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First published August 22, 2018; doi:10.1152/ajpregu.00204.2018.—Preeclampsia
is a hypertensive disorder of pregnancy characterized by new-onset hypertension,
proteinuria, and edema occurring after 20 wk of gestation, with a prevalence of
~7–10% of pregnancies in the United States and ~8 million pregnancies worldwide.
Despite the postpartum remission of preeclamptic symptoms, women who have had
preeclampsia are two to four times more likely to develop cardiovascular disease
(CVD) and are significantly more likely to die of CVD compared with women with
a history of normal pregnancy. Although the relation between history of preeclamp-
sia and elevated CVD risk is well documented, the mechanism(s) underlying this
association remains unclear. One hypothesis explaining this association is that the
initial vascular damage and dysfunction sustained during the preeclamptic preg-
nancy persist chronically. Indeed, even in the absence of, or in advance of, overt
CVD women who have had preeclampsia have compromised vascular endothelial
function. Emerging mechanistic studies in these women have provided some insight
into the underlying mechanisms of this persistent vascular dysfunction and have
begun to identify potential therapeutic targets for the prevention or mitigation of
CVD progression in this vulnerable population. This review summarizes the
existing literature examining vascular function and dysfunction in women with a
history of preeclampsia and highlights future directions for mechanistic investiga-
tions and development of novel intervention strategies aimed at halting or slowing
the progression of CVD in these women.

cardiovascular disease risk; endothelium; preeclampsia; vascular dysfunction

INTRODUCTION

Preeclampsia is a hypertensive disorder of pregnancy that
affects ~7–10% of all pregnancies in the United States and ~8
million pregnancies worldwide (91). Preeclampsia is diag-
nosed after the 20th week of pregnancy by new-onset hyper-
tension (i.e., systolic and diastolic blood pressures �140 and
�90 mmHg, respectively) with either proteinuria or, in the
absence of proteinuria, new onset of thrombocytopenia, renal
insufficiency, abnormal liver function, pulmonary edema,
and/or cerebral or visual symptoms (6). Despite the remission
of clinical symptoms of preeclampsia postpartum, otherwise
healthy women who develop preeclampsia during pregnancy
are at a significantly (2–4 times) greater risk for the develop-
ment of cardiovascular disease (CVD) (12). These women
develop primary hypertension at a younger age (~30–40 yr of
age vs. ~50–60 yr in women who have a normal pregnancy)
and with greater frequency than women who have healthy
pregnancies (2, 35, 44, 63), and they are significantly more
likely to die of stroke, myocardial infarction, and end-stage
renal disease (5, 7, 52). Although the association between

history of preeclampsia and elevated CVD risk is well estab-
lished, the mechanisms underlying this increased risk remain
unclear.

Over the past decade, studies characterizing vascular func-
tion in women who have had preeclampsia have consistently
found a residual degree of vascular dysfunction postpartum
(38). These findings suggest that residual effects of the pre-
eclamptic pregnancy undermine normal vascular function in
these women, even in the absence of clinical symptoms of
CVD, and it may be that this underlying dysfunction leads to
the accelerated development of overt CVD in women who have
had preeclampsia. More recently, studies have sought to de-
lineate the mechanistic underpinnings of this persistent vascu-
lar dysfunction, shedding light on potential therapeutic targets
for the prevention or mitigation of CVD progression in these
women. However, additional research is necessary to fully
understand the signaling cascade(s) associated with this dys-
function and how best to target them clinically. Therefore, the
purpose of this review is to summarize the existing literature
examining vascular function and dysfunction in women with a
history of preeclampsia and to highlight future directions for
mechanistic investigations and development of novel interven-
tion strategies aimed at halting or slowing the progression of
CVD in these women.
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VASCULAR DYSFUNCTION DURING PREECLAMPSIA

Although a comprehensive discussion of the maternal vas-
cular dysfunction that occurs during preeclampsia is outside
the scope of this review, a general understanding of the
underlying mechanisms causing this dysfunction provides a
foundation for the literature examining persistent postdelivery
vascular dysfunction in these women. While the initiating
factor(s) causing preeclampsia remain elusive, placental isch-
emia resulting from insufficient cytotrophoblast invasion of the
uterine spiral arteries with impaired placental blood flow is
central to the disorder (58, 62, 69). As a result of underperfu-
sion of the placenta, placental ischemia/hypoxia triggers the
release of antiangiogenic factors [soluble fms-like tyrosine
kinase-1 (sFlt-1), soluble endoglin], inflammatory mediators,
and reactive oxygen species, which enter the maternal circu-
lation. These factors are thought to mediate the multifaceted
maternal syndrome through their effects on systemic maternal
endothelial function (18, 93). The clinical symptoms of pre-
eclampsia (hypertension, proteinuria, headaches/blurred vi-
sion, edema, etc.) may all be explained by acute vascular injury
during the preeclamptic pregnancy. Indeed, women who have
preeclampsia have blunted conduit artery endothelium-
dependent vasodilation measured by flow-mediated dilation
during the affected pregnancy (41, 68, 94).

The mechanisms mediating vascular dysfunction during pre-
eclampsia have received a great deal of attention, and the
development of animal models of preeclampsia facilitated a
number of vascular investigations that were not possible in
pregnant humans (60). These studies suggest that oxidative
stress, immune activation and inflammation (54, 56), and
subsequent changes in endothelin-1 (ET-1) (4, 59, 66, 73, 89)
and angiotensin II (ANG II) (25, 55, 95) signaling play a major
role in the vascular dysfunction observed during preeclampsia.
These studies have been supported by human studies that have
demonstrated elevated agonistic antibody for the ANG II type
1 receptor (AT1R-AA) (82, 92), elevated ET-1 (14), and
elevated inflammatory markers (23, 88) and measures of oxi-
dative stress (27) in the plasma of women during a preeclamp-
tic pregnancy. Taken together, the extant literature demon-
strates that an imbalance between endothelium-derived relax-
ing factors and endothelium-derived contracting factors results
in a proconstrictor state of endothelial dysfunction in pre-
eclampsia. For a more detailed discussion of these mecha-
nisms, the reader is referred to one of these excellent reviews
on the topic (18, 36, 93).

VASCULAR DYSFUNCTION AFTER PREECLAMPSIA

Epidemiological evidence identifying preeclampsia as an
independent risk factor for CVD death (hazard ratio 2.14),
further elevated with early-onset preeclampsia (diagnosed �34
wk gestation; hazard ratio 9.54), suggests that persistent car-
diovascular dysfunction after the affected pregnancy is directly
related to the severity of the preeclampsia (63, 72). Women
who have a history of preeclampsia have subclinical athero-
sclerosis and are much more likely to be treated for primary
hypertension �10 yr after the affected pregnancy, a trend that
persists throughout and after the menopausal transition (20, 34,
61). Aside from elevated incidence of primary hypertension, it
is important to note that women with a history of preeclampsia
also have a significantly higher incidence of type 2 diabetes

and hypercholesterolemia as well as increased prothrombotic
risk factors years after the affected pregnancy (79, 86). These
associations persist even when adjusting for confounding con-
ditions before pregnancy, and it is likely that these elevations
in traditional CVD risk factors further contribute to endothelial
dysfunction and CVD risk in these women across the life span.

Recently, Barnes et al. demonstrated that cerebral vascular
reactivity is attenuated in postmenopausal women with a his-
tory of preeclampsia (10). Although the mechanisms contrib-
uting to this dysfunction have not been identified, vascular
dysfunction is evident in the cerebral microvascular bed years
beyond the affected pregnancy. In studies that have assessed
arterial stiffness in women with a history of preeclampsia,
pulse wave velocity and the augmentation index were elevated
in these women compared with age- and parity-matched con-
trol subjects (21, 28, 29, 57, 70, 98). Similarly, studies assess-
ing structural changes in the vessels of women who have had
preeclampsia demonstrate an increase in carotid intima-media
thickness, an early measure of atherosclerosis (3, 9, 15, 37).
Collectively, it is abundantly clear that changes in microvas-
cular function as well as macrovascular stiffness and structure
persist after a preeclamptic pregnancy. Studies of endothelial
function in women with a history of preeclampsia have pri-
marily been conducted in large conduit arteries assessed non-
invasively by brachial artery flow-mediated dilation or inva-
sively through arterial administration of the endothelium-de-
pendent agonist acetylcholine. Overwhelmingly, these studies
demonstrate attenuated endothelium-dependent vasodilation in
women who have had preeclampsia (1, 9, 19, 42). This dys-
function is present immediately after delivery (1–3 mo post-
partum) (64, 67, 90), persists throughout the years following
the pregnancy (19, 37, 42), and is even detectable 15 yr
postpartum (45) (Fig. 1).

Interestingly, although attenuations in vascular function can
be detected in women with prior preeclampsia compared with
parity-matched control subjects across the life span, the differ-
ences in function between these groups are most pronounced in
younger women (38, 94). For example, large differences in
endothelial function are detectable between formerly preeclamptic
and control women tested in their 30s and 40s, whereas smaller,
although still significant, differences between these groups are
detected later in life. This may be explained by the damage that is
present immediately after complicated pregnancy, during a wom-
en’s reproductive years, a period when traditional CVD risk
factors are generally low and women are relatively protected from
CVD (13). Over time, the immergence of traditional atheroscle-
rotic risk factors and/or the initiation of therapeutic treatments for
overt CVD may begin to close the gap in vascular function
between groups.

Complementary to direct measures of cardiovascular func-
tion, measures of serum biomarkers of dysregulated angiogen-
esis and inflammation in women with a history of preeclampsia
substantiate the increased risk of CVD morbidity and mortality
in these women. Because they are elevated and have been
shown to play a role in vascular dysfunction during preeclamp-
sia, vascular endothelial growth factor (VEGF) and sFlt-1 have
been the most commonly assessed markers of angiogenesis in
this cohort. The results of these analyses have been equivocal,
with some studies reporting elevated serum biomarkers and
others failing to detect differences between previously pre-
eclamptic women and matched control subjects. In a recent
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meta-analysis, Grand’Maison et al. found that mean concen-
trations of sFlt-1 were modestly higher in women with a
history of hypertensive pregnancy, whereas there was no dif-
ference from matched control subjects in plasma VEGF (38).
This same meta-analysis found no group differences in markers
of vascular inflammation (soluble ICAM-1, soluble VCAM-1)
examined in the pooled analysis; however, the authors noted
that there were not enough studies in this area to assess
publication bias (38). The authors hypothesized that these
serum biomarkers, which are expressed in the placental tissue
rather than the endothelium, likely contribute to endothelial
damage during the preeclamptic pregnancy but do not remain
significantly elevated after the affected pregnancy. It is possi-
ble that the vascular damage sustained during the preeclamptic
pregnancy persists and contributes to its own cascade in the
progression of CVD in these women.

POTENTIAL MECHANISMS CONTRIBUTING TO VASCULAR
DYSFUNCTION AFTER PREECLAMPSIA

Studies examining the mechanisms underlying vascular dys-
function in women who have had preeclampsia are sparse.
However, in light of the sobering epidemiological evidence
supporting the increased risk of CVD morbidity and mortality
in this population, these questions have recently received new
attention in the form of mechanistic in vivo studies aimed at

identifying aberrant mechanisms and potential therapeutic tar-
gets.

Reductions in Nitric Oxide-Mediated Dilation

Our laboratory recently performed a series of studies exam-
ining microvascular function in vivo in postpartum women
who had preeclampsia. Utilizing the cutaneous circulation as a
model for microcirculatory vascular function (47), we demon-
strated that women who recently had preeclampsia (tested an
average of 8 mo postpartum) had attenuated endothelium-
dependent vasodilatory responses to acetylcholine despite the
remission of overt clinical symptoms of preeclampsia (84).
Furthermore, we demonstrated that this attenuation in endothe-
lium-dependent vasodilation was mediated, at least in part, by
reductions in nitric oxide-dependent dilation (Fig. 2). How-
ever, although functional nitric oxide-dependent dilation was
attenuated, we did not find biochemical changes in endothelial
nitric oxide synthase or vasodilator-stimulated phosphoprotein
(VASP) expression or phosphorylation, suggesting that mech-
anisms secondary to nitric oxide production and diffusion to
the vascular smooth muscle (such as increased vasoconstrictor
tone, exaggerated inflammatory signaling, elevated reactive
oxygen species, etc.) contribute to endothelial dysfunction in
these women (84).
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Fig. 1. Measures of flow-mediated dilation
(FMD) in otherwise healthy women who have
had preeclampsia (PrEC) and control subjects
who have had a healthy pregnancy (HC) by time
since pregnancy. Overwhelmingly, women who
have had preeclampsia demonstrate a signifi-
cantly reduced FMD response, indicative of re-
duced endothelial function. This attenuation is
present immediately after delivery (�2.5 mo) and
persists up to 15 yr after the affected pregnancy.
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Fig. 2. Endothelial dysfunction measured in the cutaneous microvasculature of women who have had preeclampsia. Compared with women who had a healthy
pregnancy (HC), women who had preeclampsia (PrEC) have an attenuated cutaneous vasodilation response to the endothelium-dependent agonist acetylcholine
(ACh). A: there were no differences between the groups in response to ACh with coinfusion of the nonspecific nitric oxide (NO) synthase inhibitor
NG-nitro-L-arginine methyl ester (L-NAME). B: calculated % NO-dependent vasodilation at the highest dose of ACh was attenuated in PrEC. *P � 0.05 vs. HC.
CVCmax, maximum cutaneous vascular conductance. These data demonstrate an attenuated endothelial function in the microvasculature of otherwise healthy
women who have had preeclampsia. Reprinted with permission from Stanhewicz et al., Hypertension 70: 382–389, 2017 (84).
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Angiotensin II Signaling

Given that both ANG II and ET-1 signaling pathways have
been implicated in the vascular dysfunction observed both in
preeclamptic women and in animal models of preeclampsia,
investigations of these pathways in postpartum women have
logically followed. Initial studies of ANG II sensitivity dem-
onstrated that women with a history of preeclampsia had an
exaggerated pressor response to systemic infusion of ANG II
(77). Directly translating the mechanistic findings from animal
studies to our human model, we found that women who have
had preeclampsia had an increased microvascular vasoconstric-
tor sensitivity to ANG II (84) (Fig. 3). Furthermore, this
increase in vasoconstrictor sensitivity was specific to ANG
II-dependent mechanisms, as formerly preeclamptic women
did not demonstrate an increased sensitivity to the adrenergic
agonist norepinephrine (84). Additionally, we found that
women who had preeclampsia also had increased protein
expression of the ANG II type-1 receptor (AT1R) and phar-
macological inhibition of AT1R with losartan improved endo-
thelium-dependent dilation and nitric oxide-dependent dilation
in these women (Fig. 3) (84). Interestingly, women who had
preeclampsia did not have elevated circulating ANG II; how-
ever, plasma AT1R-AA has been shown to remain elevated
after preeclampsia (49). It is uncertain how these autoantibod-
ies interact with, and/or contribute to, increased sensitivity of
the AT1R and tonic constrictor tone in this group of women.
Collectively, these findings suggest that dysregulation of the
ANG II signaling cascade contributes to persistent microvas-
cular dysfunction in women who have had preeclampsia and
raise a number of follow-up questions regarding the interplay
of circulating neurohumoral factors and intracellular mecha-
nisms specific to ANG II in the accelerated progression of
CVD in these women.

Endothelin-1 Signaling

Similar to ANG II, both animal and human studies have
identified a critical role for the endothelin system in vascular
dysfunction as well as in the clinical symptoms observed
during a preeclamptic pregnancy. ET-1 is a potent vasocon-
strictor that is produced by the endothelium, binds to mem-
brane-bound ET-1 receptors located on the endothelial and
vascular smooth muscle cells, and induces an overall in-
crease in vascular tone. The vasoconstrictor effects of ET-1
are mediated by its binding to the membrane-bound endo-
thelin type A (ETAR) and type B (ETBR) receptor subtypes
on the vascular smooth muscle. ETBR are also expressed on
the vascular endothelium and, upon ET-1 binding, induce
the release of endothelium-derived vasodilators such as
nitric oxide. As such, the net effect of ET-1-mediated
vascular tone derives from the balance of vascular smooth
muscle ETAR- and ETBR-mediated vasoconstriction and
endothelial ETBR-mediated vasodilation. ET-1 also induces
the production of growth factors, reactive oxygen species,
and inflammatory mediators, which contribute to vascular
pathology associated with overactivity of the ET-1 system.

In healthy premenopausal women, a greater proportion of
endothelial ETBR relative to vascular smooth muscle ET-1
receptors favors more dilation to counteract the overall pro-
constrictor tone. However, animal studies also suggest that, in
addition to increased circulating ET-1 in preeclamptic women,
dysregulation of the receptor subtypes likewise contributes to
an increased vasoconstrictor sensitivity to ET-1 (59). Recently,
our laboratory examined vasoconstrictor responses to ET-1 in
the cutaneous microvasculature of women who had preeclamp-
sia. In agreement with the animal findings, we found that
formerly preeclamptic women had an exaggerated vasocon-
strictor response to ET-1, mediated by dysregulation of the
ETBR (83). When compared with women who had a normal
pregnancy, women with a history of preeclampsia had reduced
ETBR-mediated dilation, and, in fact, ETBR signaling contrib-
uted to vasoconstriction, presumably through increased ETBR
protein expression in the vascular smooth muscle (Fig. 4).
Furthermore, we found that pharmacological ETBR blockade
with BQ-788 augmented endothelium-dependent dilation in
women with a history of preeclampsia. Taken together, these
findings suggest that the increased constrictor tone mediated by
ETBR is also contributing to reduced endothelium-dependent
dilation in women who have had a preeclamptic pregnancy
(Fig. 5). Although not the primary focus of that investigation,
ETAR-mediated vasoconstriction was attenuated in women
who had preeclampsia compared with women who had a
healthy pregnancy (Fig. 4; P � 0.02 preeclampsia vs. healthy
pregnancy at ET-1 � BQ-788 site). However, we did not find
differences in ETAR protein expression between groups. Ani-
mal models of preeclampsia have suggested that exaggerated
ETAR-mediated constriction contributes to the vascular dys-
function during preeclamptic pregnancy (4, 89). To date, no
human studies of the role of ETAR in vascular function after
preeclamptic pregnancy have been conducted.

The mechanism(s) mediating the increase in vascular
smooth muscle ETBR protein expression during preeclamptic
pregnancy is not fully elucidated; however, it has been sug-
gested that elevated inflammatory signaling during the preg-
nancy is a likely contributor. Recently, Sun et al. utilized the
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Fig. 3. Increased sensitivity to angiotensin II (ANG II) contributes to endo-
thelial dysfunction in women who have had preeclampsia. Compared with
women who had a healthy pregnancy (HC), women who had preeclampsia
(PrEC) have an exaggerated vasoconstriction response to ANG II (10�4 M)
measured in the cutaneous microvasculature. Coinfusion of the ANG II type 1
receptor antagonist losartan with the endothelium-dependent agonist acetyl-
choline (ACh, 10�1 M) improved the microvascular dilation response in PrEC.
but had no effect on HC. *P � 0.05 vs. HC. These data demonstrate that
increased sensitivity to ANG II contributes to endothelial dysfunction in
women who have had preeclampsia. Adapted with permission from Stanhe-
wicz et al., Hypertension 70: 382–389, 2017 (84).
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reduced uterine perfusion pressure (RUPP) rat model to exam-
ine changes in ETBR expression during preeclampsia (87).
These authors found that, compared with normal pregnant rats,
RUPP rats had a significant redistribution of ETBR expression
in the intima and media of the aorta, although there was no
significant difference in ETAR expression between the two
groups. ETBR upregulation in vascular smooth muscle cells
enhanced cellular contraction and contributed to hypertension
in the RUPP rats, and the TNF-� plasma levels in RUPP rats
were twofold higher than those in control rats. The authors
concluded that the expression of ETBR was upregulated in
vascular smooth muscle cells through the NF-�B pathways in
RUPP rats and that redistribution of ETBR between the media
and intima played an important role in the pathogenesis of

hypertension in preeclampsia (87). These findings agree with
data from our laboratory group suggesting that ETBR expres-
sion and location play a role in mediating vascular dysfunction
after a preeclamptic pregnancy (83) and provide evidence that
elevated inflammatory cytokines during the preeclamptic preg-
nancy contribute to this change.

Increased Sympathetic Nervous System Activity

Women with preeclampsia exhibit elevated sympathetic ac-
tivation at the time of diagnosis (31, 40, 78), indicating that an
excessive increase in sympathetic activity during pregnancy
(i.e., beyond the normal increase that occurs with healthy
pregnancy) (17, 40, 51) is likely a key contributor to hyper-
tensive disorders of pregnancy. In nonpregnant populations,
hyperactivity of sympathetic outflow to the peripheral vascu-
lature at rest and/or during sympathetic stimuli has been
associated with hypertension (30) and heart failure (39). As
such, it stands to reason that if elevated sympathetic outflow
persists postpartum in women who had preeclampsia, this may
be another mechanism through which CVD risk may be ele-
vated in this population. Stickford et al. recently investigated
sympathetic neural and cardiovascular responses during a sym-
pathetic stimulus (static handgrip exercise) in women with a
history of hypertensive pregnancy and in a control group with
a history of normal pregnancy (85). Although there were no
differences between groups in resting sympathetic nervous
system activity, women with a history of hypertensive preg-
nancy had exaggerated reactivity to the static handgrip
stimulus, suggesting impaired neurocardiovascular control
in these women (85). Interestingly, the study by Stickford et
al. tested women within ~10 yr of the affected pregnancy
and well before the menopausal transition. After meno-
pause, these differences in sympathetic responses to static
handgrip were not apparent (71), and hypertensive preg-
nancy disorders were not associated with increased sympa-
thetic outflow assessed 40 yr after the affected pregnancy
(22). This handful of studies suggests that altered sympa-
thetic nervous system activity may also contribute to car-
diovascular dysfunction before the menopausal transition in
postpartum women who had preeclampsia.
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Fig. 4. Dysregulation of endothelin receptor subtype B (ETBR) contributes to
exaggerated vasoconstrictor tone in women who have had preeclampsia.
Compared with women who had a healthy pregnancy (HC), women who had
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sion of the ETBR-antagonist BQ-788 augments vasoconstriction in HC, dem-
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However, coinfusion of BQ-788 attenuates the vasoconstriction response in
PrEC, suggesting that ETBR contributes to constriction in women who have
had preeclampsia. ETBR-mediated dilation, measured as the increase in cuta-
neous conductance during coinfusion of the ETAR-antagonist BQ-123, was
attenuated in PrEC compared with HC. *P � 0.05 vs. HC; ‡P � 0.05 vs. ET-1
alone within group. These data demonstrate that dysregulation of the ETBR
contributes to microvascular dysfunction in women who have had preeclamp-
sia. Adapted with permission of Portland Press, from Stanhewicz et al., Clin
Sci (Lond) 131: 2777–2789, 2017 (83).
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THE POSSIBILITY OF PRECEDING VASCULAR
DYSFUNCTION—THE “STRESS TEST HYPOTHESIS”

One major limitation of the existing studies of vascular
dysfunction after a preeclamptic pregnancy is a lack of knowl-
edge about the vascular health and function of the women
before the affected pregnancy. This limitation introduces the
question of whether these women were already predisposed to
vascular complications and the substantial cardiovascular
strain of the pregnancy simply uncovers this underlying weak-
ness. This hypothesis, often referred to as the “stress test
hypothesis,” is supported by the fact that preexisting cardio-
vascular and/or metabolic disorders such as overweight or
obesity, preexisting high blood pressure, elevated blood cho-
lesterol, physical inactivity, and type 2 diabetes increase the
risk for preeclampsia, suggesting that some degree of preex-
isting vascular dysfunction may contribute to the development
of preeclampsia during pregnancy. Similarly, while delivery
induces remission of most gestational disorders, this remission
may be only transient (75, 97). Opponents of this hypothesis
point to the fact that women with no preexisting conditions still
develop preeclampsia and, although a prior pregnancy compli-
cated by preeclampsia is a risk factor, not all women who have
preeclampsia in an early pregnancy develop it in subsequent
pregnancies. The question of “which came first” remains a
point of debate.

The majority of investigations that have attempted to answer
the question of whether preexisting vascular dysfunction pre-
cedes and predicts preeclampsia in otherwise healthy women
have performed vascular measures (typically brachial artery
flow-mediated dilation) during early pregnancy (~20 wk of
gestation) before the clinical diagnosis of preeclampsia. Over-
whelmingly, these studies demonstrate a decrease in endothe-
lial function in women who go on to develop preeclampsia (33,
53, 67, 76), with a confirmatory meta-analysis of these inves-
tigations reporting an overall standardized mean difference of
�0.84 (95% confidence interval: �1.19, �0.50) compared
with women who had uncomplicated pregnancies (94). How-
ever, it is important to note that although these women are not
yet clinically symptomatic they are already pregnant and the
initiating factors of preeclampsia begin very early in pregnancy
at the time of placentation. As such, it stands to reason that by
the time these vascular measures were made, although the
clinical symptoms of preeclampsia may not have presented, the
women were likely exposed to the antiangiogenic, oxidative,
and inflammatory mediators released by the placenta for many
weeks. Although these studies suggest that endothelial dys-
function precedes the clinical symptomology of preeclampsia
during the pregnancy, they do not settle the debate about
preexisting dysfunction prior to the affected pregnancy.

The relatively low incidence of preeclampsia (~7–10% of
pregnancies) and the challenges in predicting who will become
preeclamptic in any given pregnancy combine to make pro-
spective studies of vascular health in women who may become
pregnant and then subsequently develop preeclampsia difficult
and costly. To date, only one study has examined the relation
between prepregnancy indicators of cardiovascular risk and
pregnancy complications. Using data from 359 women in the
Cardiovascular Risk in Young Finns Study that were linked
with the national birth registry, Harville et al. examined the
association between flow-mediated dilation, carotid intima-

media thickness, and Young’s elastic modulus and carotid
artery distensibility and pregnancy outcome (43). There were
no significant relationships between any of these prepregnancy
vascular measures and hypertensive disorders of pregnancy,
suggesting that any associations between prepregnancy vascu-
lar function and the likelihood of developing pregnancy com-
plications were likely to be small (43). Although these findings
seemingly refute the stress test hypothesis, only prospective
studies emphasizing vascular measurement before pregnancy
can fully elucidate the role of preceding vascular health and
CVD risk in the development of preeclampsia and future CVD
incidence in women of childbearing age.

CLINICAL APPLICATIONS AND FUTURE QUESTIONS

In light of the increased risk of incident CVD in women who
have had preeclampsia, the American Heart Association and
American Stoke Association have recognized history of pre-
eclamptic pregnancy as a risk factor for CVD and stroke in
later life (16, 65). As such, not only is there a basic science
need to identify mechanism-specific intervention strategies to
slow or prevent the progression of CVD in these women, but
we can expect clinical practitioners to begin looking to the
scientific community to inform their treatment approach. Al-
though inhibitors of the ET-1 and renin-angiotensin systems
are contraindicated during pregnancy because of their terato-
genic effects on the offspring, the mechanistic studies de-
scribed above suggest that inhibitors of the ANG II system
(specifically AT1R blockers) or inhibitors of the ET-1 system
(specifically ETBR blockers) are putative mechanism-specific
strategies that may be applied after delivery. However, the
efficacy of these treatments has not yet been tested in either
systemic or chronic treatment regimens.

Aside from the mechanisms that have already been explored
in postpartum women who had preeclampsia, other treatment
strategies may be informed by interventions that are currently
being explored to treat or prevent vascular dysfunction during
a preeclamptic pregnancy (Table 1). Low-dose aspirin is com-
monly prescribed to prevent pregnancy-related vascular disor-
ders, and although it is widely used and considered safe at
lower doses (75–150 mg/day), controversy exists as to the
efficacy of this treatment for the primary prevention of pre-
eclampsia (8, 96). Statins have recently received attention for
their prophylactic use in pregnant women at high risk for
preeclampsia. Statin medications have a number of pleiotropic
effects aside from their role in lowering cholesterol and have
been shown to prevent or reverse vascular dysfunction in
animal models of preeclampsia (11, 32, 48, 74). In a double-
blind placebo-controlled pilot study of 10 mg daily pravastatin
for the prevention of preeclampsia in high-risk pregnancy,
none of the 10 patients assigned to the pravastatin treatment
developed preeclampsia compared with 4 of the 10 assigned to
placebo (24) and no identifiable safety risks were associated
with the pravastatin treatment. While the sample sizes were
small, this study provided preliminary evidence to support
larger trials of pravastatin treatment in this population. Both
low-dose aspirin and statins are commonly prescribed for the
primary and secondary prevention of CVD in men and non-
pregnant women, but their efficacy for the treatment or pre-
vention of CVD in women who had preeclampsia has not been
explored.
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Nutritional interventions for the prevention of preeclamp-
sia in high-risk pregnancy have also gained recent attention.
Meta-analyses of both vitamin D supplementation (50) and
calcium supplementation (�1 g/day) (46) during high-risk
pregnancy show a reduction in the relative risk of pre-
eclampsia with either supplement (pooled odds ratios of
0.81 and 0.45, respectively). Similarly, there is an inverse
relation between plasma 25-hydroxy vitamin D concentra-
tions and incidence of preeclampsia (50). Although these
findings are promising from a pregnancy perspective, the
mechanism of action of these supplements is purely specu-
lative. Presumably, vitamin D supplementation attenuates
inflammation, whereas calcium supplementation may reduce
parathyroid hormone and renin release, in turn reducing
smooth muscle contractility. However, these mechanisms
remain unexplored, and the therapeutic potential of these
supplements in preventing the progression of CVD after the
affected pregnancy is unknown.

Although pharmacological treatments for the prevention of
CVD progression in women who had preeclampsia are appeal-
ing because of their ease of administration and mechanism
specificity, questions about the cost-benefit ratio of putting an
otherwise healthy young woman on a vascular medication for
the rest of her life must be carefully weighed and considered.
It is also important to consider that women with a history of
preeclampsia are more likely to be overweight or obese and are
more likely to develop other traditional CVD risk factors such
as type 2 diabetes and hypercholesterolemia. In weighing
treatment and/or prevention strategies for the development of
overt CVD, a more comprehensive approach to this constella-
tion of risk factors may be most appropriate. Scholten et al.
recently demonstrated that 12 wk of aerobic exercise training
improved endothelial function and autonomic control, and
decreased vascular wall thickness and retrograde shear rate, in
women who had preeclampsia (80, 81). These findings, cou-
pled with the promising findings of nutritional approaches to
prevent preeclampsia in high-risk pregnancy, suggest that per-
haps lifestyle modifications that have been shown to be effi-
cacious in improving vascular health through a variety of

beneficial mechanisms in other populations may also be effec-
tive here. These interventional approaches could provide cost-
effective strategies devoid of side effects for lifelong mitiga-
tion of CVD risk in women who have had preeclampsia.

Perspectives and Significance

It is now abundantly clear that despite the remission of clinical
symptoms postpartum, women who have had preeclamptic preg-
nancies are significantly more likely to develop, and ultimately die
from, CVD compared with women who have had uncomplicated
pregnancies. In light of this risk, women who have had pre-
eclampsia represent an important at-risk cohort that requires early
mechanism-specific intervention strategies to prevent or mitigate
CVD morbidity and mortality. Multiple studies have demon-
strated that women with a history of preeclampsia have impaired
endothelial function and/or increased arterial stiffness lasting
months, years, and even decades after the affected pregnancy.
However, only recently have a few mechanistic studies begun to
examine the underlying etiology of that persistent vascular dys-
function. Those studies suggest that alterations in ANG II and
ET-1 signaling, as well as changes in sympathetic nervous system
control of the vasculature, contribute to subclinical vascular dys-
function in the early postpartum years and likely accelerate the
development of overt CVD in women who have had preeclamp-
sia.

Although these studies lay the groundwork for testing mech-
anism-specific intervention strategies, examinations of associ-
ated intervention strategies from a systemic and/or long-term
perspective are lacking. Emerging animal and integrative human
data from studies of preeclampsia during pregnancy point to
additional potential mechanisms, such as immune dysregulation,
chronic inflammatory signaling, and increased reactive oxygen
signaling, that warrant consideration in the context of persistent
vascular dysfunction after delivery. Although recent advances
have begun to uncover the underlying mechanisms contributing to
persistent vascular dysfunction in women who have had pre-
eclampsia, a number of complementary mechanisms as well as
interventional approaches remain currently unexplored.

Table 1. Proposed therapeutic strategies for improving vascular function in women who have had preeclampsia

Intervention
Proposed Vascular Mechanism of

Action
Efficacy in Reducing Incidence of

Preeclampsia in Human Trials
Effect on Endothelial Function After

Pregnancy in Human Studies References

Low-dose aspirin 2Inflammation 2Relative risk in high-risk pregnancy Unknown (8, 96)
2Platelet activation
2Angiogenic imbalance during

preeclampsia
Statin 2Inflammation and ROS

production
2Relative risk in high-risk pregnancy Unknown (24)

1NO synthesis and
bioavailability

Vitamin D 2Inflammation 2Relative risk in high-risk pregnancy Unknown (50)
Calcium 2PTH and renin release 2Relative risk in high-risk pregnancy Unknown (46)

2Vasoconstriction
AT1R inhibition Inhibit exaggerated AT1R-

mediated constriction
Unknown 1Endothelium-dependent dilation

acutely
(84)

ETBR inhibition Inhibit ETBR-mediated
constriction

Unknown 1Endothelium-dependent dilation
acutely

(83)

Aerobic exercise 2Inflammation No effect 1Endothelium-dependent dilation (26, 80, 81)
1NO synthesis and

bioavailability
2Retrograde shear rate

AT1R, angiotensin II type 1 receptor; ETBR, endothelin type B receptor; NO, nitric oxide; PTH, parathyroid hormone; ROS, reactive oxygen species.
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