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Abstract

Preeclampsia, a cardiovascular disorder of late pregnancy, is characterized as a low-renin
hypertensive state relative to normotensive pregnancy. As other non-pregnant low-renin
hypertensive disorders often exhibit and are occasionally dependent upon elevated arginine
vasopressin (AVP) secretion, we hypothesized a possible use for plasma AVP measurements in
the prediction of preeclampsia. Copeptin is an inert pro-segment of AVP that is secreted ina 1:1
molar ratio and exhibits a substantially longer biological half-life than AVP, rendering it a
clinically useful biomarker of AVP secretion. Copeptin was measured throughout pregnancy in
maternal plasma from preeclamptic and control women. Maternal plasma copeptin was
significantly higher throughout preeclamptic pregnancies versus control pregnancies. While
controlling for clinically significant confounders (age, BMI, chronic essential hypertension, twin
gestation, diabetes, and history of preeclampsia) using multivariate regression, the association of
higher copeptin concentration and the development of preeclampsia remained significant.
Receiver operating characteristic analyses reveal that as early as the 6! week of gestation,
elevated maternal plasma copeptin concentration is a highly significant predictor of preeclampsia
throughout pregnancy. Finally, chronic infusion of AVP during pregnancy (24 ng/hr) is sufficient
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to phenocopy preeclampsia in C57BL/6J mice, causing pregnancy-specific hypertension, renal
glomerular endotheliosis, proteinuria, and intrauterine growth restriction. These data (1) implicate
AVP release as a novel predictive biomarker for preeclampsia very early in pregnancy, (2) identify
chronic AVP infusion as a novel and clinically-relevant model of preeclampsia in mice, and are
(3) consistent with a potential causative role for AVP in preeclampsia in humans.
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INTRODUCTION

Preeclampsia affects 2-8% of all pregnancies, approximately 300,000 per year in the U.S. It
causes 10-15% of all maternal mortality with close to 100,000 preeclampsia-related annual
maternal deaths worldwide 1. Maternal death due to preeclampsia disproportionately affects
developing countries with 99% of preeclampsia-related maternal deaths occurring in low
and middle income countries. In addition, 25% of stillbirths and neonatal deaths in these
developing countries are associated with preeclampsia/eclampsia 2. Preeclampsia is known
to cause immediate and long term maternal-fetal morbidities such as fetal growth restriction,
maternal-fetal death, and future adult neurological and cardiovascular diseases for mother
and child 3-8, Because its pathogenesis is poorly understood, preventive, and therapeutic
modalities for preeclampsia are elusive. This emphasizes the importance of identifying
unifying pathways to predict and treat preeclampsia. One candidate is the vasopressin (AVP)
pathway.

Selected non-pregnant populations including African Americans , the elderly 19, and
patients with chronic heart 11 or renal failure 12 exhibit AVP-dependent hypertension 13,
These populations are also characterized by low circulating renin-angiotensin system
activity. Relative to non-preeclamptic pregnant women, preeclamptic pregnant women
exhibit reduced circulating activity of the renin-angiotensin system 14, This body of
literature led us to hypothesize a relationship between AVP hypersecretion and the
development of preeclampsia.

AVP exhibits a short biological half-life (5-20 minutes in blood), which complicates
assessment of AVP secretion by direct measurement of this hormone. AVP is translated in
1:1 stoichiometric ratio with a small, inactive pro-segment, copeptin. Copeptin is eliminated
primarily by renal excretion and is very stable in plasma. Consequently, it is a very useful
and reliable biomarker for AVP secretion 1°. Zulfikaroglu et al. recently documented a late
second/early third trimester elevation in circulating copeptin in preeclamptics1®. Similarly,
Foda et al. demonstrated increased maternal copeptin levels in preeclamptics at time of
delivery 17, The first objective of the current study was to determine if there are differences
in first trimester copeptin concentrations between pregnant women who did and did not
develop preeclampsia. The second objective of this study was to determine whether chronic
AVP infusion during pregnancy is sufficient to induce preeclampsia phenotypes in mice.
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The Methods section is available in the online-only Data Supplement.

A total of 54 control pregnant, non-preeclamptic women, 50 pregnant, preeclamptic women,
and 33 non-pregnant women were analyzed in this study. A full complement of first, second,
and third trimester pregnant plasma samples was not available for each pregnant participant.
The numbers of analyzed samples for each trimester were as follows: first trimester: 26
controls and 20 cases; second trimester: 19 controls and 20 cases; and third trimester: 38
controls and 50 cases. Maternal age, body mass index, and percentage of those with chronic
essential hypertension were similar between the non-pregnant, control, and preeclamptic
groups (Table 1). The non-pregnant group had significantly fewer previous pregnancies
(lower Gravida), lower percentage of subjects with a history of preeclampsia and history of
preexisting diabetes in comparison to the control and preeclamptic pregnant groups. These
data may suggest that the non-pregnant cohort represents a cohort at lower risk for
preeclampsia. Yet when gravida, history of preeclampsia, and preexisting diabetes was
compared between control and preeclamptic pregnant women, no statistically significant
differences were noted (gravida: p=0.99, history of preeclampsia: p=0.97, preexisting
diabetes: p=0.33). In addition, the racial distribution between these groups were also similar
and reflective of the lowa population with a predominantly Caucasian populace based on
current lowa census data 18. When evaluating the pregnancy characteristics between the
control and preeclampsia groups (Table 1), typical differences were observed between
groups. The preeclampsia group exhibited a significantly lower gestational age at delivery
(36.1 + 3.1 vs. 38.8 + 3.1 weeks, p<0.001), lower birthweight (2749.6 £+ 800.1 vs. 3386.5 £
644.8 grams, p<0.001), and higher blood pressures particularly in the third trimester. These
findings are consistent with the known clinical factors associated with preeclampsia: higher
rate of preterm delivery, higher rate of twin gestation, and lower birthweight due to vascular
causes and earlier delivery 19,

As seen in Figure 1a and 1b, maternal plasma copeptin concentration is significantly higher
in pregnant women who developed preeclampsia in comparison with control, non-
preeclamptic women in the first trimester, second trimester, and third trimester. In addition,
the trimester-specific copeptin concentrations in preeclamptic women are higher than the
plasma copeptin concentration of non-pregnant women presenting to our institution for
gynecologic care. The non-pregnant cohort data suggests that the rise in copeptin
concentration is both pregnancy- and preeclampsia-specific. These group differences in
plasma copeptin are likely not associated with changes in renal function and AVP
degradation as measured by plasma Cystatin-C and vasopressinase (LNPEP), respectively,
as these levels were similar between groups in each trimester (Figure 1c and 1d).
Furthermore, significant differences in soluble fms-like tyrosine kinase-1 (SFLT-1) were not
detected between the two groups but with a trend of increased sFLT-1 in preeclamptics in
the second and third trimesters (Figure 1e).
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Receiver operating characteristic (ROC) curves for each trimester were constructed to
interrogate if this elevated plasma copeptin concentration was predictive of the development
of preeclampsia. Furthermore, optimal copeptin concentration cutoffs were determined from
these curves. As seen in Figure 2a and 2b, the ROC curves demonstrated significant areas
under the curve in the first trimester (AUC=0.90+0.05, p<0.0001), second trimester
(AUC=0.90%0.06, p<0.0001), and third trimester (AUC=0.78+0.05, p<0.0001). These data
indicate that maternal plasma copeptin concentration is very strongly predictive of the
development of preeclampsia in all three trimesters with clinically significant sensitivities
and specificities. Copeptin prediction of preeclampsia demonstrates significantly high
negative predictive values at all ranges of clinically significant preeclampsia risk and high
positive predictive values in those who would be at higher risk of developing preeclampsia
(Figure 2c).

Further, we determined if clinically significant and regression identified covariates would
alter the association of preeclampsia and copeptin concentration at particular trimesters.
Logistic regression models were constructed with the diagnosis of preeclampsia as the
dependent variable. Participants were dichotomized according to being above or below the
ROC curve determined cutoff for a particular trimester (Figure 2b). Models were generated
using the status of being above or below the cutoff as an independent variable while
controlling for significant covariates such as maternal age, body mass index, diabetes,
chronic essential hypertension, history of preeclampsia, and twin gestation. Copeptin
concentration remained the only variable in all the models that continued to be significantly
associated with preeclampsia (Table 2). These clinical data in total suggest that the robust
elevation in copeptin concentration occurs early in the first trimester and remains elevated
throughout pregnancy despite potential confounding effects of clinically significant
obstetrical and vascular covariates.

Finally, to examine a causal role for AVP in the pathogenesis of preeclampsia, we tested the
sufficiency of chronic AVP infusion throughout gestation to induce the major preeclampsia
phenotypes in wildtype C57BL/6J mice. AVP infusion (24 ng/hr) had no effect on systolic
blood pressure (SBP) in non-pregnant female mice, but caused a robust elevation in SBP in
pregnant mice (Figure 3a and Figure S1). Heart rate (HR) was increased during pregnancy,
but vasopressin had no significant modulatory effect (non-pregnant+saline 494+13, non-
pregnant+AVP 491+21, pregnant+saline 546+12, pregnant+AVP 516+14 beats/min;
pregnancy P=0.01, infusion P=0.29, infusion x pregnancy interaction P=0.38). Pregnant
mice infused with AVP exhibited a gross elevation in protein loss to urine (Figure 3b). This
proteinuria was associated with robust renal glomerular endotheliosis (Figure 3c), a
pathognomonic finding in preeclampsia.

Chronic AVP infusion during pregnancy also significantly influenced fetal growth and
development. Fetus masses on gestational day 18 were suppressed approximately 24% by
AVP infusion (Figure 3d and 3e). One of seventeen AVP-infused dams underwent preterm
labor on GD17. AVP infusion may also increase the rate of spontaneous feto-placental unit
resorption (Figure 3f). In the AVP-infused (n=16) and saline-infused (n=16) pregnancies,
similar numbers of fetuses were carried to GD18 (AVP: 115 vs. Saline: 117). Yet, there was
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a trend for increased feto-placental resorption in the AVP infused pregnancies (12% vs. 6%;
P=0.17).
DISCUSSION

Significant information regarding the relationship between AVP/copeptin and preeclampsia
are clear from these data. First, AVP hypersecretion, assessed via maternal plasma copeptin,
is grossly elevated in the first few weeks of human pregnancies that eventually develop
preeclampsia. Second, maternal plasma copeptin is significantly predictive of the
development of preeclampsia, regardless of clinical covariates, at least as early as the sixth
week of pregnancy. Third, chronic infusion of AVP during pregnancy in wildtype C57BL/6J
mice is sufficient to induce all of the major maternal and fetal phenotypes associated with
human preeclampsia including pregnancy-specific hypertension. Together, these findings
support the use of AVP/copeptin measurements as a novel very early-pregnancy predictive
biomarker for the late-pregnancy development of preeclampsia. Further, these findings are
consistent with a causal role for AVP in the pathogenesis of preeclampsia.

The determination that AVP hypersecretion predicts preeclampsia as early as the sixth week
of pregnancy represents a major advance in the prediction of this disorder. Currently, anti-
angiogenic factors like soluble fms-like tyrosine kinase-1 (sFLT-1) and endoglin are
elevated only as early as 12 weeks before the diagnosis of preeclampsia2l. Follow up
analyses of sFLT-1, endoglin, and other anti-angiogenic factors suggest that testing
characteristics of these factors are poor in application to clinical practice?1~23. Additional
studies have examined first-trimester circulating interleukin-1b 24, high sensitivity C-
reactive protein 22, and pregnancy-associated plasma protein-A (PAPP-A) 25, but these
factors have been shown to be poor to moderately predictive of preeclampsia. Given the
promise of antiangiogenic markers such as sFLT-1, endoglin, and placental growth factor
(PIGF) in the pathogenesis of preeclampsia, they have also been investigated in the first
trimester as possible predictors of preeclampsia. In conjunction with uterine artery Doppler
(UAD) analyses, these anti-angiogenic factors have been shown to be predictive
(AUC=0.74) of preeclampsia but the requirements of performing both an assay and a UAD
analysis is not practical for clinical screening, particularly in developing countries 22. An
elevated uterine artery Doppler pulsatile index (UAD-PI) alone in the first trimester is
strongly correlated with the development of preeclampsia. Poon et al. demonstrated that
UAD-PI coupled with maternal history and aneuploidy markers in the first trimester can be
very predictive of preeclampsia with AUC=0.96. In and of itself, UAD-PI has an AUC of
0.9126:27, Although UAD-PI may be a powerful, predictive tool, reliable measurement
requires substantial training for sonographers through verified programs such as the Fetal
Medicine Foundation 28 to decrease significant interassay variability. Such training may not
be as available in all hospital settings, again with the most susceptible populations in
developing countries having the least access. In comparison, we report that first trimester
plasma copeptin measurement, which could be easily simplified for point of care testing, is
independently, highly predictive of preeclampsia much earlier in pregnancy, with clinically
significant sensitivity, specificity, negative predictive value, and positive predictive value.
Clearly, there is utility in finding a simple, high-fidelity predictor of preeclampsia as early in
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pregnancy as possible, and copeptin represents exactly this type of simple, powerful and
individually predictive biomarker.

Modeling preeclampsia in animals is difficult, both because of a lack of spontaneous
preeclampsia in most species, and a general lack of understanding of the early-pregnancy
events that initiate this disorder. One common, powerful model of preeclampsia is the
reduced uterine perfusion pressure (RUPP) model, which involves physical constriction of
the uterine arteries 29. This model is effective to emulate the late-pregnancy vascular
dysfunction that is typical of preeclampsia by modeling uterine artery vasoconstriction.
Similarly, viral delivery of SFLT-1 during pregnancy in mice results in many of the
phenotypes associated with preeclampsia3®. While both methods effectively model the late-
pregnancy pathogenesis of preeclampsia, neither intervention can recapitulate the early-
pregnancy initiating stimuli that cause sFLT-1 elevation and subsequent vascular
dysfunctions. One genetic mouse model of preeclampsia (the BPH/5 model) has been
documented, which may help inform the search for the early-pregnancy pathogenic
processes 3132, The primary criticism of the BPH/5 model is the presence of a baseline
hypertension which models chronic hypertension as opposed to pregnancy induced
elevations in blood pressure. The AVP infusion of preeclampsia model demonstrates a
pregnancy-specific hypertension, a phenotype that is not associated with any of these
models. This finding represents a major breakthrough in the modeling of preeclampsia. Our
study strongly supports the clinical and translational relevance of this new model as the
model was based on our observation that AVP secretion is chronically and robustly elevated
throughout preeclamptic human pregnancies. Further studies into the mechanisms that cause
elevated AVP secretion may lead to the discovery of even earlier-pregnancy biomarkers.

Our human prediction and murine model data leads us to hypothesize that AVP production,
secretion, steady-state, and/or action at various receptors may represent novel and rational
therapeutic targets for the prevention and treatment of preeclampsia. Pregnancy mechanisms
that mediate preeclampsia such as immune dysfunction, endothelial and vascular
dysfunction, oxidative stress, and angiogenesis 33, must be initiated by an earlier event or
signal. AVP is known to interact with essentially all of these processes 3435, Therefore, we
contend that AVP hypersecretion represents an initiating event / signal (Figure 4).

AVP induces expression of the vascular endothelial growth factor (VEGF) at nanomolar
concentrations in human vascular smooth muscle cells 3¢ and human mesangial cells 37. As
AVP and VEGF act to increase vascular resistance and may therefore contribute to reduced
uterine blood flow in preeclampsia, one may hypothesize a reflexive and protective
induction of SFLT-1, as SFLT-1 functions to reduce VEGF signaling 38. Excessive
subsequent induction of SFLT-1 then contributes to the pathogenesis of preeclampsia
through its anti-angiogenic effects.

Furthermore, AVP is known to be affected and is an effector of multiple immune cells. The
Redman and Sargent model of the pathogenesis of preeclampsia holds that poor
immunoregulation leads to immune rejection of the placenta. This immune rejection leads to
downstream poor placentation and placental vascular dysfunction leading to the phenotype
of preeclampsia 39. Natural (NK) cells are in direct contact with the placenta and are likely
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to play a critical role in the tolerance of the placenta as a significant source of IFNvy and
TNFa 4941 |FNy and TNFa are elevated in preeclamptic women with a concurrent decrease
in 1L-10 and IL-4 production. This creates a milieu rich in cytokines that drive a T helper 1
T cell (TH1) response promoting a placental cytotoxic response leading to poor placentation.
Production of AVP is stimulated by proinflammatory cytokines including: 1L-6, IL-1p,
IFNg, and TNF-a, which are affected by preeclampsia 322, Furthermore, Johnson et al.
demonstrated AVP replaces the IL-2 help requirement for production of IFNg and that it
acts upon an AVP receptor on lymphocytes 4344, These processes are very important in the
development of the immune phenotype of preeclampsia 39. Future studies to understand the
complex interactions among AVP, immunologic dysregulation, angiogenesis, and vascular
dysfunction are clearly needed to understand the early-pregnancy mechanisms that initiate
preeclampsia. These mechanisms can identify additional molecular targets to treat — and
more importantly, prevent — preeclampsia.

The current study has benefitted from high quality clinical data and biosamples from the
University of lowa Department of OB/Gyn Maternal Fetal Tissue Bank and Women’s
Health Tissue Repository. Further, the study was appropriately powered to evaluate our
desired outcomes. One weakness of our study is the predominantly Caucasian population of
our sample. As aforementioned, the racial distribution in this cohort is consistent with the
current population of the state of lowa. Even though the relationship of copeptin and
preeclampsia is robust after clinical covariate adjustment, we are not appropriately powered
to analyze potential variance due to race. Numerous additional human and animal
translational studies are also required to identify the sites and causes of AVP hypersecretion,
to identify the tissue sites of action and receptors involved, and to isolate the critical
timeframes for AVP hypersecretion to elicit various preeclampsia phenotypes. Such
knowledge will identify the specific targets and timing at which interference with AVP
signaling could prevent or treat preeclampsia. Future, large-scale clinical studies confirming
the prediction of preeclampsia by copeptin and investigating the safety and effectiveness of
interference with AVP signaling during pregnancy are required, as are studies to investigate
further improvements in predictive power of copeptin in combination with other predictor of
preeclampsia.

PERSPECTIVES

We posit that a very early-pregnancy role for AVP in preeclampsia supports the novel
concept that the central nervous system, and more specifically the neurohypophysis, is
critically involved in the pathogenesis of preeclampsia. This challenges and expands the
current understanding of preeclampsia as a second-trimester disease of the vasculature and
immune system. Measurement of AVP release in the first few weeks of pregnancy holds
great promise as a novel diagnostic tool to predict the development of preeclampsia, and
inhibition of AVP release or action may represent a novel and rational therapeutic approach
to preventing and treating preeclampsia. Finally, these data identify AVP infusion as a new,
simple, and clinically-relevant means of modeling preeclampsia in rodents.
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Figure 1. Maternal plasma copeptin is significantly elevated throughout pregnancies that
eventually develop preeclampsia

(A) Maternal plasma copeptin concentrations throughout gestation from women with normal
pregnancies and pregnancies that eventually developed preeclampsia. (B) Comparison of
plasma copeptin concentrations within each trimester of pregnancy among control
pregnancies, pregnancies that eventually developed preeclampsia, and in non-pregnant
women (n=33). (C) Maternal plasma cystatin C within each trimester from pregnancies with
and without preeclampsia. (D) Plasma LNPEP within each trimester from pregnancies with
and without preeclampsia. (E) Plasma sFLT-1 within each trimester from pregnancies with
and without preeclampsia. Data points all represent individual maternal blood samples from
control pregnancies n=26, 19, and 38, and preeclamptic pregnancies n=20, 20, and 50 for
first, second and third trimesters, respectively. Boxes illustrate median, 25 and 75t
percentiles, and whiskers illustrate 101 and 90t percentiles. *p<0.05.
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Figure 2. Maternal plasma copeptin concentration is significantly predictive of the development
of preeclampsia in all three trimesters of pregnancy

Receiver operating characteristic (ROC) curves illustrate performance of maternal plasma
copeptin in each trimester to identify pregnancies that will eventually develop preeclampsia
(area under the curve, AUC). Trimester-specific cutoffs were calculated to maximize the
true positive rate (sensitivity), while minimizing the false positive rate (1-specificity). AUC
values from all three trimesters are statistically significant at p<0.0001 (A and B).
Furthermore, first trimester maternal plasma copeptin concentrations exhibit clinically
significant positive and negative predictive values (C).
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Figure 3. Infusion of vasopressin during pregnancy is sufficient to cause the cardinal phenotypes
of preeclampsia in mice
(A) Systolic blood pressure on gestational days 15 and 16. Non-pregnant mice infused with

saline (n=15) or AVP at 24 ng/hr (n=5) for 15-16 days, and pregnant mice infused with
saline (n=16) or AVP (n=11). * P<0.05 versus all other groups. (B) Total protein lost to
urine per day, on gestational day 17. Pregnant mice infused with saline (n=5) or AVP at 24
ng/hr (n=9). * P<0.05 versus saline. (C) Electron micrographs of renal corte, illustrating
glomerular endotheliosis. Left panels are from a saline infused animal which had a
glomerular basement membrane thickness within normal limits (thin white arrow). Right
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panels are from animals that received vasopressin infusion (24 ng/hr). Redundant
endothelial cell membrane is present (thick black arrow), and basement membranes are
moderately to markedly thickened with electron dense material (thick white arrow). (D)
Average GD18 fetus mass from mice infused with saline (117 fetuses from 16 pregnancies)
or AVP at 24 ng/hr (115 fetuses from 16 pregnancies). * P<0.05 versus saline. (E)
Photographs of representative gestational day 18 fetuses from pregnant dams infused with
saline and 24 ng/hr AVP, illustrating intrauterine growth restriction. (F) Photographs of feto-
placental units in utero on gestational day 18 during 24 ng/hr AVP infusion. White arrows
indicate resorbed feto-placental units.
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Figure 4. Working model
Conceptualized time-course for the development of maximal plasma concentrations of

copeptin (and thus vasopressin release), markers and mediators of immune function,
vascular function, angiogenesis and clinical symptoms of preeclampsia. We posit that the
hypersecretion of AVP in the first trimester is an initiator of other previously-identified
mediators of preeclampsia, which are known to become more active later in pregnancy.
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