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Abstract

Preeclampsia is a hypertensive disorder of pregnancy effecting ~5-8% of pregnancies in the
United States, and ~8 million pregnancies worldwide. Preeclampsia is clinically diagnosed after
the 20t week of gestation and is characterized by new onset hypertension accompanied by
proteinuria and/or thrombocytopenia, renal insufficiency, impaired liver function, pulmonary
edema, or cerebral or visual symptoms. This broad definition emphasizes the heterogeneity of the
clinical presentation of preeclampsia, but also underscores the role of the microvascular beds,
specifically the renal, cerebral, and hepatic circulations, in the pathophysiology of the disease.
While the diagnostic criteria for preeclampsia relies on the development of de novo hypertension
and accompanying clinical symptoms after 20-week gestation, it is likely that subclinical
dysfunction of the maternal microvascular beds occurs in parallel and may even precede the
development of overt cardiovascular symptoms in these women. However, little is known about
the physiology of the non-reproductive maternal microvascular beds during preeclampsia, and the
mechanism(s) mediating microvascular dysfunction during preeclamptic pregnancy are largely
unexplored in humans despite their integral role in the pathophysiology of the disease. Therefore,
the purpose of this review is to provide a summary of the existing literature on maternal
microvascular dysfunction during preeclamptic pregnancy by reviewing the functional evidence in
humans, highlighting potential mechanisms, and providing recommendations for future work in
this area.

Introduction

Preeclampsia is a hypertensive disorder of pregnancy effecting ~5-8% of pregnancies in the
United States, and ~8 million pregnancies worldwide [1]. Preeclampsia is diagnosed after
the 20t week of gestation and is characterized by new onset hypertension (systolic and/or
diastolic pressures =2140/90 mmHg, respectively), accompanied by proteinuria (0.3 g per 24
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h) or, in the absence of proteinuria, thrombocytopenia, renal insufficiency, impaired liver
function, pulmonary edema, or new-onset headache unresponsive to medication and not
accounted for by alternative diagnoses or visual symptoms [2]. This broad definition
emphasizes the heterogeneity of the clinical presentation of preeclampsia, but also
underscores the role of the microvascular beds, specifically the renal, hepatic, and cerebral
beds, in the pathophysiology of the disease. While the diagnostic criteria for preeclampsia
relies on the development of de novo hypertension after 20-week gestation, the etiology of
preeclampsia begins much earlier in pregnancy with insufficient uterine artery remodeling
and subsequent placental ischemia. This ischemia triggers the release of anti-angiogenic
factors which enter the maternal circulation and mediate the multifaceted maternal syndrome
through their effects on systemic endothelial and vascular smooth muscle cell function in
non-reproductive vascular beds [3,4]. A discussion of the mechanisms contributing to
placental vascular dysfunction in preeclampsia is outside the scope of the present review,
and the putative molecular mechanisms mediating this inadequate vascularization and its
role in the maternal and fetal sequelae of preeclampsia are eloquently reviewed elsewhere by
Staff et al. [5,6]. However, given that this inadequate vascularization occurs early in
pregnancy, it is likely that subclinical dysfunction of the maternal microvascular beds occurs
in parallel and may even precede the development of overt (i.e. reaching a clinical threshold
for) cardiovascular dysfunction in these women. It is clear that large artery endothelial
function is attenuated during preeclamptic pregnancy [7-9], even before the clinical
diagnosis of the disease [10,11]. However, considerably less is known about the non-
reproductive maternal microvascular beds, and the mechanism(s) mediating this dysfunction
are largely unexplored in humans despite their integral role in the pathophysiology of the
disease. Therefore, the purpose of this review is to provide a summary of the existing
literature on maternal microvascular dysfunction during preeclamptic pregnancy by
reviewing the functional evidence in humans, highlighting potential mechanisms, and
providing recommendations for future work in this area.

Renal microcirculatory dysfunction

In healthy pregnancy, the kidneys play a central role in the development and maintenance of
the cardiovascular milieu that supports the mother and fetus throughout gestation and
undergo several anatomic and functional physiological changes to sustain this role [12].
Vasodilation of the renal circulation results in a 50% increase in renal plasma flow and
glomerular filtration rate (GFR) compared with pre-pregnancy values. These changes are
mediated by vasodilation of the kidneys that occurs as early as 5-week gestation and
precedes full placentation and the development of the uteroplacental circulation [13,14].
Attributable to this increase in GFR, there is an increase in total urinary protein and albumin
excretion above non-pregnant values, especially notable after 20 weeks and later into
gestation. However, this protein content consists of low-molecular weight proteins, mainly
uromodulin, with a small amount of albumin and other circulating proteins.

While the development of new onset proteinuria is no longer an absolute clinical
requirement for the diagnosis of preeclampsia, only ~10% of preeclamptic women will
present with gestational hypertension and accompanying signs of end-organ dysfunction in
the absence of proteinuria [15]. Therefore, the most common presentation of preeclampsia
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includes proteinuria, defined as =0.3 g per 24-h period, or protein/creatinine ratio = 0.3, or a
dipstick reading of 2+ when other diagnostic criteria are not available [2]; values which are
twice the normal limit in non-pregnant women. The pathogenesis of proteinuria in
preeclampsia is driven primarily by glomerular changes, specifically the development of
glomerular endotheliosis, and significant damage to the podocytes [16]. Glomerular
endotheliosis, a specific variant of thrombotic microangiopathy, is characterized by swollen,
vacuolated glomerular endothelial cells with loss of endothelial fenestrae and narrowing or
occlusion of the capillary lumens [16-18]. In preeclampsia, renal biopsy studies have
revealed that this endotheliosis occurs on a continuum and is present, to some degree, in
normal pregnancy [18]. However, the exaggerated form observed in preeclampsia leads to
reductions in glomerular filtration through reductions in capillary perfusion secondary to
narrowing and in some cases complete occlusion of the capillary lumen. While the
mechanisms mediating this glomerular endotheliosis are unclear in preeclampsia, it is likely
that the imbalance in pro-angiogenic vascular endothelial growth factor (VEGF) and
placental growth factor (PIGF) and anti-angiogenic proteins soluble fms-like tyrosine
kinase-1 (sFlt-1) and soluble endoglin leads to endothelial and podocyte damage. Both
sFlt-1 and soluble endoglin bind circulating VEGF and PIGF and prevent their interaction
with endothelial cell-surface receptors, and experimental models of VEGF knockout or
inhibition with sFlt-1 and endoglin show renal endothelial dysfunction [19-22]. Specifically,
animal models of preeclampsia demonstrate that increasing circulating sFlt-1 concentrations
during pregnancy results in increased blood pressure accompanied by proteinuria and
glomerular endotheliosis [20,21,23], while anti-VEGF therapies or podocyte-specific VEGF
knockout in nonpregnant rodents causes glomerular endotheliosis and proteinuria [19,21].
Indeed, the renal pathophysiology of preeclampsia is similar to that observed in anti-VEGF
ablation therapy in humans [24], and similar proteinuria develops in cancer patients
receiving anti-VEGF treatments [25-27]. Together, these data suggest that the anti-
angiogenic actions of elevated circulating sFlt-1 and endoglin during preeclamptic
pregnancy likely mediate this endotheliosis, but direct investigation of these mechanisms in
pregnant women is lacking. Future studies exploring the role of this anti-angiogenic
imbalance and its relation to the severity of renal insufficiency during preeclampsia may
begin to shed light on these mechanisms in women.

From a functional standpoint, renal Doppler ultrasonography offers a non-invasive tool for
evaluating renal arterial and venous blood flow, providing information about renal
microcirculatory flow with little to no risk to the patient. Renal resistive index (RRI) and
pulsatility index (PI) are measures of renal vascular impedance and are mainly affected by
renal wedge capillary pressure, though they are also influenced by systemic vascular
dynamics including pulse pressure, arterial resistance, and vascular compliance [28]. RRI
has been suggested to have predictive value in a variety of vascular and renal complications,
as high RRI values have been associated with increased risk of cardiovascular events in
chronic kidney disease patients and patients with essential hypertension or coronary artery
disease [29-32]. However, whether elevated RRI is present in preeclampsia is unresolved. In
a study examining 24 women with preeclampsia compared with 24 pregnant controls
matched for gestational age, Bahser et al. demonstrated that RRI and P1 are elevated in
preeclamptic pregnancy [33]. Similarly, Gyselaers et al. examined RRI and Pl in control
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pregnant women, women with gestational hypertension, and those with late (onset > 34
weeks gestation)- or early (onset < 34 weeks gestation)-onset preeclampsia and found that
both RRI and PI increased on a continuum from normal pregnancy (reference value) to late-
onset (elevated compared with normal pregnancy) to early-onset preeclampsia (highest RRI
and PI) [34]. In contrast, findings by Bateman et al. suggest that RRI may not be elevated in
preeclampsia compared with matched controls [35]. A recent meta-analysis of renal Doppler
ultrasonography findings in preeclampsia concluded that RRI and PI are not altered in
preeclampsia, however the variability of findings across studies and the relative dearth of
prospective clinical trials utilizing this technique highlight the need for further work in this
area [36]. Interestingly, while the meta-analysis by Bellos and Pergialiotis found no
consistent effect of preeclampsia on renal resistance or impedance measures, they did
conclude that there was an effect on renal interlobar vein impedance index (RIVI) and
shorter pulse transit time in the renal vascular bed, indicating involvement of the renal
venous compartment in the pathological dysfunction associated with the disease [36]. RIVI
is the venous counterpart to RRI, reflects the compliance of the renal parenchyma, and has
been reported to be useful in clinical evaluation of obstructive uropathies [37-39]. Maternal
RIVI is higher in all preeclampsia (early and late-onset combined) compared with
uncomplicated pregnancy, and highest in early-onset preeclampsia [35,40,41]. Interestingly,
RIVI is elevated only in women with preeclampsia, not in gestational hypertension [42], and
correlates with proteinuria, but only in late-onset preeclampsia despite both proteinuria and
RIVI being higher in early-onset disease [40,42,43].

Collectively, the available data from studies in humans describe the renal injury of
preeclampsia as characterized by significant damage and/or degradation of the vascular
networks within the glomeruli, and vasospasm of the renal microvasculature. This leads to
the relative decreases in renal plasma flow and GFR compared with normal pregnancy
(Figure 1). While the mechanistic determinants of these changes remain relatively
unexplored in preeclampsia because of the challenges of performing /n vivo studies in
pregnhant women, existing evidence from cell and animal models suggests that the
angiogenic imbalance characteristic of preeclampsia likely mediates in part the
microvascular dysfunction and damage of the renal circulation. In addition to the role(s) of
sFlt-1 and soluble endoglin, it is also highly likely that alterations in the angiotensin and
endothelin [23] systems observed in preeclampsia mediate the renal microvascular
vasospasm. However, mechanistic investigations of these pathways in pregnant women are
similarly limited by the teratogenic effects of the available mechanism-specific
pharmacological inhibitors (e.g. inhibitors of the renin—angiotensin—aldosterone system and
endothelin-1 (ET-1) antagonists). With the upcoming promise of maternally sequestered
pharmacological treatment strategies, which stabilize protein-tagged therapeutics in the
maternal circulation and prevent their placental transfer [44-46], future work in this area
will be essential for describing the mechanisms that mediate this dysfunction and identifying
potential therapeutic options for the treatment or prevention of renal microvascular
dysfunction in preeclampsia.
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Hepatic microcirculatory dysfunction

Hepatic blood flow and liver size remain unchanged during healthy pregnancy despite
increases in cardiac output. Liver diseases of pregnancy affect ~3-5% of pregnancies and
although these diseases arise from many causes, preeclampsia with accompanying liver
dysfunction is the most common cause of abnormal liver function, followed by Hemolysis,
Elevated Liver transaminases, Low Platelet count (HELLP) syndrome [47]. Preeclampsia
and HELLP syndrome are associated with hepatic dysfunction, and in some cases hepatic
failure, in pregnancy. Approximately 20-30% of patients with preeclampsia have abnormal
liver function tests. Liver dysfunction in preeclampsia is secondary to vasospasm of the
hepatic vascular bed leading to increased hepatic microcirculatory resistance, sinusoidal
obstruction and ischemia, and subsequently elevated circulating liver enzymes [48,49].
Approximately 12% of preeclamptic patients develop HELLP, but notably, these elevated
transaminases can be observed in preeclamptic patients even in the absence of HELLP. It is
assumed that the circulating anti-angiogenic, inflammatory, and vasoconstrictor factors in
preeclampsia mediate endothelial injury, vasospasm, and fibrin deposition in the hepatic
microcirculation, which can lead to large hematomas, capsular tears, and intraperitoneal
hemorrhage [50-52]. While these mechanisms are essentially unexplored in preeclampsia,
studies of portal hypertension demonstrate that the intrahepatic microcirculation is highly
sensitive to circulating vasoactive mediators, which modulate intrahepatic endothelial
function and vascular resistance. For example, liver sinusoidal endothelial cells (LSECs) are
highly dependent on VEGF for the maintenance of their phenotype and anti-VEGF
treatment leads to LSEC dysfunction and subsequent reductions in NO production [53-55].
In preeclampsia, therefore, it is likely that reductions in circulating VEGF contribute to
LSEC dysfunction and subsequent attenuations in NO bioavailability within the hepatic
microcirculation. The hepatic microcirculation is sensitive to the vasoconstrictor activity of
ET-1 [56-58] and angiotensin 11 [59], both of which are implicated in the exaggerated
constrictor tone of the maternal microvasculature in preeclampsia. Similarly, increases in
oxidative stress and inflammation have been demonstrated to mediate LSEC dysfunction and
increase intrahepatic resistance in portal hypertension [60-62] suggesting that these
mechanisms may similarly contribute to hepatic resistance in preeclampsia.

Taken together, although hepatic microcirculatory dysfunction plays a role in the maternal
syndrome of preeclampsia and HELLP, the mechanisms and mediators of this dysfunction
remain largely unstudied in this condition (Figure 2). Future work informed by the
mechanistic overlap between circulating anti-angiogenic factors in preeclampsia and known
mediators of portal hypertension is warranted to understand the pathophysiology of hepatic
microcirculatory dysfunction and identify mechanistic targets for the treatment or prevention
of this complication in preeclampsia and HELLP syndrome.

Cerebral microcirculatory dysfunction

The cerebral circulation is tasked with precisely coupling cerebral blood flow to neuronal
activity and dampening pulsatile pressure transmission to the microvessels of the brain
through efficient autoregulatory mechanisms [63]. Cerebral autoregulation describes the
intrinsic myogenic mechanism that modulates cerebrovascular resistance to maintain
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cerebral blood flow across a wide range of arterial pressures. The cerebral arteries, including
middle, anterior, and posterior cerebral arteries, arise from the circle of Willis and further
branch into pial arteries that travel along the surface of the brain. The cerebral
microcirculation comprises arterioles that penetrate the brain parenchyma and distal
capillary beds enveloped by neuroglia to form the neurovascular unit [64]. The cerebral and
pial arteries account for approximately two-thirds of cerebral vascular resistance, while the
remaining one-third is attributed the microcirculation [65]. The cerebral capillary
endothelium is the interface between the systemic circulation and nervous tissue and
uniquely features tight cellular junctions that form the blood—brain barrier (BBB) [66].
Cerebral microvascular damage and dysfunction promotes disruption of the BBB and
compromises local blood supply, resulting in focal ischemia, to which watershed regions of
the cerebral white matter are particularly vulnerable [67].

In healthy pregnancy, cerebral blood flow velocity is reduced across gestation [68—72]. This
alteration in cerebral blood flow velocity likely reflects reduced cerebral artery resistance
related to circulating vasoactive hormones elevated in pregnancy [70,71] or local
endothelium-derived mechanisms [69,71]. Sympathoexcitatory stimuli (i.e., isometric
handgrip exercise) do not elicit a change in cerebral blood flow velocity at early-, mid-, or
late-gestation, despite a robust increase in arterial pressure [73]. This indicates that
cerebrovascular autoregulation is preserved throughout the progression of healthy
pregnancy. Moreover, cerebrovascular reactivity to hypercapnia [74,75] and to a visual
stimulus (i.e., neurovascular coupling) is unchanged in healthy pregnancy compared with
non-pregnant women [74]. Taken together, these studies indicate that cerebrovascular
functions are unaffected or represent a beneficial adaptation to systemic cardiovascular
changes that occur during healthy pregnancy.

Cerebral artery dynamics in preeclampsia

Cerebrovascular function in pregnancy and preeclampsia has primarily been evaluated via
Transcranial Doppler ultrasonography measures of middle cerebral artery (MCA)
hemodynamics. In this regard, vascular resistance and cerebral perfusion pressure
parameters are derived from MCA blood flow velocity and mean arterial pressure. This
technique is not without limitations [76], but is supported by invasive epidural pressure
transducer measurements in pregnant women [77]. Women with chronic hypertension in
pregnancy demonstrate similar MCA blood flow hemodynamics compared with
normotensive pregnancy [78] which indicates that hypertension alone does not account for
altered cerebral artery function in preeclampsia. At 19-28 weeks of gestation, normotensive
women who later present with either mild or severe clinical signs of preeclampsia exhibit
lower MCA resistance index compared with controls, whereas cerebral perfusion pressure
does not differ [79]. This finding indicates that altered cerebral hemodynamics antedate
overt preeclampsia. Similarly, MCA resistance index is lower in women with preeclampsia
in the third trimester despite greater cerebral perfusion pressure compared with healthy
pregnancy controls [80-85]. This pattern is observed in women with preeclampsia even after
initiating anti-hypertensive medication [86]. Furthermore, women with preeclampsia with
cerebral symptoms (e.g. visual disturbances, headache, mental status changes etc.) exhibit
greater cerebral perfusion pressure compared with those without cerebral symptoms [82] and
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a paradoxical inverse association between mean arterial pressure and MCA resistance [87].
Taken together, these findings suggest that the maternal brain is exposed to deleterious
hyperperfusion during pregnancy complicated by preeclampsia which may contribute in part
to cerebral symptoms.

The mechanisms underlying cerebral hyperperfusion in preeclampsia remain unclear. Low
MCA resistance in the presence of elevated perfusion pressure may indicate that (1) cerebral
autoregulation is compromised in preeclampsia or (2) arterial pressure exceeds the upper
autoregulatory range (i.e., autoregulatory breakthrough) and cerebral blood flow is directly
influenced by arterial pressure. The limits of cerebrovascular autoregulation shift to higher
arterial pressures in chronic hypertension [88], but the impact of pregnancy and
preeclampsia on the autoregulatory range is not known. Consequently, it is impossible to
interpret conflicting findings of correlations between mean arterial pressure and MCA flow
velocity at rest [86,89] or a lack thereof [90] as evidence of autoregulatory breakthrough or
intact autoregulation in preeclampsia, respectively. Among women with preeclampsia,
sublingual administration of the nitric oxide (NO) donor isosorbide dinitrate notably reduced
MCA blood flow velocity and blood pressure and the degree of change strongly correlated
[91]. The reduction in MCA resistance index could reflect an intact autoregulatory response
to a fall in arterial pressure, but this result cannot be distinguished from the concomitant
effect of the drug on peripheral resistance directly. Dynamic cerebral autoregulation is
quantified using continuous MCA flow velocity and arterial pressure without provocation
and captures more rapid shifts in cerebral blood flow in response to changes in arterial
pressure [92]. Notably, women with preeclampsia exhibit a lower dynamic cerebral
autoregulation index compared with healthy pregnancy controls unrelated to differences in
arterial blood pressure [84,93]. Moreover, dynamic cerebral autoregulation is lower among
women who develop superimposed preeclampsia compared with chronic hypertension in
pregnancy [93]. Thus, these findings indicate that elevated blood pressure alone does not
explain dysfunctional autoregulation in women with preeclampsia. However, Williams et al.
report contradictory findings of efficient dynamic cerebral autoregulation indices among
women with preeclampsia compared with controls; this discrepancy is potentially
attributable to an alternate analytical approach, measurement time shorter than the
recommended duration (i.e., 5 min [94]) and smaller sample size (/7=10) [95]. Collectively,
transcranial Doppler-assessed MCA hemodynamics are consistent with cerebral
hyperperfusion and measures of dynamic cerebral autoregulation provide evidence for
compromised cerebral autoregulation in preeclampsia.

Cerebrovascular reactivity describes the degree to which cerebral arterioles respond to
vasoactive stimuli [96]. To date, several studies have demonstrated altered cerebrovascular
reactivity to hypercapnia in women with preeclampsia compared with controls during
transcranial Doppler measurements [80,81,97], and lower cerebrovascular reactivity among
women with preeclampsia with severe compared with mild features [81]. Hypercapnia is a
potent vasodilatory stimulus at the level of the cerebral microcirculation, eliciting
‘downstream’ increases in MCA flow velocity. Indeed, MCA resistance is reduced in
normotensive pregnant women following controlled CO5 inhalation, whereas this effect is
absent from women with preeclampsia [80,81]. Interestingly, cerebrovascular reactivity does
not differ between normotensive pregnant women and women with chronic hypertension in

Clin Sci (Lond). Author manuscript; available in PMC 2022 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stanhewicz et al.

Page 8

late pregnancy [78]. In this regard, blood pressure alone may not explain blunted
cerebrovascular reactivity in women with preeclampsia compared with healthy pregnancy. In
contrast with experimentally controlled CO, stimulus, breath-hold protocols to induce
hypercapnia have yielded mixed results, providing evidence for reduced cerebrovascular
reactivity among women with preeclampsia [97] or showing no difference between groups
[98]. It is important to note that the former study demonstrated comparable end-tidal CO»
between groups during the breath-hold protocol, [97] while the null study did not assess
CO..

Overall, these findings indicate that cerebral microvascular response to vasodilatory stimuli
is attenuated in preeclampsia, particularly as evidenced under controlled CO, inhalation
conditions. While mechanisms that underpin cerebrovascular reactivity to CO5 are not
completely understood, this phenomenon is likely driven in part by cerebrovascular
endothelium-derived NO-mediated reductions in vascular smooth muscle tone [96]. Indeed,
macrovascular endothelial dysfunction is associated with reduced cerebrovascular reactivity
in middle-aged and older adults [99]. Endothelial dysfunction is central to the
pathophysiology and maternal syndrome in preeclampsia [100]; however, this putative
mechanism of altered cerebrovascular reactivity has not been measured in preeclampsia.

Cerebral microvascular dynamics in preeclampsia

Abnormalities in cerebral tissue structure detected by Magnetic Resonance Imaging (MRI)
are indicative of cerebral small vessel disease and cerebral microvascular dysfunction [101].
Although MRI is not associated with adverse maternal—fetal outcomes and considered a safe
imaging modality in pregnant women [102], clinical recommendations limit use of MRI
during pregnancy by clinical indication only [103]. In this regard, assessment of cerebral
microvascular function by MRI during preeclampsia is primarily representative of cases with
severe features that include cerebral symptoms. Posterior reversible encephalopathy
syndrome is defined as vasogenic cerebral edema with neurologic symptoms and is typical
of eclampsia [104] but is less characterized in preeclampsia. Case studies demonstrate
diffuse cerebral vasospasm in preeclampsia with severe features using MRI angiography
[105,106]. Among women with preeclampsia with severe features including headache, most
had MRI abnormalities characteristic of diffuse ischemic damage and micro-hemorrhage
[107] This finding is extended by Schwatrz et al., who observed vasogenic cerebral edema
and multifocal lesions indicative of BBB dysfunction in 20 out of 28 women with
preeclampsia, regardless of cerebral symptoms [108]. Notably, cerebral edema was related to
serum concentrations of lactate dehydrogenase (LDH) but not blood pressure level [108]. In
the brain, LDH is expressed by both astrocytes, glial cells that mediate neurovascular
coupling, and neurons and greater levels of LDH in the cerebral spinal fluid and serum are
thought to be indicative of cerebral hypoxic injury [109,110]. Indeed, posterior reversible
encephalopathy syndrome is thought to be precipitated by systemic endothelial dysfunction
that further mediates altered cerebral vasoregulation and disrupts the BBB, leading to local
hypoperfusion [111]. In support of this, human cerebrovascular endothelial cells exhibit
greater permeability /n vitro when exposed to plasma from women with preeclampsia
compared with healthy pregnancy [112]. Moreover, BBB permeability increased
significantly in cerebral arteries from non-pregnant rats when exposed to plasma from
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women with severe, purportedly preterm preeclampsia compared with healthy pregnant
women [113]. The degree to which BBB disruption is altered by plasma from women with
early-onset compared with late-onset preeclampsia phenotypes is contradictory, which may
be related in part to differences in exposed tissues [112,114]. Circulating biomarkers of
neuroaxonal damage, hypothesized to be a consequence of BBB injury, are elevated in mid-
and late-pregnancy in women with preeclampsia compared with healthy pregnancy
[115,116], indicating that the BBB injury precedes the onset of overt preeclampsia signs.
Although the underlying mechanisms are yet to be elucidated, consistent MRI findings of
focal cerebral ischemia and excess BBB permeability 7 vitro in women with preeclampsia
are suggestive of cerebral microvascular endothelial dysfunction that likely contribute to
severe cerebral symptoms.

The evidence of cerebral microcirculatory dysfunction in preeclampsia is amassed from non-
invasive transcranial Doppler of the MCA, MRI indices of cerebral regional ischemia and
BBB disruption, circulating markers of neuronal injury and in vitro models of the BBB
permeability (Figure 3). Taken together, these data depict compromised autoregulatory
capacity of the cerebral arteries, exposing the ‘upstream’ cerebral microcirculation to
injurious hyperperfusion, which likely precipitates BBB damage and local ischemia
eventually resulting in neuronal degradation. Although a complete discussion of preclinical
models are outside of the scope of the current review, animal models of varied methodology
replicate the cerebral microvascular sequelae of preeclampsia and support a casual relation.
Indeed, preeclampsia-like syndromes modeled by both mechanically induced placental
ischemia [117] and infusion of anti-angiogenic factors [118] elicit increased BBB
permeability and impaired cerebral autoregulation, which may be mediated in part by
enhanced angiotensin-11 type 1 receptor sensitivity or expression [119,120]. However, the
cellular pathways underlying cerebrovascular dysregulation in preeclampsia remain unclear.
The reader is referred to the following review for a comprehensive description of the
preclinical model insights into the impact of pregnancy and preeclampsia on cerebral
hemodynamics [121]. While evidence from animal models supports the idea that
preeclampsia is causally related to cerebrovascular dysfunction and further implicates
placental factors, assessment of cerebral microcirculatory dysfunction in humans is
primarily reliant on neuroimaging techniques such as MRI or positron emission tomography.
Restricted use of these modalities during pregnancy poses significant challenges to
elucidating possible cerebral microcirculatory adaptations to pregnancy or mechanisms that
underpin cerebral microvascular damage in women with preeclampsia. Future studies that
explore novel application of cerebral oximetry measures (i.e., near-infrared spectrometry)
[122] or combine complementary non-invasive measures of cerebrovascular function (i.e.,
ultrasonography and circulating factors) are needed to provide further insight into cerebral
microcirculatory function in human pregnancy and preeclampsia.

Microvascular endothelial glycocalyx dysfunction as a convergent pathway

in preeclampsia

Vascular endothelial dysfunction of large conduit arteries, expressed by reduced brachial
artery flow-mediated dilation, occurs early in pregnancy prior to the onset of and during
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clinical signs of preeclampsia [10]. Similarly, reduced endothelium-dependent vasodilation
of microvascular beds is also present in women with preeclampsia [123-126], as a result of
either reduced NO bioavailability and/or enhanced constrictor responsiveness to angiotensin
11 [123,124,127]. Moreover, dysfunction of the endothelial glycocalyx, sometimes called the
endothelial surface layer, of the microvascular circulation has emerged as a possible
convergent pathway in all tissues/organs in preeclampsia in humans during or preceding
preeclampsia.

The glycocalyx is a dynamic, gel-like lining of the luminal side of the endothelium that acts
as a protective barrier between the blood and the microvascular wall and regulates
endothelial homeostasis [128,129] that becomes damaged in conditions such as aging,
autoimmune diseases, and diabetes [130-133]. Given that 95% of the endothelium is located
within microvascular capillaries, the glycocalyx plays a critical role in regulating a variety of
microvascular functions. [129] A healthy endothelial glycocalyx prevents the adhesion of
white blood cells and inflammatory proteins [128], mediates mechanotransduction of
hemodynamic shear stress forces from laminar blood flow [134,135], promotes
homogeneous microvascular blood flow [128,136] and resistance [137,138], and regulates
endothelial permeability [139]. The glycocalyx is composed of a network of proteoglycans
with negatively charged long unbranched glycosaminoglycan side-chains (GAGS), and
glycoproteins with short-branched carbohydrate side chains, bound to the endothelial
membrane [128,129]. Proteoglycans, considered the ‘backbone’ of the glycocalyx, consist of
multiple core proteins including syndecans 1-4 and glypicans, with the former binding the
plasma membrane via a transmembrane domain and the latter bound via a
glycosylphosphatidylinositol anchor [140]. The proteoglycans covalently bind multiple
types of GAG chain molecules including heparin sulfate and chondroitin sulfate, and
noncovalently bind hyaluronan (i.e., hyaluronic acid, HA) [128,138,140] (see Figure 4A).
Heparin sulfate and chondroitin sulfate make up the most common proteoglycan GAGS in
the glycocalyx with heparin sulfate and hyaluronan playing critical mechanosensing roles in
shear stress-mediated endothelial NO production and cytoskeleton reorganization, while
hyaluronan is also critically involved in maintaining glycocalyx integrity,
mechanotransduction and vascular permeability [128]. The GAGs are covered by a dynamic
layer of plasma proteins, including extracellular superoxide dismutase, albumin, and
antithrombin 111, that loosely bind with proteoglycans and GAGs promoting protective
functions (e.g., antioxidant, anticoagulant) of the endothelium and create a cross-linked
mesh providing further stability to the glycocalyx layer [128,140]. Importantly, when the
glycocalyx is damaged in certain pathological conditions, not only is the glycocalyx
thickness and vasoprotective function compromised, but some GAGs such as heparin sulfate
and hyaluronan, and proteoglycans syndecan-1, are shed into the circulation resulting in
elevated soluble concentrations in the blood [128,140]. However, there are very little data on
the status of the microvascular glycocalyx and shed circulating proteoglycans and GAGs
during pregnancies complicated by preeclampsia in humans.

The thickness of the healthy glycocalyx is in dynamic equilibrium with enzymatic and
shear-induced shedding of these membrane-bound proteogylcans and GAGs being
continuously replaced with biosynthesis of new molecules [128]. Given that the glycocalyx
is critical for numerous vasoprotective mechanisms of the microvascular endothelium, a
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degraded or diminished glycocalyx is hypothesized to contribute to the pathophysiology of
numerous clinical disorders associated with elevated cardiovascular disease risk in humans
[138,141]. However, until recently it was challenging to quantify glycocalyx thickness or
degradation /n vivoin humans. In this regard, technical advances using video microscopy
sidestream dark-field imaging of the sublingual microcirculation coupled with automated
commercially available analysis software allows real-time estimation of glycocalyx
thickness and microvascular perfusion in humans [138,141]. This technique uses a non-
invasive hand-held camera to capture real-time flow of red blood cells in sublingual
microvessels by green light-emitting diodes that is absorbed by hemoglobin in red blood
cells allowing them to be viewed with video microscopy [130,141,142]. A healthy
endothelial glycocalyx is relatively impermeable to red blood cells and other circulating
cells in the microcirculation, whereas a degraded or thinner glycocalyx allows for deeper
penetration of red blood cells into the glycocalyx layer. This greater penetration of flowing
red blood cells into the glycocalyx can be quantified /7 vivo as an increase in the perfused
boundary region (PBR) in sublingual microvessels between 5 and 25 um in diameter in
humans. Thus, a larger PBR reflects a diminished or thinner glycocalyx layer compared with
a smaller PBR or thicker glycocalyx [130,141,142] (see Figure 4B). Thus, glycocalyx
thickness is reduced (i.e., larger PBR) in healthy aged adults [130], and adults with diabetes
[132], end-stage kidney disease [133] and autoimmune disease [131]. In addition, the red
blood cell fraction, or the percentage of red blood cells in a given perfused microvessel
segment, can be used as an estimate of microvascular perfusion [138,141,142]. However,
whether microvascular endothelial glycocalyx thickness and red blood cell perfusion is
diminished in preeclampsia has been completely unknown until recently.

Weissgerber et al. (2019) recently found that sublingual PBR was significantly higher,
indicating thinner glycocalyx/greater degradation, among third trimester women with early-
onset preeclampsia compared with late-onset preeclampsia or healthy pregnancy [143]. In
addition, women with early-onset preeclampsia also demonstrated lower red blood cell
fraction compared with late-onset preeclampsia or normal pregnancy, suggesting thinner
glycocalyx and reduced microvascular perfusion. Of note was that microvascular PBR and
red blood cell fraction among pregnant women with late-onset preeclampsia were not
different than women with a healthy pregnancy or with gestational diabetes, indicating that
early-onset but not late-onset preeclampsia is associated with a dysfunctional microvascular
glycocalyx phenotype at the time of clinical presentation of preeclampsia. However, it
remains unknown if this glycocalyx phenotype is present before clinical signs of
preeclampsia manifested or if these alterations to the glycocalyx were a consequence of the
disorder. Additionally, women with early-onset preeclampsia demonstrated elevated
circulating concentrations of soluble heparin sulfate and HA, but not syndecan-1, compared
with women with late-onset preeclampsia, healthy pregnancy, or gestational diabetes. Thus,
these data support the idea of glycocalyx shedding of heparin sulfate and HA at the time of
preeclampsia but only in the women with early onset of the disorder.

The observation of a lack of change in soluble syndecan-1 in the circulation of women with
preeclampsia was different than several previous studies that demonstrated paradoxically
lower soluble syndecan-1 concentrations before the onset and at the time of clinical
preeclampsia [144-147]. Because syndecan-1 is also expressed in placental
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syncytiotrophoblast microvilli and maternal circulating syndecan-1 rises across normal
gestation and decreases withing 1-2 days postpartum, this suggests that the placenta is a
major source of maternal syndecan-1 in the blood during pregnancy. Moreover, placental
syndecan-1 protein and mRNA expression and circulating maternal syndecan-1
concentrations are lower in delivered placenta of women with preeclampsia compared with
healthy pregnancy, suggesting down-regulation of placental syndecan-1 or disruption of
placental glycocalyx is associated with preeclampsia [144]. However, whether early
decreased glycocalyx placental expression, and subsequently reduced soluble syndecan-1, is
present before clinical signs of preeclampsia and involved in the pathogenesis of
preeclampsia requires further study.

In summary, women with early gestation onset preeclampsia appear to have microvascular
endothelial glycocalyx thinning and reduced microvascular perfusion at the time of signs/
symptoms of preeclampsia compared with late-onset preeclampsia and healthy pregnancy.
Consistent with these structural and functional changes in the microvascular glycocalyx,
circulating concentrations of several proteoglycan GAGs are also elevated in the blood
suggesting accelerated shedding in early-onset preeclampsia. In contrast, syndecan-1 a core
proteoglycan is paradoxically lower in preeclampsia possibly from reduced expression in
placental syncytiotrophoblast microvilli, a major source of syndecan-1, but these findings
need to be verified in additional human studies. Nevertheless, we propose that disruption of
the microvascular endothelial glycocalyx may be a convergent pathway in all maternal
tissues/organs present before the clinical onset of preeclampsia that contributes to the
pathogenesis of the disorder and therefore could be a common therapeutic target to prevent
the onset or attenuate the clinical sequelae of the disorder.

Summary and clinical perspectives

Preeclampsia is a multisystem disorder that is characterized by its maternal cardiovascular
sequelae. Among the most common symptoms and complications are those associated with
maternal microvascular dysfunction, particularly of the renal, hepatic, and cerebral
circulation as well as systemic and placental microvascular glycocalyx dysfunction (Figure
5). While the functional and histological evidence of this dysfunction is evident in
preeclampsia, few, if any, /n vivo mechanistic studies have been performed in pregnancy. A
stark example of this is the complete lack of data on coronary microvascular function in
these patients, despite the evidence that cardiac remodeling follows a pathological
phenotype in preeclampsia, and postpartum data which demonstrate that coronary flow
reserve is reduced in the year(s) following preeclamptic pregnancy [148-150]. There is a
clinical need to translate the mechanistic animal and cell culture data to humans in order to
fully describe the pathophysiology of the maternal vascular dysfunction and validate the
mechanistic targets for treatment in human disease. However, challenges in the use of
pharmacology and invasive measurement techniques during pregnancy are major limiters to
these types of /n vivo investigations. Recent advances in maternally sequestered
pharmacologic strategies hold promise for the treatment and investigation of these
mechanisms in pregnancy [44—-46], but these drug delivery systems are not yet tested or
approved for human use. Current and emerging treatment strategies for use during human
pregnancy (e.g. aspirin and statin therapy) likely do target the putative endothelial
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mechanisms mediating the maternal microvascular dysfunction during preeclampsia, but the
mechanisms underlying the efficacy of these treatments are still largely hypothetical and
remain unexplored in /n vivo human trials.

While it is clear that maternal microvascular dysfunction is present and contributes to the
clinical sequelae of preeclampsia during pregnancy, it is unclear whether this dysfunction is
present as a risk factor prior to pregnancy or develops as a feature of the disease. To date, no
studies have prospectively examined microvascular function prior to pregnancy and then
subsequently assessed pregnancy outcomes. This lack of pre-pregnancy data introduces the
question of whether women who go on to develop preeclampsia during pregnancy were
already predisposed to vascular complications and the substantial cardiovascular strain of the
pregnancy simply unmasks this underlying risk. This hypothesis is supported by the fact that
preexisting cardiovascular and/or metabolic diseases (e.g. hypertension, type 2 diabetes,
elevated blood cholesterol, overweight/obesity etc), which are known to decrease
microvascular function, increase the risk of preeclampsia. However, women with no
preexisting conditions still make up the majority of preeclampsia patients, underscoring the
fact that these risk factors are not obligatory predictors of preeclampsia. The majority of
investigations that have sought to examine vascular function prior to preeclampsia have done
so in early pregnancy (<20-week gestation), prior to the development of clinical symptoms.
Overwhelmingly, these studies demonstrate a decrease in conduit artery endothelial function
in women who go on to develop preeclampsia [10,151-154]. However, it is important to
note that although these women were not diagnosed with preeclampsia at the time of the
vascular measurements, they were already pregnant and the initiating factors in preeclampsia
—i.e. improper placentation and subsequent placental release of anti-angiogenic, oxidative,
and inflammatory mediators—arise very early in pregnancy. As such, it is likely that by the
time these measurements were made the maternal endothelium had been exposed to the
circulating mediators of microvascular dysfunction in preeclampsia for many weeks. To
date, only one study has examined the relation between pre-pregnancy measures of vascular
function and adverse pregnancy outcomes. Using retrospective data from 359 women in the
Cardiovascular Risk in Young Finns Study that were linked with the national birth registry,
Harville et al. found no relation between brachial artery flow-mediated dilation, carotid
intima-media thickness, Young’s elastic modulus, or distensibility and subsequent
hypertensive disorders of pregnancy [155]. While these data suggest that the vascular
dysfunction observed during preeclamptic pregnancy is not necessarily reflective of or
influenced by pre-pregnancy vascular function, only prospective studies examining vascular
function before pregnancy can fully elucidate the role(s) of preceding vascular dysfunction
in the risk for developing preeclampsia and the accompanying cardiovascular sequalae.
Furthermore, no studies have yet examined microvascular function or the mechanisms
mediating this function prior to pregnancy and this area remains wide open for investigation.

Despite the remission of clinical symptoms of preeclampsia postpartum, women who
develop preeclampsia during pregnancy are at a significantly greater risk for the
development of hypertension and CVD events [156]. These women develop primary
hypertension at a younger age (~30-40 years of age vs. ~50-60 years in women who have a
normal pregnancy) and with greater frequency than women who have healthy pregnancies
[157-160] and they are significantly more likely to die of stroke, myocardial infarction, and
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end-stage renal disease [161-163]. Increasing evidence collected in the years following a
preeclamptic pregnancy suggests that the dysfunction observed during pregnancy remains
aberrant postpartum [164-166] and that similar mechanisms, namely changes in the
vasoconstrictor sensitivity of the renin-angiotensin [164,166-168] and ET-1 systems [165],
mediate this persistent vascular dysfunction. These persistent alterations likely contribute to
the increased risk of hypertension, chronic kidney disease, myocardial infarction and heart
failure, stroke, and cognitive impairment in these patients [169]. Developing a deeper
understanding of the maternal microvascular dysfunction that presents auring a preeclamptic
preghancy presents a unique opportunity to not only more fully understand the etiology of
the dysfunction that persists postpartum, but also to appropriately intervene to halt or slow
the accelerated CVD progression with advancing age in these women.

Building on the functional and mechanistic data reviewed, Table 1 presents a series of future
research questions for the continued examination of maternal microvascular dysfunction in
preeclampsia. Collectively, understanding the mechanisms of maternal microvascular
dysfunction that underlies the clinical symptoms of preeclampsia is essential for the
recognition and management of the maternal syndrome, and lends insight into the
accelerated CVD risk postpartum. Future /7 vivo human studies aimed at identifying
aberrant microvascular mechanisms during preeclampsia will be essential for the
identification/confirmation of interventional targets and treatment strategies that may prevent
or reverse the endotheliosis that characterizes the maternal syndrome.
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GFR glomerular filtration rate

HA hyaluronic acid
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LDH lactate dehydrogenase

LSEC liver sinusoidal endothelial cell
MCA middle cerebral artery

MRI magnetic resonance imaging
NO nitric oxide
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Figure 1. Therenal injury of preeclampsiaislikely mediated by circulating anti-angiogenic
factors sFlt-1 and soluble endoglin, inflammatory cytokines such as|L-6 and TNFa, reactive
oxygen species, elevated circulating ET-1, and agonistic antibodies to the angiotensin 11 type 1
receptor (AT1-AA)

This injury is characterized by significant damage and degradation of the vascular networks
within the glomeruli leading to glomerular endotheliosis, podocyte injury or loss, and
vasospasm of the renal microvasculature [increased RRI, PI, and RIVI, and shorter pulse
transit time (PTT)], leading to the relative decreases in renal plasma flow and GFR and
increased concentration and molecular weight of proteins in the urine compared with
physiological pregnancy. Image of glomerular endotheliosis adapted from Stillman and

Karumanchi [16] with permission.
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Figure 2. Hepatic microcirculatory dysfunction in preeclampsiaisinitiated by vasoactive factors
[ET-1, receptor agonistic antibodiesto the angiotensin 11 type 1 receptor (AT1-AA), reactive
oxygen species, reduced circulating VEGF] and inflammatory cytokines which likely mediates

L SEC dysfunction characterized by reduced nitric oxide production, vasospasm, and fibrin
deposition in the hepatic microcirculation

These mechanisms are thought to then cause the clinical outcomes and indicators of liver
dysfunction observed in 20-30% of women who develop preeclampsia.
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Figure 3. Schematic representation of aggregate evidence of cerebral microcirculatory
dysfunction during preeclamptic pregnancy in women assessed by transcranial doppler (TCD),
circulating biomarkers, MRI, and in vitro models of the BBB

Blood flow velocity in the MCA measured via TCD is consistent with paradoxically reduced
cerebral artery resistance in women with preeclampsia despite elevated central blood
pressure and pulse pressure. This pulsatile pressure may be propagated into the low
resistance cerebral microcirculation and represents a putative mechanism of cerebral
endothelial damage and tight junction disruption. This microvascular damage may contribute
in part to higher BBB permeability which ultimately promotes vasogenic edema,
microbleeds, cerebral white matter ischemia, and axonal injury.
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Figure 4. Schematic representation of the endothelial glycocalyx
(A) Left side illustrating microvascular endothelial glycocalyx components including the

network of core proteoglycans syndecan-1, with covalently bound long unbranched
glycosaminoglycan side-chains (GAGs) heparin sulfate and chondroitin sulfate,
noncovalently bound hyaluronan, and glypican with short-branched carbohydrate side
chains. Also depicted are the dynamic layer of plasma proteins, including extracellular
superoxide dismutase (ecSOD) and antithrombin 111 (AT 1) that loosely bind with
proteoglycans and glycosaminoglycans promoting protective functions of the endothelium
and create a cross-linked mesh providing further stability to the glycocalyx layer. Syndecans
bind the plasma membrane via a transmembrane domain and glypicans bind via a
glycosylphosphatidylinositol (GPI) anchor. (B) Right side, illustrating a healthy endothelial
glycocalyx which is relatively impermeable to red blood cells (RBCs) and other circulating
cells in the microcirculation (right, upper panel), whereas a diminished glycocalyx allows
for deeper penetration of RBCs into the glycocalyx layer (right, lower panel). This greater
penetration of RBCs into the glycocalyx can be quantified /n vivo as an increase in the
perfused boundary region (PBR) in sublingual microvessels between 5 and 25 pym in
diameter in humans. A larger PBR reflects a diminished or thinner glycocalyx layer
compared with a smaller PBR and thicker glycocalyx.
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Figure5. Preeclampsiais a multisystem disorder that isclinically characterized by its effectson

the maternal microvasculature

Reduced uteroplacental perfusion triggers the placental release of vasoactive factors that
directly interact with the maternal endothelium and likely initiate the multisystem vascular
dysfunction observed in the non-reproductive vascular beds of the mother. Abbreviation:

ROS, reactive oxygen species.
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Table 1

Renal 1

microcirculatory

aysfunction 5
3
4

Hepatic 1

microcirculatory

aysfunction 5

Cerebral 1

microcirculatory

aysfunction )
3

Microvascular 1

endothelial

glycocalyx

dysfunction 2
3

Is the circulating anti-angiogenic imbalance (sFlt-1, sEng, PIGF, VEGF and their ratios to each other)
related to the severity of renal insufficiency in preeclampsia?

What are the longitudinal changes across gestation in renal Doppler ultrasonography measures during
preeclampsia and how are they different in early- vs. late-onset preeclampsia?

Do alterations in the sensitivity to and production of angiotensin Il and ET-1 contribute to renal
microvascular vasospasm in preeclampsia?

Is the severity of renal insufficiency in preeclampsia predictive of chronic kidney disease development in
later life?

Is the circulating anti-angiogenic imbalance of preeclampsia predictive of which patients develop hepatic
microcirculatory dysfunction and/or HELLP syndrome?

What are the mechanistic roles of circulating vasoconstrictors, oxidative stress, and/or inflammatory
mediators in the hepatic microcirculatory vasospasm during preeclampsia?

Is cerebrovascular dysregulation present in early gestation prior to the onset of overt preeclampsia
symptoms?

Does cerebral microvascular dysfunction differ between early- and late-onset preeclampsia phenotypes?

Does cerebral microvascular dysfunction persist into the postpartum period and contribute in part to
cognitive dysfunction in women with a history of preeclampsia?

What are the longitudinal changes across gestation in glycocalyx thickness, red blood cell perfusion, and
soluble glycocalyx factors in normal pregnancy and postpartum?

Is microvascular glycocalyx thickness and red blood cell perfusion altered in early gestation before the
onset of clinical signs/symptoms of preeclampsia, and is this associated with changes in soluble
glycocalyx factors?

Does microvascular glycocalyx degradation persist postpartum and contribute to long-term risk of
hypertension and cardiovascular disease in women with a history of preeclampsia?
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