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Abstract

Preeclampsia (PE) is a life-threatening hypertensive disorder of pregnancy. Elevated circulating
endothelin-1 (ET-1) is associated with the disease. However the molecular basis of increased ET-1
production and its role in PE are unknown. This study aimed to investigate the causative factors,
pathological role of elevated ET-1 production in PE, and the underlying mechanisms. In this
study, we found that 1gG from women with PE, in contrast to 1gG from normotensive pregnant
women, induced preproET-1 mRNA expression via angiotensin 11 type 1 receptor activation in
kidneys and placentas in pregnant mice. The ET-A receptor-specific antagonist BQ123
significantly attenuated autoantibody-induced hypertension, proteinuria, and renal damage in
pregnant mice, demonstrating that autoantibody-induced ET-1 production contributes to
pathophysiology. Mechanistically, we discovered that IL-6 functioned downstream of TNF-a
signaling, contributing to increased ET-1 production in pregnant mice. IL-6 blockade inhibited
preeclamptic features in autoantibody-injected pregnant mice. Extending the data to human
studies, we found that IL-6 was a key cytokine underlying ET-1 induction mediated by IgG from
women with PE in human placental villous explants and that endothelial cells are a key source of
ET-1. Overall, we provide human and mouse studies showing that angiotensin 1l type | receptor-
agonistic autoantibody is a novel causative factor responsible for elevated ET-1 production and
that increased TNF-o/IL-6 signaling is a key mechanism underlying increased ET-1 production
and subsequent maternal features. Significantly, our findings revealed novel factors and signaling
cascades involved in ET-1 production, subsequent disease symptom development, and possible
therapeutic intervention in the management of PE.

Preeclampsia (PE) is a life-threatening disease of late pregnancy characterized by
hypertension and proteinuria (1-3). The condition affects ~8% of first pregnancies and
accounts for over 80,000 premature births each year in the United States (~15% of total
premature births), over $4 billion in medical costs (2), and immeasurable human suffering.
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By conservative estimates, this disease is responsible for over 75,000 maternal deaths
annually worldwide. PE is also associated with intrauterine growth restriction, a dangerous
condition that puts the fetus at risk for many long-term cardiovascular disorders (4, 5). Thus,
preeclampsia is a leading cause of maternal and neonatal mortality and morbidity and has an
acute and long-term impact on mothers and babies. Despite intense research efforts, the
underlying cause of PE remains a mystery, and its clinical management is hampered by the
lack of presymptomatic screening, reliable diagnostic tests, and effective therapy. Thus, by
understanding the molecular pathways involved in the development of PE, we can expand
the therapeutic strategies used to treat this disease.

Recent studies reported that preeclamptic women possess angiotensin 11 (Ang I1) type |
receptor-agonistic autoantibodies (AT1-AA) that bind to and activate Ang Il type | receptors
(AT1R) in multiple cellular systems (6, 7), provoking many biological responses relevant to
the pathophysiology of the disorder. For example, these circulating autoantibodies increase
rat cardiomyocyte contraction rate; increase plasminogen activator inhibitor-1 production,
resulting in decreased trophoblast invasion; increase NADPH oxidase production in
trophoblast cells; and elevate levels of the antiangiogenic factor soluble fms-like kinase-1
(sFlt-1), leading to decreased angiogenesis in endothelial cells (8-12). However, these
studies were restricted to the use of in vitro cultured cell systems and, therefore, did not
directly address the relevance of AT1-AA to hypertension and proteinuria, the defining
features of PE. To formally examine the role of AT1-AA in the pathophysiology of PE, we
recently demonstrated that the injection of pregnant mice with AT;-AA recapitulates the key
features of PE: hypertension, proteinuria, renal and placental morphologic changes, and an
increase in the antiangiogenic factor sFlt-1 (8). Extending these animal studies to human
studies, we recently showed that AT1-AA are highly prevalent in PE (>95%) and that Ab
titers strongly correlate with the severity of disease (13). Although animal and human
studies revealed the pathophysiological role of AT1-AA in PE, the underlying pathogenic
mechanisms associated with the disorder remain undefined.

A growing body of evidence indicates that an increased maternal inflammatory response is
associated with PE and was speculated to contribute to the disease (14, 15). Some
investigators hypothesized that the activation of leukocytes and upregulation of certain
cytokines propagate a state of chronic inflammation in some pregnant women, which
manifests in preeclamptic features (16, 17). Increases in TNF-a, IL-6, IFN-y, and IL-2 are
well established (18-21). In contrast, anti-inflammatory molecules, such as IL-10 and IL-4,
are decreased (14, 22). Multiple studies demonstrated that increased inflammatory cytokine
production may lead to endothelial dysfunction, increased placenta apoptosis, decreased
angiogenesis, and kidney abnormalities that are relevant to the pathophysiology of the
disease (14). Recently, we showed that IgG from women with PE contributes to increased
TNF-a induction in PE, and increased TNF-a contributes to pathogenesis of the disease (23).
However, it remains undefined how autoantibody-mediated elevation of TNF-a, a key
proinflammatory cytokine, leads to the development of hypertension and proteinuria, major
features of PE.

In addition to increased circulatory inflammatory cytokines, endothelin-1 (ET-1) is known
to be elevated in the blood of preeclamptic women. The initial report that higher levels of
ET-1 are observed in the circulation of women with PE compared with women with normal
pregnancy (24) was confirmed and extended by many other groups (25-32). ET-1 is a 21-aa
peptide and a key mediator of vascular tone and renal sodium homeostasis through the
binding of ET-A and ET-B receptors. Elevated ET-1 signaling is associated with high blood
pressure, atherosclerosis, pulmonary hypertension, cardiovascular disease, and renal disease
(33). However, the factors and signaling pathways that cause an increase in ET-1 in PE are
unknown, and the exact role of elevated ET-1 in the pathogenesis of the disease remains
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largely undefined. In this study, we explored whether AT{-AA is a causative factor
responsible for increased ET-1 production, as well as its exact role in the pathogenesis of
PE. Moreover, we assessed whether the altered immune network is an underlying
mechanism for its elevation in PE.

Materials and Methods

Patients

Patients who were admitted to Memorial Hermann Hospital were identified by the
obstetrical faculty of the University of Texas Medical School at Houston. Preeclamptic
patients (n = 23) were diagnosed with severe disease based on the definition set by the
National High Blood Pressure Education Program Working Group Report. The criteria of
inclusion, including no previous history of hypertension, were reported previously (34).
Control pregnant women were selected on the basis of having an un-complicated,
normotensive (NT) pregnancy, with an expected normal-term delivery (n = 20). The
research protocol was approved by the Institutional Committee for the Protection of Human
Subjects.

Purification of the IgG fraction from patient sera

Purified 1gG fractions were isolated from preeclamptic and NT patient sera, as previously
described, using GammaBind G Sepharose (Amersham Biosciences, Piscataway, NJ) (34).
Typically, 200 pul patient serum was applied to the column matrix and eluted with 1.8 ml
buffer, according to the manufacturer's recommended protocol. 1gG fractions from
individual patients were used separately for the experiments reported in this article, and
individual patient IgG preparations were not pooled. We previously showed that the same
physiological responses (e.g., hypertension, proteinuria, increased sFlt-1) were achieved
when pregnant mice were injected with total 1gG or affinity-purified AT,-AA from women
with PE (34, 35). In each case, the physiological response to Ab injection was blocked by
coinjection with losartan (an AT;R antagonist) or an autoantibody-neutralizing 7-aa epitope
peptide that corresponds to a site on the second extracellular loop of the AT1R that is
commonly recognized by AT,-AA. Furthermore, features of PE were not observed in mice
injected with total 1gG from women with NT pregnancies. In contrast, features of PE are
observed in pregnant mice injected with total 1gG from women with PE. For these reasons,
we routinely used total 1gG, rather than affinity-purified AT;-AA, for the experiments
reported in this article.

Introduction of human Ab into pregnant mice and blood pressure measurement

All animal studies were reviewed and approved by the Animal Welfare Committee,
University of Texas Houston Health Science Center. Purified IgGs were isolated from
preeclamptic or NT patient sera, and their introduction into pregnant mice was carried out,
as previously described (34). Briefly, ~85 C57BL/6J pregnant mice (18-22 g; Harlan,
Indianapolis, IN) were used in our study. Experiments were performed in the following
groups of mice: pregnant mice with double injection of 1gG purified from NT controls (n =
10) or preeclamptic patients (n = 14). In addition, some of the pregnant mice were treated
with BQ123, an antagonist of ET-A receptor, by osmatic minipump (100 nmol/kg/d; n = 9)
(36); anti—IL-6 injection (1 mg/wk; n = 10) (37); or anti-TNF-a injection (0.6 ng/g body
weight/d; n = 9) (Abcam, Cambridge, MA) (23). Some animals also received losartan (0.24
mg, a generous gift from Merck & Co., Rahway, NJ) or an autoantibody-neutralizing 7-aa
peptide (AFHYESQ) corresponding to an epitope on the second extracellular loop of the
AT1R (1.5 mg). All of the mice were anesthetized with sodium pentobarbital (50 mg/kg,
i.p.), and concentrated 1gG (~800 png), purified from 200 ul NT controls (n = 10) or patients
serum (n = 14), was introduced into pregnant mice on gestation days 13 and 14 by orbital
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sinus injection. This stage of mouse pregnancy was selected because it is comparable to
early-onset PE in humans and is also a time at which we can reliably determine whether a
mouse is pregnant. The systolic blood pressure of all mice was measured at the same time
daily (1 h) by a carotid catheter-calibrated tail-cuff system, and the mice were kept warm
using a warming pad (AD Instruments). Urine was collected for analysis using metabolic
cages (Nalgene). All mice were sacrificed at gestation day 18 prior to delivery, and their
serum and organs, including placentas and kidneys, were collected.

RNA isolation, semiquantitative PCR, and real-time PCR

RNA isolation and real-time PCR were performed, as described (38). PreproET-1 primer
sequences and PCR conditions were as described (39); sense primer, 5'-
TTCCCGTGATCTTCTCTCTGC-3' and antisense primer, 5'-
CTGCACTCCATTCTCAGCTCC-3'. IL-6 primer sequence and PCR conditions were as
previously described (8): sense primer, 5-TGGGAAATCGTGGAAATGAG-3' and
antisense primer, 5-CTCTGAAGGACTCTGGCTTTG-3'. Real-time PCR for mouse AT1R
expression was performed using SYBR green PCR mix (Sigma) under the following
conditions: 95°C for 2 min for 1 cycle, 95°C for 10 s, 52°C for 15 s, and 72°C for 15 s, and
fluorescence was quantified following 72°C for 15 s for 40 cycles. Mouse AT1R primer
sequences used were sense, 5-AACAGCTTGGTGGTGATCGTC-3' and antisense; 5'-
CATAGCGGTATAGACAGCCCA-3'. B-actin was used as an internal control, and primer
sequences were as described (8). PreproET-1 mRNA expression was represented by the ratio
of preproET-1 mRNA/B-actin mRNA.

Histological analysis

The kidneys of sacrificed pregnant mice were harvested, fixed, and processed, as previously
described (8). Briefly, the tissues were fixed in 4% formaldehyde solution (Fisher Scientific)
for 3648 h at room temperature, washed with PBS 2x for 30 min, dehydrated, infiltrated,
and embedded in paraffin. Four-micron serial sections were cut from blocks and stained
with H&E by standard techniques or were left unstained for further analysis.

Transmission electron microscopy

Upon sacrifice, kidneys were removed immediately. Tissue samples were cut into 1-mm?3
cubes and fixed in 3% glutaraldehyde overnight. The samples were rinsed and exposed to
1% osmium tetroxide, dehydrated, and embedded in an araldite-epon mixture. Semi-thin
tissue sections were prepared (0.6 mm) and stained with uranyl acetate and lead citrate. The
prepared samples were examined with a JEOL 1210 transmission electron microscope
(JEOL).

Human placental villous explants treated with IgG purified from human serum

Human placental tissue was obtained from women with normal-term pregnancies delivered
by elective cesarean section for breech presentation or a recurring indication in otherwise
uncomplicated pregnancies, as described previously (8). Informed consent was obtained
from the patients, and the study had the approval of the University of Texas-Houston
Medical School Committee for the Protection of Human Subjects. Placental villi were
isolated, cultured, and treated, as described (8, 40). After 72 h of treatment, the
concentrations of ET-1 and IL-6 in cell culture media were determined by ELISA. To ensure
viability, all placental explants were prepared and processed within 30 min of delivery.
Routine histological analysis of placental explants at the termination of in vitro experiments
showed no evidence of apoptosis or necrosis.
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ELISA for sFlt-1, soluble endoglin, IL-6, and ET-1 measurement

Soluble endoglin (SEng), sFlt-1, and I1L-6 levels in culture medium and/or mouse plasma
were determined using ELISA kits (R&D Systems, Minneapolis, MN). ET-1 levels in
culture medium were determined using a ELISA kit (ALPCO Diagnostics, Salem, NH).

CD-31 and ET-1 staining and quantification

Anti-CD31 Ab and anti-ET-1 Ab (BD Pharmingen, Franklin Lakes, NJ) were used to detect
their expression in mouse placenta and human villous explants, as described (23, 41).
Quantification of the immunohistochemical staining was performed using Image-Pro Plus
software (Media Cybernetics, Bethesda, MD). The density of the brown staining (positive
for CD-31 and ET-1) was measured. The densities of 10 areas/placenta were averaged, and
the SEM is indicated (n = 4 placentas for each category).

Treatment of human endothelial cells and trophoblast cells

HUVECs (Cascade Biologics, Portland, OR) and immortalized human trophoblast cells
(HTR-8) were cultured with endothelial cell growth medium complete medium (Cambrex,
Walkersville, MD) or RPMI 1640 medium overnight, respectively. The next day, cells were
transferred to serum-free medium and treated with purified 19gG (1:10 dilution) from NT or
preeclamptic pregnant women. Anti-human IL-6-neutralizing Ab was added to cells at 2.5
ng/ml for 30 min before treatment. After 24 h of treatment, the cell-culture media were
harvested, and the concentration of ET-1 was determined by ELISA, as described above.

Statistical analysis

Results

All data are expressed as the mean + SEM. Statistical significance of the difference between
the mean values of multiple groups was tested by oneway ANOVA, followed by Tukey—
Kramer posttests. Comparisons of multiple groups of blood pressure of pregnant mice at
different time points were assessed by two-way repeated-measures ANOVA, followed by
Bonferroni posttests. A p value < 0.05 was considered significant. Statistical analysis was
carried out using GraphPad Prism 4 software (GraphPad Software, San Diego, CA).

PreproET-1 mRNA levels induced by AT;R activation in pregnant mice injected with 1IgG
purified from preeclamptic women

The factors responsible for elevated ET-1 in preeclamptic women are unknown. To
determine whether AT1-AA underlies increased ET-1 production, 1gG purified from NT
pregnant women (NT-IgG) or preeclamptic women (PE-1gG) was introduced into pregnant
mice at gestation days 13 and 14 by retro-orbital injection, as previously described (34). It is
very difficult to accurately measure circulating ET-1 levels in mice because of its short ty 5,
high-affinity binding with its receptor, and the small blood volume collected (42). For these
reasons, we chose to determine preproET-1 mRNA levels as a well-accepted measure
reflecting ET-1 production (43). Kidneys and placentas were collected at gestation day 18,
and levels of ET-1 mRNA expression were measured using quantitative RT-PCR. We found
that the expression level of preproET-1 mRNA in the kidneys of PE-IgG—injected pregnant
mice was increased ~80% compared with that of the mice injected with NT-1gG (Fig. 1A).
In placentas, a 50% increase in preproET-1 mRNA expression levels in PE-1gG—injected
pregnant mice was observed compared with that of the pregnant mice injected with NT-1gG
(Fig. 1B). Next, to assess whether the autoantibody-mediated increase in preproET-1 mRNA
expression levels in mouse kidney and placenta were mediated via ATR activation,
pregnant mice were coinjected with losartan, an AT1R blocker, or an autoantibody-
neutralizing 7-aa epitope peptide. When PE-IgG was coinjected into pregnant mice with
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losartan or the autoantibody-neutralizing 7-aa epitope peptide, the autoantibody-mediated
induction of preproET-1 mRNA expression in kidneys and placentas was significantly
inhibited. These results indicated that PE-1gG, by specifically activating the AT4R, is
responsible for the upregulation of preproET-1 mRNA expression in kidneys and placentas
in pregnant mice. We did not notice any significant changes in AT{R expression in kidneys
or placentas in response to PE-1gG (Supplemental Fig. 1), only changes in receptor
activation, as described above

PE-lgG—induced hypertension is blocked by ET-A receptor antagonist in pregnant mice

To assess the role of autoantibody-induced ET-1 in the pathogenesis of PE, we treated PE-
IgG—injected pregnant mice with an ET-A receptor-specific antagonist, BQ123, which was
delivered by an osmotic minipump implanted s.c. ET-A is the receptor responsible for the
hypertensive effects of ET-1. We found that autoantibody-induced hypertension was almost
completely blocked by BQ123 (decrease from 136 + 6 to 109.4 + 5.0 mm Hg; p < 0.05).
There was no significant blood pressure change in pregnant mice treated with BQ123 alone
(Fig. 2A). These findings provided in vivo evidence of the contributory role of PE-1gG—
induced ET-1 in hypertension, a key clinical feature of PE.

In vivo effect of ET-A antagonist on proteinuria seen in PE-lgG-injected pregnant mice

Next, we assessed the effect of ET-A antagonism on proteinuria, another key maternal
feature of PE. PE-IgG-injected pregnant mice were treated with the ET-A receptor
antagonist, as described above. Urine samples (24 h) were collected at postinjection day 5,
and albumin and creatinine were measured by ELISA. We found that BQ123 treatment
significantly reduced urinary protein from 158 + 9.2 to 91.3 + 37.2 ug albumin/mg
creatinine (p < 0.05). There was no significant effect on the ratio of albumin to creatinine in
pregnant mice treated with BQ123 alone (Fig. 2B). Overall, these findings provided in vivo
animal evidence of the contributory role of PE-1gG—induced ET-1 production to proteinuria
seen in PE.

PE-IgG—induced ET-1 production contributes to renal impairment in pregnant mice

Our previous study (34) showed that AT{-AA induces kidney damage, including
endotheliosis, a pathognomonic alteration in preeclamptic women. Thus, it is possible that
elevated ET-1 may also contribute to renal impairment in autoantibody-injected pregnant
mice. H&E staining revealed that the glomeruli of PE-1gG-injected pregnant mice were
smaller and hypercellular compared with those of mice injected with NT-1gG, whose
glomeruli were open and easily distinguished (Fig. 3). In contrast, renal impairment was
significantly reduced, although not completely eliminated, in PE-IgG—injected pregnant
mice receiving BQ123 treatment. The glomeruli of mice injected with NT-1gG did not
display any renal morphologic changes. Electron microscopic analysis indicated that
glomerular endothelial damage was present in PE-1gG—injected mice (Fig. 3C). The
glomeruli of these mice showed endothelial swelling, resulting in the occlusion of capillary
loop spaces. Treatment of PE-IgG—injected pregnant mice with BQ123 significantly
prevented the kidney damage, resulting in capillary spaces that were completely open
compared with the glomeruli of mice injected with NT-1gG, whose capillary spaces were
wide and showed no swelling or obstruction (Fig. 3). Taken together, our studies
demonstrated that elevated ET-1 underlies renal damage and dysfunction in PE-IgG-
induced PE.
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IgG from preeclamptic women stimulates excess ET-1 secretion by human placental
villous explants via AT{R activation

Because ET-1 mRNA levels are elevated in mouse placentas of autoantibody-injected
pregnant mice (Fig. 1B), the placenta is likely a major organ responsible for the production
of autoantibody-induced ET-1. To assess the direct role of PE-1gG in ET-1 production in
humans, we took advantage of human placental villous explants. Similar to in vivo studies
from pregnant mice, human placental villous explants incubated with PE-1gG showed an
increase in secreted ET-1, whereas ET-1 was not induced in explants incubated with NT-
IgG (Fig. 4A). AT1R activation was required for ET-1 secretion, because coincubation of
PE-1gG with losartan or the autoantibody-neutralizing 7-aa epitope peptide attenuated the
induction of ET-1 levels. Overall, we extended our mouse in vivo study to in vitro human
studies showing that PE-1gG is capable of inducing ET-1 secretion via AT4R activation from
human placental villous explants.

TNF-a and IL-6 function downstream of the AT{R and contribute to PE-IgG—induced ET-1
production in human placental villous explants

In an effort to determine the specific factors involved in PE-1gG—-induced ET-1 production,
we screened a series of candidates using the human placental villous explant culture system.
Among the candidates tested, we found that anti—-TNF-a, anti—IL-6, and anti-gp130 (IL-6
coreceptor) Abs significantly reduced AT;-AA—-induced ET-1 secretion from the human
placental villous explants (Fig. 4A). However, anti-TNF-a, anti—-IL-6, or anti-gp130 alone
had no effect on ET-1 secretion (Fig. 4A). These studies revealed that TNF-a and IL-6 are
likely novel inflammatory cytokines functioning downstream of the AT1R responsible for
PE-lgG—mediated induction of ET-1 production in PE.

Elevated TNF-a is responsible for increased IL-6 production in PE-lgG—treated human
placental villous explants

IL-6 and TNF-a are elevated in the circulation of preeclamptic women (19, 44). Our
previous studies showed that PE-IgG is capable of inducing the synthesis and secretion of
TNF-a in human placental villous explants (23). However, whether PE-1gG can induce IL-6
production remains unknown. ELISA analysis revealed that PE-IgG also significantly
increased IL-6 secretion from cultured human placental villous explants (Fig. 4B). Losartan
or the autoantibody-neutralizing 7-aa epitope peptide significantly inhibited the PE-1gG—
mediated induction of IL-6 secretion in human placental villous explants (Fig. 4B),
indicating that ATR activation was required. To our surprise, ELISA measurement showed
that anti-TNF-a treatments significantly inhibited PE-IgG—stimulated IL-6 secretion from
cultured human placental villous explants (Fig. 4B), indicating that TNF-a functions
downstream of the ATR and is responsible for PE-IgG—induced IL-6 secretion from human
placental villous explants.

Human endothelial cells are a major source contributing to PE-lgG—-induced ET-1
production via IL-6 signaling

Next, to determine which cell types are responsible for autoantibody-induced ET-1
production, we assessed ET-1 expression in human placental villous explants.
Immunohistochemistry studies showed that ET-1 was mainly expressed in endothelial cells
and trophoblast cells (Fig. 4C). Quantitative image analysis of ET-1 immunostaining
demonstrated significantly increased immunore-activity in the placental villous explants
treated with PE-1gG compared with those treated with NT-1gG. IL-6—neutralizing Ab
treatment significantly decreased ET-1 immunostaining in the placental villous explants
treated with PE-1gG (Fig. 4C, 4D), indicating that IL-6 is major cytokine responsible for
autoantibody-induced ET-1 production in endothelial cells and/or trophoblast cells in human
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villous explants. Thus, to directly test whether endothelial and/or trophoblast cells are
responsible for autoantibody-induced ET-1 production via IL-6 signaling, we treated
primary human endothelial cells (HUVEC) and immortalized human trophoblast cells
(HTR-8) with NT-IgG or PE-1gG in the presence or absence of IL-6—neutralizing Ab. We
found that PE-IgG induced ET-1 production in human endothelial cells but not in HTR-8
cells and that IL-6 blockade significantly reduced autoantibody-induced ET-1 production
(Fig. 4E, 4F). Overall, these studies provided direct evidence that endothelial cells are the
key cell types contributing to PE-lgG—mediated ET-1 production via IL-6 signaling.

AT1R activation-induced IL-6 production is inhibited by TNF-a blockade in PE-IlgG—injected
pregnant mice

Similar to human in vitro studies, we demonstrated that IL-6 mRNA levels were
significantly upregulated in kidneys and placentas of autoantibody-injected pregnant mice
and that IL-6 induction was significantly inhibited by losartan or autoantibody-neutralizing
7-aa epitope peptide treatment (Fig. 5A, 5B). In addition, we found that IL-6 levels were
significantly elevated in the circulation of autoantibody-injected pregnant mice and that its
increased production was significantly inhibited by TNF-a blockade in these mice (Fig. 5C).
Thus, our studies revealed the PE-IgG—mediated TNF-o induction contributes to increased
IL-6 production in pregnant mice.

IL-6 blockade significantly attenuates increased preproET-1 mRNA levels in kidneys and
placentas of PE-IgG—injected pregnant mice

To assess the in vivo significance of increased IL-6 on PE-1gG—induced preproET-1 mRNA
production, we coinjected pregnant mice with PE-1gG and mouse anti—IL-6—-neutralizing
Ab. At embryonic day 18, the mice were sacrificed, and preproET-1 mRNA levels were
measured by quantitative RT-PCR. We found that the PE-IgG—mediated increase in
preproET-1 mRNA expression in kidneys and placentas from autoantibody-injected
pregnant mice was significantly inhibited by anti—-IL-6 Abs (Fig. 5D, 5E). However,
treatment with IL-6-neutralizing Ab alone had no effect on preproET-1 mRNA expression
(Fig. 5D, 5E). Consistent with our findings from human placental villous explants,
immunostaining of mouse placenta revealed that ET-1 was mainly expressed in the
endothelial cells (Fig. 5F). Quantitative image analysis showed that PE-1gG significantly
increased immunostaining of ET-1 in the mouse placenta and that IL-6-neutralizing Ab
significantly inhibited its elevation (Fig. 5G). These findings provide in vivo evidence that
elevated IL-6 contributes to autoantibody-mediated induction of ET-1 in pregnant mice.

Contributory role of elevated IL-6 in hypertension and proteinuria in PE-IgG—injected
pregnant mice

To elucidate the critical role of IL-6 in the pathogenesis of PE, we monitored the effects of
anti—-IL-6 treatment on the key preeclamptic features seen in autoantibody-injected pregnant
mice. We found that the key diagnostic features, hypertension and proteinuria, were
significantly attenuated, but not completely prevented, in animals coinjected with PE-1gG
and IL-6-neutralizing Ab compared with pregnant mice injected with PE-IgG alone (Fig. 6).
By embryonic day 18, neutralization of 1L-6 reduced hypertension from 136.8 £ 4.1 to 112.0
+ 3.8 mm Hg and urinary protein from 157.2 + 8.5 to 116.3 + 7.1 ug albumin/mg creatinine
(p < 0.05). Pregnant mice injected with NT-1gG retained their baseline blood pressure and
normal renal function. These findings provided direct evidence that IL-6 contributes to key
maternal features of PE seen in autoantibody-injected pregnant mice.
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Effect of increased IL-6 on PE-IgG—induced sFlt-1 and sEng secretion in pregnant mice
and cultured human villous explants

In addition to ET-1, sFlt-1 and sEng are key antiangiogenic factors that are elevated in PE
(45, 46). Our earlier studies found that blocking PE-IgG—induced TNF-a signaling inhibited
the induction of sFlt-1 and sEng (23). Because we found that PE-IgG-mediated 1L-6
elevation is downstream of TNF-a signaling (Fig. 4), it is possible that PE-IgG-mediated
IL-6 induction plays a role in autoantibody-induced sFlt-1 and sEng production. Similar to
ET-1, we found that increased sFlt-1 and sEng mRNA expression in the placenta of
autoantibody-injected pregnant mice was significantly decreased by IL-6-neutralizing Ab
(Fig. 7A, 7B). Consistent with our mouse studies, we found that the induction of sFlt-1 and
sEng was inhibited by the presence of human IL-6-neutralizing Ab (Fig. 7C, 7D) in human
placenta villous explants, indicating a contributory role for IL-6 signaling in PE-1gG—
mediated sFIt-1 and sEng induction in humans.

Discussion

In this study, we provided in vivo evidence from animal models and in vitro evidence from
human placental villous explants showing that PE-IgG is a novel causative factor that
contributes to increased ET-1 production and that increased ET-1 production contributes to
clinical manifestations of PE in pregnant mice, including hypertension, proteinuria, and
renal damage. Mechanistically, we demonstrated that increased IL-6 functions downstream
of TNF-a to mediate autoantibody-induced ET-1 production from endothelial cells. These
studies led us to further discover that IL-6 is a key cytokine responsible for the induction of
ET-1, as well as for the induction of antiangiogenic factors sFlt-1 and sEng and, thereby,
plays an important role in the autoantibody-induced hypertension and proteinuria in
pregnant mice (Fig. 8). Although research reported in this article was conducted using total
1gG, we showed that the pathophysiological effects of PE-1gG required AT4R activation
(i.e., inhibited by losartan or autoantibody-neutralizing 7-aa epitope peptide). We showed in
earlier studies that these pathogenic autoantibodies in total PE-IgG can be highly enriched
by affinity chromatography using a peptide sequence corresponding to the 27-aa sequence of
the second extracellular loop of the AT;R. Thus, the results that we obtained using total 1gG
presumably reflect the activity of those autoantibodies that bind to and activate the ATqR.
Overall, the mouse and human studies provided strong evidence that autoantibody-mediated
AT1R activation induces ET-1 production via IL-6 signaling and that the increased ET-1
production contributes to the clinical manifestation of PE (Fig. 8).

ET-1 is elevated in the blood of preeclamptic women (24-32). However, the causative
factors for its elevation remain elusive. Ang Il is known to stimulate ET-1 production (47);
however, Ang Il levels are not elevated in PE beyond that occurring in un-complicated
pregnancies (48, 49). Likely candidates are the angiotensin receptor-activating
autoantibodies present in women with PE (50). Supporting this hypothesis, in this study, we
found that autoantibody from preeclamptic women specifically activates AT,R to induce
preproET-1 mRNA production in kidneys and placentas in pregnant mice. Consistent with
our animal studies, we provided additional evidence that autoantibody from preeclamptic
women induces ET-1 production in human placental villous explants via AT,R activation.
Moreover, we demonstrated that endothelial cells are a major site responsible for
autoantibody-induced ET-1 production. Overall, human and mouse studies suggested that
autoantibody existing in preeclamptic women contributes to ET-1 induction in PE.

ET-1 is a potent vasoconstrictor functioning via the ET-A receptor to stimulate vascular
smooth muscle contraction and hypertension associated with disease (51). Using our
autoantibody-induced model of PE in pregnant mice, we demonstrated that the ET-A
receptor-specific antagonist BQ123 attenuates autoantibody-induced elevated blood pressure
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in pregnant mice, indicating the contributory role of increased ET-1 to hypertension in this
animal model of PE. Consistent with our adoptive-transfer studies, LaMarca et al. (52)
recently showed that an ET-A receptor antagonist blocked hypertension in pregnant rats
injected with AT{-AA purified from a transgenic rat model of PE. Together, the results with
pregnant mice injected with human AT{-AA and pregnant rats infused with AT;-AA
generated from double-transgenic rats provide strong in vivo evidence that increased ET-1
contributes to autoantibody-induced hypertension. In addition, the important role for ET-1
signaling in PE is strongly supported by several other animal studies. For example, in an
animal model of PE in pregnant rats generated by reducing uterine perfusion pressure
(RUPP), the administration of an ET-A receptor antagonist blocked hypertension (53, 54).
Similarly, ET-A receptor antagonism blocked hypertension in pregnant rats chronically
infused with TNF-a (55). These animal studies provide additional evidence for the
importance of elevated ET-1 in hypertension associated with PE. Notably, earlier studies
showed that sera from the RUPP model induced ET-1 production from human endothelial
cells (56) and its induction was inhibited by an ATR blocker, suggesting that there is a
circulating factor existing in the sera of the RUPP model capable of activating AT4R to
induce ET-1. Supporting this finding, we have provided mouse and human evidence that
ATq-AA exist in the circulation of preeclamptic women and are likely the circulating factors
that activate AT4R to induce ET-1 production in PE. Although animals are not known to
spontaneously develop PE, a number of valuable experimentally induced animal models of
PE in rodents have been developed. In combination with in vitro studies using placental
villous explants, multiple animal model studies have shown that AT{-AA contribute to the
induction of ET-1 production via AT1R activation and that elevated ET-1 underlies
hypertension in animal models of PE.

Proteinuria and renal damage are major features of PE that are also observed in the
autoantibody-induced model of PE in pregnant mice (34). In our study, we showed that PE-
IgG induces ET-1 gene expression in kidneys and that an ET-A-specific antagonist blocks
proteinuria and kidney impairment. These results indicated that increased ET-1 functions via
ET-A receptor activation to contribute to kidney damage and abnormalities in autoantibody-
injected pregnant mice. Hypertension causes renal damage, and renal abnormalities also lead
to hypertension by increased water and sodium retention. Thus, reduction in hypertension
and renal dysfunction by ET-A antagonism in our adoptive-transfer animal model of PE
suggests that elevated ET-1 may contribute to renal and vascular abnormalities associated
with PE. Although renal damage may be secondary to hypertension, it is also possible that
elevated ET-1 in the kidney directly induces renal damage and dysfunction, because ET-1 is
known to increase apoptosis and podocyte injury in the kidney. For example, overexpression
of human ET-1 in mice induces glomerulosclerosis, even in the absence of hypertension
(57), suggesting that the detrimental role of elevated ET-1 signaling in the kidney is blood
pressure independent. In addition, in an experimental proliferative nephritis animal model,
which is characterized by glomerular damage without hypertension, proteinuria was
prevented by ET-A receptor antagonism (58), again suggesting that elevated ET-1 is directly
linked to renal damage. Animal preclinical studies demonstrated that endothelin blockade
successfully prevents systemic and renal damage in connective tissue disease (59, 60). These
findings suggest a novel concept that elevated ET-1 may directly lead to renal damage and
indicate that ET-1 likely contributes to organ damage and dysfunction, independent of
systemic blood pressure.

Multiple factors and signaling pathways are involved in ET-1 elevation. By screening a
series of candidates, we identified that increased inflammatory cytokines, such as TNF-a
and IL-6, are key proinflammatory cytokines responsible for PE-1gG—induced ET-1
production in human placental villous explants and in pregnant mice. In addition, we further
discovered that TNF-a blockade attenuated the induction of IL-6, indicating that IL-6 is
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likely a downstream mediator of PE-1gG—induced ET-1 production. IL-6 is known to be
increased in the blood of preeclamptic women and was speculated to be associated with the
pathophysiology of PE (21, 61-63). For example, IL-6 is increased in the RUPP pregnant rat
(64). Infusion of IL-6 results in hypertension and renal dysfunction in pregnant rats but not
in non-pregnant rats, suggesting that elevated 1L-6 contributes to hypertension and kidney
dysfunction in pregnant rats (64). It is of interest that previous in vitro studies showed that
mesangial cells produce increased amounts of 1L-6 in response to Ang Il or PE-IgG,
suggesting that elevated IL-6 may be responsible for renal dysfunction seen in PE (12). In
this study, using human in vitro studies and mouse in vivo studies, we demonstrated for the
first time, to our knowledge, that IL-6 is induced by PE-1gG and that IL-6 blockade inhibits
PE-1gG-induced ET-1 elevation and significantly attenuates autoantibody-induced
hypertension and proteinuria. Overall, our results suggested that the autoantibody-mediated
induction of ET-1 in endothelial cells is an autocrine process involving IL-6. Of note, our
recent studies demonstrated the important role of elevated TNF-a signaling in autoantibody-
induced features of PE (23). However, the mechanism by which AT;R activation-mediated
TNF-a induction leads to preeclamptic features remained unclear until our present studies.
We provide direct in vivo evidence in mice and in vitro human studies with placental
explants that TNF-a signaling through IL-6 underlies ET-1 production and that elevated
ET-1 is a key effector responsible for autoantibody-induced hypertension, proteinuria, and
renal damage (Fig. 8). To critically evaluate the roles and functional relationships of TNF-a,
IL-6, and ET-1, as well as the antiangiogenic factors sFlt-1 and sEng, in PE, it will be
necessary to determine the temporal relationships between the increase in the abundance of
these factors during pregnancy and the onset of symptoms of PE.

It is widely held view that enhanced inflammatory responses are associated with PE and
contribute to pathophysiological features of the disease (1). It is also recognized that women
with medical conditions associated with chronic inflammation (obesity, essential
hypertension, diabetes mellitus, and autoimmune diseases) are at increased risk for
developing PE (2). A particularly informative example in the autoimmune category is that of
the antiphospholipid syndrome, characterized by recurrent fetal loss and intrauterine growth
retardation. Girardi and colleagues (65, 66) conducted adoptive-transfer experiments to
show that antiphospholipid Abs cause fetal rejection and intrauterine growth restriction
when injected into pregnant mice and that this is associated with a proinflammatory
response. PE has been reported in a high percentage of pregnant women with well-
documented antiphospholipid autoantibodies. It will be of interest to determine whether
these women also harbor AT-AA.

Numerous studies demonstrated a role for IL-6 in increased blood pressure. For example,
plasma levels of IL-6 are strongly associated with hypertension in humans and can be
reduced by administration of Ang Il receptor antagonists (67-69). Animal studies showed
that infusion of IL-6 induces hypertension in pregnant rats (64, 70) and that the hypertension
resulting from RUPP is accompanied by increased IL-6 (64). Additional evidence for a role
of IL-6 in hypertension comes from studies of Coles et al. (71) and Lee et al. (72) using
IL-6—deficient mice. Lee et al. showed that the Ang Il-induced hypertension in wild-type
mice is accompanied by a 10-fold increase in plasma IL-6 levels to ~25 pg/ml. Both groups
showed that Ang Il-induced hypertension was significantly inhibited in IL-6—deficient mice.
Altogether, there is compelling evidence for a role for IL-6 in Ang Il-induced hypertension,
findings consistent with a role for IL-6 in AT{-AA—induced hypertension in our Ab-
injection model of PE in pregnant mice. Trophoblast cells are capable of producing and
responding to 1L-6 (73-76). Trophoblast cells have a JAK/STAT-signaling pathway that
functions downstream of IL-6R activation. JAK/STAT signaling, downstream of IFN-y
stimulation, is responsible for increased sFlt-1 production by human corneal fibroblasts.
Thus, we speculate that IL-6 stimulates sFlt-1 and sEng production by trophoblast cells in an
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autocrine manner by JAK-STAT signaling. It is possible that increased IL-6 contributes to
Ab-mediated hypertension in women with PE via IL-6—induced stimulation of sFlt-1
production by trophoblasts.

In

conclusion, our studies identified a causative factor and novel mechanisms underlying

increased ET-1 production in a mouse model of PE and revealed an important role for
increased inflammatory cytokine-mediated ET-1 production in the pathophysiology of PE. It

is

impossible to treat PE using ET-A receptor blockers because of teratogenic effects (77,

78). However, because of the important role of increased inflammatory cytokines in ET-1
production and pathogenesis in PE, targeting the TNF-a and IL-6-signaling cascade is a
novel therapeutic possibility.
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FIGURE 1.

PreproET-1 mRNA levels are increased in kidneys and placentas of autoantibody-injected
pregnant mice via AT1R activation. PreproET-1 mRNA levels were elevated in the kidney
(A) and placenta (B) of PE-IgG—injected pregnant mice but not in NT-1gG—injected pregnant
mice. Coinjection of losartan or autoantibody-neutralizing 7-aa epitope peptide resulted in
decreased preproET-1 mRNA levels in the kidneys and placentas of PE-1gG—injected
pregnant mice. n = 7-12 for each variable. *p < 0.05 versus NT-IgG treatment, **p < 0.05
versus PE-I1gG treatment.
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FIGURE 2.

ET-A antagonist BQ123 reduces PE-1gG—induced PE-like features. The key features of PE,
hypertension (A) and proteinuria (B), present in the PE-1gG—injected pregnant mice were
reduced by treatment with the ET-A antagonist BQ123 (n = 9-12 for each variable). *p <
0.05 versus NT-1gG treatment, **p < 0.05 versus PE-IgG treatment.
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FIGURE 3.

Autoantibody-induced renal damage is alleviated by ET-A antagonist BQ123. A, H&E
staining reveals that extensive endothelial swelling, narrowing, and occlusion of capillary
lumens of PE-IgG—injected pregnant mice is significantly prevented in pregnant mice treated
with BQ123. The kidneys of NT-lgG—injected mice or mice injected with BQ123 alone are
unremarkable. Scale bar, 200 um. B, Periodic acid-Schiff-stained sections from mice
injected with PE-1gG show swollen endothelial cells without periodic acid-Schiff—positive
material in the cytoplasm, and swelling was diminished by BQ123 treatment. No marked
cellular proliferation or increase in mesangial matrix was observed in these mice. These
changes were not evident in mice following injection of NT-1gG or BQ123 treatment alone.
Scale bar, 200 um. C, Transmission electron microscopy demonstrates that the glomerular
endothelial cell swelling and destruction observed in PE-IgG—injected mice were reduced in
the BQ123-treated group and were not evident in the pregnant mice injected with NT-1gG or
BQ123 treatment alone. Original magnification x1500. Scale bar, 10 um. n = 4-10 for each
variable. *Capillary space; arrow, endothelial cell nucleus; box, intact podocytes.

J Immunol. Author manuscript; available in PMC 2012 May 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Zhou et al.

Page 21
.
£ 250 3 12 x
- * -
§ 200 5 100
g = Hok ok ok g- 5 ok
> 150 o  as wE 75 * **
33 3E
S E 100 32 S0
£ s £
& & 2 > & & o 3
S & 4 (0‘\ 2 \*,So Q'c_, é(,o S < o(@ ;\:, p ép
£ & & & & & & &
Q’,\« < < S S < ©
& x x x
< & & < &
HE § o 5
ET-1

W a
S S

ET-1 staining density
(relative units, X10°)
»n
o

> 3
K b

<

¢

%,

FIGURE 4.

AT¢R activation induces ET-1 secretion from PE-IgG-treated human placental villous
explants via the TNF-o/IL-6-signaling cascade. A, Culturing human villous explants with
PE-1gG resulted in increased ET-1 secretion. Coculturing the explants with PE-IgG and
losartan (5 uM), the autoantibody-neutralizing 7-aa epitope peptide (1 pM), or anti-TNF-a,
anti-IL-6, or anti-gp130 (1 uM) reduced elevated ET-1 secretion. *p < 0.05 versus NT-1gG
treatment, **p < 0.05 versus PE-IgG treatment. B, 1L-6 levels were induced by PE-1gG but
not NT-IgG. PE-1gG—-induced IL-6 production was significantly decreased in the presence of
losartan, autoantibody-neutralizing 7-aa epitope peptide, or anti-TNF-a, indicating that IL-6
is downstream of TNF-o and contributes to PE-IgG—induced ET-1 production. Six different
placentas were collected and treated with 1gG (n = 3-6 patient 1gG for each category). *p <
0.05 versus NT-IgG treatment, **p < 0.05 versus PE-IgG treatment. C, At the end of
treatment, human placental villous explants were collected, fixed, and stained with H&E and
anti-human ET-1 and anti-human CD31 Ab. Scale bar, 100 um. D, Expression of ET-1 was
quantified using Image-Pro Plus image-analysis software. Cell-culture super-natants from
HUVECs (E) and HTR-8 human trophoblast cells (F) were collected for ET-1
measurements by ELISA. Data are expressed as mean = SEM of at least four experiments
performed in duplicate (n = 3—6 patient IgG for each category). *p < 0.001 versus villous
explants treated with NT-IgG, **p < 0.05 versus villi treated with PE-1gG.
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FIGURE 5.

IL-6 functions downstream of TNF-a signaling responsible for PE-lgG—induced ET-1
production in pregnant mice. IL-6 mRNA levels were elevated in kidneys (A) and placentas
(B) of PE-1gG—injected pregnant mice but not in NT-IgG—injected pregnant mice.
Coinjection of losartan or the autoantibody-neutralizing 7-aa epitope peptide inhibited PE-
IgG-mediated induction of IL-6 mRNA levels in pregnant mice (n = 8 for each variable). C,
IL-6 levels were elevated in the blood of PE-1gG—injected, but not NT-1gG—injected,
pregnant mice. The IL-6 induction was inhibited by anti—-TNF-o. Ab in autoantibody-injected
pregnant mice (n = 8-10 for each variable). IL-6 blockade inhibited PE-IgG-induced
preproET-1 mRNA in kidneys (D) and placentas (E) of pregnant mice (n = 10-14 for each
variable). For A-E, *p < 0.05 versus NT-1gG treatment, **p < 0.05 versus PE-1gG
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treatment. F, ET-1 staining of the placentas of mice injected with NT-1gG and PE-1gG with
or without neutralizing IL-6 Ab. Scale bar, 50 um. G, Quantification of ET-1 staining (n =8
mice for each category). Scores are mean = SEM. *p < 0.01 versus NT-1gG injection, **p <
0.05 versus PE-IgG injection.
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FIGURE 6.

IL-6 blockade inhibits PE-1gG—induced preeclamptic-like features. The key features of PE,
hypertension (A) and proteinuria (B), present in the PE-1gG—injected pregnant mice, were
significantly reduced by treatment with neutralizing anti-mouse I1L-6 Ab (n = 10-14 for each
variable). *p < 0.05 versus NT-1gG treatment, **p < 0.05 versus PE-1gG treatment.
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FIGURE 7.

IL-6 signaling contributes to PE-lgG—mediated induction of antiangiogenic factors in mouse
placentas and human villous explants. Quantitative RT-PCR was used to quantify Flt-1 (A)
and endoglin (B) mRNA abundance from placentas of mice injected with NT-1gG or PE-1gG
in the presence or absence of IL-6—neutralizing Ab (n = 8 mice for each group). Data are
expressed as mean £ SEM. *p < 0.05 versus mice injected with NT-1gG, **p < 0.05 versus
preeclamptic 1gG injection. C and D, Normal human placental villous explants were
collected and treated with 1gG from women with PE or NT pregnant individuals in the
presence or absence of IL-6—neutralizing Ab for 72 h. At the end of treatment, explant
culture supernatants were collected for sFlt-1 (C) and sEng (D) measurements by ELISA.
Data are expressed as mean 6 SEM of at least four experiments performed in duplicate (n =
4-6 patient 1gG for each category). *p < 0.001 versus villous explants treated with NT 1gG,
**p < 0.05 versus villi treated with preeclamptic 1gG.
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FIGURE 8.

Working model presenting signaling pathways and mediators accounting for autoantibody-
induced features of PE. AT¢R activation via autoantibodies found in the serum of
preeclamptic women leads to ET-1 induction via elevated TNF-o—IL-6-signaling cascade
and contributes to hypertension, proteinuria, renal damage, and sFlt-1 and sEng induction,
key features seen in PE. This implies that blockade of AT1R activation, inflammatory
cytokine signaling, or ET-A receptor activation may be potential therapeutic strategies in the
management of this serious disorder of pregnancy.

J Immunol. Author manuscript; available in PMC 2012 May 15.



