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Evaluation of Sildenafil and Tadalafil for Reversing
Constriction of Fetal Arteries in a Human Placenta
Perfusion Model

Robert B. Walton, Luckey C. Reed, Sarah M. Estrada, Stacey S. Schmiedecke,
Diana L. Villazana-Kretzer, Peter G. Napolitano, Nicholas leronimakis

Abstract —Fetal growth restriction resulting from reduced placental blood perfusion is a major cause of neonatal morbidity
and mortality. Aside from intense surveillance and early delivery, there is no treatment for fetal growth restriction. A
potential treatment associated with placental vasoconstriction is the class of PDES (phosphodiesterase type 5) inhibitors
such as sildenafil, which is known to cross the placenta. In contrast, tadalafil, a more potent and selective PDES inhibitor
has not been studied in pregnancy or experimental models of fetal growth restriction. Therefore, we compared the efficacy
of these 2 PDES inhibitors for reversing vasoconstriction in an ex vivo human placental model and evaluating molecular
and physiological responses. Sildenafil and tadalafil were infused into the intervillous space in a preconstricted human
placental dual cotyledon, dual perfusion assay for the comparison of arteriole pressures and molecular indicators of
drug inhibition. Results indicate a decrease arterial pressure with sildenafil citrate compared with controls, whereas
tadalafil showed no difference. PDES and endothelial nitric oxide synthase activity were altered with sildenafil but not
tadalafil. Sildenafil citrate improved preconstricted placental arterial perfusion in a human placental model, whereas
tadalafil showed no response. It is possible that tadalafil did not cross the human placental barrier or was degraded by
trophoblasts. This study supports human clinical trials exploring sildenafil as a potential treatment;for improving fetal
blood flow in fetal growth restriction associated with vasoconstriction. (Hypertension. 2@{!&&%&)01: 10.1161/
HYPERTENSIONAHA.117.10738.) ® Online Data Supplement
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small fetus. Pathological growth restriction is often associated
with abnormal umbilical artery and ductus venous Doppler stud-
ies.? Maternal vascular disease, including hypertension and pre-
eclampsia, accounts for as much as 30% of cases of fetal growth
restriction. Hypertensive associated fetal growth restriction is
often associated with abnormal placental growth or development,
as well as uteroplacental insufficiency, in which there is inade-
quate blood flow to the fetus. Other causes of fetal growth restric-
tion include chromosomal or genetic anomalies (20%), multiple
gestations (3%), congenital anomalies, infection, malnutrition,
smoking, medications, and other environmental toxins.?

Current management of fetal growth restriction consists of
eliminating risk factors such as smoking, drug abuse, strenuous
exercise as well as optimal management of the maternal dis-
ease. Follow-up consists of serial growth ultrasounds, umbili-
cal artery and ductus venosus Doppler analysis, antepartum

or yI de y promiis

@ ler analysis, and early
d™fé tas.~Evidence sug-
gests that early delivery for fetuses that demonstrate absent or
improves fetal
outcome.* Several meta-analyses have demonstrated marginal
benefit in low-dose aspirin in the prevention of fetal growth
restriction.>”” Currently, there are no significant treatments for
pregnancies complicated by early-onset fetal growth restric-
tion other than delivery of the compromised fetus.

One potential treatment for fetal growth restriction is the
PDES (phosphodiesterase type 5) inhibitor. This drug class has
been shown to improve blood flow in multiple disease processes
associated with vasoconstriction such as male erectile dysfunc-
tion.® PDES inhibitors prevent cyclic guanosine monophosphate
from being degraded, leading to increased endothelial nitric
oxide-mediated vasodilation and improved blood flow. The pos-
sible benefit of PDES inhibitors in pregnancies complicated by
preterm fetal growth restriction would be that they could poten-
tially increase the uteroplacental circulation via vasodilation of
the small arteries in the myometrium and in the placenta.
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The only PDES inhibitor studied in pregnancy is silde-
nafil citrate. Sildenafil citrate is known to cause vasodilation of
the pulmonary vasculature, and it has been used in a few case
reports of pregnant women with pulmonary hypertension or
Eisenmenger syndrome.”!! It is also efficacious in persistent pul-
monary hypertension of the newborn.'? Studies involving silde-
nafil citrate in pregnant humans have been limited but have not
shown any teratogenic effects.* From a human study in the pre-
vention of preeclampsia, levels of sildenafil citrate were detected
in the umbilical cord blood, demonstrating that it does cross the
placenta into the fetal circulation.' In another case, sildenafil
citrate was used to improve the umbilical artery pulsatility index
in a patient with an early fetal growth-restricted pregnancy and
resulted in a prolongation of her pregnancy.'> One randomized
controlled trial of sildenafil citrate in early-onset fetal growth
restriction demonstrated improved fetal growth in utero but
no significant difference in neonatal outcomes.'® Finally, the
just-released results of another randomized controlled trial
(STRIDER [Sildenafil Therapy in Dismal Prognosis Early-
Onset Intrauterine Growth Restriction]) demonstrated no differ-
ence in delay in delivery or neonatal morbidity or mortality."”

Tadalafil, another PDES inhibitor, has superior pharma-
cokinetic and pharmacodynamics properties compared with
sildenafil citrate. Importantly, there are 11 known classes of
PDEs in humans that are found in different organ systems that
have various effects including vasodilation. Besides inhibit-
ing PDES, all phosphodiesterase inhibitors are known to
inhibit PDE1, PD , and PDE11 to varying degrees.
Sildenafil citrate i more likely to inhibit PDE1 than
tadalafil. The PDE is intl
cular smooth musc
hypotension, whi
So, tadalafil is less likely to c
be more desirablegi
tadalafil is a more potent inhibitor of the PDES enzyme than
sildenafil citrate (inhibitory concentration of 50% of 0.94-6.4
nmol\L versus 3.5-8.5 nmol\L, respectively). Finally, tadalafil
has a longer half-life than sildenafil citrate, 17.5 hours ver-
sus 3 to 5, respectively, allowing for a more reliable steady
state concentration of PDES inhibitor over the course of time.
However, tadalafil has not been studied previously in either
animal or human models of growth restriction.'s

To study PDES inhibitors, we chose a dual cotyledon, dual
perfusion human placental model, which was initially estab-
lished by Glance et al'®* and further adapted by our research
group.?> This ex vivo model has the benefit of simulating
physiological conditions of a human pregnancy. Other ben-
efits include the ability to test drug passage across the placenta
barrier, as well as the ability to perform histology and molecu-
lar analysis. To our knowledge, the effects of any PDES inhib-
itor has not been analyzed in a placenta perfusion cotyledon
model previously.

Our hypothesis was that PDES inhibitors will cross from
the maternal to the fetal circuit and result in improved feto-
placental arterial perfusion. The primary objective was to
determine whether treatment in the intervillous space with
sildenafil citrate or tadalafil attenuates the vasoconstrictive
effect of U46619 in feto-placental arteries in an ex vivo dual
cotyledon, dual perfusion human placental model. Secondary

objectives included comparing the efficacy of sildenafil citrate
versus tadalafil in this model and determining what PDE
enzymes affected by these medicines are present in the normal
term human placenta.

Methods

This protocol was approved through the Madigan Army Medical
Center Investigational Review Board. Study data and materials will
be made available on reasonable request to the corresponding author.

Placenta Perfusion Studies
The placenta perfusion technique was modified from the original
model created by Glance et al.'*? Inclusion criteria were placentas
from normal term pregnancies having unlabored scheduled cesarean
deliveries. Exclusion criteria included active labor, rupture of mem-
branes, fetal anomalies, preeclampsia, hypertension, fetal growth
restriction, placental anomalies, abruption, chorioamnionitis, or pla-
centas not suitable for the study because of tears or infarcts.
Immediately after delivery, placentas in the study were collected
and transported to the placenta perfusion laboratory. The placentas
were delivered to the laboratory within 5 minutes of delivery and ex-
amined for lacerations or infarcts. Then, the chorionic surface was
inspected for a chorionic artery and vein pair supplying a cotyledon.
These vessels were then cannulated with a 22-gauge intravenous
catheter, and the baseline perfusate was infused into the fetal artery
at a rate of 4 mL/min. After venous return was established from the
corresponding fetal vein, a circular section of the placenta, ~8 ¢cm
in diameter, including the sele”J S4Gn. was then excised. The
cotyledon circuit was then plac atempeiature-controlled cham-
ber maintained at 37°C. Two 21-gauge butterfly needles were then
inserted through the chorionic surface into the intervillous space.
Perfusion of the intervillgws space was then established at 10 mL/
min. In a similar manner, a second cotyledon from the same placenta

S enfusion oth yled established within 30
inutes|afterfthe nta was d ed. The baseline solution was
afused for 30 minutesintg bot gontrol and treatment cotyledons,

establishing baseline perfusion.
The baseline perfusate for the maternal and fetal circuits consisted
ical Co, St. Louis,
MO) mixed with gentamicin 5 mg/mL. Sterile technique was used
throughout. Bovine albumin 2.0 g/L (Sigma) and sodium heparin
2000 U/L (Elkins-Sinn Inc, Cherry Hill, NJ) were added to the per-
fusate. Throughout the experiment, a 95% oxygen/5% carbon dioxide
mixture was bubbled into the perfusate, and the pH was maintained
between 7.35 and 7.45. The concentration of oxygen is reliable for
placenta perfusion experiments in the absence of erythrocytes.>?
Standard commercial intravenous tubing was utilized for perfusion
circuits. The intervillous perfusion rate was controlled by IMED
(IMED Corp, San Diego, CA) pumps or the equivalent. The fetal per-
fusion rate was controlled by a Corpak 300D Enteral (Corpak Inc,
Wheeling, IL) roller-type pump or the equivalent. For each cotyle-
don, an in-line transducer connected to a fetal monitor (Corometrics,
Wallingford, CT) was used to measure the feto-placental arterial
pressure.

Both cotyledons were preconstricted with a continuous infusion of
U46619 (Cayman Chemical Co, Ann Arbor, MI), a thromboxane mi-
metic. This was done by infusing U46619 at a dose of 2 nmol/L into
the maternal intervillous space and into the fetal chorionic artery of
both the treatment and control cotyledons. The feto-placental arterial
pressures were recorded over a 30 to 60-minute timeframe. This was
done such that the baseline perfusion pressure (typically around 15—
30 mmHg) doubled or tripled in pressure (typically to about 40-60
mm Hg). After the preconstricted pressures were established, U46619
was continuously infused at 2 nmol/L for the remainder of the experi-
ment into the maternal and fetal circuits for both cotyledons.

A random number table was used to determine which cotyledon
would be the treatment specimen and which would be the control. The
maternal intervillous space of the treatment cotyledon was switched
over to a solution containing PDES inhibitor. We used sildenafil citrate
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(Selleck Chemicals, Houston, TX), at a dose of 10 pmol/L for the first
5 placentas. This dose corresponds to the maximum concentration
achieved in human pharmacokinetic trials.'?” We then used tadalafil
(Selleck Chemicals, Houston, TX), at the same molar concentration
of 10 pmol/L for the final 4 placentas. Feto-placental arterial pres-
sures were recorded for 30 minutes, at which point tissue biopsies
were collected for molecular/histological analyses.” Figure 1A and
1B for a summary of the experimental design.

A power analysis was done from our experience with previ-
ous placenta perfusion studies, we chose a 35% pressure drop as a

Sildenafil in Human Placental Vasoconstriction 3

significant effect.” To capture the same difference with the same SDs
at an a level of 0.05 and with statistical power at 80%, a derived
minimum sample size of 3 per placentas was determined to be suffi-
cient. However, we increased our sample size to 5 per PDES inhibitor
group. Statistical analysis was performed using a Student # test and
ANOVA when appropriate.

Histology and Molecular Analyses

Assays were conducted following manufacturer protocols and
standard practices; specific details are outlined in the Methods

Single placenta

Control cotyledon

Experimental cotyledon

A Ex Vivo Dual Cotyledon Perfusion Assay Configuration

Fetal vein effluent

[ Fetal artery perfusion

Maternal vehicle

Fetal vein effluent

| Fetal artery perfusion

Maternal PDES inhibitor

B Experimental Design for PDES5 Inhibitor Perfusion

Baseline: Preconstriction: Vehicle or PDES treatment:
Perfusematernal _ *2nMofU46619 +10mM Sildenafil or Tadalafil
. and fetal with buffer_  into maternaland fetal in maternal perfusate_  Collectfor
Mounting > > < histology
30 min 60 min 30 min
C Demographic and Clinical Characteristics
Sildenafil n=5 Tadalafil n=4 P value
]
Caucasian 3 Caucasian 2
Maternal Race 0.64
Other 2 Other 2
Male 4 Male 4
Offspring Gender 0.56
Female i Female 0
Gravidity 3.6 0.7 4.0 0.7 0.69
Parity 22 205 2.8 £0.8 0.54
Maternal age
(vears) 29 10.63 27 3.0 0.30
em 35.3 #3.1 349 23 0.93
Gestational age 38 +0.4 39 +0.5 0.42
(weeks)
Birth weight (Kg) 3.49 0.3 3.59 0.3 0.78

Figure 1. Placenta perfusion experimental design and clinical characteristics. A, Diagram outlining the dual cotyledon, dual perfusion
model where 2 cotyledons from a single placenta are simultaneously perfused through the maternal and fetal circuits. B, The experimental
design followed in perfusion of PDE5 (phosphodiesterase type 5) inhibitors or the vehicle into the maternal circuit of preconstricted
cotyledons. C, Maternal and fetal characteristics related to the placentas used in our study. All values represent the mean and +errors
represent the SEM. P values for the categorical data represented in rows 1 to 2 were compared by Fisher exact test. P values for rows 3

to 9 were generated by Student t test. BMI indicates body mass index.
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in the online-only Data Supplement. Primers were generated by
PrimerBank (Harvard) and are listed in Table S1 in the online-only
Data Supplement.?® Quantification of arterial diameters was generally
followed from Buga et al.””

Results
All samples were from a scheduled cesarean, term placentas,
without hypertension, diabetes mellitus, or other significant
medical comorbidities. Demographic information was not
significantly different between placentas used for sildenafil
citrate and tadalafil treatments (Figure 1C).

Sildenafil Citrate Perfusion

Five placentas were chosen for this part of the experiment.
First, a Hanks’ basic salt solution was perfused into the mater-
nal and fetal circuits for 30 minutes, establishing a baseline
feto-placental arterial pressure of 20.8+1.4 mmHg for the
control cotyledons and 23.2+2.7 mmHg treatment cotyle-
dons (P=0.46). Then, the thromboxane mimetic, U46619,
was continuously perfused into the maternal and fetal circuits
for up to 60 minutes, increasing the feto-placental arterial
pressure to an average of 48.4+1.7 mmHg for the control

cotyledons versus 51.0+3.6 mmHg for the treatment coty-
ledons (P=0.24). This successfully established the precon-
stricted circuits for both cotyledons.

Next, sildenafil citrate was infused a continuous rate
into the intervillous space of the treatment cotyledon for
30 minutes. At the same time, U46619 was infused at the
same rate in the maternal and fetal circuits in both cotyle-
dons. A significant reduction in the feto-placental arterial
pressure in the sildenafil citrate cotyledon was reached by
15 minutes. The maximal improvement in perfusion pres-
sure for the treatment group was at 25 minutes, which con-
sisted of a decrease in feto-placental arterial pressure from
51 to 30 mmHg (P=0.0297, 1-sided ¢ test). At this time,
the feto-placental arterial pressure decreased by 42% in the
treatment group compared with 10.3% in the control group
(Figure 2A).

Tadalafil Perfusion

Four placentas were selected with the above criteria. The
methodology was identical for the sildenafil citrate experi-
ments, except that the treatment cotyledon received tadalafil.
The baseline perfusion pressures and preconstricted pressures

A Arteriole Perfusion Resisitance: Sildenafil vs. Control
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were comparable to the sildenafil citrate placentas. With the Histology and Molecular Analyses

infusion of tadalafil, there was no significant difference in We collected biopsies from the placentas in our study before

feto-placental arterial pressures at any of the time points and after perfusion for histological and molecular analyses. In

(Figure 2B). Figure 3A, hematoxylin and eosin staining of the demonstrates
A

Control Sildenafil

Preperfusio
F'h-;“-'?:; kﬁ:‘?_"vﬁ'}}. <z -,. - ,. s -

(- ,’ .S?j‘i‘ o .1-.._,"\

290 2

B Arteriole Lumen Diameters

*

_ 40 * # e 4 ,

$ 3 ' N ' 5 3

_E 30 E 30

T = E 25
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§ °

I < 0

Preperfusion  Control Sildenafil Preperfusion  Control Tadalafil
C
IgG Isotype DAB

B

N

e

x .

PDE5 DA

Figure 3. Histological analysis of feto-placental arteries corresponds with pressures and confirms PDE5 (phosphodiesterase type 5)

in the vascular smooth muscle. A, Hematoxylin and eosin (H&E) stained cross-sections of placenta samples collected and fixed before
perfusion (preperfusion) and after perfusion with the vehicle control or PDE5 inhibitors. Note, erythrocytes are abundant in the maternal
and fetal compartments of only preperfused samples, indicating that the results observed with tadalafil were not attributed to clotting or
insufficient perfusion. Scale bars=50 pm. B, The minimum diameters of the feto-placental arteries quantified from samples represented in
Figure 2. Diameters in control vs sildenafil perfused samples were lower but not significant. Control and tadalafil samples were similar and
significantly lower than preperfused samples from the same placentas. #P=0.09, *P<0.05 by Student t test. Error bars represent the SEM.
C, H&E of a placenta sample perfused with sildenafil (left) and PDE5 staining with DAB (3,3’-diaminobenzidine) (right) on a serial section
of the same vessel, highlights the presence of PDES5 in the vascular smooth muscle (arrow). An IgG isotype compared in parallel to the
PDES5 staining shows an absence of nonspecific binding within the same placenta tissue. Scale bars=50 pm.
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the thin endothelial layer surrounded by layers of smooth muscle
in feto-placental arteries before and after perfusion with control
or PDE inhibitor for sildenafil citrate and tadalafil, respectively.
With sildenafil, arteries appeared more dilated. In contrast,
arteries appeared similar to controls in cotyledons perfused
with Tadalafil (Figure 3B). Figure 3C represents the quantifica-
tion of arteriole diameters that support the pressure differences
observed with sildenafil but not tadalafil. In Figure 3D, postper-
fusion histology was done on the placentas perfused with silde-
nafil citrate. On the left, hematoxylin and eosin staining shows
fetal arteriole dilation. In the middle, antibody against PDES
was used to locate where PDES is expressed, in this case in the
smooth muscle and endothelium. On the right, an IgG isotype
compared in parallel to the PDES staining shows an absence of
nonspecific binding within the same placenta tissue.

Expression analysis for phosphodiesterase enzymes in sam-
ples collected preperfused from the same normal term human
placentas was also performed. Figure 4A shows the levels of
PDE enzymes. Importantly, PDES and PDE]0 transcripts were
both abundantly expressed. The expression level for PDES was
significantly greater than PDE10. To confirm the translation
and abundance of PDE10 Western blot analysis was conducted.
Being that PDE10 can also bind sildenafil, we also compared
perfused samples in this experiment. Figure 4B represents the
abundance of PDESA and 10A proteins in separate blots from
the same set of samples. Once more PDE10 was significantly
lower than PDES and there was no change in its abundance with
perfusion. Though not significant (P>0.05), the abundance of
PDES appeared lower with exposure to sildenafil citrate versus
preperfused samples collected from the same placentas.

A Expression of PDEs Inhibited by Sildenafil and Tadalafil
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Figure 4. PDES5 (phosphodiesterase type 5) and 10 are differentially expressed in human placentas. A, The relative expression of PDEs
inhibited by sildenafil and tadalafil analyzed in preperfused placenta biopsies (N=4 placentas). Only PDE5 and 10 transcripts were present
at significant levels. *P<0.05, ***P<0.00005 by Student t test. P value by ANOVA <0.005. Error bars=SEM. B, Western blot analysis
confirms the presence of PDE5SA and 10A proteins relative to (3-actin in preperfused and experimental samples (N=3 per condition).

From the same samples, separate membranes were run and probed for PDE5A (blot 1) and 10A (blot 2). #P=0.07, *P<0.05, **P<0.005 by

Student t test.
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Discussion
We demonstrated that sildenafil citrate injected into the inter-
villous space significantly attenuated the vasoconstrictive
effect of U46619 in feto-placental arteries in an ex vivo dual
cotyledon, dual perfusion human placental model. We showed
that sildenafil citrate improves fetal artery flow by 40% in our
model. We further demonstrated that tadalafil injected into the
intervillous space had no effect on attenuating the preconstric-
tion in feto-placental arteries. We also demonstrated that the
PDES enzyme is indeed present in the smooth muscle and
endothelium of the normal term human placenta. Finally, we
showed that among the 6 different PDE enzymes that silde-
nafil citrate and tadalafil target, only PDES and PDEI0 were
abundantly expressed in the human placenta. The translation
of PDE10 protein was confirmed in comparison to PDES. The
fold difference between proteins was even greater suggest-
ing that PDES is the predominant phosphodiesterase in the
human placenta. When considering abundance and selectivity

Sildenafil in Human Placental Vasoconstriction 7

of sildenafil citrate, it is plausible that reversal of constric-
tion in our perfusion experiments resulted from the inhibition
of PDES and less likely from PDE10. These findings suggest
that the PDES inhibitors could be used to affect the vascular
tone and improve blood flow in the human placenta. This may
support a human trial involving sildenafil citrate in the early
growth-restricted fetus that is ongoing.>

Unexpectedly, tadalafil did not have any significant effect
on the feto-placental arterial pressure in our model. Tadalafil, a
more specific PDES inhibitor, is also known to be more potent
than sildenafil citrate. Given its superior characteristics, we
had anticipated a greater response with tadalafil when com-
pared with an equal dose of sildenafil. In another experiment
(not shown), tadalafil infused into the fetal artery did result
in a reduction of the feto-placental arterial pressure of 26%
(53 mmHg after preconstriction, 39 mmHg after tadalafil).
Perhaps tadalafil does not cross the human placental barrier.
Other possible explanations are that tadalafil is metabolized

A Sildenafil: potential mechanisms of action

Passage

Maternal intervillous space

B Tadalafil: proposed mechanism of inactivity

No passage

Maternal intervillous space

Active metabolite

!So
; ‘):5 Inactive metabolite

Fetal chorionic villi Mesoderm
Trophoblasts
e American
st e Hoart
vesse

nsion

Figure 5. Potential mechanisms for placental
PDES5 (phosphodiesterase type 5) selectivity.

A, It is possible that sildenafil is transported or
can permeate the maternal circuit to reduce
placental vasoconstriction. A second possibility
is that sildenafil is catabolized by placental
trophoblasts and that its active metabolite
reaches constricted vessels. B, In contrast to
sildenafil, tadalafil may not be able to cross

Fetal chorionic villi Mesoderm the placental barrier. In addition, tadalafil has
Trophoblasts no active metabolites and therefore would not
) work to reduce vasoconstriction unless it can
reach the placental vasculature.
Constricted
vessel
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or actively transported from the fetal to the maternal side of
the placenta. It is known that sildenafil citrate has an active
metabolite, desmethyl sildenafil, which has a potency of 50%
of sildenafil citrate and has similar selectivity for PDES. In
another study, Wareing et al*® found that sildenafil citrate and
desmethyl sildenafil were both present in umbilical cord sam-
ples, suggesting that this agent crosses the human placental
barrier. Perhaps the response we detected in our study was
because of the combination of sildenafil citrate and its active
metabolite, and the fact that tadalafil has no active metabolite
(summarized in Figure 5).'8

There is limited data about tadalafil in pregnant
women.*!32 The evidence for sildenafil citrate usage in an ani-
mal in vivo fetal growth restriction studies has been inconsis-
tent. Six studies of animal models of fetal growth restriction
investigating the effects of sildenafil citrate on fetal growth or
uterine blood flow were identified. Two mouse model studies
and 1 sheep model showed an increase in neonatal growth
with sildenafil citrate administration.>** One study involving
sheep showed an increase in uterine blood flow with silde-
nafil citrate administration.’® In a rat model of fetal growth
restriction, sildenafil citrate resulted in a higher number of
stillbirths and reduced weight.>” However, this study used a
high dose of sildenafil citrate (50 mg/kg). In another sheep
study, sildenafil citrate actually caused a decrease in uterine
artery blood flow and weight loss.*® However, in this study,
the dosage of sildenafil citrate was higher than with the other
sheep study (20 150 mg). In the rat and latter
sheep studies, it isfpossiblé that sildenafil citrate lowered the
systemic blood pr

sion to the other vascular . |
Human in vi 1S@(hein

arteries in growth-restrict
increased endot
vasoconstriction with sildenafil citrate administration, sug-
gesting a possible way to improve uteroplacental insuffi-
ciency.* Studies of the effectiveness of sildenafil citrate in
improving the circulation of excised placental arteries have
had mixed results—one study showed improvement and
another showed no difference.’** More recent results pub-
lished from the STRIDER study involving sildenafil citrate
for pregnancies complicated by severe early-onset fetal
growth restriction, showed no difference in either neonatal
morbidity or mortality or in delaying the interval to deliv-
ery.”” This study, the largest to date, involved fetuses with
an estimated fetal weight below the tenth percentile from
135 women enrolled at 19 different centers in the United
Kingdom. Of note, the dosage of sildenafil citrate was 25 mg
orally dosed 3x a day. This contrasted to the dose we used
in our experiment, of 10 pmol/L. We derived this dosage
from pharmacokinetic studies suggesting that the maximum
effective dose of sildenafil citrate is achieved with an oral
dose of 100 mg.'® As with many drugs, the altered physiol-
ogy of pregnancy can lower the bioavailable dosage.*'*> Of
note, drug levels were not reported in the STRIDER study.
It is possible that a therapeutic dosage of sildenafil citrate
was not achieved at the dose of 25 mg 3x daily. Therefore,
it may be beneficial to repeat the STRIDER study using a
higher dose of sildenafil citrate.

Our placenta perfusion model has many advantages over
the previously studied human in vitro studies. The placentas
continue to function in a milieu that is functionally and ana-
tomically similar to placentas in actual pregnancies. Also,
some of the previous animal studies have been done on pla-
centas that are not hemochorial—by definition, the placentas
in our model are hemochorial. Further, the continuous infu-
sion of thromboxane mimetic is a model that simulates the
phenotype of vasoconstriction-associated fetal growth restric-
tion. Also, histology and molecular analyses can be done on
the tissue after the perfusion experiments to evaluate PDE
enzymes. Additionally, each run includes a treatment and
control cotyledon, so each placenta serves as its own control.
Finally, although not done in our study, one can use this model
to study the transplacental passage of drugs.

The limitations of our study included the following: we
did not evaluate growth-restricted placentas in our model.
This is mainly because of the rarity of these placentas from
planned cesarean sections. Further, placentas from growth-
restricted pregnancies are technically difficult to catheter-
ize. Next, this model simulates vasoconstrictive associated
fetal growth restriction—importantly, there is no fetus that
is being investigated. Our model simulates one common
subtype of fetal growth restgctlon However fetal growth
restriction has numerous ¢ gre not related to pla-
centa blood flow. Finally, anex ptiffiefieat limitation of our
study was that the infusion of PDE inhibitors was not con-
ducted blinded.

Future research efforts could include pharmacokinetic and

: rs in our model, to

man placenta bar-

is more specific

than sildenafil 01trate is more potent for the PDES enzyme,

be studied using
our model.

Perspectives

Mainly, this study supports the use of sildenafil over
tadalafil for reversing constriction in human feto-placental
arteries. The possibility that tadalafil may not cross the pla-
cental barrier or to a lesser degree than sildenafil deserves
further evaluation. Currently, little is known about the
mechanisms by which phosphodiesterases and other related
molecules traffic into the human placenta. Understanding
this process would enhance the development of more effec-
tive drugs for reversing feto-placental vasoconstriction.
Second, we observed that PDES and PDE10 are the pre-
dominant phosphodiesterases with an affinity for sildenafil
in placental tissue. PDES proved to be the most abundant
in placentas from normal pregnancies. It remains possible
that growth-restricted placentas express disproportionate
amounts of PDE10 over PDES. We can only speculate that
dosing and interference from PDE10 influenced the results
of the recent clinical trial. Altogether our findings suggest
that higher doses of sildenafil may be necessary for improv-
ing placental blood flow in growth-restricted pregnancies.
Finally, a more comprehensive evaluation of PDES inhibi-
tors may reveal that vardenafil is more effective at reversing
constriction of feto-placental arteries.
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Novelty and Significance

What Is New? S merican
A i f the 2 PDES5 (phosphodiest 5) inhibi- i i eart ; ; ;
comparison of the 2 common PDES (phosphodiesterase type 5) inhibi Either tadalafil cannot cross barteries or is being
tors, sildenafil and tadalafil, in a preconstricted human placental model degraded. In contrast, sildenafil can cross or is being degraded but
that simulates growth resfriction. its active metabolite reverses constriction.
[ ]

Sildenafil significa
tadalafil which is
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Supplementary Methods.

Sample Collection: Biopsies were collected from fresh cotyledons at collection and
perfused cotyledons at the end of each experiment. Biopsies consisted of villous tissue
cut approximately 1mm x 1mm towards the midline of each cotyledon, below the
chorionic plate. One set of biopsies was collected for histology and immersed into
formalin at five times the volume of tissue to fluid. Samples were fixed for 48 hours and
then embedded in paraffin. A second set of biopsies was collected and flash frozen in
liquid nitrogen and stored at -80°C for RNA and protein analyses. These biopsies were
later pulverized into powder and suspended in RNA and protein lysis buffer for the
respective analysis.

Histology: Coronal cross-sections were cut 8um thick and cleared for H&E and DAB
staining. For PDES staining, antigen retrieval was conducted with sodium citrate pH6.0
with 0.5% Tween20 for 30 minutes at 95°C. Sections were then blocked overnight with
PBS containing 1% BSA and 10% donkey serum. The next day polyclonal rabbit anti-
PDES5 (Abcam, Cambridge, MA) was administered in 1% BSA overnight at 1:500. The
staining was completed with ImMmPRESS anti-Rabbit 1gG kit followed by ImMmPACT RTU
DAB kit (both Vector labs,) in accordance with the manufactures’ protocol. Fetal-
placental arterial diameters were quantified using ImageJ by measuring the minimum
diameter defined as the shortest internal diameter of the lumen. For these
measurements ten arteries were randomly acquired at 40x and measured by individuals
that were blinded to the treatments for each perfused and accompanying preperfused
samples.

RNA Analysis: Total RNA was isolated using the RNeasy Lipid mini kit (Qiagen,
Germantown, MD). First strand cDNA was generated using Applied Biosystems
(Waltham, MA)) reverse transcriptase kit. Quantitative reverse transcription-PCR (qRT-
PCR) was conducted with 30ng cDNA per reaction run in triplicate for each gene and
sample using the FastStart SYBR green master mix from Roche (Pleasanton, CA). The



relative expression was calculated by ACt method by normalizing to GAPD. PDE primer
sequences were.

Protein Analysis: Total proteins were isolated from samples lysed in RIPA buffer
containing Halt protease inhibitor cocktail (both from Pierce, Waltham, MA) using
standard procedures. Proteins were quantified using the Pierce BCA assay then
denatured by boiling with BME at 95°C for 10 minutes prior loading. 20ug of proteins
was loaded and run per sample/well with 4-12% SDS gradient gels, then transferred
onto cellulose membrane blocked with 5% BSA for 1 hour and probed with rabbit
antibodies against PDESA and PDE10A (both Abcam) at a dilution of 1:500 overnight. A
secondary anti-rabbit HRP (Cell Signaling, Beverly, MA) at 1:1000 for 1 hour and
proteins were visualized with chemiluminescence at the same exposure. Membranes
were then stripped and probed with B-actin at 1:1000 for 1 hour (all from Cell Signaling).
Due to similarities in their predicted size, separate blots were run for PDE5 and 10 in
order avoid stripping of either protein. The relative density for each sample was
guantified as PDE5 or 10 over B-actin using the gel analysis function in ImageJ.

Table S1. Primers used for gRT-PCR

Gene Forward Reverse Produce Size
(bp)

PDE1 ATGGGGTCTAGTGCCACAGAG GCACAGATGCCGCATATTCAAT 197

PDES GATCCTCGGTTCAATGCAGAA ACAAAATGCCAAATAAGCAGCAA 187

PDE6 GACGTGTGGTCTGTGCTGAT CTTGCCGTGGAGGATGTAGTC 189

PDE10 CCTGTGTATATTCACGCCACC CCTCTTGGAAATCGTTCATCTCC 111

PDE11 TGATGACTTTTCTCTCGACGTTG AAGCCACCTACACAGTGTCTC 159

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG 115






