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Abstract

Women who have had preeclampsia demonstrate microvascular endothelial-dysfunction, mediated
in part by reduced nitric oxide (NO)-dependent dilation. Preeclamptic pregnancies are associated
with elevated inflammation, and inhibition of inflammation attenuates endothelial damage in
animal models of preeclampsia. However, it is unclear if inhibition of vascular inflammation
improves endothelial function in women after a preeclamptic pregnancy. Using the cutaneous
microcirculation as a model, we hypothesized that acute systemic inhibition of vascular
inflammation (oral salsalate; 1500mg/twice daily, 4 days) would improve endothelium- and NO-
dependent vasodilation in women with a history of preeclampsia (PE) but not in women with a
history of uncomplicated pregnancy (HC). Twelve HC (30+1yrs, 10+2 months postpartum) and
10 PE (30+2yrs, 8+2 months postpartum) participated in a double-blind placebo-controlled study.
Following each treatment, 2 intradermal microdialysis fibers were placed in the skin of the ventral
forearm for graded infusion of acetylcholine (Ach, 10~-102mM) or Ach+15mM L-NAME (NO
synthase antagonist). Red blood cell flux was measured over each site by laser-Doppler flowmetry
(LDF). Cutaneous vascular conductance was calculated (CVC=LDF/mean arterial pressure) and
normalized to maximum (%CVCax; 28mM SNP + local heat 43°C). ACh-induced (77+3

VS, 924+3%CVCpayx; P=0.01) and NO-dependent (20£6 vs. 33+4%; p=0.02) vasodilation were
attenuated in PE compared to HC. Salsalate augmented ACh-induced (95£2%CVCpax; p=0.002)
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and NO-dependent (39+3%; p=0.009) dilation in PE compared to placebo but had no effect in HC
(all p>0.05). Salsalate treatment augmented endothelium-dependent vasodilation via NO-mediated
pathways in women who have had preeclampsia, suggesting that inflammatory signaling mediates
persistent endothelial dysfunction following preeclampsia.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death among women worldwide and
women who develop preeclampsia during pregnancy are at a significantly greater risk for
the development of CVD across their lifespan (1, 2). These women suffer from CVD at

a younger age and with greater frequency than women who have healthy pregnancies (1,
3-5), and are significantly more likely to die of CVD (2, 6, 7). As such, women who have
had preeclampsia represent a high-risk pre-clinical cohort that require early intervention
strategies to prevent or mitigate this accelerated progression of CVD. However, while

the association between preeclampsia during pregnancy and elevated lifetime CVD risk

is apparent, the vascular mechanism(s) responsible for this association remain unclear.

Numerous investigations have demonstrated that women with a history of preeclampsia have
attenuated conduit artery vascular endothelial function compared to women with a history
of uncomplicated pregnancy (8-13). We have recently demonstrated that otherwise healthy
women with a history of preeclampsia have similarly attenuated microvascular endothelium-
dependent dilation, mediated in part by reductions in nitric oxide (NO)-dependent dilation
(14-16). This evidence suggests that vascular dysfunction observed during preeclamptic
pregnancy remains aberrant following the pregnancy, and this residual dysfunction likely
contributes to the increased lifetime risk of CVD in these women (17, 18).

Preeclampsia is a pregnancy disorder effecting ~5-7% of pregnancies in the United
States, and ~8 million pregnancies worldwide (19) and is characterized by new

onset hypertension (systolic blood pressure =140mmHg and/or diastolic blood pressure
>90mmHg) accompanied by proteinuria (0.3g per 24 hrs) and/or thrombocytopenia, renal
insufficiency, impaired liver function, pulmonary edema, or cerebral or visual symptoms
after 20 weeks gestation (20). Although the etiology of preeclampsia is currently unclear,
pregnancies complicated by preeclampsia are associated with an exaggerated immune
response leading to chronically elevated inflammation throughout pregnancy (21-25).
This immune imbalance creates a chronic and uncontrolled state of inflammation which
likely initiates and perpetuates the wide-spread endothelial dysfunction in the peripheral,
glomerular, and cerebral vessels of preeclamptic women (26, 27). In support of this
hypothesis, immunosuppression with cyclosporin A improves clinical characteristics of
preeclampsia in a lipopolysaccharide induced preeclampsia rat model (28). Specifically,
in the reduced uterine perfusion pressure rat model of preeclampsia, tumor necrosis
factor alpha (TNFa) blockade lowers blood pressure and improves organ function (29).
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Similarly, in the pregnant stroke-prone spontaneously hypertensive rat TNFa blockade
improves pregnancy outcomes, blood pressure, and uterine artery function (30). In women,
prophylactic daily aspirin treatment during pregnancy delays the onset and attenuates the
severity of preeclampsia in patients with elevated preeclampsia risk (31, 32), an effect

that may be mediated by the anti-inflammatory actions of aspirin. These data suggest that
exaggerated inflammation plays a role in vessel dysfunction during preeclampsia. However,
whether vascular inflammation contributes to residual endothelial dysfunction and elevated
lifetime CVD risk in postpartum women with a history of preeclampsia remains unexplored.

Given the mechanistic role of inflammation in the vascular sequelae of preeclampsia during
pregnancy, and the evidence that endothelial dysfunction that manifests during preeclampsia
remains aberrant in the year(s) following the affected pregnancy, the purpose of this study
was to systematically examine the role of inflammation in attenuated endothelial function

in the cutaneous microvasculature of women with a history of preeclampsia compared to
women with a history of healthy pregnancy. We hypothesized that short-term, high dose
(1500mg twice daily for 4 days) systemic treatment with the nonsteroidal anti-inflammatory
drug salsalate would increase endothelium-dependent dilation in women with a history of
preeclampsia, and that this would be mediated by an increase in NO-dependent dilation.

METHODS
Study Population

22 healthy normotensive postpartum women who had been pregnant and delivered within
the past 18 months (range 2—18 months) participated in the study. Ten women had a

history of preeclampsia diagnosed by their obstetrician during pregnancy (preeclamptic;

PE) and 12 women had a history of healthy pregnancy and served as controls (healthy
control; HC). Experimental protocols were approved by the Institutional Review Boards

of The Pennsylvania State University and the University of lowa, and the United States
Food and Drug Administration (IND#124,294). Written and verbal consent were obtained
voluntarily from all subjects prior to participation according to the Declaration of Helsinki
and the U.S. Code of Federal Regulations, Part 46 (NCT03482440). Subjects were

screened for neurological, cardiovascular, and metabolic diseases and underwent a complete
medical screening including physical examination, lipid profile, and blood chemistry (Quest
Diagnostics, Pittsburgh, PA; University of lowa Diagnostic Lab, lowa City, 1A). All subjects
were non-hypertensive at the time of testing (seated blood pressure <140/<90mmHg),
non-diabetic, healthy non-smokers who were not taking prescription medications with
primary or secondary vascular effects (e.g. statins, antihypertensives, anticoagulants, etc).
All women met the inclusion criteria of no history of gestational diabetes, and no history of
hypertension (SBP >140mmHg and/or DBP =90mmHg(33)) before pregnancy. Four women
(3 HC/1 PE) were using hormonal contraceptives at the time of testing. Not all women were
normally cycling, and subjects were tested without consideration for phase of the menstrual
cycle. Subjects were matched for parity (number of times that a woman had given birth to

a fetus with a gestational age of 24 weeks or more), time postpartum (months), body mass
index (BMI), and blood chemistry. Subject characteristics are presented in Table 1.
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Study Design and Salsalate Administration

Subjects were randomly assigned oral salsalate (1500mg, twice daily) or placebo for 4
consecutive 24-hour periods, in a randomized, double blind, crossover design. Subjects
began the treatment with one dose on the evening of day 1 and took the last dose the
morning of the experimental visit (day 5). Treatments were separated by at least 14
days. This dosing regimen was chosen based on pilot data conducted in our laboratory
in this subject population, to produce steady state plasma salicylate concentrations in

the therapeutic range of 10 to 30mg/dL (unpublished data). The treatment duration was
chosen because maximal plasma concentrations of salicylate are achieved ~72 hours
after the initiation of treatment, and because previous work has demonstrated that this
duration acutely inhibits vascular nuclear factor kappa-B (NFxB) signaling (34, 35). Plasma
salicylate concentrations were measured on day 3 of treatment and at the study visit.
Subjects were monitored for side effects and none of the subjects dropped out during the
intervention. All subjects completed both treatment arms of the study.

Microvascular Endothelium-Dependent Vasodilation

Following each treatment, each subject participated in one laboratory visit that lasted
approximately 3.5 hours. Two intradermal microdialysis fibers (CMA 31 Linear
Microdialysis Probe, 55kDa MWCQO; CMA, Holliston, MA) were placed into the dermal
layer of the ventral forearm and randomly assigned for the local delivery of lactated
Ringer’s (control) or 15mmol/L NC-nitro-L-arginine methyl ester (L-NAME, Calbiochem,
EMD Millipore, Billerica, MA) for the inhibition of nitric oxide synthase (NOS) (14).
Pharmacological agents were mixed just prior to use, dissolved in lactated Ringer’s solution,
sterilized using syringe microfilters (Acrodisc; Pall, Ann Arbor, MI), wrapped in foil

to prevent degradation due to light exposure, and perfused through the microdialysis

fibers at a rate of 2uL/min (Bee Hive controller and Baby Bee microinfusion pumps;
Bioanalytical Systems, IN, USA). The concentrations of the pharmacological agents utilized
were determined based on previous work utilizing intradermal microdialysis to assess
endothelial function in our model (14, 36). Following an initial hyperemia-resolution period
(~60-90 mins), cutaneous red blood cell flux was continually measured directly over each
microdialysis site with an integrated laser-Doppler flowmetry probe placed in a local heating
unit (MoorVMS-HEAT; Moor Instruments, DE, USA) which was set to thermoneutral
(33°C). Automated brachial blood pressure (Cardiocap; GE Healthcare, WI, USA) was
measured every 5 minutes throughout each protocol. Following baseline measurements (~10
minutes), ascending concentrations of ACh (10~7 — 102 mmol/L; USP, Rockville, MD),
mixed with the site-specific treatment, were perfused sequentially for 5 minutes each.
Following ACh doses, 28 mmol/L sodium nitroprusside (USP, Rockville, MD) was perfused
and local temperature increased to 43°C to elicit maximal dilation (CVCpay) (37).

Plasma Cytokines

Whole blood samples were collected (12 HC/7 PE) via venipuncture into EDTA treated
collection tubes, centrifuged, and plasma was isolated and stored at —80°C prior to analysis.
Inflammatory cytokines IL-6 and TNFa were assessed in duplicate via ELISA (Inter-assay
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%CV= 2.3 and 0.4, Intra-assay %CV=1.5 and 1.1, for IL-6 and TNFa respectively; V-plex,
Meso Scale Discovery, Rockville, MD).

Data and Statistical Analysis

RESULTS

All data collection and analysis procedures were standardized prior to testing. Blood

flow data were digitized at 40Hz, recorded, and stored for offline analysis using Windag
software and Dataq data acquisition system (Dataq Instruments, Akron, OH). Cutaneous
vascular conductance was calculated (CVC = laser Doppler flux/mean arterial pressure) and
normalized to a percentage of site-specific maximum (%pmax). NO-dependent dilation was
calculated for each subject as the difference between peak ACh-mediated dilation in the
control (Ringers) and NOS-inhibited (L-NAME) sites.

Sample size was determined a priori by power analysis (power=0.80, a=0.05) using
previously published data with similar primary outcomes in subjects with microvascular
dysfunction (38, 39) and significance was set a priori at =0.05. CVC data were analyzed
using a 3-way repeated measures ANOVA (group*treatment*pharmacological site; SAS 9.4,
Cary, IN) with post hoc Tukey corrections applied for specific planned comparisons, when
appropriate. Linear regression analysis was used to examine the effect of time postpartum
on our measures of microvascular endothelial function (Prism 8.1.2; Graphpad, San Diego,
CA). Values are presented as mean + SEM.

Oral salsalate increased plasma salicylate to therapeutic concentrations in both HC and PE.
Plasma salicylate was in the therapeutic range on day 3 (HC: 13.8+1.5, PE: 18.2+0.9mg/dL,
p=0.09 between groups) and the day of the experimental visit (HC: 19.1+2.3, PE:
21.2+2.1mg/dL; p=0.51 between groups) during the salsalate treatment. Plasma salicylate
was undetectable during placebo treatment in both groups.

Table 2 presents plasma concentrations of inflammatory cytokines IL-6 and TNFa in HC
and PE following placebo and salsalate treatments. There were no group or treatment
differences in plasma IL-6 or TNFa (all p>0.05).

Table 3 presents baseline and maximal CVC values at control (Ringers) and NOS-inhibited
(L-NAME) sites in HC and PE following placebo and salsalate treatments. There were no
differences in baseline or maximal CVC between groups or across sites or treatments (all
p>0.05).

Figure 1 presents cutaneous vasodilation (%CVCax) responses to acetylcholine in control
and L-NAME sites, and NO-dependent dilation (%) following placebo (panels A, B) or
salsalate (panels C, D) treatment in women who had a healthy pregnancy (HC) and women
who had preeclampsia (PE). PE had an attenuated vasodilation response to acetylcholine
(p=0.01 main effect of group) and attenuated NO-dependent dilation (p=0.02) compared to
HC following placebo. Oral salsalate increased cutaneous vasodilation responses (p<0.001
main effect of treatment within PE) and NO-dependent dilation (p=0.009) compared to
placebo in PE but had no effect in HC (p>0.05 for both). There were no differences between
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groups or across treatments at the NOS-inhibited sites (all p>0.05). There was no relation
between time postpartum and acetylcholine-mediated dilation or NO-dependent dilation in
either HC or PE (all p>0.05).

DISCUSSION

The primary finding of this study was that acute oral salsalate treatment augmented
endothelium-dependent dilation via NO-dependent mechanisms in the microvasculature of
women with a history of preeclamptic pregnancy. These findings suggest that tonic vascular
inflammation contributes to residual microvascular endothelial dysfunction in women who
have had preeclampsia, and that interventional approaches that target this inflammation may
be viable strategies for the treatment and/or prevention of microvascular dysfunction in these
women.

Despite the remission of the clinical symptoms of preeclampsia following delivery, women
with a history of preeclamptic pregnancy are 2—4 times more likely to develop CVD

across their lifespan compared to women with a healthy pregnancy(18, 40). These women
develop primary hypertension at an earlier age and with greater frequency than women who
have healthy pregnancies (1, 4, 5, 41), and are more likely to die of stroke, myocardial
infarction, and end-stage renal disease (2, 6, 7, 18). This increased risk may be explained
by the residual vascular dysfunction that persists postpartum (17, 42). Several studies
demonstrate that subclinical indices of vascular dysfunction -such as reduced brachial
artery flow-mediated dilation and attenuated cutaneous microvascular vasodilator responses
- persist for weeks, months, and even years after the affected pregnancy, even in the absence
of traditional CVD risk factors (3, 8, 14-16, 43-46). As such, interventional approaches that
repair or restore vascular endothelial function in women with a history of preeclampsia may
prevent or slow the progression of overt CVD in this at-risk group. Our data suggest that
tonic vascular inflammation contributes to residual microvascular endothelial dysfunction
following preeclampsia, and that interventions that reduce this inflammation may represent
mechanism-specific strategies to improve endothelial function in these women.

Preeclampsia is associated with chronically elevated inflammation throughout pregnancy
(21-25), which likely contributes to the wide-spread endothelial dysfunction in the
peripheral, glomerular, and cerebral microvessels of preeclamptic women (26, 27).
Specifically, inhibiting this inflammation prevents the vascular sequalae of preeclampsia
in animal models (29, 30, 47). The anti-inflammatory action of aspirin has been proposed
as one of the mechanisms by which its prophylactic use exerts positive therapeutic effects
during pregnancy in women with high preeclampsia risk (32). To our knowledge, we are
the first to explore the role of inflammation in attenuated endothelium- and NO-dependent
vasodilation /in vivo in women who have had preeclampsia. Our data demonstrate that
acute, potent anti-inflammatory treatment with salsalate improves microvascular endothelial
function in postpartum women with a history of preeclampsia, suggesting that similar

to vessel dysfunction observed during the affected pregnancy, inflammation plays a
mechanistic role in the vascular dysfunction observed after preeclampsia.
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Salsalate is a non-steroidal anti-inflammatory drug that exerts its therapeutic effects by
inhibiting activation of the transcription factor NFxB and thereby preventing its downstream
effects on the production of pro-inflammatory cytokines. Pierce et al. have shown that
increasing plasma salicylate concentrations to a similar therapeutic range and for the same
duration as the current protocol reduces total and nuclear vascular endothelial cell NFxB
expression in endothelial biopsies from adults with elevated baseline NFxB expression

but has no effect on cyclooxygenase expression (34). Similarly, Jablonski et al report that
although this same protocol did not reduce vascular endothelial NFxB in participants who
did not have elevated baseline expression, vascular endothelial cell IL-6 was attenuated
following salsalate treatment (48). These data underscore the mechanistic specificity of
salicylate as an inhibitor of NFxB. In this context, our data suggest that the NFxB signaling
pathway and its downstream pro-inflammatory cytokine release contributes to endothelial
dysfunction following preeclampsia. However, these results may not be generalizable to all
anti-inflammatory treatments or targets for reducing inflammation. Future work with other
anti-inflammatory targets and approaches are necessary to further delineate the mechanisms
by which vascular inflammation contributes to persistent vessel dysfunction following
preeclampsia.

Circulating biomarkers of inflammation such as IL-6 and TNFa are associated with
increased risk of cardiovascular events (49), and are elevated during preeclampsia (24, 50)
and up to 12-14 weeks after preeclampsia (21). We did not see differences in circulating
IL-6 or TNFa between groups (history of preeclampsia vs. controls) or within groups across
treatments (salsalate vs. placebo). Our data agree in part with prior studies that have shown
increasing plasma salicylate to therapeutic concentrations reduces NFxB expression and/or
downstream pro-inflammatory cytokine production in biopsied vascular endothelial cells
and improves endothelium-dependent dilation, independent of changes in circulating factors
or clinical characteristics in participants with subclinical vascular dysfunction (34, 35, 48,
51). We hypothesize that salsalate worked similarly in our study, inhibiting intracellular
NF«xB and attenuating endothelial cell expression of proinflammatory cytokines, thereby
reducing vascular inflammation. However, because we did not directly assess biopsied
vascular endothelial cells from our participants, this is speculative. Further work to define
the inflammatory milieu of the vascular endothelium in otherwise healthy women with

a history of preeclampsia is required to confirm this hypothesis, and to strengthen the
evidence for the efficacy of anti-inflammatory intervention strategies for improved vascular
endothelial function in these women.

We acknowledge that traditional CVD risk factors (e.g. hypertension, diabetes, elevated
BMI, dyslipidemia) increase the risk of preeclampsia as well as negatively affect
microvascular responses. In an attempt to limit these confounding variables, we excluded
potential participants who had been diagnosed with overt cardiovascular and/or metabolic
disease(s) prior to pregnancy. However, we cannot rule out subclinical alterations in
cardiovascular or metabolic health that may have preceded the pregnancy and contributed
to our findings in the months and years postpartum. Longitudinal studies that examine
vascular function prior to, during, and after pregnancy are needed to fully elucidate whether
subclinical vascular dysfunction precedes or predicts preeclampsia and what role, if any,
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this may play in mediating the development and severity of preeclampsia symptoms and
subsequent lifetime CVD risk.

The clinical symptoms of preeclampsia (high blood pressure, proteinuria, edema, etc.)
typically resolve within 12 weeks postpartum. However, otherwise healthy women who have
had preeclampsia demonstrate attenuated endothelium-dependent dilation in the months

and years following the effected pregnancy, indicating the need for early intervention.

In this study, we employed a short (4 day), high-dose oral salsalate regimen that

had been previously demonstrated to directly inhibit vascular NFkB and downstream
vascular endothelial cell cytokine production, to assess the contribution of inflammation

to endothelial dysfunction following preeclampsia. To the best of our knowledge,

these are the first human data to suggest that suppression of inflammation augments
endothelium-dependent vasodilation via NO-mediated mechanisms in women with a history
of preeclampsia. As such, pharmacological treatments or lifestyle changes that reduce
inflammation may be effective intervention strategies to improve microvascular function
and slow or prevent the development of clinical CVD in this at-risk population.
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HIGHLIGHTS

. Women who have had preeclampsia demonstrate microvascular endothelial
dysfunction.

. Preeclampsia is associated with elevated inflammation, but it is unknown if
inflammation alters endothelial function after preeclampsia.

. We show that acute systemic inhibition of inflammation improves
endothelium-dependent vasodilation in women with a history of
preeclampsia.

. These data suggest that inflammatory signaling may be a target for improving

cardiovascular health outcomes in women with a history of preeclampsia.
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Figure 1.

Mean + SEM vasodilation (cutaneous vascular conductance, %CVCpax) and NO-dependent
dilation (%) responses to acetylcholine (ACh) in control and NOS-inhibited (L-NAME) sites
following placebo (panels A and B) and salsalate (1500mg twice daily for 4 days; panels

C and D) treatments in postpartum women who have had a healthy pregnancy (HC) and
women who have had preeclampsia during pregnancy (PE). *P < 0.05 PE vs HC. $P<0.05 vs
control within PE.
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Mean + SE (range) HC, women who had an uncomplicated pregnancy; PE, women who had preeclampsia;

BMI, body mass index; MAP, mean arterial pressure; SBP, systolic blood pressure; DBP, diastolic blood
pressure; HDL, high density lipoprotein; LDL, low density lipoprotein; BUN, blood urea nitrogen.

Table 1. Subject Characteristics HC (n=12) PE (n=10) p-value
Age (yrs) 30+1 (25-37) 302 (20-41) 0.82
Parity (number) 240 (1-3) 2+0 (1-3) 1.00
Time post partum (mos) 1042 (2-17) 8+2 (2-18) 0.61
BMI (kg:m~?) 30+2 (20-36) 28+1 (23-33) 0.48
MAP (mmHg) 90+2 (82-98) 91:+2 (83-98) 0.52
SBP (mmHg) 12042 (107-132) 123+2 (110-131) 0.35
DBP(mmHg) 75+1 (69-84) 75+2 (70-80) 0.76
Total Cholesterol (mg-dl™?) 1759 (132-250) 189+14 (152-263) 0.41
HDL (mg-dIY) 58+4 (40-70) 47+3 (34-67) 0.07
LDL (mg-dIY) 9949 (81-153) 11711 (86-182) 0.20
HbAIc (%) 5.2+0.1 (4.7-5.6) 5.0+0.1 (4.7-5.4) 0.18
BUN (mg-di-%) 12+1 (7-16) 111 (10-14) 0.78

Creatinine (mg-dl~1)
BUNY/Creatinine

0.72+0.02 (0.62-0.84)  0.77+0.03 (0.56-0.90)  0.18
16.1#0.2 (10.0-25.8)  14.8+0.8 (11.7-18.6)  0.41
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Table 2.

Plasma concentrations of inflammatory cytokines interleukin 6 (IL-6) and tumor necrosis factor a. (TNFa.).
HC, women with a history of healthy pregnancy. PE, women with a history of preeclampsia. No differences
(t-tests, all p>0.05).

Table 2. HC (n=12) PE (n=7)
1L-6 (pg/ml)
placebo 0.59+0.08  0.48+0.07
salsalate 0.51+0.07  0.61+0.15
TNFa (pg/ml)
placebo 1.5+0.2 1.5+0.3
salsalate 1.6+0.1 1.5+0.3
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(Ringers) and NOS-inhibited (L-NAME) microdialysis sites following placebo and salsalate treatments in

women with a history of healthy pregnancy (HC) and women with a history of preeclampsia (PE). No

differences (all p>0.05).

Table 3. Cutaneous Vascular Conductance (fluxmmHg™) HC (n=12) PE (n=10)
Baseline
Ringers
placebo 0.2+0.1 0.2+0.0
salsalate 0.1+0.0 0.1+0.0
L-NAME
placebo 0.1+0.0 0.2+0.0
salsalate 0.1+0.0 0.1+0.0
Maximal
Ringers
placebo 1.840.2 1.840.2
salsalate 1.5+0.2 1.8+0.3
L-NAME
placebo 1.940.2 1.740.2
salsalate 1.6+0.1 1.9+0.3
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