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From apelin to exercise: emerging therapies for
management of hypertension in pregnancy

Jeffrey S Gilbert

Studies over the last couple of decades have provided exciting new insights into mechanisms underlying the pathogenesis of

preeclampsia. In addition, several novel and innovative molecules and ideas for management of the syndrome have also come

forth. While our basic understanding of the initiating events of preeclampsia continues to be placental ischemia/hypoxia

stimulating the release of a variety of factors from the placenta that act on the cardiovascular and renal systems, the number of

candidate pathways for intervention continues to increase. Recent studies have identified apelin and its receptor, APJ, as an

important contributor to the regulation of cardiovascular and fluid balance that is found to be disrupted in preeclampsia.

Likewise, continued studies have revealed a critical role for the complement arm of the innate immune system in placental

ischemia induced hypertension and in preeclampsia. Finally, the recent increase in animal models for studying hypertensive

disorders of pregnancy has provided opportunities to evaluate the potential role for physical activity and exercise in a more

mechanistic fashion. While the exact quantitative importance of the various endothelial and humoral factors that mediate

vasoconstriction and elevation of arterial pressure during preeclampsia remains unclear, significant progress has been made.

Thus, the goal of this review is to discuss recent efforts towards identifying therapies for hypertension during pregnancy that

derive from work exploring the apelinergic system, the complement system as well as the role that exercise and physical activity

may play to that end.
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INTRODUCTION

Preeclampsia and related hypertensive disorders of pregnancy are
estimated to affect up to 10% of all pregnancies in the United States.1,2

This may be due to increases in the number of higher-order
pregnancies, the age at onset of pregnancy and rate of obesity.3

Hypertensive disorders of pregnancy are classified into one of several
categories: preeclampsia–eclampsia, chronic hypertension of any
cause that pre-dates pregnancy or is evident in early pregnancy
before 20 weeks gestation, chronic hypertension with superimposed
preeclampsia and gestational hypertension.
Until recently proteinuria was requisite for the diagnosis of

preeclampsia, although due to the heterogeneous and systemic nature
of disease, the American College of Obstetrics and Gynecology
(ACOG) recently broadened the diagnosis of preeclampsia.4 As such,
the diagnosis of preeclampsia and gestational hypertension remains
dependent on new onset blood pressure ⩾ 140 mmHg systolic or
⩾ 90 mmHg diastolic after 20 weeks of gestation with or without
proteinuria (⩾300 mg protein in a 24 h urine collection or urine
spot protein/creatinine ratio ⩾ 0.3). In the absence of proteinuria,
preeclampsia is now established by new onset hypertension with signs
or symptoms of systemic disease including thrombocytopenia,
impaired liver function, renal insufficiency or cerebral or visual

disturbances. Gestational hypertension is distinguished from pree-
clampsia by absence of proteinuria or other symptoms. While
hypertensive disorders of pregnancy are often characterized by fetal
growth restriction, they are also a leading cause of medically indicated
preterm birth. In addition, preeclampsia may also be distinguished as
early onset vs late onset preeclampsia5,6 based on evidence that the two
entities have distinct pathophysiologies.7,8 This distinction is often
identified as early-onset preeclampsia prompting delivery o34 weeks
or late onset with delivery ⩾ 34 weeks gestation.
Although the mechanisms of the pathophysiology of preeclampsia

remains unclear, placental ischemia/hypoxia is widely regarded as
a key factor.9,10 Perhaps the foremost hypothesis regarding the
initiating event in PE is that reduced placental perfusion leads to
widespread dysfunction of the maternal vascular endothelium.
Inadequate trophoblast invasion leading to incomplete remodeling
of the uterine spiral arteries is considered to be a primary cause of the
placental ischemia.10 Thus, the poorly perfused and hypoxic placenta
is thought to synthesize and release increased amounts of factors such
as soluble fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin
(sEng).11–14 Other molecules that play a role in the hypertension
associated with preeclampsia have been identified from both clinical
and experimental studies and these include the complement factors
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C3 and C5, Angiotensin receptor type 1 auto antibodies (AT1-AA),
apelin, adipocytokines, interluekin-6 and anandamide.11,13–22

Currently, the primary clinical course of action for patients is the
management of symptoms until delivery is indicated. Since delivery is
frequently indicated pre-term, preeclampsia is often associated with a
variety of sequelae known to be associated with early and small for
gestational age births such as endothelial dysfunction, hypertension,
and type 2 diabetes mellitus in the mother and/or the child.23–26

Evidence has also accumulated indicating women that endure
preeclampsia during pregnancy are also at a high risk for hypertension
and other metabolic abnormalities in later life.24,27,28 Thus, develop-
ment of treatments to prevent or attenuate symptoms of preeclampsia
and other hypertensive disorders of pregnancy are likely to have clear
benefits to public health. With that in mind the present review seeks to
explore recent work in several areas to bring updates to the standard of
care for women with preeclampsia and other related hypertensive
disorders of pregnancy.

APELINERGIC SYSTEM

While the apelin molecule and its G-protein-coupled APJ receptor were
recognized as a ligand-receptor pair in the late 1990’s,29,30 they have
quickly become recognized as important factors with regard to
cardiovascular31 and metabolic diseases32 and more recently cancer33

and pregnancy.34 The apelinergic system is present in variety of organs
such as heart, kidney and placenta all of which contribute in various
roles to cardiovascular disorders of pregnancy.35 Apelin is observed to
have a short half-life and its direct effects on the cardiovascular system
seem to be transient.36 An interesting feature of the apelin system is the
many similarities with other known cardiovascular effector systems
such as angiotensin and endothelin. Angiotensin converting enzyme
type 2 is one such molecule that acts as a negative regulator that
inactivates some angiotensin molecules also is an enzyme that works to
inactivate some apelin molecules as well.37 While APJ signaling via
apelin stimulates NO production and ascular smooth muscle relaxation
in most endothelium-intact vessels, similar to endothelin it has
constrictor effects when applied to endothelium-denuded vessels.
Apelin has also been observed to inhibit angiotensin II-induced
elevated cytosolic calcium and vasoconstriction which in turn
contributes to an overall vasodilatory action.38 Although the direct
effects of apelinergic stimulation favor vasodilation in a transient
sense, the indirect effects of APJ agonism via secondary pathways
remains unclear.
Only recently have investigators turned their attention toward the

role of apelin in hypertension during pregnancy and thus far the
studies regarding APJ and apelin during preeclampsia have not been
entirely clear. There have been reports suggesting increased protein
expression of apelin in the late gestation placenta from women with
preeclampsia via immunohistochemistry.39 There have also been
reports of decreased mRNA and protein expression by way of
RT-PCR and western blot/immunohistochemistry in the term
placenta of patients presenting with preeclampsia when compared to
uncomplicated control preganncies.40 In addition a recent report
indicated placental apelin was decreased via radioimmunoassay.41 In
contrast, reports on circulating apelin in preeclampsia primarily report
an increase40,42,43 while one group observed a decrease.44

While there are precious few studies to date that have investigated
the role of apelin in preeclampsia there is a dearth of studies in animal
models or preeclampsia. Preliminary studies from my laboratory using
the reduced uterine perfusion pressure (RUPP) model of preeclampsia
suggest APJ receptor expression is increased in the placenta via western
blot (unpublished observations). In light of its vasodilatory and other

potentially beneficial properties for treating hypertensive disorders of
pregnancy, it is clear more investigations of the apelinergic system are
needed for the therapeutic potential of this system to be fully
recognized.

ENDOCANNABINOIDS

With recent changes in drug laws regarding cannabis in the United
States there has been increased interest in studying the role of
cannabinoids and endocannabinoids during pregnancy. Cannabinoid
(CB1) receptor expression has been observed in numerous tissues
including the myocardium, kidney, placenta and nerve fibers
innervating resistance vessels.45,46 In addition, recent studies have
shown plasma levels of the endocannibinoid anandamide are altered in
clinical hypertension as well as in animals models of hypertension.21,47

Anandamide is thought to have a variety of effects on reproductive
tissues ranging from fertilization to placentation and modulation of
blood flow but exact mechanisms remains unclear in some cases.46,47

Hence, clear evidence is accumulating that endogenous or exogenous
cannabinoids may play a role in hypertension during pregnancy.
A recent study by Alban et al., reported increased placental

expression of N-acyl phosphatidylethanolamine phospholipase D
(NAPE-PLD), an enzyme involved in the generation of anandamide
although no change was observed in the expression of the CB1. The
authors also examine NOS activity in response to anandamide in
placental explants and found increased NOS activity in the explants
from preeclamptic patients compared to those from normal pregnan-
cies. In another recent clinical study, Molvarec et al., evaluated serum
concentrations of sFlt-1, placental growth factor and anandamide. The
authors also found that patients with preeclampsia had reduced
concentrations of anandamide and consistent with previous studies
reported increased sFlt-1 and decreased placental growth factor (PlGF)
concentrations when compared with healthy pregnant controls.
Additional analysis by the authors revealed there was no relationship
observed between sFlt-1 or PlGF and anandamide concentrations in
either the healthy pregnant or preeclampsia patients studied. Another
recent study utilizing an transgenic mouse model of preeclampsia, in
which a female rat carrying the human angiotensinogen gene is mated
with a male rat carrying the human renin gene (TgA). This crossing
results in a pregnant dam that develops many features of preeclampsia
seen in human patients.48 The authors found that anandamide
reduced angiotensin II mediated contraction of uterine arteries in
a CB1 receptor independent manner. Taken together these studies
clearly indicate there may be important relationships between
anandamide and hypertension in preeclampsia that might be exploited
to reduce blood pressure although it is clear that much more work is
needed in this area.

IMMUNE SYSTEM

While the immune system is increasingly recognized as important in
the pathophysiology of preeclampsia, the delicate balance of positive
and negative regulators of the immune system requisite for successful
pregnancy makes it an especially challenging system for intervention.
Both the adaptive and innate immune systems are modified in
pregnancy compared to the non-pregnant state and many of these
changes are exacerbated in preeclampsia.49,50 Changes to the adaptive
immune system include increased CD4+ T cells, increased Th17 cells
and decreased Treg cells.51 During preeclampsia neutrophil activation
is elevated52,53 and infiltration in the systemic vasculature is increased
compared to normal pregnancy. Preeclamptic women also exhibit
a heightened inflammatory state and greater number of neutrophils
(PMNs) in the vasculature compared to normal pregnancy. Recent
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work by Regal and colleagues demonstrated PMNs are critical to
placental ischemia-induced hypertension using the reduced uterine
perfusion pressure (RUPP) model in the rat.54 PMNs were depleted
with repeated injections of polyclonal rabbit anti-rat neutrophil
antibody (antiPMN) on gestation days (GD) 13, 14,16 and 18.
PMN depletion with this regimen decreased blood pressure in the
RUPP group but did not have any effect on circulating vascular
endothelial growth factor (VEGF) levels, RUPP-induced fetal demise
nor the generation of complement activation product C3a.
Advances in measurement of complement activation products in

clinical studies have clearly demonstrated that complement activation
is increased in pregnancies complicated with preeclampsia compared
to uncomplicated pregnancies. Previous studies have shown increased
C3a/C3 ratio and terminal lytic pathway activation (sC5b-9) in
preeclampsia compared to uncomplicated pregnancies.55 They also
reported increased sC5b-9 was associated with fetal growth restriction.
These measures all support the conclusion that excessive complement
activation had occurred in the preeclamptic pregnancy leading to
a depletion of C3 in the plasma—C3 synthesis was outpaced by
C3 activation. Soto et al.56 compared complement activation products
C3a, C4a and C5a in preeclampsia compared to small for gestational
age fetuses and found increased C5a was associated with preeclampsia
but not small for gestational age fetuses. Both studies reported
complement activation products in the last half of pregnancy and
during the manifestation of symptoms.
In an effort to identify whether alterations in complement activation

early in gestation were predictive and/or potentially causal in
preeclampsia, Lynch et al.57, measured complement activation
products and followed patients through pregnancy. They reported
increased Factor Bb suggesting excessive alternative pathway activation
early in pregnancy, and this increase was associated with preeclampsia
development later in pregnancy, while no predictive value was
observed for C3a or sC5b-9. Additional studies evaluated hypertensive
disease of pregnancy, preterm birth (o37 week), premature rupture of
the membranes, intrauterine fetal loss, and fetal growth restriction.
This analysis revealed women in the highest quartile of C3a were three
times more likely to have an adverse pregnancy outcome such as
hypertension, preterm birth and premature rupture of membranes.58

Increased complement activation products C5a and sC5b-9 have
also been observed in plasma and urine indicating activation of the
terminal complement components in patients with severe
preeclampsia.59 Urinary excretion of sC5b-9 was increased markedly
in severe preeclampsia but minimal or absent in healthy controls or
pregnancies with chronic hypertension. Additionally, urinary detection
of sC5b-9 correlated positively with increased soluble VEGFR-1 and
decreased placental growth factor (PlGF) and VEGF.60 An exciting
report from a recent case study indicated pregnancy could be safely
extended in a woman with severe preeclampsia following treatment
with the anti-C5 antibody eculizumab61 further suggesting comple-
ment is a viable therapeutic target.
Animal studies of hypertensive disorders of pregnancy are impor-

tant to critically test hypotheses regarding pathophysiology and
putative treatments that are not possible in humans, and to inform
critical studies in humans. Many studies have utilized murine models
that share hemichorial placentation with humans. Humans and rats
have deeper trophoblast invasion in placental development, than mice
where placentation is more superficial.62

Other models of preeclampsia such as the reduced uterine perfusion
pressure (RUPP) model which mechanically reduces blood flow to the
uteroplacental unit ~ 40%, focus on events in the later part of
pregnancy to investigate the consequences of placental ischemia once

it has developed. Alternatively, other models use pharmacologic or
viral means to generate a hypertensive state in latter pregnancy. In
these models, preeclampsia symptoms are initiated either by surgical
intervention to cause placental ischemia or by infusion of mediators to
mimic the clinical characteristics observed in women with
preeclampsia.63,64 Placental ischemia in rat and mouse results in
elaboration of many factors including but not limited to AT1-AA,
TNF-alpha, endothelin, increased sFlt-1, decreased VEGF and
increased reactive oxygen species. Studies by Lillegard et al.19,20 using
the RUPP model of placental ischemia in the rat were the first to
mechanistically link complement activation, particularly C3a and C5a,
with the hypertension caused by placental ischemia. Inhibiting
activation of complement using a soluble version of endogenous
CR1 (sCR1) significantly attenuated hypertension. Additional studies
using the C5a receptor antagonist PMX 53 and the C3a receptor
antagonist SB290157 illustrated C3a and C5a are the important
products of complement activation responsible for the RUPP
hypertension. While only the C5a antagonist PMX 53 prevented
endothelial dysfunction in mesenteric arterioles that is often observed
following placental ischemia suggesting it appears that both C3a and
C5a contribute to increased blood pressure in this model. Interpreta-
tion of these studies regarding C3a involvement is dependent on the
specificity of the C3a antagonist SB290157 at the dosage used
(5 mg kg− 1) and acknowledging that SB290157 has been criticized
for its partial agonist activity and effects on neutrophils. Hence, the
exact involvement of C3a in RUPP hypertension should be taken
cautiously.65 What continues to remain unclear at this point is
whether complement activation and increased C3a/C5a production
is linked to other recognized mediators of high blood pressure in
placental ischemia induced hypertension such as endothelin, sFlt-1 or
TNF-α, or whether complement activation acts in concert with one or
more other factors in hypertension.
In concert, the clinical data support the notion that excessive

complement activation is associated with adverse outcomes of
pregnancy such as preeclampsia. The observations that increased
complement activation may presage the presentation of symptoms
suggest both a causal role in addition to a role in perpetuating the
syndrome as gestation progresses.

EXERCISE AND PHYSICAL ACTIVITY

Exercise training in the non-pregnant state is widely recognized as
a useful method to both prevent and help mitigate high blood
pressure.15,66–68 Likewise, exercise training has also been shown to
benefit patients seeking to reduce body mass.15 Epidemiological
studies of prenatal exercise and/or continued/initiated during
pregnancy report a lowered incidence of morbidities that are
frequently associated with obesity such as gestational diabetes, gesta-
tional hypertension, fetal growth restriction and preeclampsia.69–71

With respect to hypertensive disorders of pregnancy, retrospective
reports have consistently suggested physically active women had
improved pregnancy outcomes and reduced incidence of
preeclampsia.72,73 Further, an increased NO production and decreased
reactive oxygen species has recently been observed in placental tissue
samples from women who were exercising during pregnancy when
compared to the sedentary/low-activity controls.74 Indeed, recent
clinical studies evaluating the effects of physical activity before and
during pregnancy on the incidence and severity of preeclampsia have
been promising.70,72,75–79 Clinical studies indicate exercise during
pregnancy promotes placental growth80,81 and maternal angiogenic
balance.76 Several reports also show exercise during pregnancy
may positively influence fetal growth and later developmental
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milestones.82–84 In addition to putative feto-placental effects of
exercise, recent evidence suggests 10 weeks of exercise during
pregnancy lowers diastolic blood pressure in women with a predis-
position to pregnancy-induced hypertension77 and decrease
cardiovascular risk profile.83 Other studies have recently shown that
exercise during pregnancy may promote a pro-angiogenic state by
increasing placental growth factor (PlGF) in pregnant women.76

Despite past evidence that exercise may work to minimize the
chances of preeclampsia, few hypothesis-driven mechanistic and
molecular experiments have been reported. The recent development
of numerous animal models that mimic clinical features of
preeclampsia has led to recent work evaluating the effects of
exercise before and during pregnancy on blood pressure and other
characteristics of the syndrome.85–87 We have recently observed
exercise before and during gestation creates a pro-angiogenic state in
rodents.85,88 Further, we and others have previously observed
exercise before and during gestation mitigates hypertension in several
experimental models85–87 of preeclampsia.
The beneficial role of physical activity before and during pregnancy

on blood pressure during hypertensive pregnancy has also been
recently reported in two different animal models of preeclampsia.87,89

Using a transgenic mouse model of super-imposed preeclampsia that
employs female mice over-expressing human angiotensinogen mated
with male mice over-expressing human renin, Falcao and colleagues
reported reductions in blood pressure, proteinuria and cardiac
hypertrophy following a voluntary wheel running regimen that
spanned 4 weeks prior to and throughout gestation.87 The same group
performed additional studies in the same model and reported exercise
induced alteration in various molecules in the renin–angiotensin
system that all favored decreased blood pressure.86

Studies from my laboratory have utilized a similar model of
voluntary wheel running that encompassed the six weeks prior to
mating and then the balance of gestation after the confirmation of
breeding. Our voluntary wheel running paradigm elicits metabolic
adaptations in the skeletal muscle (i.e. increased gastrocnemius ATP
synthase and PGC1-α expression) of pregnant rats that are consistent
with known training adaptations to exercise.90 We also observed
exercise induced increases in cytoprotective heat shock proteins (HSP)
27, 60 and 90.90 An important point to note is that the studies of
Falcao,87 Genest 86 and Gilbert,85,90 all employ voluntary running
activity and to avoid the stress that has previously been associate with
treadmill running as an activity intervention.91 With respect to the role
of exercise as an intervention for hypertension in pregnancy, our
studies have employed the RUPP model of preeclampsia and show
that exercise before and during pregnancy decreases blood pressure
and improves the angiogenic profile of the rat dams.85 Another
intriguing insight gleaned from these studies is that exercise decreases
the RUPP-induced fetal demise routinely observed by us and others in
this model.92–95 More recent studies have begun to evaluate the effects
of exercise during pregnancy only and preliminary findings suggest the
shorter period of exercise training does not have the same effects
(unpublished observations). Similar to reports from studies in women,
we have recently reported that exercise before and during gestation
improved placental efficiency (that is, the ratio of fetal weight to
placental weight)85,88 in both normal pregnancy and in RUPP dams,
which suggests an improvement of placental diffusion capacity.
Others have reported various effects on placental growth, and this
may be due to the variations in timing, intensity, and duration of
exercise between these studies.74,76,80–82,86,87,96–98 Our working
hypothesis for the role of exercise as a means to lower blood pressure
in the RUPP model is summarized in Figure 1. Viewed in concert, the

data available from clinical and experimental studies strongly suggest
that exercise may hold therapeutic potential in hypertensive pregnan-
cies despite the traditional approach that has contraindicated exercise
in these pregnancies.99

IS AMPK THE LINK BETWEEN EXERCISE AND REDUCED

BLOOD PRESSURE?

Activation of skeletal muscle during exercise is reported to
stimulate the heterotrimeric serine/threonine protein kinase AMPK
(AMP-activated protein kinase) and downstream pathways, in
a workload dependent manner100,101 and the role of AMPK in
acute and chronic training adaptations following exercise has been
well-studied.100,102,103 Importantly, activation of AMPK in exercising
skeletal muscle reportedly mediates production of pro-angiogenic
factors, such as VEGF, through mRNA stabilization.103,104 Indeed,
Zwetsloot et al., have reported a central role for AMPK in VEGF
expression post-exercise in transgenic model of muscle-specific AMPK
knockdown. Organs with high metabolic activity (skeletal muscle,
heart, brain, placenta) express a specialized γ2-isoform of AMPK-γ
subunit,105 which is thought to tightly regulate AMPK activation
because of increased sensitivity to AMP levels.105,106 Viewed together,
administration of AMPK activators or AMP analogues during
pregnancy may stimulate expression of VEGF through the stimulation
of AMPK and in turn work towards ameliorating adverse symptoms of
preeclampsia.
Epidemiological evidence supports the notion that Metformin

(1,1-dimethylbiguanide) reduces blood pressure in addition to
its other favorable metabolic actions in diabetics.107 In addition,
numerous studies have followed patients treated with metformin
through pregnancy and found that it does not have any adverse effects
on the mother or the fetus.108,109 Moreover, a recent study by
Brownfoot and colleagues indicates metformin reduced soluble
VEGFR-1 and soluble endoglin expression in cell culture and placental
villous explants from women with preeclampsia. The authors also
reported that metformin reduced mRNA expression of TNF-α and
vascular adhesion molecule 1 both markers of endothelial dysfunction.
Further, conditioned media from preeclamptic villi treated with
metformin showed improved vasodilation compared media from
untreated villous cultures.110

The AMPK-activator AICAR (5-aminoimidazole-4-carboxamide
1-β-D-ribofuranoside) is reported to mitigate hypertension in
several experimental animal models complicated by high blood
pressure.111–114 A study from my laboratory investigate the role of
AMPK-activator AICAR in the RUPP model, we administered AICAR

Figure 1 Illustration of our working hypothesis for the manner in which
exercise during pregnancy acts to lower blood pressure in rats with reduced
uterine perfusion pressure (RUPP).
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for 5 days following the surgical restriction of uteroplacental blood
flow. First, AICAR treatment (50 mg kg− 1 b.i.d) ameliorated the
RUPP-induced hypertension, angiogenic imbalance, and endothelial
dysfunction.115 Interestingly, AICAR administration improved
circulating free VEGF and decreased sFlt-1 in the RUPP and had no
effect in the normal pregnant, which suggested an intriguing effect on
sFlt-1 secretion under ischemic conditions. Notably, placental and
renal markers of oxidative stress and antioxidative capacity were also
mitigated with AICAR treatment in the RUPP, and had no effect in
the normal pregnant dams. It is important to note that no detrimental
effects were observed in the fetal or placental weights when normal
pregnant or RUPP dams that received the AICAR treatment. Similar
to our observations with exercise before and during pregnancy, AICAR
also mitigated RUPP-induced fetal demise suggesting a beneficial effect
on the fetal environment in the RUPP dams.115 Together, these
findings suggest that AICAR treatment may have several beneficial
effects on the hypertension and endothelial dysfunction in pregnancies
complicated by placental ischemia.
Despite being one of the leading causes of maternal death and

a major contributor of maternal and perinatal morbidity, the exact
mechanisms responsible for the pathogenesis of preeclampsia remain
unknown. The initiating event in preeclampsia is likely due to reduced
uteroplacental perfusion as a result of abnormal cytotrophoblast
invasion of spiral arterioles. This leads to chronic placental ischemia
and elaboration of factors that lead to widespread activation/dysfunc-
tion of the maternal vascular endothelium. Recent studies show that
maternal vascular function can be improved and blood pressure
lowered by inhibiting complement activation, using anti-complement
antibodies and removal of sVEGFR-1 via plasmapheresis. In addition,
stimulating pro-angiogenic factors such as VEGF can be done by
exercise training and with the administration of AICAR. Some of these
management strategies such as exercise and AICAR have also been
shown to improve fetal outcomes in the RUPP model as well. While
clear progress is being made towards improving the management of
preeclampsia and hypertensive diseases of pregnancy further studies
involving these pathways will hopefully bring forth the possibility of
preventing preeclampsia and improving the long term health of
mothers and babies alike.
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