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Abstract
Background—Preeclampsia (PE) is a prevalent life-threatening hypertensive disorder of
pregnancy. The circulating antiangiogenic factor, soluble endoglin (sEng), is elevated in the blood
circulation of women with PE and contributes to disease pathology. However, the underlying
mechanisms responsible for its induction in PE are unknown.

Methods and Results—Here we discovered that a circulating autoantibody, the angiotensin
receptor agonistic autoantibody (AT1-AA), stimulates sang production via AT1 angiogenesis
receptor activation in pregnant mice but not non-pregnant mice. Subsequently we demonstrate that
the placenta is a major source contributing to sang induction in vivo and AT1-AA injected pregnant
mice display the impaired placental angiogenesis. Using drug screening, we identified TNF-α as a
circulating factor increased in the serum of autoantibody-injected pregnant mice contributing to
AT1-AA-mediated sang induction in human umbilical vascular endothelial cells (HUVECs).
Subsequently, among all the drugs screened we found that hemin, an inducer of heme oxygenase-1
(HO-1), functions as a break to control AT1-AA mediated sang induction by suppressing TNF-α
signaling in Havocs. Finally, we demonstrated that AT1-AA-mediated decreased angiogenesis seen
in human placenta villous explants was attenuated by TNF-α neutralizing antibodies, soluble TNF-
α receptors and hemi, an inducer of home oxygenase, by abolishing both sang and sFlt-1 induction.

Conclusions—Our findings demonstrate that AT1-AA-mediated TNF-α induction, by overcoming
its negative regulator, HO-1, is a key underlying mechanism responsible for impaired placenta
angiogenesis by inducing both sEng and sFlt-1 secretion from human villous explants and provide
important new targets for diagnosis and therapeutic intervention in the management of PE.
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Preeclampsia (PE) is a prevalent life-threatening hypertensive disorder of pregnancy with a
highest maternal and fetal morbidity and mortality.1, 2 A growing body of evidence indicates
that a circulating maternal autoantibody, the angiotensin II type I receptor agonistic
autoantibody (AT1-AA), is a prominent component in the pathogenesis of PE. Numerous early
studies demonstrated that AT1-AAs activate AT1 receptors on a variety of cell types and
provoke biological responses relevant to the pathophysiology of PE.3–8 Recently we have
extended these in vitro studies by showing that key features of PE are generated in pregnant
mice injected with either total IgG or affinity purified AT1-AAs from preeclamptic women.9
These studies provided the first direct evidence for the pathogenic nature of AT1-AAs in PE.

Recently, Venkatasha et al showed that a soluble form of endoglin (sEng) is present at
significantly elevated levels in the circulation of women with PE compared to women with
normotensive pregnancy and that the level of sEng correlated with disease severity.10 Endoglin
is a cell-surface co-receptor for transforming growth factors (TGF)-β 1 and TGF-β3 and is
mainly expressed on endothelial cells and syncytiotrophoblasts.11–13 The introduction of
recombinant adenovirus vectors encoding sEng into pregnant rats resulted in mild hypertension
and proteinuria. Notabley, introduction of viral vectors encoding sEng and soluble fms-like
tyrosine kinase-1 (sFlt1, a soluble form of VEGF receptor–1) together into pregnant rats
resulted in nephrotic-range proteinuria, severe hypertension, and the HELLP syndrome
(Hemolysis, Elevated Liver enzymes and Low Platelets), a severe form of preeclampsia. These
studies demonstrate that sEng contributing to PE.14 However, factors and signaling pathways
responsible for elevated sEng in women with PE were not determined.

Here we show that AT1-AA induces the production of sEng in pregnant mice but not in non-
pregnant mice by activation of AT1 receptors and that the placenta is a major source of its
induction in vivo. We further provide the compelling mouse and human evidence that AT1-
AA leads to impaired placenta angiogenesis via AT1 receptor activation. More importantly,
we revealed that AT1-AA-mediated TNF-α induction, by overcoming its negative regulator,
heme oxygenase-1 ( HO-1), is a key underlying mechanism responsible for impaired placenta
angiogenesis by inducing both sEng and sFlt-1 secretion from human villous placental
explants. Overall, our findings are the first to link maternal autoantibodies with increased TNF-
α, a prominent inflammatory cytokine, to contribute to impaired placenta angiogenesis by
inducing two key antiangiogenic factors, sFlt-1 and sEng. This study provides important new
targets for diagnosis and therapeutic intervention in the management of PE.

Methods
For an expanded methods sections, please refer to the online-only Data Supplement.

Patients
Patients who were admitted to Memorial Hermann Hospital were identified by the obstetrical
faculty of the University of Texas Medical School at Houston. Detailed patient information
has been previously described.6, 9 The research protocol was approved by the Institutional
Committee for the Protection of Human Subjects.

Introduction of antibody into mice
All animal studies were reviewed and approved by the Animal Welfare Committee, University
of Texas Houston Health Science Center. Forty-eight C57BL/6J pregnant and thirty-two non-
pregnant mice (18 to 22 g; Harlan, Indianapolis, Ind.) were used in our study. Experiments
were performed in the following groups of mice: pregnant mice (n=32) or non-pregnant mice
(n=32) with single (n=16) or double (n=16) injection of IgG purified from normotensive
controls (n=8) or preeclamptic patients (n=8). In addition, some of the pregnant mice were
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coinjected with losartan (0.24 mg, a generous gift from Merck & Co., Inc. Rahway, NJ) (n=8)
or a 7-aa peptide (AFHYESQ) (n=8) corresponding to an epitope on the second extracellular
loop of the AT1 receptor (1.5 mg) All of the mice were anesthetized with sodium pentobarbital
(50 mg/kg ip) and concentrated IgG purified from 200 µl normotenisve controls (n=12) or
patients’ serum (n=14) (either combined or single individual) was introduced into pregnant
mice on gestation day 13 for single injection and one more injection on gestation 14 for double
injection or non-pregnant mice on two consecutive days by orbital sinus injection.
Immunoglobulin IgG was prepared as previously describled.5–7, 9 We collected plasma and
serum on multiple gestation days for determination of sEng and TNF-α concentration.

Results
IgG from women with PE simulates sEng production in pregnant mice but not non-pregnant
mice via AT1 receptor activation

To determine the potential role of pregnancy to the sEng induction by AT1-AA, we injected
pregnant or non-pregnant mice with a single dosage (gestation day 13) or a double dosage
(gestation days 13 and 14) of IgG from women with PE or women with a normotensive
pregnancy. We show that the single injection of IgG from women with PE did not induce a
significant increase in sEng production by gestation day 18 in the pregnant mice compared
with mice injected with IgG from women with a normotensive pregnancy (Figure 1A).
However a four-fold increase in sEng was observed by gestation day 18 in pregnant mice
receiving a double injection of IgG from preeclamptic women as compared to mice receiving
two injections of IgG from normotensive pregnant women (Figure 1A), which is similar to the
increased seen in preeclamptic women.10 Because two autoantibody injections were required
to achieve a significant increase in sEng levels in pregnant mice, we chose the double injection
protocol for the remainder of the experiments presented here. Antibody mediated induction of
sEng production was blocked by co-injection with losartan, an AT1 receptor antagonist, or with
a 7-aa epitope peptide that blocks autoantibody-mediated AT1 receptor activation (Figure 1B).
These results indicate that IgG from preeclamptic women induced sEng production in pregnant
mice via AT1R activation. In contrast to what we observed in pregnant mice, sEng levels in
non-pregnant mice were not induced by IgG from women with PE or normotensive pregnant
women following single or double injections (Figure 1C). Thus, these findings demonstrate
that IgG from women with PE is capable of inducing sEng production via AT1R activation in
pregnant mice but not in non-pregnant mice.

Placenta is a major organ contributing to sEng production in autoantibody-injected pregnant
mice

Next, to determine whether the placenta is a major source of sEng production and secretion,
we measured Eng mRNA and protein levels in the mouse placenta and kidneys from pregnant
mice injected with IgG as described above. We found that total Eng mRNA levels were
increased in placenta tissue of mice injected with IgG from women with PE compared to
placenta tissue of mice injected with IgG from women with normotensive pregnancies (Figure
2A&B), suggesting that AT1-AA mediated sEng induction is at the mRNA level, a finding
consistent with earlier human studies.14 Similarly, we found that the abundance of intact Eng
protein and the small amount of sEng remaining in the placentas were also induced in pregnant
mice injected with IgG from preeclamptic but not IgG from normotensive pregnant women
(Figure 2C–E). Consistently, we found that Eng protein levels were much lower in kidney
samples and there was no difference in mice injected with IgG from normotensive pregnant
women or those with preeclampsia (Figure 2C–E). Thus, these results provide direct evidence
that placenta is a major organ contributing to sEng synthesis and secretion in autoantibody-
injected pregnant mice.
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Angiogenesis is impaired in placentas of autoantibody-injected pregnant mice
To address whether AT1-AA-induced placental derived antiangiogenic factor lead to impaired
placental angiogenesis, we analyzed the vasculature of isolated mouse placentas by
immunostaining using antibody recognizing CD31, an endothelial cell specific marker. The
results show that CD-31 staining was less prominent in the labyrinth zone of the placentas of
mice injected with IgG from women with PE in comparison to those injected with IgG from
normotensive pregnant women (Figure 3A). Co-injection of antibody with losartan or the 7-
aa epitope peptide reduced this effect (Figure 3A). Quantitative image analysis of CD31
immunostaining demonstrated significantly less immunoreactivity in placenta sections from
mice injected with IgG from preeclamptic women compared with those from mice injected
with IgG from normotensive pregnant women. Co-injection with losartan or the 7-aa epitope
peptide significantly reduced the anti-angiogenic effects of autoantibody-injection (Figure 3B).
Taken together, these results indicate that IgG from women with PE is capable of inducing
placental-derived antiangiogenic factor production via AT1R activation and thereby contribute
to decreased angiogenesis in the placenta of injected mice.

Serum from mice injected with IgG from preeclamptic women stimulates sEng secretion from
endothelial cells

It is difficult to decipher the signaling pathways involved in AT1-AA-mediated sEng induction
in intact animals, we therefore chose endothelial cells, a recognized source of sEng production,
as a cellular model system. Unexpectedly, we found that neither Ang II nor IgG from
preeclamptic and normotensive pregnant women stimulated sEng production by the cultured
endothelial cells (Figure 4A). These results suggested that increased sEng in autoantibody-
injected pregnant mice did not result from direct AT1 receptor activation. However, the
production of sEng secretion was significantly increased by endothelial cells treated with serum
of pregnant mice injected with IgG from preeclamptic women compared with that of cells
cultured with serum of pregnant mice injected with normotensive IgG (Figure 4B). The increase
in sEng production did not occur when using serum from mice that were co-injected with
losartan or the 7-aa epitope peptide (Figure 4B). These results imply that serum from pregnant
mice injected with IgG from preeclamptic women contain a factor that stimulates human sEng
secretion from human endothelial cells. Furthermore, the causative factor present in the serum
of antibody injected mice is the result of AT1 receptor activation.

TNF-α is the serum factor in the autoantibody-injected pregnant mice responsible for sEng
secretion from endothelial cells

To determine the circulating factors involved in AT1-AA-mediated sEng induction in
endothelial cells, we performed a drug screen to identify drugs that blocked the induction of
sEng by serum from autoantibody injected mice. Among all the drugs we have tested, we found
that Enbrel, a soluble form of the TNF receptor blocks serum-mediated sEng production by
human endothelial cells (Figure 4B), indicating that TNF-α is the serum factor responsible for
inducing sEng production by endothelial cells. Next, we demonstrated that the ability of sera
from autoantibody-injected mice to stimulate sEng production by cultured endothelial cells
was also inhibited by anti-TNF, a neutralizing antibody. Finally, we found that TNF-α directly
stimulated sEng production by endothelial cells and that the induction was blocked by the
presence of anti-TNF-α, a neutralizing antibody, or Enbrel, a soluble form of the TNF receptor
that also blocks TNF-α signaling. Taken together, these findings provide strong evidence that
TNF-α was the serum factor in the autoantibody-injected pregnant mice responsible for AT1-
AA-mediated sEng induction.
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TNF-α expression is increased in the blood circulation and placentas of autoantibody
injected pregnant mice

The level of TNF-α is elevated in the blood circulation of women with PE15, 16 and it is possible
that TNF-α may be induced by AT1-AA. To address this possibility, we measured TNF-α in
autoantibody-injected pregnant mice. As shown in Figure 4D the level of TNF-α was elevated
in pregnant mice injected with IgG from preeclamptic women compared with that in mice
injected with IgG from normotensive pregnant women. The autoantibody-mediated induction
of TNF-α was prevented by co-injection with losartan or the 7-aa epitope peptide (Figure 4D)
indicating that IgG from preeclamptic women induces TNF-α production in pregnant mice via
AT1R activation.

To determine whether TNF-α expression is upregulated in the placentas of antibody-injected
mice, the placentas were collected on gestation day 18, five days following the initial IgG
injecton and total RNA was isolated and real-time PCR was used to analyze the TNF-α
transcript levels. The results (Figure 4E) showed that the level of TNF-α transcripts increased
nearly 5-fold in the placentas of mice injected with IgG from preeclamptic women compared
with that in the placentas of mice injected with IgG from normotensive pregnant women. The
autoantibody-mediated increase in the abundance of placental TNF-α RNA was attenuated by
co-injection with losartan or the 7-aa epitope peptide. These data indicate that IgG from women
with PE stimulates an increase in the abundance of TNF-α transcripts in the placentas via
AT1 receptor activation.

AT1-AA-induced TNF-α overcomes its downstream negative regulator, heme oxygenase-1,
to induce sEng secretion by endothelial cells

Among all the drugs we screened, we unexpectedly found that hemin, a well-known inducer
of heme oxygenase-1 (HO-1), blocked the ability of TNF-α to stimulate sEng production in
human endothelial cells (Figure 4C). These results indicate that HO-1 functions as a break to
control TNF-α induced sEng secretion. More importantly, hemin also blocked the ability of
sera obtained from pregnant mice injected with preeclamptic IgG to stimulate sEng production
by human endothelial cells (Figure 4B). Thus, these findings provide the first evidence that
HO-1 functions downstream of AT1-AA-mediated TNF-α signaling to regulate sEng
production.

AT1-AA-induced TNF-α production contributes to sEng induction from human placental
villous explants

To extend mouse finding to humans and assess the direct pathological role of autoantibody-
mediated TNF-α signaling on sEng secretion in humans, we took advantage of human villous
explants as an investigative tool. Immunohistostaining showed that Eng is evident in the
syncytiotrophoblasts (fetal derived cells) and endothelial cells (maternal origin) (Figure 5A),
consistent with results published earlier.14 Quantitative image analysis revealed that the
intensity of immunostaining of Eng was higher in the samples treated with IgG from women
with PE and that the increase in intensity was prevented by the presence of losartan or the 7-
aa epitope peptide indicating that the increase was mediated through AT1 receptor activation
(Figure 5A & B). The increase in Eng immunostaining was also prevented by the presence of
anti-TNF-α, Enbrel, or hemin, indicating the requirement for TNF-α to overcome the negative
regulation by HO-1 (Figure 5A & B). Consistently, ELISA results demonstrated that AT1-AA
significantly induced sEng secretion from human villous explants and that the induction was
inhibited by compounds that block TNF-α signaling (Figure 5D). Overall, these findings not
only reveal the localization of Eng in human placenta, but also provide evidence that the
induction of sEng by IgG from women with PE requires downstream TNF-α signaling through
processes that are negatively regulated by HO-1.
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AT1-AA-induced TNF-α signaling plays an important role in dysregulated human placental
angiogenesis

Consistent to our mouse finding, we also found that treatment of explants with IgG from women
with PE, in contrast to IgG from normotensive pregnant women, resulted in decreased CD31
immunostaining in human villous explants (Figure 5A & 5C). The autoantibody mediated
decrease in CD31 immunostaining (i.e., angiogenesis) was attenuated by the presence of
losartan or the 7-aa peptide as previously seen in pregnant mice. More importantly, we also
found that anti-TNF-α, Enbrel or hemin prevented the reduced angiogenesis caused by AT1-
AA in human villous explants (Figure 5A & 5C), indicating that the reduced angiogenesis
involved autoantibody induced TNF-α signaling that was suppressed by HO-1. Overall, our
studies suggest that autoantibody-induced TNF-α-signaling plays an important role in
decreased placental angiogenesis associated with preeclampsia.

TNF-α signaling contributes to AT1-AA-mediated sFlt-1 induction and subsequent impaired
placenta angiogenesis

In addition to sEng, sFlt-1 is another key antiangiogenic factor that is elevated in PE. We found
that blocking AT1-AA-mediated TNF-α signaling inhibited impaired placenta angiogenesis
(Figure 5A and C), suggesting that TNF-α signaling contributes to abnormal placental
angiogenesis by inducing not only sEng as we shown in Figure 5D, but also sFlt-1. To test this
possibility, we measured sFlt-1 secretion in human placental villous explants following
treatment with IgG from women with preeclampsia and normotensive pregnant women. The
results (Figure 5E) showed that IgG from women with PE, in contrast to IgG from normotensive
pregnant women, stimulated the production of sFlt1. Similar to sEng, the induction was blocked
by the presence of losartan or the 7-aa epitope peptide, indicating the requirement for AT1
receptor activation. Autoantibody-induced sFlt1 secretion was also prevented by the presence
of human TNF-α neutralizing antibody, Enbrel or hemin (Figure 5E), indicating the
contributory role TNF-α signaling in AT1-AA-mediaed sFlt-1 induction in human villous
explants. Together, these results significantly strengthen and broaden the pathophysiology role
of AT1-AA-mediated TNF-α induction in preeclampsia by linking both sFlt-1 and sEng with
impaired angiogenesis in the human placenta.

Discussion
In this study, we have provided both in vivo mouse evidence and in vitro human studies that
AT1-AA contributes to impaired placental angiogenesis via AT1 receptor activation.
Mechanistically, we have identified for the first time that the induction of sEng and sFlt1 by
AT1-AA is mediated through TNF-α signaling that is negatively regulated by HO-1. Overall,
both mouse and human studies reported here provide strong evidence that AT1-AA-mediated
TNF-α induction is an underlying mechanism for increased secretion of antiangiogenic factors
and suggest that these signaling pathways contribute to impaired placenta angiogenesis in PE
and novel therapeutic possibilities for the disease (Figure 6).

Although the molecular basis for sEng induction in PE is poorly understood , hypoxia-inducible
factor-1(HIF-1), TGF-β and TNF-α are reported involved in regulating the endoglin gene
expression and the release of sEng from the placenta.17, 18 We have shown here that IgG
harbored by women with PE induce TNF-α production via AT1R activation which in turn
stimulates sEng production and its release into the maternal circulation from placenta but not
kidney. These results indicate that AT1-AA is the causative factor responsible for sEng
induction via TNF-α signaling and the placenta is a major organ contributing to increased sEng
secretion. Moreover, we provide the compelling evidence that hemin, a well-known inducer
of heme oxygenase-1 (HO-1), attenuated AT1-AA-induced impaired human placental
angiogenesis by blocking increased secretion of both sFlt1 and sEng from human placenta
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villous explants. Thus, our studies provide the first evidence that HO-1 is a key intracellular
molecule to control AT1-AA-induced dysregualted placental angiogenesis by inhibiting TNF-
a-mediated sFlt-1 and sEng induction. HO-1 is an inducible, endoplamic reticulum bound
enzyme that catalyzes the nicotinamide adenosine dinucleotide phosphate-cytochrome P450
reductase-dependent oxidation of heme to biliverdin in a 3-step process that liberates carbon
monoxide (CO) and Fe2+. Thus, our current findings are strongly supported by the earlier
studies showing that HO-1 activity is protective against oxidant injury and inflammatory
responses.19 More importantly, it is known that women with PE have significantly decreased
CO concentrations in their exhaled breath associated with a decreased expression of HO
activity in their placentas.20 Overall, we have provided both mouse and human evidence that
AT1-AA-mediated TNF-α induction contributes to sEng and sFlt-1 induction and subsequent
impaired placenta angiogenesis by overcoming HO-1 signaling.

TNF-α is a potent pro-inflammatory cytokine found at increased levels in the plasma of
preeclamptic women.21–23 Notably, recent studies demonstrate that there are significant
increases of soluble TNF-α receptors in the plasma of preeclamtpic patients.24, 25 Although
soluble TNF-α receptor is likely to bind with circulating TNF-α and decreases its availability
as a ligand, we have provided both human and mouse evidence that AT1-AA-mediated TNF-
α induction is responsible for both sEng and sFlt-1 induction and contributes to decreased
placental angiogenesis, suggesting that increased TNF-α may contribute to pathogenesis of
PE. These implication is strongly supported by recent studies demonstrating that TNFα is an
important factor contributing to pathology seen an experimental model of preeclampsia in rats
based on reduced uterine perfusion pressure.26, 27 More importantly, chronic perfusion of TNF-
α at a similar level as those seen in the plasma of the preeclamptic women into pregnant rats
leads to hypertension and proteinuria.26 Although our studies present here and others21, 22,
26 provide a strong evidence of pathoglogical role of TNF-α in PE, the relative importance of
increased soluble TNF-α receptors in PE remain to be determined.

While there is general agreement that plasma levels of TNF-α are higher in women with PE
28–30, conflicting reports have appeared regarding the placental contribution to increased levels
of TNF-α in women with preeclampsia.16, 31 Two earliest reports28, 30 provided evidence for
increased TNF-α in placentas from women with preeclampsia. Two subsequent reports 16, 31

did not find any significant difference in TNF-α levels between placentas from women with
preeclampsia compared to placentas from normotensive pregnant women. Because TNF-α is
synthesized and released from the placenta the amount of TNF-α remaining in placental tissue
may not accurately reflect the amount of TNF-α produced and released by the placenta. The
abundance of TNF-α mRNA will more likely reflect the potential for TNF-α protein production.
Data presented here show that autoantibody mediated induction of sEng only occurs in pregnant
animals and that TNF-α is a critical signaling intermediate. We see a significant increase in
TNF-α mRNA in the placentas of pregnant mice injected with IgG from women with
preeclampsia. The increase is prevented by co-injection with losartan or the 7-aa epitope
peptide, indicating that the increase is due to AT1-AA mediated AT1 receptor activation. Thus,
in our AT1-AA induced model of preeclampsia in mice, and the data from human placenta
villous explants, suggest that the placenta is a major contributor to the resulting increase in
circulating TNF-α.

In conclusion, the work reported here is the first to link AT1-AA with the inflammatory system
to regulate placental-derived factors in both human and murine pregnancy and suggest that
TNF-α is likely an important mediator of autoantibody-induced pathophysiology associated
with PE resulting from increased production of sEng and sFlt1. Therefore the use of TNF-α
neutralizing antibodies, soluble forms of TNF-α receptors or inducers of Ho-1 to blunt the
effects of elevated TNF-α may be useful in the treatment of PE.
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CLINICAL PERSPECTIVE

Preeclampsia (PE) is a life-threatening hypertensive complication of pregnancy that is a
leading cause of maternal and neonatal mortality and morbidity in the United States and the
world. It is highly prevalent and affects ~7% of first pregnancies. Available strategies used
to manage PE are poor and currently limited to the delivery of the baby and placenta,
secondary to the lack of fundamental understanding of the etiology and pathophysiology of
the disorder. PE accounts for over 80,000 premature births each year in the US
(approximately 15% of total premature births) and over $4 billion in medical cost. Recent
studies demonstrate that two antiangiogenic factors, sFlt-1 and sEng, are elevated in the
sera of preeclamptic women and contribute to pathophysiology of PE. However, the
causative factors and molecular mechanisms responsible for their induction remain
unknown. In this study, we have identified that a circulating maternal autoantibody, the
angiotensin receptor agonistic autoantibody (AT1-AA), recently emerged as a prominent
component in the pathogenesis of the disease, stimulates both sFlt-1 and sEng production
via AT1 receptor activation and subsequent impaired placental angiogenesis in both
pregnant mice and human villous explants. We also discovered that AT1-AA-mediated
TNF-α induction, by overcoming its negative regulator, heme oxygenase-1 (HO-1), is a key
underlying mechanism responsible for impaired placenta angiogenesis by inducing both
sEng and sFlt-1 secretion from human villous explants. Thus, these studies are the first to
link AT1-AA with the inflammatory system to regulate placental derived factors and provide
important new targets for diagnosis and therapeutic intervention in the management of PE.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

sFlt1 soluble fms-like tyrosine kinase-1

Ang II angiotensin II

NT normotensive

PE preeclampsia

TNF-α tumor necrosis factor-α

AT1R AT1 receptor
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Figure 1. IgG from women with PE induces sEng secretion in pregnant but not non-pregnant mice
via AT1- receptor activation
IgG from women with PE or normotensive pregnant women was introduced by intra-orbital
injection into pregnant mice or non-pregnant mice for five days with a single injection or double
injection. (A) Plasma was collected at different time points as indicated and the concentration
of sEng was determined by ELISA. Data are expressed as mean ± SEM. * P < 0.05 versus
gestation day 18 pregnant mice injected with normotensive IgG. (B) Co-injection of losartan
or the 7-aa epitope peptide inhibited the increase of sEng production by IgG from women with
preeclampsia. * P < 0.01 versus gestation day 13 pregnant mice injected with IgG from women
with preeclampsia. ** P < 0.05 versus gestation day 18 pregnant mice injected with
preeclamptic IgG. (C) No effect on sEng production by IgG from women with preeclampsia
in non-pregnant mice. Data are expressed as mean ± SEM. N=8 for each group.
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Figure 2. Placenta contributes to sEng production in response to IgG from women with PE
(A) Semi-quantitative RT-PCR was used to quantify endoglin mRNA abundance from mouse
placentas. L: losartan, 7-aa, seven amino acid epitope peptide. (B) The ratio of Eng mRNA/β-
actin mRNA was obtained by performing densitometric analysis of multiple agarose gels (n=8
mice for each group). * P < 0.05 versus mice injected with IgG from normotensive pregnant
women; ** P < 0.05 versus preeclamptic IgG injection. Data are expressed as mean ± SEM.
(C) The expression levels of Eng and sEng protein were analyzed by western blot. The ratio
of sEng (D) or Eng (E) protein to β-actin is used to represent the sEng and Eng expression
levels. N=8 mice for each group. * P < 0.05 versus mice injected with IgG from normotensive
pregnant women. Data are expressed as mean ± SEM.
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Figure 3. CD-31 immunohistochemical staining of mouse placentas
(A) CD-31 (PECAM-1) staining of the placentas of mice injected with IgG from women with
preeclampsia (PE) and normotensive pregnancy (NT) in absence or presence of Losartan or 7-
aa epitope peptide. Inset: Junctional (J) and Labryinth (L) zone border. Four placenta were
chosen from each category (n=8 mice). Scale bar: 50µm. (B) Quantification of CD-31
(PECAM-1) staining. Mean scores are represented ± SEM. N=8 mice for each category. *
p<0.01versus normotensive IgG injection; **p<0.05 versus preeclamptic IgG injection.
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Figure 4. TNF-α is the serum factor in autoantibody-injected pregnant mice that is responsible for
induction of sEng production by endothelial cells
(A) HUVEC cells were treated with Ang II, IgG from preeclamptic or normotensive women
and the concentration of sEng in cell culture supernatant was determined. Data are expressed
as mean (± SEM) of ≥3 experiments performed in duplicate (n=12–14 patient’s IgG for each
group). (B) HUVEC cells treated with serum from control pregnant mice, pregnant mice
injected with IgG from normotensive (NT) or preeclamptic women (PE) or coinjected with
preeclamptic IgG and losartan (PE+Losartan), 7-aa epitope peptide (PE+7-aa) at day 5
following the initial injections. HUEVC cells also treated with anti-TNF-α, Enbrel or hemin
for 30 minitues before adding serum from pregnant mouse injected with IgG from women with
preeclampsia (mouse serum (PE)). After 24 hour the sEng concentration in cell culture
supernatants were measured. * P < 0.05 versus cells treated with serum from mouse injected
with normotensive IgG. ** P < 0.05 versus cells treated with serum from mouse injected with
preeclamptic IgG. Data are expressed as mean ± SEM. N =8 mice’s serum for each group. (C)
HUVEC cells were treated with TNF-α in the presence of TNF-α neutralizing antibody, Enbrel
or hemin for 24 hours. Concentration of sEng in cell culture media was determined by ELISA.
* P < 0.01 versus control untreated cells. ** P < 0.05 versus cells treated TNF-α alone. Data
are expressed as mean (± SEM) of ≥3 experiments performed in duplicate (n=9 for each group).
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(D) IgG from normotensive or preeclamptic pregnant women were introduced into pregnant
mice at gestation days 13 and 14. Mouse serum was collected at gestation days 18 and levels
of TNF-α were measured by ELISA. Data are expressed as mean ± SEM, n=5–8 for each group.
* P < 0.05 versus mice treated with normotensive IgG. ** P < 0.05 versus mice treated with
preeclamptic IgG alone. (E) Placentas were collected (n=8–10 for each group) at gestation day
18 (5 days following the initial IgG injection). Real-time PCR was performed to quantify the
TNF-α mRNA abundance. Data are expressed as mean ± SEM. * P < 0.001 versus
normotensive IgG injection. ** P < 0.01 versus preeclamptic IgG injection..
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Figure 5. AT1-AA-mediated TNF-α induction contributes to impaired placenta angiogenesis by
inducing both sEng and sFlt-1 secretion from human villous placental explants
Normal human placental villous explants were collected and treated with IgG from women
with preeclampsia or normotensive pregnant individuals in the presence or absence of various
reagents for 72 hours. (A) At the end of treatment, human placental villous explants were
collected, fixed and stained with (H&E), anti-human Eng and anti-human CD31 antibody.
Scale bar, 100 µm (H&E and CD31) or 200 µm (Eng). Syncytiotrophoblast (syn) is indicated
by arrow head. (B–C) Expression of endoglin (B) and CD31 (D) were quantified using Image-
Pro Plus image analysis sosftware. (E–F) Cell culture supernatants were collected for sEng (E)
and sFlt-1 (F) measurements by ELISA. Data are expressed as mean ± SEM of ≥4 experiments
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performed in duplicate (n=12–14 patient’s IgG for each category). * P < 0.001 versus villous
explants treated with normotensive IgG. ** P < 0.05 versus villi treated with preeclamptic IgG.

Zhou et al. Page 20

Circulation. Author manuscript; available in PMC 2011 January 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Working model of AT1-AA-mediated TNF-α induction in impaired placental angiogenesis
in preeclampsia
This diagram represents a possible signaling cascade by which the autoantibody-mediated
TNF-α induction overcomes HO-1 (heme oxygenase 1), its negative regulator, and contributes
to increased sEng and sFlt-1 secretion and subsequent impaired placental angiogenesis, a major
feature in preeclampsia. This implies blockade of TNF-α and AT1 receptor or increasing HO-1
signaling may be potential therapeutic strategies in the management of this serious disorder of
pregnancy for both mom and babies.
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