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Abstract

Objectives—Endothelial dysfunction is known to be a key characteristic of preeclampsia (PE)
and can contribute to progression of symptoms and injury to multiple organ systems. Delivery

is the only treatment for progression of PE, but development of an endothelial-based therapy for
PE presents a promising strategy. Growth factors and cytokines are dysregulated in PE and can
impact endothelial function, manifesting changes in Ca2* signaling and interruptions in monolayer
barrier function that contribute to symptoms of hypertension, proteinuria, and edema. In this study,
we highlight Src kinase as a partial mediator of growth factor and cytokine mediated endothelial
dysfunction.

Study Design—Fura-2 Ca2* imaging and Electrical Cell Impedance Sensing (ECIS) assays
are performed on growth factor or cytokine exposed human umbilical vein endothelial cells
(HUVECS). Inhibitors to MEK/ERK (U0126) or Src (PP2) are used to determine the contribution
of kinase signaling pathways.

Main Outcome Measures—Decreases in HUVEC Ca?* signaling or monolayer resistance
measure endothelial dysfunction. Reversal of endothelial dysfunction by kinase inhibitors reveals
the respective contibutions of MEK/ERK and Src kinase.

Results—We show that Src inhibition protects Ca2* signaling responses against insults induced
by VEGF45, bFGF, PIGF, TNFa, and IL-1f. Additionally, we show that Src inhibition protects

the endothelial monolayer from the full impact of TNFa insult. Further, we find that MEK/ERK
inhibition does not offer protection from growth factor-mediated endothelial dysfunction.
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Conclusions—The results of this study suggest cytokine and growth factor-stimulated Src
kinase plays a partial role on promoting endothelial dysfunction in HUVECs.
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INTRODUCTION

Preeclampsia (PE) is a gestational hypertensive disorder in which elevated blood pressure
occurs after 20 weeks of gestation, accompanied with other symptoms such as proteinuria.
PE affects 5-10% of all pregnancies and there is no treatment to prevent disease progression
except for delivery, a high-risk scenario for both mother and neonate [1]. Fetal vascular
abnormalities are also observed in PE, including abnormal umbilical doppler ultrasound
readings [2; 3], impaired in vitro umbilical vein endothelial Ca2* signaling [4; 5], and
increased in vitro vascular leakiness in response to PE serum [6]. Children born from PE
pregnancies also have increased rates of cardiovascular disease later in life [7].

An underlying phenomenon behind these symptoms is wide-spread maternal endothelial
dysfunction likely caused, at least in part, by circulating factors released from the
maternal-fetal interface [1]. We have previously shown that growth factors (VEGF 45,
EGF, and bFGF) and cytokines (TNFa, IL-1pB, IL-6, and IL-8) contribute to endothelial
dysfunction through disruption of Ca2* signaling and/or monolayer integrity [8], indicating
the importance of these factors in the endothelial dysfunction characteristic of PE. Many
of these factors are dysregulated in PE and likely are capable of contributing to endothelial
dysfunction. Endothelial dysfunction is linked to symptoms of hypertension, proteinuria,
and edema, as is often observed in PE [9; 10; 11]. /n vitro measures of Ca2* signaling

and monolayer integrity are used as surrogate measures of /n vivo hypertension and edema/
proteinuria.

In uterine artery endothelial cells isolated from pregnant sheep, insults to Ca2* signaling
caused by VEGF165 and TNFa were found to be primarily due to Src actions, with
MEK/ERK’s involvement to a lesser degree [12; 13]. The mechanism by which Src and
MEK/ERK disrupted Ca2* signaling in these studies was through phosphorylation of Cx43
gap junctions, inhibiting intercellular communications supportive of pregnancy-adapted
Ca?* signaling [12; 13]. It has also been shown that the importance of the phosphorylation
status of Cx43 gap junctions to Ca2* signaling capacity extends to HUVEC [14; 15]. We
previously demonstrated in HUVEC that protective effects of the nutraceutical conjugated
linoleic acid on growth factor and cytokine-mediated Ca2* signaling dysfunction was likely
due to the Src inhibiting properties of its c10,t12 isomer, via selective reversal of the Src-
specific Y265 phosphorylation on Cx43 [16; 17]. This insult to Ca?* signaling contributes
to endothelial dysfunction by weakening nitric oxide-mediated vasodilation, encouraging
development of hypertension [11]. Impaired endothelial Ca2* signaling has been linked to
preeclampsia in multiple studies and is observed in maternal and fetal tissues [5; 18; 19].

Src kinase activity has also been implicated in the signaling environment that maintains
endothelial monolayer permeability. Low levels of Src activity are required in the
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non-pathologic state for maintenance of endothelial monolayer barrier function [20].
However, increased Src activity, like what would result from growth factor or cytokine
activation in the inflammatory microenvironment, results in increased endothelial monolayer
permeability [20]. It has been reported that Src inhibition is able to prevent TNFa.-

mediated phosphorylation of VE-cadherin, a component of adherens junctional complexes,
strengthening the monolayer’s ability to withstand TNFa insult [20]. A review by Yuan
details evidence of ERK 1/2 action in monolayer permeability, reporting that while the

use of an ERK 1/2 inhibitor can prevent VEGFg5-mediated insult to the monolayer, the
contributions of ERK 1/2 signaling can vary between vascular beds and between different
experimental techniques (e.g. Type of insult, duration of experiment) [21].

In this study, we aimed to evaluate the mechanistic contribution of Src and MEK/ERK
signaling in the growth factor- and cytokine-mediated insults to Ca2* signaling and
monolayer integrity. We accomplished this by utilizing the putative Src inhibitor PP2 and
the MEK/ERK inhibitor U0126 as pretreatments to our growth factor and cytokine panel
consisting of VEGFqgs, bFGF, EGF, PIGF, TNFa, IL-1pB, IL-6, or IL-8. We hypothesize
that inhibiting Src will protect Ca2* signaling capacity and monolayer integrity from growth
factor or cytokine insult, whereas MEK/ERK inhibition would be less protective. With
successful rescue of endothelial function, inhibitors of Src and/or MEK/ERK may present
intriguing therapeutic targets for PE, worthy of future study.

METHODS

Materials

Cell culture

ATP (disodium salt), Heparin sodium salt, PP2, and all other chemicals were purchased
from Sigma- Aldrich (St Louis, MO, USA) unless otherwise stated. Growth factors and
cytokines (bFGF, EGF, VEGFyg5, PIGF, TNFa, IL-1pB, IL-6, IL-8) were purchased from

R & D systems (Minneapolis, MN, USA). U0126 was purchased from Promega (Madison,
WI, USA). Glass bottom microwell dishes for Ca* imaging studies were from MatTek
Corporation (Ashland, MA, USA). Minimum Essential Medium (MEM), Fura2-AM, and
pluronic acid were purchased from Invitrogen (Life Technologies Inc., Grand Island,

NY). Serum used in culture medium was fetal bovine serum (FBS) from Invitrogen

and Endothelial Cell Growth Supplement ECGS was from Millipore (Temecula, CA).
Experimental buffer for the Ca2* signaling assay was Krebs buffer (125mM NaCl, 5 mM
KCI, 1 mM MgS04, 1 mM KH2PO4, 6 mM glucose, 25 mM HEPES, 2 mM CaCl2, pH
7.4). The growth medium used for the Ca2* signaling and western blot assays is referred to
as HEH medium (Human, ECGS, Heparin) and is as described in [5]. The growth medium
used for the monolayer integrity assay is Endothelial Cell Medium (ECM) from ScienCell
(Carlsbad, CA) and the assay media for the monolayer integrity is the basal Endothelial Cell
Medium also from ScienCell. Cx43 antibodies were from Santa Cruz Biotechnology (Dallas,
TX, USA).

HUVEC were isolated from umbilical cords in accordance with approval from the institution
review board of UnityPoint Health-Meriter Hospital (Madison, WI) and the University of
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Wisconsin-Madison (Madison, W1). Isolation methods for the HUVEC used in this study
followed the methods previously described [5], in which HUVEC were pooled from 5
individuals and used at passage 3.

Ca?* signaling assay

HUVEC were plated onto 35mm glass bottom dishes and grown to confluence in HEH
media. Cells were loaded with Fura2-AM (10uM with 0.05% Pluronic acid) and incubated
for one hour at 37 °C before Krebs buffer washes and incubation at room temperature for
30 minutes. Imaging was then completed using a Nikon inverted microscope (Diaphot 150;
Nikon, Melville, NY). Up to 99 cells are hand circled within the field of vision, identifying
the regions where measurements were obtained. After a 5-minute baseline period, HUVEC
were treated with 100uM ATP and measurements of excitation at 340nm and 380nm at 1
second intervals were collected for 30 minutes. The number of cells responding to ATP
stimulation with at least 3 bursts was recorded and a 30-minute Krebs wash was done
before moving to the next experiment stage. HUVEC were then pretreated with 20uM PP2
or U0126 for 20 minutes before a 30-minute treatment with 10ng/mL of growth factor or
cytokine. Following treatment, HUVEC underwent a second 100uM ATP stimulation while
maintaining focus on the same field of cells, thus the first stimulation serves as an internal
control. This strategy is illustrated in Figure 1. Results from the PP2/U0126 pretreatment
experiments were compared to both treatments of the growth factors and cytokines alone
(referred to as “Treatment” in Figures 2 and 3), and to an ATP-only control where cells
underwent subsequent ATP additions with only vehicle treatments in between (referred to as
“Control” in Figures 2 and 3).

Monolayer integrity assay

HUVEC were plated onto 96 well plates featuring gold electrodes for measurement of
electrical resistance using the electric cell-substrate impedance sensing (ECIS) system
(Applied BioPhysics, Troy, New York). HUVEC were grown to confluence (48 hours

with a media change at 24 hours) in ECM before undergoing serum withdrawal with
ECMb (basal), which occurs for 3 hours allowing for resistance measurements to return to
preserum withdrawal levels. Pretreatments of 10uM PP2 or U0126 were then administered,
with 10ng/mL growth factor and cytokines treatments administered 30 minutes later. Data
was collected for 24 hours after growth factor/cytokine treatment with alternate excitation
wavelengths of 340 nm and 380 nm at 1 s intervals.

Statistical analysis

For the Ca2* signaling assay each treatment condition was administered to 4-6 dishes with
at least 90 cells circled for each dish. The difference in burst numbers from treatment and
internal ATP control was used as the data points for this assay, with statistical analysis
completed by paired t-test for each cell against internal control and Mann-Whitney Rank-
Sum test against vehicle control. Additional analysis by Kruskal-Wallis was done to confirm
multiple comparisons. Data are presented as means + S.E.M. and p < 0.05 was considered
statistically significant. Data for the monolayer integrity assay are presented as resistance
normalized to control with statistical analysis using student’s t test.
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Impact of Src inhibition on Ca?* signaling capacity.

Analysis of Ca2* bursting responses was done by comparing the initial ATP stimulation
burst numbers to the post-treatment ATP stimulation burst numbers (Figure 1). Although
growth factors are known to stimulate Ca2*, the 30-minute stimulation time was enough

for cells to return to baseline. We therefore only present ATP-stimulated Ca2* responses
and not growth factor-stimulated CaZ* responses. Pretreatment with the Src inhibitor, PP2,
shielded HUVEC from growth factor and cytokine-mediated insults to ATP-stimulated Ca2*
signaling capacity, as measured by number of Ca2* bursts relative to ATP treated control
(Figure 2). PP2 treatment alone results in a reduction in Ca2* signaling, as represented by %
of ATP control, to 75.6% (Data not shown). PP2 pretreatment increased CaZ* signaling from
55.6% + 3.7 for VEGFqg5 alone to 96.5% + 4.4 for VEGF45 + PP2 (p<0.01 vs VEGF¢5
alone), and 74.6% = 3.0 for bFGF alone to 101.7% + 3.8 for bFGF+PP2 (p<0.001 vs bFGF
alone), indicating full protection of Ca2* signaling. PIGF treatment alone resulted in a Ca2*
response of 66.49% + 3.7 of ATP control, which increased to 84.08% + 4.5 with PP2
pretreatment (p<0.001 vs PIGF alone). This indicates partial protection from PIGF insult.
PP2 did not alter the Ca%* response caused by EGF (EGF alone = 90.2% +5.9, EGF + PP2
=91.6% * 3.9, p=0.8 vs EGF alone). PP2 treatment improved the Ca2* response for TNFa
from 67.9% + 2.7 to 83.8% + 2.9 (p<0.05 vs TNFa alone) and improved (by Rank-sum

test but not Kruskal-Wallis) the Ca2* response for IL-1p from 77.4% + 3.0 to 87.5% + 4.6
(p<0.001 vs IL-1p alone). The Ca?* response to IL-6 and I1L-8 was unchanged with PP2
treatment (1L-6 = 83.2% + 4.9 IL-6+PP2 = 90.3% * 6.4, p=0.35 vs IL-6 alone; 1L-8=84.3%
+ 4.1 1L-8+PP2=82.6% + 3.5, p=0.92 vs IL-8 alone.

Impact of MEK/ERK inhibition on Ca?* signaling capacity.

Pretreatment with the MEK/ERK inhibitor U0126 failed to protect HUVEC from growth
factor and cytokine-mediated insult to Ca2* signaling capacity (Figure 3). U0126 treatment
decreased Ca?* signaling as represented by % of ATP control from 67.93% for TNFa

alone to0 62.17% for TNFa + U0126 (p<0.05 vs TNFa alone), and 82.26% for IL-8 alone

to 64.57% for 1L-8+U0126 (p<0.01 vs IL-8 alone) by Rank-sum test, indicating further
inhibition of Ca2* signaling. Additional decreases after U0126 treatment for EGF and 1L-18
are seen by Kruskal-Wallis test. For all other factors assessed, U0126 did not offer any
changes to the Ca2* signaling responses from the action of the factor alone.

Impact of Src and MEK/ERK inhibition on endothelial monolayer integrity.

Broadly speaking, Src inhibition via PP2 had the capacity to offer improvements in
monolayer integrity whereas MEK/ERK inhibition via U0126 was injurious to the
monolayer over the measurement period, and this is displayed for growth factors in Figure 4
and for cytokines in Figure 5. For VEGF45, EGF, IL-1p, IL-6 and IL-8, pretreatment with
PP2 did not result in statistically significant changes in monolayer resistance compared

to each factor alone. For bFGF, PP2 pretreatment resulted in about a 20% reduction

in resistance measurements compared to bFGF alone for the entirety of the experiment
(p<0.05), but resistance measurements were elevated compared to control beginning at

hour 18 (p<0.05). For PIGF, PP2 pretreatment resulted in a slight increase in monolayer
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resistance compared to PIGF alone from hours 16-22 (p<0.05) and from control for hours
8-13 (p<0.05). For TNFa,, PP2 pretreatment results in monolayer resistance measurements
returning to control levels beginning at hour 16 (p>0.05 hours 16-24), offering protection
from the full severity of TNFa insult. For all factors assessed, with the exception of bFGF,
U0126 pretreatment resulted in a severe and sustained reduction in monolayer resistance
measurements to a 50% reduction from control levels. For bFGF, U0126 pretreatment
resulted in a decrease in monolayer resistance of about 30% compared to bFGF treatment
alone from hours 10-25 (p<0.05), but was not different from control.

DISCUSSION

Previous work has indicated that Src inhibition could serve as a protective strategy against
growth factor- and cytokine-mediated insult to Ca2* signaling capacity, but in those
instances either a nutraceutical compound with potentially promiscuous activity or ovine
endothelial cell type were utilized [12; 16]. In the present study we show that Src inhibition
in HUVEC offers complete protection of Ca2* signaling capacity from VEGF;g5 and bFGF
insult and partial protection against PIGF, TNFa and IL-1p insult. Growth factor and
cytokine signaling is known to promote closure and increased protein turnover of gap
junctions. We have previously shown a crucial link between sustained Ca2* responses and
functional gap junctions in HUVEC [14; 16]. To date, numerous studies have demonstrated
that Y265 on Cx43 is a specific site for Src kinase phosphorylation [12; 16; 22; 23].

further supported by the PP2 specificity reported herein. Of note, it is particularly promising
that Src inhibition offers full protection from VEGF;5 insult to Ca2* signaling and some
protection from PIGF insult as these two factors are commonly dysregulated in PE [1;

11; 24; 25]. The observation that PIGF itself caused a marked decrease in Ca?* signaling
capacity was unexpected. Previous work in ovine uterine artery cells from pregnant ewes did
not show a strong inhibitory role for PIGF on Ca%* signaling, reporting that PIGF treatment
only reduced the Ca?* response to 90.7% of ATP control [12]. Additionally, in the ovine
model, it had been established that signaling via VEGFR-2 but not VEGFR-1, which PIGF
is primarily the agonist for, was responsible for the observed inhibition in Ca2* signaling by
VEGFg5 [12; 26]. A stronger PIGF-mediated insult could suggest a more robust role for
VEGFR1 signaling upon ATP-stimulated Ca2* responses than was previously appreciated.
However, further experiments will be needed to interrogate this hypothesis.

At least one study demonstrates coupling of bFGF to Src and MEK/ERK activation [27].

In this study, MEK/ERK activation appears to be involved in the bFGF-mediated rise in
monolayer integrity, as U0126 prevented the consistent increase in monolayer resistance
typically caused by bFGF treatment. Furthermore, our results herein suggest that there

is a stronger role for Src activation in the bFGF-mediated insult to Ca?* signaling, as

Src inhibition fully rescued the ATP-stimulated Ca2* response while MEK/ERK inhibition
offered no protection. In a study utilizing an anterior pituitary cell line it was found that
bFGF treatment resulted in inhibitory phosphorylation of Cx43 at S368, and that PKCa was
involved in the mechanism behind this insult, but not ERK 1/2 [28]. There are reports of
inter-connected action of PKC and Src, with some studies reporting PKC action upstream of
Src activation and other implicating Src action in PKC activation [29; 30]. This observation
may be due to unique characteristics of different cell types. However, both scenarios could
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be true and result in these mediators co-amplifying the same signal in our model system.
This suggests that inhibiting Src with PP2, as we have done here, could be sufficient to
dampen both Src and PKC action. Notably, Src activation can coactivate other kinases,
including PKC, and collectively phosphorylate multiple residues of Cx43 [31].

Focusing our attention on the most potent cytokines, TNFa and IL-1p, Src inhibition was
only partially successful in protecting against TNFa insult to Ca2* signaling. However, Src
inhibition proved an effective strategy to protect the monolayer from the full impact of
TNFa insult. Others have shown that protecting HUVEC from TNFa mediated disruption of
VE-cadherin resulted in an endothelium that was more resistant to leukocyte extravasation,
thus displaying a more anti-inflammatory phenotype [32].

However, the failure of Src inhibition to protect against IL-1p insult to the monolayer
highlights that there are other signaling pathways mediating this insult. Since MEK/ERK
inhibition was almost universally deleterious to the monolayer in this study we can conclude
that inhibiting the MEK/ERK pathway, especially with compounds functionally similar to
U0126 may not be a useful strategy for improving cytokine-related endothelial dysfunction,
at least in HUVEC. A further confounding factor is that there will be a large degree

of heterogeneity in circulating growth factor and cytokine levels between PE patients,
complicating the signaling microenvironment.

CONCLUSION

Inhibition of Src kinase activity is partially effective in reducing cytokine-mediated
endothelial dysfunction in HUVECs. Other kinase signaling cascades are likely involved
in the mechanics of Ca%* signaling and monolayer insult and will need to be identified
in further studies. Future studies will be needed to determine whether inhibiting Src
kinase activity may be a beneficial therapeutic strategy for combating cytokine-mediated
endothelial dysfunction in PE. However, this study provides important insights into the
partial role of Src kinase in growth factor and cytokine-mediated Ca?* signaling and
monolayer integrity dysfunction in HUVECs.
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Highlights

. Endothelial dysfunction related to Ca2+ signaling loss in VEGF1¢5, bFGF,
PIGF, TNFa, or IL-1f treated HUVEC is improved by the Src kinase inhibor
PP2

. Src kinase inhibitor PP2 also improves TNFa-mediated losses in HUVEC
monolayer integrity

. The MEK/ERK signaling inhibitor U0126 offers no improvement to growth
factor or cytokine-mediated endothelial dysfunction in HUVEC
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Figure 1: Representative tracings of ca?* bursting responses in individual HUVEC.
Confluent HUVEC were exposed to an initial 100 uM ATP stimulation prior to subsequent

ATP stimulation (indicated by arrow) after inhibitor and growth factor or cytokine treatment,
all while focus is retained on each individual cell. Here, bFGF treatment and bFGF with
PP2 pretreatment representative tracings are shown as an example. Panels A and B display
the same cell, with panel A showing its initial ATP stimulation, and panel B showing its
subsequent ATP stimulation after it has been treated with bFGF. Panels C and D display

the same cell, with panel C showing its initial ATP stimulation, and panel D showing its
subsequent ATP stimulation after treatment with PP2 and bFGF. For quantitative analysis

in Figures 2 and 3, the number of bursts counted in the second ATP stimulation (B or D)

are compared to the initial, internal control, ATP stimulation (A or C) for each experimental
condition.
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Figure 2: Src inhibition protects ca?* signaling capacity against insult from VEGF1g5, bFGF,
PIGF, TNFa, and IL-1.

Pretreatment with the Src inhibitor PP2 at 10uM for 20 minutes before treatment with a
panel of growth factors and cytokines at 10ng/mL for 30 minutes offered protection of
ATP-stimulated Ca?* bursting responses in HUVEC. Stimulation with 100uM ATP only

is depicted as Control in black bars, stimulation with ATP after growth factor or cytokine
treatment is depicted in light gray bars, and ATP after PP2 pretreatment prior to growth
factor or cytokine treatment is in dark gray bars. Data is shown as mean count of Ca%* bursts
in cells that responded with at least 3 Ca2* bursts upon initial ATP stimulation, = SEM for at
least 80 cells from at least 4 separate dishes of pooled cells. Statistical analysis was done by
Rank-sum test, with * indicating p<0.05 and Kruskal-Wallis with + indicating p<0.05.
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Figure 3: MEK/ERK inhibition worsens ca* signaling capacity in the case of TNFa and IL-8.
Pretreatment with the MEK/ERK inhibitor U0126 at 10uM for 20 minutes before treatment

with a panel of growth factors and cytokines at 10ng/mL for 30 minutes did not protect
ATP-stimulated Ca?* bursting responses in HUVEC. Stimulation with 100uM ATP only

is depicted as Control in black bars, stimulation with ATP after growth factor or cytokine
treatment is depicted in light gray bars, and ATP after U0126 pretreatment prior to growth
factor or cytokine treatment is in dark gray bars. Data is shown as mean count of CaZ* bursts
in cells that responded with at least 3 Ca2* bursts upon initial ATP stimulation, + SEM for at
least 80 cells from at least 4 separate dishes of pooled cells. Statistical analysis was done by
Rank-sum test, with * indicating p<0.05 and Kruskal-Wallis with + indicating p<0.05.
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Figure 4: MEK/ERK inhibition is broadly deleterious to the monolayer, whereas Src inhibition
offers benefits with PIGF and bFGF treatment.

HUVEC were pretreated with the MEK/ERK inhibitor U0126 or Src inhibitor PP2 at 10um
30 minutes before treatment with a panel of growth factors (VEGF45, bFGF, EGF and
PIGF) at 10ng/mL. Data is shown as mean + SEM, with resistance normalized to control in
the top row and the quantitative change in resistance relative to control at hours 5, 10,15
and 20 in the bottom row. Data was collected for 24 hours after growth factor and cytokine
treatments. Treatments were run in triplicate with n=6 96 well plates. Statistical analysis was
done by student’s t test with * indicating p<0.05 reduction in resistance measurements and +
indicating p<0.05 increase in resistance measurements.
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Figure 5: MEK/ERK inhibition is broadly deleterious to the monolayer, whereas Src inhibition
offers protection from the worst of TNFa insult.

HUVEC were pretreated with the MEK/ERK inhibitor U0126 or Src inhibitor PP2 at 10um
30 minutes before treatment with a panel of cytokines (TNFa, IL-14, IL-6 and IL-8) at
10ng/mL. Data is shown as mean + SEM, with resistance normalized to control in the top
row and the quantitative change in resistance relative to control at hours 5, 10,15 and 20 in
the bottom row. Data was collected for 24 hours after growth factor and cytokine treatments.
Treatments were run in triplicate with n=6 96 well plates. Statistical analysis was done by
student’s t test with * indicating p<0.05 reduction in resistance measurements.
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