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Abstract
Preeclampsia, (PE) new onset hypertension with proteinuria during pregnancy, is associated with
increased reactive oxygen species, the vasoactive peptide ET-1, T and B lymphocytes, soluble
antiangiogenic factors sFlt-1 and sEndoglin (sFlt-1 and sEng) and agonistic autoantibodies to the
angiotensin II type I receptor (AT1-AA). One important area of investigation for our laboratory
has been to determine what role AT1-AA play in the pathophysiology associated with PE. To
achieve this goal we examined the effect of AT1-AA suppression on hypertension in response to
placental ischemia as well as the effect of AT1-AA to increase blood pressure, ET-1, ROS, and
sFlt-1 in normal pregnant rats (NP). We have demonstrated reductions in uterine perfusion
pressure (RUPP) to be a stimulus for AT1-AA during pregnancy. We utilized the technique of B
cell depletion to suppress circulating AT1-AA in RUPP rats and found that AT1-AA suppression
in RUPP rats was associated with lower blood pressure and ET-1 activation. To determine a role
for AT1-AA to mediate hypertension during pregnancy we have chronically infused purified rat
AT1-AA (1:50) into NP rats and analyzed blood pressure and soluble factors. We have
consistently shown that AT1-AA infused rats significantly increased AT1-AA and blood pressure
above NP rats. This hypertension is associated with significantly increased ET-1 in renal cortices
(11-fold) and placenta (4-fold), and approximately 2 to 3 fold increase in placental oxidative
stress. Furthermore, antiangiogenic factors sFlt-1 and sEng were significantly increased in AT1-
AA induced hypertensive group compared to the NP controls. Collectively, these data indicate an
important role for AT1-AA stimulated in response to placental ischemia to cause hypertension
during pregnancy.

Introduction
Preeclampsia is estimated to affect 5% to 7% of all pregnancies in the United States.1–3

Despite being one of the leading causes of maternal death and maternal and perinatal
morbidity, the mechanisms underlying the pathogenesis of preeclampsia remain unclear.
The initiating event in preeclampsia is postulated to involve Reduced Utero Placental
Perfusion (RUPP) that leads to hypertension by mechanisms not yet elucidated.4–8 Recent
developments in preeclamptic research confirm the initial speculations that this disease is an
immunological disorder during pregnancy.1–4 In recent years we have learned that
preeclamptic women display characteristics similar to various chronic inflammatory diseases
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such as elevated inflammatory cytokines, activated circulating immune cells, autoantibodies
and most recently autoimmune associated T cells and cytokines (T helper 17 and IL-17,
respectively) .3–13 Alterations in the renin angiotensin system plays an important role in the
development of hypertension and preeclamptic women have long been known to have
increased vascular sensitivity to angiotensin II without elevated angiotensin II or plasma
renin activity. Recently activating autoantibodies to the angiotensin II type I receptor (AT1-
AA) were found to be present in the serum of preeclamptic women at much higher levels
than sera from non pregnant women or pregnant women that went on to have normal
pregnancies. Therefore, in recent years much research has been performed to determine the
role AT1-AA to mediate much of the pathophysiology associated with preeclampsia.12–21

The AT1-AA binds to and activates the AT1-receptor and induces signaling in vascular
cells, including activating protein 1, calcineurin, and nuclear factor kappa-β activation,
which can be blocked by an AT1 receptor antagonist.11–17 This signaling results in
increased reactive oxygen species, sFlt-1 production and plasminogen activator inhibitor-1
all of which have been implicated in preeclampsia.14–17 In addition to being elevated during
preeclampsia, the AT1-AA has also been reported to be increased in postpartum women.
Hubel and colleagues demonstrated that the AT1-AA does not regress completely after
delivery and that the increase in AT1-AA correlated with insulin resistance and sFlt-118.
Although these autoantibodies have been linked to poor placentation and abnormal renal
function, their role in the hypertensive state of preeclampsia have yet to be elucidated.
Furthermore, the importance of AT1-AA after preeclampsia, especially in the context of
increased cardiovascular risk, remains to be determined.The standard for measuring AT1-
AA is by bioassay. Our research utilizes a bioassay employing rat neonatal cardiomyocytes.
When the AT1-AA binds to the AT1 R on the cardiomyocyte it stimulates chronotropic
events, similar to ANGII. The increase chronotropic event is expressed as an increase in
beats per minutes (BPM) and is indicative of increased AT1-AA in a purified IgG
preparation of serum. The AT1-AA is an IgG type 3 class antibody produced by mature B
cells. For B cell maturation and IgG production, several co-stimulatory signals must be
occur between the antibody producing B lymphocyte and CD4+T helper cells.19, 20 One of
these includes stimulation of the CD20 receptor on the surface of the B cell.21,22 This
recognition stimulates the B cell to enter the circulation and mass produce specific
immunoglobulin. Inhibiting B lymphocytes from entering the circulation is a technique
coined B cell depletion and is one way to attenuate or blunt antibody secretion and the
deleterious effect seen in various autoimmune diseases .21–23 Most recently we utilized a
new chemotherapeutic agent, rituximab, blocking the CD20 co-stimulatory molecule in our
RUPP rat model of preeclampsia. 21,22,23 By administering rituximab we demonstrated an
important role for endogenous AT1-AA to mediate blood pressure increases in response to
placental ischemia. This rat model mimicking preeclampsia is induced by reductions in
uterine perfusion pressure (RUPP) in pregnant rats (Fig. 1).24 Following a midline incision,
the lower abdominal aorta is isolated and a silver clip (0.230mm ID) placed around the aorta
above the iliac bifurcation. Branches of both the right and left ovarian arteries clipped using
a silver clip (0.100mm ID). Rats are also surgically instrumented with a carotid catheter for
subsequent arterial pressure measurement on day 18. At day 19 of gestation arterial pressure
were recorded and blood samples collected. We have demonstrated that hypertension in the
RUPP model is associated with increased circulating levels of the AT1-AA, endothelin-1
(ET-1), ROS, sFlt-1, sEng and elevated inflammatory cytokines TNF alpha and IL-6.25,26

In addition we have demonstrated chronic infusion of inflammatory cytokines, either TNF
alpha or IL-6, to stimulate hypertension and production of the AT1-AA in normal pregnant
rats.25,27,28 Furthermore we have shown that infusion of the rat form of AT1-AA into
normal pregnant rats during the later stages of gestation, increases blood pressure, the
antiangiogenic factors sFlt-1 and sEng and placental oxidative stress and increased local
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transcription of the potent vasoconstrictor peptide, Endothelin-1 (Figure 1). 29–31 Therefore
the focus of this review is to highlight previous studies demonstrating a role for the AT1-AA
to mediate hypertension during pregnancy by activating several mechanisms we know to
contribute to the phenotype of preeclampsia.

A role for AT1-AA to mediate hypertension during pregnancy
One important endothelial-derived factor elevated in the plasma of preeclamptic women and
thought to play a role in preeclampsia is the vasoconstrictor peptide, endothelin-1 (ET-1).
We have recently reported that infusion of purified rat AT1-AA, into normal pregnant rats
increased serum AT1-AA, blood pressure, and tissue levels of preproendothelin.30

Preproendothelin is the first transcribed message of ET-1, and is the standard for measuring
tissues levels of ET-1 utilizing real time pcr. Chronic infusion of purified rat AT1-AA into
pregnant rats resulted in significant increases in mean arterial pressure, (MAP) from 99 ± 1
mmHg in NP controls to 119 ± 2 mmHg (P<0.001) in AT1-AA treated pregnant rats. In
contrast, chronic infusion of a control IgG into pregnant rats had no effect on MAP
compared to normal pregnant rats (102 ± 2 vs 100 ± 2 mmHg). In response to chronic AT1-
AA infusion into NP rats, levels of AT1-AA increased from 0.88 +/− 5 beats per minute in
normal pregnant controls to 14 +/− 1 beats per minute (AT1-AA infused) (P<0.01). Real
time PCR was used to measure preproendothelin in the placenta and kidney and indicated
that preproendothelin increased 11 fold in the renal cortices and 4 fold in the placentas of
AT1-AA infused rats compared to control pregnant rats. Furthermore, AT1-AA induced
hypertensive pregnant rats displayed renal vascular dysfunction.32 Renal endothelial
function was tested using isolated renal interlobar arteries in a pressure myograph system.
Vasodilatory responses to the endothelial dependent agonist acetylcholine (10–8 M) were
impaired in AT1-AA rats (74±10%) compared to NP controls (95±5%, p<0.05). The
response to sodium nitroprusside was not different.

To determine a role for endothelin activation and endothelial dysfunction in AT1-AA
induced hypertension, a selective ETA receptor antagonist was administered for 5 days to
normal pregnant control rats and pregnant rats chronically treated with AT1-AA. Normal
pregnant rats treated with ETA receptor antagonist alone served as controls. Administration
of an ETA receptor antagonist attenuated AT1-AA induced hypertension (100 ± 1 mmHg in
AT1-AA + ETA pregnant rats vs 98 ± 2 mmHg in ETA rats). Furthermore, ETA receptor
antagonist completely attenuated the vascular dysfunction observed in AT1-AA induced
hypertensive pregnant rats. These data indicate the importance of the AT1-AA to cause
hypertension by stimulating ET-1 and causing renal vascular endothelial dysfunction during
pregnancy.

Clinical studies indicate that both plasma and amniotic fluid concentrations as well as
placental sFlt-1 mRNA are increased in preeclamptic patients. 33–35 Moreover, increases in
plasma levels of sFlt-1 in pregnant rodent models lead to phathophysiological alterations
that mimic many of the characteristics observed in women with preeclampsia.36,37 Previous
studies by Xia and Kellems et al demonstrated AT1-AA from preeclamptic women induces
sFlt-1 production via AT1R and calcineurin/nuclear factor of activated T-cells signaling38.
The authors demonstrated by injecting the IgG or affinity-purified AT1-AA from women
into pregnant mice caused hypertension, proteinuria, glomerular endotheliosis, placental
abnormalities, IUGR and elevated sFlt-112,38 . The onset of these symptoms were prevented
by AT1R antagonist or an AT1-AA neutralizing seven-amino-acid epitope binding
peptide12. In agreement with the Xia laboratory, we have confirmed that AT1-AA infusion
increased blood pressure and plasma sFlt-1 in pregnant rats29. sFlt-1 was significantly
increased in the AT1-AA induced hypertensive group (3920 +/− 800 pg/mL) compared to
the NP control group (246 +/−38). In addition, sEng increased from 30 +/− 2.7 to 44 +/− 3.3
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pg/ml. Placental explants from NP and AT1-AA infused pregnant rats were cultured
overnight and sFlt-1 concentrations were determined from cell culture media. At three hours
incubation basal sFlt-1 is measured from the cell culture media. Placental sFlt-1 secretion
into the media was2480 +/− 257 (NP) which increased to 3421 +/− 125 pg/mL (AT1-AA).
After 22 hours cultivation , secreted sFlt into the cell culture media , from NP placentas was
2189 +/− 221 compared to 3369+/−152 pg/mL from placental explants from AT1-AA
induced hypertensive pregnant rats. Interestingly, there was no difference in sEng secretion
from placental explants from NP and AT1-AA infused pregnant rats. Furthermore, in a later
study, Xia and colleagues clearly demonstrate that the titer of AT1-AA not only correlate to
the severity of the disease but that there was a strong correlation between AT1-AA activity
to sFlt-1 in severe preeclamptics 39. Together, these data support the theory that immune
activation and or AT 1 receptor activation, potentially due to AT1-AA, provides a link
between antiangiogenic factors, sFlt-1 and sEng, and the progression of preeclampsia.

Reactive oxygen species are important immune signaling molecules that may mediate
endothelial cell dysfunction and contribute to the pathophysiology of preeclampsia40.
Placentas from women with preeclampsia contain more reactive oxygen species (ROS), such
as lipid peroxides and malondialdehyde, than women with normal pregnancies. In addition,
8-isoPGF2α, the free form of isoprostane, is also increased in preeclamptic women. There is
evidence of increased pro-oxidant activity formation along with decreased anti-oxidant
protection during preeclampsia. Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases are an important source of superoxide in neutrophils, vascular endothelial cells, and
cytotrophoblast41. Increased expression of NAD(P)H oxidase subunits have been reported in
both trophoblast and placental vascular smooth muscle cells in placental tissue of women
with preeclampsia40. Moreover, higher placental NADPH oxidase activity has been reported
in women with early-onset preeclampsia as compared with those with late-onset of disease
which is consistent with the concept that early-onset preeclampsia is more dependent on
placental dysfunction than the later-onset disease 31,40, 41. Thus, there is considerable
evidence to suggest that activation of NADPH oxidase plays an important role in the
placental oxidative stress associated with preeclampsia.

Recently we have shown that oxidative stress is important in mediating hypertension in the
RUPP rat model of preeclampsia. 42 In this study we demonstrated that like preeclamptic
women placental levels of 8-isoprostane and malondialdehyde are significant increased in
RUPP rats compared to normal pregnant controls. In contrast, renal cortical SOD activity
was decreased in RUPP rats compared to normal pregnant rats. Furthermore administration
of Tempol, an SOD mimetic to RUPP rats lowered the blood pressure response to placental
ischemia compared to control RUPP rats 42.

When evaluating the effects of AT1-AA on ROS, others have previously demonstrated that
the AT1-AA stimulates ROS through NADPH oxidase in vitro from vascular smooth muscle
cells.43 In the AT1-AA induced hypertensive pregnant rats we observed a significant
increase in basal placental production of ROS in the AT1-AA induced hypertensive
pregnant rats 159 +/− 29 RLUs compared to normal pregnant controls; 29 +/− 6 RLUs 31.
We observed further increased placental ROS production in the setting of NADPH
stimulation in AT1-AA infused rats (287 +/− 60 RLUs) compared to normal pregnant
control rats (92 +/− 10 RLUs). In the group of AT1-AA exposed rats that were treated with
tempol, we observed decreased basal and NADPH stimulated placental production of ROS
(121 +/−13; 262 +/−21 RLUs) compared to our tempol treated controls (69 +/− 24; 141 +/−
33 RLUs). Similarly we observed attenuation of hypertension in the MAP of the AT1-AA
exposed rats treated with tempol compared to normal pregnant control rats treated with
tempol (AT1-AA + T rats was 109 +/− 3 vs 109 +/− 2 mmHg). These observations and
those from other laboratories indicate that AT1-AA produced in response to placental
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ischemia is an important mediator of placental oxidative stress and hypertension during
pregnancy.

A role for AT1-AA to mediate hypertension in response to placental
ischemia

Although, we have recently reported that infusion of purified rat AT1-AA, into normal
pregnant rats increased serum AT1-AA, blood pressure, and tissue levels of
preproendothelin. sFlt-1 and ROS29,30,31,32, (Figure 1) the role of endogenous AT1-AA to
mediate hypertension in response to placental ischemia remained unchallenged. To answer
this question, we recently utilized the technique of B cell depletion to suppress lymphocyte
entry into the circulation and subsequent antibody secretion23. RUPP rats treated with
Rutiximab and having suppressed circulating B lymphocytes and AT1-AA exhibited less
blood pressure increase in response to induced placental ischemia. Blood pressure was 103
+/− 1 mmHg in NP;103 +/− 3 mmHg in NP+R vs 133 +/−2 mmHg in RUPP rats and 118 +/
−2 mmHg in RUPP+R. Furthermore, B cell depleted RUPP rats had lower tissue ET-1
transcript in renal cortices and placentas compared to RUPP control rats. Importantly,
circulating B lymphocytes and AT1-AA decreased significantly in RUPP rats treated with
Rituximab. Furthermore, ET-1 decreased 1.5 fold in kidneys and 4 fold in placenta of RUPP
+R vs RUPP controls23. In addition, we had previously shown that circulating factors in
serum from placental ischemic rats causes endothelial cell activation as measured by ET-1
secretion from vascular endothelial cells in culture44. This response is attenuated by AT1-
receptor blockade, thus suggesting a role for the AT1-AA in response to placental ischemia
to induce endothelial cell activation.44 Therefore, we examined our hypothesis by exposing
endothelial cells to serum from B cell depleted, AT1-AA suppressed RUPP rats and
determined media ET-1 excretion from endothelial cells. ET-1 from endothelial cells treated
with RUPP serum increased 14% above that treated with NP serum and was the same as NP
levels in response to B cell depleted RUPP serum.

Summary
There is growing evidence to suggest that dysregulation of the tissue based and circulating
renin-angiotensin system (RAS) is involved in the pathophysiology of preeclampsia45–49.
One mechanism by which this system may exert its effects has been suggested to occur
through the excess production of an agonistic autoantibody to the angiotensin II type 1
receptor (AT1-AA). This autoantibody is thought to be a central mediator of several
pathways in preeclampsia. (Figure 1) However, both the specific mechanisms that lead to
excess production and all the mechanisms whereby AT1-AA increases blood pressure
during pregnancy remain under investigation. However, we have recently provided evidence
that placental ischemic induced hypertension in pregnant rats is associated with increased
circulating levels of the AT1-AA25. In addition, we have demonstrated that chronic
elevation of TNF alpha or IL-6 in pregnant rats is also associated with increased production
of the AT1-AA25,28. Moreover, we discovered that the hypertension in response to placental
ischemia in pregnant rats and in response to chronic infusion of TNF alpha or IL-6 in
pregnant rats was markedly attenuated by antagonism of the AT1 receptor 25,28.
Collectively, these novel findings indicate that placental ischemia, TNF alpha and IL-6 are
important stimuli of AT1-AA production during pregnancy and that activation of the AT1
receptor appears to play an important role in the hypertension produced by placental
ischemia and inflammatory cytokines in pregnant rats.

We have demonstrated that one important mechanism of AT1-AA induced hypertension to
be stimulation of the endothelin-1 system leading to an eventual state of renal endothelial
dysfunction and a resultant preeclamptic state 30,32. We were able to confirm the presence of
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this mechanism by demonstrating that increasing levels of AT1-AA to levels observed in
preeclamptic women and in placental ischemic rats, led to increased blood pressure in
pregnant rats by activation of the endothelin system and decreased vasodilation at the level
of the renal interlobar artery in those rats exposed to the AT1-AA.32

Another pathway stimulated by excess AT1-AA during pregnancy is the sFlt-1 activation.
We and others have demonstrated a role of AT1 receptor activation mediated by elevated
AT1-AA as a potential stimulus for excess sFlt-1 and sEng during pregnancy29. We found
both circulating sFlt-1 and sEng to be significantly elevated in AT1-AA-induced
hypertensive pregnant rats and one potential source for this excess is the placenta.

Another important mechanism by which the AT1-AA exerts its hypertensive effects in
pregnant rats is the increase of reactive oxygen species in the placenta31. We discovered that
treatment with the superoxide dismutase mimetic, tempol, markedly attenuated the
hypertension induced by chronic AT1-AA excess in pregnant rats. In addition to blunting
the hypertensive response, placental production of ROS was decreased in the presence
tempol.

Finally we have demonstrated that inhibiting secretion of the AT1-AA in placental ischemic
rats blunted TNF alpha, hypertension and ET-1, all known to be important players in the
pathophysiology of preeclampsia. B cell depletion in RUPP rats clearly demonstrated a role
of endogenously produced AT1-AA to mediate hypertension and activation of ET-1 and
TNF alpha secretion during pregnancy. Therefore, collectively these data indicate the
importance of AT1-AA to mediate much of the pathophysiology associated with
hypertension during pregnancy illustrating the importance of identifying the stimulus and
mechanisms of production in the area of future preeclamptic research.
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Abbreviations

MAP Mean arterial pressure

RUPP Reductions in uterine perfusion pressure

ET-1 endothelin-1

sFlt-1 soluble fms like tyrosine kinase-1

sEng sEndoglin

RAS renin angiotensin system

AT1-AA agonistic autoantibodies to the angiotensin II type I receptor

ROS reactive oxygen species
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Figure 1.
Potential role for AT1-AA in mediating the pathophysiology of hypertension during
preeclampsia. Inflammatory cytokines, TNF alpha and IL-6, stimulated in response to
placental ischemia play an important role in the generation of ROS, sFlt-1 and enhanced
ET-1 senthesis. One potential mechanism is stimulation of T helper 1 and B lymphocyte
maturation and secretion of AT1-AA. AT1-AA has been shown by ours and other
laboratories to mediate activation of ET-1, oxidative stress pathways, and sFlt-1 thereby
contributing to the development of hypertension during pregnancy.

LaMarca et al. Page 10

Gend Med. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


