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Abstract
Preeclampsia is a prevalent life-threatening hypertensive disorder of pregnancy whose
pathophysiology remains largely undefined. Recently, a circulating maternal autoantibody, the
angiotensin II type I receptor agonistic autoantibody (AT1-AA), has emerged as a contributor to
disease features. Increased circulating maternal tumor necrosis factor alpha (TNF-α) is also
associated with the disease, however it is unknown if this factor directly contributes to
preeclamptic symptoms. Here we report that this autoantibody increases the pro-inflammatory
cytokine TNF-α in the circulation of AT1-AA-injected pregnant mice, but not in non-pregnant
mice. Co-injection of AT1-AA with a TNF-α neutralizing antibody reduced cytokine availability
in AT1-AA-injected pregnant mice. Moreover, TNF-α blockade in AT1-AA-injected pregnant
mice significantly attenuated the key features of preeclampsia. Autoantibody-induced
hypertension was reduced from 131±4 to 110±4 mmHg and proteinuria was reduced from 212±25
to 155±23 μg albumin/mg creatinine (both P<0.05). Injection of PE-IgG increased the serum
levels of circulating soluble fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin (sEng)
(34.1±5.1, 2.4±0.3 ng/ml, respectively), and co-injection with the TNF-α blocker significantly
reduced their levels (21.7±3.4, 1.2±0.4 ng/ml, respectively). Renal damage and placental
abnormalities were also decreased by TNF-alpha blockade. Lastly, the elevated circulating TNF-α
in preeclamptic patients is significantly correlated to the AT1-AA bioactivity in our patient cohort.
Similarly, the autoantibody, through AT1 receptor mediated TNF-α induction, contributed to
increased sFlt-1, sEng secretion and increased apoptosis in cultured human villous explants.
Overall, AT1-AA is a novel candidate that induces TNF-α, a cytokine which may play an
important pathogenic role in preeclampsia. Keywords: Basic Science; Experimental models; Pre-
eclampsia/pregnancy; Angiotensin receptors; Inflammation.
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Introduction
Preeclampsia (PE) is a disorder of pregnancy characterized by maternal hypertension and
renal dysfunction. It affects ~7% of first pregnancies and is a leading cause of maternal and
perinatal morbidity and mortality1, 2. Available strategies used to manage PE are poor and
currently limited to the delivery of the baby and placenta. By understanding the molecular
pathways involved in the development of PE, we can expand the therapeutic strategies used
to treat this disease. Recent studies report that preeclamptic women possess angiotensin II
type I receptor agonistic autoantibodies (AT1-AA) that bind to and activate AT1 receptors in
multiple cellular systems3-8. AT1-AA provoke biologic responses relevant to the
pathophysiology of the disorder9-13. Exploring beyond these in vitro studies, we have
recently demonstrated that the injection of pregnant mice with AT1-AA recapitulates key
preeclamptic symptoms: hypertension, proteinuria, renal and placental abnormalities, and
the increase of the anti-angiogenic factors soluble fms-like tyrosine kinase-1 (sFlt-1) and
soluble endoglin (sEng)14, 15. These in vivo studies offered direct evidence of the
pathophysiologic role of AT1-AA in PE and provided an animal model to use as an
investigative tool to analyze the underlying pathogenic mechanisms associated with the
disorder.

For example, increased tumor necrosis factor-alpha (TNF-α) is associated with PE and has
been speculated to contribute to the disease16-20. However, the factors which elevate this
cytokine in PE are unknown and the exact contribution of TNF-α to disease features
remains largely undefined. There is considerable evidence linking angiotensin II (ANG II) to
the regulation of TNF-α. TNF-α can be increased via ANG II induced AT1 receptor
activation in endothelial cells21 and can result in end-organ damage in both the heart22 and
kidney23-25. In addition, both Papp et al. and Wang et al. have reported that apoptosis by
TNF-α requires functional AT1 receptor activation by ANG II in target cells26, 27. Taken
together, these and other reports suggest that AT1 receptor signaling and the release of TNF-
α are closely related. Therefore, in the setting of PE, excessive activation of the AT1
receptor by the autoantibody may lead to deleterious increases in TNF-α, resulting in
maternal symptoms. Here we investigate the contributory role of AT1-AA-induced elevation
of TNF-α in the pathogenesis of PE using a mouse model of the disease.

Materials and Methods
For an expanded Methods section, please refer to http://hyper.ahajournals.org.

Patients
Patients admitted to Memorial Hermann Hospital were identified by the Obstetrics faculty of
the University of Texas Medical School at Houston. Preeclamptic patients (n=20) were
diagnosed with severe disease based on the definition set by the National High Blood
Pressure Education Program Working Group Report28. The criteria of inclusion, including
no previous history of hypertension, are previously reported14, 15, 29. Control pregnant
women were selected on the basis of having an uncomplicated, normotensive pregnancy
with a normal term delivery (n=16). The research protocol was approved of by the
Institutional Committee for the Protection of Human Subjects.

Human placental explant collection and culture
Human placentas were obtained from normotensive patients who underwent an elective term
cesarean section at Memorial Hermann Hospital in Houston, Texas. The explant culture
system was developed from Ahmad, et al.30. Upon delivery, the placentas were placed on
ice and submerged in phenol red-free DMEM containing 0.2% bovine serum albumin and
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1% antibiotics. Five to seven chorionic villous explant fragments were carefully dissected
from the placenta and transferred to 24-well plates for an overnight equilibration period at
37°C and 5% CO2. All initial processing occurred within 30 minutes of delivery. The next
day, the explants were incubated with either saline, ANG II (100nM), IgG from
normotensive women (NT-IgG; 1:10 dilution), NT-IgG +/− losartan (5μM) or 7-aa (1μM),
AT1-AA (PE-IgG), PE-IgG +/− losartan (5μM), 7-aa (1μM) or anti-TNF-α antibody (5μg/
mL). After 24h, the collection media was siphoned and stored at -80°C and the villous
explants were lysed or fixed overnight in 10% formalin for embedding in paraffin wax for
further analysis.

Introduction of human antibody into pregnant mice & blood pressure measurement
Purified IgG were isolated from preeclamptic or normotensive patient sera (PE-IgG and NT-
IgG, respectively) and their adoptive transfer into pregnant mice was carried out as
previously published14, 15, 31. Briefly, pregnant C57Bl/6J mice (Harlan) were used. Mice
were anesthetized with sodium pentobarbital (50 mg/kg i.p.) and concentrated IgG purified
from 200μl patient serum was introduced into pregnant mice by retro-orbital sinus injection
twice, on gestational day (GD) 13 and GD14 (PE, n=9; NT, n=9). For neutralization
experiments, the autoantibody was simultaneously co-injected twice, with either losartan (8
mg/kg i.v.) (n=9) or the 7-aa epitope peptide (50 mg/kg i.v.; sequence AFHYESQ) (n=9).
Some dams were co-injected with purified autoantibody and a polyclonal antibody against
TNF-α (Abcam) (n=9). They received 0.6μg/g body weight intraperitoneal shots of
antibody daily. This dosage was adapted from experiments previously described32-34. As a
control, another group of mice was injected with the anti-TNF-α antibody in the same
manner, but with no accompanying purified human IgG (n=9). The systolic blood pressure
of all mice was measured at the same time daily (+/−1h) 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 on
GD18 prior to delivery when their serum and organs, including placentas, were collected.
All animal protocols were reviewed and approved of by the institutional Animal Welfare
Committee, University of Texas at Houston Health Science Center, Houston, TX.

ELISAs
The serum concentrations of TNF-α, sFlt-1 and sEng were determined quantitatively using
commercial kits (R&D Systems). For the standard curve experiment either 0.0 (control), 0.5
or 5.0 μg/ml of anti-TNF-α (Abcam) was added to known concentrations of recombinant
mouse TNF-α, and the mixtures were assessed by ELISA for its ability to detect either
bound or free cytokine (R&D Systems). To determine if the ELISA kit used measured only
free, unbound TNF-α, or if it was capable of detecting the TNF-α bound to the anti-TNF-α
antibody, a standard curve for the cytokine was generated in the absence or presence of
varying amounts of the TNF-α blocker (0.0, 0.5 and 5.0 ng/ml). The ELISA procedure was
carried out according to the manufacturer’s protocol and the optical density was determined
at 450 nm. All assays were performed in duplicate and the TNF-α protein concentrations
were derived from a standard curve generated from known amounts of the recombinant
mouse protein.

Statistical analysis
All data were expressed as the mean ± SEM. Data were analyzed for statistical significance
using GraphPad Prism 4 software (GraphPad Software). Student’s t tests (paired or unpaired
as appropriate) were applied in two-group analysis. Differences between the means of
multiple groups were compared by the one-way analysis of variance (ANOVA), followed by
post-hoc analysis. To determine a statistical correlation between AT1-AA bioactivity and
serum TNF-α, Spearman’s rank correlation was applied and an “r” coefficient value was

Irani et al. Page 3

Hypertension. Author manuscript; available in PMC 2012 June 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



calculated. A value of P<0.05 was the threshold to reject the null hypothesis and was
considered statistically significant.

Results
Circulating TNF-α is increased by AT1 receptor activation in autoantibody-injected
pregnant mice but not in non-pregnant mice

To determine the role of AT1-AA in TNF-α increase in PE, we injected NT-IgG or PE-IgG
into pregnant mice at GD13 and GD14 as previously described14, 15. Upon sacrifice on
GD18, the sera of antibody-injected pregnant mice were used to quantify TNF-α using a
sensitive ELISA (Fig. 1). IgG isolated from preeclamptic women (PE-IgG) increased serum
TNF-α in pregnant mice, as compared to that derived from normotensive pregnant women
(NT-IgG) (24.1±2.6 and 12.1±1.7 pg/ml, respectively; PE, n=9; NT, n=9). When PE-IgG
was co-injected into pregnant mice with losartan, an AT1 receptor blocker, or 7-aa, an
autoantibody-neutralizing epitope peptide, the autoantibody-mediated induction of TNF-α
was specifically inhibited. These results indicate that AT1-AA, by activating the AT1
receptor, could be responsible for the upregulation of TNF-α in pregnant mice.

To determine if TNF-α induction by AT1-AA in vivo is dependent upon pregnancy, we
injected NT-IgG or PE-IgG into non-pregnant mice. PE-IgG injected non-pregnant mice had
lower levels of TNF-α than PE-IgG injected pregnant mice (11.3±2.4 and 24.1±2.6 pg/ml,
respectively), and the level of TNF-α was not significantly higher in non-pregnant mice
injected with either PE-IgG or NT-IgG (11.3±2.4 and 9.4±3.2 pg/ml, respectively). Thus,
AT1-AA-mediated TNF-α induction is pregnancy-dependent.

Hypertension and proteinuria are reduced in AT1-AA-injected pregnant mice through TNF-
α blockade

To elucidate the role of TNF-α in the pathogenesis of PE, we co-injected pregnant mice
with PE-IgG and a TNF-α neutralizing antibody (n=9). We quantitatively confirmed that the
TNF-α neutralizing antibody attenuated the induction of the cytokine in the serum of PE-
IgG injected pregnant mice (Fig. 1). Furthermore, to determine if the ELISA kit used
measured only free, unbound TNF-α, or if it was capable of detecting the TNF-α bound to
the anti-TNF-α antibody, a standard curve for the cytokine was generated in the absence or
presence of varying amounts of the TNF-α blocker (0.0, 0.5 and 5.0 ng/ml) (Fig. S1). The
resultant curves showed no statistically significant differences. This finding suggests that
any reductions of TNF-α observed using this ELISA are physiologic, and not due to
interference of the neutralizing antibody.

In addition, the key diagnostic features of PE, hypertension and proteinuria, were both
partially attenuated by TNF-α blockade in comparison to pregnant mice injected with the
autoantibody alone (Figs. 2A-B). By GD18, neutralization of TNF-α in AT1-AA-injected
pregnant mice reduced their hypertension from 131±4 to 110±4 mmHg and urinary protein
212±25 to 155±23 μg albumin/mg creatinine (P<0.05). Pregnant mice injected with NT-IgG
retained their baseline blood pressure and renal function. Histological analysis by H&E and
TEM of mouse kidneys revealed that TNF-α blockade prevented autoantibody-mediated
renal damage (Fig. S2A-B). The glomeruli of mice injected with NT-IgG did not display any
renal morphologic changes. These findings provide evidence for the role of AT1-AA-
induced TNF-α in the key maternal features of PE seen in autoantibody-injected pregnant
mice. Finally, injection of PE-IgG increased the serum levels of sFlt-1 and sEng (34.1±5.1,
2.4±0.3 ng/ml, respectively), and co-injection with an anti-TNF-α antibody significantly
reduced the levels of sFlt-1 and sEng (21.7±3.4, 1.2±0.4 ng/ml, respectively) (Figs. 2C-D).
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Overall, these findings provide animal evidence of the contributory role of AT1-AA-induced
TNF-α in PE.

AT1-AA-induced placental abnormalities are reduced by TNF-α blockade in pregnant mice
In addition to abnormal kidneys, H&E staining (Fig. 3A) demonstrated that the labyrinth
zones of the placentas of PE-IgG injected mice had placental calcifications, a hallmark of
placental distress, and centers of fibrinoid necrosis similar to that of acute atherosis, a
feature observed in human placentas from women with preeclampsia35, 36. The placentas of
mice injected with NT-IgG had undamaged placentas free from calcifications and fibrinous
centers. Co-injection of pregnant mice with PE-IgG and an anti-TNF-α antibody reduced the
histopathologic changes observed in the placentas of PE-IgG injected animals. Placental
weights of PE-IgG injected pregnant mice were smaller (0.09±0.02g) than placentas from
NT-IgG injected mice (0.11±0.02g) (P<0.05). Co-injection of an anti-TNF-α antibody
restored the autoantibody-induced placental weight reductions to 0.10±0.04g. In addition,
the weight of fetuses born in litters of 6-8 pups was analyzed. Autoantibody-injected mice
bore fetuses of less weight (1.06±0.19g) as compared to dams injected with NT-IgG
(1.24±0.06g) (P<0.05). Co-injecting AT1-AA with a TNF-α blocker restored fetal size to
1.11±0.43g. As compared to the NT-IgG-injected animals, injection of the anti-TNF-α
antibody alone had no statistically significant effect on placental or fetal weight (0.16±0.05g
and 1.27±0.10g, respectively). Fetal and placental pairs: PE, n=46; NT, n=53; PE+Anti-
TNF-α, n=37; Anti-TNF-α alone, n=34. Overall, the autoantibody induced reductions in
placental and fetal weights were restored by co-injection of a TNF-α blocker, implying an
important role for this cytokine in the regulation of these effects.

Finally, we demonstrated that programmed cell death was increased in the labyrinth zone of
placentas from mice injected with AT1-AA as seen by quantified TUNEL staining (Figs.
3B-C). This was further confirmed by western blot analysis of Bax and Bcl-2, two apoptotic
regulatory proteins (Fig. S3A-B). The degree of apoptosis was reduced in the placentas of
mice co-injected with PE-IgG and the anti-TNF-α antibody. Mice injected with NT-IgG did
not show increased apoptosis. This evidence confirms the fact that AT1 receptor activation
can increase mouse placental damage and TNF-α blockade can reduce these detrimental
effects.

Serum TNF-α level correlates to AT1-AA bioactivity in preeclamptic women
To determine if a relationship exists between AT1-AA and TNF-α, we compared the serum
level of TNF-α with AT1–AA bioactivity of NT pregnant women (n=16) and women with
PE (n=20). First, we confirmed that serum TNF-α was elevated in our preeclamptic cohort
(Fig. S4). Next, the bioactivity level of AT1-AA in these two patient groups was determined
by an established luciferase reporter gene system14. The preeclamptic patients showed
increased AT1-AA-induced bioactivity as compared to their NT counterparts (5.17±1.07,
n=20, and 0.14±0.04, n=16, fold induction, respectively, P<0.001) (Table S1). Intriguingly,
the level of AT1-AA bioactivity significantly correlated to serum TNF-α level when we
analyzed the preeclamptic patients (Fig. 4, r=0.85, n=20, P<0.001). These data confirm
earlier reports that preeclamptic patients harbor AT1-AA and show for the first time that
autoantibody bioactivity is correlated to serum TNF-α level in preeclamptic women.

AT1 receptor-mediated TNF-α induction contributes to placental damage and sFlt-1 and
sEng secretion in human villous explants

No elevation of the cytokine was observed in non-pregnant animals injected with the
autoantibody, therefore the placenta may contribute to the production of autoantibody-
induced TNF-α. As such, we took advantage of human placental villous explants to assess
the direct role of AT1-AA in TNF-α production in humans. Placental explants incubated
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with PE-IgG showed an increase in secreted TNF-α, whereas the cytokine was not induced
in explants incubated with NT-IgG (913.1±62.3 and 250.6±21.6 pg/ml, respectively,
P<0.05) (Fig. 5A). AT1 receptor activation was required for TNF-α secretion, as co-
incubation of PE-IgG with either losartan or a 7-aa attenuated the induction of TNF-α levels
(214.4±24.1 and 506.4±163.8 pg/ml, respectively, P<0.05 versus PE-IgG). Thus, the
autoantibody is capable of inducing TNF-α secretion via AT1 receptor activation by human
placental villous explants.

Then, human placental explants and the explant culture medium were examined for
pathological changes associated with PE. Explants exposed to PE-IgG demonstrated
increased placental apoptosis, as determined by a TUNEL assay and index, which was
blocked by the presence of a TNF-α blocking antibody (Fig. 5B-C). Placental fragments
incubated with NT-IgG did not show significant apoptosis. This evidence was corroborated
with western blot analysis (Fig. S5A-B). In addition, autoantibody-mediated increases in
sFlt-1 and sEng by human placental explants were reduced by TNF-α blockade (Figs. 5D-
E). These findings are consistent with those observed in the mouse model and suggest that
AT1-AA-induced TNF-α mediates placental damage.

Discussion
In this study, we have identified for the first time that an elevated TNF-α level is correlated
to AT1-AA bioactivity in preeclamptic women and provided both in vitro human studies and
in vivo mouse evidence that AT1-AA is a novel candidate directly inducing TNF-α
production via AT1 receptor activation. Neutralizing AT1-AA-mediated TNF-α induction
attenuates the increased placenta apoptosis and sFlt-1 and sEng secretion by cultured human
villous explants. Moreover, TNF-α blockade ameliorates the key features associated with
PE seen in autoantibody-injected pregnant mice in vivo. Both the mouse and human studies
reported here provide strong evidence that AT1 receptor activation by the autoantibody
induces TNF-α and that increased TNF-α production may be an underlying mechanism
contributing to the pathophysiology of the disease.

While TNF-α is reportedly increased in the circulation of preeclamptic women37-39, the
exact cause of increased cytokine production is unknown, as is its pathogenic role. Multiple
in vitro studies demonstrate 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 PE40-42. There are few animal
models of PE available and none of them have delineated the cause of increased TNF-α and
its pathogenic role. Here, using a novel autoantibody-induced model of PE in pregnant mice,
we demonstrate that autoantibody-mediated AT1 receptor activation induces TNF-α, and
that its production through this mechanism is pregnancy-dependent. Since IgG purified from
normotensive pregnant women did not elicit the same increase, the effect can be attributed to
the autoantibody itself and not a non-specific immunologic response.

Next, we found that TNF-α blockade attenuates AT1-AA-induced preeclamptic features in
autoantibody-injected pregnant mice, including hypertension and proteinuria. This finding
indicates that anti-TNF-α antibody treatment decreases cytokine induction in autoantibody-
injected pregnant mice. We believe that without interference, TNF-α-induced cell damage
and inflammation create a detrimental cycle, facilitating further cell damage and
inflammation. However, in the presence of an anti-TNF-α antibody which neutralizes TNF-
α effects, this damage is decreased, slowing the malicious cycle. Thus, we have revealed
that AT1-AA is a key mediator in inducing the increased TNF-α in PE and blockade of this
cytokine can attenuate disease features. In fact, similar to the effects of anti-TNF-α
treatment in our AT1-AA-injected pregnant mice, a soluble TNF-α receptor also attenuates
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preeclamptic-like features seen in pregnant rats generated by reduced uterine placental
perfusion (RUPP)43. Thus, both of these animal studies provide strong preclinical evidence
to support the novel therapeutic possibility of targeting this deleterious cytokine associated
with PE.

It is well-established that ANG II can act through the AT1 receptor to increase TNF-α21-27.
In this way, the autoantibody may regulate the secretion of TNF-α resulting in maternal
symptoms. Although this potential role of TNF-α in preeclamptic hypertension and
proteinuria has been suggested, the pathogenic mechanisms underlying its effects are not
clearly identified. Earlier studies have shown that the pro-inflammatory TNF-α is associated
with both vascular damage and hypertension44. Jovinge et al. have shown that TNF-α-
deficient mice have reduced atherosclerotic lesions, suggesting that the cytokine plays a key
role in vascular injury45. Similarly, in salt-sensitive rats, TNF-α blockade has been
successful in alleviating both the hypertension and renal damage observed in this model46.
In pregnant rats, TNF-α enhances contraction and inhibits endothelial nitric oxide-cGMP-
mediated relaxation in systemic vessels, which could contribute to hypertension47. Chronic
infusion of TNF-α into pregnant rats to achieve two-fold increase in concentration is
sufficient to induce hypertension and increase endothelin-1 production, which the authors
believe contributes to the vascular damage associated with the maternal symptoms of PE48.
These examples illustrate that the inflammatory properties of TNF-α contribute to vascular
damage and high blood pressure, which could therefore do the same in PE. In addition,
Muller et al. report a double transgenic rat model with increased levels of circulating ANG
II which exhibits hypertension, renal dysfunction as well as increased TNF-α49. In this
model, the authors believe that increased TNF-α contributes to kidney injury via
complement activation and that excess ANG II sensitizes the vasculature to the effects of the
cytokine. The induction of TNF-α in the autoantibody-injection model of PE is
accompanied with an autoantibody-mediated increases in sFlt-19, 14. Others have also shown
that sFlt-1 and sEng are induced by TNF-α30, 50. In conjunction with these studies, the
results of the PE animal model reported here provide evidence to support the novel concept
that autoantibody-mediated AT1 receptor activation induces TNF-α production resulting in
the maternal features of PE.

It should not be overlooked that AT1-AA alone may contribute directly to certain features of
PE which are independent of TNF-α. For example, the autoantibody can directly stimulate
the AT1 receptors of vascular smooth muscle cells and induce vasoconstriction51-53.
Likewise, the autoantibody could activate AT1 receptors on endothelial cells resulting in the
synthesis of endothelin-1, a powerful vasoconstrictive agent54, 55. The autoantibody may
also directly bind to AT1 receptors on renal mesangial cells to induce PAI-1 secretion13.
Therefore, it is not surprising that TNF-α blockade only partially relieves autoantibody-
induced features of PE, including the partial attenuation of hypertension and proteinuria
observed in the pregnant mice co-injected with the autoantibody and an anti-TNF-α
antibody (Fig. 2). However, it is clear through the evidence presented here that reducing
TNF-α significantly attenuates the key preeclamptic symptoms initiated by AT1-AA in
pregnant mice, indicating an important role for this cytokine which warrants further
investigation.

Decreasing the amount TNF-α circulating in preeclamptic mice may both directly and
indirectly alleviate many disease features. In the placenta, decreasing TNF-α production
may directly reduce the amount of trophoblast apoptosis and result in a healthier organ. By
limiting placental damage, reductions in TNF-α may decrease the release of key anti-
angiogenic factors, sFlt-1 and sEng. With little increase in these factors, the subsequent
maternal vascular and renal damage may be alleviated, thereby reducing maternal
symptoms. As mentioned earlier, TNF-α is capable of inducing vascular injury through the
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initiation of inflammatory cascades. Should this pathway not be instigated, then the
endothelial damage associated with PE may not be as severe, and the symptoms may be
lessened. Together, these scenarios indicate that TNF-α may be either directly or indirectly
contributing to preeclamptic features and its blockade can reduce their severity.

Perspectives
Taken together, our studies identify AT1-AA as a novel candidate contributing to the
increased TNF-α production in PE. Both human and mouse studies demonstrate that this
inflammatory cytokine plays an important role in the pathogenesis of this hypertensive
condition. Of significant importance, neutralization of TNF-α reduces the maternal features
of the disease, such as hypertension and proteinuria, in an adoptive transfer mouse model of
PE. In addition, AT1-AA-induced placental damage can be alleviated by preventing TNF-α
action in human villous explants. These findings indicate a critical role of TNF-α in
placental damage and symptom development. The work reported here could be the
foundation for future studies leading to a new therapeutic strategy for PE, a life-threatening
disorder of pregnancy for which the current treatment is extremely limited and the
complications are especially dire.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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AT1-AA angiotensin receptor agonistic autoantibody

NT normotensive
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sFlt-1 soluble fms-like tyrosine kinase-1

TNF-α tumor necrosis factor alpha
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Figure 1. TNF-α is increased in AT1-AA-injected pregnant mice
Serum TNF-α was elevated in PE-IgG injected pregnant mice but not in NT-IgG injected
pregnant mice. Co-injection of losartan or 7-aa resulted in decreased serum TNF-α levels in
PE-IgG injected pregnant mice. Non-pregnant animals injected with similarly purified
human IgG fractions (white bars) did not demonstrate increased cytokine levels. n=9 for
each variable. *P<0.05 versus NT-IgG. **P<0.05 versus PE-IgG.
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Figure 2. TNF-α blockade reduces AT1-AA-induced preeclamptic-like features
The key features of PE, hypertension (A) and proteinuria (B) present in the PE-IgG-injected
pregnant mice were reduced by co-injection with a TNF-α blocker. In addition, sFlt-1 (C)
and sEng (D) were also reduced with the co-injection of the autoantibody and the TNF-α
blocker. n=9 for each variable. *P<0.05 versus NT-IgG. **P<0.05 versus PE-IgG.
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Figure 3. Autoantibody-induced placental damage can be prevented by TNF-α neutralization
Placentas assessed by H&E staining (Panel A, 40X) indicate that PE-IgG injected mice had
damaged placentas: calcifications (thin arrow) and fibrotic areas (thick arrow). Their
labyrinth zones appear heterogeneous and have abnormal pools of blood (inset box).
Placental apoptosis was assessed by TUNEL staining (Panel B, 10X, scale bar=1 mm). PE-
IgG injected mice had increased apoptosis in their labyrinth zones as compared to NT-IgG
injected animals. Quantification of the TUNEL assay (C) indicates a reduction in the
TUNEL-positive cells in mice co-injected with PE-IgG and a TNF-α blocker as compared to
the PE-IgG injected animals. n=18 placentas per variable, from 9 different mice in each
group. Green; TUNEL-positive cells. Blue; DAPI-positive nuclei. Mice injected with NT-
IgG or the anti-TNF-α antibody alone had unremarkable placentas. *P<0.05 versus NT-IgG.
**P<0.05 versus PE-IgG.
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Figure 4. Serum TNF-α positively correlates to AT1-AA bioactivity
A positive correlation between the level of AT1-AA bioactivity and serum TNF-α level was
identified in preeclamptic women. Spearman’s rank correlation was used to determine an r-
value (r=0.85, n=20, P<0.001).
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Figure 5. TNF-α blockade prevents AT1 receptor-mediated damage in human placental villous
explants
Culturing human villous explants with PE-IgG resulted in TNF-α secretion (A). Co-
culturing the explants with PE-IgG and losartan (5μM) or 7-aa (1μM) reduced the cytokine
level. Apoptosis was increased in explants incubated with AT1-AA and was partially
diminished by blocking TNF-α activity as demonstrated by a TUNEL assay (B). Green;
TUNEL-positive cells. Blue; DAPI-positive nuclei. 10X. Quantification of TUNEL staining
(C) indicates that co-incubation with PE-IgG and an anti-TNF-α agent (5μg/ml) reduces the
amount of apoptosis. Secretion of sFlt-1 (D) and sEng (E) were reduced by co-incubation of
the autoantibody with an anti-TNF-α antibody. Six different placentas were collected, and
from each, n=4 for every variable, total n=24 per variable. *P<0.05 versus NT-IgG.
**P<0.05 versus PE-IgG.
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