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List of abbreviations
The list below gives an explanation of the most commonly used abbreviations throughout this thesis.

5-HT serotonin

A1 receptor adenosine A1 receptor

A2A receptor adenosine A2A receptor

A2B receptor adenosine A2B receptor

A3 receptor adenosine A3 receptor

ACMSD aminocarboxymuconate semialdehyde decarboxylase

AFMID arylformamidase

AHR aryl hydrocarbon receptor

ASCT2/SLC1A5 sodium-dependent neutral amino acid transporter

cAMP cyclic adenosine 3’,5’-monophosphate

CCL2/MCP-1 C-C motif chemokine ligand 2

CDH congenital diaphragmatic hernia

cGMP cyclic guanosine 3’,5’-monophosphate

CRC concentration-response curve

CX3CL1/fractalkine C-X3-C motif chemokine ligand 1

CXCL10/IP-10 C-X-C motif chemokine ligand 10

CXCL8/IL-8 C-X-C motif chemokine ligand 8

DDC dopa decarboxylase

DPCPX 8-cyclopentyl-1,3-dipropylxanthine

eNOS endothelial nitric oxide synthases

eoPE early-onset preeclampsia

FGR fetal growth restriction

FITC fluorescein isothiocyanate

G-CSF granulocyte colony-stimulating factor

GLM-RM general linear model – repeated measures

GM-CSF granulocyte-macrophage colony-stimulating factor

HAAO 3-hydroxyanthranilate 3,4-dioxygenase

HLA human leukocyte antigen

HSC hematopoietic stem cells

IDO1 indoleamine 2,3-dioxygenase 1

IDO2 indoleamine 2,3-dioxygenase 2

IFN interferon

iNOS inducible nitric oxide synthases

IQR interquartile range

KAT-2 aminoadipate aminotransferase

KAT-3 kynurenine aminotransferase 3

KCl potassium chloride
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KMO kynurenine 3-monooxygenase

KYNU kynureninase

LAT-1/ SLC7A5 large neutral amino acid transporter 1

LAT2/SLC7A8 large neutral amino acid transporter 2

L-NAME Nω-nitro-L-arginine methyl ester hydrochloride

loPE late-onset preeclampsia

LPS lipopolysaccharides

L-Trp L-tryptophan

M1 (±)-lisofylline

M4 1-(3'-carboxypropyl)-3,7-dimethylxanthine

M5 1-(4'-carboxybutyl)-3,7-dimethylxanthine

M-CSF macrophage colony-stimulating factor

NAD+ nicotinamide adenine dinucleotide

NEFA non-esterified fatty acids

NK cell natural killer cell

NO nitric oxide

NOS nitric oxide synthase

PE preeclampsia

PIGF placental growth factor

PPROM preterm premature rupture of membranes

PTX pentoxifylline

QPRT quinolinate phosphoribosyltransferase

ROS reactive oxygen species

Rp-8-Br-PET-cGMPS Rp-8-bromo-β-phenyl-1,N2-ethenoguanosine 3',5'-cyclic monophosphoro-
thioate sodium salt

Rp-cAMPS adenosine 3',5'-cyclic monophosphorothioate, Rp-Isomer, triethylammonium 
salt

SARS-CoV-2 severe acute respiratory syndrome coronavirus 2

scRNAseq single cell RNA sequencing

SEM standard error of the mean

sFlt-1 soluble fms-like tyrosine kinase-1

sGC soluble guanylate cyclase

SNP sodium nitroprusside

TDO tryptophan 2,3-dioxygenase

TGF transforming growth factor

TPH tryptophan hydroxylase

Treg regulatory T cell

TrpEE tryptophan ethyl ester

U46619 9,11-dideoxy-11α,9α-epoxymethanoprostaglandin F2α

VEGF vascular endothelial growth factor
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Introduction
In the very beginning of our lives, all of us used to be a fetus residing inside our mother’s belly. 
It is easy to imagine that during this period, our development heavily depended on the things 
our mother ate, drank, and did. However, not only then, but even at this moment long after 
we were born, the environment we were exposed to in our mother’s belly still influences our 
condition, a theory that was translated into ‘the developmental origins of health and disease’ 
(DoHAD). What most of us tend to forget – or do not know at all – is that it is not only the 
mother who decides what the fetus is exposed to in her uterus. Evolution has given rise to 
an organ that was designed to facilitate the exchange of nutrients, gasses and waste products 
between the mother and the fetus: the placenta.

These days, scientific research would not be performed without a clinical incentive. This 
thesis originated from the idea that several pregnancy disorders are a direct consequence 
of placenta- related insufficiency, and that placental insufficiency can also indirectly lead to 
chronic disease in later life.1 One such placenta-related syndrome is preeclampsia, affecting 
approximately 5% of all pregnant women.2 Preeclampsia is characterized by the development 
of de novo hypertension after 20 weeks of gestation, organ damage (e.g., proteinuria, elevat-
ed liver enzymes, pulmonary or cerebral oedema) and/or fetal growth restriction.3,4 Women 
with preeclampsia need to be monitored closely as their condition can acutely progress into 
a life-threatening situation for the mother and fetus. But preeclampsia is not only dangerous 
on the short term, it also affects the long-term health of both the mother and unborn child.4,5 
The only cure for preeclampsia today is to initiate delivery, and thereby often induce prema-
ture birth of the child. Remarkably, scientific knowledge on the culprit organ, the placenta, is 
scarce. Needless to say, we are in great need of an effective therapy to prolong the pregnancy 
of women who suffer from preeclampsia, and eventually cure this disorder. The placenta has 
been treated as a disposable organ for long, and only relatively recently it has gained interest 
in the scientific field. It is also the most species-specific organ, hampering translation of 
research from animal studies to human. From a clinical and societal perspective, it would be 
highly beneficial to treat the placental insufficiency in preeclampsia and other placenta-re-
lated disorders; for the fetal specialist and perinatologist to treat pregnant women and thus 
to prolong their pregnancy duration, for the neonatologist to improve fetal and neonatal 
outcome, and for every one of us to boost our general health and well-being.

To understand the role and importance of the placenta in health and disease, it is essential to 
understand some basic processes of placental development. Therefore, we should go back to 
the very beginning of our lives. The conception of every single one of us – under the assump-
tion that species from aquatic environment will not read this – started with a paternal sperm 
cell that entered the maternal uterus to fertilize an egg cell. When these two cells fused, 
they started dividing to form a clump of cells known as the blastocyst which subsequently 
implanted into the uterine wall. At this stage the blastocyst started to rely on maternal nu-
trient supply to grow further, and before the actual embryo began to form, a few cells of this 
blastocyst were directed to form small lacunae; areas where nutrient and oxygen exchange 
could take place between the maternal uterus and the other cells in the blastocyst.6 These 
lacunae were in essence the first beginnings of the placenta, bringing about two important 
conclusions: 1) the placenta develops before the embryo, and 2) the placenta is of fetal origin.
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Placental development
At term pregnancy, the placenta consists of fetal villous trees that float in the intervillous 
space that is filled with maternal blood supplied through the spiral arteries which are exten-
sions of the maternal uterine arteries. However, at the first stage of pregnancy, the beginnings 
of the intervillous space are not filled with blood yet. At this stage, there are connections be-
tween the developing intervillous space and endometrial glands,7 and the placenta and fetus 
rely solely on nutrient and gas exchange through diffusion. During further development, a 
portion of the trophoblasts from the villous tissue differentiates into extravillous trophoblasts 
that evade the placenta and invade the maternal decidua to plug the spiral arteries, creating 
a low oxygen environment during initial placental and fetal development. When the fetus 
continues to grow, it cannot rely on this passive exchange mechanism anymore. From ap-
proximately seven weeks gestation, progressive disintegration of the plugs initiates blood flow 
into the intervillous space8 and induces spiral artery remodelling to change the ends of spiral 
arteries from narrow into a wide funnel-like shape. Maternal uterine natural killer (NK) cells 
in the decidua are important initiators of these processes which ensure that the velocity of the 
maternal blood filling the intervillous space is low to prevent damage to the delicate villous 
trees and to allow sufficient oxygen and nutrient exchange. Only at 13 weeks of gestation the 
flux rate into the intervillous space significantly increases, likely due to an increased diameter 
of the artery that supplies the spiral arteries; the radial artery.8 Once the intervillous space is 
filled with maternal blood, maternal cells come into direct contact with fetal syncytiotropho-
blasts that line the villous trees (Figure 1). This interaction requires a tight balance between 
the maternal and fetal immune systems. Maternal immune cells should not reject the alloge-
neic fetus, whereas the immune system should still be able to fight invading pathogens and 
other threats. On the maternal side, several innate immune cells reside in the decidua includ-
ing uterine NK cells, macrophages, 
mast cells, and dendritic cells.9,10 The 
tolerogenic environment of pregnancy 
is mainly achieved through regulation 
of two mechanisms of allo-recogni-
tion: NK cells and T cells. Activation 
of these maternal immune cells against 
the fetal tissue is prevented through 
absence of all human leukocyte anti-
gen (HLA) on syncytiotrophoblasts 
and the expression of a very specific 
combination of HLA class I molecules 
on the extravillous trophoblasts.11 On 
the fetal side, a specific type of fetal 
macrophage named the Hofbauer cell, 
occupies the villous trees of the placen-
ta. These cells are generally described 
to maintain placental homeostasis and 
guide vasculogenesis.12

Figure 1 | Schematic representation of the fetus and a cross-
section of the placenta.
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Preeclampsia
For most of us, a successful initiation of pregnancy has continued into a healthy pregnancy 
where our placenta, and we as fetus, developed and grew over a period of approximately 38 
weeks. In the case of preeclampsia however, this is not the case. Although the aetiology of 
preeclampsia is still incompletely understood, it is generally considered a condition of pla-
cental insufficiency, resulting in the release of the antiangiogenic factors endoglin and soluble 
fms-like tyrosine kinase-1 (sFlt-1) into the maternal circulation.13-15 An excess amount of 
sFlt-1 binds to placental growth factor (PlGF), and these increases of endoglin and sFlt-1 
in the maternal circulation, and a subsequent decrease in placental growth factor (PlGF) 
signalling were identified as the major causal factors for the development of preeclampsia, 
causing generalized endothelial dysfunction and subsequent symptoms in the mother.4,16,17 
Preeclampsia is also characterized by alterations in vascular reactivity, and an exaggeration 
of the normal pregnancy-induced maternal systemic inflammatory response.18,19 Although 
this condition is sometimes proposed to result from placental inflammation, alterations in 
the placental immune system are less clear as human studies on changes in placental immune 
cells in preeclampsia have reported contradictory results, and thus the exact roles of placental 
immune cells in preeclampsia remain to be elucidated.9,10

To understand the pathophysiology of preeclampsia two entities should be distinguished: 
early-onset preeclampsia (onset <34 weeks of gestation), proposed to originate from deficient 
placentation and spiral artery remodelling, and late-onset preeclampsia (onset ≥34 weeks of 
gestation), believed to be predominantly driven by maternal cardiovascular risk factors and 
placental insufficiency.4 In an ideal world, we would like to treat the placentas of women with 
preeclampsia while they are still pregnant, preferably as soon as possible after onset of disease 
– or even before the onset if we have the appropriate biomarkers – to prevent worsening of 
the symptoms and the induction of preterm birth.

The mirror of the fetal lung
Children that are born from pregnancies with placenta-related disorders are at an increased 
risk to develop respiratory problems.20-23 The increased risk to develop bronchopulmonary 
dysplasia (BPD) and/or bronchopulmonary-associated pulmonary hypertension in children 
born from women with preeclampsia was irrespective of the pregnancy duration,20,21 and thus 
not only a direct consequence of preterm birth of these children. This suggests an association 
between the pulmonary and the placental vasculature, potentially due to involvement of a 
common pathway.

While as adults we rely on our lungs to take up oxygen and remove carbon dioxide from 
our circulation, the placenta has exactly this function as we cannot breathe in the uterus 
yet. Hence, the placenta is sometimes referred to as the “fetal lung”. Both the placental and 
pulmonary vasculatures develop through a branching process that involves vasculogenesis as 
well as angiogenesis, and therefore both organs require activation of similar molecular path-
ways.24-26 The placenta and lung also display similarities in vascular reactivity, as the arteries 
from these organs are the only ones to constrict at lower oxygen concentrations to re-direct 
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blood flow to better oxygenated areas and allow more oxygen exchange.27,28 This is in striking 
contrast with blood vessels from other organs that would dilate under such circumstances. 
Interestingly, the placenta features no neuronal innervation, causing placental perfusion to 
depend solely on fetal cardiac output and alterations in placental resistance through flow-me-
diated vasodilation as well as circulating and locally secreted vasoactive factors, including 
nitric oxide (NO), endothelin, and prostaglandins.19

In addition to the more generally known endothelium-derived factors, kynurenine path-
way signalling can also contribute to vasodilation.29-31 The first enzyme of this pathway, in-
doleamine 2,3-dioxygenase (IDO), is constitutively expressed in the lung and placenta under 
physiological conditions, while in most other tissues it is only expressed after upregulation 
through interferon (IFN)-γ.32-34 The kynurenine pathway is highly conserved between species 
implying evolutionary importance, and has multiple functions besides regulation of vascular 
tone, including regulation of the immune system,35 apoptosis,36 anti-oxidative processes,37-39 
and neovascularization.40,41 Although IDO was described to be expressed in the placental 
endothelial cells,42 much uncertainty still exists about its exact function in the placenta. Both 
pulmonary vascular disease and placental dysfunction are characterized by an increased vas-
cular resistance and associated with a reduced IDO expression and activity,31,43-46 suggesting a 
role for the kynurenine pathway in both diseases.

Given these remarkable functional similarities between the placental and pulmonary vascu-
latures, as well as the facts that both are of fetal origin, and exposed to identical conditions, 
we hypothesize that a shared mechanism of dysfunction in the placental and pulmonary 
vasculatures may increase the risk of pulmonary vascular and/or respiratory complications 
in children born from placenta-related pregnancy disorders. If so, the placental vasculature 
may serve as model for the pulmonary vascular function of neonates, and we may be able to 
use it to discriminate neonates with increased susceptibility to pulmonary dysfunction from 
neonates with normal pulmonary function, and to identify therapeutic targets as well as indi-
vidualize therapy for the infant.

Placenta methodologies
The birth of the placenta provides a unique opportunity to perform research with a viable 
human organ. The location of our placenta lab in the largest children’s hospital of the Neth-
erlands enables us to collect placentas from complicated pregnancies. This approach has the 
advantage that findings can be translated to clinical practice directly, showcasing ‘translation-
al research’ by definition, and reducing the need for animal experiments. From the freshly col-
lected placentas, we took tissue biopsies to quantify the presence of certain mRNA molecules 
and/or proteins in healthy and complicated pregnancies. Additionally, we have used several 
unique approaches to study functional properties of the placenta: the ex vivo placenta perfusion 
system, the wire myography experiments with fetoplacental chorionic plate arteries, and the 
placental explants experiments, of which the methodologies are explained briefly below.
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Figure 2 | Schematic representation of the dual-sided ex vivo cotyledon perfusion set-up; ex vivo placenta 
perfusion in short. Throughout the experiment the perfusion chamber and buffers are maintained at a 
temperature of 37°C to mimic physiological conditions.

Ex vivo placenta perfusion
In 1972, Scheider et al.47 described in an article how they re-established the perfusion of 
both the maternal and fetal circulation of a small area of the placenta, for the first time using 
a technique that is very similar to the one we still use today. A placenta consists of multiple 
areas named cotyledons (Figure 1), and since only one such cotyledon is perfused with this 
technique, it is officially named ex vivo dual-sided cotyledon perfusion, referred to as ex vivo 
placenta perfusion in short. The methodology as used in this thesis is one that was adapted 
from Schalkwijk et al.48 The set-up contains of a perfusion chamber and tubing system that 
are filled with two separate perfusion buffers (one maternal and one fetal) that are connected 
to peristaltic pumps (Figure 2). Immediately after birth, the placenta is brought to the lab, 
and the fetal artery and corresponding vein of a cotyledon are cannulated as soon as possible. 
After re-establishment of the fetal circulation, the cotyledon is dissected from the rest of 
the placenta and placed into the perfusion chamber. The maternal circulation is recreated by 
inserting blunt cannulas into spiral artery remnants, the maternal outflow from the intervil-
lous space is collected in the bottom of the perfusion chamber. The perfusions are performed 
mimicking physiological conditions; at a temperature of 37°C with flow rates of 6 ml/min for 
the fetal circulation and 12 ml/min for the maternal circulation.
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Figure 3 | Schematic representation of the wire myography experiments using second order placental chorionic 
plate arteries.

Wire myography with fetoplacental arteries
Since the placental resistance largely depends on the vascular reactivity to circulating factors, 
the study of these responses ex vivo could give novel insights into the involved mechanisms 
in utero. Vascular responses can be studied in a wire myography set-up. For these experiments 
we isolate chorionic plate arteries (second order branches from the umbilical artery) from the 
chorionic plate of the placenta. These arteries are cleaned from surrounding tissue and cut 
into 2 mm segments in length. Every segment is mounted into an organ bath by threading 
the segment with two thin wires and attaching the wires to two device supports (Figure 3). 
One support is attached to a micrometer through which a physiological baseline tension can 
be established. The other support is connected to a pressure transducer to record the tension 
on the vessel segment, allowing the assessment of responses to contractile and or relaxant 
compounds. During the whole experiment, the vessel segment is kept in the organ bath filled 
with a physiological Krebs solution at 37°C that is aerated with carbogen.
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Figure 4 | Schematic representation of the collection of placental tissue for placental explant experiments, as 
well as RNA and protein isolation.

Placental explants and tissue
Chorionic villi form the largest part of the placenta, and placental explants can be used to 
study the effect of certain therapeutics on the release of proteins from, as well as proteins and 
molecules within the chorionic villi. In placental explant experiments, small chorionic villus 
samples are cultured under physiological conditions (Figure 4). The experiment starts by dis-
secting three full thickness slices of about 0.5 cm wide from freshly collected placentas, from 
areas without visible infarction, calcification, hematoma, or damage, which are then stored on 
ice. The placental tissue is thoroughly rinsed with cold PBS, after which the chorionic and 
basal plates are removed, and the central villous tissue is cut into 2x2 mm explants. Three ex-
plants from the three different slices are combined into one well in a 12 wells plate with 2 ml 
DMEM/F12 medium. As the isolation processes may induce stress responses in the placental 
explants, we first leave them to rest and recover for 3 hours under physiological conditions: in 
an incubator at 37°C with 8% O2 and 5% CO2. After this period, the placental explants are 
considered to be equilibrated to the new conditions and we can start the actual experiments, 
by for example adding therapeutics.

Aims and outline of this thesis
The general objective of this thesis is to determine placental alterations in placenta-related 
pathologies to identify new therapeutic targets, with a specific focus on preeclampsia. This 
resulted in the following sub-aims:

1. Investigate the role of the kynurenine pathway in healthy and complicated preg-
nancies.

2. Evaluate the effectiveness of therapeutics to improve fetoplacental vascular function 
in preeclampsia.

3. Determine alterations in the placental immune system in healthy and complicated 
pregnancies.

4. Explore the relation between the placenta and fetal disease in fetal congenital di-
aphragmatic hernia and in a case of fetal distress after placental SARS-CoV-2 in-
fection.



21

In
tro

du
ct

io
n 

an
d 

ou
tli

ne
01

Following the reasoning that the cell type specific expression of kynurenine pathway en-
zymes could point towards potential kynurenine pathway function(s) in the placenta, we 
elucidated the cell type specific protein expression of IDO1 using already published immu-
nohistochemistry studies in chapter 2. In this chapter we also investigate the expression of 
the other, less renowned, kynurenine pathway enzymes through a novel approach by which 
we scrutinize previously performed single cell RNA sequencing studies from first trimester 
and term placentas. In chapter 2 we additionally review, if and how these enzymes are al-
tered in placenta-related pregnancy disorders, and their potential as therapeutic targets. To 
assess if placenta-specific kynurenine pathway alterations can be detected systemically, we 
performed a systematic review of literature on alterations in kynurenine pathway metabolites 
in pregnancy disorders in chapter 3. In the subsequent chapters we focus on placenta-spe-
cific alterations in the pathology that is generally ascribed to placental vascular dysfunction; 
preeclampsia. Since in this condition, alterations in the placental kynurenine pathway may 
play a pathological role, in chapter 4 we investigate how the kynurenine pathway is altered 
in preeclamptic placentas, with a specific focus for consequences on functional vasodilation. 

In search for new therapeutic options for preeclampsia, we explore the potential to lower 
placental vascular resistance using therapeutics that have been registered for clinical use in 
other conditions; sildenafil in chapter 5 and pentoxifylline in chapter 6. Apart from improv-
ing vasodilation, pentoxifylline may have anti-inflammatory properties as well, in chapter 6 
we therefore also investigate its ability to attenuate the placental release of inflammatory and 
antiangiogenic proteins in preeclampsia. Given the contradictory data on placental immune 
alterations in preeclampsia that might have arisen due to the absence of distinctions between 
early-onset and late-onset preeclampsia, we examine placental immune alterations between 
early-onset preeclampsia, late-onset preeclampsia, and healthy pregnancies in chapter 7. For 
the first time we measure transcriptional, cellular and pathway alterations in the placenta by 
adopting an immune profiling gene expression array that was developed by NanoString Tech-
nology (Seattle, USA) to investigate changes in cancer tissue. To illustrate the concepts that 
placental dysfunction may directly impact the fetal condition, and the fetal condition may 
also be reflected in the placental vasculature, in chapter 8 we explore how placental SARS-
CoV-2 infection can directly induce fetal distress, and in chapter 9 we investigate alterations 
in the placental vascular function of children with a congenital diaphragmatic hernia, who 
often develop pulmonary vascular complications. Finally, in chapter 10 we integrate the find-
ings from all studies presented in this thesis to provide a broader perspective on the results 
and their potential future and clinical implications.
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Abstract
(L-)tryptophan is metabolized via the kynurenine pathway into several kynurenine metabo-
lites with distinct functions. Dysfunction of the kynurenine pathway can lead to impairments 
in vascular regulation, immune regulation, and tolerance. The first and rate limiting enzyme 
of this pathway, indoleamine 2,3-dioxygenase (IDO), is highly expressed in the placenta and 
reduced in placentas from complicated pregnancies. IDO is essential during pregnancy, as 
IDO inhibition in pregnant mice resulted in fetal loss. However, the exact function of placen-
tal IDO, as well as its exact placental localization, remain controversial. This review identified 
that two isoforms of IDO; IDO1 and IDO2, are differently expressed between placental 
cells, suggesting spatial segregation. Furthermore, this review summarizes how the placental 
kynurenine pathway is altered in pregnancy complications, including recurrent miscarriage, 
preterm birth, preeclampsia, and fetal growth restriction. Importantly, we describe that these 
alterations do not affect maternally circulating metabolite concentrations, suggesting that the 
kynurenine pathway functions as a local signalling pathway. In the placenta, it is an important 
source of de novo placental NAD+ synthesis and regulates fetal tryptophan and kynurenine 
metabolite supply. Therefore, kynurenine pathway interventions might provide opportunities 
to treat pregnancy complications, and this review discusses how such treatment could affect 
placental function and pregnancy development.
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Introduction
Pregnancy is a unique condition that allows an allogeneic fetus to grow inside a mother 
without eliciting an immune response. The major facilitator of the tolerogenic environment is 
the placenta, where the mother and fetal tissue are in direct contact to allow the transport of 
oxygen and essential nutrients from mother to fetus and the removal of CO2 and waste prod-
ucts from the fetal circulation. Development of the placenta starts just after blastocyst im-
plantation, already before the embryo is formed. The placenta grows during gestation, and in 
its mature form, it consists of large fetal vascular networks inside villous trees that are lined by 
the fetal cytotrophoblasts and syncytiotrophoblasts (Figure 1). The latter cells form the direct 
interface between the maternal and fetal circulation as the fetal villi bath in the placental in-
tervillous space that is filled with maternal blood. Due to this structure, nutrients and oxygen 
should pass the syncytiotrophoblasts, and fetal endothelial cells to reach the fetal circulation.

Tryptophan (L-Tryptophan) is an essential amino acid, of which a small amount is used for 
protein synthesis, however, most tryptophan is metabolized through the kynurenine pathway. 
The kynurenine pathway is highly conserved between species, underlining its evolutionary 
importance. It generates more than 10 different metabolites with distinctive functions, in-
cluding modulation of the immune system and regulation of vascular function.1 A global 
overview of the kynurenine pathway is shown in Figure 2. The rate limiting step in the ky-
nurenine pathway is the conversion of tryptophan to kynurenine (L-kynurenine), which is ca-
talysed in the liver by tryptophan 2,3-dioxygense (TDO) and extrahepatically by indoleamine 
2,3-dioxygenase (IDO). It was only in 2007 that IDO was discovered to exist in two different 
isoforms, which were named IDO1 and IDO2.2,3 Hence, in studies prior to 2007, these two 
isoforms were not distinguished. In the remainder of this review, we will refer to the specific 
isoform when possible, and IDO will be used if no distinction was made between isoforms.

Figure 1 | Schematic illustration of a term placenta with its most abundant cell types. CTB, cytotrophoblast; 
EC, endothelial cell; EVT, extravillous trophoblast; Fib, fibroblast; HB, Hofbauer cell; Mac, macrophage; STB, 
syncytiotrophoblast.
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The first report on the potential pathological role of the kynurenine pathway dates back to 
1956, when Boyland & Williams4 reported increased concentrations of multiple kynurenine 
pathway metabolites in the urine of patients with cancer of the bladder. This initial discovery 
has led to the development of inhibitors of IDO.5 Only more recently the importance of the 
kynurenine pathway and IDO has emerged in other fields including pregnancy and placental 
development. The importance of IDO1 during pregnancy was discovered in the 1990s when 
treatment of pregnant mice with the IDO inhibitor 1-methyl-tryptophan from the start of 
pregnancy resulted in fetal loss.6

Whereas IDO1 is only upregulated through interferon (IFN)-y in most tissues,7,8 it is con-
stitutively expressed under physiological conditions in the placenta.9,10 Munn et al.6 initially 
proposed that placental IDO activity prevents immune activation, and creates a tolerogenic 
environment by preventing T cell activation through the depletion of tryptophan.6,11 How-
ever, it is now generally believed that IDO acts through the formation of active kynurenine 
metabolites and oxidized nicotinamide adenine dinucleotide (NAD+) which directly affect 
immune cells, rather than locally depleting tryptophan.12,13 The molecular mechanisms in-
volved in IDO function have recently been reviewed by Yeung et al.14. Most research has 
focused on immune regulation, but the kynurenine pathway is also involved in other pro-
cesses, including neovascularization,15,16 vasodilation,17-19 anti-oxidative processes,20-22 and the 
regulation of apoptosis and endothelial dysfunction.23 These processes are all important de-
terminants of placental development and are consequently required for a healthy pregnancy. 
Indeed, other reviews have suggested a role for disturbances in the kynurenine pathway in 
placental pathologies.22,24,25 Research has shown that tryptophan metabolism can modify the 
behaviour of T cells and alter vascular tone in vitro, but the actual relevance of the placental 
kynurenine pathway in vivo remains speculative. The presence of specific kynurenine pathway 
enzymes determines which metabolites are formed in tissue,9 and may thus help to provide 
clues with regard to the functional roles of the placental kynurenine pathway. The regulation 
of the kynurenine pathway and its enzymes has been summarized in a review by Badawy 9. 
The following sections will describe the current knowledge on the cell type specific expression 
of kynurenine pathway enzymes and transporters in the placenta using previously published 
immunohistochemistry and single cell RNA sequencing data. This review also covers how 
kynurenine pathway alterations might contribute to pregnancy-related pathologies, and how 
this could be targeted therapeutically in the future.

Figure 2 | The kynurenine pathway. IDO, indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygense; 
AFMID, arylformamidase; KAT-2, aminoadipate aminotransferase; KAT-3, kynurenine aminotransferase 3; 
KYNU, kynureninase; KMO, kynurenine 3-monooxygenase; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; 
ACMSD, aminocarboxymuconate semialdehyde decarboxylase; QPRT, quinolinate phosphoribosyltransferase.



29

Th
e 

pl
ac

en
ta

l k
yn

ur
en

in
e 

pa
th

w
ay

02

Table 1 | Tryptophan and kynurenine pathway metabolites concentrations in the maternal and fetal circulation 
at the end of pregnancy.

Measured metabolite Reference Maternal vein Umbilical vein Umbilical artery

Tryptophan (µmol/L) Zhao (2021) 29 34.5 64.1 ∙

Holm (2017) 30 41.1 88.3 83

Murthi (2017) 31 28.5 60.2 58.9

Schulpis (2008) 32 28 26 ∙

Camelo (2004) 33 29 40 ∙

Morita (1992) 34 35.1 75.9 68.9

Kamimura (1991) 35 39.6 82.6 83.4

Zanardo (1985) 36 7.32 10.14 ∙

Tricklebank (1979) 37 53.3 101.47 ∙

Free tryptophan (µmol/L) Kamimura (1991) 35 7.5 17.5 16.4

Tricklebank (1979) 37 12.18 ∙ 20.46

N-Formyl-kynurenine 
(µmol/L)

Zhao (2021) 29 0.18 0.40 ∙

Kynurenine (µmol/L) Zhao (2021) 29 0.85 1.78 ∙

Murthi (2017) 31 0.9 4 4

Morita (1992) 34 0.91 4.96 4.59

Kamimura (1991) 35 1.17 4.12 4.25

Kynurenic acid (nmol/L) Zhao (2021) 29 23 22 ∙

Kamimura (1991) 35 20.5 38.1 39.8

 Murthi (2017) 31 100 300 360

3-Hydroxykynurenine  
(nmol/L)

Zhao (2021) 29 196 272 ∙

Xanthurenic acid (nmol/L) Zhao (2021) 29 118 315 ∙

Kamimura (1991) 35 188 295 258

Anthranilic acid (nmol/L) Kamimura (1991) 35 413 387 432

3-Hydroxyanthranilic acid 
(nmol/L)

Zhao (2021) 29 287 448 ∙

Murthi (2017) 31 300 300 340

Morita (1992) 34 ND 270 260

Kamimura (1991) 35 12 527 702

Quinolinic acid (nmol/L) Zhao (2021) 29 1333 2343 ∙

Murthi (2017) 31 600 1500 1700

Picolinic acid (nmol/L) Zhao (2021) 29 223 287 ∙

Murthi (2017) 31 500 1500 1400

ND, not detected; ∙ not measured.
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Placental Expression of Kynurenine Pathway Enzymes
IDO1 is a cytoplasmic enzyme which occurs at high levels in the placenta compared to other 
organs.10,26 The human placenta expresses both IDO1 and IDO2, and both are increased at 
term compared to the first trimester placenta.19,27 In accordance with expression data, IDO 
activity increases from week 14 until term in the human placenta.27,28 The kynurenine/trypto-
phan ratio in plasma has commonly been used as a measure for placental IDO1 activity under 
the assumption that circulating kynurenine and tryptophan concentrations depend solely on 
placental synthesis and release. However, using the ex vivo human cotyledon perfusion model 
we have shown that the addition of tryptophan to the maternal circulation did not affect the 
release of kynurenine metabolites into either the maternal and fetal circulation over a period 
of three hours.19 Moreover, kynurenine metabolites were found to be approximately equal in 
the afferent human umbilical artery and efferent umbilical vein in vivo (Table 1). Given these 
data, it seems that the maternal kynurenine metabolite levels do not represent placental IDO 
activity. Interestingly, all kynurenine metabolites except anthranilic acid were higher in the 
fetal compared to the maternal circulation (Table 1). Since these do not result from placental 
IDO1 activity, these metabolites should be actively transported from the maternal to the fetal 
circulation, and/or formed in the fetus itself. Since placental function is unlikely to influence 
circulating metabolites, in the remainder of this review we will focus on placental kynurenine 
pathway functions, and not on alterations in circulating metabolites.

Since the discovery of IDO, several immunohistochemical studies have investigated the ex-
pression of IDO in the placenta, unfortunately with conflicting results (Table 2). Most stud-
ies have used an antibody from the lab of Dr. Takikawa, Kawasaki Medical School, Okayama 
Japan, which was produced by injecting purified human placenta derived IDO into BALB/c 
mice.29 With this antibody, no distinction can be made between IDO isoforms. Recently, 
Kudo et al.30 provided a clear separation between IDO1 and IDO2 expression using specific 
antibodies, and Murthy et al.31 showed increasing expression of IDO1 from the second tri-
mester to term in endothelial cells only. Although several studies were performed using the 
antibody provided by Takikawa the immunohistochemical picture varied markedly between 
studies. The findings by Santoso et al.32, Sedlmayr et al.33, and Blaschitz et al.34 seem to resem-
ble IDO1 expression, whereas the findings by Kamimura et al.28, Kudo et al.35 and Ligam et 
al.36 agree with IDO2 expression Particularly based on the most recent research by Kudo et 
al.30 and Murthy et al.31, we conclude that in the first trimester, IDO1 is expressed in glandular 
epithelial cells of the decidua, while at term, it is mainly expressed in decidual macrophages 
and placental endothelial cells. IDO2 is continuously expressed in syncytiotrophoblasts from 
the first trimester until term, with some additional expression in extravillous trophoblasts.

Apart from IDO1 and IDO2, the placenta expresses the tryptophan catabolizing enzyme 
TDO, albeit its expression is very low compared to IDO1 and is therefore unlikely to play 
an important role in placental kynurenine pathway function.19,27 The placenta also expresses 
most of the other kynurenine pathway enzymes noted in Figure 2.19,27,37 To further investi-
gate the cell-specific expression of the kynurenine pathway enzymes we scrutinized previous-
ly published single cell RNA sequencing (scRNAseq) databases from human placentas.38-40 
Vento-Tormo et al.38 investigated the feto-maternal interface during the first trimester, while 
Pique-Regi et al.39 and Tsang et al.40 investigated term placentas, allowing the identification of 
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the placental kynurenine pathway throughout gestation. We received the complete processed 
dataset from Pique-Regi et al.39 For the original data sets of Tsang et al.40 and Vento-Tormo et 
al.38, we performed normalization, scaling and clustering ourselves. The published meta data 
were used to trace back the original cell cluster definitions.

Surprisingly, most immune cells; T cells, B cells, natural killer (NK) cells, macrophages (in-
cluding Hofbauer cells), did not express any of the kynurenine pathway enzymes. Moreover, 
all three studies showed that there is not a single cell type in the placenta that expresses all en-
zymes of the kynurenine pathway (Figure 3), suggesting that metabolites must be transferred 
between neighbouring cell types or derived from the systemic circulation. The scRNAseq data 
of Vento-Tormo et al.38 showed that IDO1 is mainly expressed in epithelial cells in the first 
trimester. At term, IDO1 is mainly expressed by placental endothelial cells as depicted by the 
database of Tsang et al.40 (Figure 3B). No vascular endothelial cell population was identified 
in the database of Pique-Regi et al.39 (Figure 3C). However, this database revealed some ad-
ditional IDO1 expression in hematopoietic stem cells (HSC) and endometrial cells. A closer 
look into the HSC population in this study revealed that endothelial markers von Willebrand 
factor, VE-cadherin, and CD34 were highly expressed in this population as well (40–60% of 
the cells), suggesting that HSC population included endothelial cells within this study. IDO2 
and TDO were hardly expressed in the placenta in the first trimester, nor at term.

Kynurenine 3-monooxygenase (KMO), kynureninase (KYNU) and 3-hydroxyanthranilate 
3,4-dioxygenase (HAAO) were expressed by a small portion of syncytiotrophoblasts both 
in first trimester (Figure 3A) and in term placentas (Figure 3B,C). The enzyme quinolinate 
phosphoribosyltransferase (QPRT) was the highest expressed enzyme of the kynurenine 
pathway, and specifically present in villous cytotrophoblast, and extravillous cytotrophoblast 
in the first trimester placenta (Figure 3A) and in the extravillous trophoblast and cytotropho-
blasts at term (Figure 3B,C). QPRT uses quinolinic acid as a substrate to form NAD+ and 
is therefore essential for de novo NAD+ synthesis. The high QPRT expression suggests that 
cytotrophoblast are major NAD+ consumers. Although initially syncytiotrophoblasts were 
expected to be metabolically most active due to their barrier function, lack of QPRT in these 
cells, as well as high QPRT expression and de novo NAD+ synthesis in cytotrophoblasts 
are in agreement with a study that showed cytotrophoblasts to have the highest metabolic 
activity.41 Both aminoadipate aminotransferase (KAT-2) and kynurenine aminotransferase 
3 (KAT-3) can form kynurenic acid and xanthurenic acid, but placental mRNA expression 
of KAT-2 is relatively low as compared to KAT-3 as measured by scRNAseq (Figure 3) and 
quantitative reverse transcription polymerase chain reaction.19 An overview of the expression 
of kynurenine pathway enzymes is summarized in Figure 4.

Figure 3 (next page) | Cell type specific mRNA expression of kynurenine pathway enzymes, receptor, and 
transporters in placental tissue. Data were obtained using the single cell RNA sequencing data from first 
trimester placentas by Vento-Tormo et al. 20 (A), and term placentas by Pique-Regi et al. 21 (B) and Tsang 
et al. 22 (C). The cell types are clustered based on immune cells (blue) or non-immune cells (yellow). The 
size of the symbols reflects the number of cells within a certain cell type expressing the gene, whereas the 
color of the symbol reflects the relative expression of each gene. NK, natural killer; npi, non-proliferating 
interstitial; IDO, indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygense; AFMID, arylformamidase; 
KAT2, aminoadipate aminotransferase; KAT3, kynurenine aminotransferase 3; KMO, kynurenine 
3-monooxygenase; KYNU, kynureninase; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; QPRT, quinolinate 
phosphoribosyltransferase; ACMSD, aminocarboxymuconate semialdehyde decarboxylase.
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To further explore kynurenine pathway enzyme activity, metabolite levels were measured in 
placental tissue as well as placental explants exposed to tryptophan. Placental explants were 
shown to take up tryptophan from the medium and secrete significant concentrations of ky-
nurenine, 3-hydroxyanthranilic acid, quinolinic acid and picolinic acid back into the medium, 
but the kynurenic acid concentration was very low.36,37 Similarly, relatively low kynurenic acid, 
anthranilic acid and serotonin concentrations were measured in placental tissue and xan-
thurenic acid was undetectable.19 This suggests that these metabolites do not have prominent 
functions in the placental kynurenine pathway. It should be noted however, that in ex vivo 
placenta perfusion experiments, even in the absence of placental tissue, tryptophan sponta-
neously decomposed into kynurenine, kynurenic acid and anthranilic acid. Therefore, future 
studies investigating the production of kynurenine metabolites in vitro require the inclusion 
of a time-matched control without cells or tissue, to control for spontaneous decomposition 
of tryptophan and kynurenine pathway metabolites.

Taken together, gene expression, immunohistochemical and metabolite data suggest that, 
in the placenta, tryptophan is mainly used as a source for de novo NAD+ synthesis, through 
subsequent formation of kynurenine, 3-hydroxykynurenine, 3-hydroxyanthranilic acid, quin-
olinic acid and NAD+.

Figure 4 | Illustration of kynurenine pathway enzymes and transporters localization in the first trimester and 
term placenta. This figure only shows the expression of enzymes (red) and transporters (yellow) confirmed 
by single cell RNA sequencing and/or immunohistochemistry data. The directions and interactions are a 
hypothetical display of the placental kynurenine pathway. How kynurenine pathway metabolites are exchanged 
between these cells, and whether this is facilitated by these, or other yet unidentified transporters is currently 
unknown. Enzymes (red): IDO, indoleamine 2,3-dioxygenase; KYNU, kynureninase; KMO, kynurenine 
3-monooxygenase; QPRT, quinolinate phosphoribosyltransferase. Potential transporters (yellow): large 
neutral amino acid transporter (LAT); LAT1/2 depicts both LAT1 and LAT2 can be involved. Kynurenine 
pathway metabolites (green): Trp, L-tryptophan; Kyn, L-kynurenine; 3-HKyn, 3-hydroxykynurenine; 3-HAA, 
3-hydroxyanthranilic acid; Quin, quinolinic acid; NAD+, nicotinamide adenine dinucleotide. Placental cell 
types in grey: CTB, cytotrophoblast; EC, endothelial cell; EVT, extravillous trophoblast; Fib, fibroblast; HB, 
Hofbauer cell; Mac, macrophage; STB, syncytiotrophoblast.
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Placental Tryptophan Transport
Since IDO1 is a cytosolic enzyme, tryptophan needs to enter the cell to be metabolized. 
During pregnancy, the plasma levels of tryptophan decrease substantially. It is important to 
note that plasma levels of tryptophan comprise both free tryptophan as well as tryptophan 
bound to albumin. The decrease of total tryptophan during pregnancy is accompanied by an 
increase of the free fraction of tryptophan, due to a decreased albumin concentration,42 and 
an increased concentration of non-esterified fatty acids (NEFA), a physiological displacer of 
albumin-bound tryptophan.43,44 Only the free fraction of tryptophan is available for transport 
across the placenta to the fetal circulation. Studies that compared tryptophan concentrations 
between the maternal circulation and umbilical cord blood showed that total tryptophan,45-51 
as well as free tryptophan 52,53 were higher in the fetal compared to the maternal circulation, 
implying active transport over the placenta. Potential transporters are the large neutral amino 
acid transporter 1 (SLC7A5/LAT1), the large neutral amino acid transporter 2 (SLC7A8/
LAT2), and the sodium-dependent neutral amino acid transporter (SLC1A5/ASCT2). It 
should be noted that mRNA expression of LAT1, LAT2, and ASCT2 appears to be low in 
term placentas based on the scRNAseq studies (Figure 3). Nevertheless, LAT1, LAT2 and 
ASCT2 proteins were all detected with distinct spatial patterns using immunohistochemistry 
54, suggesting that new synthesis of these transporters is limited, and that turnover is low as 
they remain persistently present as a membrane bound transporter. Expression of Slc7a5 and 
Slc7a8 increased throughout gestation in mice, with a concomitant increase in placental tryp-
tophan content.55 In human chorionic plate arteries, LAT1 expression is higher compared 
with LAT2 and ASCT2.19 Moreover, LAT1 was shown to facilitate tryptophan uptake in 
fibroblasts and in the placenta.56-58 The expression of known kynurenine pathway enzymes, 
transporters and the aryl hydrocarbon receptor (AHR) is summarized in Figure 4. However, 
placental tryptophan uptake possibly involves other, yet unidentified high-affinity specific 
transporter systems as well.57,59,60 Identification of these transporters is highly relevant since 
tryptophan transport, in addition to IDO1 expression, may also be limiting for its metabo-
lism through the kynurenine pathway.19,61

The segmented expression of kynurenine pathway enzymes as identified in the previous sec-
tion would require intercellular transport of different kynurenine pathway metabolites. Given 
the obvious similarities in molecular structure between tryptophan and its metabolites, they 
might be transported via the same amino acid transporters. Indeed, LAT1 was also identi-
fied to transport kynurenine.62 Furthermore, ASCT2 is co-expressed with QPRT (Figure 3), 
particularly in highly proliferative cells,63 which is in agreement with the highly proliferative 
phenotype of cytotrophoblasts and extravillous trophoblasts. ASCT2 might therefore facil-
itate transport of kynurenine pathway metabolites including quinolinic acid from/to neigh-
bouring cells and/or the circulation.

Kynurenine Pathway Functions
During pregnancy, the placenta creates a unique tolerogenic environment that prevents fetal 
rejection, whereas treatment of pregnant mice with the IDO inhibitor 1-methyl-tryptophan 
from the start of pregnancy resulted in fetal loss.6 Starting this treatment later in pregnancy, 
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after establishment of the fetus and placenta (E6.5), resulted in a high blood pressure, patho-
logical placental appearance, and proteinuria in one out of the five mice, with accompanied 
trends towards reduced fetal and placental weights.64 A similar preeclampsia-like phenotype, 
was observed in IDO1-knock out mice.65 These mice showed fetal growth restriction in the 
offspring, as well as renal dysfunction and impaired endothelium-dependent vasodilation in 
the mother, together with the absence of the normal pregnancy-associated decrease in systolic 
blood pressure and increase in heart rate Altogether these studies prove the importance of 
IDO1 in pregnancy and fetal development. The following section describes the function of 
the kynurenine pathway in normal placental development and function.

Immune Regulation
Figure 3 reveals that kynurenine pathway enzymes are not present in most of the immune 
cells residing within the placenta, suggesting the kynurenine pathway has no intracellular 
regulatory functions in these cells. Only IDO1 is expressed in certain dendritic cells in the 
first trimester placenta (Figure 3A) and co-expressed with the macrophage marker CD68 in 
immunohistochemistry (Table 2). Feto-maternal tolerance involves tight regulation of both 
fetal trophoblasts and maternal immune cells as well, and the decidua contains many mater-
nal immune cell subsets.

The essence of IDO1 in pregnancy and fetal development was proposed to be due to its abil-
ity to regulate T cells.6,11 Hence, most investigations have focused on this specific aspect of 
IDO1 function. Initially, IDO1 was simply thought to locally deplete tryptophan and thereby 
inhibit immune responses.11 More recently it was acknowledged that tryptophan depletion in 
the placenta would be highly disadvantageous for fetal development.66 Instead, tryptophan is 
utilized to form kynurenine metabolites with immune regulatory functions. Several metab-
olites can activate the AHR, a positive feedback regulator of the kynurenine pathway. Acti-
vation of the AHR by kynurenine induced the expression of IDO1 and interleukin (IL)-10 
on dendritic cells.67-69 Dendritic cells are important interactors for T cells and B cells. Indeed, 
their AHR-induced activation led to formation of FoxP3+ regulatory T cells (Tregs).67-69 The 
kynurenine pathway metabolites 3-hydroxyanthranilic acid and quinolinic acid were also able 
to directly regulate T cell function. These compounds directed T cell differentiation towards 
Tregs instead of T helper cell (Th)1 and Th17 cells, and selectively induced Th1 but not Th2 
apoptosis.70-72 Nevertheless, the application of the IDO1 inhibitor 1-methyl-tryptophan at 
day E6.5 in mice did not affect regulatory T cell numbers, even though it did cause pregnancy 
complications.64 Now it has become apparent that this inhibitor can have multiple off-target 
effects including increased kynurenic acid formation 73 potentially through activation of the 
AHR,74 interference with TLR signalling,75 and inhibition of tryptophan uptake through 
competition for the SLC7A5 transporter.57 These effects may all have contributed to the 
observed pregnancy complications in animal studies with this inhibitor. Remarkably, IDO1 
not only has an enzymatic role, but it can also function as signalling molecule, as recently dis-
cussed by Pallotta et al.76. In that role, IDO1 shifts from the cytosol to early endosomes and 
functions in transforming growth factor (TGF)-β induced noncanonical signalling, to estab-
lish a long-term immunoregulatory phenotype in dendritic cells.77,78 This signalling function 
of IDO1 might provide an additional mechanism to maintain a tolerogenic environment in 
the placenta and decidua.
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Vasodilation
The placenta does not have any neuronal innervation; hence its vascular perfusion depends 
entirely on the presence of circulating and locally secreted vasoactive substances.79 Endothe-
lial IDO1 facilitates tryptophan-induced vasodilation in placental chorionic plate arteries.19,80 
However, the mechanisms underlying tryptophan-induced vasodilation remain unclear. Al-
though initially kynurenine, produced by IDO1, was identified as the vasodilator mediator,17 
recently, the vasodilator effect of tryptophan was attributed to IDO1- and H2O2-mediated 
cis-WOOH formation.18 However, we showed that in the placental chorionic plate arteries, 
tryptophan-induced vasodilation is not cis-WOOH, but nitric oxide synthase dependent.19 
Worton et al.81 found that direct application of kynurenine did induce vasodilation in human 
myometrial and omental arteries through activation of large-conductance Ca2+-activated K+ 
channels, but not in placental chorionic plate arteries. For all these studies, it is important to 
note that vasodilator effects could only be observed at very high concentrations: tryptophan 
>3 mM, kynurenine >0.5 mM. This would require a >100-fold increase of the in vivo plasma 
concentrations, approximated to be ~34 µM and ~61 µM for tryptophan, and ~1 µM and ~4 
µM for kynurenine in the maternal vein and umbilical vein respectively, based on Table 1. Al-
though these data could be interpreted to suggest that the kynurenine pathway does not have 
a physiological role in the regulation of placental perfusion, an alternative explanation is that 
the lack of effect is due to the limited uptake of tryptophan and kynurenine in in vitro models. 
Indeed, we showed that application of the lipid soluble ethyl ester of tryptophan resulted in 
increased vasodilation starting from a lower concentration.19 In contrast, it was necessary to 
pre-incubate chorionic plate arteries with IFN-γ and tumour necrosis factor-α to observe va-
sodilation in response to tryptophan.19,80 Such IFN-γ pre-incubation was required to induce 
the expression of a tryptophan-selective transporter,60 demonstrating that not IDO1, but 
tryptophan uptake was a limiting factor for its vasodilator function. Future studies are needed 
to investigate the role of the transport system and its interaction with the kynurenine path-
way, but as a first step it is essential to pinpoint the yet unidentified tryptophan transporter.

Placental Vascular Development
Placental development relies on new blood vessel formation to increase the feto-maternal 
surface area to allow sufficient oxygen and nutrient exchange. A role for IDO1 in vascular 
growth and development was first suggested in xenograft tumours in which neovasculariza-
tion was enhanced by IDO1 overexpression. In a cancer model, Ido1−/− mice were shown to 
have a substantially lower pulmonary vascular density compared with Ido1-competent mice 
at baseline, predominantly at the level of small- and medium-sized vessels.15,16 The loss of 
Ido1 was accompanied by reduced IL-6 levels, but only in the presence of IFN-γ.15 Interest-
ingly the pulmonary vasculature, like the placental vasculature, is among the few that express 
relatively high levels of IDO1 already under physiological circumstances. Therefore, it is likely 
that endothelial cells express IDO1 to promote the formation of new placental vessels, and 
that a decreased IDO1 function might impair placental development.

Pro- and Anti-Oxidant Roles of the Kynurenine Pathway
An increased placental oxygen concentration can alter tryptophan metabolism. IDO1, TDO 
and HAAO expression increase with elevated placental oxygen concentration,47 and O2 func-
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tions as a co-substrate for IDO1.82 At increasing O2 concentrations, placental explants  corre-
spondingly displayed combined increases in tryptophan consumption and kynurenine excre-
tion.83 Since the co-substrate was initially thought to be superoxide anion (∙O2

-), IDO1 was 
believed to scavenge reactive oxygen species (ROS).84 Rather than by IDO1, the anti-oxidant 
properties seem to be provided by kynurenine pathway metabolites, including 3-hydroxyky-
nurenine, xanthurenic acid, 3-hydroxyanthranilic acid, and kynurenic acid.21,85-87 The potential 
anti-oxidant roles of kynurenine pathway metabolites in the placenta have been reviewed by 
Xu et al.20 As the xanthurenic acid and kynurenic acid concentrations were very low or even 
undetectable in placental tissue,19 ROS scavenging in the placenta seems to be mediated prin-
cipally through 3-hydroxyanthranilic acid, and 3-hydroxykynurenine, which have the highest 
radical scavenging properties of all kynurenine pathway metabolites.88 Conversely, angioten-
sin II infusion is associated with increased kynurenine pathway activation and endothelial 
cell apoptosis through 3-hydroxykynurenine mediated superoxide formation.23 Attenuation 
of these effects in IDO1-deficient mice,23 shows that a kynurenine pathway disbalance might 
result in accelerated apoptosis.

In summary, the roles of the kynurenine pathway in the placenta include regulating the im-
mune system thereby creating a tolerogenic environment, inducing vasodilation, aiding in 
vascular development, and maintaining oxygen homeostasis. Additionally, recent research 
suggests that tryptophan to kynurenine metabolism and subsequent activation of the AHR 
can inhibit glycolysis, and shift the intracellular metabolism towards increased fatty acid oxi-
dation.89 In any of these roles, kynurenine pathway deficiencies in the placenta can contribute 
to pathological pregnancy development.

Pathological Pregnancies
The kynurenine pathway can have various roles during placental development as described 
in the previous sections. In this section, the relevance of the kynurenine pathway for healthy 
pregnancy development, underlined by associations between several placenta-related preg-
nancy complications and alterations in the kynurenine pathway, will be discussed.

Recurrent Miscarriage
A study by Munn et al.6 suggested that the kynurenine pathway was pivotal for healthy preg-
nancy conception and to prevent fetal rejection. Interference with the kynurenine pathway 
with 1-methyl-tryptophan starting early in pregnancy led to loss of all allogeneic fetuses in 
mice. Several studies were subsequently designed to investigate IDO alterations in human 
cases of miscarriage. IDO expression was reduced in the endometrium, decidua and placental 
villi of women with recurrent miscarriage.90,91 Whereas in normal pregnancy IDO expres-
sion was associated with an increased T-cell and NK cell number in the endometrium, this 
relation was absent in cases of recurrent miscarriage.90 Additionally, the proportion of IDO 
expressing decidual monocytes and dendritic cells was lower in spontaneous abortions com-
pared to normal pregnancies.92 Those cells, as well as the peripheral monocytes and dendritic 
cells from spontaneous abortions, did also not upregulate IDO as much in response to IFN-γ 
and a soluble fusion protein of CTLA-4 and immunoglobulin Fc as compared to normal 
pregnancies. Interactions between the endometrium, decidua and placenta are important for 
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successful placental development, and these studies suggest an essential role for IDO for the 
prevention of fetal loss and maintenance of pregnancy.

Preterm Birth
Preterm birth is sometimes considered a less severe form of miscarriage, with a pregnancy du-
ration long enough to provide a viable baby. Already in 1979, tryptophan concentrations were 
measured in the umbilical veins of term and preterm born infants.52 The placentas of preterm 
pregnancies displayed an increased expression of IDO1, that was further augmented in cases 
of preterm premature rupture of membranes (PPROM).93 Other kynurenine pathway alter-
ations included increased expressions of HAAO, and the transporter LAT1, but decreased 
expression of the enzyme KYNU, although the fold change in the latter was minimal.93 IDO2 
and TDO expression were unaltered.93

Although Manuelpillai et al.37 observed an even further increased expression of IDO, TDO 
and KYNU in preterm pregnancies with intrauterine infection compared to without infec-
tion, Karahoda et al.93 showed no influence of intrauterine infection on the overall expression 
pattern kynurenine pathway enzymes. Interestingly, the latter authors did identify an associa-
tion between intra-amniotic and maternal inflammatory markers, and placental expression of 
tryptophan pathway genes.93 This suggests that there is a relation between certain inflamma-
tory markers and placental kynurenine pathway function.

The addition of lipopolysaccharides (LPS) to human placental explants, as a model for intra-
uterine infection, resulted in an increased kynurenine secretion into the medium.37 However, 
in vivo, the kynurenine concentration was decreased in the umbilical cord of babies born 
prematurely,37 showing that LPS-induced inflammation does not represent preterm birth 
very well. Another study detected a decrease in the free tryptophan concentration in the 
umbilical vein of preterm delivered infants, but since the total tryptophan concentration was 
maintained, this was potentially caused by alterations in fetal albumin and/or NEFA concen-
trations, although unfortunately these were not measured.52 To further understand a potential 
role of alterations in the kynurenine pathway in preterm birth, it is important to identify in 
which specific cell types the expression of kynurenine pathway enzymes is altered.

Preeclampsia
Preeclampsia affects 2–8% of all pregnancies, and is a severe condition characterized by ma-
ternal de novo hypertension after 20 weeks of gestation, evidence of maternal organ damage 
(e.g., proteinuria, elevated liver enzymes, pulmonary or cerebral edema) and/or fetal growth 
restriction.94-96 To date, the only cure is delivery of the placenta, and with it an often-prema-
ture infant. Preeclampsia is believed to originate from deficient placentation and impaired 
placental development.95,96 Interestingly, the expression of IDO1 was lower in the placentas 
of women with preeclampsia and correlated with disease severity.19,80,97,98 The release of ky-
nurenine from preeclamptic explants into the medium was concomitantly reduced, and the 
whole metabolic secretion profiles of preeclamptic explants that were maintained at 6% O2 
were similar to those of healthy explants maintained at 1% O2.99 Despite lower placental 
IDO1 expression, we reported an enhanced tryptophan-induced vasodilation in preeclamptic 
compared to healthy chorionic plate arteries.19 Therefore, it seems that the enhanced relaxant 
response to tryptophan in preeclamptic arteries is unrelated to IDO1. More likely, it reflects 
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an increase in facilitated tryptophan transport. Indeed, when we applied the lipid soluble 
ethyl ester of tryptophan to circumvent transporters, we found a reduced vasodilator response 
in preeclamptic chorionic plate arteries, representing the reduced IDO1 function. An in-
crease in tryptophan transport was also evidenced by an elevated tryptophan concentration 
in preeclamptic placentas.19 Since the other kynurenine metabolite concentrations were not 
altered,19 it suggests that the kynurenine pathway function was largely unaffected. It should 
be noted that these alterations only apply to early-onset preeclampsia, since, conversely, the 
tryptophan concentration was decreased in the placentas of women with late-onset pre-
eclampsia.100 Transport rather than IDO1 activity was also suggested to be rate-limiting for 
placental tryptophan metabolism by Kudo & Boyd.61 As described earlier, increased maternal 
tryptophan concentrations in preeclamptic compared to healthy term women are unlikely to 
reflect placental alterations. This might explain why the concentrations of tryptophan and 
kynurenine pathway metabolites did not differ between preeclamptic and healthy pregnancies 
at term in the maternal circulation, nor in the umbilical artery and umbilical vein.101,102 How-
ever, kynurenine metabolite concentrations could still function as a biomarker, as kynurenic 
acid was increased in the circulation of women who later developed preeclampsia.103 To sum-
marize, placentas of women with preeclampsia display reduced IDO1 expression, but this 
does not affect its vasodilator function and the fetal tryptophan supply. Therefore, it seems 
unlikely that interference with the kynurenine pathway would significantly improve placental 
function in preeclamptic women at term. As previously described however, IDO may also aid 
in the formation of new blood vessels, and therefore a reduced IDO1 expression and activity 
at the beginning of pregnancy might contribute to impaired placentation and placental de-
velopment, possibly progressing into preeclampsia. Therefore, the kynurenine pathway might 
provide interesting targets for future preventive strategies.

Fetal Growth Restriction
In the condition of fetal growth restriction (FGR), the fetus does not reach its potential 
biological growth. Like preeclampsia, FGR can originate from poor placental development, 
and both pregnancy complications often occur together. Diet-induced FGR in damns did 
not affect maternal to fetal tryptophan transfer, however, the conversion of maternally intra-
venously injected tryptophan into quinolinic acid was impaired in FGR fetuses.104 As quino-
linic acid is as a main source of de novo NAD+ formation, reduced quinolinic acid levels may 
contribute to impaired placental development and functioning. Whether this was a result of 
deficient placental or fetal metabolism could not be determined in the study design. How-
ever, IDO1 expression is reduced in FGR placentas,47,80 although one study reported a lower 
IDO1 expression in FGR and preeclampsia, but not FGR alone.98 Such reduced IDO1 ex-
pression might be a consequence of a hypoxic placental environment that might result from 
deficient placental development. Lower oxygen concentrations suppressed IDO1, TDO and 
HAAO expression and activity in human placental explants.47 Interestingly, although IDO1 
was reduced in both FGR and preeclamptic placentas, preliminary data showed that trypto-
phan-induced vasodilation was absent in FGR placentas, in contrast to the improved vaso-
dilation in preeclamptic placentas.80,104 These data point towards a difference in transporters 
involved in preeclampsia versus FGR.
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Pharmacological Interventions
Given the multifactorial role of the kynurenine pathway, it is not surprising that several 
treatments targeting this pathway have emerged from different medical fields, such as the 
currently implemented IDO1 inhibitors to treat cancer. The following section summarizes 
kynurenine pathway-based therapeutic opportunities to treat pregnancy complications. Ad-
ditionally, it lists how currently investigated kynurenine pathway interventions might affect 
the placental function and pregnancy development.

Essential amino acids, including tryptophan, play pivotal roles in fetal development. The 
decreased kynurenine and free tryptophan umbilical vein concentrations in preterm birth, 
and the reduced placental tryptophan content in preeclampsia 19 might be improved by sup-
plementation. Multiple studies have investigated the effects of amino acid supplementation 
during pregnancy of which the molecular mechanisms were reviewed by Hussain et al.105. 
Tryptophan supplementation by itself improved embryo survival in pseudorabies virus-in-
duced pregnancy failure.106 Apart from direct effects, tryptophan and kynurenine metabo-
lites may affect fetal programming as well. Such effect is exemplified by the development of 
hypertension in the offspring of mothers that were exposed to experimental chronic kidney 
disease, which could be prevented by tryptophan supplementation of these pregnant rats, 
and was accompanied by restoration of the chronic kidney disease-induced alterations in the 
offspring’s gut microbiome.107 In ruminants, tryptophan supplementation, when given in the 
form of N-acetyl-L-tryptophan (ACT) to bypass microorganism metabolism in the rumen 
and allow uptake in the small intestine, improved fetal growth.108,109

In a recent study, Worton et al.81 investigated the potential use of kynurenine as an anti-hy-
pertensive agent for preeclampsia. As previously described, kynurenine induced vasodilation 
in healthy and preeclamptic human arteries, in agreement with earlier reported blood pres-
sure lowering effects in animals, and effects of its precursor tryptophan.17,19,80,81 Altogether, 
available data suggest that tryptophan supplementation can improve fetal growth. However, 
the in vitro proven effect of both tryptophan and kynurenine would require a >1000-fold 
increase of the in vivo plasma concentrations Tryptophan loading in healthy volunteers gave 
rise to increased circulating kynurenine metabolites and lipid peroxidation, suggesting oxi-
dative stress.110 Moreover, high tryptophan concentrations were reported to increase AHR 
signalling and thereby inhibit porcine placental cell proliferation.111 Given the presence of the 
kynurenine pathway in several tissues, and the limited knowledge on the physiological func-
tions of kynurenine and its metabolites in vivo, treatment of people, and specifically pregnant 
women, with excessive high tryptophan or kynurenine concentrations requires caution.

In that respect, it is important to note that tryptophan transport into the cell is an important 
rate-limiting factor of the kynurenine pathway.19,61 Similarly, fetal nutrient supply is limited 
by placental transport and metabolism. Instead of tryptophan supplementation, increasing 
tryptophan or kynurenine transport may be more effective. To bypass the placental transport 
system, Tchirikov et al.112 investigated the effect of intra-umbilical amino acid supplemen-
tation via a subcutaneously implanted port system in human fetuses with severe FGR. This 
intravascular treatment was successfully executed, prolonged pregnancy, and increased fetal 
weight. However, instead of correcting, the fetal amino acid concentrations deviated even 
more from normal values after treatment. The authors attributed this to large differences 
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between the commercial amino acid solutions used for infusion and the fetal physiological 
concentrations, which probably enhanced the amino acid disbalance after treatment.112 An-
other way to circumvent amino acid transport is the use of lipophilic analogues. The ethyl 
ester of tryptophan was shown to circumvent defective gastrointestinal neutral amino acid 
transporters in a child with Hartnup disease.113 Furthermore, we showed that tryptophan 
ethyl ester was more potent in inducing vasodilation compared with tryptophan.19 When 
given to pregnant women, tryptophan ethyl ester might not only affect placental perfusion, 
but simultaneously improve fetal tryptophan delivery as well. Future studies are needed to 
carefully design the best mode of tryptophan supplementation and weigh the beneficial and 
dangerous effects of tryptophan, or kynurenine supplementation during pregnancy.

The most well-known pharmacological kynurenine pathway intervention is inhibition of 
IDO1. In oncology IDO1 inhibitors are generally used in combination therapy, complicating 
the interpretation of the individual effects of IDO1 inhibition. However, a phase II trial with 
the IDO1 inhibitor epacadostat (INCB024360, Figure 5) as standalone treatment reported 
that the treatment was relatively well tolerated in patients with myelodysplastic syndromes.114 
This suggests that interference with IDO in non-pregnant subjects is not harmful. However, 
epacadostat was also shown to inhibit neovascularization in a mouse model of pulmonary 
metastasis15 Angiogenesis and neovascularization are important processes in placental de-
velopment, therefore IDO1 inhibitors might be harmful during pregnancy, and we suggest 
avoiding these drugs in pregnant women.

Several kynurenine metabolites have neuroactive functions and have been linked to neu-
rodegenerative diseases,115 and therefore interventions targeting other kynurenine pathway 
enzymes have been developed in the neurological field. It is important to keep in mind that 
interventions with any of these metabolites might subsequently affect fetal brain develop-
ment as well. N-acetylcysteine (NAC) can inhibit the formation of kynurenic acid through 
inhibition of KAT-2.116 Although this can improve cognitive function,117 low placental KAT-
2 expression deems it unlikely for NAC to have placental effects. Furthermore, NAC also 
has broad anti-oxidant effects, making it difficult to establish whether potential effects of 
NAC are mediated through inhibition of KAT-2. Depressive symptoms are believed to arise 
from an increased formation of toxic kynurenine metabolites inside the brain. A study in 
mice showed that administration of L-leucine, a competitor for the LAT1 transporters, de-
creased kynurenine levels in the brain and reduced depression-like symptoms. Leucine is a 
natural competitor for the LAT1 transporter,118 and therefore competes with tryptophan 
transport (Figure 5). Its anti-depressant effects are currently being tested in a phase 2 clinical 
trial in individuals with major depressive disorders (NCT03079297). Kynurenic acid might 
antagonize neurotoxic metabolites in the brain and is metabolized from kynurenine, but ky-
nurenine is also a substrate for KMO to form 3-hydroxy-kynurenine. Inhibition of KMO 
may thus increase the flux of kynurenine towards kynurenic acid instead of 3-hydroxy-ky-
nurenine. Indeed, the KMO inhibitor JM6 (Figure 5), was reported to increase kynuren-
ic acid levels, and thereby lower neuropathic pain intensity in rats and reduce neurological 
symptoms in a transgenic mouse model of Alzheimer’s disease.119,120 The kynurenic acid an-
alogue 7-chlorokynurenic acid, but also 4-chloro-3-hydroxyanthranilic acid (4-Cl-3-HAA) 
and 4-chlorokynurenine (4-Cl-Kyn or AV-101), a prodrug of 4-chloro-3-hydroxyanthranilic 
acid and a potent inhibitor of HAAO that suppresses quinolinic acid formation (Figure 5), 
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can modify  N-methyl-D-aspartate receptor signalling. Even though AV-101 altered 3-hy-
droxykynurenine and kynurenic acid concentrations without affecting kynurenine and quin-
olinic acid concentrations, it did not improve clinical outcomes.121,122 It is unclear how these 
compounds affect circulating kynurenine metabolites, but it is important to keep in mind that 
suppression of IDO1 or any of the subsequent kynurenine pathway enzymes, would result in 
a reduced de novo NAD+ synthesis likely affecting placental function, and possibly altering the 
fetal kynurenine metabolite homeostasis.

Most currently available treatments are focused on inhibition of the kynurenine pathway, 
which in cases of suspected preterm labour, might be interesting. However, in all pregnancy 
complications, it seems more relevant to explore opportunities to stimulate kynurenine path-
way functioning. As outlined above, kynurenine pathway activation in an important source of 
de novo NAD+ formation, and may improve vascular development and function, and reduce 
oxidative stress. However, recently, an IFN-γ-induced increase in intracellular kynurenine 
formation was linked to a decrease in intracellular NAD(H) levels.89 Although this seems 
counterintuitive, these experiments were performed in human coronary artery endothelial 
cells only, and therefore agree with the spatial segregation of the kynurenine pathway en-
zymes that are essential for de novo NAD+ formation. Nicotinic acid (niacin) supplemen-
tation, which may increase NAD+ formation through the salvage pathway, is used to treat 
vascular disease.123 In rabbits, nicotinic acid was shown to inhibit vascular inflammation and 
endothelial dysfunction, independent of its effect on lipid metabolism.124 These effects are 
similar to the effects of activation of the kynurenine pathway, therefore it seems relevant to 
find ways to improve NAD+ formation through the kynurenine pathway.

Figure 5 | The kynurenine pathway with pharmacological interventions. L-Leucine is a natural competitor 
for Tryptophan transport by LAT1. The lipid soluble form of tryptophan, tryptophan ethyl ester, can 
circumvent the amino acid transporters. Epacadostat selectively inhibits IDO1. JM6 is an inhibitor of 
KMO. AV-101 (4-chlorokynurenine) is a prodrug of 4-chloro-3-hydroxyanthranilic acid, a potent inhibitor 
of HAAO. NAC (N-acetylcysteine) inhibits KAT2, and the subsequent formation of kynurenic acid and 
potentially xanthurenic acid. IDO, indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygense; AFMID, 
arylformamidase; KAT-2, aminoadipate aminotransferase; KAT-3, kynurenine aminotransferase 3; KYNU, 
kynureninase; KMO, kynurenine 3-monooxygenase; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; ACMSD, 
aminocarboxymuconate semialdehyde decarboxylase; QPRT, quinolinate phosphoribosyltransferase; LAT, 
large neutral amino acid transporter.
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Preclinical Models
While investigating the kynurenine pathway it is important to consider significant differ-
ences between potential preclinical models. As earlier described, LPS-stimulated placental 
explants do not seem to represent preterm birth very well. It would be easiest to investigate 
the IDO1 and IDO2 specific functions using animal (knock-out) models as suggested by 
Kudo et al.30. However, the placenta is the most species-specific organ and potential interspe-
cies differences should be considered. In mice, IDO activity is very high around conception 
but disappears at the end of pregnancy, opposite to the human situation.125 In rat placentas, 
Ido1 was not detected, but placental expression of Ido2 increased towards term, resembling 
the human IDO1 enzyme.55 The choriocarcinoma cancer cell lines which are regularly used 
in placental research also seem unsuitable to investigate the kynurenine pathway, because 
of dissimilar gene expression of kynurenine pathway associated genes compared to primary 
trophoblast cells.27 Therefore, it seems most relevant to investigate tryptophan metabolism 
through the kynurenine pathway in human models, or if using one of the above models, to be 
aware of the significant differences with the human situation.

Conclusion
This review for the first time identified spatial segregation between kynurenine pathway ele-
ments in the placenta, evidenced by distinct kynurenine pathway enzyme expression profiles 
between different placental cell types as summarized in Figure 4. Consequently, complete 
metabolism of tryptophan through the kynurenine pathway requires many cell types, and 
intercellular transport of the kynurenine metabolites. The placental kynurenine pathway has 
important roles as local signalling pathway, providing a source of de novo NAD+ synthesis, and 
regulating tryptophan and kynurenine metabolite supply to the growing fetus. Tryptophan 
and metabolite transport are limiting for kynurenine pathway functioning. Therefore, inter-
ference with tryptophan and kynurenine transport might more effectively improve placental 
kynurenine pathway function compared to interference with metabolites or enzymes. Recent 
studies suggest that the placental kynurenine pathway does not contribute to maternally cir-
culating metabolite concentrations. Kynurenine pathway alterations in the placenta are thus 
unlikely to affect circulating metabolite concentrations in the mother. Alterations in circulat-
ing metabolites, such as an elevated kynurenine concentration in preeclampsia likely reflect 
maternal hepatic alterations instead. Future studies are necessary to decipher the roles of the 
kynurenine pathway in placental development and pregnancy progression, and specific areas 
of interest are: (1) to decipher the physiological roles of the kynurenine pathway in the pla-
centa, (2) to identify the cell type specific alterations of the kynurenine pathway enzymes and 
transporters in pregnancy complications associated with placental dysfunction, (3) to deter-
mine what causes alterations in circulating metabolites if not mediated through the placenta, 
and (4) how these alterations influence fetal development and neonatal outcome. Essentially, 
it is important to identify the functional consequences of kynurenine pathway alterations 
and its effects on fetal homeostasis in pregnancy complications such as recurrent miscarriage, 
preterm birth, preeclampsia, and FGR. This knowledge may provide new treatment targets 
and will hopefully allow the safe implementation of kynurenine pathway interventions in 
pregnant women.
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Graphical abstract | The role of the kynurenine pathway in the (patho)physiology of maternal pregnancy and fetal 
outcomes: a systematic review
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Abstract

Introduction
Tryptophan is the precursor of kynurenine pathway (KP) metabolites which regulate immune 
tolerance, energy metabolism, and vascular tone. Since these processes are important during 
pregnancy, changes in KP metabolite concentrations may play a role in the pathophysiology 
of pregnancy complications. We hypothesize that KP metabolites can serve as novel bio-
markers and preventive therapeutic targets. This review aimed to provide more insight into 
associations between KP metabolite concentrations in maternal and fetal blood, and in the 
placenta, and adverse maternal pregnancy and fetal outcomes. 

Methods
A systematic search was performed on 18 February 2022 comprising all KP metabolites, 
and keywords related to maternal pregnancy and fetal outcomes. English-written human 
studies, measuring KP metabolite(s) in maternal or fetal blood or in the placenta in relation 
to pregnancy complications, were included. Methodological quality was assessed using the 
ErasmusAGE quality score (QS) (range: 0-10).  A meta-analysis of the mean maternal tryp-
tophan and kynurenine concentrations in uncomplicated pregnancies was conducted.

Results 
Of the 6262 unique records, 37 were included (median QS=5). Tryptophan was investigated 
in most studies, followed by kynurenine, predominantly in maternal blood (n=28/37), and in 
the second and third trimester of pregnancy (n=29/37). Compared to uncomplicated preg-
nancies, decreased tryptophan in maternal blood was associated with an increased prevalence 
of depression, gestational diabetes mellitus, fetal growth restriction, spontaneous abortion, 
and preterm birth. Elevated tryptophan was only observed in women with pregnancy-in-
duced hypertension compared to normotensive pregnant women. In women with preeclamp-
sia, only kynurenic acid was altered; elevated in the first trimester of pregnancy, and positively 
associated with proteinuria in the third trimester of pregnancy.

Conclusions
KP metabolite concentrations were altered in a variety of maternal pregnancy and fetal com-
plications. This review implies that physiological pregnancy requires a tight balance of KP 
metabolites, and that disturbances in either direction are associated with adverse maternal 
pregnancy and fetal outcomes.
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Introduction
The essential amino acid tryptophan is required for protein synthesis, and is therefore import-
ant for growth and development of the placenta and fetus. Tryptophan is also the substrate 
for multiple metabolic pathways, including the serotonin pathway, tryptamine pathway and 
indole pathway.1 However, by far the greatest proportion of tryptophan (> 95%) is metab-
olized via the kynurenine pathway (KP). KP metabolites have pro- and antioxidant effects 
and are involved in many physiological processes that play a key role in pregnancy, including 
the regulation of vascular tone in the mother and placenta, immune tolerance, and neuropro-
tection.2,3 Indeed, the KP, and equally important, the transport of its metabolites across the 
placenta, affect placental function and pregnancy outcome.4,5

The KP is regulated by the hepatic tryptophan 2,3-dioxygenase (TDO)2, and the extrahepat-
ic indoleamine 2,3-dioxygenase (IDO)1 and IDO2.3,6 These enzymes catalyze the conversion 
of L-tryptophan into N-formyl-kynurenine, which can be further metabolized into L-ky-
nurenine, kynurenic acid, anthranilic acid, 3-hydroxy-anthranilic acid, quinolinic acid, pi-
colinic acid, and nicotinamide adenine dinucleotide (NAD+) (Figure 1). In 1998, Munn et al.7 
revealed that inhibition of IDO resulted in pregnancy loss in mice, indicating that the KP is 
crucial to maintain pregnancy. The placenta is one of the few human tissues that constitutively 
expresses IDO1 under physiological conditions.2,8 Its expression and activity are reduced in 
pregnancies complicated by fetal growth restriction (FGR) and preeclampsia (PE).5,9-12 

Under physiological conditions, total tryptophan concentrations decrease throughout preg-
nancy in maternal blood, while kynurenine concentrations remain constant.13 However, ref-
erence values of KP metabolites during pregnancy are currently lacking, and it is unclear how 
changes in tryptophan and kynurenine concentrations affect the downstream KP metabolites. 
Nevertheless, it is essential that KP metabolite concentrations are maintained within a certain 
range throughout pregnancy. This was demonstrated in animal studies in which tryptophan 
supplementation improved fetal growth and neonatal outcome, while excessive tryptophan 
intake led to a decreased placental and fetal weight and increased fetal mortality.14-18

Although the tryptophan metabolizing pathways towards melatonin and serotonin produc-
tion have been implicated to play a role in pregnancy complications 19-24, little is yet known 
about how alterations in tryptophan metabolism into KP metabolites relate to pregnancy 
complications. Variations in KP metabolite concentrations as potential cause or consequence 
of pregnancy complications, may serve as novel biomarkers and/or (preventive) therapeutic 
targets. Therefore, this systematic review provides an overview of the current literature on KP 
metabolites variations during pregnancy in maternal blood, fetal blood, and the placenta in 
relation to maternal pregnancy and fetal outcomes.
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Study selection and data extraction 
Three independent reviewers (A.J.P.S. (initial search), M.B. (search update) and S.K.M.v.Z.) 
screened the title and abstract of unique records identified by the search. Next, the full texts 
of the selected studies were retrieved and assessed for final inclusion by two independent 
reviewers (M.B. and S.K.M.v.Z.). These two reviewers extracted the data from the included 
studies independently by using a pre-specified template. Throughout all stages of the selection 
and extraction processes, disagreements between the two reviewers were resolved by consen-
sus or by consultation of a third reviewer (L.v.R.).

Assessment of risk of bias 
Two independent reviewers (M.B. and S.K.M.v.Z.) assessed the risk of bias using the Eras-
musAGE quality score.27,28 This quality score consists of five items comprising study design 
(0 = cross-sectional, 1 = longitudinal, 2 = intervention), study size (0 = < 100, 1 = 100-500, 2 
= > 500 participants), exposure (0 = not reported, 1 = moderate, 2 = adequate exposure mea-
surement), outcome measurement (0 = not appropriate, 1 = moderate, 2 = adequate), and 
adjustments for confounders (0 = unadjusted, 1 = adjusted for key confounders, 2 = adjusted 
for additional covariates). This results in a quality score ranging between 0 and 10, with 10 
representing the highest quality. The ErasmusAGE quality score is based on previously pub-
lished scoring systems developed for in vivo clinical studies.27,28 However, no such scoring 
system exists for ex vivo studies.

Data synthesis 
We performed a narrative synthesis of the results of the included studies, grouped into mater-
nal pregnancy and fetal outcomes. The direction of the associations between the KP metabo-
lite concentrations and maternal pregnancy and fetal outcomes are presented in tables (Tables 
2-6). The measures of effect were represented as in the original studies, and displayed as effect 
estimate (mean, median, β, or fold change (FC), with its respective error measure (stan-
dard deviation (SD), standard error (SE)), 95% confidence interval (95% CI), or interquartile 
range (IQR)), sample size (N) and P-value. If the measures of effect were not reported, the 
raw data (already available or provided upon request) were used to perform statistical analy-
ses: linear regression analysis for continuous outcome variables, and an independent sample 
t-test to compare KP metabolite concentrations between two groups. 

Since KP concentrations depend on the timing of sampling during pregnancy,13 and reference 
values during uncomplicated pregnancy are lacking, a meta-analysis was conducted of the 
means of KP metabolite concentrations per trimester of pregnancy with the condition that 
at least three studies reported absolute values of a specific KP metabolite in a similar matrix 
(maternal or fetal blood, or in the placenta). All statistical analyses were performed using 
SPSS (IBM SPSS Statistics 25) and R (R for Windows, version 3.5,29 R Package Meta 30). A 
P-value < 0.05 was considered statistically significant.
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Table 2 | Maternal tryptophan and kynurenine concentrations (µmol/L) throughout uncomplicated pregnancies 
per trimester of pregnancy. 

Author QS N Matrix Fasting Method of determination Tryptophan, 
mean (SD)

Kynurenine, 
mean (SD)

1st trimester

Sha et al.48 7 90 Plasma NM HPLC + UV-detector 32.9 (5.4) 1.34 (0.33)

2nd trimester

Nilsen et al.56 9 2820 Plasma No GC-MS/MS, LC-MS/MS 59.0 (9.0) 1.11 (0.21)

Jiang et al.55 8 366 Serum Yes UHPLC-MS/MS 43.4 (13.1)

Van lee et al.51 8 243 Plasma Yes LC-MS/MS 49.4 (8.2) 1.06 (0.20)

Sha et al.48 7 76 Plasma NM HPLC + UV-detector 28.4 (4.3) 1.32 (0.17)

Keane et al.49 6 104 Plasma NM HPLC + UV-/fluorescence- 
detector 

32.5 (8.9) 0.99 (0.27)

Groer et al.50 5 374 Serum NM HPLC + UV-/fluorescence- 
detector 

62.6 (15.2) 1.90 (0.75)

Virgiliou et al.45 5 35 Serum NM LC-MS 35.3 (6.2)

3rd trimester/at birth

Sha et al.48 7 69 Plasma NM HPLC + UV-detector 28.4 (4.3) 1.32 (0.17)

Nazzari et al.52 6 97 Serum NM HPLC + UV-/fluorescence- 
detector 

54.4 (12.0) 1.00 (0.37)

Grafka et al.59 5 105 Plasma Yes IEC + amino acid analyzer 35.0 (9.0)

Zhao et al.57 4 20 Serum Yes LC-MS/MS 34.5 (5.8) 0.85 (0.45)

Kudo et al.10 4 12 Plasma NM HPLC + UV-detector  32.7 (4.8) 1.12 (0.17)

Valensise et al.60 4 12 Plasma NM HPLC + UV-detector 35.6 (9.5)

Scrandis et al.54 3 27 Serum NM LC + UV-/fluorescence- 
detector  

44.9 (9.5) 1.40 (0.40) 

Abbreviations: GC, gas chromatography; HPLC, high-performance liquid chromatography; IEX, Ion-exchange 
chromatography; KP, kynurenine pathway; LC, liquid chromatography; MS, mass spectrometry; MS/MS, tandem 
mass spectrometry; NM, not mentioned; UHPLC, ultra-high-performance liquid chromatography; UV, ultraviolet.

pregnancies.5,9,11,31-33 In total 16 studies used metabolomics to identify underlying biological 
pathways and biomarkers in multiple pregnancy complications.31,32,34-47

The ErasmusAGE quality score of the in vivo studies ranged from 3 to 9, with a median of 
5 (IQR = 4-6, Figure 3).

Kynurenine pathway metabolite concentrations in uncomplicated pregnancies
An overview of maternal tryptophan and kynurenine concentrations from the uncomplicated 
pregnancy populations in the included studies is given in Table 2. A meta-analysis could only 
be performed on the second and third trimester concentrations (Supplemental Figure 1). 
Figure 4 displays the pooled mean concentrations or, if not available, the concentrations from 
individual studies, including concentrations in non-pregnant state and postpartum. It can be 
concluded that maternal tryptophan concentration decreases between the second and third 
trimester of pregnancy, while maternal kynurenine concentration remains constant. 
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Figure 3 | Boxplots of the ErasmusAGE quality 
score for the included in vivo studies grouped into 
studies investigating maternal pregnancy outcomes 
(depression and anxiety during pregnancy, gestational 
diabetes mellitus, preeclampsia, and pregnancy-
induced hypertension; n = 20) and fetal outcomes 
(fetal growth restriction, birth weight, preterm birth, 
preterm premature rupture of membranes, spontaneous 
abortion; n = 11).  The boxplots show the medians with 
interquartile ranges, the minimum and the maximum 
values.

Figure 4 | Tryptophan and kynurenine concentrations in healthy women, 
before pregnancy, as well as in the first trimester, second trimester, third 
trimester of pregnancy, and postpartum. The concentrations in the second 
and third trimester of pregnancy represent the pooled means ± standard error 
of tryptophan (N = 7) and kynurenine (N = 5), depicted as filled circles and 
squares, respectively. The open circles and squares represent values from single 
studies.
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Maternal pregnancy outcomes 

Depression and anxiety during pregnancy 
Maternal blood. Seven studies (six cohort, one cross-sectional) examined the association be-
tween KP metabolites and depressive symptoms (Table 3).48-54 Only one cohort study (QS = 
7) determined KP metabolites in the first trimester of pregnancy, and found no associations 
with (the severity of ) depressive symptoms.48

Of the three studies performed in the secondtrimester of pregnancy,48-50 one cross-sectional 
study (QS = 5) revealed lower tryptophan concentrations in women with a more depressed 
mood assessed by the depression/dejection subscale of the Profile of Mood Status (POMS-D; 
range 0-60), with a higher score indicating a more depressed mood (POMS-D scores > 20 vs. 
≤ 20 = 56.8 vs. 63.2 µmol/L, N = 23 vs. 351, P = 0.017).50 No such associations were found for 
kynurenine, kynurenic acid, quinolinic acid and picolonic acid.48-50

Out of five third trimester cohort studies,48,51-54 Scrandis et al.54 (QS = 3) showed that tryp-
tophan was negatively associated with depression (β = -0.277, N = 27, P = 0.04), however, 
the other four larger studies did not confirm this.48,51-53 Interestingly, Scrandis et al.54 assessed 
depressive symptoms using the structured Interview Guide for the Hamilton Depression 
Rating Scale-Seasonal Affective Disorder (SIGH-SAD), while the other studies used the 
more recently validated Edinburgh Postnatal Depression Scale (EPDS).48,51-53 

Four of these third trimester cohort studies also investigated the association between ky-
nurenine and depression.48,52-54 The results were conflicting, as these studies reported  negative 
(QS = 6, β = -0.002, SE = 0.001, P = 0.03),52  positive (QS = 7, EPDS ≥ 13: OR (%) = 256.6, 
95%CI = 21.3, 948.6, N = 82, P = 0.021),48 or no associations51,53,54 between kynurenine and 
depressive symptoms. Furthermore, Sha et al.48 reported a positive association between quin-
olinic acid and (the severity of ) depressive symptoms (QS = 7, total EPDS: OR (%) = 41.5, 
95%CI = 1.8, 96.6, N = 82, P = 0.039; EPDS ≥ 13: OR (%) 98.2, 95%CI = 10.4, 255.7, N = 82, 
P = 0.022). Kynurenic acid, anthranilic acid, 3-hydroxykynurenine, and 3-hydroxyanthranilic 
acid were not associated with (the severity of ) depressive symptoms.48,53 

Three cohort studies investigated tryptophan and kynurenine in relation to levels of anxi-
ety.49,51,52 None of these studies found an association between tryptophan or kynurenine and 
anxiety symptoms during pregnancy. In all three studies the state of anxiety was measured 
using the State-Trait Anxiety Inventory (STAI).64

Summary. Low tryptophan concentrations in maternal blood in the second and third trimes-
ter of pregnancy may be associated with a more depressed mood during pregnancy. On the 
other hand, third-trimester quinolinic acid was positively associated with depression during 
pregnancy, while the other KP metabolites were not consistently altered in the second or third 
trimester of pregnancy. None of the studies observed an association between second- and 
third-trimester tryptophan and kynurenine and anxiety during pregnancy. 

Gestational diabetes mellitus 
Maternal blood. Four studies (one cohort, three case-control) investigated KP metabolites 
in relation to GDM (Table 4).34-36,55 One case-control study (QS = 5) determined KP me-
tabolites in the first trimester of pregnancy and suggested that kynurenine was elevated in 
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Table 3 | Summary of studies that investigated associations between maternal KP metabolite concentrations and 
depression and anxiety during pregnancy.

First author QS Method Association or 
comparison 

Trp Kyn NFK KA  AA 3- 
HK

XA 3- 
HAA

QA PA

Depression during pregnancy

1st trimester

Sha et al.48 7 Targeted EPDS = = = = =

2nd trimester

Sha et al.48 7 Targeted EPDS = = = = =

Keane et al.49 6 Targeted EPDS = =

Groer et al.50 5 Targeted POMS-D > 20 vs. 
POMS-D ≤ 20

↓ =

3rd trimester

Sha et al.48 7 Targeted EPDS = = = ↑ =

Van Lee et al.51 8 Targeted EPDS =

Nazzari et al.52 6 Targeted EPDS = ↓

Teshigawara et al.53 5 Targeted Depression (EPDS) 
vs. control 

= = = = = =

Scrandis et al.54 3 Targeted SIGH-SAD ↓ =

Anxiety

2nd trimester

Van Lee et al.51 8 Targeted STAI =

Keane et al.49 6 Targeted STAI = =

3rd trimester

Nazzari et al.52 6 Targeted STAI = =

Symbols: blank, not investigated or not identified in case of metabolomics; =, no association; ↓, negative association/lower concentra-
tion; ↑, positive association/higher concentration. Abbreviations: KP, kynurenine pathway; Trp, tryptophan; Kyn, Kynurenine; KA, 
Kynurenic acid; NFK, N-formyl-kynurenine; AA, anthranilic acid; 3-HK, 3-hydroxykynurenine; XA, xanthurenic acid; 3-HAA, 
3-hydroxyanthranilic acid; QA, quinolinic acid; PA, picolinic acid; KP, kynurenine pathway; EPDS, Edinburgh Postnatal Depression 
Scale; POMS-D, Profile of Mood Status depression/dejection subscale; STAI, State-Trait Anxiety Inventory.

women who developed GDM (FC = 1.42, GDM vs. control N = 34 vs. 34, P = 0.03).36 In 
these women, tryptophan, kynurenic acid and 3-hydroxyanthranilic acid concentrations were 
not altered.36

The other three studies were performed in the second trimester of pregnancy.34,35,55 Two of 
these identified decreased tryptophan concentrations in women with GDM compared to 
controls through metabolomics (Zheng et al.34: QS = 6, FC = 0.85, GDM vs. control N = 30 
vs. 30, P = 0.001; Leitner et al.35: QS = 4, mean relative concentrations (SD) = 0.39 (0.28) vs. 
0.53 (0.35), GDM vs. control N = 14 vs. 18, P = 0.025 own analysis). However, Jiang et al.55 
(QS = 8) found no associations between tryptophan and GDM in a large cohort study. In 
all studies, GDM was diagnosed at 24 to 28 weeks of gestation using a routine oral glucose 
tolerance test (OGTT) and the International Association of Diabetes and Pregnancy Study 
Groups (IADPSG) criteria for diagnosis of GDM.34-36,55 
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Summary: A low maternal tryptophan concentration in the second trimester of pregnancy 
may be associated with GDM. This association was not found for other KP metabolites. 
Although data in the first-trimester are limited, kynurenine might be positively associated 
with developing GDM.

Preeclampsia
Ten studies (five case-control, one cohort, and four ex vivo) investigated associations between 
KP metabolites in maternal blood, fetal blood, and placental tissue and the development of 
PE (Table 5).5,9-11,31,37,39,56-58

Maternal blood. Only one study investigated the association between KP metabolites in the 
first trimester of pregnancy and PE, and found elevated kynurenic acid concentrations in 
women who later developed PE (QS = 9, mean (SE) = 0.0233 (0.00077) vs. 0.0207 (0.00013) 
µmol/L, N = 2,936, P < 0.001). At this stage of pregnancy, tryptophan and other KP metab-
olites were not altered.56

In women who had already developed PE in the third trimester of pregnancy, maternal ky-
nurenic acid, as well as picolinic acid concentrations were positively associated with pro-
teinuria (QS = 4, kynurenic acid: r = 0.684, N = 40, P < 0.025; picolinic acid: r = 0.641, N 
= 40, P < 0.031), suggesting a relation with severity of this disease. However, the rise in the 
concentrations of these metabolites was not large enough to result in statistically significant 
different concentrations between women with PE and uncomplicated pregnancies in this 
study.57 Most studies did also not identify altered tryptophan concentrations in women with 
PE in the third trimester of pregnancy (Zhao et al.57: QS = 4, median (SE) = 37.0 (1.2) in PE 
vs. 34.5 (1.3) in controls, N = 40, P ≥ 0.05 ; Liu et al.58: QS = 4, N = 38, P ≥ 0.05; Jääskeläinen 
et al.37: QS = 6, N = 71, P ≥ 0.05). Only one study reported increased tryptophan in late-onset 
PE specifically (QS = 6, mean (SD): 42.8 (6.9) vs. 32.7 (4.8) µmol/L, N = 33, P < 0.001).10 
3-Hydroxyanthranilic acid levels were elevated in women who had already developed PE in 
one metabolomics study (QS = 6, FC = 1.76, N = 67, P = 0.00014),39 but this was not con-
firmed by targeted analysis nor in another metabolomics study.37,57

Fetal blood. Concentrations of KP metabolites in the umbilical cord blood were similar be-
tween PE and uncomplicated pregnancies.57,58

Placenta. Placental concentrations of tryptophan were increased in early-onset PE (median 
(IQR) = 26.7 (20.6-30.2) vs. 20.5 (15.7-24.1) ng/g tissue, N = 24, P = 0.005),5 and decreased 
in late-onset PE (mean (SD): 3.85 (0.88) vs. 4.86 (1.30) µg/g tissue, N = 36, P = 0.01).11 
Moreover, preeclamptic placentas secreted less kynurenine compared to healthy placentas ex 
vivo, measured by metabolomics (relative difference = 0.63, N = 12, P < 0.00005)31 as well as 
targeted analysis (Kudo et al.10: 0.29 (0.04) vs. 0.48 (0.06) nmol/mg/min, N = 22, P < 0.01 ; 
Zardoya-Laguardia et al.9: N = 24, P ≤ 0.05), implying reduced placental IDO1 activity. 

Summary. Kynurenic acid was elevated in the first trimester of pregnancy in women with PE. 
Furthermore, both kynurenic acid and picolinic acid were positively associated with protein-
uria in women with PE in the third trimester of pregnancy. None of the other KP metabolites 
was changed in maternal blood, nor was any KP metabolite altered in umbilical cord blood. 
Compared to healthy placentas, placental kynurenine production was lower in preeclamptic 
placentas, while the placental tryptophan concentration was increased in early-onset PE but 
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decreased in late-onset PE.

Pregnancy-induced hypertension
Maternal blood. Two case-control studies investigated alterations in tryptophan concentra-
tions in the third-trimester in pregnancies complicated by PIH. In the largest of the two 
studies, tryptophan was significantly higher in women with PIH compared to controls (QS 
= 5, mean (SD): 99 (7) vs. 35 (9) µmol/L, N = 210, P < 0.00005).59 However, in a smaller 
cohort study, this difference was not observed (QS = 4, mean (SD): 38.1 (10.3) vs. 35.6 (9.5) 
µmol/L, N = 22).60

Although no studies were conducted to investigate variations of other KP metabolites in PIH 
specifically, the kynurenine concentration was lower in the first trimester in pregnant African 
American women who developed PIH compared to those who developed PE as identified 
through metabolomics (QS = 7, N = 100, P < 0.05).38

Fetal blood. No alterations of tryptophan were found in the umbilical cord blood of pregnan-
cies complicated by PIH (mean (SD): 72.1 (16.8) vs. 80.2 (19.6) µmol/L, N = 22).60

Summary. The tryptophan level is higher in women with PIH at the end of pregnancy com-
pared to normotensive pregnant women.

Fetal outcomes

Fetal growth restriction
Eight studies (three cohort, two cross-sectional, two case-control, and one ex vivo) investi-
gated the associations between KP metabolites in maternal blood, fetal blood, or placenta and 
FGR or birthweight (Table 6).9,40-43,61-63

Maternal blood. No statistically significant differences were observed in first-trimester tryp-
tophan concentrations between women who did or did not carry a FGR child in two studies 
(QS = 5 for both).61,63 Although in adult pregnancies the first-trimester tryptophan concen-
tration was not associated with low birthweight, it was associated with low birthweight in 
adolescent pregnancies (QS = 5, < 2500 grams, N = 39, P = 0.043).63 At birth tryptophan 
concentrations were also lower in women who carried a FGR child compared to uncompli-
cated pregnancies measured by metabolomics (QS = 5, mean (SD) µmol/L: 15.4 (11.4) vs. 
24.5 (7.1), N = 84, P < 0.001).41 However, the third-trimester kynurenic acid concentration 
was not related to birthweight in uncomplicated pregnancies (QS = 4).62

Fetal blood. Most data on umbilical cord blood variations in FGR were acquired using me-
tabolomics and demonstrated conflicting results. One study reported a reduced tryptophan 
concentration in FGR fetuses (QS = 5, mean (SD) µmol/L: 18.1 (14.8) vs. 35.6 (7.3), N 
= 84, P < 0.001 (own analysis of supplemental data)),41 and another study showed a trend 
towards a reduced tryptophan concentration in selective FGR twins compared to their ap-
propriate-for-gestational-age co-twins (QS = 4, N = 20, no P-value reported).42 In contrast, 
a metabolomics study revealed higher tryptophan concentrations in FGR (QS = 5, N = 43, 
P < 0.0001) and found that tryptophan was an excellent discriminator between FGR and 
appropriate-for-gestational-age fetuses, while kynurenine was unaltered.40

Tryptophan was not associated with birthweight (QS = 7, N = 42),43 nor was kynurenic acid 
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(QS = 4, N = 32).62 Only the isomeric form of methoxykynurenate, a product of xanthurenic 
acid, was negatively associated with birthweight (QS = 7, N = 42, P < 0.05).43

Placenta. Placental kynurenine formation as measure for IDO1 activity, was significantly 
lower in FGR compared to pre-term controls (N = 18, P ≤ 0.01).9 A metabolomics study of 
the placental explant secretome revealed that with increasing O2 levels, the concentration of 
tryptophan decreased, while kynurenine increased in the medium of both explants from small 
for gestational age and appropriate-for-gestational-age fetuses.32

Summary. Although data on maternal KP metabolites in FGR were limited, low tryptophan 
concentrations in both maternal and fetal blood may be associated with FGR. Despite re-
duced placental kynurenine production in FGR, kynurenine seemed unaltered in fetal blood.

Preterm birth 
Maternal blood. Two metabolomics studies reported a significant association between tryp-
tophan metabolites in the first trimester of pregnancy and SA,46,47 a condition that may be 
considered an extreme form of PTB. While one of these studies found a decreased trypto-
phan concentration in SA (QS = 6, FC = 0.77, N = 32, P = 0.0026),46 kynurenine was found 
to be increased in the other study (QS = 4, FC = 1.41, N = 101, P = 0.04),47 but neither study 
confirmed each other’s finding.

Three studies (two case-control, one cohort) investigated metabolomic profile and amino acid 
profile variations in relation to PTB.45,46,63 One metabolomics study found lower second-tri-
mester tryptophan concentrations in women who gave birth prematurely (QS = 5, mean (SD) 
= 31.11 (5.52) vs. 35.31 (6.19) µmol/L, N = 70, P = 0.0045).45 However, this association was 
not confirmed by the other two studies through self-reported dietary questionnaires in the 
first trimester of pregnancy (QS = 5, N = 160) 63 or metabolomics in the third trimester of 
pregnancy before initiation of steroid or tocolytic therapy (QS = 6, N = 143).44 Also, third-tri-
mester kynurenine concentrations were unaltered (QS = 6, N = 143).44

Fetal blood. Only one study investigated KP metabolites in umbilical cord blood in relation 
to PTB, in PPROM specifically. In PPROM with intrauterine infection kynurenine was de-
creased (P = 0.0019, N = 24), while kynurenic acid was increased (P = 0.0005, N = 24) when 
compared to term deliveries.33 Similar results were observed in PPROM without infection, 
although no statistics were mentioned. This study found no alterations in 3-hydroxyanthra-
nilic acid, quinolinic acid and picolinic acid concentrations.33

Placenta. Similar to the umbilical cord blood concentrations, ex vivo placental kynurenine 
formation was significantly lower in preterm compared to term controls (N = 20, P ≤ 0.05).9

Summary. SA was associated with a lower tryptophan, but a higher kynurenine concentration 
in maternal blood in the first trimester of pregnancy compared to uncomplicated pregnancies. 
Similarly, the second-trimester tryptophan concentration was decreased in premature versus 
term pregnancies. The kynurenine concentration was lower in the premature-born placenta, 
and fetal blood of PPROM-pregnancies compared to controls.
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Table 6 | Summary of studies that investigated associations between maternal and fetal and placental KP metabolite 
concentrations and fetal outcomes.

 First author QS Method Association or 
comparison

Trp Kyn NFK KA  AA 3-HK XA 3- 
HAA

QA PA

Fetal growth (restriction)

Maternal blood

1st trimester

Guzel et al.63 5 Targeted Birthweight =

Di Guilio et al.61 5 Targeted FGR vs. control =

3rd trimester

Moros et al.41 5 Metabolomics FGR vs. control ↓          

Milart et al.62 4 Targeted Birthweight =

Umbilical cord blood

Robinson et al.43 7 Metabolomics Birthweight =      ↓    

Moros et al.41 5 Metabolomics FGR vs. control ↓          

Favretto et al.40 5 Metabolomics FGR vs. control ↑ =         

Cosmi et al.42 4 Metabolomics sFGR twin vs. 

AGA co-twin

↓ 

Milart et al.62 4 Targeted Birthweight =

Placenta                 

Zardoya-Laguar-
dia at al.9

NA Targeted FGR vs. PTB ↓

Preterm birth

Maternal blood

1st trimester 

Li et al.47 6 Metabolomics RSA vs. control ↑

Guzel et al.63 5 Targeted PTB vs. control =

Fei et al.46 4 Metabolomics Missed abortion 
vs. control

↓          

2nd trimester

Virgiliou et al.45 5 Metabolomics PTB vs. term ↓          

3rd trimester

Lizewska et al.44 6 Metabolomics PTB vs. term =          

Umbilical cord blood

Manuelpillai 
et al.33

NA Targeted PPROM vs. 
control

 ↓  ↑   

Placenta

Zardoya-Laguar-
dia et al.9

NA Targeted PTB vs. term ↓

Symbols: blank, not investigated or not identified in case of metabolomics; =, no association; ↓, negative association/lower concen-
tration; ↑, positive association/higher concentration. Abbreviations: KP, kynurenine pathway; Trp, tryptophan; Kyn, Kynurenine; KA, 
Kynurenic acid; NFK, N-formylkynurenine; AA, anthranilic acid; 3-HK, 3-hydroxykynurenine; XA, xanthurenic acid; 3-HAA, 3-hy-
droxyanthranilic acid; QA, quinolinic acid; PA, picolinic acid; KP, kynurenine pathway; PTB, preterm birth; RSA, recurrent spontaneous 
abortion; MA, missed abortion; PPROM, preterm premature rupture of membranes.
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Discussion
The present study summarized the associations between KP metabolite variations in mater-
nal blood, fetal blood, and placental tissue, and maternal pregnancy and fetal outcomes. KP 
metabolites were mainly investigated in maternal blood, in the second and third trimester of 
pregnancy, while data on first-trimester KP metabolites were scarce. Compared to uncompli-
cated pregnancies, a low maternal tryptophan concentration was associated with depression, 
GDM, FGR, PTB, and SA, while a high tryptophan concentration was associated with PIH. 
Furthermore, a high kynurenic acid concentration in the first trimester of pregnancy was 
associated with developing PE. KP metabolites in fetal blood were investigated in relation 
to PE, PIH, FGR, and PTB, and only revealed a lower tryptophan concentration in FGR 
compared to appropriate-for-gestational-age fetuses. In the placenta, the kynurenine concen-
tration and formation were attenuated in pregnancies complicated by PE, FGR and PTB.

Maternal pregnancy outcomes 
Depression during pregnancy. In this study, we found that lower maternal tryptophan and 
higher maternal quinolinic acid concentrations in the second and third trimester of pregnan-
cy may be related to severity of depression during pregnancy. Quinolinic acid is considered 
neurotoxic,65,66 and studies performed in non-pregnant populations also found associations 
between increased concentrations of quinolinic acid and depression.67. The decreased tryp-
tophan and increased quinolinic acid concentrations in depression during pregnancy may, at 
least partly, be explained by changes in the gut microbiome, which was shown to regulate cir-
culating KP metabolites, and was altered in patients with depressive disorders, but description 
of the underlying mechanisms falls beyond the scope of this review.68-72 

Gestational diabetes mellitus. Two metabolomics studies reported decreased tryptophan con-
centrations in women with GDM,34,35 which was however not confirmed by the large cohort 
study of Jiang et al.55 and the recent study of McMichael et al.36. The latter study did show 
an increased kynurenine concentration in women with GDM. Although results are ambig-
uous, potentially decreased tryptophan and increased kynurenine concentrations in maternal 
blood suggest an increased flux of tryptophan through the KP, possibly due to upregulation 
of IDO1 by the inflammatory state of GDM.50,73 

Preeclampsia. An elevated kynurenic acid concentration in the first trimester of pregnancy 
before the onset of PE,56 and its correlation with proteinuria in women with PE 57 could ei-
ther be a consequence of early PE disturbances or an actual pathophysiological factor in PE. 
Although tryptophan and kynurenine concentrations were not altered in women with PE, 
the kynurenic acid concentration was elevated. Yet, kynurenine formation was attenuated in 
PE placentas. These discrepancies between placental and maternal KP changes indicate that 
the maternally elevated kynurenic acid concentration reflects KP alterations downstream of 
kynurenine and is unlikely a result of placental alterations.2 Instead, it might originate from 
another (yet unknown) source, and did not seem to affect the fetal kynurenic acid concen-
tration.57

Pregnancy-induced hypertension. Given the lower kynurenine concentration in women with 
PIH versus PE as identified through metabolomics,38 and the similar concentration of ky-
nurenine in PE and healthy women, it seems that women with PIH have both an increased 
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tryptophan and a decreased kynurenine concentration.59,60 These data thus suggest a de-
creased flux of tryptophan through the KP in maternal blood in PIH which differs from PE, 
and potentially represents an altered activity of other KP degrading enzymes, such as hepatic 
TDO2. 

Fetal outcomes 
Fetal growth restriction. Given that tryptophan is an essential amino acid and thus required 
for fetal growth, the relation between tryptophan supply and fetal growth is evident. Indeed, 
the tryptophan concentration was lower in the umbilical cord blood of fetuses with FGR 
compared to controls.41,42 Reduced maternal tryptophan concentrations in FGR pregnancies, 
though only observed at the end of pregnancy, corroborate the hypothesis that insufficient 
maternal tryptophan intake explains the lower fetal and maternal tryptophan concentrations 
in FGR pregnancies.41,61,63

Preterm birth. Women with SA and women with PTB both displayed lower tryptophan con-
centrations 45-47 than women with term pregnancies. Low maternal tryptophan concentrations 
in PTB may affect fetal KP metabolites, but this remains subject for future studies. Maternal 
kynurenine concentrations were elevated in SA. It should be noted that in SA and PTB, 
KP metabolites have only been measured in maternal blood through metabolomics, or were 
calculated using self-reported dietary questionnaires, and therefore require more research. 

Placental kynurenine pathway metabolites 
Placental conversion of tryptophan into kynurenine, representing IDO1 activity, was de-
creased in multiple human pregnancy complications including PE, FGR, PTB, and 
SA,5,9,10,31,74,75 suggesting that impaired KP flux may have a pathological role in human preg-
nancy complications. 

Tryptophan can induce IDO1-dependent vasodilation in placental arteries, but in contrast to 
the decreased placental production of kynurenine by IDO1, vasodilation by tryptophan was 
enhanced in PE.5 A possible explanation for this observation might be that the placental KP 
function is determined by tryptophan transport rather than by IDO1 activity.5,76 Another 
potential explanation is that PE and FGR are both associated with placental insufficiency 
and hypothesized to encompass a hypoxic placental environment. A lower concentration of 
the IDO1 cofactor O2 was shown to reduce IDO1 expression,77 and attenuate placental me-
tabolism of tryptophan into kynurenine.32 Thus, this may compromise the formation of KP 
metabolites in vivo, in agreement with the reduced quinolinic acid formation in diet-induced 
FGR.78 As major source of de novo NAD+ formation, such a deficiency may contribute to 
insufficient placental development. Yet, this is contradicted by the observation that concen-
trations of the NAD+ precursor, quinolinic acid, were similar between PE and healthy pla-
centas.5,10

Although in this review we specifically focused on tryptophan metabolism through the KP, 
it is important to acknowledge that KP alterations may also dysregulate the serotonin and 
melatonin pathways by changing tryptophan availability and aryl hydrocarbon receptor acti-
vation by kynurenine, and consequently affect mitochondrial function.79,80 Indeed, melatonin 
and serotonin were suggested to have a role in the pathogenesis of depression during preg-
nancy, GDM, PE and FGR as well.19-24
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Strengths and limitations 
This study is the first to provide a comprehensive overview of the current state of knowledge 
on variations of KP metabolites in complicated human pregnancies. Publication bias was 
limited by including all years of publication, performing quality assessment through the val-
idated ErasmusAGE quality score,27,28 and by contacting corresponding authors directly for 
any unreported data and additional details relevant for the synthesis of the results. However, 
some publication bias might have arisen from the inclusion of metabolomics studies, since 
our search strategy did not find metabolomics studies that did not identify discriminato-
ry alterations in KP metabolites. As a second limitation, heterogeneity in investigated KP 
metabolites maternal pregnancy and fetal outcomes complicated clustering of – and mak-
ing equivalent comparisons between – results, limiting the possibilities of performing a me-
ta-analysis. Thirdly, the included studies did not distinguish between free and total (albumin 
bound) tryptophan concentrations, while free tryptophan is available for transport to the 
fetus. Neither were free fatty acid concentrations measured, which are known to increase free 
tryptophan concentrations. Lastly, none of the included studies corrected for blood sampling 
seasonality, while the season can affect KP metabolite concentrations in pregnant women.81

Conclusions and implications 
The KP might provide a diagnostically and therapeutically interesting target in complicated 
pregnancies, particularly in FGR where tryptophan seems to be decreased in both maternal 
and umbilical cord blood. Animal studies demonstrated that tryptophan supplementation 
improved embryo survival in mice exposed to pseudorabies virus-induced pregnancy fail-
ure,14 and fetal growth in ruminants,15,16 potentially through the role of KP metabolites in 
bone remodeling.82 Furthermore, the development of hypertension in the pups of rats with 
experimental chronic kidney disease was prevented by supplementing these pregnant rats 
with tryptophan.17

Before starting tryptophan supplementation, however, it is important to first investigate its 
effects on other KP metabolites. Our study showed that elevated kynurenic acid concentra-
tions were associated with PE en PPROM, which could have detrimental neurodevelopment 
effects on the offspring.83-89 Thus, future studies should include longitudinal assessment of KP 
metabolites throughout (un)complicated pregnancies, and investigate the relation between 
KP metabolites in maternal and fetal blood. 

Alterations in concentrations of KP metabolites do not necessarily correspond between ma-
ternal blood, fetal blood, and placenta. Therefore, we believe it is time to revise the hypoth-
esis that maternal KP metabolites reflect the placental KP and in particular placental IDO1 
activity. 

Kynurenic acid concentrations were elevated in maternal blood in PE and in the umbilical 
cord blood in PPROM, implying a potential pathological role for this KP metabolite. A 
decreased tryptophan concentration was observed in maternal blood in depression during 
pregnancy, GDM, FGR, PTB, and SA, and in fetal blood in FGR and PPROM, and was 
only found to be increased in PIH. Concurrently, the maternal concentration of kynurenine 
was lower in PIH and raised in GDM. Hence, while the flux of tryptophan through the KP 
seems enhanced in women with GDM, it may be attenuated in PIH. These data emphasize 
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that physiological pregnancy requires a tight balance of KP metabolites, and that disturbances 
in either direction may be associated with adverse maternal pregnancy and fetal outcomes. 
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Graphical abstract | L-Tryptophan-induced vasodilation is enhanced in preeclampsia: studies on its uptake and 
metabolism in the human placenta
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Abstract
(L-)tryptophan induces indoleamine 2,3-dioxygenase (IDO)1-dependent vasodilation. 
IDO1 is expressed in placental endothelial cells and downregulated in preeclampsia. Hy-
pothesizing that this may contribute to diminished placental perfusion, we studied L-trypto-
phan-induced vasodilation in healthy and early onset preeclamptic placental arteries, focusing 
on placental kynurenine pathway alterations. 

Despite IDO1 downregulation, kynurenine pathway metabolite concentrations (measured 
with UPLC-MS/MS) were unaltered in preeclamptic versus healthy placentas. Most likely, 
this is due to enhanced L-tryptophan uptake, evidenced by increased L-tryptophan levels in 
preeclamptic placentas. Ex-vivo perfused cotyledons from healthy and preeclamptic placen-
tas released similar amounts of L-tryptophan and kynurenine pathway metabolites into the 
circulations. This release was not altered by adding L-tryptophan in the maternal circulation, 
suggesting that L-tryptophan metabolites act intracellularly. Maternally applied L-trypto-
phan did appear in the fetal circulation, confirming placental passage of this essential amino 
acid. After in vitro incubation of placental arteries with IDO1-upregulating cytokines inter-
feron-γ and tumor necrosis factor-α, L-tryptophan induced vasodilation. This vasodilation 
was attenuated by both IDO1 and nitric oxide (NO) synthase inhibitors. Despite IDO1 
downregulation, L-tryptophan-induced relaxation was enhanced in preeclamptic versus 
healthy placental arteries. However, cytokine stimulation additionally upregulated the L-type 
amino acid transporter (LAT)1, in preeclamptic placental arteries only. Vasodilation to the 
lipophilic, transporter independent, ethyl ester of L-tryptophan was reduced in preeclamptic 
versus healthy placental arteries, in agreement with reduced IDO1 expression. 

In conclusion, L-tryptophan induces IDO1- and NO-dependent relaxation in placental ar-
teries, which is determined by L-tryptophan uptake rather than IDO1 expression. Increased 
L-tryptophan uptake might compensate for reduced IDO1 expression in preeclamptic pla-
centas.
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Introduction
Optimal placental development is essential for the progression and maintenance of a healthy 
pregnancy, including fetal growth and development. Consequently, poor implantation, pla-
centation, and subsequent placental insufficiency are thought to cause and/or contribute to 
placenta-related diseases, such as fetal growth restriction and preeclampsia.1,2 These compli-
cations do not only affect the pregnancy itself, but also contribute to an increased maternal 
and neonatal cardio-pulmonary risk in later life.2-4 To date, the only (but undesired) cure for 
preeclampsia is delivery of the placenta. 

The general consensus is that early onset preeclampsia is originates from deficient placenta-
tion (i.e. deficient spiral arterial remodeling), characterized by alterations in immune toler-
ance, vascular reactivity, and an angiogenic disbalance.1,5,6 Although the exact mechanisms 
have not been elucidated yet, these processes result in aberrant placental perfusion and secre-
tion of soluble factors into the maternal circulation, negatively affecting maternal and fetal 
conditions. Since the placenta is not neuronally innervated, placental perfusion depends sole-
ly on circulating and locally secreted vasoactive factors, such as nitric oxide (NO), endothelin, 
and prostaglandins.6

L-tryptophan (L-Trp) is an essential amino acid which reaches the fetus through maternal 
nutritional intake. Although the fetus depends on maternal L-Trp for general protein syn-
thesis, up to 95% of L-Trp is metabolized through the kynurenine pathway. The kynurenine 
pathway is highly conserved between species and results in formation of many different me-
tabolites (Figure 1A), with distinctive functions. These include regulation of inflammatory 
processes, and immune tolerance, but also regulation of vascular tone.7-9 Importantly, L-Trp 
dilates chorionic plate arteries of the placenta.10 This required millimolar L-Trp levels during 
blockade of nitric oxide synthase (NOS).10 Originally, L-Trp-induced vasodilation was pro-
posed to involve kynurenine formation by indoleamine 2,3-deoxgenase (IDO)1.10,11 How-
ever, more recently, Stanley et al. 12 showed that the vasodilation might involve production 
of 1O2 by IDO1 in the presence of H2O2, which then oxidizes L-Trp to form the signaling 
molecule cis-WOOH under inflammatory conditions.

In the human placenta IDO1 is increasingly expressed in endothelial cells towards the fe-
tal-maternal interface.13,14 The expression, and activity of IDO1 are reduced in preeclamptic 
placentas.10,15-18 Such reduced expression, and possibly other kynurenine pathway enzyme 
alterations, could diminish L-Trp-induced relaxation,10 and contribute to impaired placental 
perfusion.

In this study we aimed to investigate L-Trp-induced vasodilation in healthy and preeclamptic 
placentas, focusing on alterations in the kynurenine pathway in particular. First, we compared 
the kynurenine pathway enzyme and metabolite levels between preeclamptic and healthy 
placentas. Next, we quantified the release of kynurenine pathway metabolites into the ma-
ternal and fetal circulations. Finally, we studied the vascular responses to L-Trp and its lipo-
philic ethyl ester (TrpEE) in preeclamptic and healthy placental arteries, distinguishing both 
NO-dependent and NO-independent pathways.
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Figure 1 | Kynurenine pathway enzyme alterations. A) Overview of the pathway, B) mRNA expression of 
IDO1, and HAAO are reduced, whereas AFMID, and KAT-3 are increased in preeclampsia (n=12) versus 
healthy (n=12) placentas as measured by RT-qPCR. C) IDO1 protein is decreased in preeclampsia (n=8) versus 
healthy (n=13) placentas. *P<0.05, **P<0.01 as determined by Mann Whitney U-test. TPH-1/2 indicates 
tryptophan hydroxylase 1/2; DDC, dopa decarboxylase; IDO1, indoleamine 2,3-dioxygenase 1; AFMID, 
arylformamidase; KAT-2, aminoadipate aminotransferase; KAT-3, kynurenine aminotransferase 3; KYNU, 
kynureninase; KMO, kynurenine 3-monooxygenase; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; ACMSD, 
aminocarboxymuconate semialdehyde decarboxylase; QPRT, quinolinate phosphoribosyltransferase.
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Methods
All supporting data are available within the article and its online supplemental information.

Patient inclusion
Patients with singleton pregnancies were asked for written consent. We included patients 
with uncomplicated term pregnancies undergoing elective caesarean sections and patients 
with early onset preeclampsia (onset <34 weeks of gestation), diagnosed on the basis of the 
new ISSHP 2018 criteria, i.e., new onset hypertension after 20 weeks of gestation (systolic 
blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg) accompanied by pro-
teinuria or other signs of maternal organ dysfunction and/or uteroplacental dysfunction.19 
Patients with diabetes, inflammation, or fetal congenital abnormalities were excluded. All 
patients entering the Erasmus MC from January 2018 until January 2020, and fulfilling the 
above criteria were approached. The local institutional Medical Ethics Committee issued 
exemption for approval according to the Dutch medical Research with Human Subjects Law 
(MEC-2016-418 and MEC-2017-418).

mRNA expression of kynurenine pathway enzymes and L-Trp transporters
Immediately following placental collection and transportation to the lab, within 30 min after 
delivery, the amnion was removed, biopsies were taken from the maternal side of the placenta, 
snap frozen in liquid nitrogen, and stored at -80°C. Frozen tissue pieces were homogenized in 
cold RLT lysis buffer (Qiagen, Venlo, The Netherlands) with β-mercaptoethanol, and treated 
with proteinase K for 10 min at 55°C. RNA was isolated with the Qiagen RNeasy mini kit 
according to the manufacturer’s instructions, and eluted in RNase free water. Complementary 
DNA (cDNA) was synthesized with a SensiFast cDNA synthesis kit (Bioline, London, UK) 
from 500 ng RNA, as measured on a NanoDrop 1000 Spectrophotometer (Thermo Fisher 
Scientific, Bleiswijk, The Netherlands). Real time quantitative PCR was performed with the 
SYBR green PCR kit (Bioline, London, UK) on a CFX-96 light cycler (Bio-Rad, Hercules, 
CA, USA) under the following conditions: initial denaturation at 95°C for 8 min and 30 s, 
followed by 40 cycles comprising 15 s at 95°C, and 60 s at 60°C. The expression of kynurenine 
pathway enzymes, L-Trp transporters and the aryl hydrocarbon receptor, listed in Table S1 
with specific primer pairs, were normalized against the geometric mean of the reference genes 
β-actin and peptidylprolyl isomerase A, and relative gene expression was calculated by the 
ΔΔCt method. A melt curve was determined for each gene to confirm amplification of a sin-
gle PCR product. All primers were self-designed except peptidylprolyl isomerase A (retrieved 
from Lanoix et al. 20), KAT-3 and TPH-2 (retrieved from PrimerBank,21 ID 242117991c2 
and ID 31795563a3 respectively).

Western blot
For protein extraction, frozen pieces of tissue were homogenized in RIPA buffer (150 mmol/L 
NaCl, 1% Triton X-100, 0.5% sodium deoxycolate, 0.1% sodium dodecyl sulfate, 50 mmol/L 
Tris pH 8.0) with protease inhibitors, and left on ice for 20 min. These samples were centri-
fuged at 4°C, 13000 g for 3 min, to collect the supernatant and determine the total protein 
concentration with the Pierce® BCA Protein Assay Kit (Thermo Fisher Scientific). Proteins 



91

Pl
ac

en
ta

l t
ry

pt
op

ha
n 

m
et

ab
ol

ism
 in

 p
re

ec
lam

ps
ia

04

were separated by loading 50 µg of protein onto a 4-15% mini-protean TGX gel (Bio-Rad) 
and resolving them for 20 min at 80 V followed by 60 min at 110 V. Proteins were then trans-
ferred to a membrane for 1 h at 110 V on ice. After blocking the membrane in TBS + 5% 
BSA at room temperature for 1 h, the membranes were incubated with anti-IDO1 1:1000 
(ARP64661_P050; Aviva Systems Biology, San Diego, CA, USA) and anti-β-actin 1:1000 
(ab8229; Abcam, Cambridge, UK) overnight at 4°C. Hereafter, the membranes were incubat-
ed with 1:15000 diluted fluorescently-labelled secondary antibody at room temperature for 
1 h. Membranes were visualized by the Odyssey® Infrared Imaging System, and analyzed in 
Image Studio Lite (LI-COR Biosciences). The density of each band was normalized to β-ac-
tin (which was expressed identically in healthy and preeclamptic placentas), and displayed as 
arbitrary unit (AU) value. 

Metabolite measurements in tissue
Snap frozen placental tissue samples were homogenized in 1 mL 4:1 methanol/H2O per 100 
mg tissue in a Tissuelyser 24 ( Jingxin Precision Technologies Co., Shenzhen, China), oper-
ated at 60 Hz for 5 min. Samples were centrifuged at 4°C, 16000 g for 10 min, and superna-
tant was submitted to further analysis by ultra-performance liquid chromatography-tandem 
mass spectrometry (UPLC-MS/MS). Briefly, tryptophan and metabolites (kynurenine, 3-hy-
droxykynurenine, kynurenic acid, anthranilic acid, 3-hydroxyanthtranilic acid, quinolinic acid, 
xanthurenic acid and serotonin) were quantified using an in-house developed UPLC-MS/
MS assay. Ten µL sample was mixed with a solution of deuterated internal standards and 
deproteinated with acetonitrile. The clear supernatant was dried under a stream of nitrogen 
and reconstituted. Ten µL reconstituted sample was resolved on a Waters Acquity HSS T3 
UPLC column (2.1x100 mm, 1.8 µm) by a gradient of acetonitrile in ultrapure water deliv-
ered by a Shimadzu Nexera X2 binary UPLC pump at 0.2 ml/min. Resolved analytes were 
detected using timed multiple reaction monitoring with manually optimized MS parameters 
on a Sciex 6500+ QTRAP fitted with a turbospray ESI source, and quantified using the 
analyte-internal standard peak area ratio to 8-point standard curves. Quality control samples 
were included in each run, with accuracy for each analyte within 80-120%.

Ex vivo dual-sided cotyledon perfusion
Ex vivo dual-sided cotyledon perfusion was performed as described by Hitzerd et al.22 In 
short, after collection, the amnion was removed and the fetal chorionic plate artery and cor-
responding vein of an intact cotyledon were cannulated and perfused with Krebs-Henseleit 
buffer supplemented with heparin 5000 IU (0.5 mL/L) and oxygenated with 95% O2 - 5% 
CO2. The cotyledon was placed into the perfusion chamber and a maternal circulation was 
established by inserting four blunt cannulas into the intervillous space. Fetal and maternal 
flow were gradually increased up to 6 mL/min and 12 mL/min respectively. After approxi-
mately 45 min perfusion, to wash out any remaining blood, the circulations were closed with 
fresh buffer. Fetal inflow pressure was measured by a pressure transducer and recorded in the 
acquisition software (Biopac, Goleta, CA, USA) throughout the whole experiment.

To study the endogenous release of kynurenine pathway metabolites, after closing the circu-
lations, samples were taken from both the maternal and fetal circulations at 0 min, 6 min and 
30 min, and every 30 min hereafter for a duration of three hours and stored at -80°C. To con-
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trol for capillary leakage, 40 kDa FITC-dextran (Sigma-Aldrich, 36 mg/L) was added to the 
fetal circulation. A maternal/fetal FITC ratio that not exceeded 0.03, measured at 485/519 
excitation/emission in a Multiwell Plate Reader (Victor X4, Perkin Elmer), was considered to 
confirm capillary integrity. After confirmation of capillary integrity, kynurenine pathway me-
tabolites were measured in the perfusates by ultra-performance liquid chromatography-tan-
dem mass spectrometry assay (LC-MS/MS) as described earlier. To study placental transfer 
and metabolism of exogenous L-Trp, ex vivo perfusion was performed with a maternal buffer 
supplemented with 8 mmol/L L-Trp (Sigma-Aldrich) at the start of the experiment.

Wire myography experiments
Placentas were stored in oxygenated Krebs-Henseleit buffer at 4°C for a maximum of 2 h, 
after which second-order branches of the chorionic plate arteries were isolated, and careful-
ly cleaned from surrounding tissue. The vessel segments were cut into rings and incubated 
in DMEM medium supplemented with 10% FBS overnight, either without any cytokines 
(control) or with 80 ng/mL interferon (IFN)-γ + 80 ng/mL tumor necrosis factor (TNF)-α 
(stimulated) at 37°C.10 The following day, the vessel segments were mounted into organ baths 
(Danish Myograph Technology, Aarhus, Denmark) in Krebs-Henseleit buffer, maintained at 
37°C, and aerated with 95% O2 - 5% CO2. Tension of the vessel segments was recorded in 
LabChart acquisition software (AD Instruments), and each vessel segment was normalized 
to 5.1 kPa to simulate physiological pressure. After exposure of the segments to 30 mmol/L 
KCl for initial constriction, and 100 mmol/L KCl to determine the maximum contractile 
response, vessel segments were subjected to one of the following protocols.

 To investigate vasodilator effects, either L-Trp or tryptophan ethyl ester HCl 
(TrpEE, Sigma-Aldrich) were added in one single dose (3 mmol/L) or cumulative doses 
(100 µmol/L – 3 mmol/L) after establishing a stable preconstriction (corresponding with 
>70% of the constriction obtained with 100 mmol/L KCl) with 10 or 20 nmol/L U46619 
(Sigma-Aldrich). Preconstrictions were identical between all groups (data not shown). The 
high L-Trp concentrations required addition of large volumes to our organ baths. To control 
for any possible effects of volume dilution of the constrictor compound U46619, control seg-
ments were included to which corresponding volumes of only Krebs-Henseleit buffer were 
added after preconstriction. This did not result in any significant relaxation, and these data are 
therefore not shown. The pathway through which L-Trp causes vasorelaxation was investigat-
ed by incubating the segments with (ant)agonists in a paired fashion for at least 30 min before 
starting the curve. Concentrations of the compounds were as follows: 100 µmol/L Nω-Ni-
tro-L-arginine methyl ester hydrochloride (L-NAME) to inhibit endothelial NO synthase, 
10 µmol/L indomethacin to inhibit cyclooxygenase, and 1 µmol/L epacadostat to inhibit 
IDO1 (all Sigma-Aldrich).

Placental L-tryptophan metabolism
To study placental metabolism of L-Trp, snap frozen tissue was homogenized in cold phos-
phate buffer (1 mL buffer/100 mg tissue), containing 0.0122 mol/L NaH2PO4·2H2O, 0.0867 
mol/L Na2HPO4 and 0.0759 mol/L NaCl (pH 7.4). Tissue homogenates were mixed with 
buffer supplemented with L-Trp, TrpEE (final concentration for both 100 µmol/L), or buf-
fer alone (control) into 2 mL Eppendorf cups. The samples were incubated at 37°C and 
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samples were taken at 0, 0.5, 1, 3, 6, and 24 h, and stored at -80°C until further analysis by 
UPLC-MS/MS.

Vascular L-tryptophan uptake
To investigate vascular L-Trp uptake, second-order chorionic plate arteries were dissected 
from the placenta, carefully cleaned from all surrounding tissue, and cut into 8 mm segments. 
These 8 mm segments were incubated in 1 mL Hanks Balanced Salt Solution alone (control), 
or supplemented with either 100 µmol/L L-Trp or 100 µmol/L TrpEE in a 24-wells plate 
at 37°C. Medium samples were taken and snap frozen at 0 min, 5 min, and 30 min. At these 
time points the vessel segments were also removed from the medium, washed 3 times in cold 
PBS for 5 min, and snap frozen until further analysis as described in ‘Metabolite measure-
ments in tissue’.

Statistical tests
Normally distributed data were analyzed using an independent samples t-test, or paired 
t-test as appropriate, and corrected for multiple testing. Non-normally distributed data were 
analyzed with a Mann Whitney U-test. For the wire myography experiments, concentra-
tion-response curves were statistically analyzed with a repeated measures ANOVA, in SPSS 
Statistics 25; general linear model – repeated measures (GLM-RM). Post-hoc analysis was 
performed using paired samples t-tests or independent sample t-tests where appropriate. If 
sphericity of the data could not be assumed, Greenhouse Geisser values were reported. Nor-
mally distributed data are expressed as mean ± SEM, while non-normally distributed data are 
expressed as median (IQR). Data were considered statistically significant if P<0.05.

Results
Table 1 gives a combined overview of the clinical characteristics of the patients used for all 
experiments. The data confirm that our preeclampsia patients fulfilled the ISSHP 2018 cri-
teria.19

The kynurenine pathway is altered in preeclamptic placentas
In healthy placentas, IDO1 and quinolinate phosphoribosyltransferase (QPRT) showed 
highest expression (Figure 1B), while expression of the other tryptophan metabolizing en-
zymes, IDO2 and tryptophan 2,3-dioxygenase (TDO) was substantially lower. Aminocar-
boxymuconate semialdehyde decarboxylase (ACMSD), as well as the serotonin synthesiz-
ing enzymes tryptophan hydroxylase (TPH)-1, TPH-2, and DOPA decarboxylase (DDC), 
were at or below detection limit (data not shown). In preeclampsia versus healthy placentas, 
IDO1 and 3-hydroxyanthranilate 3,4-dioxygenase (HAAO) expression was lower (P=0.002 
for both), while arylformamidase (AFMID) and kynurenine aminotransferase (KAT)-3 were 
upregulated (P=0.003 and 0.004, respectively). The reduced IDO1 expression was confirmed 
at protein level (Figure 1C, P=0.015). Despite these enzyme alterations, kynurenine pathway 
metabolite levels were unaltered in preeclampsia compared to healthy placentas, possibly be-
cause the placental levels of L-Trp were increased in preeclampsia (Figure 2, P=0.005).
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Application of exogenous L-Trp to the maternal circulation does not increase 
kynurenine pathway metabolite release
During cotyledon perfusion, L-Trp levels increased over time to the same extent in the ma-
ternal and fetal circulation (Figures 3A & 3C), with no difference between healthy (n=4) 
and preeclamptic (n=2) placentas. The release of several other kynurenine pathway metabo-
lites was also not different between healthy and preeclamptic placentas (Figures 3B & 3D). 
Adding 8 mmol/L L-Trp to the maternal circulation (n=3) resulted in its transfer to the fetal 
circulation (Figure 3E). After 180 min, 19% of the administered L-Trp was present in the 
fetal circulation, at a concentration that was 3-4 fold lower than the maternal concentration 
(ratio 0.27±0.06). During perfusion with 8 mmol/L L-Trp (Figure 3F), only the kynurenine, 
anthranilic acid and 3-OH-anthranilic acid concentrations were elevated compared to the 
perfusions without exogenous L-Trp. Here, it is important to note that when perfusing the 

Table 1 | Clinical overview of our combined study population, used for expression studies, tissue metabolite 
measurements, ex vivo cotyledon perfusion, and wire myography experiments.

 Parameter Healthy (n=39) Preeclampsia (n=18) Significant  
P-values

Maternal age (years) 31 (29 - 36) 31 (26 - 33)  

Parity (n)     <0.001

0 3 13  

1 17 5  

>1 19 0  

Ethnicity (n caucasian / other) 20 / 19 12 / 6  

Body mass index (kg/m2) 25.5 (22.3 - 29.4) 24.9 (22.3 - 31.5)

Highest diastolic blood pressure (mmHg) 80 (70 - 82) 104 (99 - 111) <0.001

Urinary protein/creatinine ratio (mg/mmol) ND 160 (48 - 373)  

Mode of delivery (n caesarean / spontaneous) 39 / 0 17 / 1  

Gestational age (weeks) 39.0 (38.7 - 39.3) 29.8 (28.7 - 31.8) <0.001

Fetal sex (n female / male) 19 / 20 11 / 7  

Fetal birth weight (g) 3385 (3075 - 3640) 1113 (918 - 1338) <0.001

Fetal birth centile (n)     <0.001

<3rd 0 7  

3rd -10th 1 6  

≥10th 38 5  

Placental weight (g) 632 (578 - 735) 295 (254 - 342) <0.001

ND, not done. Data are shown as n (number of cases) or median (interquartile range), and have been eval-
uated by an independent samples Mann-Whitney U-test or Chi square test. Four preeclampsia patients did 
not have proteinuria (normal range is ≤30 mg/mmol).
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setup with 8 mmol/L L-Trp in the absence of a cotyledon, the kynurenine levels were identical 
to those during perfusion with a cotyledon, while the levels of anthranilic acid and kynurenic 
acid were even higher (Figure 3F). In contrast, 3-OH-anthranilic acid was undetectable in 
this setting. This indicates that L-Trp addition results in the generation of both kynurenine 
and anthranilic acid, independently of the placenta, with the placenta apparently rapidly me-
tabolizing anthranilic acid and kynurenic acid. Taken together, these data indicate that exog-
enous L-Trp in the maternal circulation does not lead to an increased release of kynurenine 
pathway metabolites under any condition, but it does transfer to the fetal side. This suggests 
that acute vascular effects of L-Trp rely on its intracellular metabolism.

Figure 2 | Kynurenine pathway metabolite concentrations in placental tissue as measured by UPLC-MS/MS 
(n=12 per group, except quinolinic acid n≥8). Tryptophan concentration is higher in preeclamptic placentas 
(P=0.005, Mann Whitney U-test).
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Preeclamptic arteries relax more strongly to L-Trp
Overnight incubation with IFN-γ and TNF-α increased IDO1 expression almost 200-fold 
in chorionic artery segments from both healthy and preeclamptic placentas (Figure 4A), al-
though significance was reached for the former only. Most kynurenine pathway metabolites 
act through the aryl hydrocarbon receptor (AHR), of which expression was not altered by 
IFN-γ and TNF-α.

Healthy placentas
Consistent with increased IDO1 expression, L-Trp relaxed IFN-γ and TNF-α stimulated 
segments, but not control segments (Figure 5A; n=8). Vasodilation in response to 3 mmol/L 
L-Trp was attenuated by both the IDO1 inhibitor epacadostat (P=0.04), and the nitric oxide 
synthase (NOS) inhibitor L-NAME (P=0.02), while relaxation to L-Trp was not influenced 
by the cyclooxygenase inhibitor indomethacin (Figure 5C). Responses in the presence of 
L-NAME + indomethacin were identical to those in the presence of L-NAME alone, con-
firming the absence of an effect of cyclooxygenase inhibition. Incubation with H2O2 (10 or 
40 min; n=4 for each condition) did not alter the relaxant response to 3 mmol/L L-Trp in 
either control or stimulated segments (data not shown). We were also able to rule out a role 
for 5-HT receptor stimulation, since the combination of 4-chloro-l-phenylalanine (an inhib-
itor of tryptophan hydroxylase), methiothepin mesylate salt, and tropisetron hydrochloride 
(together antagonizing 5-HT receptor subtypes 1 through 7) did not affect the vascular effect 

Figure 3 | Ex vivo perfusions A-D) Endogenous tryptophan and KP metabolites are released into the maternal 
(A&B) and fetal (C&D) circulation, similarly between healthy and preeclamptic placentas after 180 min 
perfusion (B&D). Measurement problems allowed 3-OH-kynurenine and 3-OH-anthranilic acid quantification 
in only one placenta. E) Maternally added 8 mmol/L L-Trp resulted in tryptophan transfer to the fetal 
circulation. F) Kynurenine pathway metabolites in the maternal circulation with and without placenta after 180 
min perfusion.



97

Pl
ac

en
ta

l t
ry

pt
op

ha
n 

m
et

ab
ol

ism
 in

 p
re

ec
lam

ps
ia

04

of L-Trp (data not shown; n=5). Altogether, these data suggest that vasodilation in response 
to L-Trp is IDO1-dependent and mediated through NO.

Preeclamptic placentas 
Remarkably, despite lower placental IDO1 levels, vasorelaxant responses to L-Trp were larger 
in preeclamptic compared to healthy arteries in both pre-incubated and control segments 
(P<0.001 for both) (Figure 5D; n≥5). Stimulation with IFN-γ and TNF-α increased the 
response to L-Trp so much, that stimulated preeclampsia segments already relaxed at the first 
administration of L-Trp (100 µmol/L). Similar to healthy segments, combined NOS and 
cyclooxygenase inhibition attenuated L-Trp induced vasodilation in stimulated preeclampsia 
segments (P=0.009) (Figure 5F; n=6).

Figure 4 | Overnight stimulation with IFN-γ and TNF-α increased IDO1 mRNA expression in healthy (n≥5) and 
preeclamptic (n≥3) placenta arteries (A). LAT1 only increased in preeclamptic arteries (C), while no changes 
were observed for AHR (B), LAT2 (D) and SLC1A5 (E). *p<0.05 as determined by independent samples t-test.
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Figure 5 | Wire myography studies in healthy (A-C) and preeclamptic (D-F) placental arteries. A) L-Trp 
dilates stimulated healthy arteries (n=8). B) TrpEE dilates control and stimulated healthy arteries (n=3). C) 
Epacadostat, L-NAME, and L-NAME + indomethacin attenuate relaxation to 3 mM L-Trp in healthy arteries 
(n=6) D) L-Trp-induced vasodilation is enhanced in preeclamptic (n≥5) versus healthy arteries. E) TrpEE-
induced vasodilation is reduced in preeclamptic (n=6) versus healthy arteries. F) L-NAME + indomethacin 
attenuates L-Trp-induced relaxation in preeclamptic arteries (n=6). *p<0.05, **p<0.01 control vs stimulated 
as determined by GLM-RM with post hoc paired t-test (A,B,D,E), one way ANOVA (C), or GLM-RM with 
Bonferroni post hoc test (F). ###p<0.001 preeclamptic vs healthy as determined by GLM-RM.
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Role for uptake of L-Trp: the effect of TrpEE
L-Trp effects depend on its active uptake (requiring transporters) into cells. Conversely, the 
lipophilic tryptophan ethyl ester (TrpEE) is able to pass the cell membrane without trans-
porters. Indeed, incubating arterial segments of healthy placentas with 100 µmol/L TrpEE for 
30 min resulted in much higher L-Trp tissue concentrations (105±17 µmol L-Trp/g tissue) 
than incubation with 100 µmol/L L-Trp (25±2 µmol L-Trp/g tissue, n=4, P=0.015), suggest-
ing simultaneously that, after uptake, TrpEE is rapidly converted to L-Trp. As a consequence, 
TrpEE relaxed arterial segments from healthy placentas much more strongly than L-Trp, and 
stimulation with IFN-γ and TNF-α did not further enhance this already near-complete re-
laxation (Figure 5B; n=3). To exclude that the differences in relaxant responses to L-Trp and 
TrpEE were due to altered metabolism, we quantified their metabolism in healthy placenta 
homogenates (Figure S1; n=3). Data confirmed that TrpEE was rapidly converted to L-Trp, 
and that the subsequent metabolism over 24 hours was identical for both variants. Consistent 
with the lower placental IDO1 expression, the response to TrpEE in control segments of pre-
eclamptic placentas was smaller than that in control segments of healthy placentas (P<0.001) 
(Figure 5E; n=6).

Out of multiple transporters which potentially contribute to L-Trp transport, we observed 
that stimulation with IFN-γ and TNF-α increased large amino acid transporter 1 (LAT1) 
expression exclusively in preeclamptic vessels (Figure 4C; n>3, P=0.01), so that the LAT1 ex-
pression in stimulated preeclamptic arteries was higher as compared to stimulated healthy ar-
teries (P=0.04). Such stimulation did not affect the solute carrier family 7 member 8 (LAT2), 
nor the neutral amino acid transporter solute carrier family 1 member 5 (SCL1A5) expres-
sion. These data suggest that under conditions of inflammation (as present in preeclampsia), 
L-Trp uptake might be enhanced.

Discussion
This study shows that the kynurenine pathway is altered in placentas from women with early 
onset preeclampsia. Most importantly, IDO1 is downregulated. Yet, unexpectedly, IDO1-me-
diated vasodilatation to L-Trp is enhanced in preeclampsia. Since the placental L-Trp lev-
els are higher in preeclampsia, and IFN-γ and TNF-α upregulated the L-Trp transporter 
LAT1 exclusively in preeclamptic placentas, it appears that increased L-Trp uptake is able to 
compensate for reduced IDO1 expression. In fact, increased L-Trp uptake might be a more 
important determinant of L-Trp-induced vasodilatation than IDO1 activity.

The currently found downregulation of IDO1 in preeclampsia is in agreement with previous 
reports.10,15,16 Since IDO1 regulates the first and rate-limiting step of the kynurenine path-
way, such downregulation would be expected to lower kynurenine pathway metabolite levels 
in the preeclamptic placenta. However, the levels of all kynurenine pathway metabolites were 
identical in placentas from healthy and preeclamptic pregnancies. This was most likely due 
to increased L-Trp concentrations in preeclamptic placentas. Moreover, two enzymes further 
down the kynurenine pathway (AFMID and KAT-3) were upregulated, which may addition-
ally have upregulated the kynurenine pathway flux.

Despite agreement on reduced IDO1 mRNA expression in preeclampsia, the increased 
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L-Trp levels in the present study are in contrast with the decreased L-Trp levels in pre-
eclamptic placentas reported by Keaton et al. 17 However, Keaton et al. 17 looked at placen-
tas from late onset preeclampsia pregnancies, as opposed to early onset preeclampsia in the 
present study. Obviously, our preeclampsia group has a lower gestational age, and the effect 
of gestation on placental L-Trp levels is unknown. However, placental L-Trp levels did not 
correlate with gestational age within our preeclampsia group (data not shown). We consider 
it more likely that these contradicting results represent different pathological processes, as 
specifically early onset, and not late onset preeclampsia, is thought to originate from placental 
dysfunction, being complicated by more severe vascular impairments.1,23 Another consider-
ation is that placental L-Trp levels are influenced by maternal plasma levels. It is unclear how 
this is altered in preeclampsia, as total L-Trp plasma levels in preeclampsia were increased in 
one,16 but unaltered in other studies.24,25 We cannot exclude the influence of diet in our study 
population, since our control group was fasting before the elective caesarean section, whereas 
the preeclampsia group delivered in an emergency setting.

During ex-vivo cotyledon perfusion with only buffer the release of L-Trp and kynurenine 
pathway metabolites into the maternal and fetal circulations was identical in preeclamptic 
and healthy placentas. Yet, perfusion of a cotyledon with supraphysiological concentrations of 
exogenous L-Trp in the maternal circulation did not affect the kynurenine pathway metab-
olite release. Remarkably, we observed spontaneous conversion of L-Trp to anthranilic acid 
and kynurenic acid, even in the absence of a cotyledon. When correcting for this, none of the 
other metabolites accumulated in the maternal or fetal circulation. Thus, effects of L-Trp, if 
occurring, depend on its intracellular processing, i.e., they most likely represent an intracrine 
or paracrine phenomenon. On the other hand, maternally applied L-Trp did slowly enter 
the fetal compartment, confirming the maternal to fetal transfer of this essential amino acid.

Relaxant responses to L-Trp depend on IDO1 and are increased by the IDO1-upregulating 
cytokines IFN-γ and TNF-α.10-12 As shown by Zardoya-Laguardia et al.10, and confirmed in 
the present study, L-Trp particularly relaxed arteries from healthy placentas that had been 
stimulated with IFN-γ and TNF-α, but was unable to relax non-stimulated healthy arteries.10 
Our data with the IDO1 inhibitor epacadostat confirm that L-Trp-induced vasodilation is 
IDO1-dependent.10-12 Although kynurenine formation by IDO1 was believed to underlie the 
L-Trp-induced vasorelaxation initially,11 a more recent study showed IDO1- and H2O2-me-
diated cis-WOOH formation as potential contributor to this effect.12 In our setup, the addi-
tion of H2O2 to the organ bath did not enhance L-Trp-induced vasodilation. Furthermore, 
NOS inhibition with L-NAME alone was already sufficient to prevent L-Trp-induced re-
laxation in chorionic plate arteries. Given the fact that cis-WOOH formation requires con-
comitant NOS and cyclooxygenase inhibition 12, it appears that metabolites other than cis-
WOOH mediate L-Trp induce relaxation in the placenta. Zardoya-Laguardia et al. 10 only 
observed L-Trp-induced relaxation of placental vessels when applying 32 mmol/L L-Trp on 
top of 300 µmol/L L-NAME. They did not identify the responsible mediator. Yet, since their 
L-Trp concentration was 100 times higher than that of L-NAME, it cannot be excluded that 
it was sufficient to overcome NOS inhibition, at least partially, implying that the mediator in 
their hands could still have been NO.

The L-Trp-induced vasodilation of preeclamptic arteries, despite lower placental IDO1 lev-
els, was enhanced as compared to healthy vessels, and stimulation with IFN-γ and TNF-α 
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even further potentiated this effect, although the rise in IDO1 expression after this stimula-
tion was not statistically significant. Therefore, it seems that the enhanced relaxant response 
in preeclamptic arteries is unrelated to IDO1. A more likely explanation is that it reflects 
an increase of facilitated L-Trp transport. In fact, transport rather than IDO1 activity was 
already suggested to be rate-limiting for placental L-Trp metabolism by Kudo & Boyd.26 
The elevated L-Trp levels in preeclamptic placentas observed in this study are in agreement 
with enhanced uptake. Furthermore, overnight exposure of arterial segments to IFN-γ and 
TNF-α upregulated the transporter LAT1 in preeclamptic placental arteries only. Based on 
relative expression, LAT1 was more abundantly expressed in chorionic plate arteries than 
both LAT2 and SLC1A5 (data not shown). LAT1 is an important facilitator of L-Trp up-
take in fibroblasts,27 and the placenta.28,29 However, other, as yet unidentified high-affinity 
L-Trp-specific transporter systems have also been proposed,28,30,31 and thus it is possible that 
L-Trp uptake in the human placenta involves transporters besides LAT1.

To further investigate the kynurenine pathway, independent of alterations in L-Trp trans-
port, TrpEE was used. TrpEE is a lipophilic version of L-Trp that readily passes the cellular 
membrane, i.e. it does not depend on the amino acid transporters that are responsible for 
L-Trp uptake.32 TrpEE was already shown to dilate rat mesenteric vessels.33 Our study shows 
that TrpEE induces complete relaxation of healthy placental arteries, and that this is not due 
to a different catabolism. In agreement with IDO1 downregulation, its relaxant responses 
were reduced in preeclamptic arteries, and in vitro exposure of these arteries to IFN-γ and 
TNF-α seemed to increase the TrpEE response. Such IDO1 upregulation did not affect the 
TrpEE-induced relaxation in chorionic plate arteries from healthy women. This is not sur-
prising, since the response of these vessels to TrpEE was maximal already.

Perspectives
Taken together, our findings suggest that L-Trp transport is increased in placental arteries of 
women with early onset preeclampsia, thereby compensating the diminished placental levels 
of IDO1 in this condition. It is even possible that the enhanced response in healthy segments 
after incubation with IFN-γ and TNF-α also reflects increased uptake instead of IDO1 up-
regulation, particularly because IDO1 is normally already increasingly expressed in endothe-
lial cells towards the fetal-maternal interface.13,14 Indeed, the TrpEE data suggest that IDO1 
levels in healthy vessels are sufficiently high to permit full relaxation, provided that sufficient 
L-Trp is available for metabolism through the kynurenine pathway.

A limitation of our study is the difference in gestational age between healthy and early onset 
preeclampsia samples. Unfortunately, it was not possible to obtain healthy age-matched con-
trol samples. Yet, the absence of a correlation between placental L-Trp levels and gestational 
age suggests that our results are gestational age-independent. We also did not evaluate any 
immunological role placental IDO1 might have in preeclampsia outside its vascular effects.34

In conclusion, our data reveal an enhanced IDO1- and NO-mediated relaxant response to 
L-Trp in placental arteries from women with early-onset preeclampsia, despite the downreg-
ulation of IDO1. This is most likely due to enhanced L-Trp transport, as facilitated L-Trp 
transport seems to be limiting for placental L-Trp metabolism, rather than IDO1 expression/
activity. Moreover, it suggests that in early-onset preeclampsia, the placenta attempts to com-
pensate for the reduced IDO1 expression by increasing L-Trp transport. Such compensation 
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may help to enhance placental perfusion, thereby limiting fetal growth restriction. Yet, the 
percentage of small for gestational age fetuses in our preeclampsia group was still elevated, 
indicating that there is a clear need for further compensation. Our findings may have im-
plications beyond preeclampsia, either by opening new avenues to treat hypertension, or by 
offering possibilities to counteract the large drop in blood pressure in sepsis patients, which is 
believed to involve L-Trp and its IDO1 metabolites.35,36
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Supplemental Information

Figure S1 | Metabolism of either 100 µmol/L L-Tryptophan (L-Trp, closed circles) or 100 µmol/L tryptophan 
ethyl ester (TrpEE, open squares) in placental homogenates is similar through time.
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Table S1 | Real time qPCR primer sequences. Primers were self-designed unless noted otherwise. 

Gene Forward (5’ – 3’) Reverse (5’ – 3’)

KP enzymes

AFMID (arylformamidase) GACCCTGTGTCAAGGAGAGTG TCAAGATAATCTGGGTGAGCACG

DDC (dopa decarboxylase) TCACTGACTACCGGCATTGG AGCCTGCAGTCCTTTGACTC

HAAO (3-hydroxyanthra-
nilate 3,4-dioxygenase)

ACACCGGGATGTGGTCATTC ATAGTACCTGAGCCCATCTAGC

IDO1 (indoleamine 2,3-di-
oxygenase 1)

TGGCCAGCTTCGAGAAAGAG TTGGCAAGACCTTACGGACA

IDO2 (indoleamine 2,3-di-
oxygenase 2)

CAGTTCCTGAAGGGTCACCG GATTCCTTGGCAGGACCTCTG

KAT-2 (aminoadipate 
aminotransferase)

TTACCCACCCAGTCAAGGAC GGTGCAGACTTTGAAGAGTTCC

KAT-3 (kynurenine amino-
transferase 3)

GACATCAAGCGCATGGATGAC GGGTTTTAGGCCAACACTTTCAA*

KMO (kynurenine 3-mono-
oxygenase)

CCTTGAAAGCTGTTGGCCTG TCTCAGCAGCAGTCAATAGATCC

KYNU (kynureninase) GCAGTGATCCTGTTCAGTGGG TTGTAGGAACACCAGCAGGC

QPRT (quinolinate phos-
phoribosyltransferase)

ACAACTTCAAGCCAGAGGAGCTG ATGACGTCTATGTGCGGCCC

TDO2 (tryptophan 2,3-di-
oxygenase)

TGGGAACTACCTGCATTTGG CGGTGCATCCGAGAAACAAC

TPH-1 (tryptophan hydrox-
ylase 1)

AGACCATCCTGGCTTCAAAGA GCAAGCATGGGTTGGGTAGA

TPH-2 (tryptophan hydrox-
ylase 2)

ATACCTGAGCCCACGAGACTT CATGTCCCAAGAGTTCATGGC*

Transporters

LAT1 (SLC7A5; solute 
carrier family 7 member 5)

GATCGGGAAGGGTGATGTGTC AGGCCGCTGTATAATGCCAG

LAT2 (SLC7A8; solute 
carrier family 7 member 8)

GCCTGGATCATGCCCATTTC GCCTGGATCATGCCCATTTC

SLC1A5 (solute carrier 
family 1 member 5)

CTGGATCATGTGGTACGCCC AGGCGGGCAAAGAGTAAACC

AHR (aryl hydrocarbon 
receptor)

AACGGAGGCCAGGATAACTG GACATCAGACTGCTGAAACCC

β-actin TCCCTGGAGAAGAGCTACGA AGCACTGTGTTGGCGTACAG

Peptidylprolyl isomerase A GTTTGCAGACAAGGTCCCA ACCCGTATGCTTTAGGATG†

*retrieved from PrimerBank1 (ID 242117991c2 [KAT-3] and ID 31795563a3 [TPH-2]) and †retrieved from 
Lanoix et al.2
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Abstract 

Background
The phosphodiesterase-5 inhibitor (PDE5) sildenafil has emerged as a promising treatment 
for preeclampsia. However, a sildenafil trial was recently halted due to lack of effect and in-
creased neonatal morbidity.

Methods
Ex vivo dual-sided perfusion of an isolated cotyledon and wire myography on chorionic plate 
arteries were performed to study the effects of sildenafil and the non-selective PDE inhibitor 
vinpocetine on the response to the NO donor sodium nitroprusside (SNP) under healthy and 
preeclamptic conditions. Ex vivo perfusion was also used to study placental transfer of silde-
nafil in 6 healthy and 2 preeclamptic placentas. Furthermore, placental mRNA and protein 
levels of eNOS, iNOS, PDE5 and PDE1 were quantified.

Findings
Sildenafil and vinpocetine significantly enhanced SNP responses in chorionic plate arteries 
of healthy, but not preeclamptic placentas. Only sildenafil acutely decreased baseline tension 
in arteries of both healthy and preeclamptic placentas. At steady state, the fetal-to-maternal 
transfer ratio of sildenafil was 0.37±0.03 in healthy placentas versus 0.66 and 0.47 in the 2 
preeclamptic placentas. mRNA and protein levels of PDE5, eNOS and iNOS were compa-
rable in both groups, while PDE1 levels were lower in preeclampsia.

Interpretation
The absence of sildenafil-induced NO potentiation in arteries of preeclamptic placentas, 
combined with the non-PDE-mediated effects of sildenafil and the lack of PDE5 upregu-
lation in preeclampsia, argue against sildenafil as the preferred drug of use in preeclampsia. 
Moreover, increased placental transfer of sildenafil in preeclampsia might underlie the neo-
natal morbidity in the STRIDER trial.
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Introduction
Suboptimal development of the placenta results in serious pregnancy complications such as 
preeclampsia and fetal growth restriction (FGR), that contribute significantly to perinatal 
and maternal morbidity and mortality.1,2 Besides increasing the risk of adverse events during 
pregnancy, placenta-related diseases have lifelong consequences for the health of both mother 
and child. For example, preeclampsia increases the maternal risk of developing cardiovascular 
disease 3,4 and can cause persistent vascular dysfunction in the systemic and pulmonary circu-
lation of the offspring,5 whereas preterm birth and low birthweight greatly increase the risk 
of cardiopulmonary morbidity and neurodevelopmental impairment later in life.6,7 Currently, 
preeclampsia treatment is aimed at symptom relief and prevention of further complications 
in an attempt to prolong pregnancy until term. Many antihypertensive agents have been 
studied over the years, but they at most temporarily stabilise the clinical manifestations of 
preeclampsia, without directly targeting placental hypoperfusion.8,9 The only cure is termi-
nation of pregnancy to deliver the placenta, which often leads to preterm birth of the fetus. 
Therefore, developing new treatment options to treat preeclampsia and safely prolong preg-
nancy is of great importance.

Although the aetiology of preeclampsia remains largely unknown, it finds its origin in early 
pregnancy with suboptimal placentation, characterised by increased placental vascular re-
sistance and hypoperfusion, leading to systemic endothelial dysfunction.10-1. One of the key 
features of this endothelial dysfunction is a decreased activity of the nitric oxide (NO) path-
way.13-15 NO acts as an important vasodilator, synthesised by a family of nitric oxide syn-
thases (NOS), predominantly endothelial NOS (eNOS) and inducible NOS (iNOS). NOS 
enzymes are present in various cell types including endothelial cells and fetal trophoblasts, 
and stimulation of these enzymes (e.g., by endothelial shear stress or oestrogen) results in 
the production of NO through catalysis of L-arginine. By activating soluble guanylate cy-
clase (sGC), NO induces an increase in production of cyclic guanosine 3’,5’-monophosphate 
(cGMP), leading to vasodilation through closure of Ca2+ channels.13,14

Besides regulation of vascular tone, NO also plays an important role in cytotrophoblast in-
vasion of the receptive endometrium and subsequent spiral artery remodelling during early 
pregnancy.16 Throughout normal pregnancy there is an increase in maternal plasma levels 
of NO,17 as well as NO-stimulating factors such as vascular endothelial growth factor and 
placental growth factor.18,19 However, in women with preeclampsia these plasma levels are 
significantly lower.17,20,21 Sildenafil, as a phosphodiesterase-5 (PDE5) inhibitor, enhances va-
sodilation mediated by the NO pathway, by inhibiting degradation of active cGMP into 
inactive GMP by PDE5. Sildenafil is currently approved for the treatment of erectile dys-
function and pulmonary hypertension.22 In preeclampsia animal models, sildenafil improved 
fetal outcome and diminished maternal symptoms by increasing blood flow to the uterus.23,24

Because of its potential to improve placental hypoperfusion by increasing systemic vasodi-
lation, sildenafil has been considered for the treatment of preeclampsia and FGR over the 
last years. However, an international consortium of large multi-centre randomised controlled 
trials (the STRIDER study), investigating the effect of sildenafil compared to placebo on 
pregnancy outcome in extreme FGR due to placental insufficiency,25,26 was recently halt-
ed due to lack of beneficial effects in the first two cohorts 27,28 and an increase in neonatal 
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morbidity and mortality in the treatment group of one cohort.28,29 These results emphasise 
the importance of taking into account the possible effects that maternal medication use can 
have on the fetus. When considering drugs for treatment in human pregnancy, it is essential 
to know the trans-placental transfer and effects on the placental vasculature. Hence, besides 
transfer, study of the placenta can give insight into vascular effects of sildenafil in the fe-
tus. Dual ex vivo perfusion of a single placental cotyledon is the only reliable experimental 
method to study drug transfer across the human placental barrier to date.30 With this model 
Russo et al. recently showed that sildenafil crosses the placenta of healthy term pregnancies 
,31 however to our knowledge this has never been performed in preeclamptic placentas. The 
aim of our study is to evaluate the effects of sildenafil on NO-mediated vasodilation in the 
fetoplacental vasculature, to evaluate placental transfer in healthy and preeclamptic placentas, 
and to study placental expression levels of components of the NO pathway under healthy and 
preeclamptic conditions. This could help to provide a possible explanation for the negative 
findings obtained with sildenafil in the above-mentioned clinical trials. Understanding these 
negative findings will be helpful for the development of future therapies.

Methods

Patients and setting
The study received exemption for approval from the local institutional Medical Ethics Com-
mittee according to the Dutch medical Research with Human Subjects Law (MEC- 2016-
418 and MEC-2017-418), and all patients gave written consent prior to donating their pla-
centa. Randomly selected placentas of uncomplicated singleton pregnancies and of patients 
with early-onset preeclampsia (diagnosis before 34+0 weeks of gestation) were collected im-
mediately after delivery at Erasmus University Medical Center, Rotterdam, The Netherlands. 
Because it is generally believed that late-onset preeclampsia (from 34+0 weeks of gestation 
onwards) has a different pathophysiological mechanism than early-onset preeclampsia, being 
more a maternal rather than a placental syndrome,32 and also showing clear histopathological 
differences in the placenta,33 late-onset preeclampsia  was excluded from the current Eras-
mus Medical Center Rotterdam study. Further exclusion criteria were retained placenta, viral 
infections (HIV, hepatitis B, Zika), the presence of fetal congenital abnormalities on ultra-
sound, participation in the STRIDER study and for the healthy controls any form of diabe-
tes. Baseline characteristics such as maternal age, medical history, obstetrical history, use of 
medication, blood pressure, mode of delivery, gestational age at delivery, fetal sex, fetal weight, 
placental weight and pregnancy complications were obtained from the digital medical files. 

Wire-myography experiments
Second order branches of chorionic plate arteries were identified, carefully dissected and 
stored overnight in cold, oxygenated Krebs-Henseleit buffer. The next morning the vessels 
were cut into segments of 2 mm and mounted in 6-mL organ baths (Danish Myograph 
Technology, Aarhus, Denmark), filled with Krebs-Henseleit buffer at 37°C and gassed with 
95% O2 – 5% CO2. Tension was normalised to 90% of the estimated diameter at 100 mmHg 
effective transmural pressure. Maximum contractile responses were determined using 100 
mmol/L potassium chloride (KCl). After washout of the KCl, precontraction was elicited 
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using the thromboxane A2 agonist U46619 (10 nmol/L) resulting in 75-100% of the con-
traction induced by 100 mmol/L KCl. Subsequently, a concentration-response curve (CRC) 
was constructed for SNP (0·001 – 100 µmol/L). To study the effect of PDE inhibition on 
NO-mediated vasodilation, vessel segments were either pre-incubated for 30 minutes with 
sildenafil (1 µmol/L), the non-selective PDE inhibitor vinpocetine (10 µmol/L) or without 
additives as control.

Placental perfusion setup
The perfusion model used in our study has been adapted from the model previously de-
scribed by Schalkwijk et al.34. It exists of a perfusion chamber, two peristaltic roller pumps, 
heating devices and a water bath (37°C). The maternal and fetal perfusion media consisted 
of Krebs-Henseleit buffer (in mmol/L: NaCl 118, KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4 
1.2, NaHCO3 25 and glucose 8.3), supplemented with heparin 5000 IU (0.5 mL/L) and 
aerated with 95% O2 - 5% CO2. After selecting an intact cotyledon, the fetal circulation was 
established by cannulating the chorionic artery and corresponding vein. Flow rate was care-
fully increased to 3 or 6 mL/min, depending on the experiment. When this was successful, 
the cotyledon was cut from the placenta and placed inside the perfusion chamber. Maternal 
circulation (flow rate 12 mL/min) was created by placing Four blunt cannulas in the intervil-
lous space through remnants of the spiral arterioles. Venous outflow was collected in a reser-
voir underneath the cotyledon and run back to the maternal reservoir. A placental washout 
period of approximately 45 minutes was performed before starting an experiment. Changes 
in pressure were continuously measured by pressure transducers and recorded throughout the 
experiment using acquisition software (Biopac, Goleta, CA, USA).

Placental vasoreactivity
To study the effect of sildenafil on the fetal vascular bed of the placenta, NO-mediated vaso-
dilation was tested in the absence or presence of sildenafil. When a stable baseline pressure 
had been reached after the washout period, sildenafil (500 ng/mL) was added to the fetal 
medium in half of the placentas that were randomly selected. After approximately 15 minutes 
1 mmol/L serotonin (5-HT) was administered to the fetal circulation to preconstrict the 
vasculature. Subsequently, the NO donor sodium nitroprusside (SNP) was used to induce 
vasodilation (1 mmol/L). Changes in placental vascular resistance were used to assess the 
magnitude of the vasodilator response.

Placental transfer of sildenafil
To study placental transfer, sildenafil was administered to the maternal circulation at start 
of the experiment in a concentration of 500 ng/mL, the maximal tolerated concentration 
in humans.35 System adherence of sildenafil was tested by adding the drug to the perfusion 
system in the absence of a placenta. At t=0, antipyrine (100 mg/L) was added to the maternal 
buffer as a positive control of passive diffusion across the placental barrier and to prove ade-
quate overlap between maternal and fetal circulations, and the macromolecule FITC-dextran 
(40 kDa, 36 mg/L) was added to the fetal buffer as a marker of integrity of the capillary bed. 
Samples of the maternal and fetal buffer were taken at seven set time points, and immediately 
stored at -80 °C.
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Quality control
The placenta was excluded from further analysis when fluid leakage from the fetal circulation 
exceeded 3 mL/hour, the fetal-to-maternal (F/M) ratio of antipyrine was <0.75 at t=180 
minutes, or the maternal-to-fetal (M/F) ratio of FITC-dextran was >0.03 at t=180 minutes.36

Analysis of antipyrine and FITC-dextran
Antipyrine concentration was analysed by first deproteinising the samples with perchloric 
acid 6%. After this, a mixture of 0.2 mg/mL NaNO2 and 0.6% H2SO4 was added in a 1:1 
ratio to form nitroantipyrine. Using ultraviolet–visible spectroscopy (Shimadzu UV-1800), 
absorption at 350 nm was measured. For analysis of FITC-dextran, fluorescence was mea-
sured using a multiwell plate reader (Victor X4 Perkin Elmer, excitation/emission 485/519 
respectively).

LC-MS analysis of sildenafil
The concentration of sildenafil in placental perfusate was measured with a FDA validated 
liquid chromatography-mass spectrometry method (LC-MS), using Thermo TQS Vantage 
LC-MS/MS for the analysis. Column 2.1x100 mm Waters Acquity CSH C18 1.7 µm. The 
mobile phase A consisted of 2 mM ammonium acetate in 0.1% formic acid in water. The mo-
bile phase B consisted of 2 mM ammonium acetate in 0.1% formic acid in LC-MS methanol. 
Flow rate was 0.5 mL/min. The mobile phase composition changed linearly during analysis 
in a percentage mobile phase A (from 80% to 0) and B (from 2% to 100%). Total analysis 
time was four minutes. The injected volume was 10 µl. Internal standard was vardenafil. The 
method was validated according to FDA guidelines between 2-1000 µg/L for sildenafil and 
2-500 µg/L for desmethylsildenafil.37

qPCR
Within 20 minutes after delivery of the placenta pieces of tissue were dissected from both 
the fetal and maternal side of the placenta and snap frozen in liquid nitrogen. For RNA 
extraction, small pieces of tissue were homogenised in RLT lysis buffer (Qiagen, Venlo, The 
Netherlands) with β- mercaptoethanol. After proteinase K treatment (Invitrogen, Breda, The 
Netherlands) for ten minutes at 55 °C, total RNA was extracted using the RNeasy Fibrous 
Tissue Mini Kit (Qiagen). RNA was eluted in RNase free water, and concentration and pu-
rity were assessed on a NanoDrop1000 Spectrophotometer (Thermo Fisher Scientific, Bleis-
wijk, The Netherlands). Complimentary DNA (cDNA) was synthesized from 0.5 µg RNA 
template with the SensiFast cDNA Synthesis Kit (Bioline, London, UK) according to the 
manufacturer’s instructions. This cDNA was used for quantitative PCR (qPCR) using the 
SYBR Green qPCR Kit (Bioline, London, UK) and specific primer pairs on a CFX-96 light 
cycler (Bio-Rad, Hercules, CA, USA). qPCR was performed with the following conditions: 
initial denaturation at 95 °C for eight minutes and 30 seconds, followed by 40 cycles compris-
ing 15 seconds at 95 °C, and 60 seconds at 60 °C. Target genes were normalised against the 
reference genes β-actin and peptidylprolyl isomerase A (PPIA) and relative gene expression 
was calculated by the ΔΔCt method. A melt curve was run for each gene to confirm amplifi-
cation of a single PCR product. The specific primer pairs are listed in Table S1.
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Western blot analysis
Snap frozen pieces of placental tissue were homogenised in RIPA buffer (150 mM NaCl, 1% 
Triton X-100, 0.5% sodium deoxycolate, 0.1% SDS, 50 mM Tris PH 8.0) with protease and 
phosphatase inhibitors. After incubation on ice for 20 minutes, samples were centrifuged at 
4 °C, 13000 rpm for three min. Supernatant was collected of each sample, and total protein 
concentration was determined with the Pierce® BCA Protein Assay Kit (Thermo Fisher 
Scientific). Per sample 50 µg of total protein was loaded onto a 4-15% mini-protean TGX gel 
(Bio-Rad). Samples were resolved at 80 V for 20 minutes followed by 110 V for 60 minutes 
(PDE5a) or 120 minutes (eNOS). Transfer of proteins to the membrane was done on ice for 
one h at 110 V. Subsequently, after blocking in TBS + 5% BSA for one hour, the membranes 
were incubated with anti-PDE5A 1:1000 (Abcam Cat# ab64179, RRID: AB_1566572, 1 
mg/ml), anti-eNOS 1:500 (BD Biosciences Cat# 610296, RRID: AB_397690, 250 µg/ml), 
or anti-iNOS 1:1000 (Abcam Cat# ab182640, 1 mg/ml), and anti-β-actin 1:1000 (Abcam 
Cat# ab8229, RRID: AB_306374) for 1.5 hours at room temperature. Hereafter, the mem-
branes were incubated with 1:15000 diluted fluorescently-labelled secondary antibody for 
one hour. Bands were visualized by the Odyssey® Infrared Imaging System, and analysed 
in Image Studio Lite (LI-COR Biosciences). The density of each band was normalised to 
β-actin and displayed as arbitrary unit (AU) value.

Statistical analysis
A power analysis was performed based on our previous experience with wire-myography 
experiments.38 Based on the same standard deviation, at an α level of 0.05 and with statistical 
power at 80%, a derived minimum sample size of 6 per group was determined. Because of 
skewed distributions, non-parametric tests were applied. Statistical analysis was performed 
with SPSS (version 21, SPSS Chicago, IL, USA) and GraphPad Prism (version 5, 2007, La 
Jolla, CA, USA) on Windows. Statistical analysis between groups was performed using either 
a Mann-Whitney U test or Wilcoxon matched pairs test for two groups, and a Kruskal-Wallis 
test or a Friedman test for repeated measures with a Dunn’s post-hoc test for three groups 
where appropriate. Log10-transformed SNP values at which the half-maximal response oc-
curred (pEC50) were individually estimated with sigmoid curve fitting software (GraphPad 
Prism 5). Data are displayed as median (interquartile range) or mean±SEM unless stated 
otherwise. A p-value <0.05 was considered to be statistically significant.

Results

Wire-myography experiments
Chorionic plate arteries of 12 healthy and six preeclamptic placentas were dissected and 
mounted into Mulvany wire myographs. Clinical characteristics can be found in Table S2. 
For analysing the CRC of SNP, five healthy and one preeclamptic placentas were exclud-
ed because of severe spontaneous vasomotion, making it impossible to analyse SNP effects. 
Sildenafil acutely decreased baseline tension vs. control in vessel segments of both healthy 
(p=0.01) and preeclamptic placentas (p=0.05) during the incubation period (Figure 1a). Such 
effects were not seen for vinpocetine. SNP fully relaxed U46619-preconstricted vessels in 
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all conditions, and both sildenafil and vinpocetine enhanced (p=0.02) the SNP response in 
healthy vessel segments (Figures 1b and 1c and Table 1). No such potentiation was seen in 
vessel segments obtained from preeclamptic placentas. The maximum effect of SNP was un-
altered by PDE inhibition.

Placental vasoreactivity
A total of 26 (18 healthy and eight preeclamsia) placentas were included in the analysis. Clin-
ical characteristics of these placentas can be found in Table S3. As expected, the gestational 
age and birth- and placental weight were lower in preeclamptic placentas, and they were 
associated with a higher maternal blood pressure. Baseline pressure at the start of the experi-
ment was significantly lower in placentas from preeclamptic pregnancies compared to healthy 
placentas (p=0.03) (Table 2). Moreover, the 5-HT-induced pressure increase was lower in the 
preeclampsia group (p=0.07). SNP reversed the 5-HT-induced pressure increases, although 
significantly less in preeclamptic placentas (p=0.02) compared to controls. Under no condi-
tion did sildenafil significantly improve the SNP response (Table 2).

Placental transfer of sildenafil
Of the received placentas, a total of six out of 12 healthy and two out of 11 preeclamptic 
placentas met the quality control criteria, and were included in the analysis. For healthy term 
placentas the success rate of ~50% is higher than the average reported in literature 36. To our 
knowledge there are no previous reports on success rate of perfusion experiments in preterm 
preeclamptic placentas.

All included placentas showed good overlap of the maternal and fetal circulations with a 
F/M ratio for antipyrine of >0.75 (Figure S1). Table 3 shows the clinical characteristics of the 
included placentas. All women underwent elective caesarean section, because of previous cae-
sarean section (four), previous shoulder dystocia (one) and intracranial hematoma that con-
tra-indicated vaginal delivery (one). Both preeclampsia patients underwent caesarean section 
because of maternal illness and fetal distress. As expected, the placentas from preeclampsia 
pregnancies were born at an earlier gestational age (~32 weeks) and associated with a higher 
maternal blood pressure and a lower birth- and placental weight. The six healthy placentas 
were perfused at a fetal flow rate of 3 or 6 mL/min (n=3 for each). Since there were no sig-
nificant differences in transfer ratios of antipyrine and sildenafil between the two flow rates 
(Figure S2), the results have been combined. 

Table 2 | Placental vasoreactivity in healthy pregnancy and early-onset preeclampsia. 

Parameter Healthy (n=18) Preeclampsia (n=8)

Baseline pressure (mmHg) 34 (28-36) 23 (17-31) *

5-HT-induced pressure increase (mmHg) 60 (47-91) 47 (34-55)

control (n=9) sildenafil (n=9) control (n=4) sildenafil (n=4)

Response to SNP (% 5-HT precontraction) 105 (97-112) 110 (103-120) 74 (55-96) * 85 (62-114)

Data are median (interquartile range). *p<0·05 compared to healthy (Mann-Whitney U test).
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Figure 2a shows the placental transfer of sildenafil in healthy placentas. The transfer rate of 
sildenafil was highest in the first hour, and after ~90 min an equilibrium between the ma-
ternal and fetal circulations had been reached. After 180 min of perfusion the F/M ratio of 
sildenafil was 0.37±0.03. In the two preeclamptic placentas the placental transfer of sildenafil 
followed a similar pattern (Figure 2b), and the F/M ratios in these two placentas were the 
highest of all placentas studied (0.66 and 0.47, Figure 2c). At the end of the experiment, 
under steady state conditions, in healthy placentas 43±3% and 16±1% of the total amount of 
added sildenafil were recovered in the maternal and fetal compartments, respectively, while 
in preeclamptic conditions these percentages amounted to 36±8% and 20±1%. This implies 
that, under healthy conditions, after three hours of perfusion 59% of the total starting amount 
of sildenafil could be retrieved in the perfusion buffers. After running the system without a 
placenta, a comparable 52% (mean of two measurements) was retrieved at the end of the ex-
periments, indicating that the loss of sildenafil is largely caused by tube adherence.

mRNA and protein expression
Snap frozen samples of 12 healthy and seven preeclamptic placentas were used to determine 
mRNA expression of eNOS, iNOS, PDE4A, PDE10A, PDE5A and PDE1A using qPCR. 
Clinical characteristics can be found in Table S4. Of all measured PDEs, PDE5A displayed 
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Figure 3 | mRNA expression. qPCR analysis of placental biopsies from the maternal (black bars) and foetal 
side (white bars) of 12 healthy and seven preeclamptic (PE) placentas. Data (mean±SEM) are expressed as 
fold change versus the maternal side biopsies of healthy controls. Panels a-d represent data for eNOS, iNOS, 
PDE5A and PDE1A. *p<0.05; **p<0.01 (Mann-Whitney U test or Wilcoxon matched pairs test).
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the highest expression (Figure S3). For PDE5A and eNOS, expression on the maternal side 
was higher than on the fetal side in healthy and preeclamptic placentas (Figure 3). PDE1A 
expression was higher on the fetal side than maternal side in both conditions, although sig-
nificance was reached in healthy placentas only (Figure 3). For iNOS, expression on the 
fetal side was higher than on the maternal side in preeclamptic placentas only (Figure 3). 
However, it should be noted that iNOS expression was extremely low and highly variable, 
and was also not detectable at protein level. No statistically significant differences between 
patient groups were observed, with the exception of PDE1A, which was lower on the fetal 
side of preeclamptic vs. healthy placentas. In agreement with the gene expression data, protein 
expression of PDE5A and eNOS did not differ between patient groups (Figure S4 and S5).

Discussion
This study shows that sildenafil decreased baseline pressure in isolated chorionic plate arteries 
from both healthy and preeclamptic placentas. Yet, it enhanced the relaxant effects of the NO 
donor SNP only in chorionic plate vessels obtained from healthy placentas, and not in vessels 
from preeclamptic placentas, nor when applied at the fetal side in the cotyledon setup. A sim-
ilar enhancement was observed for the non-selective PDE inhibitor vinpocetine in chorionic 
plate vessels obtained from healthy placentas, although this drug did not decrease baseline 
pressure. Placental transfer of sildenafil was highest in the two preeclamptic placentas. Fi-
nally, while PDE5 expression was higher at the maternal side of the placenta versus the fetal 
side, its expression was not changed in preeclampsia, nor was the expression of other PDEs.

Sildenafil has been proposed to enhance NO availability in FGR and preeclampsia, and 
may thus improve endothelial function and placental perfusion.39 Exactly this effect was ob-
served when studying NO-induced responses in isolated chorionic plate arteries obtained 
from healthy placentas: sildenafil facilitated the response to SNP. The fact that this was not 
observed when adding SNP on top of sildenafil to the fetal circulation of the intact cotyle-
don setup implies that this effect is limited to a selected subset of placental vessels. Also, it 
might well be that other pathways than NO are important in regulation of vascular tone in 
the whole cotyledon setup.15 The non-selective PDE inhibitor vinpocetine similarly poten-
tiated SNP-induced vasorelaxation in healthy isolated chorionic plate arteries. Yet, no such 
potentiating effects were observed with either sildenafil or vinpocetine in isolated chorionic 
plate arteries from preeclamptic placentas, suggesting that the potential beneficial effects of 
PDE inhibition are absent in this condition. In contrast, in ageing vessels, with upregulat-
ed PDE levels, sildenafil and vinpocetine did enhance SNP responses,40 thereby reversing 
the disturbed endothelial function in this condition. In agreement with the lack of effect of 
sildenafil in preeclamptic arteries, we did not detect PDE upregulation, maternally or fetally, 
at the mRNA or protein level in preeclamptic placentas. These data indicate that PDE up-
regulation is unlikely to underlie the disturbed endothelial function that has been reported in 
preeclampsia. We could even argue that the lost potentiating effect of sildenafil in preeclamp-
sia suggests a reduced significance of the NO pathway in vasodilation in these arteries. We 
stress that in the present study we specifically evaluated NO responsiveness, based on the 
assumption that the beneficial effect of sildenafil would relate to its capacity to block PDE5 
and hence should be seen in the form of NO potentiation. We did not quantify endothelial 
dysfunction – this would have required the application of an endothelium-dependent vaso-
dilator. Furthermore, we studied fetoplacental vessels rather than spiral arteries, although it 
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is the latter that determine placental perfusion. Unfortunately, acquiring spiral arteries would 
have required a myometrial biopsy, which was not possible in our hospital. However, even 
though the development of placental insufficiency starts with aberrant remodelling of the 
maternal spiral arteries,10,11 subsequent changes in the fetoplacental vasculature have been 
described,41,42 emphasising the relevance to study these vessels. Needless to say, it cannot be 
said with certainty that the current findings also apply to the maternal spiral arteries.

Sildenafil decreased baseline pressure in isolated chorionic plate arteries, both from healthy 
and preeclamptic placentas. This resembles the vasodilator effect of sildenafil reported by 
Walton et al. in the preconstricted cotyledon setup.43 Such a decrease was not observed for 
the non-selective PDE inhibitor vinpocetine, nor for the highly selective PDE5 inhibitor 
tadalafil (by Walton et al. 43), despite its much greater potency versus sildenafil. Yet, sildenafil 
and vinpocetine identically potentiated SNP in healthy chorionic plate arteries. Taken to-
gether, these data strongly suggest that the acute sildenafil-induced fetal dilation is unrelated 
to PDE5 inhibition. It may rather represent a non-specific effect of sildenafil. To what degree 
this still represents interference with PDEs other than PDE5A remains to be investigated. 
Our data support the presence of PDE5A as the most abundant PDE in placental tissue, and 
additionally show expression of PDE10A, PDE4A and PDE1A at lower levels. Only fetal 
PDE1A was altered in preeclamptic placentas, being actually lower, i.e., opposing the concept 
of upregulated PDEs in preeclampsia. Importantly, our data do support preeclampsia-related 
vascular changes, since baseline pressure was lower in preeclamptic cotyledons, and 5-HT-in-
duced constriction was reduced.

Ex vivo cotyledon perfusion is a safe method to predict placental transfer of drugs in vivo, 
avoiding fetal exposure.30 In healthy human placentas, Russo et al. 31 demonstrated earlier 
that sildenafil passes the placental barrier, although they observed much higher F/M ratios 
(0.90 vs. 0.37 here). Applying two different sildenafil concentrations, Russo et al. 31 obtained 
levels in the fetal compartment corresponding with approximately 13-14% of the total added 
amount of sildenafil, which is identical to what was observed in the current study (16%). Yet, 
in their setup maternal steady-state levels were as high as those in the fetal compartment, 
while in our setup, maternal levels amounted to 43% of the total added amount of sildenafil. 
To explain the disappearance of sildenafil (~40% in our setup versus ~70% in the Russo pa-
per), one has to assume that the drug is either metabolised, adheres to tubing, and/or accu-
mulates in tissue. Both Russo et al.  31 and the present study observed that ~45% of sildenafil 
adhered to tubing. Russo et al. 31 did not observe metabolism, and given the fact that the 
sum of the percentage adhered to tubing plus the percentages of intact sildenafil in maternal 
and fetal compartments in our setup equalled the total added amount, our data also do not 
support metabolism, nor significant accumulation of sildenafil in tissue. Conversely, Russo et 
al. 31 observed significant tissue accumulation, absolute tissue levels being identical at the two 
applied sildenafil concentrations, despite the fact that these concentrations differed 10-fold. 
This implies that their tissue levels were up to 30-fold higher than those in the maternal 
compartment. In the present study, tissue levels (per g tissue), at most corresponding with a 
few percent of the added amount of sildenafil, would have equalled the maternal levels (per 
mL). Hence, the much lower maternal levels in the Russo study appear to be entirely due to 
tissue accumulation of sildenafil, a phenomenon which was not observed in the current study. 
At this stage we are not aware of data supporting tissue accumulation of sildenafil.
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To what degree albumin (present in the perfusion buffer in the study by Russo et al. 31, but not 
in our study) determines tissue accumulation is unknown. Sildenafil binds plasma proteins 
for ~95%, which in vivo influences the concentrations in the maternal and fetal circulations. 
However, mimicking physiological protein concentrations in the ex vivo experimental set-up 
remains very difficult, since this does not only concern albumin, but also other drug-binding 
proteins like α1-acid glycoprotein and α-fetoprotein.30 The concentrations of these proteins 
vary between maternal and fetal circulations, change with advancing gestational age, and 
might be altered by conditions like preeclampsia.44 Importantly, the presence or absence of 
albumin should not affect the F/M ratio of the free drug concentration at steady state.30 Un-
fortunately, to our knowledge, no data on sildenafil concentrations in cord blood and mater-
nal plasma of pregnant women are currently available in the literature, making it impossible 
to compare the observed ex vivo transfer ratio to the actual in vivo situation. 

Of interest, the transfer ratio of sildenafil in the two preterm preeclamptic placentas were the 
highest of all perfused placentas, whilst the general assumption is that placental drug trans-
port increases throughout gestation.45 Although preterm non-preeclamptic placentas would 
have been the appropriate control for the preeclamptic placentas, these data indicate that in 
preeclamptic conditions placental transfer of sildenafil could be enhanced at an early stage. 
Naturally, these results need to be interpreted with caution, since unfortunately the group size 
is very limited. This is due to the fact that it is very challenging to successfully perfuse preterm 
placentas, and especially preeclamptic placentas. Hence, extending the preeclampsia group, 
or including preterm healthy placentas to study the effect of gestational age on sildenafil 
transfer was not feasible. Notably, the mean measured concentration of sildenafil at t=0 in the 
maternal circulation was higher in the healthy placentas compared to the preeclamptic ones. 
This seems to be due to measurement variability, as a similar variation is shown by Russo et 
al. 31. However, we believe that the starting concentration is of no influence to the F/M ratio, 
since it has been shown that even a 10-fold difference in starting concentration produced 
similar ratios.31

Clinical studies reported inconclusive results with sildenafil in the treatment of preeclampsia. 
In a small observational clinical trial sildenafil improved fetal growth in ten women with 
pregnancies complicated by early FGR,46 although another study reported no effect on fe-
tal outcome nor prolongation of pregnancy.47 Recently, the large multinational randomised 
controlled STRIDER trials evaluating the effects of sildenafil versus placebo on pregnancy 
outcome in women with severe placental insufficiency were halted prematurely.25 Interim 
analysis showed no improvement on fetal outcome in two cohorts 27,29 and there was an 
increased incidence of pulmonary hypertension of the new-born in the treatment group of 
the Dutch cohort.28,29 Given the fact that sildenafil passes the placenta, it might have had 
unwanted effects in the fetus, e.g. on lung development. One of the vascular changes that is 
associated with pulmonary hypertension is a lower percentage of peripheral lung vessels, as 
frequently seen in fetuses with a congenital diaphragmatic hernia (CDH).48 Russo et al. 48 
showed in a rabbit model that, although sildenafil exposure during pregnancy significantly in-
creased the percentage of peripheral lung vessels in offspring with CDH, it had the opposite 
effect in healthy fetuses without CDH, as it significantly reduced the percentage of peripheral 
lung vessels compared to placebo treated animals. Furthermore, although sildenafil treatment 
attenuated wall thickening of peripheral pulmonary vessels in CDH, it has been shown to 
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increase muscularisation of the small pulmonary vessels in mice without CDH.49 Excessive 
muscularisation of the fetal pulmonary vasculature could lead to an increased lumen diam-
eter, thereby increasing vascular resistance. Another possibility could be that, since sildenafil 
reduces pulmonary vascular resistance in the fetus,48 its placental transfer resulted in acute 
withdrawal problems after birth in a high-risk group already prone to develop pulmonary 
hypertension, as treatment was not continued in the neonates. To avoid any unwanted effects 
on the fetus, neonatal continuation of sildenafil treatment might have been an option. The 
use of the potent and highly selective PDE5A inhibitor tadalafil could also provide a better 
option than sildenafil, since it has a longer half-life and is less likely to pass the placenta.43 
However, this needs to be further studied in placental transfer experiments, also given the lack 
of maturation of the CYP3A pathway in neonates that is crucial for tadalafil metabolism.50

In conclusion, in contrast to the general belief, we were unable to demonstrate selective PDE 
upregulation in preeclampsia, nor did sildenafil potentiate NO in preeclamptic placentas. It 
did so in healthy placentas, and the absence of this potentiation in preeclampsia suggests that 
interference at other levels than PDE5 might be required to improve endothelial dysfunction 
in this condition, e.g. with sGC activators or stimulators. Importantly, we confirmed the 
previously described direct vasodilation induced by sildenafil, and observed that this is un-
related to PDE5 inhibition. Furthermore, our data reveal the possibility that sildenafil could 
reach higher fetal levels during preterm preeclampsia treatment. To what degree increased 
placental transfer and/or PDE5-independent effects of sildenafil may have contributed to 
its deleterious consequences in the STRIDER trial remains to be determined. We stress that 
when considering a drug for treatment during pregnancy, its placental transfer, preferably per 
trimester of gestation, should be investigated first.
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Figure S4 | Protein expression of PDE5A (a) and eNOS (b) based on Western blot analysis at 
the maternal (solid bars) and foetal (striped bars) side of the placenta. 
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Figure S5 | Representative Western blots of PDE5A and eNOS protein expression.
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Table S1 | qPCR primer sequences. 

Genes Forward (5' - 3') Reverse (5' - 3')

eNOS ACCCACTGGTGTCCTCTTGG CGAACACACAGAACCTGAGGG

iNOS GCTTTGTGCGGAATGCCAG CAAACACCAAGGTCATGCGG

PDE1A GCCTGAAGGGATTGACAGAGC TGCAGCTTCCAGGATTTGGC

PDE4A TCACTCCTGACCAATGTGCC GTTTCTTCTGACAGCGTGGC

PDE5A TAGCCCAGGCCATCAACAAG GGTCAAGCAGCACCTGATTTC

PDE10A TGGGACATCCTGCTTTGAGC TGCAGTGTGCTACAGTGACC

Table S2 | Clinical characteristics of the wire-myography study in chorionic plate arteries 
obtained from healthy and preeclamptic (PE) placentas.

Healthy (n=7) PE (n=5)

Maternal age (y) 35 (33-38) 30 (25·5-31·5)*

Parity 1 (1-2) 0 (0-0)*

Caucasian ethnicity (n) 4/7 3/5

Body mass index (kg/m2) 24·9 (22·9-31·6) 27·8 (21·5-34·5)

Smoking (n) 2/7 0/5

Highest DBP (mmHg) 80 (70-82) 109 (101-115)*

Protein/creatinine ratio (g/mol) nm 351 (117-809)

Gestational age (weeks) 38·6 (38·5-39) 30·4 (28·8-31·7)*

Caesarean section (n) 7/7 5/5

Male infants (n) 1/7 4/5

Birth weight (g) 3355 (2985-3555) 1170 (1115-1380)*

Birth weight (centile) 46 (16-74) 9 (3-44)

Placental weight (g) 625 (601-827) 339 (241-402)*
 Data are presented as median (interquartile range). DBP = diastolic blood pressure; nm = not 
measured. *p<0·05. 
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Table S3 | Clinical characteristics of the placental vasoreactivity study in healthy pregnancy 
and preeclampsia (PE).

Healthy (n=18) PE (n=8)

Maternal age (y) 33 (29·8-37·3) 30·5 (25·5-31·8)*

Parity 1 (1-1·25) 0 (0-0·75)*

Caucasian ethnicity (n) 12/18 5/8

Body mass index (kg/m2) 22·4 (20·3-27·5) 26·4 (22·6-30·9)

Smoking (n) 2/18 0/8

Highest DBP (mmHg) 78 (72-81) 106 (96-110)*

Protein/creatinine ratio (g/mol) nm 401 (157-908)

Gestational age (weeks) 39 (39-39·2) 30·3 (26·5-31·5)*

Caesarean section (n) 14/18 7/8

Male infants (n) 10/18 4/8

Birth weight (g) 3318 (3101-3558) 1215 (656-1549)*

Placental weight (g) 614 (499-721) 321 (176-357)*

Data are presented as median (interquartile range). DBP = diastolic blood pressure; nm = 
not measured. *p<0·05. 

Table S4 | Clinical characteristics of qPCR and Western blot analysis study in placentas 
obtained from healthy and PE pregnant women.

Healthy (n=12) PE (n=7)

Maternal age (y) 35·5 (29-38·8) 30 (25-33)

Parity 1·5 (1-2) 0 (0-1) *

Caucasian ethnicity (n) 7/12 4/7

Body mass index (kg/m2) 24·6 (22·4-33·7) 28·1 (22·8-33·2)

Smoking (n) 0/12 0/7

Highest DBP (mmHg) 80 (73-82) 108 (95-115) *

Protein/creatinine ratio (g/mol) nm 202 (31-580)

Gestational age (weeks) 39 (38·5-39·2) 29·6 (28·4-31·6) *

Caesarean section (n) 12/12 6/7

Male infants (n) 7/12 3/7

Birth weight (g) 3673 (3384-3975) 1150 (910-1300) *

Birth weight (centile) 78 (63-91) 13 (9-50) *

Placental weight (g) 711 (639-804) 291 (235-348) *

Data are presented as median (interquartile range). DBP = diastolic blood pressure; nm = 
not measured. *p<0·05.
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Abstract

Background and Purpose
Recently pentoxifylline, a non‐selective phosphodiesterase inhibitor and adenosine receptor 
antagonist, has attracted much interest for the treatment of the increased vascular resistance 
and endothelial dysfunction in pre‐eclampsia. We therefore investigated the placental trans-
fer, vascular effects and anti‐inflammatory actions of pentoxifylline in healthy and pre‐ec-
lamptic human placentas.

Experimental approach
The placental transfer and metabolism of pentoxifylline were studied using ex vivo placenta 
perfusion experiments. In wire myography experiments with chorionic plate arteries, pentoxi-
fylline’s vasodilator properties were investigated focusing on the cGMP and cAMP pathways 
and adenosine receptors. Its effects on inflammatory factors were also studied in placental 
explants. 

Key Results
Pentoxifylline transferred from the maternal to foetal circulation, reaching identical concen-
trations. The placenta metabolized pentoxifylline into its active metabolite lisofylline (M1), 
which was released into both circulations. In healthy placentas, pentoxifylline potentiated 
cAMP‐ and cGMP‐induced vasodilation, as well as causing vasodilation by adenosine A1 
antagonism and via NO synthase and PKG. Pentoxifylline also reduced inflammatory factors 
secretion. In pre‐eclamptic placentas, we observed that its vasodilator capacity was preserved, 
however not via NO‐PKG but likely through adenosine signalling. Pentoxifylline neither po-
tentiated vasodilation through cAMP and cGMP, nor suppressed the release of inflammatory 
factors from these placentas.

Conclusion and Implications
Pentoxifylline is transferred across and metabolized by the placenta. Its beneficial effects on 
the NO pathway and inflammation are not retained in preeclampsia, limiting its application 
in this disease, although it could be useful for other placenta-related disorders. Future studies 
might focus on selective adenosine type 1 receptor antagonists as a new treatment tool for 
preeclampsia.
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Introduction
Preeclampsia is a serious placenta-related pregnancy disorder, affecting approximately 5-8% 
of all pregnancies, for which there is currently no effective treatment.1 Preeclampsia is char-
acterized by hypertension with an onset after 20 weeks of gestation, accompanied by protein-
uria and potentially other evidence of maternal organ damage (e.g., elevated liver enzymes, 
pulmonary- or cerebral oedema) and/or fetal growth restriction.2 Preeclampsia has not only 
been associated with an increased risk of maternal and fetal complications during pregnancy 
but can also lead to health problems later in life for both mother and child.1,3,4 Early-onset 
preeclampsia occurs when the symptoms present before the 34th week of gestation,5 and the 
pathophysiological mechanism is believed to involve impaired placentation in early preg-
nancy, leading to an increased vascular resistance, generalized endothelial dysfunction and 
endovascular inflammation. Yet, preeclampsia can only be cured by termination of pregnancy 
to deliver the placenta, and with it, an often-preterm infant.

The methylxanthine-derivative pentoxifylline has potential as a therapeutic option for pre-
eclampsia.6 Pentoxifylline has already been registered for intermittent claudication as it 
induces vasodilation, and is known to have anti-inflammatory properties, scavenge oxygen 
radicals, improve endothelial function, increase erythrocyte flexibility, and inhibit platelet 
aggregation.7,8 In a clinical study, pentoxifylline was given to pregnant women with immi-
nent preterm labour to improve the disturbances in the fetal-placental blood perfusion that 
frequently obligate obstetricians to induce preterm delivery. In this study, Lauterbach et al.9 
showed that pentoxifylline increased the cerebro-placental pulsatility ratio – a measure for 
perinatal outcome 10 – by decreasing placental resistance in utero.9 It also improved neonatal 
clinical outcome in the first four weeks of life.9 In an experimental model for preeclamp-
sia in pregnant ewes, pentoxifylline significantly alleviated and delayed the onset of symp-
toms.11 Furthermore, pentoxifylline showed promising results as an anti-inflammatory agent 
in preterm born infants with sepsis or necrotizing enterocolitis.12-14

The mechanisms behind the effects of pentoxifylline are not completely understood. As a 
non-selective phosphodiesterase (PDE) inhibitor, pentoxifylline increases the intracellular 
concentrations of cAMP generated by adenylyl cyclase.15 Pentoxifylline can additionally 
inhibit adenosine signalling through interaction with adenosine receptors. These receptors 
consist of four subtypes: A1, A2A, A2B, and A3, which are coupled to adenylyl cyclase-in-
hibitory Gi-proteins (A1/A3 receptor) or adenylyl cyclase-stimulatory Gs-proteins (A2A/A2B 
receptor),16 and as such also regulate cAMP. A2 receptor stimulation relaxes human coronary 
arteries in an endothelium-independent manner by upregulating cAMP, while A1 receptor 
stimulation exerts the opposite effects.17 Pentoxifylline has a higher selectivity for the A1 
versus the A2 receptor,18 and would thus be expected to induce vasodilation by blocking the 
effects of endogenous adenosine signalling via its A1 receptors. Simultaneously, the protective 
effects of pentoxifylline in pulmonary inflammation were A2A receptor-dependent.19 The in 
vivo effects of pentoxifylline have also been attributed to its metabolites, as biotransforma-
tion yields the formation of the metabolites M1-M7. While pentoxifylline rapidly disappears 
from the circulation, M1 (also known as lisofylline) and M5 remain present over a longer 
period, hence have a potentially more significant effect in vivo.20,21

The anti-inflammatory properties of pentoxifylline are of particular interest in preeclamp-
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tic patients, whom display increased plasma levels of pro-inflammatory cytokines, including 
IL-6, IFN-γ and TNF-α,22,23 and suppressed production of IL-5 and the anti-inflammatory 
cytokine IL-10.22,24 This inflammatory response may originate from the preeclamptic pla-
centa 25 and could subsequently contribute to placental dysfunction, endothelial damage and 
ischemic-reperfusion injury 26-29. Speer et al.15 observed that pentoxifylline reduced LPS-in-
duced inflammation in an ex vivo placental explant model, often used to study preeclamp-
sia. However, we recently showed a decreased expression of many immune-related genes, 
as well as lower numbers of regulatory and anti-inflammatory M2-like macrophages and 
mast cells in placentas from women with early-onset preeclampsia,30 while the inflammatory 
M1-like macrophages were unaltered. This challenges the view of increased inflammation in 
preeclamptic placentas.

In summary, pentoxifylline may improve placental function in preeclampsia through a multi-
tude of mechanisms. Yet, before considering treatment of pregnant women, it is important to 
study its placental passage and metabolism, and to discern the vascular and anti-inflammato-
ry effects of pentoxifylline in the human placenta. Obviously, it is also essential to investigate 
whether any protective effects in healthy placentas, if occurring, are retained in preeclampsia. 
For instance, the PDE5A inhibitor sildenafil was unable to improve placental function in 
preeclampsia, despite promising results in healthy placentas.31 

The aim of this study was to evaluate the placental transfer of pentoxifylline to estimate fetal 
exposure, and its metabolism by the placenta using ex vivo dual-sided cotyledon perfusion of 
human placentas (named ex vivo placenta perfusion in short). Additionally, we investigated 
the vascular and anti-inflammatory effects of pentoxifylline in the placentas of women with 
uncomplicated pregnancies and women with preeclampsia.

Methods 

Patient tissue collection
Placentas of women with uncomplicated singleton pregnancies who underwent a planned 
caesarean section or who suffered from early-onset preeclampsia (diagnosis <34th week of 
gestation) were collected immediately after delivery at the Erasmus MC University Med-
ical Center, Rotterdam, the Netherlands, from April 2019 until June 2022. The study was 
exempted from approval by the local institutional Medical Ethics Committee according to 
the Dutch medical Research with Human Subjects Law (MEC-2016-418 and MEC-2017-
418), and all patients gave written consent for the use of their placenta and data prior to the 
experiments. 

Ex vivo dual-sided cotyledon perfusion
To study the placental transfer of pentoxifylline, ex vivo dual-sided cotyledon perfusion was 
performed as described by Hitzerd et al.31. In short, after collection of the placenta, the am-
nion was removed and the fetal chorionic plate artery and corresponding vein of an intact 
cotyledon were cannulated and perfused with Krebs-Henseleit buffer (in mmol l-1: NaCl 118, 
KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25 and glucose 8.3; pH 7.4) supple-
mented with heparin 2500 IU L-1 and oxygenated with 95% O2 - 5% CO2. The cotyledon was 
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placed into the perfusion chamber and the fetal flow was gradually increased up to 6 ml min-1. 
The maternal circulation was re-established by inserting four blunt cannulas into the intervil-
lous space with a flow rate of 12 ml min-1. After approximately 30 min perfusion, to wash out 
any remaining blood, the circulations were closed and replaced by fresh Krebs-Henseleit me-
dium with the addition of bovine serum albumin (29 g l-1 maternal and 34 g l-1 fetal). At t=0 
pentoxifylline (10 mg l-1) was added to the maternal circulation, and samples were taken from 
both circulations at eight set time points over a period of three hours, and immediately stored 
at -80°C. To prove good overlap between the maternal and fetal circulations, antipyrine (100 
mg l-1) was also added to the maternal buffer, and a fetal/maternal ratio >0.75 was considered 
sufficient. To control for capillary leakage, 40 kDa fluorescein isothiocyanate (FITC)-dextran 
(Sigma-Aldrich, 36 mg l-1) was added to the fetal circulation, and its maternal/fetal ratio 
should have not exceeded 0.03. The concentrations of antipyrine and FITC-dextran were 
determined as described previously.31 

Pentoxifylline concentrations were quantified by means of a chromatography-mass spectrom-
etry method in a volume of 50 µl. The method was validated with pentoxifylline-d6 as in-
ternal standard according to the EMA validation protocol (Guideline Bioanalytical method 
validation www.ema.europa.eu). The analysis was performed on a Water TSQ micro system 
in an ISO certified laboratory. The analysis was characterized by a lower limit of quantifica-
tion of 0.2 µg L-1, an upper limit of quantification of 50 µg L-1, a linearity of 0.2 – 50 µg L-1, 
and a R2 > 0.99.

Wire-myography experiments with porcine coronary arteries
Twelve porcine hearts were collected from the slaughterhouse to perform an initial screening 
of pathways that may be involved in the vasodilator effects of pentoxifylline. Coronary ar-
teries were dissected from the porcine hearts and stored overnight in Krebs-Henseleit buffer 
aerated with 95% O2 - 5% CO2 at 4°C. Vessel segments of 4 mm length were suspended on 
stainless steel hooks in 15 ml-organ baths, filled with Krebs-Henseleit buffer at 37°C and 
aerated with 95% O2 - 5% CO2. After a period of equilibration and stretched to a stable 
force of about 15 mN, vessel segments were exposed to 30 mmol l-1 KCl twice. Subsequently, 
maximum contractile responses were determined using 100 mmol l-1 KCl. After washout of 
the KCl, segments were pre-incubated for 30 min in the absence or presence of an inhibitor 
and subsequently pre-constricted using U46619 (1 µmol l-1). Segments that were pre-incu-
bated with SQ22536 (100 µmol l-1) or Nω-Nitro-L-Arginine Methyl Ester hydrochloride 
(L-NAME, 100 µmol l-1) were used to construct concentration-response curves to pentoxi-
fylline (1 nmol l-1 - 300 µmol l-1), and segments that were pre-incubated with pentoxifylline 
(100 µmol l-1) were exposed to sodium nitroprusside (SNP, 1 nmol l-1 - 100 µmol l-1) or 
forskolin (1 nmol l-1 - 30 µmol l-1). Changes in tissue contractile force were recorded with a 
Harvard isometric transducer (South Natick, MA, USA).

Wire-myography experiments with human chorionic plate arteries
Second order branches of chorionic plate arteries were dissected from placental tissue, cleaned 
from surrounding tissue, and stored in Krebs-Henseleit buffer aerated with 95% O2 - 5% CO2 
at 4°C overnight. The following day the vessels were cut into 2 mm segments (in length) and 
mounted in 6 ml-organ baths (Danish Myograph Technology, Aarhus, Denmark), filled with 
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Krebs-Henseleit buffer, and aerated with 95% O2 – 5% CO2. After warming the organ baths 
to 37°C, the tension was normalized to 90% of the estimated diameter at 38 mmHg effective 
transmural pressure (5.1 kPa) to mimic the physiological circumstances of placental vessels. 
The average diameter of the arteries after normalization was 2.74 ± 0.08 mm (total number 
of artery segments = 497, number of patients (n) = 67). When the segments reached a stable 
baseline pressure, the maximum contractile responses to 100 mmol l-1 KCl were determined. 
After washout of KCl, segments were pre-incubated in the absence or presence of one of 
the following inhibitors for at least 30 minutes: adenylyl cyclase inhibitor SQ22536 (100 
µmol l-1), nitric oxide synthase (NOS)-inhibitor L-NAME, 100 µmol l-1, protein kinase G 
(PKG)-inhibitor Rp-8-Br-PET-cGMPS (3 µmol l-1), protein kinase A (PKA)-inhibitor Rp-
cAMPS (10 µmol l-1), A1 receptor antagonist DPCPX (10 µmol l-1) A2A receptor antagonist 
ZM 241385 (3 µmol l-1), A2B receptor antagonist MRS1706 (10 µmol l-1), either alone or in 
combination. Antagonists were chosen using the British Journal of Pharmacology Guide to 
Receptors and Channels and previous studies 32-35. All vessel segments were pre-constricted 
with the thromboxane A2 agonist U46619 to ~80% of the maximum KCl constriction (10 - 
30 nmol l-1 U46619), to construct relaxant concentration-response curves for pentoxifylline 
(1 nmol l-1 - 300 µmol l-1) and M1 (1 nmol l-1 - 100 µmol l-1). Concentration-response curves 
for the nitric oxide (NO) donor SNP (1 nmol l-1 - 100 µmol l-1) and the adenylyl cyclase 
activator forskolin (1 nmol l-1 - 30 µmol l-1) were constructed in the presence or absence of 
pentoxifylline (10 or 100 µmol l-1). Other concentration-response curves that were investi-
gated without incubators included: pentoxifylline metabolites M4 and M5 (1 nmol l-1 - 100 
µmol l-1), and soluble guanylyl cyclase activator BAY 60-2770 (0.1 nmol l-1 - 10 µmol l-1). 
Endothelial denudation was performed by carefully rubbing a few hairs from cotton buds 
along the inside of the arterial segment.

Placental explant experiments
Immediately after collection of the placenta, three full thickness slices of about 0.5 cm wide 
were dissected from areas without visible infarction, calcification, hematoma, or damage and 
stored on ice. The placental tissue was thoroughly rinsed with cold PBS. After removal of the 
chorionic and basal plates, central villous tissue was cut into 2x2 mm explants. Three explants 
from the three different slices were combined into a 12 wells plate with 2 ml DMEM/F12 
medium (Lonza) supplemented with 10% FBS, 1.95 g l-1 NaHCO3 and 100 mg l-1 Primo-
cin (InvivoGen). The placental explants were left to equilibrate for 3 hours at 37°C 8% O2 
- 5% CO2. Thereafter, the villous explants were transferred to new wells with or without 100 
mg l-1 (=359 µmol l-1) pentoxifylline. After 24 hours the culture medium was collected and 
stored at -80°C until further analysis. The placental explants were dried in a SpeedVac vacu-
um concentrator at 45°C (SPD2010, Thermo Fisher Scientific) to determine the dry weight. 
Experiments were performed in technical duplicates to ensure the reliability of single values.

The secretion of 24 different cytokines, chemokines, growth factors, and immune regulatory 
molecules into the explant culture medium was measured using premixed multiplex Luminex 
magnetic bead assays (R&D Systems, Abingdon, United Kingdom). This analysis includ-
ed C-C motif chemokine ligand 2 (CCL2/MCP-1), C-X3-C motif chemokine ligand 1 
(CX3CL1/fractalkine), C-X-C motif chemokine ligand 8 (CXCL8/IL-8), CXCL10/IP-10, 
endoglin, granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF), macrophage colony-stimulating factor (M-CSF), IFN-γ, 
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cally analysed in a two-way repeated measures ANOVA for healthy and preeclamptic experi-
ments separately (SPSS Statistics 25; GLM-RM, sphericity assumed). Only if F in ANOVA 
achieved P < 0.05, post-hoc analyses were performed in a two-way repeated measures ANO-
VA for each individual antagonist against the condition without antagonist (control). The 
differences between the pregnancy conditions (e.g. healthy and preeclampsia) were statisti-
cally tested using a one-way repeated measures ANOVA with the pregnancy condition as be-
tween-subjects factor (SPSS Statistics 25; GLM-RM, sphericity assumed). A power analysis 
using the standard deviation from previous work,31 an α level of 0.05 and a statistical power 
of 80%, revealed a minimum sample size of 6 per group for the wire myography experiments. 

For the placenta explant experiments, the sample size of seven placental explant experiments 
per group was based on previous literature.15 The effect of pentoxifylline on the release of 
cytokines from placental explants was compared to its own paired control experiment (100%) 
with a one-sample t-test with Benjamini-Hochberg correction. The baseline secretions from 
preeclamptic explants were statistically tested vs healthy explants using a Kruskall-Wallis test.

The data and statistical analysis comply with the recommendations of the British Journal of 
Pharmacology on experimental design and analysis.38 Data were presented as mean±SE or as 
median (range) unless described otherwise, and a P-value < 0.05 was considered statistically 
significant.

Nomenclature of Targets and Ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in 
www.guidetopharmacology.org, and are permanently archived in the Concise Guide to Phar-
macology 2021/22.39-41

Table 1 | Clinical data of the three individual perfusion experiments

  1 2 3

Maternal age (years) 23 43 36

Parity (n) 2 2 2

Ethnicity Caucasian Caucasian Hispanic

Body mass index (kg m-2) 29.4 23.0 30.3

Highest diastolic blood pressure (mmHg) 80 70 80

Highest systolic blood pressure (mmHg) 136 110 134

Highest mean arterial blood pressure (mmHg) 90 83 98

Mode of delivery CS CS CS

Gestational age (weeks+days) 38+5 39+3 39+3

Fetal sex male female male

Fetal birth weight (g) 2910 3370 3550

Fetal birth centile 12 51 54

Placental weight (g) 490 525 545

CS, caesarean section.
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Table 2 | Clinical data of wire myography and placental explant experiments.

  Wire myography Explants

 
Healthy  
(n = 47)

Preeclampsia  
(n = 20)

Healthy  
(n = 7)

Preeclampsia  
(n = 7)

Maternal age (years) 33 (30 - 35) 31 (29 - 34) 33 (27-38) 31 (29-40)

Parity   *    

0 14 (29.8%) 3 (15.0%) 2 (28.6%) 5 (71.4%)

1 10 (21.3%) 12 (60.0%) 5 (71.4%) 1 (14.3%)

>1 23 (48.9%) 5 (25.0%) 0 (0.0%) 1 (14.3%)

Ethnicity        

Caucasian 31 (67.4%) 15 (83.3%) 4 (57.1%) 5 (71.4%)

Other 15 (32.6%) 3 (16.7%) 3 (42.9%) 2 (28.6%)

Missing (n) 1 2 0 0

Body mass index (kg/m2) 23.2 (21.1 - 28.8) 26.8 (24.8 - 31.2) 23.6 (19.4 - 30.1) 30.1 (24.8 - 35) *

Missing (n) 1 4 0 0

Highest diastolic  
blood pressure (mmHg)

77 (71 - 80) 108 (100 - 111) * 83 (75 - 90) 109 (98 - 135) *

Highest systolic  
blood pressure (mmHg)

125 (120 - 136) 160 (155 - 173) * 129 (121 - 138) 186 (140 - 220) *

Highest mean arterial  
blood pressure (mmHg)

93 (88 - 99) 124 (120 - 136) * 98 (90 - 106) 136 (113 - 163) *

Urinary protein/creatinine 
ratio (mmol/mg)

NM 164 (39 - 482)  NM 68 (29 - 813)

Missing (n)   1 0

Mode of delivery        

Primary cesarean section 47 (100.0%) 19 (95.0%) 6 (85.7%) 5 (71.4%)

Secondary cesarean 
section

0 (0.0%) 1 (5.0%) 0 (0.0%) 0 (0.0%)

Vaginally 0 (0.0%) 0 (0.0%) 0 (0.0%) 2 (14.3%)

Gestational age (weeks+days) 39+0 (39+0 - 39+1) 30+2 (28+1 - 31+4) * 39+0 (38+4 - 39+2) 31+0 (28+3 - 34+0) *

Sex        

Female 19 (40.4%) 12 (60.0%) 4 (57.1%) 3 (42.9%)

Male 28 (59.6%) 8 (40.0%) 3 (42.9%) 4 (57.1%)

Fetal birth weight (g) 3470 (3335 - 3720) 1128 (1011 - 1441) * 3320 (2590 - 3820) 1125 (485 - 3175) *

Fetal birth centile   *    

<3rd 0 (0.0%) 10 (50.0%) 0 (0.0%) 3 (42.9%)

3rd -10th 3 (6.4%) 6 (30.0%) 2 (28.6%) 1 (14.3%)

≥10th 44 (93.6%) 4 (20.0%) 5 (71.4%) 3 (42.9%)

Placental weight (g) 654 (561 - 734) 276 (247 - 354) * 510 (444 - 565) 268 (152 - 478) *

Missing (n) 9 1 1 1

Numerical variables are shown as median (Q1 – Q3) and statistically tested by Kruskal-Wallis test. Categorical variables 
are shown as number of cases (%) and statistically tested by Chi square test. NM, not measured. * P < 0.05 vs healthy.
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Results

Pentoxifylline transfers to the fetal circulation
The transplacental transfer of pentoxifylline was studied in eight ex vivo placenta perfusion 
experiments, of which three experiments passed all quality control measurements display-
ing an adequate overlap (fetal/maternal antipyrine ratio: 0.99±0.01) and absence of capillary 
leakage between the maternal and fetal circulations (maternal/fetal 40 kDa FITC-dextran 
ratio: 0.0053±0.0008). The success rate of 38% was similar to previous research.42 The clinical 
characteristics of the mothers and their offspring, as well as the placental characteristics are 
shown in Table 1. The addition of 10 mg l-1 pentoxifylline to the maternal circulation, resulted 
in rapid transfer of pentoxifylline from the maternal to the fetal circulation, reaching equal 
concentrations in both circulations after approximately 90 minutes (Figure 1A&B). The total 
pentoxifylline concentration in both circulations decreased to 5.8±0.7 µg l-1 after three hours 
of perfusion. However, the decrease in total pentoxifylline concentration was accompanied by 
a subsequent increase in the concentration of its metabolite M1 to 1.4±0.5 µg l-1 after three 
hours of perfusion (Figure 1C). M4 and M5 were undetectable in the circulations at any time 
point. These data show that pentoxifylline can rapidly transfer to the fetal circulation through 
the placenta, which metabolizes pentoxifylline into M1.

Pentoxifylline induces vasodilation in placental arteries through A
1
 receptors, NO 

and PKG
Wire myography experiments were conducted to study the vasodilator properties of pentox-
ifylline. Table 2 provides the clinical characteristics of this study population. Pentoxifylline 
exerted vasodilation in healthy chorionic plate arteries with an Emax of 76±3 % of U46619 
pre-constriction and a pEC50 of -4.3±0.1. Pre-incubation of the vessel segments with the 
NOS inhibitor L-NAME alone or in combination with the adenylyl cyclase inhibitor 
SQ22536 caused a rightward shift of the concentration-response curves in both human cho-
rionic plate arteries (Figure 2A) and porcine coronary arteries (Supplementary Figure S1A). 
We additionally showed that the effect of L-NAME was endothelium-dependent, as endo-
thelial denudation attenuated vasodilation to pentoxifylline, and L-NAME had no effect in 
denuded arteries (Supplementary Figure S2). SQ22536 had no effect by itself, showing that 
pentoxifylline-induced vasodilation involved NO but not cAMP. Since pentoxifylline poten-
tially also modulates adenosine signalling, we subsequently investigated its interaction with 
adenosine receptors. Pre-incubation of vessel segments with the A1 receptor antagonist DP-
CPX attenuated pentoxifylline-induced vasodilation, while it was not altered by inhibitors 
of the A2A receptor, ZM 241385, or the A2B receptor, MRS1706 (Figure 2B). To investigate 
whether pentoxifylline-induced vasodilation involved specific protein kinases, experiments 
were also performed in the presence of the PKG inhibitor Rp-8-Br-PET-cGMPS and the 
PKA inhibitor Rp-cAMPS. Pre-incubation with Rp-8-Br-PET-cGMPS alone or in com-
bination with Rp-cAMPS inhibited pentoxifylline-induced vasodilation, while Rp-cAMPS 
alone had no effect (Figure 2C).

The vasodilator capacities of the pentoxifylline metabolites M1, M4 and M5 were studied in 
a next set of experiments. M1 induced vasodilation to a similar extent as pentoxifylline, while 
M4 and M5 did not induce vasodilation in healthy chorionic plate arteries (Supplementa-
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ry Figure S3). Pre-incubation of chorionic plate arteries with the PKG inhibitor Rp-8-Br-
PET-cGMPS tended to cause a rightward shift of the M1 concentration-response curve, 
although this was not statistically significant. L-NAME and SQ22536 had no statistically 
significant effects on M1-induced vasodilation (Figure 2D).

Pentoxifylline potentiates vasodilation to SNP and forskolin
Pre-incubation of healthy chorionic plate arteries with 100 µmol l-1 pentoxifylline resulted in 
a significant leftward shift of the concentration-response curves of the NO donor SNP, and 
the adenylyl cyclase activator forskolin (Figures 2E&F). These effects were only evident at a 
concentration of 100 µmol l-1 pentoxifylline, but not at 10 µmol l-1. The same tendencies were 
observed in porcine coronary arteries (Supplementary Figures S1B&C). These data suggest 
that in addition to a direct vasodilator effect of pentoxifylline, its PDE inhibitor capacity 
improved vasodilation through the NO and adenylyl cyclase pathways.

Table 3 | Baseline secretion of cytokines and (anti)angiogenic factors from preeclamptic and 
healthy placental explants.

  Healthy (n = 5-7) a Preeclampsia (n = 7)

Endoglin 261.4 (176.7, 337.1) 630.8 (359.2, 1268.7) *

VEGFR-1 972.6 (959.1, 1819.7) 3494.3 (2039.0, 4854.0) *

CCL2/MCP-1 205.9 (203.7, 271.8) 97.0 (88.6, 201.3)

CXCL10/IP-10 4.2 (4.1, 10.1) 9.3 (7.6, 20.0)

M-CSF 289.4 (163.5, 291.1) 161.1 (132.7, 196.5)

PIGF 2.3 (1.5, 3.0) 4.0 (2.6, 5.8)

G-CSF 27.3 (21.8, 43.0) 39.3 (25.3, 65.4)

IL-6 396.4 (267.4, 495.3) 276.7 (243.5, 456.4)

IL-1-beta 2.9 (1.9, 5.6) 3.8 (3.6, 5.7)

TNF-alpha 2.6 (1.4, 5.5) 3.6 (3.3, 5.0)

CX3CL1/fractalkine 1090.7 (418.8, 2797.6) 1479.6 (1155.9, 2077.3)

GM-CSF 5.1 (3.0, 11.9) 7.2 (5.8, 9.9)

IFN-gamma 21.5 (6.6, 36.7) 26.8 (21.0, 39.2)

IL-4 64.8 (29.9, 104.3) 74.8 (59.6, 106.6)

IL-12-p70 77.7 (25.7, 134.6) 96.0 (80.8, 136.2)

IL-16 64.9 (53.2, 91.7) 75.6 (66.8, 94.7)

IL-18 19.1 (9.5, 33.3) 21.7 (19.5, 32.2)

IL-1ra 370.9 (257.3, 552.3) 408.4 (328.0, 556.7)

IL-2 30.9 (28.4, 51.2) 38.4 (30.6, 55.7)

CXCL8/IL-8 1953.3 (1791.4, 3182.4) 2311.5 (1803.5, 3636.3)

IL-10 3.6 (1.7, 7.9) 5.4 (4.0, 6.8)

The concentrations are given in pg ml-1 mg-1 dry tissue weight as median (Q1, Q3). VEGF, 
VEGF-C and IL-5 were undetectable. a n = 7 in healthy for endoglin and GSF, n = 5 for all 
other variables due to a technical error. * P < 0.05 vs healthy using a Kruskall-Wallis test.
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Pentoxifylline reduces cytokine secretion from healthy but not preeclamptic 
placentas
Since preeclamptic placentas are often described to be inflammatory, we compared the base-
line secretions between the control and preeclamptic explants. VEGF, VEGF-C, and IL-5 
were below the detection limit in most of the experiments and therefore exempted from 
further analysis. Endoglin and VEGFR-1 concentrations were higher in the medium of pre-
eclamptic compared to healthy placentas, while the other measured factors were unaltered 
(Table 3). Pentoxifylline reduced the secretion of CX3CL1/fractalkine, IFN-γ, IL-1β, IL-
12p70, IL-1Rα, CXCL8/IL-8, CCL2/MCP-1 and TNF-α from healthy placental explants 
(Figure 5A). In preeclamptic placental explants in contrast, pentoxifylline only reduced the 
secretion of CCL2/MCP-1 (Figure 5B).

Figure 6 | Schematic illustration of the potential effects of pentoxifylline (PTX) in placental blood vessels. 
Pentoxifylline can improve vasodilation of healthy chorionic plate arteries by enhancement of NOS-mediated 
NO synthesis and/or inhibition of PDEs. It can also inhibit vasoconstriction through antagonism of the 
adenosine type 1 receptor (A1). PGI2, prostacyclin; PGH2, prostaglandin H2; A2A/A2B, adenosine type 2A/2B 
receptor; PLC, phospholipase C, IP3, inositol triphosphate; PKG/PKA, protein kinase G/A; GTP, guanosine 
triphosphate; (c)GMP, (cyclic) guanosine monophosphate; ATP, adenosine triphosphate; (c)AMP, (cyclic) 
adenosine monophosphate.
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Discussion 
In a previous study, Lauterbach et al.9 showed that pentoxifylline can improve the fetal flow 
distribution in utero and neonatal outcome in the first four weeks of life in women with im-
minent preterm labour. In the present study we investigated whether pentoxifylline could be 
a therapeutic strategy for preeclampsia, by studying its effects in healthy and preeclamptic 
placentas. Our data display that pentoxifylline rapidly transfers from the maternal to the fetal 
circulation, where it can reduce placental resistance through interaction with the A1 receptor, 
the NO-cGMP-PKG pathway, and the cAMP pathway. This provides an explanation for the 
improved cerebro-placental ratio in the human fetus following maternal treatment in vivo.9 
Additionally, pentoxifylline reduced the release of inflammatory cytokines from the placenta. 
In preeclampsia, the direct vasodilator capacity of pentoxifylline was unaltered, although its 
ability to improve vasodilation through the NO-cGMP-PKG and cAMP pathways and the 
anti-inflammatory effects of pentoxifylline were not retained.

Vascular effects of pentoxifylline
To the best of our knowledge, we are the first to show that pentoxifylline can affect vascu-
lar function in human placental arteries. Figure 6 provides a schematic illustration of the 
proposed mechanisms of action of pentoxifylline in chorionic plate arteries. Pentoxifylline 
enhanced the vasodilator effects of both SNP and forskolin in healthy chorionic plate arteries, 
confirming that it is capable of non-selective inhibiting PDE,43-45 thereby potentiating both 
the cGMP- and cAMP-mediated responses. Enhancement of the cAMP-mediated response 
seems specific for human placental tissue, as this was not observed in our experiments with 
porcine tissue, nor in rat and equine studies.43,45,46 Remarkably, the effects of pentoxifylline as 
an unselective PDE inhibitor were lost in preeclamptic arteries. This is reminiscent of what 
we observed with the selective PDE inhibitors sildenafil and vinpocetine in preeclampsia.31 
Together with the inability of L-NAME to inhibit the pentoxifylline-induced relaxation, 
this suggests a reduced importance of the NO pathway in preeclampsia. The NO pathway in-
volves the activation of soluble guanylyl cyclase by NO, resulting in the formation of cGMP, 
which subsequently acts via PKG. Gao et al.47 showed a reduced expression and activity of 
soluble guanylyl cyclase, and a consequently lower cGMP content in preeclamptic placenta 
vessels. In the current study however, the responses to both the NO donor SNP and the sol-
uble guanylyl cyclase activator BAY 60-2770 were unaltered in preeclampsia. This contrasts 
with previous studies.48,49 A unifying concept might be that the NO-mediated response is 
only modestly attenuated. Despite not matching the statistical significance that was reached 
in the two previous studies, the present study did display a tendency for a reduced function of 
the NO pathway. A further possibility is that the endogenous NO generation is diminished 
in preeclampsia, affecting the capacity of pentoxifylline to upregulate such NO generation. 
Our observation that L-NAME elevated the baseline tension in healthy, but not preeclamp-
tic arteries supports this concept. Irrespective of the outcome, the present data clearly show 
that PDE inhibition does not improve vasodilation in early-onset preeclampsia. This argues 
against placental PDE upregulation as a causal factor in preeclampsia, in agreement with our 
previous work in which PDE1A and PDE5A were not found to be differentially expressed 
in preeclamptic placentas.31 It rather points to a reduced significance of placental PDE in 
this condition, and thus inhibition of PDE does not seem a logical choice to treat placental 
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dysfunction in preeclampsia, as shown previously with sildenafil.31 However, PDE inhibition 
might still be beneficial to target the increased serum PDE activity in preeclampsia.50

Animal work supports a range of mechanisms that might underlie the vasodilator function of 
pentoxifylline.43,45,46,51-54 Our observation that pentoxifylline enhanced endogenous NO-cG-
MP-PKG signalling, at least in healthy placentas, mimics similar findings in rat mesenteric 
arteries,51 rat aorta,54 and equine digital veins.43 Like in equine digital veins, vasodilation by 
pentoxifylline was not affected by inhibition of the cAMP pathway and thus did not depend 
on potentiation of endogenous cAMP,43 although pentoxifylline did potentiate exogenous 
activation of the cAMP pathway with forskolin, probably due to its PDE-inhibitory capacity. 

We additionally confirmed that the metabolite M1, which was converted from pentoxifylline 
in our ex vivo placenta perfusion experiments, evokes vasodilation 55 via a mechanism that 
involves PKG but not cAMP. The metabolites M4 and M5 did not have any vasodilator prop-
erties in placental vessels and were not formed by the placenta ex vivo.

Given the absence of pentoxifylline-induced NO-cGMP-PKG signalling in preeclamptic 
arteries, while its net relaxant effects remained unaltered, alternative pathways must have 
contributed to the observed relaxation in preeclampsia. Here, interaction of pentoxifylline 
with adenosine receptors might come into play. Indeed, pentoxifylline was shown to antag-
onize the A1 receptor and thereby block coronary vascular constriction.17 A2 receptor antag-
onism would be expected to exert the opposite effect,17,56 but the affinity of pentoxifylline 
for A1 receptors is higher than that for A2 receptors.18 Importantly, the concentrations re-
quired to block adenosine receptors are around one order of magnitude higher than those 
needed to block cAMP-degrading PDE (Ki: 180±2 versus 37.7±3.5 µmol l-1).57 Our data 
with A1, A2A and A2B receptor antagonists support an effect via A1 receptors at pentoxifylline 
concentrations that are 10-20 times higher than those reported in patients.9,20,21 Although 
the inhibitory function of the A1 receptor has been suggested to involve adenylyl cyclase,17 
the lack of effect of the adenylyl cyclase inhibitor SQ22536 towards pentoxifylline-induced 
vasodilation argues against this concept. Therefore, in chorionic plate arteries, A1 receptor 
effects might be accomplished through other mechanisms including (1) elevation of inositol 
1,4,5-trisphosphate and intracellular calcium levels through activation of phospholipase C-β, 
and (2) interaction with pertussis toxin-sensitive G proteins and KATP channels, as well as Q-, 
P-, and N-type Ca2+ channels 58 (Figure 6). A further alternative is that pentoxifylline does 
not antagonize the constrictor effects of endogenous adenosine via A1 receptors, but instead 
directly induces vasodilation via these receptors. Future studies should evaluate these possi-
bilities, as well as their potential alterations in preeclampsia. Preliminary data support that 
the A1 receptor-dependent effect of pentoxifylline can be observed in preeclamptic arteries 
(Supplementary Figure S4).  

Anti-inflammatory effects of pentoxifylline
The anti-inflammatory effects of pentoxifylline in healthy placental explants were absent in 
preeclamptic placentas but might have resulted from its conversion into M1.59-61 In a mouse 
model of LPS-induced pulmonary inflammation, the anti-inflammatory effects of pentoxi-
fylline were suggested to be A2A receptor-dependent.19 Yet, the vasodilator effects of pent-
oxifylline in the present study involved A1 receptor antagonism and PDE inhibition. Only 
the latter effect was absent in preeclampsia. A more likely explanation of our observations is 
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therefore that the anti-inflammatory effects involve PDE inhibition. Importantly, our data 
differ from those of Speer et al.15, who mimicked preeclamptic conditions by exposing healthy 
placental explants to LPS. This illustrates that LPS-induced inflammation does not fully 
resemble preeclampsia. The preeclamptic placental explants in the present study did main-
tain their in vivo phenotype, evidenced by increased endoglin and VEGFR-1 secretions, as 
expected based on elevated circulating levels of endoglin and soluble VEGFR-1 in women 
with preeclampsia.62,63 The secretion of other measured cytokines and angiogenic factors was 
not different between the two conditions. It should be noted that this was based on the unad-
justed P-values since our study was not powered to detect differences between the baseline se-
cretion of proteins from preeclamptic and healthy explants. Nevertheless, our results indicate 
that the placenta may not be the source of the elevated circulating cytokine and chemokine 
concentrations (including CCL2/MCP-1) in women with preeclampsia.22,64 This conclusion 
agrees with our recent data that depict a suppressed rather than pro-inflammatory placental 
immune system in early-onset preeclampsia.30 It additionally implies that the pro-inflamma-
tory state in preeclampsia might originate in tissue other than the placenta, e.g., it may reflect 
generalized endothelial dysfunction. Whether pentoxifylline would act outside the placenta 
cannot be concluded based on our results.

Nevertheless, in the preeclamptic placenta, the potentiating effects of pentoxifylline on the 
cGMP and cAMP pathways, as well as the anti-inflammatory effects, have disappeared. At 
the same time, its direct relaxant effects remained fully intact, and since these involved A1 
receptors, future studies should focus on adenosine receptor responsiveness in preeclampsia, 
in particular because elevated maternal and fetal adenosine levels have been reported in pre-
eclampsia and related to placental insufficiency.65-68

In conclusion, we have shown that pentoxifylline exerts vasodilator and anti-inflammatory 
effects in the human placenta, involving the NO and cAMP pathways, as well as the A1 re-
ceptor. Not all these effects are preserved in preeclampsia, questioning its application in this 
disease. Yet, an obvious advantage of pentoxifylline as a novel treatment is that it is already 
available for clinical use allowing quick implementation. To the best of our knowledge, no 
teratogenic effects have been observed in either animal or clinical studies. It is also already 
safely used in preterm infants, suggesting less risks of treatment during the third trimester 
of pregnancy. Pentoxifylline could nevertheless provide an opportunity to treat other pla-
centa-related diseases such as fetal growth restriction or chorioamnionitis. Here it should be 
noted that pentoxifylline is metabolised by the placenta and does reach the fetus, so that a 
thorough pharmacokinetic study in pregnant women is required to define safe dosing regi-
mens. Regarding preeclampsia, our observation that pentoxifylline induces vasodilation via 
blockade of the adenosine A1 receptor, combined with evidence for elevated adenosine lev-
els in this disorder,65-68 raises the possibility that selective adenosine A1 receptor antagonists 
might serve as new therapeutic tools.
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Supplementary material

Table S1 | Summary table of the compounds used for wire myography experiments.

Compound CAS-number Vender Concentration

Agonists

U46619 (9,11-Dideoxy-11α,9α-epoxy-
methanoprostaglandin F2α)

56985-40-1 Sigma Aldrich 10 nmol l-1 – 30 nmol l-1

Pentoxifylline (Trental®) 1 nmol l-1 – 300 µmol l-1

M1 ((±)-Lisofylline) 6493-06-7 Cayman Chemical 
Company

1 nmol l-1 – 100 µmol l-1

M4 (1-(3’-Carboxypropyl)-3,7-dimethylx-
anthine)

6493-07-8 Chemodex 1 nmol l-1 – 100 µmol l-1

M5 (1-(4’-Carboxybutyl)-3,7-dimethylx-
anthine)

38975-44-9 Chemodex 1 nmol l-1 - 100 µmol l-1

SNP (sodium nitroprusside) 13755-38-9 Sigma Aldrich 1 nmol l-1 – 100 µmol l-1

Forskolin 66575-29-9 Sigma Aldrich 1 nmol l-1 – 30 µmol l-1

BAY 60-2770 1027642-43-8 Bayer 0.1 nmol l-1 - 10 µmol l-1

Inhibitors

Pentoxifylline (Trental®) 10 µmol l-1 or 100 µmol l-1

SQ 22,536 17318-31-9 Sigma Aldrich 100 µmol l-1

L-NAME (Nω-nitro-L-arginine methyl 
ester hydrochloride)

51298-62-5 Sigma Aldrich 100 µmol l-1

Rp-8-Br-PET-cGMPS (Rp-8-Bromo-β-
phenyl-1,N2-ethenoguanosine 3',5'-cyclic 
monophosphorothioate sodium salt)

185246-32-6 Sigma Aldrich 3 µmol l-1

Rp-cAMPS (Adenosine 3',5'-cyclic Mono-
phosphorothioate, Rp-Isomer, Triethylam-
monium Salt)

151837-09-1 Sigma Aldrich 10 µmol l-1

DPCPX (8-Cyclopentyl-1,3-dipropylxan-
thine)

102146-07-6 Sigma Aldrich 10 µmol l-1

ZM 241385 139180-30-6 Sigma Aldrich 3 µmol l-1

MRS1706 264622-53-9 Cayman Chemical 
Company

10 µmol l-1
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Figure S1 | Results of the wire myography experiments using porcine coronary arteries. Concentration-response 
curves (CRC) from wire myography experiments displayed as % relaxation of U46619 preconstriction. A) 
CRC of pentoxifylline (PTX) in control segments (circles) or after incubation with SQ22536 (triangles) or 
L-NAME (squares, n = 9). B) CRC of sodium nitroprusside (SNP) in control segments (black triangles) or after 
incubation with 100 µmol l-1 pentoxifylline (cyan triangles). Pentoxifylline itself had no significant effect, but 
the interaction between the SNP concentration and % relaxation was significantly different (n = 5). C) CRC 
of forskolin in control segments (black squares) or after incubation with 100 µmol l-1 (cyan squares, n=5-6). 
Curves with antagonist were compared to curves without antagonist (control) using GLM-RM and data are 
depicted as mean ± SE % relaxation of U46619 preconstriction. * P < 0.05.

Figure S2 | Exploratory data: Pentoxifylline-induced vasodilation is endothelium dependent in healthy placenta 
arteries. Concentration-response curves of pentoxifylline constructed using wire myography experiments in 
intact segments as well as in segments of which the endothelium was removed (Denuded), and depicted as 
percentage relaxation of preconstriction by U46619. Denudation attenuated vasodilation to pentoxifylline 
(black open squares, n = 4), similar to L-NAME (grey filled circles, n = 3), when compared to intact artery 
segments (black filled squares, n = 4). L-NAME did not further inhibit vasodilation in denuded arteries (grey 
open squares, n = 4). Data are depicted as mean ± SE % relaxation of U46619 preconstriction.
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Figure S4 | The effects of DPCPX and endothelial denudation on pentoxifylline-induced vasodilation in 
four individual experiments with chorionic plate arteries from pregnancies with preeclampsia (PE). Data are 
depicted as % relaxation of U46619 preconstriction and each data point represents the average value from two 
duplicate experiments.

Figure S3 | The effects of pentoxifylline metabolites in healthy chorionic plate arteries. Concentration-response 
curves of pentoxifylline and its metabolites M1 (lisofylline), M4 and M5 from wire myography experiments 
with human chorionic plate arteries (n = 6-12). Data are depicted as mean ± SE % relaxation of U46619 
preconstriction. Comparisons of curves with antagonist to curves without antagonist (control) in GLM-RM did 
not result in statistically significant results.
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Figure S5 | The baseline effects of antagonists on healthy and preeclamptic chorionic plate arteries in wire 
myography experiments. A) Incubation with L-NAME, alone or in combination with SQ22536 elevated the 
baseline tension when compared to the vessels without antagonist (control) in healthy placental arteries only. 
B) None of the antagonist altered the contractile response to 10 nmol l-1 U46619. * P < 0.05 in one sample 
t-tests with Benjamini-Hogbergh correction versus 0.
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Abstract
Preeclampsia is a severe placenta-related pregnancy disorder that is generally divided into 
two subtypes named early-onset preeclampsia (onset <34 weeks of gestation), and late-onset 
preeclampsia (onset ≥34 weeks of gestation), with distinct pathophysiological origins. Both 
forms of preeclampsia have been associated with maternal systemic inflammation. However, 
alterations in the placental immune system have been less well characterized. 

Here, we studied immunological alterations in early- and late-onset preeclampsia placentas 
using a targeted expression profile approach. RNA was extracted from snap-frozen placenta 
samples (healthy n=13, early-onset preeclampsia n=13, and late-onset preeclampsia n=6). The 
expression of 730 immune-related genes from the Pan Cancer Immune Profiling Panel was 
measured, and the data were analyzed in the advanced analysis module of nSolver software 
(NanoString Technology). 

The results showed that early-onset preeclampsia placentas displayed reduced expression of 
complement, and toll-like receptor (TLR) associated genes, specifically TLR1 and TLR4. 
Mast cells and M2 macrophages were also decreased in early-onset preeclampsia compared to 
healthy placentas. The findings were confirmed by an immunohistochemistry approach using 
20 healthy, 19 early-onset preeclampsia, and 10 late-onset preeclampsia placentas. 

We conclude that the placental innate immune system is altered in early-onset preeclampsia 
compared to uncomplicated pregnancies. The absence of these alterations in late-onset pre-
eclampsia placentas indicates dissimilar immunological profiles. The study revealed distinct 
pathophysiological processes in early-onset and late-onset preeclampsia placentas and im-
plies that a tailored treatment to each subtype is desirable.
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Introduction
Placentation and subsequent development of the placenta are essential processes that deter-
mine an uneventful pregnancy and good fetal outcome. Problems of placental development 
and adaptation can result in impaired fetal growth and preeclampsia affecting 2-8% of all 
pregnancies.1 The serious complications of preeclampsia can ultimately progress into mater-
nal and fetal death, but if prevented, can also have other short-term and long-term negative 
impacts on the health of both mother and infant.2,3 Apart from symptom relief and the un-
desirable option to terminate pregnancy and deliver the placenta, often necessitating preterm 
delivery of the child, preeclampsia cannot be treated successfully yet. 

Although the etiology is incompletely understood, preeclampsia is generally considered a 
condition of placental insufficiency, accompanied by an exaggeration of the normal pregnan-
cy-induced maternal systemic inflammatory response.4 The immune system plays important 
roles in placental development; directing trophoblast invasion, maintaining feto-maternal 
tolerance, and fighting invading pathogens when necessary.5 In a healthy pregnancy, immune 
cells are present in and around the placenta throughout all trimesters of pregnancy and are in-
volved in interactions between the mother and the placenta. The placental bed, the decidua, is 
mainly occupied by cells of the innate immune system, including uterine natural killer (NK) 
cells, macrophages, mast cells, and dendritic cells (DCs).5,6 Adaptive immune cells including 
regulatory T cells and B cells are present in lower numbers and may be involved in maintain-
ing a stable and appropriate immune response during later stages of pregnancy.5,7,8 The pla-
centa itself mostly contains fetal innate immune cells, particularly fetal macrophages named 
Hofbauer cells. Immunological perturbations might be related to placental insufficiency, and 
multiple studies have shown elevated circulating inflammatory markers in pregnant women 
with preeclampsia.9-13 Preeclamptic placentas were also shown to express increased levels of 
the antiangiogenic factors endoglin and soluble fms-like tyrosine kinase-1,14-16 which can 
both be shed into the maternal circulation. An increase in the concentrations of maternally 
circulating endoglin and sFlt1, and a subsequent decrease in placental growth factor (PlGF) 
signaling were identified as the major causal factors for the development of preeclampsia.1,2 
However, the involvement of the placental immune system is less clear as studies on placental 
immune cell alterations in preeclampsia have reported contradictory results, and the exact 
roles of placental immune cells in preeclampsia remain to be elucidated.5,6

Hence, in contrast to the well-defined maternal systemic inflammatory state in preeclampsia, 
placental immune alterations have been less well characterized. Tumors and placentas display 
striking similarities in developmental processes, and these similarities are increasingly recog-
nized to be useful for understanding processes in either tissue.17,18 A methodology that has 
emerged in the field of oncology uses the expression of immune-related genes to investigate 
the immune responses and the involved immune cell types and pathways in various tissue 
types (www.nanostring.com). A high sensitivity of this technique allows the identification 
of non-abundant immune cells, even in diseases with an immune-suppressive microenviron-
ment like pancreatic cancers.19-21 Therefore, this technique provides a novel opportunity to 
investigate the immune profile of the placentas of women with preeclampsia.

While most studies cluster preeclampsia as one condition, it is generally acknowledged that 
two entities, with separate pathophysiological origins, can be distinguished: early-onset pre-
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eclampsia (onset <34 weeks of gestation), thought to originate from deficient placentation, 
and late-onset preeclampsia (onset ≥34 weeks of gestation), believed to be predominantly 
driven by maternal cardiovascular risk factors and placental insufficiency.2 Distinct placental 
mRNA expression profiles between early-onset preeclampsia and late-onset preeclampsia 
22 suggest that inconsistent immunological findings in the placenta might be explained by a 
lacking subtype definition of preeclampsia. The identification of placental immunological dif-
ferences may lead to the discovery of unidentified pathophysiological processes and potential 
targets for future therapeutic interventions. Therefore, with the present study, we aimed to re-
veal placental immune alterations between early-onset preeclampsia, late-onset preeclampsia, 
and healthy placentas. This study investigated this for the first time in the placenta by mea-
suring an immune profiling gene expression array that was developed to investigate changes 
in cancer tissue, studying transcriptional, cellular and pathway alterations.

Methods

Study cohort
All patients who were admitted to the Erasmus MC in Rotterdam gave written approval 
to participate in this study, prior to giving birth. The participants were either patients with 
singleton term pregnancies undergoing elective caesarean section or patients with preeclamp-
sia, diagnosed based on the new ISSHP 2018 criteria, i.e., new-onset hypertension after 
20 weeks of gestation (systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 
mmHg), accompanied by maternal organ dysfunction (e.g. proteinuria as defined by urinary 
protein/creatinine ratio >30 mg/mmol) and/or uteroplacental dysfunction defined as fetal 
growth restriction.23 Early-onset preeclampsia was defined based on the onset of symptoms 
<34 weeks of gestation, while late-onset preeclampsia ≥34 weeks of gestation. Clinical data 
were retrieved from the digital medical files. The study was exempted from medical approval 
according to the Dutch Medical Research with Human Subjects Law (MEC-2016-418 and 
MEC-2017-418). The gene expression analysis was performed in 16 healthy, 13 early-onset 
preeclampsia and 6 late-onset preeclampsia placentas. Since formalin-fixed, paraffin-embed-
ded (FFPE) material was not available for all samples included in the gene expression analy-
sis, an additional independent cohort of patients (9 healthy, 9 early-onset preeclampsia, and 6 
late-onset preeclampsia), was added to validate the results by immunohistochemistry. Immu-
nohistochemistry was carried out in a final cohort of 20 healthy, 20 early-onset preeclampsia 
and 10 late-onset preeclampsia patients.

Tissue preparation
Within 20 minutes after delivery of the placenta, biopsies were taken from areas without ob-
vious infarcts/necrosis, snap-frozen and stored at -80°C. In a limited number of samples from 
the same population, one additional full-thickness slice (1 cm in thickness) was collected per 
placenta and fixed in formalin, then embedded in paraffin (FFPE). Since FFPE samples from 
all patients included in the gene expression profiling measurements were not available, the 
cohort of samples was expanded to confirm the results by performing immunohistochemistry 
staining. 
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RNA extraction and gene expression array measurements 
For RNA extraction, frozen biopsies were homogenized in RLT lysis buffer (Qiagen, Ven-
lo, the Netherlands) with β-mercaptoethanol. After proteinase K (Invitrogen, Breda, the 
Netherlands) treatment for ten minutes at 55°C, RNA was extracted with the Qiagen RNA 
easy mini kit (Venlo, the Netherlands) according to the manufacturer’s instructions, eluted 
in RNA free water, and stored at -80°C. RNA Quality Control (QC) was measured using 
the 2100 Bioanalyzer (Agilent, CA, USA). NanoString Technology is based on detecting 
the genes of interest using 100 base pairs, but a cut-off value of 300 base pairs is necessary to 
increase the accuracy of measuring all the genes. Therefore, the total RNA concentration was 
corrected to include fragments seized between 300 and 4000 nucleotides. A total of 200 ng 
RNA was hybridized to the PanCancer Immune Profiling Panel for 17 hours at 67°C, follow-
ing the manufacturing procedure (NanoString, Seattle, USA). The nCounter FLEX platform 
was used and genes were counted by scanning 490 Fields-of-view (FOV). 

Data analysis
Data analysis was performed using the advanced analysis module (version 2.0) of nSolver™ 
software (version 4.0, NanoString Technology). The quality control of the measurements was 
done according to the general workflow used in the NanoString nCounter software analy-
sis.24 Based on expression stability and minimum variance, thirty-three housekeeping genes 
(out of 40) were selected for normalization with the geNorm algorithm embedded in the 
advanced analysis module (Supplementary Table S1). The lower threshold of expression was 
calculated by multiplying the average expression of the negative controls by two. Genes that 
showed an expression count below the threshold in >80% of the samples were excluded from 
further analysis.

To identify differentially expressed genes in preeclampsia samples, healthy placenta samples 
were used as controls. Hence, data of the early-onset preeclampsia samples and that of the 
late-onset preeclampsia samples were compared to healthy control samples. In addition, to 
investigate the differences between the two groups of preeclampsia, data of late-onset pre-
eclampsia were compared to that of early-onset preeclampsia. The normalized data were log2 
transformed and the differentially expressed genes were identified using simplified negative 
binomial models, mixture negative binomial models, or log-linear models based on the con-
vergence of each gene. The adjusted P-value was calculated using the Benjamini-Hoghberg 
method. Genes were considered differentially expressed when the adjusted P-value < 0.05 
and the linear fold of change (FOC) > 1.5 in any direction.

Immune cell subset analysis
Specific and unique cell type marker genes were used to define multiple immune cell subtypes 
(Supplementary Table S2). The marker genes were selected based on the default settings 
of the advanced analysis module of nSolver, combined with placenta-specific immune cell 
genes identified in single-cell RNA sequencing studies.25-27 By using marker genes to define 
the cell types we assume that the immune cell's genes are expressed in that specific cell type 
only (mutually exclusive) and that the expression of the marker genes is equal between cells 
for all samples. As a quality check of the cell definition based on previous research, pairwise 
similarities between the marker genes of each cell type were considered sufficient if R ≥ 0.6 
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(Supplementary Figure S1).28 Unfortunately, dendritic cell marker genes did not pass the 
quality control criteria, and therefore this cell type was not analyzed. The cell type marker 
genes were used to calculate a cell type score for each sample.

Pathway analysis
Pathway alterations were analyzed by clustering genes into pathways using the default set-
tings of the PanCancer Immune Profiling advanced analysis module in nSolver. The pathway 
scores were calculated for each sample as the square root of the average squared t-statistic of 
all genes in the corresponding pathway. 

The database for annotation, visualization, and integrated discovery (DAVID) v6.8 29-31 was 
used as an alternative method to functionally annotate and cluster genes. For this analysis, 
separate lists were used containing either the downregulated or upregulated genes with an 
unadjusted P-value < 0.05, comparing early-onset preeclampsia and late-onset preeclamp-
sia to healthy placentas. Genes that were related to either TLR signaling, the complement 
pathway or chemotaxis-associated cytokines as identified in DAVID were used to perform 
unsupervised hierarchical heatmap clustering using Ward’s method and visualized using the 
ComplexHeatmap package in R 32.

Immunohistochemistry

M1/M2 macrophage staining
Sections of 4 µm of FFPE samples were used for immunohistochemistry analysis. To visual-
ize M1 and M2 macrophage subsets in placental tissue, the chromogenic duplex staining was 
done with CD68 and CD163 by an automated staining procedure using the Ventana Bench-
mark Discovery (Ventana Medical Systems Inc.). In brief, following deparaffinization and 
heat-induced antigen retrieval with CC1 (#950-500, Ventana) for 40 minutes at 95°C, the 
tissue samples were firstly incubated with CD68 for 60 minutes at 37°C, followed by detec-
tion with anti-mouse HQ (#760-4814, Ventana) for 16 minutes and subsequently anti-HQ 
HRP (#760-4820), and visualized with Discovery Purple (#760-229, Ventana) for 32 min-
utes. An antibody denature step was performed using CC2 (#950-123, Ventana) for 20 min-
utes at 100˚C. Secondly, CD163 was incubated for 32 minutes at 37˚C, followed by detection 
with anti-mouse HQ and subsequently anti-HQ HRP, and visualized with Discovery Teal 
(#760-247, Ventana) for 32 minutes. Finally, all slides were counterstained with hematoxylin 
II (#760-2208) and bluing reagents (#760-2037) for 4 minutes. Antibody information and 
clonality can be found in Supplementary Table S3.

Mast cell staining
To visualize mast cells in placental tissue, sequential 4 µm thick (FFPE) sections were stained 
by conventional immunohistochemistry for tryptase, using the optiview universal DAB de-
tection kit (#760-700, Ventana). In brief, following deparaffinization and heat-induced anti-
gen retrieval with CC1 (#950-500, Ventana) for 64 minutes, the tissue samples were incubat-
ed with the antibody of interest (Supplementary Table S3) for 32 minutes at 37˚C. Incubation 
was followed by hematoxylin II counterstain for 8 minutes and then a blue coloring reagent 
for 8 minutes according to the manufactures instructions (Ventana). 
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For analysis, the immunohistochemistry slides were scanned on a NanoZoomer 2.0-HT 
(Hamamatsu Photonics K.K.). In NDPview (version 2.5.19 Hamamatsu Photonics K.K.), 1 
mm2 areas were selected in each slide, three in the central villus part of the placenta, and three 
covering the decidua. Only areas with open villus structures were selected, avoiding infarcted 
tissue and placental septae. The images were imported as separate JPEG images into ImageJ 
(version 1.53a Wayne Rasband, USA). The number of positive cells with visible nuclei was 
counted by hand. In the central areas of the placenta, only cells inside the villi were counted, 
excluding cells in the intervillous space. To normalize for variation in decidual thickness, the 
decidual area was drawn by hand, measured, and cell counts were reported as cells/mm2. For 
the combined CD68/CD163 staining, cells were counted as either double-positive cells or 
CD68 single-positive cells. These cells were predefined as M2, and M1 macrophages, respec-
tively. All analyses were performed blinded by one researcher. Power analysis for immuno-
histochemistry revealed a requirement of n=20 per group to obtain statistical significance at 
α=0.05 and β=0.2. However, there was not enough late-onset preeclampsia material available, 
and one early-onset preeclampsia placenta had too many infarcts and was therefore excluded.

Statistical tests
Unless stated otherwise, analyses were conducted and images were produced in Graphpad 
Prism 8 or R 4.1  using the ggplot2 package.33,34 The cell type scores, pathway scores, and im-
munohistochemistry results were statistically tested between groups using a Kruskall-Wallis 
test with Tukey’s multiple comparisons test. A result was considered statistically significant 
if the P-value < 0.05.

Results

Clinical characteristics
Out of the 36 mRNA samples which were measured by the gene expression array, four sam-
ples had to be excluded from further analysis. One sample was retrospectively excluded due 
to misclassification as late-onset preeclampsia while the patient suffered from pregnancy-in-
duced hypertension. Three healthy control samples were excluded because these did not meet 
the quality control criteria after gene expression measurement. The binding density in these 
samples, reflecting the total percentage of detected genes, was <0.2 compared to >0.7 in the 
32 included samples, this was also reflected by significantly lower counts of positive controls 
and housekeeping genes (Supplementary Figure S2). The remaining study population includ-
ed samples of patients with early-onset preeclampsia (n=13), late-onset preeclampsia (n=6), 
and uncomplicated pregnancies (n=13) (Table 1). 
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Table 1 | Clinical characteristics of the healthy, early-onset preelampsia (eoPE) and late-onset preeclampsia (loPE) 
patients included in the gene expression analysis and immunohistochemistry study.

Gene expression analysis Healthy (n=13) eoPE (n=13) loPE (n=6)

Maternal age (years) 35 (29 - 39) 30 (26 - 33) 32 (30 - 38)

Parity (n)      

0 0 10          * 3          †

1 6 3 2

>1 7 0 1

Ethnicity (n Caucasian / other) 8 / 5 8 / 5 3 / 3

Body mass index (kg/m2) 24.7 (22.5 - 33.4) 25.2 (22.2 - 32.2) 29.4 (21.5 - 32.4)

Diastolic blood pressure (mmHg) 80 (70 - 80) 109 (102 - 114) * 100 (99 - 106) †

Systolic blood pressure (mmHg) 121 (113 - 135) 170 (142 - 180) * 150 (136 - 164)

Mean arterial pressure (mmHg) 95 (85 - 99) 129 (115 - 140) * 120 (111 - 124) †

Urinary protein/creatinine ratio (mmol/mg) not measured 297 (155 - 768) 109 (102 - 114) ‡

Mode of delivery (n caesarean / spontaneous) 13 / 0 12 / 1 6 / 0

Gestational age (weeks) 39.0 (38.6 - 39.1) 30.6 (28.6 - 31.8) * 36.0 (35.1 - 37.0)

First moment of PE diagnosis (weeks) not applicable 29.4 (27.1 - 30.7) 34.7 (34.3 - 35.3) ‡

Sex (n female / male) 6 / 7 6 / 7 2 / 4

Foetal birth weight (g) 3515 (2963 - 3940) 1111 (925 - 1380) * 2333 (1851 - 3956) ‡

Foetal birth centile (n)      

<3rd 0 5          * 1

3rd -10th 1 3 2

≥10th 12 5 3

Placenta weight (g) 708 (628 - 783) 286 (243 - 343) * 428 (351 - 686)

More immune-related gene expression alterations in early-onset, than in late-onset 
preeclampsia placentas
Analysis of 730 individual genes revealed 33 downregulated, and 15 upregulated genes in 
early-onset preeclampsia compared to healthy controls (Figure 1A). Late-onset preeclamp-
sia placentas did not display any immune-related gene expression differences compared to 
healthy controls after correction for multiple testing (Figure 1B). However, eight downregu-
lated and six upregulated genes were found in late-onset compared to early-onset preeclamp-
sia placentas (Figure 1C).

Continued on next page
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Decreased toll-like receptor (TLR) and complement signaling in early-onset 
preeclampsia placentas
Pathway analysis of the gene expression data, using multiple predefined pathways (Supple-
mentary Table S4), revealed decreased expression of TLR-associated genes in early-onset 
preeclampsia compared to healthy placentas (P=0.005), mainly due to reduced expression 
of TLR4 and TLR1 (Figure 2A). Additionally, complement-associated genes were reduced 
in early-onset preeclampsia compared to healthy placentas (P=0.007, Figure 2B), including 
complement 7 (C7), complement C1q A chain (C1QA), complement 2 (C2), and comple-
ment C1r (C1R). None of the predefined pathways were statistically significantly altered in 
late-onset preeclampsia.

Immunohistochemistry Healthy (n=20) eoPE (n=19) loPE (n=10)

Maternal age (years) 35 (30 - 38) 30 (26 - 33) * 31 (29 - 36)

Parity (n)      

0 2 12          * 2

1 11 7 6

>1 7 0 2

Ethnicity (n Caucasian / other) 11 / 9 12 / 7 4 / 6

Body mass index (kg/m2) 24.7 (22.8 - 32.1) 24.6 (22.2 - 31.2) 27.2 (24.8 - 31.6)

Diastolic blood pressure (mmHg) 80 (70 - 80) 105 (100 - 115) * 103 (99 - 110) †

Systolic blood pressure (mmHg) 123 (110 - 130) 160 (142 - 173) * 150 (138 - 160) †

Mean arterial pressure (mmHg) 93 (85 - 97) 123 (117 - 135) * 115 (109 - 123) †

Urinary protein/creatinine ratio (mmol/mg) not measured 124 (34 - 580) 96 (39 - 148)

Mode of delivery (n caesarean / spontaneous) 20 / 0 18 / 1 8 / 2

Gestational age (weeks) 39.0 (38.7 - 39.1) 29.8 (28.4 - 31.6) * 36.6 (36.3 - 37.5) †‡

First moment of PE diagnosis (weeks) not applicable 28.4 (26.7 - 30.6) 35.6 (35.1 - 36.9) ‡

Sex (n female / male) 8 / 12 13 / 6 4 / 6

Foetal birth weight (g) 3535 (3288 - 3870) 1080 (884 - 1430) * 2773 (2210 - 3480) ‡

Foetal birth centile (n)      

<3rd 0 7          * 0          †

3rd -10th 0 6 4

≥10th 20 6 6

Placenta weight (g) 649 (491 - 772) 280 (228 - 337) * 512 (326 - 676) ‡

Data are shown as n (number of cases) or median (interquartile range). *P<0.05 eoPE vs healthy, †P<0.05 loPE vs 
healthy, ‡P<0.05 loPE vs eoPE as determined with an independent Kruskal-Wallis test with Bonferroni post hoc 
test or with a Chi square test. 

Table 1 | Continued
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Figure 1 | Gene expression is altered in early-onset preeclampsia (eoPE) compared to healthy and late-onset 
preeclampsia (loPE) placentas. Differential gene expression analyses in early-onset preeclampsia compared 
to healthy (A), late-onset preeclampsia compared to healthy (B), and late-onset compared to early-onset 
preeclampsia placentas (C). Points with annotation in the volcano plots depict genes with an adjusted P-value 
< 0.05 and FOC > 1.5. The bottom graphs in panels A and C display the linear fold changes of the differentially 
expressed genes. The annotations represent the official gene names.
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DAVID functional clustering and pathway analysis was performed using the genes with an 
unadjusted P-value < 0.05 to investigate further interactions. In agreement with the gene 
expression findings, TLR signaling and complement activation were found to be reduced 
in early-onset preeclampsia compared to healthy placentas (Supplementary Table S5). In 
addition, “responses against non-self tissue” and “chemotaxis-associated chemokines” were 
identified as downregulated pathways in early-onset preeclampsia placentas. Genes that were 
upregulated in early-onset preeclampsia did not result in any significant pathway interactions. 
The pathways “inflammatory signaling” and “increased chemotaxis” networks were found to 
be significantly upregulated in late-onset preeclampsia compared to healthy placentas (Sup-
plementary Table S5).  No significant pathway interactions were obtained concerning the 
downregulated genes in late-onset preeclampsia. To highlight the genes which were involved 
in the most significant pathways, hierarchical heatmap clustering was performed and shown 
in Figure 3.

Figure 2 | TLR- and complement-associated gene expression are diminished in early-onset preeclampsia 
(eoPE) placentas, but not in late-onset preeclampsia (loPE). The TLR score (A) and complement score (B) 
were calculated in each group using the genes displayed in the adjacent tables. Statistical significance was 
determined using the Kruskal-Wallis test followed by Tukey’s multiple comparisons tests.
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Reduced innate immune cell populations in placentas from early-onset 
preeclampsia patients
Using the gene expression analysis, we identified multiple immune cell subtypes in the pla-
centa (Supplementary Table S2). The genes that define NK CD56dim, regulatory T cell, Th1 
cell, and CD8 T cell signals were expressed below the threshold of expression and therefore 
not identified nor compared between the samples. M2 macrophages (CD136+MRC1+C1QA-
+C1QB+, P=0.007) and mast cells (TPSAB1, P=0.007) were decreased in early-onset pre-
eclampsia samples, while M1 macrophages (CD86+MSR1+) were not altered based on gene 
expression (Figure 4A, B & C). Atlhough the expression of the B cell marker gene CD19 
was increased in late-onset preeclampsia versus early-onset preeclampsia (P=0.015), it did 
not differ in either condition when compared to healthy placentas. All other investigated cell 
types did not statistically significantly differ between our groups. 

To varify these findings, immunohistochemistry was performed in a partially independent 
cohort as described in the Methods and defined in Table 1. Examples of the M1/M2 and 
mast cell immunohistochemistry images are shown in Figure 5, and the quantification of 
the immunohistochemistry is displayed in Figure 6. M2 macrophages were more abundant 
inside the villi of healthy compared to early-onset preeclampsia placentas (P=0.0003, Figure 
6A), but not different in the decidua. M1 macrophages were not altered between the various 

Figure 3 | Heatmap hierarchical clustering displays lower expression of genes associated with the TLR 
pathway (A), complement activation (B), and chemokines (C) in early-onset preeclampsia placentas. Red 
depicts increased and blue depicts decreased mRNA expression scaled to the gene average. eoPE, early-onset 
preeclampsia; loPE, late-onset preeclampsia.
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groups (Figure 6B). While a few mast cells were detected inside the villi of the healthy pla-
centas, they were rarely detected in the villi of early-onset preeclampsia placentas (P=0.02, 
Figure 6C). These early-onset preeclampsia placentas displayed a trend towards reduced mast 
cell numbers in the decidua as well (P=0.09, Figure 6C).

Discussion
Placental immunological processes are important for the development of the placenta and fe-
tus, and the maintenance of a tolerogenic environment. Disturbances in these processes could 
lead or contribute to preeclampsia, a condition that has been associated with a maternal sys-
temic inflammatory state. However, placental immune alterations have been less well charac-
terized. Data from the present study suggest that in contrast to the maternal systemic inflam-
matory state, placental innate immune factors are compromised in early-onset preeclampsia. 
Absence of these placental immune alterations in late-onset preeclampsia, suggests that both 
subtypes have dissimilar placental immune profiles, confirming distinct pathophysiological 
processes. It has been shown that placental dysfuntion contributes to the maternal (inflam-
matory) syndrome in both subtypes. Nevertheless, the results of this study indicate that a ma-
ternal systemic inflammatory state does not necessarily translate to a inflammatory placenta.

Findings from the current study agree with the distinct gene expression profiles that have 
been identified between placentas from women with early-onset preeclampsia and late-on-

Figure 4 | Mast cells and M2 macrophages are 
less abundant in early-onset preeclampsia (eoPE) 
placentas. Cell type scores were calculated based on 
the gene expression of CD163, MRC1, C1QA and C1QB 
for M2 macrophages (A), CD86 and MSR1 for M1 
macrophages (B), TPSAB1 for mast cells (C). The lines 
represent median and interquartile ranges. Statistical 
significance was determined using the Kruskal-Wallis 
test followed by Tukey’s multiple comparisons tests. 
eoPE, early-onset preeclampsia; loPE, late-onset 
preeclampsia.
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Figure 5 | Immunohistochemistry examples of healthy (A), early-onset preeclampsia (eoPE, B) and late-onset 
preeclampsia (loPE, C) placentas. In each panel the top images were stained for haematoxylin and eosin, the 
middle images for tryptase to visualize mast cells, and the bottom images for CD68 (teal) & CD163 (purple) to 
visualize macrophages. CD68+CD163+ (dark purple) cells were defined as M2 macrophages, CD68+CD163- 
(teal) cells as M1 macrophages. The left panels display the placental villi, and the right panels display the 
decidua.
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set preeclampsia,22,35 and further extends this knowledge by identifying specific immune 
alterations. The placentas from patients with early-onset preeclampsia displayed increased 
placental endoglin expression as shown by the differential gene expression analysis, and in 
agreement with previous studies in women with severe preeclampsia.15,16 However, earlier 
studies have also shown that placental expression of endoglin was increased in early-onset 
preeclampsia versus late-onset peeclampsia, and that elevated levels of circulating endoglin 
were more pronounced in preterm versus term preeclampsia.36,37 Therefore, endoglin seems to 
have a more significant role in early-onset preeclampsia than in late-onset preeclampsia. An-
other gene that was differentially expressed between early-onset preeclampsia and late-onset 
preeclampsia was indoleamine 2,3-dioxygenase (IDO)1. The decreased IDO1 expression in 
early-onset preeclampsia is in agreement with previous studies,38-41 and based on the current 
study, seems to be specific to early-onset preeclampsia. IDO1 is the first enzyme of the ky-
nurenine pathway of which we recently reviewed its placental functions and alterations in 
preeclampsia.42 The kynurenine pathway provides an important source of de novo NAD+ 
synthesis, and is involved in vascular development and functioning, anti- and pro-oxida-
tive processes, and immune regulation. However, the function of the kynurenine pathway is 
mainly determined by tryptophan transporters,38 and by the spatial localization of IDO1.42 
The spatial distribution was not preserved in this study, therefore, it is impossible to draw any 
further conclusions on the differential roles of IDO1 in preeclampsia.

Early-onset preeclampsia placentas displayed a decreased expression of TLR4, in agreement 

Figure 6 | Mast cells and M2 macrophages are less 
abundant in the villi of early-onset preeclampsia (eoPE) 
placentas. M2 macrophages (CD68+CD163+, A), 
M1 macrophages (CD68+CD163-, B) and mast cells 
(tryptase, C) were stained by immunohistochemistry 
and quanified in the villi and in the decidual area. 
The decidua was missing in 5 healthy, 9 early-onset 
preeclampsia and 5 late-onset preeclampsia slides. 
The lines represent median and interquartile ranges. 
Statistical significance was determined using the 
Kruskal-Wallis test followed by Tukey’s multiple 
comparisons tests. eoPE, early-onset preeclampsia; 
loPE, late-onset preeclampsia.
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with earlier research,43 while studies in mild preeclampsia have reported either increased or 
unaltered TLR4 expression,44-49 similar to our late-onset preeclampsia patients. A role for re-
duced TLR4 signaling in early-onset preeclampsia was also suggested by a higher prevalence 
of allelic TLR4 gene variants with attenuated function in women with a history of early-on-
set preeclampsia.50 TLR4 can recognize several other pathogen-associated molecular pat-
terns, in addition to its classical anti-microbial function.51,52 The absence of visible infections, 
and the expression of TLR4 in many placental cells including trophoblasts (data not shown), 
suggests that TLR4 has other roles in the placenta than microbial defense only. In contrast 
to a decreased placental TLR4 expression as identified in the present study, previous studies 
have shown that the expression of TLR4 was elevated in the circulating innate immune cells 
of women with preeclampsia.53,54 This suggests that the regulation of TLR4 is differently 
altered in preeclampsia in the fetal compared to the maternal compartment.

The present study confirmed that C7 is a potential gene candidate to discriminate early-onset 
from late-onset preeclampsia,22 and suggests a generally compromised complement system 
in early-onset preeclampsia placentas. Downregulation of C7 in the placentas of women 
with preeclampsia, but not in pregnancies with fetal growth restriction only, suggests this 
is specific to preeclampsia.55 While under normal conditions the complement system plays 
a role in regulating tolerance, apoptosis, angiogenesis, inflammation and clearance of free 
fetal DNA,56 locally decreased C1q production leads to decreased trophoblast invasion.57 
Moreover, pregnant C1q deficient mice display a preeclampsia-like phenotype.58 Hence, in-
sufficient production of complement factors can lead to impaired placental development and 
might precede early-onset preeclampsia.

A lower abundance of mast cells in the villi of early-onset preeclampsia placentas is in agree-
ment with previous research,59 and seems specific to early-onset preeclampsia.60,61 Mast cells 
are a source of angiogenic factors,62 and their depletion results in aberrant spiral artery re-
modeling and eventually fetal growth restriction.63 An increased mast cell number is relat-
ed to a higher microvascular density in diabetic placentas,64 which was also associated with 
increased CX3CR1 expression.65 CX3CR1, the most statistically significant downregulated 
gene in the present study, is a transmembrane protein on immune cells, involved in cell adhe-
sion, migration, and angiogenesis through interaction with its ligand CX3CL1 (fractalkine), 
and activation of hypoxia-inducible factor 1α (HIF1α) and vascular endothelial growth factor 
(VEGF) signaling.66 Hence, reductions in mast cells and CX3CR1 expression might contrib-
ute to impaired villous vascular development in early-onset preeclampsia placentas. However, 
CX3CR1 and the mast cell marker TPSAB1 did not correlate in the current gene expression 
analysis (data not shown), suggesting that CX3CR1 is expressed by other placental (immune) 
cells as well.

This study presents for the first time a decrease of M2 macrophages, presumably Hofbauer 
cells, in the villi of early-onset preeclampsia placentas. Reduced M2 macrophage numbers 
have been reported in fetal growth restriction and pregnancy-induced hypertension.67,68 Since 
this already occurred in the first trimester,68 M2 alterations seemed to precede pathological 
placental development. While at the beginning of pregnancy M2 macrophages play a role in 
trophoblast invasion and spiral artery remodeling, decidual M2 macrophages were not altered 
in the current study. However, loss of M2 macrophages inside the villi, might be related to 
impaired clearance of apoptotic bodies, and insufficient protection of the fetus against intra-
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uterine infection.69,70 Earlier studies have shown that total macrophage numbers were not 
altered in preeclampsia (presumably late-onset based on the gestational age) and fetal growth 
restriction, but increased in the case of a decreased fetal growth rate,71,72 suggesting that the 
lower M2 numbers in early-onset preeclampsia are not related to the co-occurrence of fetal 
growth restriction. Additionally, T cell infiltration was increased in preeclampsia and fetal 
growth restriction,71 although CD8 T cell genes were expressed below the detection limit in 
our study. 

Recently, pyroptosis was identified as one of the key events that can contribute to systemic 
sterile inflammation specifically in patients with early-onset preeclampsia.73 Pyroptosis can 
trigger inflammatory responses independent of TLR4 and can cause membrane rupture and 
consequent release of pro-inflammatory cytokines like IL-1β, IL-18, and IL-33.73,74 Pyro-
ptosis has been documented mainly in cells of the myeloid lineage such as macrophages, but 
recent work has demonstrated that pyroptosis occurs in primary human trophoblasts in the 
placenta from women with early-onset preeclampsia as well.75 Since pyroptosis was not in-
vestigated in the present study, its link to the currently identified alterations remains subject 
for future studies.

The current study has a few limitations. Firstly, an influence of the lower gestational age in 
women with early-onset preeclampsia cannot be ruled out. However, concurrent results be-
tween the present study and data from Nevalainen et al.22 and Than et al.35, who did use ges-
tational age-matched controls, and absence of a correlation between gestational age and our 
most important findings within the early-onset preeclampsia group (data not shown), argue 
the results are unrelated to pregnancy duration. Secondly, as part of clinical care to improve 
fetal long maturation, twelve out of the thirteen early-onset preeclampsia patients in the gene 
expression analysis cohort received one or two dosages of the corticosteroid betamethasone 
within 48 hours of each other. Additional analyses reassured that the results were not con-
founded by betamethasone (Supplementary Figure S3). Thirdly, it should be acknowledged 
that the lower number of late-onset preeclampsia samples may have resulted in power loss 
for this group, and therefore potentially contributed to the absence of alterations. For exam-
ple, the immunohistochemistry results revealed large variations in M2 macrophage and mast 
cell numbers in both late-onset preeclampsia and healthy samples, but the power to detect 
a statistically significant difference compared to early-onset preeclampsia was probably not 
achieved in late-onset preeclampsia, because of the lower number of included samples. Lastly, 
in the current study mRNA from whole placental tissue was used that included fetal and 
maternal blood, and some decidual tissue. This makes it impossible to discern which tissue 
compartments contributed to the identified differences. Moreover, rather than causal, certain 
immune components might have been downregulated in response to a maternal systemic 
inflammatory condition, although this generally described pro-inflammatory state may not 
be preeclampsia-specific but confounded by an increased maternal body mass index,76 which 
did not differ between our groups. Studying the spatial alterations of the placental immune 
compartments in both early-onset preeclampsia and late-onset preeclampsia will provide 
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substantial information to understand the disease. In addition, changes in the placental mi-
croenvironment should be connected to those in the circulation, especially in early-onset 
preeclampsia, to investigate whether those women truly experience systemic inflammation.

In conclusion, the present study identified alterations in the innate immune system in pla-
centas of women with early-onset preeclampsia, reflected by downregulated TLR and com-
plement pathways, and a lower abundance of mast cells and M2 macrophages in the fetal 
villi. The identification of placental immune alterations in early-onset preeclampsia but not 
in late-onset preeclampsia asserts distinct pathophysiological processes, underlining the need 
to investigate them separately. These data provide a basis to direct future research into the 
placental innate immune system, and to discriminate between early-onset and late-onset pre-
eclampsia, to eventually interfere and tailor treatment to these distinct pathological pregnan-
cy conditions.
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Supplementary Material
Table S1 | Housekeeping genes which were used for normalization of 
the gene expression data.

Housekeeping genes Gene

FCF1 NM_015962.4:1022

EDC3 NM_001142443.1:925

MRPS5 NM_031902.3:390

TLK2 NM_006852.2:2335

PRPF38A NM_032864.3:335

DDX50 NM_024045.1:1185

TBP NM_001172085.1:587

DHX16 NM_001164239.1:2490

EIF2B4 NM_172195.3:1390

MTMR14 NM_022485.3:720

ERCC3 NM_000122.1:1950

CNOT10 NM_001256741.1:1962

CNOT4 NM_001190848.1:795

TMUB2 NM_024107.2:1485

AMMECR1L NM_001199140.1:3564

ZC3H14 NM_001160103.1:2690

SF3A3 NM_006802.2:2060

ZKSCAN5 NM_014569.3:3688

TRIM39 NM_021253.3:3140

SAP130 NM_024545.3:3090

AGK NM_018238.3:816

COG7 NM_153603.3:1492

SDHA NM_004168.1:230

POLR2A NM_000937.2:3775

ZNF143 NM_003442.5:925

USP39 NM_001256725.1:806

NOL7 NM_016167.3:335

ABCF1 NM_001090.2:850

HDAC3 NM_003883.2:1455

HPRT1 NM_000194.1:240

TUBB NM_178014.2:320

GUSB NM_000181.1:1350

PPIA NM_021130.2:925
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Table S2 | The markers used for cell type definition in the advanced analysis module in nSolver.

Cell type Marker(s)

Leukocytes CD45

B cells CD19

T cells CD3D

Exhausted CD8 LAG3

Mast cells TPSAB1

Neutrophils CSF3R, S100A12

Macrophages CD68, CD84

M1 CD86, MSR1

M2 / Hofbauer cells CD163, MRC1, C1QA, C1QB

NK cells XCL2, KLRB1, KLRC1, GZMB, GZMA

Natural killer (NK) CD56dim, regulatory T cells, Th1 cells, and 
CD8 T cells were discarded due to signals below the lower thresh-
old of expression.

Table S3 | Antibody information and clonality.

Antibody Type Concentration Company Clone

CD68 Anti-mouse 0.4 µg/ml Ventana KP1

CD163 Anti-mouse 0.2 µg/ml Ventana MRQ-26

Tryptase Anti-mouse 0.05 µg/ml Cell Marque G3

Table S4 | Pathways investigated using the PanCancer immune profiling advanced analysis module in nSolver.

Pathways

Adhesion Leukocyte Functions

Antigen Processing Macrophage Functions

B-Cell Functions Microglial Functions

Cell Cycle NK Cell Functions

Cell Functions Pathogen Defense

Chemokines Regulation

Complement Senescence

CT Antigen T-Cell Functions

Cytokines TLR

Cytotoxicity TNF Superfamily

Interleukins Transporter Functions
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Figure S1 | Correlations and slopes of the markers used to define macrophages, M1 macrophages, M2 
macrophages, and natural killer (NK) cells.
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Figure S3 | Betamethasone does not alter placental gene expression. The effect of betamethasone on fetal 
outcome is most effective if delivery takes place in the first 48 hours after the first dose, and is absent if the 
interval is >1 week.(50) The placentas of women with a short (<8 days) compared to a long interval (>8 
days) between betamethasone receival and the moment of giving birth did not display any differentially 
expressed genes (A). The TLR (B) and complement scores (C) did also not correlate with the interval between 
betamethasone (beta) receival and birth.
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Abstract

Background
In general, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection during 
pregnancy is not considered to be an increased risk for severe maternal outcomes but has been 
associated with an increased risk for foetal distress. Maternal-foetal transmission of SARS-
CoV-2 was initially deemed uncertain; however, recently a few cases of vertical transmission 
have been reported. The intrauterine mechanisms, besides direct vertical transmission, leading 
to the perinatal adverse outcomes are not well understood.

Methods
Multiple maternal, placental, and neonatal swabs were collected for the detection of SARS-
CoV-2 using real-time quantitative polymerase chain reaction (RT-qPCR). Serology of im-
munoglobulins against SARS-CoV-2 was tested in maternal, umbilical cord, and neonatal 
blood. Placental examination included immunohistochemical investigation against SARS-
CoV-2 antigen expression, with SARS-CoV-2 ribonucleic acid (RNA) in situ hybridization 
and transmission electron microscopy.

Results
RT-qPCRs of the oropharynx, maternal blood, vagina, placenta, and urine were all positive 
over a period of 6 days, while breast milk, faeces, and all neonatal samples tested negative. 
Placental findings showed the presence of SARS-CoV-2 particles with generalized inflam-
mation characterized by histiocytic intervillositis with diffuse perivillous fibrin depositions 
with damage to the syncytiotrophoblasts.

Conclusions
Placental infection by SARS-CoV-2 leads to fibrin depositions hampering foetal-maternal 
gas exchange with resulting foetal distress necessitating a premature emergency caesarean 
section. Postpartum, the neonate showed a foetal or paediatric inflammatory multisystem-like 
syndrome with coronary artery ectasia temporarily associated with SARS-CoV-2 for which 
admittance and care on the neonatal intensive care unit (NICU) were required, despite being 
negative for SARS-CoV-2. This highlights the need for awareness of adverse foetal and neo-
natal outcomes during the current coronavirus disease 2019 pandemic, especially considering 
that the majority of pregnant women appear asymptomatic.
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Introduction
In general, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection during 
pregnancy is not considered to be an increased risk for severe maternal outcomes but has been 
associated with an increased risk for foetal distress.1 Localization of SARS-CoV-2 particles 
in placental tissue has been visualised,2,3 and recently a few cases of vertical transmission of 
SARS-CoV-2 have been reported.4-8 Besides related to direct in utero infection with SARS-
CoV-2, the mechanisms leading to the adverse perinatal outcomes are not well understood. 
We report an intra-placental SARS-CoV-2 infection at 31 + 4 weeks’ gestational age di-
agnosed by multiple methods, including immunohistochemistry, in situ hybridization, and 
transmission electron microscopy. Inflammation was characterized by histiocytic intervillosi-
tis with specific diffuse perivillous fibrin depositions, and intervillous inflammatory infiltrates. 
Placental infection most likely resulted in foetal distress and related-foetal cardiotocography 
abnormalities necessitating a premature emergency caesarean section. The neonate tested 
negative for SARS-CoV-2, but displayed severe multi-organ inflammatory symptoms in-
cluding coronary artery ectasia for which admittance, and care on the neonatal intensive care 
unit (NICU) was required.

Table 1 | SARS-CoV-2 PCR results (Log
10

 RNA copies/mL)

28th April 29th April 30th April 1st May 4th May 5th May 8th May 

Maternal

Blood POS (4.26)

Urine POS (6.70)

Nasopharynx POS (5.63) POS (4.80) POS (4.96) POS (5.44)

Vagina POS (4.58) POS (3.91)

Feces NEG

Breastmilk (2x) NEG

Placental

Maternal  side POS (4.42)

Foetal side POS (7.15)

Neonate

Umbilical cord blood NEG

Blood NEG NEG

Sputum NEG NEG

Nasopharynx NEG NEG NEG

Urine NEG NEG

Feces NEG NEG

Abbreviations: PCR, polymerase chain reaction; POS, positive PCR; NEG, negative PCR; SARS-CoV-2, severe 
acute respiratory syndrome coronavirus 2.
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Results

Maternal 
A 30-year-old obese primigravid woman with gestational diabetes was referred to our tertiary 
centre at 31 + 4 weeks’ gestation due to lack of foetal movements during the last 2 days. She 
reported general malaise, myalgia, and fever 5 days earlier, which resolved within 3 days. At 
presentation to our perinatal centre, she had no coronavirus disease 2019 (COVID-19)-relat-
ed symptoms but mentioned that she shared a household with a COVID-19-positive person. 
Foetal cardiotocography showed signs of severe foetal distress, including loss of beat-to-beat 
variability and repetitive decelerations, for which an emergency caesarean section was per-
formed. Because of her medical history resembling COVID-19-related symptoms, samples 
for SARS-CoV-2 diagnostics (polymerase chain reaction [PCR] and pathological analysis) 
were collected (see Table 1, Figure 1). Real-time quantitative PCR (RT-qPCR) was per-
formed for the detection of SARS-CoV-2 using our in-house assay,9 or the Cobas SARS-
CoV-2 test on the Cobas 6800 system  (Roche Diagnostics) depending on availability of 
platforms. Cycle threshold values were converted to Log10 RNA copies/mL by using cali-
bration curves based on quantified E-gene in vitro transcripts as previously described.9 All 
collected PCR samples during delivery, including placental tissue slices, tested positive for 
SARS-CoV-2, except for the umbilical cord blood, faeces, and breastmilk. Over a period 
of 11 days, maternal PCR sampling was repeated (Table 1), which all remained positive for 
SARS-CoV-2, except for breastmilk, and faeces. Results for repeated neonatal PCR sampling 
are described in the ‘neonatal outcome’ section below. SARS-CoV-2 serology was performed 
using the commercially available Beijing Wantai Biological Pharmacy assay. At one day after 
delivery, maternal serology for SARS-CoV-2 was positive. Additional maternal blood tests 
showed a slightly elevated C-reactive protein (CRP, 41 mg/L) and interleukin-6 (IL-6, 11 
pg/mL) levels, a positive interferon type 1 (IFN-1) signature, and normal levels of ferritin (90 
μg/L), leukocytes (7.9 x109/L), and D-dimers (0.40 mg/L). To exclude the  presence of other 
viral infections, serology (Immunoglobulin G [IgG] and Immunoglobulin M [IgM]) against 
ToRCH (toxoplasmosis, rubella, cytomegalovirus, and herpes simplex virus) and parvovirus 
B19 pathogens were determined. IgG for cytomegalovirus (CMV) and parvoB19 tested pos-
itive, whereas IgG and IgM tested negative for the other pathogens. To exclude the presence 
of other viral infections, serology (IgG and IgM) for ToRCH and parvoB19 was determined. 
Mother was positive for IgG against CMV and parvoB1, but IgM tested negative for all. 
Routine RT-PCR was performed for influenza A and B virus, parainfluenza virus type 1–4, 
human respiratory syncytial virus, rhinovirus, human metapneumovirus, adenovirus, corona-
virus, bocavirus, and enterovirus. All PCRs were negative. During admission, maternal vital 
parameters (temperature, heart frequency, saturation, and blood pressure) remained within 
normal ranges. After 3 days, the patient was discharged home without complaints.

Placental examination
Gross examination showed a dense and stiff placenta with pale trabeculae in a lattice like 
network (arrows, Figure 1A), in line with the histological results of diffuse perivillous fibrin 
deposition (Figure 1B-1). There was diffuse damage to the syncytiotrophoblasts associated 
with an intervillous inflammatory infiltrate, characterized by immunohistochemistry as M2 
macrophages (CD163+ (Figure 1B-2) and CD68+ (Supplemental Figure 1)), cytotoxic (CD8), 
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Figure 1 | Placental syncytiotrophoblast severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) 
infection detected by histochemical staining, specific 
SARS-CoV-2 RNA probe, and electron microscopy. A) 
Gross pathology of the placenta. Case placenta slice 
is abnormal and shows pale trabeculae in a lattice-like 
network (1) compared with control, age-matched placenta 
slice with normal appearance (2). B) Histopathology of 
the placenta: diffuse perivillous fibrin and an intervillous 
inflammatory infiltrate. (1) The intervillous inflammatory 
cells have a monomorphonuclear, mostly histiocytic 
appearance by hematoxylin and eosin staining (200×). 
(2) The macrophages are of the M2 phenotype as shown 
by CD163+ staining. C) SARS-CoV-2 infection of the 
syncytiotrophoblasts; (1) immunohistochemical staining for 
SARS-CoV-2 spike protein-specific antibody localizing to 
the cytoplasm (400×) (2) In situ hybridization for SARS-
CoV-2 RNA. D) Electron microscopy of SARS-CoV-2 
particle.

and helper T cells (CD4) as well as activated B lymphocytes (PAX5 and CD38) (Supplemen-
tal Figure 1). No plasma-cells were detected by immunostaining for CD138 (Supplemental 
Figure 1). There were no signs of villous parenchyma invasion, villitis, or decidual vasculop-
athy. Immunohistochemical investigation for SARS-CoV-2 antigen expression in combina-
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tion with SARS-CoV-2 RNA in situ hybridization demonstrated predominant localization 
of SARS-CoV-2 in the syncytiotrophoblast cells of the placenta (Figure 1C). Electron mi-
croscopy confirmed presence of SARS-CoV-2 particles in the syncytiotrophoblast (Figure 
1D), whereas villous and foetal parenchyma showed no evidence of SARS-CoV-2 infection 
(immunohistochemistry, in situ hybridization, or electron microscopy). 

Neonatal outcome
A female preterm infant was delivered at 31 + 4 weeks of gestation with an Apgar score of 1, 
4, and 6 at, respectively, 1, 5, and 10 minutes postpartum, with an umbilical cord blood pH of 
6.90, a base excess of −19 mmol/L, and a birth weight of 1880 grams (75th percentile). Neo-
natal life support was initiated in the absence of spontaneous breathing and an undetectable 
heart rate. Because of persistent insufficient breathing and a high oxygen demand, the infant 
was intubated, mechanically ventilated, and admitted to the NICU. During the physical ex-
amination, no heart murmur, mucocutaneous signs, rash, or hepatosplenomegaly was noted. 
Chest radiography showed bilateral opacities consistent with respiratory distress syndrome 
for which she received repetitive dosages of pulmonary surfactant. Intravenous antibiotics 
were started on admission and stopped after 36 hours as blood cultures remained negative, 
and CRP levels were low. Shortly after admission, the infant showed signs of multiple organ 
failure (elevated creatinine, liver, and cardiac enzymes) and developed a bilateral intraventric-
ular haemorrhage (on the left side a grade 3 and the right side a grade 1). The patient also 
developed a thrombopenia and leukopenia; however, differentiation showed no lymphopenia. 
All recovered spontaneously.

The high oxygen demand raised the suspicion of persistent pulmonary hypertension of the 
neonate (PPHN), which was confirmed by echocardiography. Besides the flattened interven-
tricular septum, mild-to-moderate tricuspid regurgitation, a small patent ductus arteriosus 
with predominantly right-to-left shunt, and a significantly enlarged left main coronary ar-
tery (LMCA) were observed (Supplementary Table 1 and Supplementary Figure 2). To treat 
PPHN and systemic hypotension, inhaled nitric oxide (iNO), inotropic agents, and hydro-
cortisone were started. Repeated echocardiograms were performed and showed an improve-
ment of the PPHN but increasing diameter (aneurysmatic lesions) of the LMCA (maximum 
0.34 mm Z-score + 6.5). Because of the clinical presentation resembling a paediatric mul-
tisystem inflammatory syndrome – temporally associated with SARS-CoV-2 (PIMS-TS),10 

immunoglobulins (2 gr/kg) were administered on day 4 and aspirin was started on day 6 to 
prevent further coronary dilation and thromboembolic complications.11 At day 14 of life, only 
mild dilatation of the LMCA was observed. At 4 months postpartum, no signs of coronary 
artery dilation were observed during echocardiography (Supplementary Table 1).

Severely elevated levels of ferritin (14272 μg/L at day 3) as a sign of activated macrophages 
and significantly elevated D-dimers as a sign of an endotheliitis were seen, both described 
in foetal inflammatory response syndrome (FIRS).12 An active COVID-19 infection was 
ruled out as all sampling of umbilical cord blood, urine, faeces, blood, nasopharynx, and spu-
tum from a deep tracheal aspirate over a period of 9 days tested negative for SARS-CoV-2. 
Furthermore, the neonate did not develop antibodies to SARS-CoV-2, which were tested in 
umbilical cord blood, at days 1-3 and week 3 postpartum. The IFN-1 signature was (repeti-
tively) negative. In the course of the first week, inotropic support could be gradually weaned 
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and eventually stopped at day 6 after delivery. In addition, the infant was weaned from iNO 
and oxygen supplementation followed by detubation at day 6 of life.

Discussion
Our case shows that a maternal SARS-CoV-2 infection during the third trimester of preg-
nancy is associated with an adverse neonatal outcome based on a placental inflammatory 
reaction with subsequent dysfunction of the placenta. Remarkable is that the affected moth-
er was in the post infection period and had no symptoms during the event. The maternal 
positive IFN-1 signature indicates a strong maternal antiviral response despite the absence 
of clinical signs of SARS-CoV-2 infection during presentation. We hypothesize that the 
SARS-CoV-2-associated damage to the placenta early in pregnancy potentially can lead to 
foetal growth restriction and distress as in our case, while foetal demise may occur when not 
recognized in time. Although the effects of SARS-CoV-2 infection on pregnancy and neona-
tal outcomes in the majority of cases seem relatively mild, complications such as miscarriage 
due to placental infection by SARS-CoV-2,13 placental abruption,14 (iatrogenic) preterm 
birth (21.5%), foetal distress (10.1%), and perinatal death 1 have been reported. 

We diagnosed placental inflammation caused by SARS-CoV-2 infection, based on the de-
tection of virus infection in syncytiotrophoblasts, which was colocalized with syncytiotro-
phoblast necrosis and a specific B-lymphocyte presentation of histiocytic intervillositis with 
subsequent placental failure, foetal distress, and perinatal asphyxia. The observed prominent 
infiltrate with B-lymphocytes has not previously been described in histiocytic intervillosi-
tis,15,16 indicating it might be one of the histopathological hallmarks that differentiates the 
histiocytic intervillositis of SARS-CoV-2 infection from chronic histiocytic intervillositis 
of unknown origin (CHIUE).15,16 Our findings are in line with more recent reports of his-
topathological placental findings in SARS-CoV-2 infected women.3,17,18 Further studies in 
pregnant women with an active or a COVID-19-infection during pregnancy are warranted 
to investigate if morphological and histopathologial placental characteristics are specific for 
SARS-CoV-2 infection and if these findings are associated with clinical perinatal outcome. 
Until now, only a few confirmed cases of vertical transmission of SARS-CoV-2 have been re-
ported.4-8 In our case, despite the massive placental infection, all neonatal samples were neg-
ative for SARS-CoV-2, and we found no evidence for vertical transmission. This is puzzling 
since angiotensin-converting enzyme 2 receptors seem essential in the transmission and in-
fection by SARS-CoV-2 and are highly expressed on the placental maternal-foetal interface 
cells.19 We cannot rule out that the detected SARS-CoV-2 RNA by PCR on the foetal side 
of the placenta is caused by contamination at the time of sampling, although the number of 
RNA copies was substantially higher than in maternal blood. During pregnancy, the placenta 
forms a natural barrier against maternal viral infections although the local immune-tolerant 
environment might permit viral replication. The specific mechanisms allowing some virus-
es, such as the rubella virus and the Zika virus, to cause transplacental foetal infection are 
not well understood.20,21 Placental examination of pregnant women infected with the related 
SARS-CoV-virus of 2002-2003 revealed increased subchorionic, and intervillous fibrin with 
extensive foetal thrombosis.22 However, in contrast to our case, intervillositis, a histologic 
characteristic of maternal haematogenous infections that can lead to congenital infection, was 
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chorioamnionitis.12 In our case, it might be that placental infection by SARS-CoV-2 resulted 
in a FIRS-like phenomenon.  

In conclusion, we here report a SARS-CoV-2-associated inflammation of the placenta in a 
mother who was asymptomatic at presentation with severe foetal and neonatal consequences, 
including coronary artery dilation. This highlights the need for awareness of adverse foetal 
and neonatal outcomes during the current COVID-19 pandemic, especially considering that 
the majority of pregnant women appear asymptomatic 33 who are still at risk for developing 
histopathological placental abnormalities.18
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Supplementary material

Supplementary Table 1 | Maximum measured diameter of the coronary arteries + Z-scores.

Dates Left main coronary artery 
(LCA)

Left anterior descending artery 
(LAD)

Right coronary artery 
(RCA)

Max diameter (cm) (Z-scores)

28-04-2020 0.24 (Z+3.5) 0.12 (Z+1.18) 0.10 (Z+0.2)

30-04-2020 0.27 (Z+4.1) 0.12 (Z+1.11)  

01-05-2020 0.23 (Z+2.9)    

04-05-2020 0.34 (Z+6.5) 0.15 (Z+2.3)  

08-05-2020 0.32 (Z+5.6) 0.15 (Z+2.4) 0.11 (Z+0.3)

18-05-2020 0.22 (Z+2.5)   0.12 (Z+0.8)

29-06-2020 0.26 (Z+2.9) 0.15 (Z+1.1) 0.12 (Z+0.0)

19-08-2020 0.24 (Z+1.7)   0.11 (Z-0.78)

02-11-2020 0.24 (Z+1.3)   0.14 (Z-0.13)



198

Pl
ac

en
ta

l o
rig

in
s  

of
 h

ea
lth

 &
 d

ise
as

e 
08

Supplementary Figure 1



199

C
O

V
ID

-19
 p

lac
en

ta
 in

fe
ct

io
n 

&
 fe

ta
l s

tre
ss

08
Supplementary Figure 2 | Examination on 4th May 2020.
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Summary, general discussion and future perspectives
Adequate development and function of the placenta are essential for a healthy pregnancy. 
This is clearly illustrated by preeclampsia, a condition in which deficient placentation and 
placental insufficiency are the causes of the disorders. At this moment, obstetricians can only 
offer symptom relieve to women with preeclampsia and are forced to initiate delivery of the 
baby when the condition of either the mother or the fetus becomes life-threatening. This 
often leads to premature birth, particularly in the case of early-onset preeclampsia, with many 
risks for the premature infant. It is therefore highly relevant to identify novel therapeutic 
options for preeclampsia. 

Different pathophysiological processes have been proposed to drive the development of ear-
ly-onset preeclampsia and late-onset preeclampsia. Even though the placenta has been sug-
gested to play a role in both subtypes, we found that the placentas significantly differ between 
early-onset and late-onset preeclampsia, confirming earlier findings.1,2 Since particularly ear-
ly-onset preeclampsia was proposed to be driven by placental pathologies, we mostly focussed 
on this subtype in this thesis. The term preeclampsia in the following discussion therefore 
specifically refers to the early-onset entity, unless specifically stated otherwise. 

The kynurenine pathway and immune system have been described to have major roles in the 
placenta, yet their actual physiological functions remain incompletely understood. In this 
thesis we took the first steps to elucidate the physiological functions of the kynurenine path-
way during pregnancy, and its alterations in pregnancy disorders. Specifically in preeclampsia, 
we explored whether this pathway may serve as novel therapeutic target to restore placental 
insufficiency. As the design of new therapeutics takes long, in subsequent studies, we inves-
tigated the potential of using the already-available therapeutics sildenafil and pentoxifylline 
to treat the fetoplacental insufficiency in preeclampsia. The findings from our studies in pre-
eclampsia are summarized in Figure 1. Lastly, we described the association between fetal and 
placental health in placental SARS-CoV-2 infection, and in fetal congenital diaphragmatic 
hernia (CDH).

The placental kynurenine pathway
The kynurenine pathway was already proven to be essential for healthy pregnancy develop-
ment in 1998 when Munn et al.3 demonstrated that kynurenine pathway inhibition during 
early pregnancy resulted in fetal loss. Although this initial discovery was reported to involve 
T cell regulation,4 expression of IDO, the enzyme initiating kynurenine pathway activation, 
was also detected in the placenta itself.5 Yet, the actual physiological role of the kynurenine 
pathway in the placenta has remained a mystery till date.

We proposed that the role of IDO could be deducted by identifying its cell type specific 
expression; but this has been a matter of debate between many immunohistochemistry stud-
ies as outlined in chapter 2. Only in 2007 IDO was discovered to exist in the two isoforms 
IDO1 and IDO2.6,7 Immunohistochemistry discrepancies between studies until then were 
therefore likely caused by the detection of distinct isoforms through employment of anti-
bodies with different specificity and selectivity. Employment of single cell RNA sequencing 
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studies in chapter 2 not only confirmed the distinct localisation of IDO1 and IDO2, but also 
revealed there was not one single placental cell type that expressed all kynurenine pathway 
enzymes. Instead, expression of these enzymes was segregated between different cell types, 
implying that multiple cell types and transport of metabolites between these cell types are 
necessary to yield all kynurenine pathway metabolites. Such a mechanism is likely not exclu-
sive to placental tissue, and indeed, has already been proposed to exist in the brain as well.8 
The actual reason and relevance of this segregation has yet to be determined. Remarkably, the 
enzyme aminocarboxymuconate semialdehyde decarboxylase (ACMSD), that is necessary to 
form picolinic acid, was not detectable at all. Absence of this enzyme, as well as absence of 
xanthurenic acid, and low concentrations of kynurenic acid as measured in chapter 4, imply 
that these kynurenine pathway metabolites are probably not the major products of the ky-
nurenine pathway in the placenta. Instead, the placental kynurenine pathway seems mainly 
directed to provide energy through de novo NAD+ production (Figure 2). This is plausible 
given the significant growth rate of the placenta, and connection to the developing fetus.

For a long time, placental IDO1 was presumed to regulate the concentrations of (L-)tryp-
tophan and metabolites from the kynurenine pathway in the maternal circulation. This was 
mainly based on two initial observations: (1) placental IDO1 expression increased during 
normal pregnancy and was associated with a concomitantly elevated kynurenine/tryptophan 
ratio in the maternal blood, and (2) women with preeclampsia had a reduced placental IDO1 
expression, and a lower kynurenine/tryptophan ratio in their blood.9 However, throughout 
chapters 2-4 we showed that the placental kynurenine pathway is unlikely to affect circulat-
ing kynurenine pathway metabolites. This was evidenced by discrepancies between maternal, 
placental, and fetal kynurenine pathway alterations in several pregnancy disorders (chapter 
3), as well as by our ex vivo placenta perfusion experiments (chapter 4). Although we did 
confirm that the placenta facilitates the transfer of the essential amino acid tryptophan from 
the maternal to the fetal circulation, any potential functional effects of tryptophan through 
the kynurenine pathway seem to depend on its intracellular processing, and therefore most 
likely represent an intracrine or paracrine phenomenon. Thus, the high placental IDO1 and 
kynurenine pathway activity seem to be related to functional roles within the placenta.

The first potential functional role of the placental kynurenine pathway, immune regulation, 
was shown to be important at the beginning of pregnancy.3 However, our data from chapter 
2 suggest that kynurenine pathway enzymes are less important for immune regulation in term 
placentas. At the end of pregnancy IDO1 expression was mainly observed in macrophages in 
the decidua but not in immune cells in the villi. In the villi, IDO1 was mainly expressed in 
endothelial cells.

The potential functional role of endothelial IDO1 expression in the regulation of placental 
vascular tone was investigated in chapter 4. Here, we confirmed that tryptophan elicited va-
sodilation in chorionic plate arteries.10 This process was dependent on IDO1 and NOS but, 
contrary to recent findings, did not seem to be mediated through cis-WOOH formation 11 
in healthy placentas. Vasodilation was only observed at concentrations more than 100 times 
higher than the physiological in vivo concentrations, and therefore its physiological relevance 
remains to be investigated. 

Importantly, in chapter 4 we showed that the rate of the placental kynurenine pathway was 



220

Pl
ac

en
ta

l o
rig

in
s  

of
 h

ea
lth

 &
 d

ise
as

e 
10

Figure 1 | Summary of most important findings from all studies in this thesis that were conducted with placentas 
from healthy pregnancies (left image), as well as placentas from women with preeclampsia (right image). IDO1 
indicates indoleamine 2,3-dioxigenase 1; PDE, phosphodiesterase; A1, adenosine A1 receptor. 
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not limited by its initiating enzyme IDO1, but instead was determined by transport of tryp-
tophan into the cell. The concept for tryptophan transport rather than IDO1 activity to be 
rate-limiting for placental tryptophan metabolism confirmed the findings of Kudo & Boyd 
12. In addition to the L-type amino acid transporter 1 (LAT1), that has been reported to be 
an important facilitator of tryptophan uptake in fibroblasts and the placenta,13-15 there seems 
to be another yet unidentified high-affinity tryptophan transporter system.14,16,17 Hence, it is 
possible that also in the placenta, tryptophan is taken up through other transporters besides 
LAT1. It is essential to understand this transport mechanism to decipher the implications of 
tryptophan transport over the placenta.

Apart from the aforementioned potential functional roles, recent studies have reported ky-
nurenine pathway functions that may be important for placental function as well. Under cir-
cumstances of hypoxic preconditioning, NAD+ production through the kynurenine pathway 
was ascribed to be an important mediator to reduce renal injury,18 which is particularly in-
teresting for the placenta that develops in a relatively low oxygen environment. Furthermore, 
loss of IDO1 exacerbated arterial calcification in a setting of atherosclerosis, and kynurenine 
was necessary to prevent the osteogenic transition of vascular smooth muscle cells.19 This may 
provide an interesting link between decreased IDO1 expression and atherosis in placentas of 
women with preeclampsia.20

Figure 2 | Metabolism of tryptophan through the kynurenine pathway in the placenta. The most significant enzymes and 
metabolites are indicated in black. The enzymes and metabolites in grey were not detected in the placenta using RT-
qPCR or LC/MS-MS. IDO1 indicates indoleamine 2,3-dioxigenase; AFMID, arylformamidase; KAT-2, aminoadipate 
aminotransferase; KAT-3, kynurenine aminotransferase 3; KYNU, kynureninase; KMO, kynurenine 3-monooxygenase; 
HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; ACMSD, aminocarboxymuconate semialdehyde decarboxylase; QPRT, 
quinolinate phosphoribosyltransferase.



223

G
en

er
al 

di
sc

us
sio

n
10

Pathological kynurenine pathway alterations during 
pregnancy
In a systematic review of already existing literature of kynurenine pathway metabolites in 
chapter 3, we identified that a reduced tryptophan concentration was observed in maternal 
blood in mental depression during pregnancy, gestational diabetes mellitus, fetal growth re-
striction (FGR), preterm birth, and spontaneous abortion, and in fetal blood in FGR and 
preterm premature rupture of membranes (PPROM). This suggests that those women might 
benefit from tryptophan supplementation to increase their circulating tryptophan concentra-
tions. However, a maternally elevated tryptophan concentration was associated with pregnan-
cy induced hypertension (PIH), and the kynurenic acid concentration was elevated in ma-
ternal blood in preeclampsia, and in umbilical cord blood in PPROM, implying a potential 
pathological role for this kynurenine pathway metabolite, that could also have detrimental 
neurodevelopment effects on the offspring.21-27 These data emphasize that physiological preg-
nancy requires a tight balance of kynurenine pathway metabolites, and that disturbances in 
either direction may be associated with adverse maternal pregnancy and fetal outcomes. Thus, 
before initiating tryptophan supplementation, future research is necessary to ensure it does 
not result in pathological levels of any kynurenine metabolite.

In contrast to the generally assumed relation between the activity of IDO1 in the placenta 
and the concentrations of kynurenine pathway metabolites in the circulation, we found that 
alterations in levels of kynurenine pathway metabolites did not correspond between the ma-
ternal blood, fetal blood, and placental tissue (chapter 3). Moreover, exogenous tryptophan 
administration did not affect the secretion of kynurenine pathway metabolites into the cir-
culation of ex vivo perfused placentas in chapter 4. Taken together, this thesis implies that 
it is time to revise the hypothesis that concentrations of maternal kynurenine pathway me-
tabolites reflect kynurenine pathway activity, and particularly IDO1 activity in the placenta.

In chapter 4 we also revealed that tryptophan induced more vasodilation in preeclamptic 
placentas, even though this was IDO1-dependent, and the expression of IDO1 was reduced 
– which was further confirmed in the exploratory gene expression analysis in chapter 7. On 
the other hand, application of the lipophilic ethyl ester of tryptophan (TrpEE), which can 
circumvent amino acid transporters,28 did result in an attenuated vasodilation response as 
expected from the lower IDO1 expression. It appeared that an enhanced tryptophan uptake 
was able to compensate for the reduced IDO1 expression in preeclampsia; the concentrations 
of kynurenine pathway metabolites were identical between preeclamptic and healthy placen-
tas and LAT1 was exclusively upregulated in preeclampsia after pre-incubation of the vessel 
segments with IFN-γ and TNF-α.

Altogether, data on the kynurenine pathway presented in this thesis imply that the kynurenine 
pathway is spatially segregated between cell types in the placenta and directed at the de novo 
production of NAD+ for intracellular purposes. 
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Preeclampsia – Therapeutics for the fetoplacental 
vasculature
The systemic endothelial dysfunction and symptoms of preeclampsia are believed to be pri-
marily caused by a diseased placenta that has an elevated vascular resistance, and releases 
endoglin and soluble fms-like tyrosine kinase-1 (sFlt-1) into the maternal circulation, sub-
sequently decreasing placental growth factor (PlGF) signalling.29,30 This has given rise to the 
hypothesis that by decreasing the elevated fetoplacental resistance, the function of the placen-
ta and fetal well-being may be improved. In search for therapeutics that would allow relatively 
quick implementation, we explored the potential of already-available treatments to improve 
placental vascular function in preeclampsia, and to define the mechanisms of function.

Pentoxifylline seemed an interesting therapeutic candidate for preeclampsia, as it has already 
been registered as drug for the treatment of intermittent claudication, has vasodilator and 
anti-inflammatory properties, and improved the fetal flow distribution when given to preg-
nant women.31-33 In chapter 6 we showed pentoxifylline elicited vasodilation in healthy and 
preeclamptic fetoplacental arteries. This vasodilation (partly) involved inhibition of endoge-
nous adenosine A1 receptor signalling in both healthy and preeclamptic placental arteries. Al-
though in healthy placental arteries part of this effect was also mediated through stimulation 
of endogenous NO production, in preeclampsia, vasodilation by pentoxifylline did certainly 
not entail the NO-PKG signalling pathway (chapter 6). This suggests a substantially lower 
endogenous NO production in preeclamptic placentas. Vasodilation responses to the NO 
donor SNP only seemed marginally different,34,35 and application of an activator of guanylate 
cyclase, the downstream factor of NO, induced identical vasodilation responses in preeclamp-
tic and healthy placentas. Hence, although NO signalling in the endothelial cell may be im-
paired, interventions with more downstream signalling in the NO pathway may provide new 
opportunities to improve placental flow.

In that regard, inhibition of the phosphodiesterase (PDE) enzymes, that are responsible for 
breakdown of the downstream signalling molecules cGMP and/or cAMP, seemed promising. 
Even though PDE inhibition improved vasodilation in healthy placentas, preeclamptic pla-
cental arteries did not benefit from PDE inhibition, as reported in chapter 5 for the PDE5 
inhibitor sildenafil, and chapter 6 for the general PDE inhibitor pentoxifylline. Even though 
the expression of PDE1 and PDE5 were not altered in preeclampsia, we did not rule out a 
potentially attenuated PDE activity that may explain absence of the PDE inhibitory effects. 
On the other hand, PDE inhibition does not seem to be the most promising therapeutic 
option, particularly because sildenafil had lacking beneficial effects in pregnancies with se-
vere FGR and was associated with an increased neonatal morbidity in a large international 
randomized-controlled trial (STRIDER) that was halted prematurely.36-40 Recently, a smaller 
clinical trial with pentoxifylline in FGR failed to observe a significant effect on the umbilical 
artery pulsatility index,41 even though pentoxifylline did improve the umbilical artery pulsa-
tility in preterm birth.33 
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Preeclampsia – A shift in vasodilator mechanisms?
Taking all findings together, preeclamptic chorionic plate arteries could not dilate through 
endogenous NO production and PDE inhibition, while vasodilation to NO donors, gua-
nylate cyclase activators and adenylate cyclase activators was identical or marginally altered at 
most (chapters 5 & 6). On the other hand, tryptophan-induced vasodilation was increased, 
suggesting a shift in vasodilator mechanisms in preeclamptic chorionic plate arteries. Such a 
shift has been observed in coronary artery disease and diabetes before, where the mediator of 
flow-mediated vasodilation changed from NO to H2O2 in small coronary arteries and arteries 
from adipose tissue.42-45 In preeclampsia, the concentration of H2O2 is elevated in maternal 
serum as well as the placenta, and inversely related to the NO concentration.46 This is of par-
ticular interest given the finding of Stanley et al.11 that in the presence of H2O2, IDO1 can 
metabolize tryptophan into the novel vasodilator cis-WOOH, which was suggested to occur 
under inflammatory conditions. Since IDO1 is expressed under physiological conditions in 
the placenta, and we found that vasodilation by tryptophan depended on IDO1 and endoge-
nous NO production, and not on H2O2 in healthy placentas (chapter 4), it seemed logical that 
the same mechanism would contribute to vasodilation in preeclamptic placentas. In hind side, 
it could be speculated that the enhanced tryptophan-induced vasodilation in preeclampsia 
might involve cis-WOOH formation by IDO1.11 Figure 3 represents a schematic representa-
tion of the suggested shift in mechanisms of vasodilation in healthy compared to preeclamp-
tic fetoplacental arteries. 

Figure 3 | Proposed mechanisms of vasodilation in the human placenta. IDO1 indicates indoleamine 
2,3-dioxigenase 1; H2O2, hydrogen peroxide; NO, nitric oxide; eNOS, endothelial nitric oxide synthase; 1O2, 
singlet molecular oxygen; ONOO-, peroxynitrite.
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Preeclampsia – Placental immune alterations
Based on the current literature, we hypothesized that the preeclamptic placenta would display 
significant ongoing inflammation. Yet, we did not find an increased release of inflammato-
ry factors from preeclamptic placental explants in vitro in chapter 6. When comparing the 
immune profile of preeclamptic placentas to healthy placentas in chapter 7, we surprisingly 
found that many of the investigated immune-related genes were downregulated, specifically 
in early-onset preeclampsia. Absence of these placental immune alterations in late-onset pre-
eclampsia, suggested that both subtypes had dissimilar placental immune profiles, confirming 
distinct pathophysiological processes.

These data have raised important questions about the nature of the generally ascribed system-
ic inflammatory state in preeclampsia. Importantly, it seems that the placentas from women 
with early-onset preeclampsia are not inflammatory, but harbour characteristics of suppressed 
innate immunity instead. Whether this is a causal factor, or just a compensatory response 
to the maternal systemic inflammatory state could not be answered with the studies in this 
thesis. It would require close monitoring of longitudinal changes of inflammatory and angio-
genic factors in women with preeclampsia, together with a study of their placentas.

The discovery of a lower abundance of the M2-like macrophages and mast cells in the pla-
centas of women with early-onset preeclampsia, proves that the placenta contains more cell 
types than only Hofbauer cells. In fact, the immune system inside the fetal villi seems more 
complex than described so far. We now realize that the placental immune system has not been 
properly characterized in healthy placentas yet, let alone immune alterations in placenta-re-
lated pathologies. Placental immunological processes are important to maintain a tolerogenic 
environment, and allow a proper development of the placenta and fetus. Therefore, we suggest 
that the role of immune cells inside the fetal villi is worthy of investigation as well, in addition 
to the decidual immune cells that have received most of the attention so far.

The placental-neonatal axis
The importance of the placenta as mediator of neonatal health became evident in chapter 
8. It displayed that a viral SARS-CoV-2 infection could impair placental function and indi-
rectly affect neonatal health. It should be acknowledged that not only a viral infection, but a 
placental intrusion of any kind could have such an effect, causing fetal distress by affecting the 
delivery of nutrients and gasses.

Apart from such a causal role in neonatal illness, we also found that the placenta may mirror 
the fetal condition in a proof-of-concept study described in chapter 9. The preliminary data 
from this chapter suggest that vascular reactivity is altered in the placentas of fetuses with 
CDH. Whether this reflects a shared mechanism of dysfunction between the placental and 
pulmonary vasculatures, and whether it may thus explain the increased risk to develop pulmo-
nary vascular complications, in CDH infants should be determined in future studies. 
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General limitations
One major problem hindering the interpretation of the results arises from the fact that women 
with early-onset preeclampsia generally deliver earlier compared to uncomplicated pregnan-
cies. This was reflected by a statistically significant difference in gestational age between these 
groups in all studies presented in this thesis. This difference complicates the interpretation 
and raises the inevitable question whether the observations reflect the gestational age or the 
pathology. To solve this issue, we have attempted to collect placental tissue from pregnancies 
that ended prematurely. Unfortunately, the majority of these preterm pregnancies were asso-
ciated with inflammation, making them unfit as “healthy” control. In fact, most preterm birth 
cases cannot be seen as healthy. The only placentas that could hypothetically best function as 
healthy controls are those from preterm deliveries due to maternal trauma, possibly the rarest 
cause of preterm birth. Since we found large ranges in gestational age within our early-onset 
preeclampsia groups, we reasoned that if our findings would be an effect of gestation, those 
should correlate with the gestational age within the group of women with early-onset pre-
eclampsia. Since we did not observe such a relation within most of our results, we deem it 
highly unlikely that our findings are related to gestational age. 

Access to the term placenta after birth allows us to study (patho)physiological processes in 
human tissue. Unfortunately, this also has an important limitation; due to collection of the 
tissue after birth, it is impossible to determine whether the data reflect causational or con-
sequential processes. For this, it will be essential to integrate our results with longitudinal 
pregnancy data as well as data from animal studies.

Earlier studies have reported that risks for certain pregnancy complications change depend-
ing on the sex of the fetus.47,48 Such potential sex differences could not be taken into account, 
due to the limited sample sizes. On the other hand, it seems unlikely that ex vivo or in vitro 
experiments could detect the small effects of fetal sex on pregnancy outcomes, placental resis-
tance and placental biomarkers that have been observed in very large cohorts.47,49,50 

Apart from preeclampsia, several other pregnancy disorders have been linked to placental 
insufficiency as well, including FGR and preterm birth. It should be acknowledged that there 
is a lot of overlap between these conditions; fetuses from women with early-onset preeclamp-
sia often suffer from FGR as well, also in the here presented studies. This gives rise to the 
question whether these data are specific to FGR or preeclampsia. In general terms, it seems 
that late-onset preeclampsia placentas without FGR are like ‘normal’ ones, while those from 
pregnancies with FGR, early-onset preeclampsia, or both, are similarly different compared to 
controls.51 The interpretation and alignment of published data are, however, partly hampered 
by changing definitions of both FGR and preeclampsia, and large heterogeneity within those 
groups. Studies that clearly discriminate between the pathophysiological processes in the pla-
centas of women with preeclampsia (subtypes) and FGR are, to our knowledge, still lacking, 
and this thus remains a topic for future studies. Nonetheless, in our view, identical pathophys-
iological processes such as a disturbance in placental development, may present as different 
phenotypes, and therefore our data on preeclampsia may have implications for FGR as well.
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Future perspectives
IDO1 and the kynurenine pathway in the placenta are known to be essential for healthy 
pregnancy for long, yet, their exact roles during pregnancy have been incompletely under-
stood to date. The kynurenine pathway studies in this thesis (chapters 1-3) provide a basis for 
future studies to investigate its role during pregnancy. The illustrated vasodilator role of the 
kynurenine pathway may have opened up new avenues to treat hypertensive diseases beyond 
pregnancy; particularly pulmonary hypertension, that was associated with changes in the ky-
nurenine pathway as well.52-54 On the other hand, our data offer possibilities to counteract the 
large kynurenine pathway-mediated drop in blood pressure in sepsis patients.55,56 The intri-
cate spatial segregation and interdependency of kynurenine pathway components, underlines 
the need to study the pathway as a whole. Future work should focus on determining (1) the 
physiological roles of the kynurenine pathway and its metabolites in the placenta, (2) the cell 
type specific alterations and functional consequences of the kynurenine pathway in pregnancy 
disorders as recurrent miscarriage, preterm birth, preeclampsia, and FGR, (3) the cause(s) of 
alterations in circulating metabolites if not mediated through the placenta, and (4) how these 
alterations influence fetal and neonatal outcome.

When aiming at reducing the elevated fetoplacental resistance in conditions of placental 
insufficiency, studies from this thesis (chapters 4-6) as well as data from the STRIDER 
trial,36-40 suggest against the use of PDE inhibitors. It is thus essential to define new ther-
apeutic targets. If indeed A1 receptor signalling is preserved in preeclamptic placentas and 
can contribute to vasoconstriction – although this should be confirmed in a larger sample 
size – it raises the possibility that a selective adenosine A1 receptor antagonist might serve as 
new therapeutic tool to improve placental perfusion. This is of particular interest given the 
elevated maternal and fetal adenosine levels in preeclampsia.57-60 Moreover, future research 
should discern what mechanisms and pathways contribute to (flow-mediated) vasodilation in 
the placenta under physiological as well as pathological conditions. Only if we understand the 
placental physiology well enough, we can start designing new therapies for placenta-related 
pathologies.

Although not all (placental) effects of pentoxifylline may be retained in women with pre-
eclampsia (chapter 6), it may still provide an interesting opportunity to improve the neo-
natal outcome. The studies of Lauterbach et al.33 and Asadi et al.41 both found that treat-
ment of pregnant women with pentoxifylline improved the neonatal outcome in conditions 
of preterm birth and FGR, respectively. These neonatal improvements, among which less 
NICU admissions, fewer neonatal deaths, and increased fetal weight gain, were proposed to 
be attained through pentoxifylline’s antioxidant capacity, as treatment resulted in reduced 
maternal oxidative stress levels in FGR.41

Based on the immunological findings in chapters 6 and 7, we suggest that a study on the spa-
tial alterations of the placental immune compartments in both early-onset preeclampsia and 
late-onset preeclampsia will aid in understanding the pathological processes in the placenta. 
Such changes in the placental microenvironment should be connected to those in the circu-
lation, especially in early-onset preeclampsia, to reveal what exactly encompasses systemic 
inflammation in these women.
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Our data on associations between the placental and fetal conditions (chapters 8 and 9) have 
opened up possibilities of using placenta studies to predict neonatal outcome and to test what 
medication children would respond to best. This even provides opportunities for the placenta 
to emerge as a tool to provide personalized medicine.

Lastly, this thesis has impact beyond placenta-related pregnancy disorders. Placenta studies 
are not only important for placenta-related pathologies as preeclampsia and FGR. Pregnant 
women can suffer from many types of (pre-existing) diseases that require these women to take 
medication during pregnancy. Prescription of therapeutics to pregnant women is however 
complicated as it does not involve one, but three systems (mother, placenta, and fetus) that 
affect the pharmacokinetics through uptake and metabolism. Our data illustrate the utility 
of the human placenta in various ex vivo models to study the fetomaternal transfer of such 
medication as well as drug effects in a unique human setting. Hopefully in the future, these 
models will continue to aid in estimating the safety and understanding the mechanisms of 
action of (new) therapeutics for both mother and child, while reducing the need for animal 
research.

Conclusions
Continuous efforts are needed to shine light on the physiological function of the placenta. 
Only through recognition of the most important physiological processes in healthy pregnan-
cies, we will be able to define the pathological disturbances in pregnancies complicated by 
placental insufficiency. Only then we can start designing targeted therapies. Although this 
seems the end of the road for PDE inhibition in preeclampsia, our data opens up a new av-
enue to improve placental vascular function through novel targets including the kynurenine 
pathway and adenosine signalling. In the meantime, we should be on the look-out for thera-
peutics that are already available, which could offer a fast implementation to at least prolong 
pregnancy and improve the outcome of the infants. Hopefully for women with placenta-re-
lated pregnancy disorders this will be the start of finding a better solution than pregnancy 
termination.

In more general terms; rather than looking at the placenta as a disposable organ, the placenta 
deserves to be looked at as mediator of health and disease, and provides an intriguing oppor-
tunity to treat pathologies associated with its dysfunction.
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Inleiding
Helemaal aan het begin van ons leven waren wij allemaal een ongeboren kind in de warme, 
comfortabele buik van onze moeder. Op dat moment hadden de dingen die onze moed-
er at, dronk, en deed, een directe invloed op onze ontwikkeling. Maar zelfs nu, lang nadat 
we geboren zijn, bepalen de omstandigheden die we in de buik van onze moeder hebben 
meegemaakt (deels) onze gezondheid. Deze theorie wordt beschreven in de ‘Developmental 
Origins of Health and Disease’. Onze moeder was alleen niet de enige die bepaalde welke 
stoffen er bij ons terecht kwamen tijdens de zwangerschap. Er was een speciaal orgaan dat de 
aanvoer van voedingsstoffen en afvoer van afvalstoffen naar onze moeder mogelijk maakte: de 
moederkoek, ofwel, de placenta.

Een goede ontwikkeling van de placenta is dus essentieel voor de foetus om te kunnen groe-
ien. Dit orgaan ontwikkelt zich alleen niet altijd zoals het zou moeten. Een voorbeeld hier-
van is zwangerschapsvergiftiging (ook wel preeclampsie genoemd) wat ontstaat bij ongeveer 
5% van alle zwangere vrouwen. Bij preeclampsie scheidt een slecht ontwikkelde placenta 
beschadigende stoffen uit die ernstige gezondheidsproblemen in de moeder en de foetus 
veroorzaken. Omdat preeclampsie nog steeds niet goed behandeld kan worden, zijn artsen 
bij levensbedreigende situaties voor moeder of kind genoodzaakt om geboorte van het kind 
en de placenta te induceren. Ondanks dat dit ervoor zorgt dat symptomen in de moeder snel 
verdwijnen, heeft preeclampsie langetermijneffecten op de gezondheid van zowel het kind 
alsook de moeder. Vrouwen die preeclampsie hebben gehad, hebben namelijk een verhoogd 
risico op hart- en vaatproblemen. Het is tot nu toe nog onduidelijk of dit verhoogde risico 
een gevolg is van preeclampsie, of juist een uiting van de mogelijkheid dat deze vrouwen 
voorafgaand aan hun zwangerschap al een verhoogd cardiovasculair risico hadden – en mede 
daardoor preeclampsie ontwikkelen. In beide gevallen heeft de placenta een belangrijke rol 
in het ontstaan van preeclampsie, maar gek genoeg is de kennis over dit orgaan nog steeds 
schaars. We weten echter wel dat de perfusie van de placenta verminderd is bij preeclampsie, 
en dat dit kan worden veroorzaakt door vernauwde bloedvaten in de placenta. Door deze 
bloedvaten met medicatie te behandelen zouden we de perfusie kunnen verbeteren, en mo-
gelijk preeclampsie kunnen behandelen of voorkomen.

Het doel
Dit proefschrift heeft als doel om veranderingen in de placenta te identificeren in zwanger-
schapsziektes, voornamelijk preeclampsie, om nieuwe aangrijpingspunten voor medicatie te 
ontdekken.

De kynurenine route
Tryptofaan is een essentieel aminozuur dat we allemaal binnenkrijgen via onze voeding en 
dat wordt omgezet in de placenta via de kynurenine route. Dit gaat via verschillende enzymen 
waarvan indoleamine 2,3-dioxigenase 1, ofwel IDO1, de eerste stap vormt en tryptofaan 
omzet in kynurenine. Ondanks dat de kynurenine route verschillende functies kan hebben, 
waaronder regulatie van de bloedvatdiameter en het afweersysteem, is de precieze rol in de 
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placenta onduidelijk. In hoofdstuk 2 beschrijven we dat IDO1 zich vooral in endotheelcellen, 
de binnenbekleding van bloedvaten in de placenta bevindt. Daarnaast blijkt de omzetting van 
tryptofaan door IDO1 in de placenta veranderd bij verschillende zwangerschapscomplicaties 
waaronder miskramen, vroeggeboorte, preeclampsie en foetale groei restrictie, en dus een rol 
zou kunnen spelen in deze ziektes. In hoofdstuk 3 bevestigen we dat de kynurenine route 
niet alleen in de placenta veranderd is, maar dat producten van de kynurenine route ook 
andere concentraties hebben in het bloed van vrouwen met depressie tijdens de zwanger-
schap, zwangerschapsdiabetes, preeclampsie, spontane abortus, vroeggeboorte en foetale groei 
restrictie. In hoofdstuk 4 tonen we aan dat de omzetting van tryptofaan via de kynurenine 
route kan zorgen voor bloedvatverwijding in de placenta. Daarnaast kan een verhoogde op-
name van tryptofaan compenseren voor een verminderde aanwezigheid van IDO1 in pre-
eclampsie, wat zorgt voor een toegenomen bloedvatverwijding in deze placenta’s.

Preeclampsie – nieuwe medicatie voor de placenta
Om op zo kort mogelijke termijn een behandeling voor preeclampsie te vinden, zou het ide-
aal zijn als er gebruik kan worden gemaakt van bestaande medicijnen welke oorspronkelijk 
zijn ontwikkeld voor de behandeling van andere ziektes en daarom nog niet door zwangere 
vrouwen worden gebruikt. Als eerste stap is het belangrijk om te onderzoeken wat voor een 
effecten deze medicijnen hebben op de placenta. In hoofdstuk 5 bevestigen we dat sildenafil 
de bloedvatverwijding kan verbeteren in gezonde placenta’s, maar dat dit niet het geval is bij 
preeclampsie. In hoofdstuk 6 laten we zien dat pentoxifylline eveneens veelbelovende effect-
en heeft op de bloedvatverwijding en het afweersysteem van gezonde placenta’s, maar dat ook 
hier niet al deze positieve eigenschappen behouden blijven bij preeclampsie. Pentoxifylline 
kan echter nog steeds de bloedvaten verwijden in placenta’s van vrouwen met preeclampsie 
via een onverwacht mechanisme: de adenosine A1 receptor. Signalering via deze A1 recep-
tor zou een interessant aangrijpingspunt kunnen zijn voor de toekomstige behandeling van 
preeclampsie.

Preeclampsie – veranderingen in het afweersysteem van de placenta
Preeclampsie wordt in het algemeen geassocieerd met een conditie van inflammatie ofwel 
verhoogde activatie van het afweersysteem in de moeder. De placenta heeft een eigen afweer-
systeem, en in hoofdstuk 6 tonen we dat de afgifte van stoffen door het afweersysteem van de 
placenta onveranderd is bij preeclampsie. Daarnaast bewijzen we in hoofdstuk 7 zien dat in 
vergelijking met gezonde zwangerschappen veel onderdelen van het afweersysteem in de pla-
centa minder geactiveerd worden in vroege preeclampsie (ontstaan voor 34 weken zwanger-
schap), maar onveranderd zijn in late preeclampsie (ontstaan na 34 weken zwangerschap). 
Deze bevindingen bevestigen een pathologisch verschil tussen vroege en late preeclampsie, 
waar zowel in de afweging van mogelijke behandelingen als in verder onderzoek rekening 
mee dient te worden gehouden.

De placenta-kind connectie
Een goede placentafunctie is essentieel voor de ontwikkeling van de foetus. In hoofdstuk 8 
beschrijven we dat een infectie van een zwangere vrouw met het COVID-19 virus, SARS-
CoV-2, kan leiden tot problemen bij de foetus via een infectie van de placenta, zonder dat de 
foetus zelf geïnfecteerd is. 
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Behalve een dergelijke oorzakelijke rol van de placenta, kan de placenta mogelijk een af-
spiegeling geven van de foetale conditie. De placenta is namelijk ontstaan uit dezelfde cellen 
als de foetus, en bloedvaten uit de placenta lijken heel erg op bloedvaten uit de longen in 
zowel hun ontwikkeling alsook hoe ze functioneren. Kinderen met een congenitale hernia 
diafragmatica hebben een verhoogd risico op longproblemen na hun geboorte, en als er een 
te hoge bloeddruk in de longen ontstaat, reageren ze vaak niet goed op reguliere behandelin-
gen. In hoofdstuk 9 laten we zien dat de bloedvaten uit placenta’s van kinderen met een 
congenitale hernia diafragmatica op een andere manier samen te trekken en verwijden dan 
bloedvaten van gezonde placenta’s. Deze data suggereren dus dat de bloedvaten uit de placen-
ta een unieke mogelijkheid kunnen bieden om voor elk kind de kans op longproblemen en de 
effectiviteit van medicijnen om de longproblemen te behandelen, te voorspellen.

Conclusie
Dit proefschrift toont aan dat het essentieel is om eerst de meest belangrijke functies van de 
placenta bij gezonde zwangerschappen te doorgronden. Alleen op deze manier kunnen we 
de problematische veranderingen bij zwangerschapscomplicaties identificeren. De studies in 
dit proefschrift verschaffen een startpunt voor de zoektocht naar een behandeling voor de 
tot nu toe onbehandelbare ziekte preeclampsie. Het is tijd om het beeld van de placenta als 
wegwerporgaan bij te stellen; de placenta is een bron van gezondheid en ziekte, kan een aan-
grijpingspunt bieden om ziekte te genezen, en voorspelt mogelijk uitkomsten van het kind.
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Thesis   noun [ C ]      

a long piece of writing on a particular subject, especially one that is done for 
a higher college or university degree – a doctoral thesis (= for a PhD)
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