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Abstract

Preeclamptic women have enhanced blood pressure response to angiotensin Il and extensive
systemic vascular infiltration of neutrophils. Neutrophils release reactive oxygen species that
might activate the RhoA kinase pathway to enhance vascular reactivity. We hypothesized that
enhanced vascular reactivity in preeclampsia is due to neutrophil mediated reactive oxygen species
activation of the RhoA kinase pathway. Omental arteries were obtained at cesarean section and
studied using a myograph system. We found that arteries of preeclamptic women had extensive
infiltration of neutrophils and enhanced reactivity to angiotensin Il. Treatment of arteries of
normal pregnant women with reactive oxygen species or activated neutrophils enhanced vessel
reactivity to angiotensin Il mimicking preeclamptic vessels. Pretreatment with superoxide
dismutase/catalase to quench reactive oxygen species, or RhoA kinase inhibitor blocked enhanced
responses in preeclamptic and normal vessels. Reactive oxygen species also enhanced vessel
reactivity to norepinephrine, which was blocked by RhoA kinase inhibition. Treatment of arteries
with reactive oxygen species increased RhoA kinase activity 3-fold, whereas culture of human
vascular smooth muscle cells with angiotensin 11 and activated neutrophils or reactive oxygen
species resulted in phosphorylation of key proteins in the RhoA kinase pathway. We conclude that
enhanced vascular reactivity of omental arteries in preeclampsia is due to reactive oxygen species
activation of the RhoA kinase pathway, and that enhanced vascular reactivity is likely due to the
infiltration of neutrophils. We speculate that neutrophil infiltration into systemic vasculature of
preeclamptic women is an important mechanism for hypertension.
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INTRODUCTION

Preeclampsia is a hypertensive disorder of pregnancy that complicates 5-7% of all
pregnancies resulting in significant maternal and fetal morbidity and mortality 1. The cause
of hypertension in preeclampsia has never been fully explained. In 1973, Gant et al
described enhanced blood pressure response to angiotensin 11 (Ang I1) in women who went
on to develop preeclampsia 2. However, mechanisms underlying this increased vascular
reactivity remained elusive. Increased blood pressure in preeclampsia is not due to elevated
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levels of Ang 11 because Ang Il levels are not elevated -5, nor are the levels of other
vasoconstrictive hormones, such as epinephrine or norepinephrine .

Recently, we showed significant infiltration of neutrophils into systemic vasculature of
women with preeclampsia, which was associated with marked vascular inflammation 7+ 8.
Neutrophils release reactive oxygen species (ROS) that may enhance vascular reactivity via
the RhoA kinase pathway. When RhoA kinase is activated, it phosphorylates myosin
phosphatase target subunit 1 (MYPTL1), which inhibits myosin light chain phosphatase
(MLCP), so myosin light chains (MLC) remain phosphorylated, which enhances calcium
sensitization 9 10, ROS have been shown to activate this pathway in rat aorta and rat
pulmonary arteries 11 12 and ROS are mediators of Ang Il signaling 13.

Neutrophils are usually thought of as part of the innate immune system and the first line of
defense against infection at the site of a wound 1415, A role for neutrophils in the control of
blood pressure is not commonly considered, however, given the extensive infiltration of
neutrophils into the systemic vasculature of women with preeclampsia, neutrophil release of
ROS might activate the RhoA kinase pathway to enhance vessel reactivity.

In this study we used human omental arteries obtained from normal pregnant and
preeclamptic women to test the hypothesis that enhanced vascular reactivity in preeclampsia
is due to neutrophil mediated ROS activation of the RhoA kinase pathway.

MATERIALS and METHODS
Study Subjects

RESULTS

Omental fat biopsies (approximately 2 cm x 4 cm x 2 cm) were collected from 40 normal
pregnant and 9 preeclamptic women undergoing C-section. Arteries were dissected, cleared
of fat and used for the myograph experiments. The Office of Research Subjects Protection of
Virginia Commonwealth University approved this study, all subjects gave informed consent,
and the procedures followed were in accordance with institutional guidelines.

Please see the Online Supplement at http:/hyper.ajajournals.org for expanded materials and
methods for clinical characteristics of the patient groups (Table S1), the myograph
experiments, immunohistochemistry, Western blot, RhoA kinase activity assay, and data
analysis.

Comparison of vascular reactivity between arteries of normal and preeclamptic pregnancy

Figure 1A shows that vessel reactivity to Ang Il was modest in omental arteries from normal
pregnant women. In contrast, arteries from preeclamptic women showed significantly
enhanced vessel reactivity as compared to arteries of normal pregnant women. Figure 1B
shows that the enhanced reactivity of preeclamptic arteries was blocked by pretreatment
with either superoxide dismutase (SOD)/catalase or RhoA kinase (ROK) inhibitor. Neither
SOD/catalase nor ROK inhibitor alone significantly affected vessel diameter. Vascular
reactivity of two nonpregnant subjects was also evaluated for comparison with pregnancy.
Reactivity was between normal pregnant and preeclamptic patients (Online Supplement
Figure S1).

Neutrophil infiltration into omental fat vessels

Figure 2 shows immunostaining for CD66b, a neutrophil antigen (Panels A-F), CD99, a
lymphocyte antigen (Panel G) and CD14, a monocyte/macrophage antigen (Panel H) in
omental fat vessels of normal pregnant (n=3) and preeclamptic patients (n=3). Visual
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staining scores and % vessels stained data are shown in Online Supplement Figure S2. The
visual staining score (0-4) for CD66b was significantly greater for preeclamptic patients
than for normal pregnant patients (2.8 + 0.03 vs, 0.39 £ 0.26, P<0.01). Neutrophil staining
was present in 82 + 8 % of vessels of preeclamptic patients as compared to 25 + 13 % of
vessels in normal pregnant patients (P<0.05). Vessels of preeclamptic patients showed
extensive staining of neutrophils in the lumen, adhered and flattened along the endothelium
and infiltrated to the vascular smooth muscle (Panels C, D, F). Few vessels stained for CD99
or CD14 and there were no differences in staining between preeclamptic and normal
pregnancy (CD99: visual score, 0.23 + 0.06 vs. 0.25 + 0.06 and % vessels stained, 16.6 + 3.4
vs 17.3 = 4.7%; CD14: visual score, 0.26 + 0.03 vs 0.34 + 0.05 and % vessels stained, 24.7 =
1.0 vs 20.7 £ 2.2 %, respectively).

Effect of neutrophil products, ROS and tumor necrosis factor-alpha (TNFa)

To determine if neutrophils or neutrophil products could enhance vessel reactivity, normal
pregnant arteries were used. The effect of ROS was studied in both endothelium intact and
endothelium denuded arteries to determine the role of the endothelium in enhanced vascular
reactivity. ROS alone did not cause significant vessel contraction, however, ROS
significantly enhanced vascular reactivity to Ang Il in endothelium-intact vessels (Fig. 3A).
When ROS was tested in endothelium-denuded vessels (Fig. 3B), reactivity to Ang Il was
much greater than in endothelium-intact vessels demonstrating that enhanced vascular
reactivity was independent of the endothelium. Pretreatment with SOD/catalase to quench
ROS or ROK inhibitor significantly inhibited ROS induced enhancement of vascular
reactivity to Ang Il (Fig. 3B). Removal of the endothelium resulted in a significant increase
in vessel reactivity to Ang Il (Fig. 3C), but less than that induced by ROS. In contrast to the
enhancing effect of ROS, TNFa at a concentration higher than circulating levels in
preeclampsia 16 did not alter vascular reactivity to Ang Il (Fig. 3D).

Effect of neutrophils

Perfusion of neutrophils activated with interleukin-8 through the vessel lumen did not
significantly affect vessel contractility, however, when the Ang Il dose response was
repeated in the presence of activated neutrophils, vascular reactivity was significantly
enhanced similar to ROS (Fig. 4). Pretreatment with SOD/catalase significantly blocked
enhanced vascular reactivity to Ang Il. ROK inhibitor also abolished enhanced vascular
reactivity to Ang Il in the presence of activated neutrophils. Perfusion through the vessel
lumen of either un-activated neutrophils or interleukin-8 alone did not affect the Ang Il dose
response (Online Figure S3).

Change in resistance

Resistance is inversely proportional to the fourth power of the radius, so changes in vessel
diameter induced by Ang Il resulted in large increases in resistance in preeclamptic vessels
and normal vessels treated with ROS or neutrophils. The highest dose of Ang Il increased
resistance 7.4-fold in preeclamptic vessels as compared to normal vessels. Similarly,
treatment of normal vessels with ROS or neutrophils resulted in 3.6-fold and 4.1-fold
increases, respectively.

Effect of neutrophils and ROS on RhoA kinase activity and phosphorylation of MYPT1 and

MLC

To study the direct effect of ROS on RhoA kinase activity in human vessels, omental
arteries were treated with ROS. ROS resulted in a 3-fold increase in RhoA kinase activity as
compared to untreated arteries (Fig. 5A). To study phosphorylation of key proteins in the
RhoA kinase pathway, human vascular smooth muscle cells (VSMC) were used and
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exposed to the treatments used for vascular reactivity. Ang Il alone slightly increased
phosphorylation of MYPT1 and MLC, but not significantly (Fig. 5B & 5C, Fig. 6).
However, when Ang 1l was combined with either ROS or neutrophils, phosphorylation of
MYPT1 and MLC was significantly increased as compared to control. The increased
phosphorylation of MLC is consistent with inhibition of myosin light chain phosphatase by
phosphorylated MYPT1.

Norepinephrine (NE) dose response

To determine if enhanced vascular reactivity was specific to Ang I, we examined another
vasoconstrictor, NE. Since ROS was identified as the stimulator of the RhoA kinase
pathway in the studies above, we evaluated vascular responsiveness to NE in the presence of
ROS. As shown in Fig. 7A, ROS significantly enhanced the vasoconstrictive response to
NE. To test the role of the RhoA kinase pathway, a midrange dose for NE of 1.25 pmol/L
was chosen. The increase in vasoconstrictive response to NE by ROS was significantly
inhibited by ROK inhibitor (Fig. 7B).

DISCUSSION

In this study we demonstrate enhanced vascular reactivity to Ang Il of omental arteries
obtained from preeclamptic women as compared to omental arteries obtained from normal
pregnant women. Enhanced vessel reactivity was due to ROS activation of the RhoA kinase
pathway because it was abolished by pretreatment with either SOD/catalase or ROK
inhibitor. Normal pregnant vessels were relatively resistant to the vasoconstrictor effect of
angiotensin 11, which is consistent with a previous report using a wire myograph system and
omental vessel rings 7. If neutrophil infiltration begins before clinical symptoms, our study
may explain the enhanced blood pressure response to angiotensin 11 observed by Gant et al
in women who went on to develop preeclampsia?.

We also demonstrate extensive infiltration of neutrophils, but not monocytes or
lymphocytes, into omental fat vessels in preeclamptic women which is consistent with our
previous reports for subcutaneous fat vessels 7+ 8 18 We provide evidence that neutrophils
are the likely source of ROS for enhanced vascular reactivity because enhanced reactivity of
preeclamptic vessels could be mimicked in arteries of normal pregnant women by exposing
them to ROS or perfusing them with activated neutrophils. In both cases, quenching ROS or
inhibiting ROK blocked enhanced vessel reactivity. Neither ROS alone nor neutrophils
alone caused a significant change in vessel diameter. Their effect was only manifest in the
presence of a vasoconstrictor hormone. TNFa, another neutrophil product, was ineffective in
acutely enhancing vessel reactivity, however we cannot rule out an effect of a longer
exposure that would affect gene expression.

The number of neutrophils present in preeclamptic vessels is remarkable. Normal pregnancy
is associated with a leukocytosis that is due to an increase in neutrophils. Their number
increases 2.5-fold by 30 weeks of gestation 19 and increases significantly more in
preeclampsia 20. Our data demonstrate that the increased number of neutrophils in
preeclampsia represent activated neutrophils because CD66b is expressed on the cell surface
of activated neutrophils 21. CD66b is thought to play a role in cell adhesion during
extravasation. The fact that preeclampsia is most commonly diagnosed in the third trimester
when neutrophil numbers are increased lends credence to the notion that neutrophils are
causative of clinical symptoms.

To confirm the role of ROS activation of the RhoA kinase pathway, we measured RhoA
kinase activity in omental arteries and phosphorylation of key proteins of the pathway in
cultured human vascular smooth muscle cells. Treatment of omental arteries with ROS
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resulted in a 3-fold increase in the activity of RhoA kinase. Treatment of cultured cells with
the treatments used for the vascular reactivity myograph studies demonstrated that Ang Il in
the presence of ROS or activated neutrophils significantly increased phosphorylation of
MLC and MYPT1.

ROS activation of the RhoA kinase pathway may not be the only mechanism for enhanced
vascular reactivity in preeclampsia. Mechanisms may also involve deficiencies in
endothelial vasodilators, such as prostacyclin and nitric oxide. Decreased prostacyclin in
preeclampsia is well documented 22 23 and endothelial nitric oxide may also be decreased
because peroxynitrite is increased in maternal endothelium in preeclampsia 24. Superoxide
reacts with nitric oxide to form peroxynitrite; so increased peroxynitrite suggests an
endothelial deficiency of nitric oxide. Both of these deficiencies could be due to the
infiltration of neutrophils because ROS inhibit prostacyclin synthase 2 26 and superoxide
specifically reacts with nitric oxide to form peroxynitrite. To evaluate the role of endothelial
factors, we compared vascular response in endothelium intact and endothelium denuded
vessels. Vascular reactivity to Ang Il was enhanced when the endothelium was removed, but
the enhancement was only 21 — 31% of that induced by ROS, neutrophils or that present in
preeclamptic vessels. This suggests enhanced vascular reactivity in preeclampsia is
primarily due to ROS activation of the RhoA kinase pathway, although deficiency of
endothelial vasodilators also contributes.

The ability of ROS to enhance vascular reactivity via the RhoA kinase pathway was not
specific to Ang Il as ROS also enhanced vascular reactivity to NE. This finding is pertinent
to preeclampsia because NE is induced by stress and sympathetic activation, factors reported
to be associated with preeclampsia 27-30, and previous work has shown that in vitro vascular
reactivity to NE is increased in omental arteries of preeclamptic women as compared to
normal pregnant women 31,

PERSPECTIVES

In this study we demonstrate that enhanced vascular reactivity of omental arteries of
preeclamptic women is primarily due to ROS activation of the RhoA kinase pathway, and
provide support for the idea that enhanced vascular reactivity is likely due to the infiltration
of activated neutrophils. We previously proposed that neutrophils are activated as they
circulate through the intervillous space and are exposed to increased levels of oxidized lipids
secreted by the placenta 32-34, This contention is supported by the observation that
neutrophils in the uterine vein express significantly higher levels of integrins than
neutrophils in the antecubital vein in preeclamptic, but not normal pregnant, women 35
Other possible mechanisms for neutrophil activation include exposure to elevated plasma
levels of matrix metalloproteinase-1 or activating autoantibodies against angiotensin Il
receptor 1 in preeclamptic women 36: 37, Matrix metalloproteinase-1 activates neutrophils 36
and activating autoantibodies against angiotensin Il receptor 1 stimulate NADPH oxidase in
vascular smooth muscle 38, and so, might also stimulate NADPH oxidase in neutrophils.

This study could provide novel avenues for treatment of hypertension based on regulation of
neutrophils, their products or their cellular effects. Potential treatments that are becoming
available for clinical studies are neutralizing antibodies against adhesion molecules
necessary for neutrophil infiltration and selective RhoA kinase inhibitors. Antioxidant
therapy with vitamins C and E has been tried, but was ineffective in preventing preeclampsia
in clinical trials 3% 40, The high doses of vitamin C used in these trials may have been
counter productive because vitamin C is a potent oxidant in the presence of free iron, which
is elevated in blood of women with preeclampsia #1: 42, On the other hand, meta-analysis of
low-dose aspirin trials demonstrates aspirin is effective in preventing preeclampsia 43 44, the
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effectiveness of which is related to patient compliance 4°. The ability of aspirin to reduce
preeclampsia may be due to its ability to inhibit neutrophil superoxide production 46, which

would be consistent with the findings of our study.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of vessel reactivity to angiotensin Il (Ang I1). A) Vessel reactivity to Ang Il

was significantly enhanced in endothelium intact omental arteries obtained from
preeclamptic women (PE, n=9) as compared to normal pregnant women (NP, n=6). B)
Enhanced vessel reactivity to Ang 11 was blocked by pretreatment with a combination of
superoxide dismutase and catalase (SOD/Cat) or RhoA kinase (ROK) inhibitor (n=4). (***
p<0.001 for treatment effects)
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Figure 2.

Representative sections of omental fat vessels immunostained for CD66b, a neutrophil
antigen, CD99, a lymphocyte antigen and CD14, a monocyte/macrophage antigen. A)
Isotype negative control for CD66b (preeclamptic). B) normal pregnancy for CD66b.
Vessels of normal pregnant patients had some brown staining for neutrophils primarily in
the lumen. C and D) preeclamptic pregnancy for CD66b. VVessels of preeclamptic patients
showed extensive brown staining of neutrophils in the lumen, adhered and flattened along
the endothelium and infiltrated to the vascular smooth muscle. E and F) lower magnification
of CD66b staining showing little to no staining of vessels in normal pregnancy (E) as
compared to almost all vessels showing extensive staining in preeclampsia (F). G) CD99
staining and H) CD14 staining in preeclamptic vessels. Few vessels showed staining for
CD99 or CD14 and when they did, there were only one or two lymphocytes or monocytes/
macrophages per vessel (arrows). A, adipocyte; VL, vessel lumen; NP, normal pregnancy;
PE, preeclamptic pregnancy. All images were taken with a 40X lens except panels E and F
taken with a 10X lens.
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Figure 3.

Vessel reactivity of omental arteries of normal pregnant women to angiotensin Il (Ang II) in
response to neutrophil products and presence or absence of endothelium. A) A reactive
oxygen species generating solution (ROS) significantly enhanced vessel reactivity to Ang 1l
in endothelium intact vessels (n=6). B) ROS enhanced vessel reactivity to Ang Il to a greater
extent when endothelium was removed (endo denuded) as compared to when endothelium
was intact (n=19). Pretreatment with superoxide dismutase and catalase (SOD/Catalase) to
quench ROS (n=5) or RhoA kinase (ROK) inhibitor (n=4) abolished enhanced vessel
reactivity to Ang Il in response to ROS. C) Removal of the endothelium enhanced vessel
reactivity to Ang Il (n=21) as compared to when endothelium was intact (n=6), but the
enhancement was much less than that induced by ROS. D) Tumor necrosis factor-alpha
(TNFa), another neutrophil product, did not enhance arterial reactivity to Ang Il (n=4). (***
p<0.001 for treatment effects; NS, non-significant as compared to Ang |1 alone)
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Figure 4.

Vessel reactivity of endothelium denuded (endo denuded) omental arteries of normal
pregnant women to angiotensin Il (Ang II) in response to activated neutrophils. Omental
arterial reactivity to Ang Il was significantly enhanced with perfusion of activated
neutrophils through the vessel lumen (n=11) similar to that observed with ROS in Figure 3.
Pretreatment with superoxide dismutase and catalase (SOD/Catalase) to quench ROS (n=4)
or RhoA kinase (ROK) inhibitor (N=4) abolished neutrophil enhanced vessel reactivity to
Ang Il. (*** p<0.001 for treatment effect; NS, non-significant as compared to Ang Il alone)
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Figure 5.

RhoA kinase activity in human omental arteries and expression of phosphorylated myosin
phosphatase target subunit 1 (pMYPT1) in human vascular smooth muscle cells. A) A
reactive oxygen species generating solution (ROS) caused a 3-fold increase in RhoA kinase
activity in omental arteries as compared to untreated control arteries (n=5, ** p<0.01). B)
Representative Western blot of Thr696 pMYPT1, total MYPT1 and f-actin in cultured
human vascular smooth muscle cells exposed to the treatments used in the myograph
vascular reactivity experiments. C) Density of pMYPT1 plotted as percentage of control
(n=3). Angiotensin Il (Ang II) in the presence of ROS or activated neutrophils (Neu)
significantly enhanced phosphorylation of MYPTL. (Y, RhoA kinase inhibitor Y-27632) (*
P<0.05, ** P<0.01 as compared to control)
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Expression of phosphorylated myosin light chain (pbMLC). A) Representative Western blot
of Ser19-pMLC, total MLC and B-actin in cultured human vascular smooth muscle cells. B)
Density of pMLC plotted as percentage of control (n=5). Vascular smooth muscle cells were
treated as in Figure 5. Treatment with angiotensin Il (Ang Il) plus reactive oxygen species
(ROS) or activated neutrophils (neu) significantly enhanced phosphorylation of MLC. (Y,

RhoA kinase inhibitor Y-27632) (* P<0.05 as compared to control)
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Figure 7.

Vessel reactivity to norepinephrine (NE). A) Omental arterial reactivity to NE was
significantly enhanced in the presence of reactive oxygen species (ROS) (n=6, *** p<0.001
for treatment effect compared to NE alone). B) Addition of RhoA kinase (ROK) inhibitor
abolished enhanced vessel reactivity to NE in response to ROS at 1.25 pmol/L dose of NE
(n=4, * p<0.05).
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