the determination inulin 

concentrations by fluorescence. At the end of the experiments, the rats were euthanized, and 
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blood and kidneys were collected and snap frozen in liquid nitrogen. All tissues and blood 

were stored in the −80°C freezer.

Determination of oxidative stress

Plasma isoprostanes were measured using the 8-Isoprostane EIA kit (Cayman Chemical, 

Ann Harbor, MI; 516351) according to the manufactures instructions. The intra and inter-

assay variation in concentration (CV) for this kit were determined at multiple points on the 

standard curve, with CVs lower than 20%.

Statistical Analysis

All data and results are presented as means ± SE. Data were analyzed by one-way ANOVA 

with Bonferroni post hoc analysis or by student t-test comparing each group to normal 

pregnant (control) values using Graphpad Prism 6 software (GraphPad Software, La Jolla, 

CA). P < 0.05 was considered statistically significant.

Results

Blood pressure was elevated in pregnant rats treated with ANG II (131±3 mmHg), AT1-AA 

(134±4 mmHg), and ANG II + AT1-AA (135±4 mmHg) vs. normal pregnant rats (116±3 

mmHg, p<0.05) (Figure 1A). As shown in previous studies17, there was no difference in 

blood pressure between rats administered ANG II with those receiving AT1-AA alone and 

both together (Figure 1A). There was a significant decrease in GFR with ANG II + AT1-AA 

vs. normal pregnant rats (1.21 ±0.08 vs. 1.89±0.16 ml/min, p<0.05 t-test) (Figure 1B), 

however, the difference in GFR between pregnant rats administered ANG II (1.49±0.24 ml/

min) and the AT1-AA (1.58±0.17 ml/min) vs normal pregnant rats (1.89±0.16 ml/min) was 

not significant. Furthermore, treatment with ANG II + AT1-AA significantly reduced RBF 

compared to all other groups (7.42±1.09 ml/min), ANG II 14.42±2.96 ml/min, AT1-AA 

14.44±1.58 ml/min vs normal pregnant rats 15.37±1.75 ml/min. (Figure 1C). Importantly, 

we detected a 3-fold increase in RVR in ANG II + AT1-AA treated rat’s vs normal pregnant 

(18.41±2.91 vs. 6.44±0.78 mmHg/ml/min). However there was no change in RVR between 

pregnant rats’ administered ANG II (9.67±2.6 mmHg/ml/min) or the AT1-AA (8.29±0.62 

mmHg/ml/min) vs normal pregnant rats (6.44±0.78). (Figure 1D). In addition, isoprostane 

levels were 3 times higher in ANG II + AT1-AA treated pregnant rats compared to normal 

pregnant (1160±321 vs. 323±52 pg/ml). We did not observe any differences in plasma 

isoprostane levels in either ANG II or AT1-AA alone, (Figure 2).

Discussion

The initiating event of preeclampsia is thought to be reduced placental perfusion that leads 

to endothelial dysfunction in the maternal vasculature. However, the mechanisms linking 

placental ischemia with endothelial, renal, and cardiovascular pathophysiology during 

preeclampsia are unclear24–27. Numerous factors have been implicated in the pathogenesis 

of preeclampsia, including immune activation, upregulation of endothelin (ET-1), and 

reactive oxidative stress (ROS)2, 4, 12, 17, 27, 28. In the 1960’s human studies performed by 

Gant et al demonstrated that women that went on to develop preeclampsia exhibited 
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increased vasoconstriction and blood pressure sensitivity to intravenously infused ANG II 

than those that went on to have normal pregnancies8. However, biochemical assessment 

indicates preeclamptic women have normal or lower plasma renin activity (PRA) and ANG 

II levels29–32.

Since the 1970’s, small advances in determining he mechanism of increased ANG II 

sensitivity in pregnancy induced hypertension have been made. One mechanism of increased 

ANG II sensitivity can be attributed to elevated levels of circulating soluble fms-like 

tyrosine kinase 1 (sFlt1), a circulating antiangiogenic protein, during preeclamptic 

pregnancies. sFlt1 is a soluble variant of VEGF receptor 1, which inhibits VEGF and 

placental growth factor in tissues and in circulation from binding to VEGF receptors33. 

VEGF receptor activation is important for normal pregnant implantation and is correlated 

with the severity of preeclampsia33. Overexpression studies of sFlt1 in pregnant mice 

induced angiotensin II sensitivity by impairing endothelial nitric oxide synthase (eNOS) 

phosphorylation and increasing oxidative stress.34 These alterations in NO production and 

bioavailability are observed in women with preeclampsia. Another component that may play 

a role in increased ANG II sensitivity during preeclampsia is a decrease in the G- protein 

regulating protein RGS535. Studies by Holobotovskyy et al., showed that pregnant RGS5 

deficient mice, caused gestational hypertension via an increase in ANG II sensitivity35. This 

was proven by supplemental doses of ANG II given to RGS5 deficient mice, which 

displayed the preeclampsia-like symptoms of hypertension, proteinuria, placental pathology, 

and reduced birth weight of the fetuses. In summary these data suggest that reduced RGS5 

in mice and women may play a critical role in increased ANG II sensitivity in preclamptic 

patients35.

Several years later in the 90s, Wallukat et al reported that preeclamptic women produce an 

autoantibody to the ANGII type 1 receptor (AT1-AA)3. After this discovery numerous 

research has been performed, examining the role of AT1-AAs in the pathophysiology of 

preeclampsia36–38. This AT1-AA binds to and activates the AT1R, thereby increasing 

chronotropic events in cultured cardiomyocytes, very similarly to ANGII. Our previously 

published data demonstrated that the AT1-AA markedly enhances the effect of ANGII 

potentiating the downstream signaling events, such as ET-1, ROS and vasoconstriction in 

renal afferent arterioles from pregnant rats17. Nevertheless these drastic changes were not 

associated with an even greater increase in blood pressure in rats treated with both AT1-AA 

and ANGII together compared to those treated with either ANG II or AT1-AA alone17. 

Therefore, the purpose of this study was to determine if the drastic effect in renal 

vasoconstriction seen previously translated to significant changes in renal function evaluated 

by RBF, GFR, and RVR.

Although, in concert with previous findings, blood pressure was not exacerbated, we did find 

that pregnant rats administered ANG II + AT1-AAs, exhibited a marked decrease in renal 

function when compared to NP, ANGII or AT1-AA treated groups17. The decrease in renal 

function in this study is characterized by a 37% decrease in GFR and a 50% decrease in 

RBF in pregnant rats treated with ANG II + AT1-AA compared to NP, ANG II or AT1-AA 

treated groups. The decrease in RBF and GFR was associated with a 3 fold increase in RVR 

in the ANGII + AT1-AA group compared to NP, ANG II or AT1-AA treated groups. These 

Cunningham et al. Page 5

Hypertension. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



changes in renal hemodynamics are similar to what is observed in women with 

preeclampsia5.

In normal human and rodent pregnancy there is usually an increase in GFR and RBF due to 

a decrease in RVR in comparison to non-pregnant women or virgin rats394041. The decrease 

in RVR observed in pregnancy is attributed to an increase in NO production during 

pregnancy, which causes vasodilation of the systemic and renal vasculature leading to a 

decrease in total peripheral resistance and RVR42394041. However, in pregnancy 

complications, such as preeclampsia, RVR is increased and GFR and RBF are 

decreased5, 43. The exact cause for these alterations in renal hemodynamics is unknown and 

is often linked to an increase in oxidative stress and decrease in NO bioavailability28, 42. 

Note that it is important to maintain these normal alterations in renal hemodynamics during 

pregnancy, because these changes are critical to the mortality and morbidity of the mother 

and the fetus5, 42, 43. In fact earlier studies done in the 1970’s by Gibson et al. showed that 

the lack of rise in GFR during early pregnancy is associated with women that have increased 

risks of unexplained stillbirths, abortions, or small for gestational age babies43. The same 

trends have been observed in more recent studies where there is a strong positive correlation 

between maternal GFR and fetal size44. Furthermore, the lack of rise in GFR during 

pregnancy can increase the levels of circulating uric acid during pregnancy and damage the 

glomerular filtration barrier, leading to an increase in proteinuria and glomerular damage45.

In the current study, the increase in RVR is consistent with our previous observations, in 

which there is an increase in renal artery resistance index and increase in vasoconstriction of 

renal afferent arterioles incubated with ANG II with AT1-AA17. In these previous studies we 

observed the renal artery resistance index increased with AT1-AA infusion, and was even 

furthered enhanced with ANGII + AT1-AA induced hypertension17. The increase in RVR 

observed here could be attributed to the systemic 3 fold increase in plasma isoprostane 

levels, a marker for oxidative stress, in rats administered ANG II and AT1-AA compared to 

normal pregnant rats. Previous studies in our lab were performed with tempol, a superoxide 

dismutase mimetic, which markedly reduced oxidative stress and decreased blood pressure 

in pregnant rats infused with AT1-AA7. Furthermore, treatment with tempol in ANG II + 

AT1-AA infused rats significantly improved RARI but not blood pressure, indicating that 

this may be a pathway more specific for the AT1-AA compared to ANGII.

Due to the enhanced increase in RVR and decrease in GFR with ANG II in the presence of 

AT1-AAs, we believe that AT1-AAs are a mechanism for increased sensitivity to ANGII 

during preeclampsia by increasing the AT1R interaction with ANG II. Although not directly 

tested in this study, one possible mechanism where by the AT1-AA can increase ANGII 

sensitivity is by binding to the 2nd extracellular loop of the AT1 G-coupled receptor, creating 

bonds between transmembrane receptor domains 2 and 7, triggering a conformational 

change that will increase the binding affinity for ANG II36, 46. Another mechanism is by 

dimerization of the AT1R with the vasodepressor bradykinin receptor (B2)47. Studies 

performed by AbdAlla et al, showed that women with preeclampsia have increased B2 

protein amounts and that AT1/ B2 heterodimerzation is present in the platelets and the 

omental vessels of preeclamptic patients, thus suggesting a plausible mechanism of increase 

ANG II binding4748, 49. Future studies are currently being designed to test if this exacerbated 
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effect is by increased binding or by downstream mechanisms that may be occurring in the 

presence of AT1-AAs.

In conclusion, we have shown that pregnant rats administered both the ANG II and AT1-AA 

display a decrease renal function and oxidative stress, which may further contribute to the 

increase in RVR and rise in blood pressure. Our data strongly suggest that there is an 

enhanced responsiveness to ANG II in the presence of the AT1-AAs during pregnancy, 

which maybe a mechanism of increased ANGII sensitivity in preeclamptic patients. Overall 

this study highlights the importance of AT1-AAs in the renal pathophysiology of 

preeclampsia. Thus drugs targeted to specifically inhibit the binding of the AT1-AAs during 

pregnancy may serve as a future therapeutic for women with preeclampsia. These 

conclusions are in concert with studies performed by Zhou et al., where administration of 

the inhibitory peptide to the AT1-AA, displayed improvements in albuminuria and 

glomerular endotheliosis caused by human AT1-AA into pregnant mice.. These signs along 

with decreased renal function and hypertension are classical markers of preeclampsia22. This 

study in corroboration with the study by Zhou et al suggests that blockade of AT1-AA could 

improve renal function during preeclampsia and highlights the importance of continued 

research in this area.
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Perspective

Understanding the role of AT1-AAs in pathophysiology of preeclampsia is important as 

we search for new therapies to help these patients. This study suggests that AT1-AAs 

enhance the deleterious actions of ANG II during pregnancy to increase renal vascular 

resistance and decrease renal function. The exact mechanisms where by AT1-AAs 

enhance ANG II sensitivity is still unknown and will be the topic for future research. 

Nevertheless, we conclude that AT1-AA inhibition maybe a potential therapy for 

preeclamptic patients.
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Novelty and Significance

What is New?

Rats administered both AT1-AA and ANG II display an increase in blood pressure, renal 

vascular resistance, and circulating isoprostane levels. AT1-AAs administered with ANG 

II, further increased the renal vascular resistance, isoprostanes, and decreased GFR 

suggesting that AT1-AA’s enhance ANG II induced renal vasoconstriction during 

pregnancy.

What is Relevant?

This study is relevant because it shows that AT1-AAs with a slow pressor dose ANG II, 

significantly enhances renal vascular resistance and decrease renal function during 

pregnancy. This data suggest that the AT1-AA maybe a causal factor in the increased 

vascular response PE women had to ANGII, which was previously observed by Norman 

Gant.

Based on our data, AT1-AA inhibition during preeclampsia maybe a potential therapy for 

preeclamptic patients to reduce the endogenous effect to ANGII that may play a 

pathophysiological role in the disease.

Summary

In summary, this study suggests that AT1-AAs enhance the harmful actions of ANG II 

during pregnancy to increase renal vascular resistance, decrease renal function, and 

increase oxidative stress, perhaps contributing to hypertension during pregnancy. Overall 

this study highlights the importance of AT1-AAs in the renal pathophysiology of 

hypertensive disorders during pregnancy.
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Figure 1. 
A) MAP was elevated in ANG II, AT1-AA, ANG II + AT1-AA vs. normal pregnant rats 

(NP). B) GFR was decreased in ANGII + AT1-AA vs. NP rats. C) RBF was decreased in 

ANGII + AT1-AA vs. NP rats and ANGII + AT1-AA vs. AT1-AA rats. D) RVR was 

drastically increased in ANG II + AT1-AA vs. NP rats. Statistical changes is MAP, RBF, and 

RVR were derived using one-way ANOVA with Bonferroni post hoc analysis, *p<0.05 vs 

NP and +p<0.05 vs. AT1-AA. No difference in GFR was observed using one-way ANOVA 

analysis. However, student t-test comparing ANGII + AT1-AA vs. NP rats (control) was 

statistically different, *p<0.05 vs NP.
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Figure 2. 
Isoprostane levels were increased in ANG II + AT1-AA vs. NP rats and ANG II + AT1-AA 

vs. ANG II rats. One-way ANOVA with Bonferroni post hoc analysis, *p<0.05 vs NP and αp<0.05 vs. ANG II.
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