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Summary
Alterations in vascular function contributes to hypertension as well as multi-organ dysfunction in
women with preeclampsia (1,4, 11–14). Preterm preeclampsia remains a leading cause of maternal
death and perinatal morbidity and most recently it has been recognized that women whom endure
preeclampsia are at a greater risk for cardiovascular disease later in life. The pathophysiologic
processes that underlie preeclampsia has been proposed to occur in two stages: stage 1, reduced
placental perfusion, and stage 2, the maternal clinical syndrome (1,4). Placental ischemia/hypoxia
is believed to result in the release of a variety of placental factors that have profound effects on
blood flow and arterial pressure regulation (Figure 1) (1, 4, 10, 11). These factors include a host of
molecules such as the soluble VEGF receptor-1 (sFlt-1), the angiotensin II type-1 receptor
autoantibody (AT1-AA), and cytokines such as TNF-α and Interleukin 6 which in turn generate
widespread dysfunction of the maternal vascular endothelium (1–11). This dysfunction results in
formation of factors such as endothelin, reactive oxygen species (ROS), and augmented vascular
sensitivity to angiotensin II (1–11). In addition, preeclampsia is also associated with decreased
formation of vasodilators such as nitric oxide and prostacyclin (1–11). These alterations in
vascular function not only lead to hypertension but multi-organ dysfunction, especially in women
with early onset preeclampsia (1,4, 11–14). Therefore, identifying the connection between
placental ischemia and maternal cardiovascular abnormalities is an important area of investigation
(1,10,11,21). In addition, the quantitative importance of the various endothelial and humoral
factors that mediate vascular dysfunction and hypertension during preeclampsia remains to be
elucidated.

Immune activation and cytokine production in preeclampsia
Preeclampsia has long been considered an immunologically based disease (16–19). During
normal pregnancy TNF alpha promotes expression of adhesion molecules in maternal
endothelial cells and activates phagocytic cells that are important mediators of
morphological changes in the uterine arteries. Under normal conditions the cytotrophoblasts
undergo endovascular invasion allowing their replacement of the endothelial and muscular
linings of the uterine arterioles. As a result of this invasion, the spiral arteriolar vessel
diameter increases allowing enhanced perfusion to meet the metabolic needs of the
uteroplacental unit. By the end of the second trimester the cytotrophoblasts line the decidua
and endothelial cells are no longer visible. However, during preeclampsia, cytotrophoblast
invasion of the uterus is shallow and the endovascular invasion is incomplete thus inhibiting
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essential morphological changes of the maternal uterine vasculature from occurring (16,17).
As a result the mean arterial diameter of the first third of myometrial vessels is less than half
of that of vessels isolated from normal pregnant placentas. Furthermore, the endothelial
lining of the maternal vasculature remains, allowing interactions with activated immune
cells and proinflammatory cytokines to persist leading to characteristics of a chronic
inflammatory condition.

Many inflammatory cells are activated in the circulation and infiltrate into renal and
placental tissues. Macrophages, neutrophils and T Lymphocytes of the Th1 subset are the
predominant cell type mediating the inflammatory cascade in women with preeclampsia
(16–20). Furthermore, the cytokine profile of women with preeclampsia is consistent with a
cell mediated immune response that utilizes neutrophils, macrophages and CD4+Th1 cells
as a defense mechanism against microbial infections. As a result, elevated inflammatory
cytokines and the oxidative burst of phagocytic cells persist resulting in vascular oxidative
stress during preeclampsia (16–20)

Inflammatory cytokines
While several groups have suggested a potential role for inflammatory cytokines in the
etiology of preeclampsia much remains unknown concerning factors stimulating the increase
of these cytokines (20–22). Freeman and colleagues recently examined changes in
inflammatory markers prospectively during pregnancy and the current inflammatory status
of women who had a pregnancy complicated by preeclampsia 20 years previously against
matched controls and found that preeclampsia was associated with short- and long-term
changes in inflammatory status (22). While Armanini and Calo (23) suggested that
aldosterone could play an important role in the genesis of this increased susceptibility of
inflammatory process in preeclampsia, other factors such as obesity, diabetes, and placental
ischemia could also be involved (24–26).

Preeclampsia is characterized by compromised vascular remodeling which results in
decreased placental perfusion and creates a hypoxic environment for placental and fetal
tissues. Under hypoxic conditions, placental explants from preeclamptic women exhibit a
twofold increase in TNF alpha compared to explants from normal pregnant women (20).
Preeclamptic women have a twofold elevation in placental and plasma TNF alpha protein
levels (21). Circulating levels of other pro-inflammatory cytokines such as IL-8 and IL-6 are
also significantly elevated in preeclamptic women. Interestingly, circulating IL-10, an anti-
inflammatory cytokine, is decreased in these same women (18).

While inflammatory cytokines such as IL-6 and TNF-α have been reported by some
laboratories to be elevated in preeclamptic women, it has been uncertain whether moderate
and long-term increases in cytokines during pregnancy could result in elevations in blood
pressure. We previously reported that chronic reductions in uterine perfusion pressure
(RUPP) in the pregnant rat increases arterial pressure and impairs endothelial function
(24,25). We have previously reported that RUPP in pregnant rats results in a chronic
inflammatory response, characterized by elevated circulating TNF alpha and immune
infiltrates in the placenta (24,25).Furthermore our laboratory has shown increased TNF
alpha transcript in renal cortices and medulla of RUPP rats compared to normal pregnant
rats. Moreover, recent studies from our laboratories indicate that chronic overexpression of
TNF-α or IL-6 during pregnancy, at concentrations mimicking that observed in
preeclamptic women, increases arterial pressure and decreases renal plasma flow and
glomerular filtration rate (24,25,27). In addition we have demonstrated activation of various
immune cells infiltrated into tissues in response to placental ischemia. These immune cells
are a constant source allowing the persistence of these proinflammatory cytokines
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T lymphocytes
Macrophages and dendritic cells are antigen presenting cells (APC) for activation of T
helper (Th1) lymphocytes (28). Activation of Th1 cells proceeds through co-stimulatory
pathways involving B7 receptors on the APC binding with CD28 on the T cell (28–33).
Recent evidence implicates an imbalance between regulatory (Treg) and effector T cells in
preeclamptic women (31). There is considerable evidence both in humans and in mice for
the importance of Interleukin 17 in the development and progression of chronic
inflammatory and autoimmune diseases. IL17-producing CD4(+) T cells (Th17 cells) are the
dominant pathogenic cellular component in autoimmune inflammatory diseases, including
autoimmune arthritis, psoriasis and multiple sclerosis (32). In contrast, Tregs(foxp3+Tcells)
have anti-inflammatory properties and can cause quiescence of autoimmune diseases (32).
In a recent study the frequencies of circulating Tregs(foxp3+CD4+Tcells), IFN-gamma,
IL-10, or IL-17 at the end of the third trimester of healthy and preeclamptic pregnancies
were compared (31). Th17 cells and regulatory T (Treg) cells were detected by flow
cytometry. Preeclamptic women showed abnormal ratios of Foxp3(+) Treg to IL-17-
expressing CD4(+) T cells (31). The percentage of CD4(+)IL-17-producing T cells were
decreased significantly in normal pregnant women compared with preeclamptic pregnancies.
Although preeclampsia is associated with increased IL-17 and decreased Tregs it is
unknown if placental ischemia is a stimulus for the imbalance between Th17 vs Tregs or if
there are other maternal or paternal factors leading to this dysregulation of immune factors.

B Lymphocytes
T cells divide and secrete interleukins and cytokines, such as TNF-α and IL-6, and assist
other immune cells, such as B lymphocytes in their routine function including production of
all forms of immunoglobulin (28,33,34). For full activation of B lymphocytes interaction
with activated T lymphocyte via the CD4 receptor and several costimulatory molecules must
occur. Two mechanisms whereby B lymphocytes are stimulated to produce antibody exist
(28,32,33). The pathway of antibody production referred to as the T cell dependent pathway
is the route for immunological memory that results in a second more robust antibody
response to the same antigen. This pathway is mediated through macrophages, dendritic
cells and T Lymphocytes of the T helper 1 lineage which secrete cytokines such as TNF-α,
IL-1, IL-6 and IL-8, all of which are elevated in preeclamptic women. (20,21,24,25,27).

Angiotensin II type-1 receptor autoantibody, AT1-AA, have been shown to be produced by
all women with reductions in placental blood flow examined thus far and production of the
autoantibody is not terminated upon delivery of the fetus and placenta (35). It is unknown
how long or to what extent these women continue to produce AT1-AA or if it plays a role in
the development of cardiovascular disease which is prevalent later in life for peeclamptic
women. Defining the pathway of AT1-AA production will aid in understanding it’s
reoccurrence in preeclamptic women. Chronic overexpression of the AT1-AA via activated
T cell dependent mechanisms could mediate degeneration in renal function leading to
gradual increases in arterial pressure among preeclamptics.

Endothelial Dysfunction and Preeclampsia
The maternal vascular endothelium appears to be an important target of factors that are
triggered in preeclampsia (1, 2, 4, 10, 11). Endothelium-derived relaxing and contracting
factors play an important role in the regulation of vascular resistance and blood pressure.
When abnormalities in the production or action of these factors occur, the vasculature is
predisposed to vasoconstriction, leukocyte adherence, oxidation, and vascular inflammation
(1, 2, 4). Markers of endothelial dysfunction are often elevated weeks prior to observance of
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clinical manifestations and therefore, may serve as predictors of the syndrome in women
that develop preeclampsia (5–9).

Potential Mediators of Endothelial Dysfunction
Nitric Oxide (NO)

NO production is significantly elevated in normal pregnancy. Experimental studies also
suggest that NO production plays an important role in the cardiovascular adaptations of
pregnancy (11, 12, 36–40). Since NO is an important physiological vasodilator in normal
pregnancy, NO deficiency during preeclampsia has been suggested to play a role in the
disease process (36–43). While numerous studies indicate chronic NOS inhibition in
pregnant rats produces hypertension associated with peripheral and renal vasoconstriction,
proteinuria, intrauterine growth restriction, and increased fetal morbidity (41–44) it is
unclear whether a NO deficiency occurs in women with preeclampsia. Much of the
uncertainty in this area of research originates from the difficulty in directly assessing the
activity of the NO system in the clinical setting. Recently, Noris et al (41) suggested that L-
arginine depletion, caused by arginase II overexpression, may orient nitric oxide synthase
toward oxidant species in the preeclamptic placenta. In addition, McCord and colleagues
(40) reported that a relative deficiency of arginine in peripheral blood mononuclear cells
may favor superoxide and peroxynitrite production and contribute to oxidative and
nitrosative stress in preeclampsia. In a study by Conrad and colleagues (36), under
conditions that were carefully monitored to reflect endogenous production and not dietary
intake, there was no evidence for a decrease in NO production by measure of plasma or
urinary excretion of nitrite and nitrate. Previous investigators have assessed the activity of
the NO system in response to placental ischemia and cytokine excess in pregnant rats (42–
45). Placental ischemia in pregnant rats has no effect on urinary nitrite/nitrate excretion
relative to control pregnant rats, however, basal and stimulated release of nitric oxide from
isolated vascular strips were significantly lower in the placental ischemic rat (42–44)

Oxidative Stress
In disease states of oxidative stress, an imbalance of pro-oxidant and anti-oxidant forces
results in endothelial dysfunction, either by direct actions on the vasculature or through
vasoactive mediators (45–50). During preeclampsia, oxidative stress may result from
interactions between the maternal component which may include preexisting conditions
such as obesity, diabetes, and hyperlipidemia, and/or the placental component which may
involve secretion of lipid peroxides (45–50). Oxidative stress may mediate endothelial cell
dysfunction and contribute to the pathophysiology of preeclampsia as indicated by the
increased pro-oxidant activity along with decreased anti-oxidant protection in preeclampsia.
A decrease in Superoxide dismutase (SOD) levels and reduced SOD activity has been
reported in neutrophils and placentas of women with preeclampsia (45) illustrating an
important link between the maternal and placental components.

In addition, several important anti-oxidants are significantly decreased in women with
preeclampsia. Vitamin C, vitamin A, vitamin E, β-carotene, glutathione levels, and iron-
binding capacity are lower in the maternal circulation of women with preeclampsia than
women with a normal pregnancy (45–50). Due to low plasma vitamin C concentrations in
preeclamptic women, investigators suggested that a combination of vitamins C and E may
be a promising prophylactic strategy for prevention of preeclampsia (49,50). However, a
recent multi-center clinical trial showed that antioxidant supplementation with vitamins C
and E during pregnancy did not reduce the risk of intrauterine growth restriction,
preeclampsia or death in nulliparous women (49). Furthermore, in one study
supplementation with vitamin C and vitamin E increased the incidence of low birthweight

LaMarca Page 4

Minerva Ginecol. Author manuscript; available in PMC 2013 August 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



babies thus indicating the use of high dose vitamin C and vitamin E does not appear to be
justified during preeclampsia (50).

NAD(P)H oxidases are an important source of superoxide in neutrophils, vascular
endothelial cells, and cytotrophoblast. Increased expression of NAD(P)H oxidase subunits
have been reported in both trophoblast and placental vascular smooth muscle cells in
placental tissue of women with preeclampsia (48). Moreover, higher placental NAD(P)H
oxidase activity has been reported in women with early-onset preeclampsia as compared
with those with late-onset of disease which is consistent with the concept that early-onset
preeclampsia is more dependent on placental dysfunction than the later-onset disease (45–
50).

Although there is evidence that oxidative stress occurs in preeclampsia, it remains unclear
whether reduced placental perfusion serves as a stimulus for increased reactive oxygen
species (ROS) or whether oxidative stress is a contributing factor in the reductions of uterine
perfusion observed in preeclampsia. Furthermore, the importance of ROS in mediating the
renal and cardiovascular abnormalities associated with placental ischemia is unknown. Our
laboratory recently reported that chronic reductions in uterine perfusion pressure (RUPP) in
pregnant rats results in cardiovascular and renal abnormalities similar to those found in
preeclamptic women (24,25,51). We showed that placental ischemia results in the
generation of oxidative stress in the placenta and a decrease in the innate antioxidant
capacity in the plasma and the renal cortex in the pregnant rat. In addition, chronic treatment
with tempol, a superoxide dismutase mimetic, attenuated the hypertension associated with
placental ischemia in RUPP pregnant rats (51). Although the results from this study did not
determine the potential role of oxidative stress to contribute to impaired placental perfusion
during preeclampsia, the study demonstrated a clear role for placental ischemia as a cause of
oxidative stress, which in turn contributes to the hypertension associated with RUPP.

Endothelin
Another endothelial-derived factor that may play a role in preeclampsia is the
vasoconstrictor, endothelin-1 (ET-1). While some studies have reported no significant
changes in circulating levels of ET-1 during moderate forms of preeclampsia, a possible role
for ET-1 as a paracrine or autocrine agent in preeclampsia remains worthy of consideration
(25,52,53,). Since ET-1 is released towards the vascular smooth muscle in a paracrine
fashion, changes in plasma levels of ET may not reflect its local production. Indeed, this is
one of the reasons why it has been difficult to ascertain whether preeclampsia is associated
with altered ET production. Local synthesis of ET has been assessed in preeclamptic women
and investigators have found preproendothelin mRNA to be elevated in a variety of tissues
(52,53). Because of the limitations of clinical studies the importance of locally produced ET
in the pathophysiology of preeclampsia remains unclear. Therefore, several animal studies
assessing the role of ET-1 and the utility of selective ET type A receptor antagonists on
hypertension in response to placental ischemia have been performed.

Alexander et al. examined the role of ET-1 in mediating the hypertension in placental
ischemic RUPP rat model of preeclampsia (54). Renal expression of preproendothelin was
significantly elevated in both the medulla and the cortex of pregnant RUPP rats with chronic
reductions in uterine perfusion pressure compared with control pregnant rats. Chronic
administration of the selective ETA receptor antagonist, ABT627 markedly attenuated the
hypertension in pregnant RUPP rats. In contrast, ETA receptor blockade had no significant
effect on blood pressure in the normal pregnant animal. These findings suggest that ET-1
plays a major role in mediating the hypertension produced by chronic reductions in uterine
perfusion in pregnant rats.
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In addition, sera from pregnant rats exposed to chronic RUPP increases ET-1 production by
cultured endothelial cells (55). The exact mechanism linking enhanced renal production of
ET-1 to placental ischemia in pregnant rats or in preeclamptic women is unknown. One
potential mechanism for enhanced ET-1 production is via transcriptional regulation of the
ET-1 gene by TNF-α. TNF-α is elevated in preeclamptic women and has been implicated in
the disease processes (20–22).

Arachidonic acid metabolites
While significant alterations in the balance of prostacyclin and thromboxane production
occur in women with preeclampsia, the importance of arachidonic acid metabolites in the
pathophysiology of this disease has yet to be fully elucidated (11,12,56). Experimental
studies in animals have attempted to determine the role of AA metabolites in response to
placental ischemia. Increases in systemic arterial pressure produced by acute placental
ischemia in pregnant dogs can be prevented by thromboxane receptor antagonism (57).
While urinary excretion of thromboxane B2 is increased in response to placental ischemia in
pregnant rats, acute administration of a thromboxane receptor antagonists failed to alter
blood pressure (58). In contrast, inhibition of cytochrome P450 enzymes with 1-
aminobenzotriazole (ABT) attenuated the hypertension, increased renal vascular resistance,
20-HETE formation and CYP4A expression in the renal cortex normally observed in the
placental ischemic pregnant rat (59).

Angiogenic factors
Considerable clinical evidence has accumulated that preeclampsia is strongly linked to an
imbalance between pro-angiogenic such as vascular endothelial growth factor (VEGF) and
placental growth factor (PlGF) and anti-angiogenic factors such as soluble fms-like tyrosine
kinase (sFlt-1) and soluble endoglin (sEng) in the maternal circulation (60–68). Studies have
shown that both plasma and amniotic fluid concentrations of sFlt-1 are increased in
preeclamptic patients, as well as placental sFlt-1 mRNA (60–68).

Maynard et al. (63) reported several years ago that exogenous administration of sFlt-1 into
pregnant rats via adenovirus mediated gene transfer resulted in increased arterial pressure
and proteinuria, and decreased plasma free VEGF and PlGF concentrations similar to that
observed in the preeclamptic patients. Subsequently, similar observations using adenovirus
transfection have been reported in the mouse (64). Recently, Li and coworkers showed that
VEGF infusion attenuates the increased blood pressure and renal damage observed in
pregnant rats over-expressing sFlt-1 (65). Thus, this study suggests that sFlt-1 and
alterations in angiogenic factors may contribute to the clinical symptoms observed in
preeclampsia; however, these observations did not shed any light on the mechanisms
whereby sFlt-1 over-expression occurs in preeclampsia. Other investigators have recently
demonstrated that uteroplacental ischemia increased plasma and placental sFlt-1 and this is
associated with decreased VEGF and PlGF in the late gestation pregnant rat (66). Similarly,
Makris and colleagues have reported uteroplacental ischemia increases sFlt-1 in the baboon
as well (67).

Investigators have shown placental ischemia to be a stimulus for sEndoglen as well.
Endoglin is a component of the TGF-β receptor complex and is a hypoxia inducible protein
associated with cellular proliferation and NO signaling. sEng is suggested to be anti-
angiogenic as it is thought to impair TGF-β1 binding to cell surface receptors. Venkatesha et
al. (68) have shown that sEng inhibits in vitro endothelial cell tube formation to a similar
extent as sFlt-1. Further, the authors reported that adenoviral mediated increase of sFlt-1 and
sEng in concert exacerbated the effects of either factor alone. The dual overexpression
resulted in fetal growth restriction, severe hypertension and nephritic range proteinuria in
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pregnant rats (68). Thus, there is compelling experimental evidence that compliments
clinical observations that sEng is an important factor in the pathogenesis of preeclampsia.

Renin-Angiotensin System (RAS) and AT1-AA
During normal pregnancy, plasma renin concentration, renin activity, and angiotensin II
(Ang II) levels are all elevated, yet vascular responsiveness to ANG II appears to be reduced
(57,58). In contrast, during preeclampsia there appears to be a marked increase in the
sensitivity to Ang II (57, 58). Although the mechanisms underlying these observations
remain unclear, there is growing evidence to suggest that dysregulation of the tissue-based
and circulating RAS may be involved in the pathophysiology of preeclampsia (57–61).

Recent studies in preeclamptic women demonstrate increased circulating concentrations of
an agonistic autoantibody to the angiotensin type 1 receptor (AT1-AA) (70–74). In addition
to being elevated during preeclampsia, the AT1-AA has also been reported to be increased
in postpartum women. Hubel and colleagues demonstrated that the AT1-AA does not
regress completely after delivery and that the increase in AT1-AA correlated with insulin
resistance and sFlt-1 (35). The importance of AT1-AA after preeclampsia, especially in the
context of increased cardiovascular risk, remains to be determined.

Interestingly, the AT1-AA appear to be responsible for a variety of effects in several
different tissues ranging from increased intracellular Ca++ mobilization to monocyte
activation and stimulation of IL-6 production from mesangial cells (70–75). Another effect
that has recently been attributed to the AT1 receptor is stimulation of sFlt-1 expression from
trophoblast cells (70). Additional mechanisms whereby the AT1-AA mediates increases in
blood pressure is by activating the ET-1 system as well as stimulating placental oxidative
stress (76, 77)

While these findings potentially implicate AT1-AA as a central mediator of several
pathways in preeclampsia, both the specific mechanisms that lead to excess production and
the mechanisms whereby AT1-AA increases blood pressure during pregnancy remain
unclear. Our laboratories recently provided evidence demonstrating that placental ischemia
in pregnant rats is associated with increased circulating levels of the AT1-AA (77). While
these findings indicate that reduced placental perfusion may be an important stimulus for
AT1-AA production, the fact that AT1-AA are present in patients with pathological uterine
artery Doppler independent of preeclampsia suggests that AT1-AA may not the primary
cause of preeclampsia (76–78)

Role of cytokines in mediating blood pressure response to placental
ischemia

While inflammatory cytokines such as IL-6 and TNF alpha have been reported to be
elevated in preeclamptic women, the importance of these cytokines in mediating the
cardiovascular and renal dysfunction in response to placental ischemia during pregnancy has
yet to be fully elucidated (10,11,18,20,24,24,27). It is becoming increasingly evident that
proinflammatory cytokines such as IL-6 and TNF alpha interact with important blood
pressure regulatory systems such as the renin-angiotensin system (RAS), sympathetic
nervous system, endothelial and angiogenic factors (24,24,27). We reported that serum
levels of TNF alpha and IL-6 are elevated in RUPP rats and chronic infusion of TNF alpha
or IL-6 into pregnant rats increases arterial pressure and decreases renal plasma flow and
glomerular filtration rate (24,25,27). These findings indicate that TNF alpha and IL-6 may
play a role in mediating the hypertension and impaired renal hemodynamics observed in
response to placental ischemia in pregnant rats.
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Interaction between endothelin and inflammatory cytokines
Endothelial damage is a known stimulus for endothelin (ET-1) synthesis, therefore,
increases in the production of ET-1 and activation of ETA receptors may participate in the
pathophysiology of hypertension during preeclampsia.. As stated previously the exact
mechanism linking enhanced renal production of ET-1 to placental ischemia in pregnant rats
or in preeclamptic women is unknown. Our laboratories recently examined the potential role
for TNF alpha as a stimulus for increased ET-1 during pregnancy (25). Chronic infusion of
TNF alpha in pregnant rats, at a rate to mimic plasma levels (2–3 fold increase) observed in
women with preeclampsia significantly increased in blood pressure. The increase in arterial
pressure produced by TNF alpha in pregnant rats is associated with significant increases in
local production of ET-1 in the kidney, placenta, and vasculature. Moreover, the increase in
mean arterial pressure in response to TNF alpha is completely abolished in pregnant rats
treated with an ETA receptor antagonist (25). Subsequently, our laboratory examined the
role of endogenous TNF alpha in mediating the increase in ET-1 and arterial pressure in
response to placental ischemia in RUPP rats. The soluble TNF alpha receptor, Enbrel, was
administered on day 18 of gestation to normal pregnant and to RUPP pregnant rats (81).
Neither blood pressure nor circulating TNF alpha in normal pregnant rats was altered by
administration of Enbrel (81). In contrast, MAP was significantly lower in RUPP rats when
circulating TNF alpha levels were significantly decreased by administration of Enbrel.
Again we demonstrated ET-1 transcript, via real time PCR, to be significantly elevated in
cortices, medulla and placenta of RUPP rats as compared to normal pregnant rats. In this
study we found ET-1 transcript lowered, albeit not significantly, in the cortex, medulla, and
the placenta of RUPP rats treated with Enbrel thus supporting a role for TNF alpha
stimulation of local ET-1 production. Furthermore, we demonstrated that ET-1 protein
secretion from cultured endothelial cells exposed to serum from RUPP rats was significantly
decreased with administration of Enbrel to the experimental culture media as well as
administration Enbrel to RUPP rats in vivo. These results support a potential role of TNF-α
to orchestrate endothelial activation or dysfunction either directly or by some intermediary
pathway. Although these data provide support linking ET-1 production via TNF alpha
stimulated pathways with hypertension in response to reductions in uterine perfusion
pressure in pregnant rats, they also indicate the importance of additional factors in
stimulating ET-1 as a mediator of hypertension during pregnancy.

Interaction between Angiogenic Factors and Inflammatory Cytokines
The balance between pro- and anti-angiogenic factors has recently become an area of
interest in cancer, autoimmune and preeclamptic research. While there are numerous factors
recognized as important for angiogenesis, the VEGF system has gained the most attention
with respect to preeclampsia [60–67]. Recent evidence illustrates the importance of VEGF
in the regulation and maintenance of blood pressure and renal function during various forms
of hypertension and/or renal injury (82–84), including pregnancy induced hypertension
(PIH) and preeclampsia [85,86]. In contrast to cytokine mediated hypertension during
pregnancy, increased serum sFlt-1 produced hypertension in non-pregnant animals
suggesting that the effects of sFlt-1 on the vasculature were direct and not restricted to
pregnancy.

While there is increasing evidence to support the concept that elevated levels of sFlt-1 play
an important role in the pathogenesis of preeclampsia, much less is known about
mechanisms that result in its dysregulated expression. Nevo et al. recently suggested that
hypoxia may be a primary stimulus for excess placental production of sFlt-1 based on
evidence from pregnancies at high altitude pregnancies and from in vitro cytotrophoblast
primary cultures exposed to hypoxia [87]. These data suggest that poor trophoblast invasion
might lead to a hypoxic placenta and ultimately to pathogenic levels of sFlt-1.
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Another factor that may contribute to altered regulation of angiogenic factors may be
inflammatory cytokines. Cytokines have been shown to increase angiogenic factors and
promote angiogenesis in chronic systemic diseases such as rheumatoid arthritis (RA) [88,89]
and in cancer, the relationship between inflammation and dysregulation of angiogenic
factors in pregnancy is unknown. The elevation of inflammatory mediators that occurs with
preeclampsia may prevent VEGF-induced angiogenesis by stimulating sFlt-1. Girardi and
colleagues stimulated monocytes with products of the complement cascade and found it to
directly trigger sFlt-1. Subsequently the authors demonstrated that inhibition of complement
activation blocked increases in sFlt-1 and rescued pregnancies in a mouse model of
immunologically mediated perimplantation pregnancy loss [19]. In addition recent studies
have found that the cytokine granulocyte-macrophage colony stimulating factor increases
sFlt-1 expression in monocytes and inhibits angiogenesis in mice [89]. Monocyte derived
sFlt-1 also inhibits endothelial cell migration and tube formation [89]. Collectively, these
studies support a role for various immune mechanisms as contributors to pregnancy loss and
fetal growth restriction. Further studies addressing the role of monocyte activation will be
essential in determining their importance as mediators of angiogenic dysregulation and
abnormal placental development during preeclampsia.

Most recently our laboratory has demonstrated sFlt-1 secretion from cultivated RUPP
leukocytes to be significantly increased compared to leukocytes isolated from normal
pregnant rats (90). In addition we have recently shown that chronic, moderate increases in
TNF-α, stimulates the overexpression of sFlt-1 during pregnancy (91). Furthermore,
placental explants collected from TNF-α induced hypertensive pregnant rats, secreted
excess sFlt-1 implicating the placenta as one potential source of this anti-angiogenic factor.
Finally, we have demonstrated that like TNF-α induced hypertension, TNF-α stimulated
sFlt-1 can be attenuated by blockade of the angiotensin II type 1 receptor indicating a
potential role of AT1-AA, in addition to inflammatory cytokines to stimulate sFlt-1 during
pregnancy.

Interaction between the Renin-Angiotensin System and Cytokines
The renin angiotensin system (RAS) is one of the most powerful endocrine systems involved
in the regulation of arterial pressure. In addition to its renal, vascular, and central effects,
there is now evidence supporting a pro-inflammatory mechanism for Ang II in the
progression of hypertension. Ang II not only enhances the synthesis of TNF alpha and IL-6
from immune cells but it also appears that IL-6 may play an important role in mediating the
hypertension produced by angiotensin II in mice [10,11,69,72,73]. Whether cytokines
directly activate the renin-angiotensin system is not yet clear.

Our recent data shows that IL-6 treated pregnant rats had significantly higher plasma renin
activity when compared to control pregnant animals [27]. Although this effect of IL-6 on
plasma renin activity could potentially lead to enhanced vasoconstriction, reduced sodium
excretory function, and hypertension; the quantitative importance of the renin-angiotensin
system in mediating the in vivo effects of IL-6 during pregnancy is unknown and remains to
be an important area of investigation. Our laboratory has reported that in addition to
increased PRA infusion of IL-6 stimulates production of AT1-AA in pregnant rats but not in
virgin rats (92). Furthermore hypertension in response to IL-6 was attenuated with an AT1
receptor antagonist (92).

In addition, chronic elevation of TNF alpha in pregnant rats was also associated with
increased production of the AT1-AA (77). Moreover, we found that the hypertension in
response to placental ischemia in pregnant rats and in response to chronic infusion of TNF
alpha in pregnant rats was markedly attenuated by antagonism of the AT1 receptor.
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Collectively, these novel findings indicate that placental ischemia and TNF-α and IL-6 are
important stimuli of AT1-AA production during pregnancy and that activation of the AT1
receptor appears to play an important role in these forms of hypertension in pregnant rats.

Interaction between AT1-AA, ET-1, anti-angiogenic factors and oxidative stress
One mechanism whereby AT1-AA increase arterial pressure in pregnant rats is activation of
the endothelin system (76). In this study we demonstrated that increasing levels of AT1-AA
to levels observed in preeclamptic women and in placental ischemic rats, increases mean
arterial pressure (MAP) in pregnant rats by activation of the endothelin system. We report
that infusion of purified rat AT1-AA, isolated from serum collected from a pregnant
transgenic rat cross overproducing components of the renin angiotensin system into pregnant
rats from day 12 to day 19 of gestation, increased serum AT1-AA, blood pressure, and tissue
levels of preproendothelin. Finally, we report that AT1-AA-induced hypertension in
pregnant rats was attenuated by either oral administration of the AT1 receptor antagonist
losartan or an ET type A receptor antagonist. In addition, the increase in endothelin
transcript in response to AT1-AA induced hypertension was abolished by administration of
an AT1 receptor antagonist.

Another mechanism whereby AT1-AA increases arterial pressure in pregnant rats is by
stimulating placental oxidative stress (93,94). Previous work has shown that the AT1-AA
stimulates ROS through NADPH oxidase in vitro (93,94). In addition, we have shown that
chronic AT1-AA increase ROS in the placenta of pregnant rats (94). Furthermore we
recently demonstrated a role for oxidative stress in the hypertension produced by placental
ischemia in pregnant rats (51). We recently reported that malondialdehyde, MDA,
superoxide, and myeloperoxidase activity, markers of oxidative stress, are increased nearly
twofold in the placentas of RUPP rats compared to the NP controls, this is in agreement with
what is observed in placentas from preeclamptic women. Finally, we have recently shown
that tempol, an SOD mimetic acting to scavenge ROS, has beneficial effects in RUPP
hypertension (51). To test the hypothesis that scavenging ROS would prevent the
hypertension observed in the AT1-AA infused rats, we pretreated rats with tempol and
found that it markedly attenuated the increase in arterial pressure and placental oxidative
stress indicating the importance of AT1-AA induced ROS in mediating hypertension during
pregnancy (94).

Previous studies by Xia and Kellems et al demonstrated AT1-AA from preeclamptic women
induces sFlt-1 production via AT1R and calcineurin/nuclear factor of activated T-cells
signaling (95). The authors demonstrated by injecting the IgG or affinity-purified AT1-AA
from women into pregnant mice caused hypertension, proteinuria, glomerular endotheliosis,
placental abnormalities, IUGR and elevated sFlt-1. The onset of these symptoms were
prevented by AT1R antagonist or an AT1-AA neutralizing seven-amino-acid epitope
binding peptide. Most recently, in agreement with the Xia laboratory, we have confirmed
that AT1-AA infusion increased blood pressure and plasma and placental sFlt-1 in pregnant
rats (91). Furthermore chronic AT1-AA infusion increased circulating sEng during
pregnancy but had no effect on placental sEng indicating an additional cellular source for
this anti-angiogenic factor.

While these studies suggest a potential interaction between AT1-AA and sFlt-1, a clear
association between AT1-AA, sFlt-1 and the disease in women had never been fully
established. Much uncertainty about this relationship was only heightened by recent clinical
studies by Stepan et al., who found that while most preeclamptic patients expressed high
sFlt-1 and the AT1-AA, in a population of patients characterized by reduced uterine
perfusion and no other pregnancy complications, there was no association between the AT1-
AA and sFlt-1(96,97). In these cases sFlt-1 was not elevated when AT1-AA was frequently
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present. Most recently, Xia and colleagues clearly demonstrate that the titer of AT1-AA not
only correlate to the severity of the disease but that there was a strong correlation between
AT1-AA activity to sFlt-1 in severe preeclamptics (95).

These findings concur with previous experimental studies demonstrating that AT1-AA
induces features of preeclampsia, however, many unanswered questions still exist. While we
have reported that placental ischemia and inflammatory cytokines are important stimuli for
AT1-AA, the antigenic stimulus for AT1-AA production is still unknown. Moreover, the
pathway of production of the AT1-AA, such as T cell dependent verses T cell independent,
has yet to be elucidated. Furthermore, it is unclear how early in gestation the onset of AT1-
AA production occurs. Studies inhibiting the production of the AT1-AA in pregnant animal
models of preeclampsia are also necessary to advance our understanding of the
pathophysiological role of the autoantibody during pregnancy. A better understanding of the
pathophysiology of AT1-AA production in preeclampsia may lead to novel therapeutic
targets for the treatment of the disease and /or a marker for predicting patient risk of
developing preeclampsia.

The potential anti-inflammatory properties of progesterone
supplementation for Preeclamptics

For preeclamptic patients the current treatment includes blood pressure control, seizure
prophylaxis, and delivery of the fetus depending on gestational age and disease severity.
There have been a host of agents suggested to be potential therapies for the prevention or
treatment of preeclampsia, although none have proven effective. Recent studies have
demonstrated administration of progesterone, specifically 17α-hydroxyprogesterone
caproate (17 OHP) to be an effective agent for the prevention of recurrent preterm birth,
however, literature on the role of progesterone and preeclampsia is sparse and conflicting. A
recent review by Sammour et al. (2005) suggests that progesterone is a viable therapeutic
agent for the treatment of preeclampsia. Interestingly, the exact mechanism whereby 17
OHP may improve vascular function and lower blood pressure is unclear, it is believed that
its anti-inflammatory properties are responsible for the reduction in subsequent preterm
delivery in multiparous women. Studies in humans elucidating the mechanism of action of
progesterone and labor cite its potential role as an inhibitor of prostaglandins and
inflammatory cytokines such as tumor necrosis factor-α (TNF-α). However, the potential
use for progesterone for the treatment of hypertension in response to placental ischemia or
inflammatory cytokines remains unknown.

In a recent study our laboratory demonstrated that 17 OHP blunted the hypertension in a
model of placental ischemia in pregnant rats (99). We illustrated that in addition to having
no deleterious outcome on pup weight, 17 OHP might exert anti-inflammatory effects to
protect against endothelial cell activation and the release of the vasoconstrictor ET-1. Many
studies have shown that inflammatory cytokines activate the endothelin system (25,81). In
this study we demonstrated that administration of 17 OHP markedly decreased circulating
TNF-α and IL-6 in response to placental ischemia. Furthermore, we demonstrated that
administration of 17 OHP to RUPP rats is associated with decreased transcription of ET-1 in
the renal cortices, thus suggesting one possible mechanism for the decrease in arterial
pressure in RUPP rats receiving 17 OHP. However, administration of 17 OHP had no effect
on ET-1 in placentas of RUPP rats (99).

Subsequently we designed a study to test the efficacy of progesterone as an anti-
hypertensive treatment during TNF-α-induced hypertension mediated via activation of the
ET-1 system (100). In this study we demonstrated that progesterone directly attenuates basal
ET-1 production from endothelial cells in culture. Under control conditions, we found that
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TNF-α caused a dose-dependent increase in ET-1 production in human umbilical vein
endothelial cells. The addition of progesterone attenuated these effects of TNF-α on ET-1
production. Thus, our in vitro findings indicate that progesterone has an important direct
effect on endothelial cells to blunt TNF-α-stimulated ET-1 synthesis (100). In addition, we
found that administration of 17-OHP to TNF-α-induced hypertensive pregnant rats
decreased arterial pressure in response to TNF-α during pregnancy. As with our previous
studies, we found that TNF-α-induced hypertension is associated with increased ET-1
transcript in both renal cortical and placental tissues. Administration of 17-OHP had no
effect on placental ET-1 transcript but blunted the significant increase in ppET-1 in the renal
cortices of TNF-α-induced hypertensive pregnant rats. Importantly, we again found no
differences in pup weight of rats receiving 17-OHP compared to normal pregnant rats,
indicating that the potential antihypertensive effect of 17-OHP was not deleterious to the
fetus.

Although administration of 17 OHP effects renal ET-1 transcript and hypertension in
response to placental ischemia, each of these studies illustrate the importance of other
factors such as sFlt-1, AT1-AA, ROS, or decreased NO availability in the ischemic placenta
that play a role in the pathophysiology of hypertension during pregnancy. Each of these
factors could play a role in increased ET-1 levels in the placenta and may contribute to the
remaining increase in blood pressure in the RUPP rats treated with 17 OHP. These factors
were not evaluated in these studies, but could be the subject of further investigation into the
role of 17 OHP as possible anti-hypertensive therapy in the setting of placental ischemia.

Conclusion
Preeclampsia is defined as new onset hypertension with protienuria during pregnancy. It is
accompanied by widespread maternal vascular dysfunction and a chronic inflammatory
response characterized by increase TNF alpha, IL-6, activated circulating immune cells and
autoantibodies. Additionally, anti-angiogenic peptides are released inhibiting vascular
remodeling essential for increased blood flow to the growing uteroplacental unit. Although
these factors accompany the clinical syndrome of preeclampsia it is suggested that they are
secondary to the maternal decrease in placental blood flow. Albeit, experimental evidence
by ours and many other investigators have demonstrated the importance of these soluble
factors to increase blood pressure and stimulate the production of such anti-angiogenic
factors thereby eliciting a vicious cycle existing within the maternal vasculature as well as
within the placental unit. Further investigation into the genesis of decreased uteroplacental
perfusion and the stimulus of these placental factors is needed to further our understanding
and therapeutic advancement for women and children affected by this devastating disease.
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Figure 1. Potential role for immune activation in mediating the pathophysiology of hypertension
during preeclampsia
Immunomodulators stimulated in response to placental ischemia play an important role in
the generation of ROS, production of sFlt-1 and enhanced ET-1 and ANG II sensitivity
thereby contributing to the development of hypertension during pregnancy
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