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Omeprazole Administration in Preterm
Preeclampsia: a Randomized Controlled Trial
to Study Its Effect on sFlt-1 (Soluble Fms-Like
Tyrosine Kinase-1), PIGF (Placental Growth
Factor), and ET-1 (Endothelin-1)

Rugina I. Neuman, Milan D. Baars, Langeza Saleh, Michelle Broekhuizen, Daan Nieboer, Jérome Cornette,
Sam Schoenmakers, Michel Verhoeven, Birgit C.P. Koch, Henk Russcher, Sjoerd AAA. van den Berg,
Anton H. van den Meiracker, Willy Visser, AH. Jan Danser

BACKGROUND: Low sFlt-1 (soluble Fms-like tyrosine kinase-1) and ET-1 (endothelin-1) levels have been reported in
preeclamptic women using proton pump inhibitors.

METHODS: Here, we examined whether the proton pump inhibitor omeprazole could acutely reduce sFlt-1 and ET-1 (measured
as CT-proET-1 [C-terminal pro-endothelin-1]), or increase free PIGF (placental growth factor) in 20 women with confirmed
preeclampsia. Primary outcome was specified as the difference in sFit-1, PIGF, or CT-proET-1 after 4 days of omeprazole
versus 20 preeclamptic women not receiving omeprazole.

RESULTS: Mean maternal age was 30 years, and median gestational age was 302 weeks. Baseline sFlt-1 levels were identical
in both groups, and the same was true for PIGF or CT-proET-1. After 4 days, sFlt-1 levels remained similar in women not
receiving omeprazole compared with women receiving omeprazole, while the levels of PIGF and CT-proET-1 also did not
differ between groups. Women receiving omeprazole had a similar prolongation of pregnancy after inclusion compared
with those in the nonomeprazole group (median 15 versus 14 days). Except for a higher neonatal intubation rate in the
nonomeprazole group (31% versus 4%, P=0.02), there were no differences in maternal/perinatal complications. Finally,
making use of the placenta perfusion model, we established that both omeprazole and its S-isomer, esomeprazole, when
maternally applied, reached the fetal compartment (fetal-to-maternal ratio’'s 0.43-0.59), while only esomeprazole inhibited
placental sFlt-1 release.

CONCLUSIONS: Administration of omeprazole to women with confirmed preeclampsia does not alter their circulating levels of
sFIt-1, PIGF, or ET-1, arguing against a role of this drug as a treatment for this syndrome. (Hypertension. 2022;79:1297-
1307. DOI: 10.1161/HYPERTENSIONAHA.122.19070.) ® Supplemental Material
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human pregnancy, with significant impact on mater-  which is defined as the new onset of hypertension in

Preeclampsia is a hypertensive syndrome unique to ~ 5% of all pregnancies are affected by this syndrome,
nal and fetal wellbeing worldwide."? Approximately ~ the presence of maternal organ and/or uteroplacental
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Effect of Omeprazole on sFlt-1 in Preeclampsia

NOVELTY AND RELEVANCE

What Is New?

Preclinical studies suggest that proton pump inhibitors
lower sFlt-1 (soluble Fms-like tyrosine kinase) and ET-1
(endothelin-1) in women with confirmed preeclampsia,
thereby upregulating the non-sFit-1-bound levels of pla-
cental growth factor.

Yet, when treating women with confirmed preeclampsia
with 40 mg omeprazole daily, no acute effect on either
sFIt-1, ET-1, or placental growth factor was observed nor
did this drug prolong pregnancy.

Making use of the placenta perfusion model, omeprazole
was observed to reach the fetal compartment.

What Is Relevant?

Omeprazole does not alter the circulating levels of sFit-1,
ET-1, and placental growth factor in pregnancy, arguing
against arole of this drug as a treatment for preeclampsia.

Clinical/Pathophysiological Implications?
Given the lack of an acute effect of omeprazole in pre-
eclamptic women, despite its earlier observed effect after
longterm treatment and in preclinical studies, possibly
lowering of sFIt-1 by proton pump inhibitors requires long-
term treatment, started before the onset of preeclampsia.
Thus, proton pump inhibitors should now be explored as
preventive therapy rather than curative treatment.

Nonstandard Abbreviations and Acronyms

CT-proET-1 C-terminal proendothelin-1

ET-1 endothelin-1

F/M fetal-to-maternal

GA gestational age

PIGF placental growth factor

PPI proton pump inhibitor

sFit-1 soluble Fms-like tyrosine kinase-1

dysfunction after 20 weeks' gestation.'? Because there
is no curative treatment for preeclampsia other than
placental delivery, current management entails mater-
nal administration of corticosteroids to accelerate fetal
lung maturation, blood pressure control, and seizure pro-
phylaxis while weighing the maternal risk of developing
severe complications such as eclampsia, renal insuffi-
ciency, pulmonary edema and hemolysis, elevated liver
enzymes, low platelets syndrome, against the danger of
iatrogenic prematurity.’

The wide clinical variety and complexity of preeclamp-
sia has tempered our ability to precisely understand the
pathogenic mechanisms underlying this syndrome. Yet,
a well-recognized phenomenon is that the placenta
releases excessive amounts of sFlt-1 (soluble Fms-like
tyrosine kinase-1) into the maternal circulation, which in
turn binds to and reduces free PIGF (placental growth
factor) and vascular endothelial growth factor. The ensu-
ing highly antiangiogenic state subsequently triggers the
release of the vasoconstrictor ET-1 (endothelin-1), fur-
ther inducing the widespread maternal endothelial dys-
function typically associated with this syndrome.®* Ideally,
mitigating the release of sFlt-1 and ET-1 or enhancing
PIGF production should resolve the angiogenic imbal-
ance, thereby delaying disease progression in women
with preeclampsia. As such, current studies focus on
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novel therapies that could target these (anti-)angiogenic
factors.® Recently, proton pump inhibitors (PPls) were
shown to dose-dependently reduce sFlt-1 release in pla-
cental explants or trophoblast cells.® PPIs are commonly
prescribed for the treatment of gastric acid reflux and are
considered safe for use in pregnancy. Following these
observations, our group demonstrated that in gestational
age (GA)-matched women with suspected or confirmed
preeclampsia, PPl use was associated with lower sFit-1
and ET-1 levels compared with women not using these
drugs.” Since most women (80%) in the former study
were using omeprazole,” we hypothesized that adminis-
tering this PPI to women with confirmed preeclampsia
could actively decrease the levels of circulating sFIit-1.

In the present study, we performed a randomized con-
trolled trial to evaluate whether omeprazole treatment
could alter the circulating and cord blood levels of sFIt-
1, PIGF and CT-proET-1 (C-terminal pro-endothelin-1; a
stable surrogate marker of ET-18) in women with con-
firmed preeclampsia. In addition, making use of the ex
vivo placenta perfusion model, we investigated the trans-
placental transfer of omeprazole (a racemic mixture of
2 optical isomers, R- and S-omeprazole, the latter being
the active isomer) and its S-isomer, esomeprazole, and
established whether they could effectively reduce pla-
cental perfusate levels of sFit-1.

METHODS

All data and supporting materials have been provided within the
published article.

Study Design

This was a randomized controlled trial with individual random-
ization to the omeprazole group or non-omeprazole group
according to GA. It was registered in the European Clinical
Trials register, with protocol code number 64821. The trial was
performed at 2 maternity units in Rotterdam, the Netherlands

Hypertension. 2022;79:1297-1307. DOI: 10.1161/HYPERTENSIONAHA.122.19070



Neuman et al

(Erasmus University Medical Center and Maasstad Hospital)
between 2018 and 2021. All participants gave written informed
consent to participate in the trial, which was approved by the
Erasmus MC Research Ethics Committee (MEC-2018-071).

Participants

Women were eligible to participate in the study if they had a
confirmed diagnosis of preeclampsia, a GA between 20*° and
34+5 weeks*¥* on the day of randomization, a singleton preg-
nancy, were >18 years of age, and were able to give written
informed consent. Women were not included in the trial if they
were using any PPl at time of randomization, if they had a con-
traindication or hypersensitivity to PPI use, if they were using
medication that could interact with PP, if there was fetal death
or distress at time of inclusion or if the clinicians expected deliv-
ery within the next 48 hours. The diagnostic criteria were based
on the International Society of the Study of Hypertension in
Pregnancy 2018 criteria, which defines preeclampsia as new-
onset hypertension accompanied by proteinuria and/or mater-
nal organ dysfunction and/or uteroplacental dysfunction at or
after 20 weeks of gestation.®

Sample Size Calculation

Based on the standardized effect size (1.0) and SD (0.93) cal-
culated from the previous study conducted by Saleh et al a
sample size of 20 patients in both the intervention and control
group was estimated. This would achieve 80% power to test
the 67% decrease in sFlt-1 level reported in the study by Saleh
et al” with a 2-sided alpha of 0.05.

Randomization

Participants were allocated to receive omeprazole 40 mg, once
daily or no omeprazole. Randomization was performed using an
online, web-based sequence generator. Since the circulating
biomarkers could significantly alter with advancing gestation,
randomization blocks were stratified according to GA (strata 1
was <25 weeks, strata 2>25 until <29 weeks, strata 3>29 until
<32 weeks, and strata 4>33 until <35 weeks).

Study Procedures

Women allocated in the omeprazole group received 30 cap-
sules that were packaged for oral administration, with no special
storage conditions. The omeprazole capsules were packaged
and labeled by the pharmacy at the Erasmus Medical Center,
which distributed the packs to the other participating center
upon request. We advised that capsules should be taken once
daily, preferably in the morning on an empty stomach, accord-
ing to the pack’s instructions. Women in the omeprazole group
that did not deliver 30 days after randomization would receive
an additional omeprazole pack (containing 30 capsules). We
recommended that treatment should be continued from enroll-
ment until delivery. Compliance was monitored on a daily basis,
since most women were admitted at the maternity units. After
birth, all omeprazole packages were collected and counted by
a research team member, to confirm compliance. In the non-
omeprazole group, patients would not receive PPI, and those
that developed gastric acid reflux during the trial, were advised
to receive different drugs for this purpose. If despite these
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medications participants maintained gastric reflux requiring a
PPI, they would be excluded.

At study enrollment, baseline data was entered on a web-
based program by 2 independent researchers (R.I. Neuman
and M.D. Baars).

Since the primary outcome of our study was the effect of
omeprazole on maternal sFlt-1 production, we do not expect a
placebo effect owing to the lack of blinding.

Blood Collection and Biochemical
Measurements

In both the non-omeprazole group and omeprazole group,
serum and EDTA plasma was collected at baseline (day O;
before starting treatment with omeprazole), and day 1, 2, 4,
8 followed by twice weekly (during routine blood measure-
ments) until delivery. The collected blood samples were stored
after centrifugation, at —80°C until analysis. Analysis of sFlt-
1, PIGF, CT-proET-1 was performed at the end of the study.
Serum sFlt-1 and PIGF were measured using an automated
analyzer (Cobas €801 6000e, Roche Diagnostics, Almere, the
Netherlands), while plasma CT-proET-1 levels were analyzed
using a Thermo Fisher Kryptor Compact Plus (Thermo Fisher
Scientific, BRAHMS GmbH, Henningsdorf, Germany).

Outcomes

The primary outcome of the study was specified as the dif-
ference in sFlt-1, PIGF, and CT-proET-1 levels at day 4 after
enrollment between the omeprazole group and the non-
omeprazole group. Secondary outcomes comprised the differ-
ence in angiogenic markers 8 days after PPl administration,
and the difference in longitudinal course or cord blood levels
between the omeprazole and non-omeprazole group. Maternal
and fetal/neonatal complications were assessed between
groups. Maternal complications included eclampsia, pulmo-
nary edema, placental abruption, subcapsular liver hematoma,
cerebral hemorrhage/edema or infarction, visual disturbances,
acute renal failure (absolute increase in the serum creatinine
concentration of 0.3 mg/dL [26.4 umol/L from baseline or
>b0% increase in serum creatinine; or oliguria with <0.5 mL/
kg per hour for at least 6 hours) or postpartum hemorrhage
(blood loss >1 L after delivery). Fetal/neonatal complications
comprised of neonatal intensive care unit admission; small-
for-gestational age infant (birth weight <10th percentile
according to Dutch Perinatal Registration); endotracheal intu-
bation; sepsis; respiratory distress syndrome; bronchopulmo-
nary dysplasia (defined as chronic lung disease developing in
preterm neonates treated with oxygen and positive-pressure
ventilation, with radiographic signs of inflammation and scar-
ring, in need of artificial ventilation 4 weeks post-partum and
at 36 weeks postmenstrual age); necrotizing enterocolitis
and fetal/neonatal death. All outcomes were recorded on the
web-based trial database by 2 independent researchers (R.l.
Neuman and M.D. Baars).

Placenta Studies

Patients and Setting
Placentas of women who underwent an elective cesarean sec-
tion with uncomplicated singleton pregnancies were collected
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immediately after delivery at the Erasmus Medical Center,
Rotterdam, the Netherlands. Clinical characteristics were
obtained from the patients’ electronic files. All women who
donated their placenta gave approval through written informed
consent. The study was exempted from approval by the local
institutional Medical Ethics Committee according to the Dutch
Medical Research with Human Subjects Law (MEC-2016-418
and MEC-2017-418).

Perfusion Experiments

The perfusion model used in the current study has been
described by Hitzerd et al.'® Perfusion experiments were con-
ducted in healthy, term placentas. Maternal and fetal perfusion
media consisted of Krebs-Henseleit buffer at 37°C, supple-
mented with heparin (final concentration; 2500 1U/L) and
aerated with 95% O, to 5% CO,. The fetal circulation (closed
circuit; flow rate, 6 mL/minute) was established by cannulat-
ing the chorionic artery and corresponding vein of an intact
cotyledon. Maternal circulation (closed circuit; flow rate 12 mL/
minute) was created by placing 4 blunt cannulas in the intervil-
lous space. At =0, at a concentration of 10xC__, esomepra-
zole (50 pmol/L) or omeprazole (30 pmol/L), or no drug as
a control were added to the maternal circulation. Samples of
the maternal and fetal circulations were taken after 6 minutes
and every 30 minutes until the end of the experiment (180
minutes) to determine the fetal-to-maternal (F/M) ratio and
sFlt-1 concentration and were immediately stored at —80°C.
To establish good overlap between maternal and fetal circula-
tions, antipyrine (100 mg/L) was added to the maternal buffer,
while FITC-dextran (40 kDa, 36 mg/L) was added to the fetal
circulation as a marker of integrity of the capillary bed. In order
for an experiment to be successful, the F/M ratio of antipyrine
had to be >0.75 and the maternal-to-fetal ratio of FITC-dextran
<0.03 at t=180.

Liquid Chromatography-Mass Spectometry Analysis of
S-Omeprazole and R-Omeprazole

The concentrations of S-omeprazole and R-omeprazole were
measured in the perfusate by using a Waters Acquity UPC2-
mass spectometry/mass spectometry system (Waters Corp,
Milford, MA), equipped with a binary solvent pump including the
CO, and modifier pumps, a refrigerated autosampler, a con-
vergence manager with back pressure regulator, and a column
oven. Chiral separation was performed on an ACQUITY UPC?
Trefoil AMY1 column (100x2.1 mm, 2.5 pm), maintained at
20°C. The mobile phase was composed of 80% CO, and 20%
ethanol/methanol (9/1, v/v) and was used at a flow rate of
1.5 mL/minute. A make-up flow consisted of the same com-
position and was set at 0.2 mL/minute. The back pressure
regulator was set at 120 bar with a temperature of 70°C. Total
analysis time was 7 minutes. The auto sampler temperature
was set at 5°C. Perfusate samples were thawed and centri-
fuged, after which 50 pL was transferred to a microcentrifuge
tube (1.5 mL). Protein precipitation was carried out by adding
1 mL of IS solved in methanol (ca. 1 mg/L). Next, the samples
were vortex-mixed and centrifuged at 14000 rpm for 5 min-
utes. The supernatant was transferred to vials, and a 5 pL ali-
quot was injected into the column, using a partial loop of 10 pL
in needle overfill mode. Detection was performed on a Waters
Xevo TQ-s micro mass spectrometry equipped with an electro-
spray ionization source, operated in positive ionization mode.
The applied mass spectometry parameters were as follows:

1300 June 2022

Effect of Omeprazole on sFlt-1 in Preeclampsia

capillary voltage 3.5 kV, cone gas flow 1 L/hour, source block
temperature 150°C, and desolvation temperature 350°C at a
desolvation gas flow of 650 L/hour. Data acquisition was car-
ried out using selected reaction monitoring. lon transitions were
m/z 346.18 to 198.13 for R/S-omeprazole and m/z 349.17 to
198.14 for the internal standard (S)-omeprazole-D3. A cone
voltage of 20V and collision energy of 10V were used for both
transitions. Raw data sets were processed by Masslynx soft-
ware 4.1 and TargetLynx 4.1 (Waters Corp).

Statistical Analysis

Data are reported as mean (£SD or SEM) or median (inter-
quartile range) for continuous variables and as number (per-
centage) for categorical variables. The normality of continuous
variables was assessed using the Shapiro-Wilk W test. For
the comparison of continuous variables between 2 groups, an
unpaired ¢ test or Mann-Whitney U test (in case of non-normal
distribution) was performed. For the comparison of categori-
cal variables between 2 groups, Fisher exact or y? test was
applied. We used linear mixed models to evaluate the longitu-
dinal course of the angiogenic markers according to treatment
group. To account for within-subject correlations, a random
intercept for study subject was used. Time (days at which blood
was taken) and GA at the first measurement were added as
fixed effects. Baseline values (at day O) were added as covari-
ate. For the placenta studies, differences in sFit-1 levels were
studied using general linear model repeated measurements. A
<0.05 was considered statistically significant. Data were ana-
lyzed using IBM SPSS statistics (IBM Corporation, version 25)
and R studio Statistical Software.

RESULTS

Between December 2018 and June 2021, a total of
87 women with preeclampsia were found eligible for
inclusion, of whom 57 agreed to participate and were
randomized. Of these, 50 were included in the outcome
analysis of whom 26 were allocated to the non-omepra-
zole group and 24 to the omeprazole group (Figure S1).
Baseline characteristics of all participants are displayed
in Table 1. Mean maternal age was 31 years, and body
mass index 26 kg/m? Median GA at enrollment was
30 (28-31) weeks, which did not differ between the 2
groups (P=0.45)

Biomarker Levels 4 and 8 Days After
Omeprazole Treatment

Of the 50 women included for the outcome analysis, 10
were excluded from the primary outcome analysis either
because they delivered within 4 days (n=9) or because
biomarker measurements on day 4 were not performed
according to protocol (n=1) (Figure S1). At baseline, lev-
els of sFlt-1, PIGF, and sFit-1/PIGF ratio were not signif-
icantly different between the omeprazole group (n=20)
and the non-omeprazole group (=20, median 7110
versus 10743 pg/mL, P=0.11 for sFlt-1; 92 versus 55
pg/mL, P=0.14 for PIGF and 118 versus 208, P=0.08

Hypertension. 2022;79:1297-1307. DOI: 10.1161/HYPERTENSIONAHA.122.19070
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Table 1. Baseline Characteristics of All 50 Participants at Enroliment

Characteristic All patients No omeprazole group Omeprazole group P Value g
N 50 26 24 =]
Maternal age 30.7 (+5.6) 30.2 (+5.8) 31.2 (+5.5) 0.59 ;
GA at enrollment, wks+d 30+3 (28*1-31*) 30+0 (27+'-31+4) 30+4 (28+2-31%9) 0.45 :::
Pregestational BMI, kg/m? 25.7 (£4.5) 25.9 (1£3.8) 25.4 (+5.3) 0.72 ¢-I=2|
Ethnic background m

White 31 (62) 18 (69) 13 (54) 0.27

Black/African/Creole 9 (18) 2 (8) 7 (29) 0.07

Asian 1(2) 1(4) 0(0) 1.00

Hindi/Pakistani 3(6) 1(4) 2 (8) 0.60

Turkish/Morrocan 2 (4) 1(4) 1(4) 1.00

Other 4 (8) 3(12) 1(4) 0.61
Nulliparous 33 (66) 18 (69) 15 (63) 0.62
History of PE/HELLP 7 (14) 4 (15) 3(13) 1.00
Preexisting hypertension 14 (28) 9 (35) 5 (21) 0.35
Preexisting proteinuria 2 (4) 1(4) 1(4) 1.00
Aspirin use 10 (20) 5(19) 5 (21) 1.00
Clinical findings at enrollment

Systolic blood pressure, mmHg 140 (135-150) 140 (135-151) 140 (134-150) 0.60

Diastolic blood pressure, mmHg 90 (85-95) 90 (85-95) 90 (80-95) 0.66

Anti-hypertensive drug use 42 (84) 22 (85) 20 (83) 1.00

uPCR, mg/mmol 52 (34-219) 52 (31-274) 64 (34-178) 0.85

Creatinine, umol/L 58 (51-67) 55 (50-64) 63 (55-73) 0.08

Uric acid, mmol/L 0.33 (0.25-0.36) 0.32 (0.28-0.36) 0.34 (0.21-0.38) 0.73

ALT, U/L 23 (15-41) 25 (16-58) 19 (13-28) 0.24

Lactate dehydrogenase, U/L 216 (198-259) 218 (180-272) 216 (206-247) 0.93

Platelet count, x10°/L 227 (169-265) 223 (189-278) 231 (167-257) 0.71

(partial) HELLP syndrome 4 (8) 2 (8) 2 (8) 1.00
Angiogenic factors at Enrollment

sFlt-1, pg/mL 10679 (4398-16474) 10794 (5468-18152) 9819 (3365-12767) 0.30

PIGF, pg/mL 55 (32-106) 50 (33-86) 73 (31-273) 0.27

sFlt-1/PIGF ratio 206 (37-481) 226 (60-518) 150 (8-383) 0.18

CT-proET-1, pmol/L 65 (38-95) 73 (60-91) 56 (30-103) 0.68

Values are mean (£SD), median (IQR) or number (%). ALT indicates alanine transaminase; CT-proET-1, C-terminal preproendothelin-1; GA,
gestational age; HELLP; hemolysis elevated liver enzymes and low platelets; PIGF, placental growth factor; sFlt-1, soluble Fms-like tyrosine

kinase-1; and uPCR, urinary protein-to-creatinine ratio.

for sFlt-1/PIGF ratio; Figure 1A through 1C). Of these
women, those receiving omeprazole did not show lower
sFlt-1 levels when measured 4 days after treatment
compared with women not using omeprazole (8364 ver-
sus 13017 pg/mL, P=0.14) nor did changes occur in
the levels of PIGF (90 versus 55 pg/mL, P=0.14) or the
sFlt-1/PIGF ratio (132 versus 294, £~=0.06).

Thirty-one women remained pregnant after 8 days,
of which those in the omeprazole group (n=16) dis-
played lower sFlt-1 levels (6800 versus 13349 pg/
mL, P=0.01) and a lower sFlt-1/PIGF ratio (59 ver-
sus 373, P=0.03) compared with the non-omeprazole
group (n=15). However, baseline sFlt-1 levels in these
31 women were also significantly lower (F=0.01) in
the omeprazole compared with the non-omeprazole

Hypertension. 2022;79:1297-1307. DOI: 10.1161/HYPERTENSIONAHA.122.19070

group, and the same was true for the sFlt-1/PIGF ratio
(P=0.02) (data not shown). CT-proET-1 measurements
were only performed in 31 women, of which the values
did not differ between groups at baseline, or at 4 or 8
days after enrollment (Figure 1D).

Longitudinal Course of Biomarkers and Cord
Blood Levels

The longitudinal course differences in sFit-1, PIGF
sFIt-1/PIGF ratio or CT-proET-1 levels were evaluated in
all 50 women and could not be attributed to an effect of
omeprazole treatment (fixed effect estimate of treatment
group for sFlt-1, 281.76 [P=0.74]; PIGF, 36.04 [P=0.12];
sFIt-1/PIGF ratio, —37.6 [P=0.17] and for CT-proET-1,
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Figure 1. Biomarkers after enroliment.

Box-and-whiskers plots showing circulating levels of sFlt-1 (soluble Fms-like tyrosine kinase-1) (A), PIGF (placental growth factor) (B), sFlt-1/
PIGF ratio (C), and CT-proET-1 (C-terminal proendothelin-1) (D) in 40 singleton pregnancies according to days 0, 2, 4, and 8 after enrollment; *
indicates <0.05. Boxes show median and interquartile range, and whiskers are range.

—3.8 [P=0.37]; Figure 2A through 2D). In addition, there
were no differences in cord blood levels of these circulat-
ing factors between omeprazole group and non-omepra-
zole group (Figure 3A through 3D).

Pregnancy Outcomes

Pregnancy outcomes were evaluated in all 50 included
women. Mean GA at delivery was 33 weeks in the
omeprazole group (n=24), compared with 32 weeks in
the non-omeprazole group (n=26; P=0.36), as displayed
in Table 2. The prolongation of pregnancy after enroll-
ment of women receiving omeprazole was not different
from that in women not using these drugs (median 15
versus 14 days, P=0.70). Adverse maternal outcomes
did not occur more often in the non-omeprazole group
in comparison to women receiving omeprazole (Table 2).
With regard to neonatal complications, the proportion of
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adverse outcomes remained similar in both groups except
for a higher percentage of neonates requiring endotra-
cheal intubation in the non-omeprazole group compared
with the omeprazole group (31% versus 4%, P=0.02).

Placental Transfer of R-omeprazole and
S-omeprazole

Of the 18 placentas of the women initially included in the
perfusion study, 16 met the quality control criteria (success
rate of 88%). Maternal characteristics and characteristics of
the placentas and offspring are shown in Table S1. Figure 4
shows the transplacental transfer of omeprazole, divided
into its S- and R-isomer (S-omeprazole and R-omepra-
zole), and the transfer of esomeprazole (=S-omeprazole).
After 180 minutes of perfusion, the F/M ratio (£SEM)
was 0.43+0.04 for the S-omeprazole, 0.54+£0.04 for
R-omeprazole, and 0.59+0.04 for esomeprazole. At this
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Figure 2. Longitudinal changes in biomarkers.

A, sFlt-1 (soluble Fms-like tyrosine kinase-1), PIGF (placental growth factor) (B), sFlt-1/PIGF ratio (C), and CT-proET-1 (C-terminal
proendothelin-1) (D) as percentages of baseline concentrations according to days of pregnancy prolongation. Values are expressed as median

(interquartile range).

steady-state condition, there were no statistical differences
in F/M ratio’s between these 3 groups (P=0.07).

sFit-1 Levels in Placental Perfusate

The maternal sFlt-1 release in esomeprazole-perfused
placentas (n=>b) was statistically significantly diminished
in comparison to control placentas (P=0.01), as shown in
Figure 4E. In contrast, maternal sFlt-1 perfusate concen-
trations in healthy placentas perfused with omeprazole
(n=b) did not significantly differ from those placentas
perfused without drugs (n=6, P=0.95).

DISCUSSION

In this randomized trial of women with confirmed pre-
eclampsia, daily administration of 40 mg omeprazole did

Hypertension. 2022;79:1297-1307. DOI: 10.1161/HYPERTENSIONAHA.122.19070

not significantly reduce the circulating levels of sFit-1
and CT-proET-1, or increase the levels of PIGF after 4 or
8 days of treatment. Additionally, we observed no altera-
tions in the longitudinal course of these angiogenic mark-
ers in maternal blood or in their cord blood levels, when
comparing women receiving omeprazole compared with
those not using this drug. When evaluating pregnancy
outcomes, maternal complication rate was not different
in the omeprazole group versus the non-omeprazole
group, and the same was true for neonatal complications,
except for a higher proportion of neonates requiring intu-
bation in the non-omeprazole group. The present study
is the first to evaluate the immediate consequences of
omeprazole administration on circulating angiogenic
marker levels in women with preeclampsia. Our results
argue against a direct effect of omeprazole on sFit-1
release as an explanation of our previous observation
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that sFlt-1 levels were 67% lower in 40 women with
suspected or confirmed preeclampsia using PPls com-
pared with 80 gestational-age matched women not on
this treatment” One reason for this discrepancy is that
the median duration of PPl use was 29 days in the for-
mer,” compared with just 14 days in the present study.
Moreover, in a trial conducted by Cluver et al,"" daily
administration of 40 mg esomeprazole for an average
of 13 days also did not affect the serial course of sFit-1
and PIGF in B9 women with preterm preeclampsia, in
agreement with our findings. This suggests that, if PPlIs
could truly lower sFIt-1, this might only be observed after
long-term treatment, requiring a start of this drug prior
to the onset of preeclampsia. Here, we draw attention
to the well-known magnesium-lowering effects of PPIs
occurring after long-term treatment.’? Low magnesium
levels, combined with the lower expression of the Mg?™-
transporting transient receptor potential melastatin-sub-
family member 7 in preeclamptic placentas, have been
suggested to result in lower vascular endothelial growth
factor expression.” Although this concept provides a
mechanistic basis for the therapeutic use of MgSO, in
preeclampsia, definite proof for this theory is lacking. If
true, however, PPIs might exert both beneficial (lower-
ing sFlt-1) and deleterious (lowering vascular endothelial
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growth factor) effects in preeclampsia. In fact, a popu-
lation-based register cohort involving 157720 nullipa-
rous pregnant women, recently reported an increased
risk of overall preeclampsia and preeclampsia at term of
PPI use during any point of pregnancy, while PPI use
recorded after 28 gestational weeks was associated
with a reduced risk of preterm and early preeclampsia.’
Based on this, a unifying concept might be that to exert
beneficial effects in preeclampsia, PPIs should be used
over a defined period, in close proximity to disease onset,
and most likely for >2 weeks. Interestingly, when we
perfused healthy placentas with esomeprazole, maternal
effluent levels of sFit-1 were significantly lower in rela-
tion to controls. This was not observed for omeprazole.
Similarly, Onda et al® noted that esomeprazole and lan-
soprazole induced the highest dose-dependent sFlt-1
decrease in primary trophoblast and endothelial cells,
whereas omeprazole exerted more modest reductions in
sFlt-1. The simplest explanation of these findings is that,
for a given concentration, esomeprazole contains double
the amount of the active S-isomer. Furthermore, in the
present study, the transplacental transfer of S-omepra-
zole alone (e, esomeprazole) tended to be higher than its
transfer in the presence of R-omeprazole (F/M ratio 0.59
versus 0.43; P=0.07), providing yet another reason for a
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Table 2. Pregnancy Outcomes According to Treatment Groups

Effect of Omeprazole on sFlt-1 in Preeclampsia

Parameter No omeprazole (n=26) | Omeprazole (n=24) P Value
Prolongation of pregnancy, days 14 (4-28) 15 (5-33) 0.70
GA at delivery, weeks+days 32+0 (30+1-35+5) 33+1 (31+1-35+2) 0.36
Male/Female 16/10 11/18 0.27
Birth weight, grams 1569 (£823) 1758 (£152) 0.40
Maternal outcomes
Highest systolic blood pressure, mmHg 160 (153-175) 158 (150-180) 0.63
Highest diastolic blood pressure, mmHg 105 (99-110) 103 (96-110) 0.91
Highest uPCR, mg/mmol 85 (35-308) 93 (43-289) 0.62
Development of HELLP syndrome 2 (8) 1(4) 1.00
Need for magnesium sulphate 14 (54) 14 (58) 0.75
Need for intravenous antihypertensives 5(19) 5 (21) 1,00
Eclampsia 0 ( 0 (0) 1.00
Pulmonary edema 0 ( 2 (8) 0.23
Placental abruption 2 ( 1(4) 1.00
Postpartum hemorrhage 1(4 1(4) 1.00
Acute kidney injury 2 ( 0 (0) 0.49
Neonatal outcomes
Neonatal intensive care unit admission 19 (73) 15 (63) 0.42
Small-for-gestational age (birth percentile <10) 19 (73) 14 (58) 0.27
Endotracheal intubation 8 (31) 1(4) 0.02
Respiratory distress syndrome 12 (46) 8 (33) 0.36
Sepsis 4 (15) 3(13) 1.00
Necrotizing enterocolitis 1 ( 0 (0) 1.00
Fetal or neonatal death 2 ( 0 (0) 0.49

Values are mean (£SD), median (IQR), or number (%). GA indicates gestational age, HELLP; hemolysis, elevated liver enzymes
and low platelets; NICU, neonatal intensive care unit; and uPCR, urinary protein-to-creatinine ratio.

higher tissue exposure to the active isomer, and thus a
stronger effect, following esomeprazole exposure. Simul-
taneously, the in vivo half-life of the S-isomer is longer,'®
but this is unlikely to be of relevance during a 3-hour pla-
cental perfusion period. Nevertheless, such acute effects
of the S-isomer, if occurring at all, seem to be of limited
relevance, since both esomeprazole’ and omeprazole
(present study) were unable to diminish sFlt-1 release in
an in vivo situation. Here, an important question remains
why PPl-induced sFlt-1 reductions have been observed
in preclinical studies, while we and others were not able
to confirm these findings in clinical trials. Remarkably,
this pattern has also been witnessed with other drugs
such as pravastatin or sulfasalazine, which have shown
significant sFlt-1-lowering properties in both placental
tissues and animal models, although these actions were
not apparent when examined in human patients.'®"%°
One possibility is that the doses applied in experimental
models were much higher compared to the concentra-
tions administered in clinical studies. Indeed, when the
C, .. equivalent of 40 mg esomeprazole (5 pmol/L) was
applied in primary tissues, it did not induce a significant
reduction in sFIt-1, in contrast with concentrations of 50
or 100 pmol/L.® Increasing the dose (eg, to 80 mg) or

Hypertension. 2022;79:1297-1307. DOI: 10.1161/HYPERTENSIONAHA.122.19070

applying these drugs intravenously might solve this prob-
lem, although there are limited data regarding pharmaco-
kinetics and teratogenic risks for these concentrations.
Indeed, since we observed a placental transfer of at least
~40% to 50% to the fetal side, fetal drug levels may sub-
stantially increase when maternal blood concentrations
are higher. In addition, it could be the case that the sFIt-
1-diminishing effect of PPlIs is simply insufficient to coun-
teract the massive placental release when preeclampsia
is already established. Therefore, we propose to explore
PPls as preventive therapy rather than curative treat-
ment, for example, in combination with aspirin. In fact,
a randomized-placebo controlled trial has already been
initiated where the consequences of daily esomeprazole
administration to women at high risk of preeclampsia will
be assessed.® We reported a substantially higher neo-
natal intubation rate in the nonomeprazole group com-
pared with the omeprazole group. The nonsignificant
higher baseline sFlt-1/PIGF ratio in the nonomeprazole
group might partially explain higher disease severity
and therefore more iatrogenic preterm birth in the latter
group. However, the proportion of neonates admitted to
the neonatal intensive care unit or presenting with other
complications remained similar between groups, arguing
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Figure 4. Placental transfer of proton pump inhibitors.

A, S-omeprazole, R-omeprazole (B), and esomeprazole (C). D, The fetal-to-maternal (F/M) transfer ratios over time, and E shows the maternal
effluent concentrations of sFlt-1 (soluble Fms-like tyrosine kinase-1) according to time (min) in placentas perfused with no drug (n=6),
omeprazole (n=5), or esomeprazole (n=>5). Values are depicted as mean (£SEM), # indicates £<0.05.

against this hypothesis. Moreover, in our former analy-
sis evaluating PPl users, a nonsignificant trend toward
higher intubation rate was similarly observed in the non-
PPI group compared with the PPI group (156% versus
5%, P=0.07)." On the other hand, in the trial by Cluver

et al,'" where a much larger population was evaluated, a
difference in intubation rate between esomeprazole and
placebo group was not found. Hence, caution is granted
when interpreting these findings, since our study is
underpowered for these outcomes.
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PERSPECTIVES

Our study has several strengths. Importantly, our popu-
lation accurately reflects the clinical characteristics of
women with preterm preeclampsia, of which >70% had
a sFit-1/PIGF ratio >8b. In addition, we were able to
closely monitor all participants, leading to a high compli-
ance rate in our trial. Since most women already deliv-
ered within 1 to 2 weeks after enrollment, a limitation of
our study was the low number of women assessed for
the serial course of the biomarkers between the omepra-
zole and non-omeprazole group. Nevertheless, this was
a secondary outcome, similar to the maternal/neonatal
adverse outcomes, whereas our power calculation was
solely based on detecting a difference in sFlt-1. In sum-
mary, our findings argue against a role for PPIs as poten-
tial treatment for preeclampsia, since daily administration
of this drug was unable to improve the maternal circu-
lating profile of sFlt-1, PIGF, and ET-1 in women with
established preeclampsia.
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