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Abstract

Intrauterine growth restriction (IUGR) is a common complication of pregnancy. We previously demonstrated that IUGR is associ-
ated with an impaired nitric oxide (NO)-induced relaxation in the human umbilical vein (HUV) of growth-restricted females com-
pared to appropriate for gestational age (AGA) newborns. We found that phosphodiesterase (PDE) inhibition improved NO-
induced relaxation in HUV, suggesting that PDEs could represent promising targets for therapeutic intervention. This study
aimed to investigate the effects of PDE inhibition on human umbilical arteries (HUAs) compared to HUV. Umbilical vessels were
collected in [IUGR and AGA term newborns. NO-induced relaxation was studied using isolated vessel tension experiments in the
presence or absence of the nonspecific PDE inhibitor 3-isobutyl-1-methylxanthine (IBMX). PDE1B, PDE1C, PDE3A, PDE4B, and
PDESA were investigated by Western blot. NO-induced vasodilation was similar between IUGR and AGA HUAs. In HUAs precon-
tracted with serotonin, IBMX enhanced NO-induced relaxation only in IUGR females, whereas in HUV IBMX increased NO-
induced relaxation in all groups except IUGR males. In umbilical vessels preconstricted with the thromboxane A2 analog
U46619, IBMX improved NO-induced relaxation in all groups to a greater extent in HUV than HUAs. However, the PDE protein
content was higher in HUAs than HUV in all study groups. Therefore, the effects of PDE inhibition depend on the presence of
IUGR, fetal sex, vessel type, and vasoconstrictors implicated. Despite a higher PDE protein content, HUAs are less sensitive to
IBMX than HUV, which could lead to adverse effects of PDE inhibition in vivo by impairment of the fetoplacental hemodynamics.

NEW & NOTEWORTHY The effects of phosphodiesterase inhibition on the umbilical circulation depend on the presence of intra-
uterine growth restriction, the fetal sex, vessel type, and vasoconstrictors implicated. The human umbilical vascular tone regula-
tion is complex and depends on the amount and activity of specific proteins but also probably on the subcellular organization
mediating protein interactions. Therefore, therapeutic interventions using phosphodiesterase inhibitors to improve the placental-
fetal circulation should consider fetal sex and both umbilical vein and artery reactivity.

cyclic nucleotide phosphodiesterase; intrauterine growth restriction; human umbilical artery; human umbilical vein; nitric oxide

INTRODUCTION

Intrauterine growth restriction (IUGR) is a common com-
plication of pregnancy, associated with major perinatal mor-
tality and morbidity, as well as with an increased risk of
developing cardiovascular and metabolic diseases in adult-
hood (1). This pathology is a public health concern, linked to
high healthcare costs worldwide. Despite many animal and
human studies assessing substances that have the potential
to improve fetal growth (2), there is currently no effective
method to prevent or treat IUGR and limit its short- and
long-term adverse consequences. IUGR is characterized by
an abnormal fetal growth slowing below expectations, result-
ing in a small body weight at birth compared to newborns
with harmonious fetal growth at the same gestational age
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[appropriate for gestational age (AGA)]. Outside increased
risks of prematurity, the long-term adverse effects of [UGR
are mainly related to reprogramming processes aiming to
improve fetal survival by sparing the main organs (3).
Despite the identification of some risk factors, the mecha-
nisms contributing to the development of IUGR remain
poorly understood, while diagnosis and management of this
pathology are still a challenge (4).

We previously demonstrated that IUGR is associated with
structural and functional alterations in the umbilical cord of
human term newborns (5, 6). In particular, we found a
reduced umbilical cord diameter, as well as a decreased total
cross-sectional area and smooth muscle area in the human
umbilical vein (HUV) of growth-restricted compared to AGA
newborns, but no significant morphometrical difference in
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human umbilical arteries (HUAS) between IUGR and AGA
newborns (6). We also showed that IUGR is associated with
sex-specific alterations in the nitric oxide (NO)/cyclic GMP
(cGMP)-mediated relaxing pathway in the HUV (5, 6):
we observed a reduced relaxant response to the NO donor 2-
(N,N-diethylamino)-diazenolate-2-oxide (DEA/NO) in the
HUV of growth-restricted females compared to AGA new-
borns, despite a significant increase in soluble guanylyl cy-
clase (sGC) protein content and activity and some increase
in cGMP-dependent protein kinase (PKG) protein amount
compared to AGA HUV; in males, however, no significant
difference was found between AGA and IUGR HUV.
Because the HUV is the only vessel carrying the blood from
the placenta to the fetus, it is likely that such alterations
could contribute to the development of IUGR. Finally, we
found a beneficial effect of phosphodiesterase (PDE) inhibi-
tion by the nonspecific PDE inhibitor 3-isobutyl-1-methyl-
xanthine (IBMX) on the NO-induced relaxation in HUV (5),
which could represent an interesting therapeutic approach
to improve placental-fetal blood flow.

However, an international randomized clinical trial using
sildenafil versus placebo in pregnancies with severe early-
onset fetal growth restriction, the STRIDER trial, was sud-
denly interrupted due to a lack of benefit and unexpected
postnatal deaths in the treated group from the Netherlands
(7). No beneficial effect of the maternal treatment with the
PDES inhibitor sildenafil was found on fetal growth, perina-
tal mortality, or major neonatal morbidity, as confirmed by
the United Kingdom, New Zealand, and Australian STRIDER
trials (8). Moreover, the Dutch STRIDER trial reported an
increased rate of pulmonary hypertension in live born
infants in the sildenafil group (18.8%) versus the placebo
group (5.1%) (7). The pathophysiological mechanism associ-
ated with this increase in persistent pulmonary hyperten-
sion of the newborn (PPHN) after prolonged maternal
treatment with sildenafil remains unclear, but the authors
hypothesized post hoc that pulmonary hypertension could
result from a “rebound” vasoconstriction following discon-
tinuation of the treatment (9).

These findings, coupled with our previous results, support
the need to further investigate the contribution of PDEs to
the regulation of the human umbilical vascular tone.

Overall, our project aims to better understand the regulation
of the human umbilical circulation. The vasoreactivity of
HUAs was therefore investigated in the same conditions we
previously published for HUV. Isolated vessel tension experi-
ments in organ bath were performed simultaneously in HUV
and HUAs isolated from the same patient, enabling direct
comparison between the two vessels. Studying the effects of
PDE inhibition in HUAs aimed to verify that such a promising
intervention to improve blood flow in HUV would not have
adverse effects on HUAs. Indeed, the placental-fetal circula-
tion is a “closed” system, so it is likely that any intervention on
one part of it would have overall effects on the whole system.

MATERIALS AND METHODS

Biological Samples Collection

The present study was a direct continuation of our previ-
ous works (5, 6), approved by the ethical committee of the
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Faculty of Biology and Medicine of the University of
Lausanne (Protocol No. 134/08). Data presented in this
manuscript were obtained using biological samples from
the same patients already included in our previous study
(5). The vasoreactivity of HUV and HUAs isolated from the
same patient was assessed simultaneously during each
organ bath experiment, the results of which are presented in
this report and in our previous publication (5). Umbilical cords
were collected in 388 newborns delivered at the Maternity of
the University Hospital CHUV in Lausanne (Switzerland)
between July 2009 and January 2017.

Patients: Inclusion/Exclusion Criteria and Classification

Inclusion criteria were term (>37 accomplished weeks of
gestation) singleton pregnancies. Exclusion criteria were
newborns with a birth weight (BW) above the 90th percen-
tile (P90), fetal abnormalities, genetic syndromes, single
HUA, mothers presenting with HIV; hepatitis A, B, or C;
and preeclampsia.

Newborns were dichotomized into two categories, based on
their body weight at birth: “TUGR” and “AGA.” Samples were
assigned to the “AGA” group when BW was between the 10th
percentile (P10) and P90 and to the “IUGR” group when BW
was below P10. The percentile classification was determined
using a growth percentile calculator, which consists of an
Excel file using a formula based on data manually extracted
from growth charts endorsed by the Swiss Society of
Pediatrics (10). Male and female newborns were studied sepa-
rately. However, since prenatal growth follow-up or other pa-
rameters like ultrasound/Doppler measurements were not
available for all patients, our subjects were retroactively
reclassified according to the criteria of the “Consensus Based
Definition of Growth Restriction in the Newborn” published
in The Journal of Pediatrics (2018) (11). This allowed a more
rigorous postnatal classification of our patients. Subjects who
did not reach these criteria were excluded from the initial
groups.

Samples Collection

The proximal part of the umbilical cord was collected at
delivery and used within 24 h. A 10- to 15-cm segment was
cut as close as possible to the fetus and kept, until dissection,
at 4°C in modified Krebs-Ringer solution (118.3 mM NacCl, 4.7
mM KCl, 2.5 mM CaCl,, 1.2 mM MgSO,4, 1.2 mM KH,PO,, 25.0
mM NaHCOs, and 11.1 mM glucose), previously bubbled with
21% 0,-5% CO, during ~30 min (6).

Isolated Vessel Tension Experiments

HUAs reactivity was investigated as previously described for
HUV (5). Briefly, both HUAs were dissected, cut into small
rings (4-5 mm in length, 2 rings per artery), suspended
between two stirrups (diameter of 0.20 mm) passed through
the lumen into vertical organ chambers filled with 10 mL modi-
fied Krebs-Ringer solution aerated with 21% 0,-5% CO,, and
maintained at 37.5°C. Isometric tension was measured using a
strain gauge connected to a bridge amplifier (PowerLab,
ADInstruments). A 2-g stretch tension was applied to each vas-
cular ring, followed by 20-min equilibration before washing.
Stretch/equilibration/wash steps were processed four times to
get the vessel rings to their optimal resting tension. After
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equilibration, the vessels were challenged with 100 mM KCI to
test their viability. After washing and equilibration, indometh-
acin (10~° M) and NC-nitro-L-arginine (NLA; 10~* M) were
added to exclude possible interference of endogenous prosta-
noids and NO. NLA 10~* M was shown to inhibit endothelium-
dependent relaxation in human umbilical vessels (12, 13); this
was confirmed by preliminary data in our experimental condi-
tions (data not shown). IBMX (10~* M), a nonspecific inhibitor
of PDESs, was also added in some of these experiments to inves-
tigate the contribution of PDEs in NO-induced relaxation.
Vascular rings were then precontracted with serotonin (5-HT)
or U46619, an analog of thromboxane A2 (TxA2), and finally
relaxed with cumulative doses of the NO donor 2-(N,N-diethy-
lamino)-diazenolate-2-oxide (DEA/NO). Preliminary experi-
ments showed that 10~ M 5-HT or 10~% M U46619 induced a
sustained contraction in HUV and HUAs (6). Table 1 presents
the pharmacological agents and concentrations used in these
experiments. The resting tension (RT) was determined as the
lowest tension achieved by each vascular ring during the entire
isolated vessel tension experiment after the stretch/equilibra-
tion/wash steps. The residual tension (RDT) corresponded
to the tension (after subtraction of the corresponding RT)
obtained following contraction with 5-HT or U46619,
measured at the time the first dose of DEA/NO was added.
Change in tension induced by DEA/NO was expressed as a
percentage of the initial contraction induced by the vaso-
constrictor (RDT).

For each dose-response curve to DEA/NO, area under the
curve (AUC), half-maximal effective concentration (ECsg),
and maximum effect (E,.x) Were calculated using Prism 9.5
[GraphPad Prism; Research Resource Identifier (RRID):
SCR_002798] from the relaxation curve obtained in umbilical
vessels from each patient.

The dose-response curves obtained in HUV collected from
the same patients as HUAs used in the present study were
previously published in Ref. 5. However, they were presented
with an AUC calculated from the “global” dose-response to
DEA/NO (instead of individual dose-response curves as for
HUAs), and the associated ECsq and E,.x had not yet been
published. Therefore, the corresponding AUCs were recalcu-
lated from the individual dose-response curves obtained for
each patient to allow direct comparison with the AUC calcu-
lated in HUAS collected from the same patients.

Western Blot

The relative amounts of sGC, PKG, PDE1B, PDE1C, PDE3A,
PDE4B, and PDESA in umbilical vessels homogenates were
investigated by Western blot as previously described (5).
However, in contrast to our previous study, the specific pro-
tein content was normalized to the total protein amount
using Ponceau S staining (instead of actinin content), which

is now recognized as a more reliable approach (14). Flash-fro-
zen HUA or HUV segments were crushed in a cryogenic mor-
tar, homogenized in lysis buffer {50 mM HEPES, 1 mM
EDTA, 1 mM EGTA, 10% glycerol, 1 mM DTT, 5 ug/ml pepsta-
tin, 3 pg/ml aprotinin, 10 pg/ml leupeptin, 0.1 mM 4-(2-ami-
noethyl) benzenesulfonyl fluoride hydrochloride (AEBSF),
1 mM sodium vanadate, 50 mM sodium fluoride, and 20 mM
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfo-
nate (CHAPS)}, and centrifuged for 10 min at 3,000 g at
4°C. Supernatant protein concentration was quantified
using a BCA protein assay kit (Pierce, cat. no. 23227).
Samples were diluted in Laemmli buffer and heated for 5
min at 95°C before loading on a 7.5% polyacrylamide gel.
Proteins were separated by SDS-PAGE (1 h 30 min, 0.05 A)
and transferred to a nitrocellulose membrane (overnight,
30 V, 4°C). A Ponceau S total protein staining (Sigma-
Aldrich, cat. no. P7170) was performed to visualize pro-
teins and the stained membrane was scanned, using an
office scanner, to allow further normalization. After the
staining was removed, membranes were blocked in casein
solution (Vector, cat. no. SP-5020) (30 min, at room tem-
perature) and immunoblotted (overnight, 4°C) using specific
antibodies against sGC (1:2,000, Abcam, cat. no. ab50358,
RRID:AB_880325), PKG (1:1,000, Enzo Life Sciences, cat. no.
ADI-KAP-PKO0OO05-D, RRID:AB_2039483), PDE1B (1:2,000,
OriGene, cat. no. TA503319, RRID:AB_11125416), PDE1C (1:250,
GeneTex, cat. no. GTX14602, RRID:AB_368824), PDE3A
(1:1,000, GeneTex, cat. no. GTX112305, RRID:AB_11168131),
PDE4B (1:1,000, GeneTex, cat. no. GTX113798, RRID:AB_
11173431), or PDESA (1:500, Santa Cruz Biotechnology, cat.
no. sc-32884, RRID:AB_2161266), diluted in blocking solu-
tion containing 0.1% Tween. Blots were then incubated
with an anti-mouse or anti-rabbit antibody (IRDye, LI-
COR Biosciences cat. no. 926-32212, RRID:AB_621847 and
cat. no. 926-68073, RRID:AB_10954442) diluted 1:10,000
in casein solution (1 h, at room temperature). Target pro-
teins were visualized using an Odyssey Infrared Imaging
System (LICOR). The amount of each specific protein was
quantified using the image processing software ImageJ
(RRID:SCR_003070) and normalized to the corresponding
Ponceau S total protein staining.

For each experimental group, samples from 40 patients
were randomly distributed into four pools, to limit the influ-
ence of individual variability on the results. To allow com-
parison between the different membranes and groups, the
specific protein content measured in each pool was reported
to the amount measured in a “standard” sample included on
each membrane. The latter was constituted of proteins
extracted from six additional patients (3 AGA males and 3
AGA females), which were not included in the experimental
pools. At least three Western blots were performed for each

Table 1. Pharmacological agents used in the isolated vessel tension experiments

Pharmacological Agent

KCI (potassium chloride)

5-HT (serotonin or 5-hydroxytryptamine)

U46619 (thromboxane A2 analog)

DEA/NO [2-(N, N-diethylamino)-diazenolate-2-oxide]
IBMX (3-isobutyl-1-methylxanthine)

Effect Concentration in Organ Bath
Vasoconstrictor 100 mM
Vasoconstrictor 10°°M
Vasoconstrictor 10°°M
NO donor, vasodilator 10 %t0107*M
Nonspecific PDE inhibitor 10°4M

NO, nitric oxide; PDE, phosphodiesterase.
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protein. The relative content calculated for each pool corre-
sponded to the mean of the relative amounts determined in
the greater than or equal to three blots.

PDE Activity in HUV Homogenates

The PDE activity was quantified in HUV homogenates
using a cyclic nucleotide phosphodiesterase assay kit (Enzo
Life Sciences, cat. no. BML-AK800-0001) according to the
manufacturer’s instructions, as previously published (5).
Briefly, HUV homogenates were prepared using a tissue
grinder after mixing HUV segments, previously flash-frozen
and crushed in a cryogenic mortar, with assay buffer supple-
mented with 20 mM CHAPS. They were then sonicated and
centrifuged for 10 min at 3,000 g at 4°C. A buffer exchange
was performed using Pierce Protein Concentrators PES, 3 K
molecular weight cut-off (Life Technologies, cat. no. 88512),
0.5 mL, to remove excess free phosphate, which interferes
with the BIOMOL GREEN reagent of the kit. Enzymatic reac-
tion was performed during 20 min at 30°C in assay buffer
supplemented with 0.5 mM MgCl,, 0.2 mM CaCl,, and 2 mM
calmodulin. cGMP or cAMP degradation was tested in the
absence or presence of IBMX 10~ M. For each sample, total
and IBMX-sensitive PDE activity was normalized by the cor-
responding protein content, previously quantified using the
BCA protein assay kit, and expressed as nmol cGMP or
cAMP/mg protein/min.

Data Analyses

Statistical analyses were performed using the software
Prism 9.5 (GraphPad Prism; RRID:SCR_002798). The dose-
response curves to DEA/NO were analyzed by two-way
ANOVA with Tukey’s multicomparison test, except for direct
comparisons between HUV and HUAs or between vascular

rings precontracted with 5-HT or U46619, where two-way
ANOVA with matched-paired values and Sidak’s multicom-
parisons test was used. For the other parameters (AUC, RT,
RDT, ECsg, Emax, contraction induced by KCl, demographic
data, and relative protein content), the data obtained in two
study groups were compared using a Mann-Whitney test,
except for direct comparisons between HUV and HUAs or
between vascular rings precontracted with 5-HT or U46619,
where a Wilcoxon matched-pairs sign rank was performed.
Statistical analyses for direct comparisons between HUV
and HUAs were performed on matched-paired data
because HUV and HUAs were collected from the same
patient and their vasoreactivity was studied in parallel
during each organ bath experiment; similarly, the vasore-
laxant responses after precontraction with 5-HT or U46619
were tested simultaneously on vascular rings isolated from
the same vessel. Finally, statistical analyses of PDE activ-
ity in HUV were performed using Brown-Forsythe and
Welch ANOVA tests. The differences were considered stat-
istically significant when P < 0.05.

RESULTS

Demographic Data

The maternal and neonatal characteristics were signifi-
cantly different between AGA and IUGR groups, except for
maternal age and gestational age at birth, as presented in
Table 2. Body weight, length, head circumference, ponderal
index, placental weight, and umbilical cord diameter were
significantly reduced in IUGR newborns, whereas the body-
to-placental weight ratio and cord diameter-to-placental
weight ratio were increased.

Table 2. Demographic data related to patients included in the present study

AGA IUGR P Value
Females
Number of patients included 122 79
Gestational age, wk 39.6+10 39.3+1.0 0.1402
Birth weight, g 3,327+308 2,549+ 282* <0.0001
Length, cm 49.1£1.6 46.4+2.1* <0.0001
Head circumference, cm 34.4+1.2 32.7+11% <0.0001
Ponderal index, g/cm3 2.82+0.22 2.55+0.26% <0.0001
Placental weight, g 622+116 425+ 82* <0.0001
Body-to-placental weight ratio 5.48+0.88 6.14+1.03* <0.0001
Umbilical cord diameter, mm 12.3+2.6 10.6£2.0%* <0.0001
Cord diameter-to-placental weight ratio 0.020+0.006 0.026+0.007* <0.0001
Maternal age, yr 32.8+9.1 31.6+5.3 0.3360
Males

Number of patients included 121 66
Gestational age, wk 39.4+1.0 39.3+11 0.9027
Birth weight, g 3,414 + 304+ 2,614 £287* <0.0001
Length, cm 49.7£1.7t 46.7 £1.8* <0.0001
Head circumference, cm 35.1+1.0t 33.1+£1.2%+ <0.0001
Ponderal index, g/cm3 2.78+0.22 2.56+£0.20%* <0.0001
Placental weight, g 6131114 441+ 96* <0.0001
Body-to-placental weight ratio 5.72+0.91 6.15+1.17* 0.0055
Umbilical cord diameter, mm 13.1+£3.0 11.6 +2.5%t 0.0001
Cord diameter-to-placental weight ratio 0.022+0.007 0.027+0.007* <0.0001
Maternal age, yr 33.0+5.2 31.4+5.8 0.1059

Data are expressed as means = SD. Ponderal index was calculated as [100 x birth weight/length®] (g/cm?®). P values presented are

related to comparison between appropriate for gestational age (AGA) and intrauterine growth-restricted (IUGR) groups. All parameters
were analyzed using a Mann-Whitney test. *Significant difference between AGA and IUGR newborns. tSignificant difference between

males and females.
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Vasoreactivity

NO-induced relaxation in HUAs.

Cumulative doses of DEA/NO induced, in all study groups, a
dose-dependent relaxation in HUAs preconstricted with 5-
HT (Fig. 1) or U46619 (Fig. 2). No significant difference was
observed, with both vasoconstrictors, between AGA and
IUGR newborns, either in females (Fig. 1A and 2A) or in
males (Figs. 1E and 2E). The corresponding ECso and

Emax are presented in Supplemental Tables S1 and S2,
respectively.

Effects of PDE inhibition in HUAs.

Dose response to DEA/NO was then investigated in
HUAs preincubated with the nonspecific PDE inhibitor
IBMX (10~* M). In HUAs precontracted with 5-HT, the
presence of IBMX did not influence the relaxant
response to DEA/NO in AGA females (Fig. 1B) or males
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(Fig. 1F) or in IUGR males (Fig. 1, G-H). In IUGR females,
however, IBMX significantly improved DEA/NO-induced
relaxation, with a significant increase in AUC (+35%)
compared to IUGR female HUAs without IBMX (Fig. 1C).
Pretreatment of HUAs with IBMX therefore resulted in a
significantly better relaxant response to DEA/NO in
IUGR than AGA females, with a significantly higher AUC
(+55%) (Fig. 1D).

In HUAs preconstricted with U46619, the DEA/NO-
induced relaxation was significantly improved by IBMX in
all groups (Fig. 2, B, C, F and G), with a significant increase in
AUC (+35% in AGA females, + 37% in AGA males, + 31% in
IUGR females, and +21% in IUGR males). The resulting
dose-response curves obtained after preincubation with
IBMX were similar between AGA and IUGR females (Fig. 2D)
or between AGA and IUGR males (Fig. 2H).
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Comparison between 5-HT and U46619.

Figure 3 shows a direct comparison between dose-response
curves to DEA/NO obtained in HUAs precontracted with 5-
HT or U46619. A similar comparison was performed for HUV
precontracted with 5-HT or U46619 (Supplemental Fig. S1).
In all groups and conditions, DEA/NO-induced relaxation
was greater in umbilical vascular rings precontracted using
U46619 than 5-HT, with significantly higher AUC.

Female HUA

(%) >

o~ SHTFAGA *
—&— U46619 F AGA

Change in tension

T T T T T T 1
9 8 7 6 5 4 3

DEA/NO, log(M)

In the absence of IBMX, the resting tension (RT) achieved
in HUAs was similar with both vasoconstrictors, in all study
groups (Table 3). After preincubation with IBMX, RT was sig-
nificantly reduced in HUAs contracted with U46619 com-
pared to 5-HT in AGA females and males but was similar
with both vasoconstrictors in ITUGR females and males
(Table 3). In HUV, RT was similar with both vasoconstric-
tors in all groups except in IUGR females, where RT was

Figure 3. Relaxation induced by cumula-
tive doses of the nitric oxide donor 2-(N,
N-diethylamino)-diazenolate-2-oxide (DEA/
NO) on isolated umbilical arteries precon-
tracted with 5-HT or U46619 in the absence
or presence of IBMX. AGA, appropriate for
gestational age; F, females; M, males; IUGR,
intrauterine growth restriction. Cumulative
doses of DEA/NO were applied to human
umbilical arteries (HUAS) isolated from new-
born females (A-D) or males (E—H) precon-
tracted with 5-HT 107> M or U46619 10 ° M
in the absence or presence of IBMX 1074 M.
Data are expressed as means * SE of the
percentage of change in tension induced
by the vasodilator (n = 18-51 for females;
n = 14-50 for males). Data were analyzed
by two-way ANOVA with matched-paired
values and Siddk’s multicomparison test
(results are shown at bottom) to compare
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was calculated from the individual dose-
response curves obtained for each patient.
Results are expressed as individual values,
with line at means + SE (n = 18-51 for
females; n = 14-50 for males). P values
were obtained using a Wilcoxon matched-
pairs sign-ranked test to compare 5-HT
and U46619 in HUAs isolated from the
same patient.
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significantly increased in HUV contracted with U46619
compared to 5-HT, independently of IBMX (Table 3).

Comparison between HUAs and HUV.

Supplemental Figs. S2 and S3 show a direct comparison
between dose-responses to DEA/NO assessed in HUAs or
HUV preconstricted with 5-HT (Supplemental Fig. S2) or
U46619 (Supplemental Fig. S3). In female umbilical vessels
precontracted with 5-HT, HUAs and HUV from AGA females
showed quite similar responses to DEA/NO (Supplemental
Fig. S2A). In IUGR females, the DEA/NO-induced relaxation
was greater in HUAs than HUV, with a significantly higher
AUC (+ 36%) (Supplemental Fig. S2B). In AGA female vessels
preincubated with IBMX, DEA/NO-induced relaxation was
significantly stronger in HUV than HUAs, with a signifi-
cantly higher AUC (+ 49%) (Supplemental Fig. S2C). In IUGR
female vessels treated with IBMX, the response to DEA/NO
was quite similar between HUV and HUAs (Supplemental
Fig. S2D).

In male umbilical vessels precontracted with 5-HT, AGA
HUV and HUAs showed a similar relaxant response to DEA/
NO (Supplemental Fig. S2E). In IUGR males, DEA/NO-
induced relaxation was slightly but significantly lower in
HUV than HUAs, with no significant difference in AUC
(Supplemental Fig. SF). In AGA male vascular rings treated
with IBMX, HUV responded significantly better to DEA/NO
than HUAs but only from 3 x 10~> M DEA/NO, with however
no significant difference in AUC (Supplemental Fig. S2G). In
IUGR males, HUAs and HUV showed similar DEA/NO-
induced relaxation in the presence of IBMX (Supplemental
Fig. S2H).

In female umbilical vessels preconstricted with U46619,
DEA/NO-induced relaxation in AGA HUAs was slightly but
significantly weaker than in HUV, with a significantly lower
AUC (-18%) (Supplemental Fig. S3A). In IUGR females, HUV
relaxed more than HUAs but only from 3 x 107> M DEA/NO,
although AUC was not significantly different (Supplemental
Fig. S3B). In AGA female vessels incubated with IBMX, DEA/
NO-induced relaxation was much greater in HUV than HUAs,
with a significantly higher AUC (+49%) (Supplemental Fig.
S3C). In IUGR female vessels treated with IBMX, DEA/NO-
induced relaxation was significantly greater in HUV than
HUAs, with a higher AUC (+ 37%) (Supplemental Fig. S3D).

In male vascular rings preconstricted with U46619, DEA/
NO-induced relaxation was significantly better in HUV than
HUAs in AGA males, with a significantly higher AUC ( + 28%)
(Supplemental Fig. S3E). In IUGR males, the relaxant response
to DEA/NO was slightly but significantly better in HUV than
HUAs, without however significant difference in AUC
(Supplemental Fig. S3F). In the presence of IBMX, the
response to DEA/NO was stronger in HUV than HUAs, both in
AGA (Supplemental Fig. S3G) or IUGR males (Supplemental
Fig. S3H), with significantly higher AUC ( + 44-45%)).

RT was significantly lower in HUV than in HUAs in all
groups and conditions (Table 3). The treatment with IBMX
significantly reduced RT in vascular rings from all groups but
to a greater extent in HUV (—59% to —75%, with 5-HT; —50%
to —73% with U46619) than in HUAs (—33% to —48%, with 5-
HT; —31% to —58% with U46619) (Table 3). No significant dif-
ference was found between RT measured in AGA and ITUGR
vessels.
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Residual tension (RDT) achieved after the addition of 5-
HT or U46619 was significantly higher in HUV than HUAs in
all groups and conditions (Table 4). Preincubation with
IBMX did not influence RDT in umbilical vessels contracted
with 5-HT (Table 4). In contrast, in vascular rings constricted
with U46619, IBMX significantly reduced RDT only in HUAs
from IUGR males, whereas in HUV RDT was reduced by
IBMX in all groups, although the observed decrease was sig-
nificant only in AGA females and males (Table 4). In males,
RDT was significantly lower in IUGR than AGA HUV con-
tracted with 5-HT, independently of IBMX, as well as in
IUGR HUV contracted with U46619 without IBMX compared
to AGA HUV (Table 4).

The contraction induced by 100 mM potassium chloride
(KCl) at the beginning of the pharmacological experiments
was significantly higher in HUV than HUAs, in all groups
(Table 5). No significant difference was found between AGA
and IUGR females, whereas in males the contractile response
induced in ITUGR vessels was significantly lower than in AGA
vessels, both in HUV and HUAs.

Western Blotting Analyses

Two proteins implicated in the NO/cGMP relaxing path-
way, sGC and PKG, were investigated by Western blot in HUA
homogenates (Fig. 4). The sGC relative protein content was
similar between HUA from AGA and IUGR females or males
(Fig. 4A). The PKG relative protein amount was significantly
higher in HUAs from IUGR than AGA females, whereas it was
similar between AGA and IUGR males (Fig. 4B).

Several IBMX-sensitive PDE isoforms, PDESA, PDEIB,
PDEIC, PDE3A, and PDE4B, were also investigated in umbili-
cal vessel homogenates (Fig. 5 and Supplemental Fig. S4).
For PDE3A, two bands can be observed on the membranes
between 75 kDa and 100 kDa (Fig. SE and Supplemental Fig.
S4E); according to the manufacturer’s indications, the lower
one could correspond to the PDE3A isoform 5 (83 kDa) or iso-
form 4 (87 kDa) (therefore called “PDE3A isoform 5/4” in the
present report) and the higher one to the PDE3A isoform 2
(91 kDa) or isoform 4 (87 kDa) (then called “PDE3A isoform 2/
4” in this report). In HUA, the relative protein content for all
these PDEs was similar between AGA and IUGR females (Fig.
5). In males, no significant difference was found in relative
protein amount for PDESA, PDEIC, PDE4B, and PDE3A
between AGA and IUGR newborns (Fig. 5A and C-E),
whereas a significant although slight decrease in PDE1B pro-
tein content was observed in IUGR males (Fig. 5B). In HUV,
the relative protein content was similar between AGA and
IUGR newborns for all these PDE isoforms (Supplemental
Fig. S4).

Supplemental Figs. S5 and S6 show, for each studied pro-
tein, the comparison of their relative amount between HUA
and HUV. For sGC, no significant difference was found
between HUV and HUA, either in females (Supplemental
Fig. S5A) or in males (Supplemental Fig. S5B). For PKG, the
relative protein content was similar between both vessels in
AGA females but higher in HUA than HUV in IUGR females,
although the difference was not statistically significant (P =
0.0571) (Supplemental Fig. S5C). In males, PKG protein
amount was similar between HUV and HUAs (Supplemental
Fig. S5D).
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Table 5. Contraction induced by 100 mM KCI in HUAs and HUV

Females Males
AGA IUGR AGA IUGR
n (patients) 75 54 74 51
HUA change in tension, g 2.13+0.05 2.05+0.05 2.22+0.06 2.00+£0.06
P value IUGR vs. AGA 0.1952 0.0373*
(—11%)
HUV change in tension, g 3.19+0.12 2.96+0.14 3.11+£0.10 2.46+0.12t
P value IUGR vs. AGA 0.2790 0.0002%**
(—21%)
P value HUV vs. HUA <0.0007*** <0.0007*** <0.0007*** 0.0017**
(+50%) (+44%) (+40%) (+23%)

Data are expressed as means * SE of the change in tension evoked by KCI. Values into parentheses correspond to the percentage of
change between both groups, for each significant difference. Contraction was induced by 100 mM KCI in human umbilical arteries
(HUAs) and human umbilical vein (HUV) after equilibration of the vascular rings at the beginning of each isolated vessel tension experi-
ment. P values resulted from statistical analysis using a Mann-Whitney test to compare intrauterine growth restriction (IUGR) and appro-
priate for gestational age (AGA) or a Wilcoxon matched-pairs sign rank test to compare HUAs and HUV. tSignificant difference between
males and females using a Mann-Whitney test. *P < 0.05, **P < 0.001, ***P < 0.0001, significant values.

Regarding PDEs, the relative amount of almost all studied
PDE isoforms was significantly greater in HUAs than HUV,
in all groups, the few others being similar between the two
vessels (Supplemental Fig. S6).

Phosphodiesterase Activity

Total and IBMX-sensitive PDE activity was assessed in
HUV homogenates by quantifying the degradation of cGMP
or cCAMP (Table 6). No significant difference was found
between AGA and IUGR newborns or between males and
females. IBMX-sensitive degradation of cGMP was signifi-
cantly lower than total cGMP hydrolysis in each group and
represented ~32-37% of the total cGMP PDE activity. IBMX-
sensitive hydrolysis of cAMP was significantly lower than
total cAMP inactivation in all groups and accounted only for
~15-17% of the total cAMP PDE activity. Total cCAMP hydro-
lysis was significantly higher than total cGMP hydrolysis in
each group. In contrast, IBMX-sensitive cCAMP degradation
was significantly lower than IBMX-sensitive cGMP hydroly-
sis in AGA and IUGR females, whereas no significant differ-
ence was found in males.

DISCUSSION

In the present study, we demonstrated that NO-induced
relaxation is not impaired in HUAs of growth-restricted new-
borns, in contrast to HUV whose relaxant response to NO is
reduced in growth-restricted compared to AGA females,
whereas no significant difference was found in males (5).

More importantly, this study showed that the effects of
PDE inhibition by IBMX depend on the presence of IUGR,
the sex of the newborn, the vessel type, and the vasoconstric-
tors used to precontract the vascular rings, as summarized in
Table 7. Such observations could be of particular interest for
the development of therapeutic interventions using PDE
inhibitors.

Effect of PDE Inhibition on the Human Umbilical
Vasoreactivity

Our isolated vessel tension experiments showed that, in
umbilical vessels pretreated with IBMX, the RT achieved in
all groups and conditions was significantly lower than in the
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absence of this inhibitor, proving that IBMX-sensitive PDEs
contribute to the vascular tone homeostasis in HUAs and
HUV.

Both vasoconstrictors used to precontract the umbilical
vascular rings before addition of cumulative doses of DEA/
NO act on vascular smooth muscle cells via binding to spe-
cific G protein-coupled receptors, inducing IP; production,
cytosolic calcium concentration increase, and myosin light-
chain kinase (MLCK) activation, leading to contraction
through its action on muscle fibers (15-17). However, the va-
soconstriction induced by the TxA2 analog U46619 was
shown to involve additional mechanisms, including stimula-
tion of some PDEs, as observed in the human saphenous
vein (18) and in rat carotid arteries (19). 5-HT and U46619
were chosen to precontract the vascular rings in our experi-
ments because preliminary data showed that they were able
to induce a sustained vasoconstriction in HUV and HUAs,
thus providing adequate conditions to study DEA/NO-
induced relaxation (6). Moreover, both 5-HT and TxA2 have
been detected in the human umbilical circulation and play
important roles (20, 21).

In our study, preincubation with IBMX did not influence
the RDT achieved in umbilical vessels contracted by 5-HT,
demonstrating that 5-HT-induced contraction is inde-
pendent of activation of IBMX-sensitive PDEs. In contrast,
when umbilical vessels were constricted with U46619, pre-
incubation with IBMX reduced RDT achieved in HUV from
all groups, although the reduction was statistically signifi-
cant only in AGA females and males; in HUAs, IBMX sig-
nificantly reduced RDT only in ITUGR males. These data
suggest that, in those vessels, the inhibition of IBMX-sen-
sitive PDEs promotes a dilatory response counterbalanc-
ing the contraction induced by U46619, probably because
U46619 stimulates some PDEs. This is consistent with the
observations made in human saphenous vein (18) and
rat carotid arteries (19). The differences between data
obtained in umbilical vascular rings precontracted with
5-HT or U46619 could therefore be related to the activa-
tion of some PDEs by U46619.

In umbilical vessels precontracted with U46619, preincu-
bation with IBMX significantly improved DEA/NO-induced
relaxation in both HUAs and HUV (5) in all study groups.
In contrast, in umbilical vessels preconstricted with 5-HT,
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the relaxant response of HUAs to DEA/NO was not influ-
enced by pretreatment with IBMX, except in IUGR females,
where IBMX enhanced NO-induced relaxation, whereas in
HUV IBMX significantly improved DEA/NO-induced relax-
ation in all groups except in IUGR males (5). These results
indicate that the effects of IBMX on NO-induced relaxation
are influenced by the presence of IUGR, the sex of the new-
born, the type of umbilical vessel, and the vasoconstrictor
involved.
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sGC, PKG, and PDEs

To explain the various pharmacological responses described
above, we assessed the relative content of several proteins
implicated in the NO/cGMP signaling pathway in HUAs and
HUV. sGC and PKG were studied as prorelaxant components
of the NO/cGMP relaxing pathway, whereas several IBMX-sen-
sitive PDE isoforms (PDEIB, PDE1C, PDE3A, PDE4B, and
PDESA) were investigated as counteracting partners. These
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Table 6. Cyclic nucleotide phosphodiesterase activity in HUV homogenates

Females Males

AGA IUGR AGA IUGR
n (patients) 8 5 8 4
Total cGMP degradation,® nmol cGMP/mg protein/min 42.39+3.07 4178 £5.04 36.57+3.57 36.93+2.67
IBMX-sensitive cGMP degradation,® nmol cGMP/mg protein/min 14.89 £1.40%** 16.00 £1.34%* 1.53 +1.21%%* 13.72 £1.66%*

(35%) (38%) (32%) (37%)
Total cAMP degradation, nmol cGMP/mg protein/min 63.79+2.47ttt 65.47+5.52t 59.73+3.31tt 64.14+5.07+
IBMX-sensitive cAMP degradation, nmol cGMP/mg protein/min 9.42 £1.17%%*t 9.14 £ 0.81%*t 9.52+£0.95%** 10.59 £1.73**

(15%) (14%) (16%) (17%)

Data represent means * SE of the quantity of cGMP or cAMP degraded, expressed as nmol cyclic nucleotide/mg protein/min. cGMP
degradation and cAMP degradation were measured in human umbilical vein (HUV) homogenates. Values in parentheses correspond to
the percentage of IBMX-sensitive activity compared to total phosphodiesterase (PDE) activity for cGMP or cAMP. Statistical analyses
were performed using Brown-Forsythe and Welch ANOVA tests. *Significant difference between IBMX-sensitive and total cyclic nucleo-
tide PDE activity. tSignificant difference between cAMP degradation and cGMP degradation. No significant difference was found
between intrauterine growth restriction (IUGR) and appropriate for gestational age (AGA) or between males and females. *tP < 0.05,
#t+P < 0.001, ***t+1P < 0.0001, significant values. *Total and IBMX-sensitive cGMP degradation data were previously published in

Ref. 5 (Supplementary Table S3). Reused with permission from Elsevier © 2020.

PDE isoforms belong to PDE families known to contribute to
the regulation of vascular smooth muscle relaxation (22, 23),
which have been previously detected in human umbilical ves-
sels (24). PDESA hydrolyzes specifically cGMP, whereas
PDEA4B selectively degrades cAMP. The other isoforms studied
are dual PDEs hydrolyzing cGMP and cAMP: PDE1B, degrad-
ing preferentially cGMP, and PDEIC, inactivating both cGMP
and cAMP, are stimulated by binding of the calcium-calmodu-
lin complex, following a raise in cytosolic calcium concentra-
tion; finally, PDE3A is a cGMP-inhibited cAMP-selective PDE,
because it hydrolyzes cAMP 10 times faster than cGMP but has
a higher affinity for cGMP, which is therefore a competitive in-
hibitor of CAMP degradation (22, 23).

In males, the relative protein content observed for sGC,
PKG, and the different PDE isoforms was similar between
AGA and TUGR HUA, except for a slight decrease in PDE1B in
TUGR versus AGA HUA. In HUV, no significant difference
was found between AGA and IUGR males for sGC, PKG (5),
and each PDE isoform studied. These results are consistent
with the similar relaxant responses to DEA/NO observed in
both groups in HUAs and HUV (5), suggesting that the NO/
cGMP signaling pathway is not impaired in human umbilical
vessels of growth-restricted newborn males.

In females, sGC protein amount in HUA was similar in
both groups, which is consistent with the similar relaxant
response to DEA/NO observed in IUGR and AGA female
HUAs. In contrast, PKG protein abundance was significantly
higher in TUGR than AGA female HUA, which could be a
compensatory mechanism counterbalancing some altera-
tions in IUGR females, thus resulting in similar NO-induced
relaxation in both groups. We previously showed, in HUV, a
significant increase in sGC protein amount, accompanied by
a higher ¢cGMP production, in IUGR compared to AGA
females, as well as an increase in PKG protein content in
IUGR females (5). Similar results were obtained in the pres-
ent study by repeating these Western blotting analyses under

the same conditions as for HUA (data not shown) to allow
comparison between both vessel types. The observed increase
in sGC and PKG protein content is surprising given the
decrease in NO-induced relaxation found in ITUGR compared
to AGA female HUV and probably reflects compensatory
mechanisms attempting to counteract the overall impairment
of umbilical vasorelaxation observed in IUGR female HUV.

It is interesting to note that PKG protein content is
increased in both HUAs and HUV from IUGR females. It
would be therefore of interest to investigate whether this
trend could be found in other vessels of these individuals.
Such an increase in PKG, if it persists throughout life, could
be of potential benefit in some treatments to improve vasore-
laxation in case of cardiovascular disorders later in life.

Regarding PDEs, no significant difference was found for
PDEIB, PDEIC, PDE3A, PDE4B, and PDESA between AGA and
TUGR female umbilical vessels, but it cannot be excluded that
a differential expression could occur for other isoforms.
Nevertheless, our investigations were limited by the large
number of PDE isoforms (more than 100 isoforms known in
humans to date; Ref. 23) and the lack of adequate specific
antibodies; we, therefore, focused on the main IBMX-sensitive
isoforms known to be involved in the regulation of vascular
tone. To circumvent these technical limitations, we decided
to assess the total PDE activity and hypothesized that their
overall activity might be increased in TIUGR HUV compared to
AGA. However, we did not measure any significant difference
in total or IBMX-sensitive cGMP degradation between AGA
and IUGR HUV, either in females or in males. A similar obser-
vation was done for cAMP degradation. Our data showed that
IBMX-sensitive PDE activity accounted for only 32-37% of the
total hydrolyzing activity for cGMP and 15-17% for cAMP. It
could be therefore relevant to investigate IBMX-insensitive
PDE isoforms in HUV and HUAs, like PDE8 and PDE9, two
IBMX-insensitive isoforms expressed in vascular smooth mus-
cle cells (23).

Figure 5. Relative protein amounts for several IBMX-sensitive phosphodiesterase (PDE) isoforms in human umbilical arteries. F, females; M, males.
Relative protein content of PDESA (A), PDE1B (B), PDE1C (C), PDE4B (D), and PDE3A (E) was evaluated by Western blot in human umbilical artery (HUA)
homogenates of appropriate for gestational age (AGA) and intrauterine growth restriction (IUGR) newborns. For each experimental group, samples from
40 patients were randomly distributed into 4 pools. For each pool, the target protein amount was normalized to the corresponding Ponceau S total pro-
tein staining and reported to the amount measured in a “standard” sample. Data are presented as individual values, with line at means + SE (n = 4 pools
of 10 patients). P values were obtained using a Mann-Whitney test to compare AGA and IUGR neonates. A representative Western blot is shown at top.
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Table 7. Summary of the effects of phosphodiesterase inhibition by IBMX on human umbilical arteries and vein

precontracted with 5-HT or U46619

HUAs HUV
Effect of IBMX 2 AGA 2 IUGR 3 AGA 3 IUGR ? AGA 2 IUGR 3 AGA 3 IUGR

Precontraction with 5-HT

RT 1 1 1 1 H 1 H 1

RDT - - - - - - - -

DEA/NO-induced relaxation - il - - 1 " 1 -
Precontraction with U46619

RT 1 1 1 1 I 1 1 1

RDT - - - ! ! 1) 1 ()

DEA/NO-induced relaxation i i 1 i " " " "

Summary of the effects of the nonspecific phosphodiesterase inhibitor IBMX on the vasoreactivity of isolated human umbilical
arteries (HUAs) or human umbilical vein (HUV) vascular rings preconstricted with 5-HT or U46619. For each vasoconstrictor, the resting
tension (RT; corresponds to the lowest tension achieved by vascular rings), the residual tension [RDT; corresponds to the tension
achieved following contraction with 5-HT or U46619, measured at the time the first dose of 2-(N,N-diethylamino)-diazenolate-2-oxide
(DEA/NO) was added], and the DEA/NO-induced relaxation were either increased (1), decreased (|), or not influenced (-) by the presence
of IBMX, depending on the study group, the vessel type, and the vasoconstrictor used to precontract the vascular rings. AGA, appropriate

for gestational age; IUGR, growth-restricted newborns.

Interestingly, the cGMP and cAMP degradation measured
in HUV homogenates was in the nanomolar range, while the
NO-induced production of cGMP we previously found in
HUV rings was in the picomolar range (5). Such observation
suggests that the measurement of PDE activity in homoge-
nates may not reflect what happens in the native tissue.
Indeed, cGMP and cAMP degradation has been measured,
for technical reasons, in vessel homogenates, leading to a
loss of tissular and intracellular organization and thus of the
resulting regulation, whereas the cGMP production has been
determined in intact vascular rings, in the same conditions
as for pharmacological studies (5). Our data argue in favor of
the crucial role of tissue organization, cell-cell interactions,
and probably also subcellular organization. Indeed, there is
increasing evidence that subcellular microdomains and sig-
nalosomes (macromolecular signaling complexes) play a key
role in the regulation of physiological processes (25). Such
compartmentation appears to be particularly important in
cyclic nucleotide signaling in vascular smooth muscle cells
(23). Because of the lack of relevance of such experimental
conditions, we did not repeat the experiments to measure
the PDE activity in HUA homogenates.

Therefore, neither specific relative protein contents nor
enzymatic activities data provided a direct explanation for
the changes in vasoreactivity observed between IUGR and
AGA females, suggesting the involvement of other proteins
and/or the contribution of the subcellular organization to
the regulation of umbilical vascular tone under physiological
or pathological conditions. In female HUV, the impaired
NO-induced relaxation observed in the absence of IBMX in
IUGR compared to AGA, despite increased sGC and PKG pro-
tein contents, could result from the counteracting of their ac-
tivity by an elevated PDE activity or from alterations in the
downstream signaling cascade. In HUAs, the NO-induced
relaxation was similar in AGA and IUGR females in the ab-
sence of IBMX, despite the significant increase in PKG pro-
tein amount found in IUGR compared to AGA females,
probably also because of high PDE activity or alterations in
PKG effectors. The greater sGC and/or PKG protein contents
however could explain the improved response to NO
observed in IUGR female vessels treated with IBMX. This

1540

argues in favor of an impairment of cGMP signaling by a
high PDE activity in IUGR females but does not exclude
other alterations in the downstream cascade. The beneficial
effects of IBMX on the NO-induced relaxation in HUV and
HUAs from IUGR females suggest a subcellular colocali-
zation of sGC, PKG, and IBMX-sensitive PDEs in these
vessels.

5-HT versus U46619

The relaxant response to DEA/NO was significantly better
when HUAs and HUV were precontracted with U46619
rather than 5-HT, in all groups and conditions, suggesting
that U46619 improves the response to NO in both vessels,
even in the absence of IBMX. Such data suggest that the
PDEs stimulated by U46619 probably do not directly interact
with DEA/NO-induced cGMP production, either because
they hydrolyze only or preferentially cAMP or because of dis-
tinct subcellular localization. Another explanation could be
related to the inhibition of multidrug resistance protein 4
(MRP4) by U46619. Indeed, the membrane transporters
MRP4 and MRP5 were found to be able to export cGMP and
cAMP (26). cGMP export appeared to play a key role in the
regulation of vascular relaxation, similar to enzymatic cGMP
degradation (27). As the transport by MRP4 was shown to be
strongly inhibited by prostaglandins and thromboxane B2
(an inactive metabolite of TxA2) (28), it is likely that the
TxA2 analog U46619 could also inhibit cyclic nucleotide
export by MRP4, thus reducing cGMP and cAMP efflux,
resulting in an increased NO-induced relaxation in HUV and
HUAs. There is growing evidence that MRP4 could be a
potential target for cardiovascular disease (29): MRP4 inhibi-
tion was able to prevent human coronary and pulmonary
arteries smooth muscle cell proliferation, as well as pulmo-
nary hypertension in mice (30); moreover, an upregulation
of MRP4 was found in pathological conditions, like in pul-
monary arteries from patients with pulmonary arterial
hypertension or in mice exposed to hypoxic conditions.
Recently, inhibition of MRP4 in corpus cavernosa from
obese mice was found to increase cGMP accumulation in
smooth muscle cells, thus improving the relaxation of
smooth muscle and erectile function in these mice (31).
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Further investigation of MRP4 in HUV and HUAs would
therefore be of interest.

In all groups, preincubation of HUAs and HUV with IBMX
resulted in a change in the curve shape of the relaxant
response to DEA/NO when vascular rings were precon-
tracted with U46619, but not with 5-HT, especially in HUV,
suggesting activation of another mechanism leading to vaso-
relaxation. Given that U46619 was found, in rat carotid
arteries, to stimulate PDE3 and PDE4 (19), both IBMX-sensi-
tive cCAMP degrading PDEs, it is likely that their inhibition by
IBMX could lead to the enhancement of cAMP-mediated
relaxation. The change in curve shape could therefore result
either from the addition of cGMP- and cAMP-mediated
relaxation or from the potentiation of NO-induced vasodila-
tion by the activation of the cAMP-mediated relaxation path-
way. Indeed, there is a crosstalk between cGMP and cAMP
signaling pathways (23).

In females, in HUV precontracted with 5-HT, the presence
of IBMX completely abolished the impairment of NO-
induced relaxation observed in IUGR compared to AGA
females (5), suggesting a strong implication of IBMX-sensi-
tive PDEs in this alteration. In contrast, in HUV precon-
tracted with U46619, the relaxant response to DEA/NO was
improved by IBMX in both groups but remained significantly
weaker in IUGR than AGA females. This could be due to the
activation of IBMX-insensitive PDEs by U46619 in IUGR
female HUV. Such a hypothesis would be consistent with the
significant increase in RT observed in HUV from IUGR
females precontracted with U46619 compared to 5-HT, in
the absence or presence of IBMX, whereas no significant dif-
ference was found in the other groups. As suggested above,
investigation of PDE8 and PDE9 could therefore be relevant,
given the great IBMX-insensitive PDE activity found in HUV
homogenates. PDE9 appears as a good candidate in ITUGR
female HUV because it hydrolyzes cGMP, whereas PDES8
hydrolyzes cAMP. Interestingly, in rat aortic smooth muscle
cells, PDE1, PDES, and PDE9 were found to cooperate in the
local control of cGMP concentration (32).

In HUAs precontracted with SHT, IBMX did not change
the relaxant response to DEA/NO in AGA and IUGR males,
as well as in AGA females, suggesting that IBMX-sensitive
PDEs did not contribute to the regulation of NO-induced
relaxation in these vessels. In IUGR female HUAs, however,
the addition of IBMX significantly improved the relaxant
response to NO, suggesting the contribution of a high
IBMX-sensitive cGMP degrading PDE activity, counterbal-
ancing the elevated PKG protein content. In contrast, when
HUAs were precontracted with U46619, IBMX significantly
improved NO-induced relaxation in all groups, probably
through inhibition of IBMX-sensitive PDEs activated by
U46619, thus enhancing cAMP-mediated relaxation. It was
however surprising that, in female HUAs precontracted
with U46619, the relaxant response to DEA/NO in the pres-
ence of IBMX was similar between IUGR and AGA females,
rather than higher in ITUGR females as expected based on
the improvement observed in IUGR female HUAs and the
absence of effect on AGA female HUAs when these vessels
were precontracted by 5-HT. That could be due to the acti-
vation of an IBMX-insensitive cGMP hydrolyzing PDE by
U46619 in IUGR female HUAs, such as PDE9, as suspected
in IUGR female HUV.
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HUV versus HUAs

Taken together, these findings led us to wonder whether a
treatment using PDE inhibitors would really benefit the fe-
tus. One could argue that, given the lack of alteration in NO-
induced relaxation observed in HUAs, it does not matter
whether the treatment applied to improve HUV relaxation
has less beneficial effects on HUAs, as long as it does not
induce adverse effects. However, we suspect that the poten-
tial resulting imbalance between umbilical venous and arte-
rial blood flow could have deleterious effects on the fetus.
Indeed, it is likely that a greater increase in blood flow in the
HUV than in the HUAs could possibly induce adverse effects.
We therefore decided to directly compare the vasoreactivity
of HUV to that of HUAs.

Our isolated vessel tension experiments showed that RT
was significantly lower in HUV than HUAs, in all groups and
conditions. This is not surprising given that veins are gener-
ally considered to be “simple conduits,” whereas arteries are
more muscularized vessels with a higher blood pressure.
Based on our previous histomorphometric measurements on
umbilical cord sections (6), the total cross-sectional area was
higher in HUV than HUAs, whereas the percentage of
smooth muscle in total cross-sectional area was indeed lower
in HUV (78-80%) than HUAs (93-98%) (see Supplemental
Table S3).

However, after stimulation by 5-HT or U46619, the RDT
achieved in HUV was significantly higher than in HUAs, in
all groups and conditions. Similarly, the contraction induced
by 100 mM KCI was significantly greater in HUV than in
HUAs. These observations suggest that, despite a thinner
and less muscularized vascular wall, HUV has a great vasoac-
tive potential and could therefore play a key role in the regu-
lation of the blood flow from the placenta to the fetus.
Because 5-HT, U46619, and KCl induce vasoconstriction
through an elevation of cytosolic calcium concentration
leading to activation of MLCK and modification of muscle
fibers, the higher vasoconstrictive potential of HUV could be
related to a larger intracellular calcium pool, a greater ability
to release calcium from the endoplasmic reticulum, higher
MLCK activity, or differences in muscle fibers compared to
HUAs. Investigation of proteins constituting the cytoskele-
ton could help to understand the different vasoconstrictive
properties of HUV and HUAs. In IUGR male HUV, the RDT
achieved after contraction with 5-HT or U46619 was lower
than in AGA males. Likewise, the vasoconstriction induced
by 100 mM KCI was significantly weaker in IUGR than in
AGA males in HUV and HUAs. This could reflect alterations
in the IP;-MLCK signaling pathway or muscle fibers in IUGR
males.

The addition of IBMX resulted in a significant decrease in
RT in all vessels, which was stronger in HUV than HUAs,
suggesting a greater contribution of IBMX-sensitive PDEs to
vascular tone homeostasis in HUV than HUAs. This is sur-
prising given that, for all PDE isoforms studied, the relative
content was either higher in HUAs than HUV or similar
between the two vessels. Because all PDE isoforms investi-
gated in this report were IBMX sensitive, the greater effect of
IBMX on HUV despite a lower relative content in PDEs could
be due either to the fact that 10~* M IBMX was not sufficient
to efficiently block all these PDEs in HUASs or, more likely,
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that there is an “uncoupling” between some PDEs and the
NO/cGMP relaxing pathway in HUAs, related to their respec-
tive subcellular localization.

A direct comparison of the relaxant response to DEA/NO
between HUV and HUAs from each patient showed that,
overall, IBMX enhanced NO-induced relaxation to a greater
extent in HUV than HUAs, leading to a potential imbalance
between these two vessels. It is likely that such an imbalance
in blood flow between HUV and HUAs could have adverse
effects on fetal hemodynamics.

Overall, the greater increase in NO-induced relaxation
observed in the presence of IBMX in HUV than in HUAs, de-
spite a higher IBMX-sensitive PDEs protein content in HUAS,
suggested that subcellular compartmentation could play an
important role in the regulation of the umbilical vascular
tone. This subcellular organization seems to differ between
HUV and HUAs, allowing a differential control of interactions
between cGMP and cAMP signaling pathways. The existence
of cGMP compartmentation was previously described in HUA
smooth muscle cells, where the particulate pool of cGMP, syn-
thesized near the membrane by the particulate guanylyl cy-
clase (pGC), was controlled by PDE3 and PDES, whereas
cytosolic cGMP, generated by sGC, was controlled exclusively
by PDE3 (33). Our data suggest however that subcellular com-
partmentation could vary depending on the type of vessel,
the sex of the newborn, and the presence of IUGR.

Taken together, our data show that, in our experimental
conditions, the HUV has a greater reactivity to pharmacolog-
ical agents than HUAs. Moreover, the relative amount found
for the various proteins studied could help to partially
explain the pharmacological reactivity of umbilical vessels
but was not sufficient to directly account for the differences
observed between HUV and HUAs and between AGA and
IUGR newborns. Therefore, subcellular compartmentation
appears to play an important role in the reactivity of HUAs
and HUV and needs to be further investigated to better
understand the regulation of umbilical vascular tone in
physiological and pathological conditions.

There are few studies directly comparing the pharmaco-
logical reactivity of HUV and HUAs. Moreover, most were
performed in physiological solution aerated with 95% O,,
instead of low oxygen level as in the present project, and sev-
eral used a segment of umbilical vessel near the placenta,
whereas this study was focused on the fetal part of the um-
bilical cord. However, the vasoreactivity of umbilical vessels
is known to vary depending on the oxygen level or the loca-
tion along the umbilical cord (20, 21, 34). In an organ bath
bubbled with 2.5% O,, HUV and HUAs from the middle part
of the umbilical cord showed similar contraction in response
to 107 M U46619 or 60 mM KCl and were only partially
relaxed by the nonspecific PDE inhibitor papaverine when
contracted with KCI, but showed a maximal relaxation when
constricted with U46619 (35). In an organ bath aerated with
95% 0,, HUV and HUAs isolated from the placental part of
the cord in term newborns, showed similar contraction to
U46619 10~° M and relaxant response to forskolin or sodium
nitroprusside, whereas relaxation induced by the sGC stimu-
lator BAY41-2272 was greater in HUV than HUAs; further-
more, the PDE3 inhibitor milrinone and PDE4 inhibitor
rolipram were more efficient than sildenafil to relax HUAs
and HUV precontracted with U46619 (36), which is consistent
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with the assumption that U46619 stimulates PDE3 and PDE4
in both vessels. It should however be noted that, in the latter
study, U46619-induced contraction was expressed as a per-
centage of the contraction evoked by 62.5 mM KCI in each
vessel, but it was not mentioned whether the response to KCl
was similar in HUV and HUAs or not. Finally, most studies
did not consider the sex of the donor. Comparison between
the results of the present report and previously published
data is therefore difficult due to variations in experimental
approaches.

Limitations

There are some limitations to our study. The dose
responses to DEA/NO in the absence or presence of IBMX
have been established in two separate sets of patients. We
first studied the NO-induced relaxation in umbilical ves-
sels, and then, based on the results, we decided to test the
effects of IBMX. However, we previously demonstrated in
HUV that assessment of DEA/NO-induced relaxation with
or without IBMX in the same patients led to similar con-
clusions (5). Moreover, we checked that both subsets of
patients have the same demographic characteristics. In
contrast, HUV and HUAs have been studied simultane-
ously during each organ bath experiment, the results of
which are presented in this report and in our previous
publication (5), thus allowing direct comparison between
HUV and HUAs vasoreactivity using matched-paired sta-
tistical analyses.

Regarding DEA/NO, the pharmacological experiments
should have been started with lower concentrations: in fact,
in the presence of IBMX, the first dose has already a nonne-
gligible effect since IBMX increases the sensitivity to NO.
Nevertheless, this does not undermine the overall conclu-
sions of this study.

Our study focused on the smooth muscle part of the NO/
cGMP pathway. The contribution of the endothelium to the
regulation of umbilical vascular tone thus remains to be
assessed in that context and will certainly add complexity to
the regulatory mechanisms highlighted here.

Extrapolation of our observations to the in vivo situation
must be done with caution. Indeed, this study was based on
the use of the nonspecific PDE inhibitor IBMX, whereas in
vivo more specific agents are usually administered to avoid
or limit side effects. These experiments should therefore be
repeated using other PDE inhibitors, like sildenafil, milri-
none, rolipram, or the PDE9 inhibitor BAY73-6691 (22, 37). In
addition, it is not known to what extent the drug can cross
the placental barrier. In any case, it seems likely that the
concentration of this substance will be lower in the HUAs
than in the HUV, further reducing its effect, which seems al-
ready attenuated in the HUAs. Another issue regarding the
translation of our results to the in vivo situation is that the
effects of PDE inhibition depend on the vasoconstrictor act-
ing on the vessels. Both 5-HT and TxA2 have been detected
in the human umbilical circulation (20, 21). Their concentra-
tions vary depending on gestational age, nutritional status,
and the presence of some maternal or fetal pathologies, like
preeclampsia or IUGR where high levels of 5-HT and TxA2
have been found (38-40). The impact of a treatment using
PDE inhibitors would therefore depend on many factors.
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PDE Inhibition in Clinical Trials

Although based on the use of the nonspecific PDE in-
hibitor IBMX rather than sildenafil, our findings may pro-
vide some insights into the lack of benefits observed in
the STRIDER study: as mentioned in the INTRODUCTION,
this international randomized placebo-controlled trial
failed to show any beneficial effect of a maternal sildena-
fil treatment in severe early-onset fetal growth restriction
on survival, perinatal morbidity, pregnancy duration, fe-
tal growth velocity or birthweight (7, 8, 41). An increased
rate of PPHN in the treated group was even found in the
Dutch STRIDER arm (7, 9). The authors hypothesized
post hoc that PPHN could be due to a “rebound” vasocon-
striction following cessation of the treatment (9). Based
on the data of the present study, another potential expla-
nation could be that sildenafil treatment could lead to
some imbalance in the umbilical circulation by promot-
ing relaxation in HUV more than in HUAs, thus resulting
in unexpected adverse effects on the fetal hemodyna-
mics.

These observations could be useful for further reflection
about the administration of PDE inhibitors: although these
drugs are widely used to treat several pathologies without
major side effects, any new indication should be preceded by
extensive in vitro investigations to evaluate potential benefi-
cial and side effects on the whole targeted system. Both
physiological and pathological conditions should be consid-
ered, as well as the sex of the patient.

Perspectives

Figure 6 summarizes the complex interactions impli-
cated in the NO-induced relaxation of the umbilical vas-
cular SMCs, as suggested based on the results of the
present study. Further investigations, using notably
more specific/selective PDE inhibitors, need to be per-
formed to confirm our hypotheses. Moreover, this figure
does not include the contribution of subcellular micro-
domains, which probably vary between HUV and HUAs.

Smooth muscle cell

activation

m=={ inhibition

Relaxation
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To complete the present study, there is a need to further
investigate the contribution of subcellular compartmentation
to the regulation of the human umbilical vascular tone.
Additional functional studies should assess endothelium-de-
pendent relaxation but also the effects of natriuretic peptides,
whose receptors are membrane-bound proteins with guanylyl
cyclase activity (referred to as pGC). Because of different sub-
cellular localizations, sGC and pGC probably interact with dis-
tinct PDE pools, thus allowing specific regulation of cGMP
signaling. Such investigations may provide a better under-
standing of how to improve fetoplacental perfusion while
maintaining a balance between blood flow in the HUV and
HUAs. Other activators of the cGMP-mediated relaxation
should also be considered, such as sGC activators and stimu-
lators (42).

Conclusions

In conclusion, despite a thinner and less muscularized
vascular wall, the HUV shows a greater reactivity to pharma-
cological agents than the HUAs. Moreover, the effects of PDE
inhibition vary depending on the presence of IUGR, fetal
sex, vessel type, and vasoconstrictors acting on the vessels.
This finding draws attention to the need for caution in the
development of therapeutic interventions based on the use
of PDE inhibitors to improve the placental-fetal circulation.
The regulation of the umbilical vascular tone is complex and
depends not only on the relative content and activity of the
different proteins implicated but also on the subcellular orga-
nization, which mediates protein interactions. More
broadly, our findings add to the growing evidence sup-
porting the need to consider sex as an important biologi-
cal variable in cardiovascular research.

Further investigations are therefore needed to better
understand the regulation of the human umbilical circula-
tion in physiological and pathological conditions and the
role of subcellular microdomains. This may allow the
design of effective therapeutic strategies to prevent or
limit the development of IUGR and its short- and long-
term consequences.

Figure 6. Interactions contributing to the nitric oxide/
cyclic guanosine monophosphate (NO/cGMP)-mediated
relaxation in human umbilical vascular smooth muscle
cells. This illustration summarizes the complex interac-
tions implicated in the nitric oxide-induced relaxation of
the umbilical vascular smooth muscle cells, as suggested
based on the results of the present study. Further investi-
gations, using notably more specific/selective phosphodi-
esterase (PDE) inhibitors, need to be performed to
confirm our hypotheses. 5’-AMP, 5’-adenosine mono-
phosphate; 5’-GMP, 5’-guanosine monophosphate; ATP,
adenosine triphosphate; AC, adenylyl cyclase; cAMP,
cyclic adenosine monohosphate; PKG, cGMP-dependent
protein kinase; GTP, guanosine triphosphate; IBMX, 3-iso-
butyl-1-methylxanthine; MRP4, multidrug resistance-asso-
ciated protein 4; PKA, cAMP-dependent protein kinase;
sGC, soluble guanylyl cyclase; TxA2, thromboxane A2.

1543


http://www.jap.org

()) PHOSPHODIESTERASE INHIBITION IN HUMAN UMBILICAL VESSELS

DATA AVAILABILITY

Data will be made available upon reasonable request to the
corresponding author.

SUPPLEMENTAL DATA

Supplemental Figs. S1-S6 and Supplemental Tables S1-S3:
https://doi.org/10.5281/zenodo.11192217.

ACKNOWLEDGMENTS

We are grateful to the team of midwives of the Clinic
of Gynecology and Obstetrics of the Department Woman-
Mother-Child at the Centre Hospitalier Universitaire Vaudois
in Lausanne for their active and invaluable collaboration in the
collection of umbilical cords. We also thank our students for
technical contributions.

GRANTS

This work was supported by the Swiss National Science
Foundation Grant 32003B_138491 and the W. and E. Grand
d’Hauteville Foundation for Academic Biomedical and Nursing
Research.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by
the authors.

AUTHOR CONTRIBUTIONS

A-C.P. and J-F.T. conceived and designed research; M.B., F.D.,
and S.M. performed experiments; S.J. collected patient data; A-C.P.,
M.B., and S.M. analyzed data; A-C.P. interpreted results of experi-
ments; A-C.P. and S.M. prepared figures; A-C.P. drafted manuscript;
A-C.P., FD.,, SJ., SM, DB, and J-F.T. edited and revised manu-
script; A-C.P, MB,, F.D, S.J., SM., D.B., and J-F.T. approved final
version of manuscript.

REFERENCES

1. Barker DJ. Adult consequences of fetal growth restriction. Clin
Obstet Gynecol 49: 270-283, 2006. doi:10.1097/00003081-
200606000-00009.

2. Groom KM, David AL. The role of aspirin, heparin, and other inter-
ventions in the prevention and treatment of fetal growth restriction.
Am J Obstet Gynecol 218: S829-S840, 2018. doi:10.1016/j.ajog.2017.
11.565.

3. Marsal K. Physiological adaptation of the growth-restricted fetus.
Best Pract Res Clin Obstet Gynaecol 49: 37-52, 2018. doi:10.1016/j.
bpobgyn.2018.02.006.

4. Audette MC, Kingdom JC. Screening for fetal growth restriction and
placental insufficiency. Semin Fetal Neonatal Med 23: 119-125,
2018. doi:10.1016/j.siny.2017.11.004.

5. Beaumann M, Delhaes F, Menetrey S, Joye S, Vial Y, Baud D,
Jacquier Goetschmann M, Tolsa JF, Peyter AC. Intrauterine growth
restriction is associated with sex-specific alterations in the nitric ox-
ide/cyclic GMP relaxing pathway in the human umbilical vein.
Placenta 93: 83-93, 2020. doi:10.1016/j.placenta.2020.02.014.

6. Peyter AC, Delhaes F, Baud D, Vial Y, Diaceri G, Menetrey S,
Hohlfeld P, Tolsa JF. Intrauterine growth restriction is associated with
structural alterations in human umbilical cord and decreased nitric ox-
ide-induced relaxation of umbilical vein. Placenta 35: 891-899, 2014.
doi:10.1016/j.placenta.2014.08.090.

7. Pels A, Derks J, Elvan-Taspinar A, van Drongelen J, de Boer M,
Duvekot H, van Laar J, van Eyck J, Al-Nasiry S, Sueters M, Post M,
Onland W, van Wassenaer-Leemhuis A, Naaktgeboren C, Jakobsen

1544

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

JC, Gluud C, Duijnhoven RG, Lely T, Gordijn S, Ganzevoort W,
Dutch STRIDER Trial Group. Maternal sildenafil vs placebo in preg-
nant women with severe early-onset fetal growth restriction: a
randomized clinical trial. JAMA Netw Open 3: €205323, 2020. doi:10.
1001/jamanetworkopen.2020.5323.

Sharp A, Cornforth C, Jackson R, Harrold J, Turner MA, Kenny L,
Baker PN, Johnstone ED, Khalil A, von Dadelszen P, Papageorghiou
AT, Alfirevic Z. Mortality in the UK STRIDER trial of sildenafil therapy for
the treatment of severe early-onset fetal growth restriction. Lancet
Child Adolesc Health 3: e2—e3, 2019. doi:10.1016/52352-4642(19)
30020-3.

Pels A, Onland W, Berger RM, van Heijst AFJ, Lopriore E, Reiss IK,
Limpens J, Gordijn SJ, Ganzevoort W. Neonatal pulmonary hyper-
tension after severe early-onset fetal growth restriction: post hoc
reflections on the Dutch STRIDER study. Eur J Pediatr 181: 1709—
1718, 2022. doi:10.1007/s00431-021-04355-x.

Voigt M, Fusch C, Olbertz D, Hartmann K, Rochow N, Renken C,
Schneider K. Analyse des Neugeborenenkollectivs des Bundesrepublik
Deutschland. 12. Mitteilung: Vorstellung engmaschiger Perzentilwerte
(-kurven) flir die Korpermasse Neugeborener. Geburtsh Frauenheilk 66:
956-970, 2006. doi:10.1055/5-2006-924458.

Beune IM, Bloomfield FH, Ganzevoort W, Embleton ND, Rozance
PJ, van Wassenaer-Leemhuis AG, Wynia K, Gordijn SJ. Consensus
based definition of growth restriction in the newborn. J Pediatr 196:
71-76.€e1, 2018. doi:10.1016/j.jpeds.2017.12.059.

Krause BJ, Carrasco-Wong |, Caniuguir A, Carvajal J, Farias M,
Casanello P. Endothelial eNOS/arginase imbalance contributes to
vascular dysfunction in IUGR umbilical and placental vessels.
Placenta 34: 20-28, 2013. doi:10.1016/j.placenta.2012.09.015.
Krause BJ, Prieto CP, Munoz-Urrutia E, Martin SS, Sobrevia L,
Casanello P. Role of arginase-2 and eNOS in the differential vascu-
lar reactivity and hypoxia-induced endothelial response in umbilical
arteries and veins. Placenta 33: 360-366, 2012. doi:10.1016/j.
placenta.2012.02.006.

Fosang AJ, Colbran RJ. Transparency is the key to quality. J Biol
Chem 290: 29692-29694, 2015. doi:10.1074/jbc.E115.000002.
Lorigo M, Mariana M, Feiteiro J, Cairrao E. How is the human umbil-
ical artery regulated? J Obstet Gynaecol Res 44: 1193-1201, 2018.
doi:10.1111/jog.13667 .

Nunes KP, Webb RC. New insights into RhoA/Rho-kinase signaling:
a key regulator of vascular contraction. Small GTPases 12: 458-469,
2021. doi:10.1080/21541248.2020.1822721.

Santos-Silva AJ, Cairrao E, Marques B, Verde I. Regulation of
human umbilical artery contractility by different serotonin and
histamine receptors. Reprod Sci 16: 1175-1185, 2009. doi:10.1177/
1933719109343787.

Ozen G, Aljesri K, Celik Z, Turkyilmaz G, Turkyilmaz S, Teskin O,
Norel X, Topal G. Mechanism of thromboxane receptor-induced va-
soconstriction in human saphenous vein. Prostaglandins Other Lipid
Mediat 151: 106476, 2020. doi:10.1016/j.prostaglandins.2020.106476.
Liu CQ, Wong SL, Leung FP, Tian XY, Lau CW, Lu L, Yao X, Chen
ZY, Yao T, Huang Y. Prostanoid TP receptor-mediated impairment
of cyclic AMP-dependent vasorelaxation is reversed by phosphodi-
esterase inhibitors. Eur J Pharmacol 632: 45-51, 2010. doi:10.1016/].
ejphar.2010.01.008.

Bjoro K, Stray-Pedersen S. Effects of vasoactive autacoids on differ-
ent segments of human umbilicoplacental vessels. Gynecol Obstet
Invest 22:1-6, 1986. doi:10.1159/000298881.

Quan A, Leung SW, Lao TT, Man RY. 5-hydroxytryptamine and
thromboxane A2 as physiologic mediators of human umbilical artery
closure. J Soc Gynecol Investig 10: 490-495, 2003. doi:10.1016/
51071-5576(03)00149-7.

Keravis T, Lugnier C. Cyclic nucleotide phosphodiesterase (PDE)
isozymes as targets of the intracellular signalling network: benefits
of PDE inhibitors in various diseases and perspectives for future
therapeutic developments. Br J Pharmacol 165: 1288-1305, 2012.
doi:10.1111/j.1476-5381.2011.01729 x.

Lorigo M, Oliveira N, Cairrao E. PDE-mediated cyclic nucleotide
compartmentation in vascular smooth muscle cells: from basic to a
clinical perspective. J Cardiovasc Dev Dis 9: 4, 2021. doi:10.3390/
jcdd9010004.

Santos-Silva AJ, Cairrao E, Morgado M, Alvarez E, Verde I. PDE4
and PDE5 regulate cyclic nucleotides relaxing effects in human

J Appl Physiol « doi:10.1152/japplphysiol.00540.2023 - www.jap.org
Downloaded from journals.physiology.org/journal/jappl at Bibliotheque Cantonale Et Universitaire (155.105.125.086) on June 17, 2024.


https://doi.org/10.5281/zenodo.11192217
https://doi.org/10.1097/00003081-200606000-00009
https://doi.org/10.1097/00003081-200606000-00009
https://doi.org/10.1016/j.ajog.2017.11.565
https://doi.org/10.1016/j.ajog.2017.11.565
https://doi.org/10.1016/j.bpobgyn.2018.02.006
https://doi.org/10.1016/j.bpobgyn.2018.02.006
https://doi.org/10.1016/j.siny.2017.11.004
https://doi.org/10.1016/j.placenta.2020.02.014
https://doi.org/10.1016/j.placenta.2014.08.090
https://doi.org/10.1001/jamanetworkopen.2020.5323
https://doi.org/10.1001/jamanetworkopen.2020.5323
https://doi.org/10.1016/S2352-4642(19)30020-3
https://doi.org/10.1016/S2352-4642(19)30020-3
https://doi.org/10.1007/s00431-021-04355-x
https://doi.org/10.1055/s-2006-924458
https://doi.org/10.1016/j.jpeds.2017.12.059
https://doi.org/10.1016/j.placenta.2012.09.015
https://doi.org/10.1016/j.placenta.2012.02.006
https://doi.org/10.1016/j.placenta.2012.02.006
https://doi.org/10.1074/jbc.E115.000002
https://doi.org/10.1111/jog.13667
https://doi.org/10.1080/21541248.2020.1822721
https://doi.org/10.1177/1933719109343787
https://doi.org/10.1177/1933719109343787
https://doi.org/10.1016/j.prostaglandins.2020.106476
https://doi.org/10.1016/j.ejphar.2010.01.008
https://doi.org/10.1016/j.ejphar.2010.01.008
https://doi.org/10.1159/000298881
https://doi.org/10.1016/s1071-5576(03)00149-7
https://doi.org/10.1016/s1071-5576(03)00149-7
https://doi.org/10.1111/j.1476-5381.2011.01729.x
https://doi.org/10.3390/jcdd9010004
https://doi.org/10.3390/jcdd9010004
http://www.jap.org

25.

26.

27.

28.

29.

30.

31

32.

33.

()) PHOSPHODIESTERASE INHIBITION IN HUMAN UMBILICAL VESSELS

umbilical arteries. Eur J Pharmacol 582:102-109, 2008. doi:10.1016/
j.ejphar.2007.12.017.

Ahmad F, Murata T, Shimizu K, Degerman E, Maurice D,
Manganiello V. Cyclic nucleotide phosphodiesterases: important
signaling modulators and therapeutic targets. Oral Dis 21: e25-e50,
2015. doi:10.1111/0di.12275.

Wielinga PR, van der Heijden I, Reid G, Beijnen JH, Wijnholds J,
Borst P. Characterization of the MRP4- and MRP5-mediated trans-
port of cyclic nucleotides from intact cells. J Biol Chem 278: 17664—
17671, 2003. d0i:10.1074/jbc.M212723200 .

Krawutschke C, Koesling D, Russwurm M. Cyclic GMP in vascu-
lar relaxation: export is of similar importance as degradation.
Arterioscler Thromb Vasc Biol 35: 2011-2019, 2015. doi:10.1161/
ATVBAHA.115.306133.

Reid G, Wielinga P, Zelcer N, van der Heijden I, Kuil A, de Haas M,
Wijnholds J, Borst P. The human multidrug resistance protein MRP4
functions as a prostaglandin efflux transporter and is inhibited by
nonsteroidal antiinflammatory drugs. Proc Natl Acad Sci USA 100:
9244-9249, 2003. doi:10.1073/pnas.1033060100.

Belleville-Rolland T, Sassi Y, Decouture B, Dreano E, Hulot JS,
Gaussem P, Bachelot-Loza C. MRP4 (ABCC4) as a potential phar-
macologic target for cardiovascular disease. Pharmacol Res 107:
381-389, 2016. doi:10.1016/j.phrs.2016.04.002.

Hara Y, Sassi Y, Guibert C, Gambaryan N, Dorfmuller P, Eddahibi
S, Lompre AM, Humbert M, Hulot JS. Inhibition of MRP4 prevents
and reverses pulmonary hypertension in mice. J Clin Invest 121:
2888-2897, 2011. doi:10.1172/JCI45023.

de Oliveira MG, Passos GR, de Gomes ET, Leonardi GR, Zapparoli
A, Antunes E, Monica FZ. Inhibition of multidrug resistance proteins
by MK571 restored the erectile function in obese mice through
cGMP accumulation. Andrology 11: 611-620, 2023. doi:10.1111/andr.
13340.

Zhang L, Bouadjel K, Manoury B, Vandecasteele G, Fischmeister
R, Leblais V. Cyclic nucleotide signalling compartmentation by PDEs
in cultured vascular smooth muscle cells. Br J Pharmacol 176: 1780—
1792, 2019. doi:10.1111/bph.14651.

Feiteiro J, Verde I, Cairrao E. Cyclic guanosine monophosphate
compartmentation in human vascular smooth muscle cells. Cell
Signal 28:109-116, 2016. doi:10.1016/j.cellsig.2015.12.004.

J Appl Physiol « doi:10.1152/japplphysiol.00540.2023 - www.jap.org
Downloaded from journals.physiology.org/journal/jappl at Bibliotheque Cantonale Et Universitaire (155.105.125.086) on June 17, 2024.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lovren F, Triggle C. Nitric oxide and sodium nitroprusside-induced
relaxation of the human umbilical artery. Br J Pharmacol 131: 521—
529, 2000. doi:10.1038/s].bjp.0703588.

Belfort MA, Saade GR, Suresh M, Johnson D, Vedernikov YP.
Human umbilical vessels: responses to agents frequently used in
obstetric patients. Am J Obstet Gynecol 172: 1395-1403, 1995. doi:
10.1016/0002-9378(95)90468-9.

Provitera L, Cavallaro G, Griggio A, Raffaeli G, Amodeo |, Gulden S,
Lattuada D, Ercoli G, Lonati C, Tomaselli A, Mosca F, Villamor E.
Cyclic nucleotide-dependent relaxation in human umbilical vessels. J
Physiol Pharmacol 70: 619-630, 2019. doi:10.26402/jpp.2019.4.13.
Maurice DH, Ke H, Ahmad F, Wang Y, Chung J, Manganiello VC.
Advances in targeting cyclic nucleotide phosphodiesterases. Nat
Rev Drug Discov 13: 290-314, 2014. doi:10.1038/nrd4228.

Bertrand C, St-Louis J. Reactivities to serotonin and histamine in
umbilical and placental vessels during the third trimester after nor-
motensive pregnancies and pregnancies complicated by pree-
clampsia. Am J Obstet Gynecol 180: 650—659, 1999. doi:10.1016/
s0002-9378(99)70268-1.

Ranzil S, Ellery S, Walker DW, Vaillancourt C, Alfaidy N, Bonnin A,
Borg A, Wallace EM, Ebeling PR, Erwich JJ, Murthi P. Disrupted pla-
cental serotonin synthetic pathway and increased placental serotonin:
potential implications in the pathogenesis of human fetal growth
restriction. Placenta 84: 74-83, 2019. doi:10.1016/j.placenta.2019.
05.012.

Zhao YJ, Zhou C, Wei YY, Li HH, Lei W, Boeldt DS, Wang K, Zheng
J. Differential distribution of tryptophan-metabolites in fetal and
maternal circulations during normotensive and preeclamptic preg-
nancies. Reprod Sci 29: 1278-1286, 2022. doi:10.1007/s43032-021-
00759-0.

De Bie FR, Basurto D, Kumar S, Deprest J, Russo FM. Sildenafil
during the 2nd and 3rd trimester of pregnancy: trials and tribula-
tions. Int J Environ Res Public Health 19: 11207, 2022. doi:10.3390/
ijerph191811207.

Kraehling JR, Sessa WC. Contemporary approaches to modulating
the nitric oxide-cGMP pathway in cardiovascular disease. Circ Res
120: 1174-1182, 2017. doi:10.1161/CIRCRESAHA.117.303776.

1545


https://doi.org/10.1016/j.ejphar.2007.12.017
https://doi.org/10.1016/j.ejphar.2007.12.017
https://doi.org/10.1111/odi.12275
https://doi.org/10.1074/jbc.M212723200
https://doi.org/10.1161/ATVBAHA.115.306133
https://doi.org/10.1161/ATVBAHA.115.306133
https://doi.org/10.1073/pnas.1033060100
https://doi.org/10.1016/j.phrs.2016.04.002
https://doi.org/10.1172/JCI45023
https://doi.org/10.1111/andr.13340
https://doi.org/10.1111/andr.13340
https://doi.org/10.1111/bph.14651
https://doi.org/10.1016/j.cellsig.2015.12.004
https://doi.org/10.1038/sj.bjp.0703588
https://doi.org/10.1016/0002-9378(95)90468-9
https://doi.org/10.26402/jpp.2019.4.13
https://doi.org/10.1038/nrd4228
https://doi.org/10.1016/s0002-9378(99)70268-1
https://doi.org/10.1016/s0002-9378(99)70268-1
https://doi.org/10.1016/j.placenta.2019.05.012
https://doi.org/10.1016/j.placenta.2019.05.012
https://doi.org/10.1007/s43032-021-00759-0
https://doi.org/10.1007/s43032-021-00759-0
https://doi.org/10.3390/ijerph191811207
https://doi.org/10.3390/ijerph191811207
https://doi.org/10.1161/CIRCRESAHA.117.303776
http://www.jap.org

	bkmk_bookmark_1
	bkmk_bookmark_2
	bkmk_bookmark_3
	bkmk_bookmark_4
	bkmk_bookmark_5
	bkmk_bookmark_6
	bkmk_bookmark_7
	bkmk_bookmark_8
	bkmk_bookmark_9
	bkmk_bookmark_10

	bkmk_bookmark_11
	bkmk_bookmark_12
	bkmk_bookmark_13
	bkmk_bookmark_14
	bkmk_bookmark_15
	bkmk_bookmark_16
	bkmk_bookmark_17

	bkmk_bookmark_18
	bkmk_bookmark_19

	bkmk_bookmark_20
	bkmk_bookmark_21
	bkmk_bookmark_22
	bkmk_bookmark_23
	bkmk_bookmark_24
	bkmk_bookmark_25
	bkmk_bookmark_26
	bkmk_bookmark_27
	bkmk_bookmark_28

	bkmk_bookmark_29
	bkmk_bookmark_30
	bkmk_bookmark_AC
	bkmk_bookmark_31
	bkmk_bookmark_32
	bkmk_bookmark_33
	bkmk_bookmark_34


