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Placental oxidative stress and monoamine oxidase expression are
increased in severe preeclampsia: a pilot study
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Abstract

Preeclampsia (PE) is the most severe complication of pregnancy with substantial burden of morbidity and mortality for mother
and neonate. The increased placental oxidative stress (OS) has been involved as central pathomechanism, yet the sources of
reactive oxygen species (ROS) are partially elucidated. Monoamine oxidase (MAOQO) with 2 isoforms, A and B, at the outer
mitochondrial membrane has emerged as a constant source of ROS in cardiometabolic pathologies. The present pilot study
was purported to assess as follows: (i) the magnitude of placental OS in relation to the site of sampling and (ii) the expres-
sion of placental MAO in the setting of PE. To this aim, central and placental samples were harvested during cesarean sec-
tion from mild and severe PE versus healthy pregnancies. ROS generation (dihydroethidium staining) and MAO expression
were assessed (confocal microscopy). MAO gene transcript was evaluated by RT-PCR. The main findings are as follows: (i)
a significant increase in placental OS was found in severe (but not in mild) PE with no regional differences between central
and peripheral areas and (ii) placental MAO-A and B (gene and protein) were significantly increased in severe preeclampsia.
The signal transduction of the latter finding, particularly in relation with mitochondrial dysfunction, is worth further studying.
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Introduction

Preeclampsia (PE) is the most severe complication of
pregnancy that requires both prompt diagnosis and man-
agement in order to prevent potential deleterious short-
and long-term consequences for both mother and neonate.
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PE is classically defined according to the American Col-
lege of Obstetricians and Gynecologists (ACOG) [1] and
the International Society for the Study of Hypertension in
Pregnancy (ISSHP) [2] as new-onset hypertension identi-
fied after 20 weeks of gestation either as a systolic blood
pressure of > 140 mmHg or a diastolic blood pressure
of > 90 mmHg on two readings or, in its severe form, as
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a systolic pressure of > 160 mmHg or a diastolic pressure
of > 110 mmHg on two separate occasions. This multi-
organ syndrome is typically associated with one or more of
the following abnormalities: proteinuria (>300 mg/24 h),
hematological complications (thrombocytopenia—plate-
let count < 100,000/mm?>, hemolysis, disseminated intra-
vascular coagulation), impaired liver function (elevated
transaminases twice as the upper normal limit or severe
persistent right upper quadrant or epigastric pain), acute
kidney injury (serum creatinine level of > 1.1 mg/dL or
doubling of its serum level), pulmonary edema, and neu-
rologic complications (severe headache, impaired mental
status, hyperreflexia, stroke, visual disturbances, blind-
ness); fetal growth restriction (FGR) may also occur in
PE with severe features [1, 2].

The syndrome has a multifactorial, partially elucidated
pathophysiology and the only accepted treatment so far is
the preterm delivery of both fetus and placenta. The past
decades have witnessed major advances in understanding
its complexity and various pathomechanisms have been
implicated, including (but not limited to) impaired placen-
tal oxygenation in the presence of increased generation of
reactive oxygen species (ROS) and persistent inflamma-
tion, spiral artery remodeling, altered immune tolerance at
the maternal—fetal interface, and dysregulated balance of
angiogenic and antiangiogenic factors [3, 4]. While a mild
oxidative stress is considered physiological during normal
pregnancy, the repetitive sequence of intermittent hypoxia
and reoxygenation elicited by PE has been reported to be
at the root of the increased local oxidative stress [3, 5].
Indeed, in the first weeks of pregnancy, a transient hypoxic
environment is needed for the embryonic implantation
and several lines of evidence emphasize that an increased
expression and activity of nuclear factor kappa B (NFkB)
has a crucial role in this respect. At variance, in preec-
lampsia, the persistence of increased placental level of
NFkB via partially elucidate mechanisms is responsible
for the endothelial dysfunction and perpetuation of inflam-
mation and oxidative stress (recently reviewed in ref. [6]).

Literature regarding the placental sources of ROS is some-
what inconclusive. The main source of placental ROS are the
stressed mitochondria via the impairment of oxidative phos-
phorylation [7]. NADPH oxidase has also been reported as
an important superoxide (O, ) generator in PE at the human
fetal-maternal interface by some [8] but not all [9] authors.
A dysfunctional placental endothelial nitric oxide synthase
(eNOS) either due to uncoupling or to posttranslational modi-
fications also contributes to the aggravation/persistence of
local oxidative stress (recently reviewed in ref. [10]).

Monoamine oxidase (MAO), a flavoenzyme with two
isoforms, MAO-A and MAO-B, located at the outer mito-
chondrial membrane, is responsible for the catabolism of
dietary amines and neurotransmitters: catecholamines
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(norepinephrine, epinephrine), serotonin, and melatonin are
preferentially metabolized by MAO-A, while phenylethyl-
amine and benzylamine are largely oxidized by MAO-B.
Both isoenzymes catalyze the deamination of tyramine,
dopamine, octopamine, and tryptamine. MAOs have been
systematically reported to be a constant source of oxidative
stress in various tissues (heart, vessels, adipose tissue) and
pathologies [11]. With respect to PE, high levels of neuro-
transmitters (serotonin and norepinephrine) in plasma, urine,
and placenta [12] as well as a defective gene expression and/
or function of the placental monoamines transporters have
been reported [13].

Few studies have addressed to date whether differences
occur in the magnitude of ROS production in central versus
peripheral placental areas in PE. In healthy pregnancies,
Burton reported an early burst of oxidative stress (at the
beginning of the first trimester) in the periphery of placenta;
however, at approximately 11 weeks the differences disap-
peared in normal pregnancies [14]. Whether the same pat-
tern occurs in PE it is not known.

The present pilot study performed in was double aimed
(i) to determine the magnitude of placental oxidative stress
in relation to the site of sampling (peripheral vs central)
and (ii) to assess gene and protein expression of placental
monoamine oxidase MAOs in PE as compared to healthy
pregnancies.

Materials and methods
Chemicals

All chemicals were purchased from Biorad, Abcam, and
Biotech.

Study population

The study was conducted in accordance with the statements
of the Declaration of Helsinki and the protocol was approved
by the Committee of Research Ethics of “Victor Babes” Uni-
versity of Medicine and Pharmacy, Timisoara, Romania (no.
7/30.01.2019 and no. 28/25.06.2020).

Nineteen patients were included in the study of local oxi-
dative stress assessment after obtaining the written informed
consent. The PE group comprised 11 patients that were fur-
ther divided according the syndrome severity into 2 sub-
groups: mild PE (n=4, gestational age/GA =38 +0.7 weeks)
and severe PE (n=7, GA=34.43 +1.77 weeks), respec-
tively. In the control group 8 healthy, normotensive parturi-
ents with singleton-term pregnancies scheduled for elective
cesarean section (GA =38.88 +0.29 weeks) were included.
In the second study, MAO expression (gene and protein)
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was evaluated in placental samples harvested from severe
PE (n=3) and control (n=3) groups.

The diagnosis of preeclampsia was based on the crite-
ria proposed by the American College of Obstetricians and
Gynecologists (ACOG) [1] and the International Society for
the Study of Hypertension in Pregnancy (ISSHP), respec-
tively [2]. The severe forms of PE presented one or more
of the following: fetal growth restriction, hepatocytolysis,
blood pressure > 160/110 mmHg, refractory hypertension,
low platelet count, and neurologic complications (headache,
photophobia, visual disturbances). The exclusion criteria
were diagnosis of chronic hypertension, coexisting diabetes
mellitus, chronic kidney disease, twin pregnancy, inflamma-
tory disorders, cancer, cardiovascular disease and coagula-
tion disorders, and ruptured membranes/labor. On the day
of cesarean section, biometrical data and informed consent
were collected and patients were observed by a senior spe-
cialist who also reviewed their medical records.

Placental samples were collected immediately after deliv-
ery following non-labored cesarean section. Small fragments
of villous tissue from the maternal surface (excluding areas
of calcifications, microinfarctions) were randomly harvested
from central and peripheral regions and placed in ice cold
0.9% KCl solution; fragments were stored at — 80 °C until
further analysis.

Assessment of local oxidative stress by means
of DHE staining (confocal microscopy)

Placental samples were cut in 20-pm-thick sections with the
cryomicrotome and placed on microscope slides. The cryo-
sections were subjected to three successive washes with PBS
(5 min each) and afterward incubated with dihydroethidium
(DHE) for 30 min at room temperature, in the dark. After the
incubation period, the excess of DHE was washed away by
three additional washes with PBS. Sections were mounted
with Vectashield (Vector Laboratories) and immediately
analyzed with the confocal microscope (Olympus Fluoview
FV1000). Images were obtained using laser excitation at
488 nm with ax 20 UPLSAPO objective (NA=0.75), and
for each section three randomly chosen regions were ana-
lyzed. Image analysis was performed using the Icy bioimage
analysis software [15].

DHE fluorescence intensity was measured as integrated
fluorescence intensity (IFI) as described in Vaduva et al.
ROS production was evaluated using a dihydroethidium
(DHE)-based fluorescence method. DHE is used in fluori-
metric detection assays because upon reaction with super-
oxide anion is converted to 2-hydroxyethidium, following
DNA intercalation and emits red fluorescence [16].

Assessment of MAO gene transcript (RT-PCR)

Total RNA was isolated (Aurum Total RNA Mini Kit, Bio-
rad) and used for reverse transcription (iScript Advanced
cDNA Synthesis Kit, Biorad). Quantitative RT-PCR was
performed in placenta samples. In order to determine gene
transcript, primers against MAO isoforms were designed
using sequence information from the NCBI database
(5"—3"): human MAO-A forward, 5=-CTG ATC GAC
TTG CTA AGC TAC-3 and human MAO-A reverse,
5=-ATG CAC TGG ATG TAA AGC TTC-3. The house-
keeping gene (18 s) and its primers were as follows (5'— 3'):
18 s forward GTA ACC CGT TGA ACC CCATT and 18 s
reverse: CAT CCA ATC GGT AGT AGC G.

Assessment of MAO protein expression
(immunohistochemistry)

Monoamine oxidase protein expression was quantified
in frozen sections of human placenta using the MAO-A
(Abcam, ab126751), MAO-B (Abcam, ab175136) primary
antibody, and Alexa Fluor-labeled secondary goat anti-rabbit
antibody (Invitrogen, A32731), respectively, as previously
described [17]. Nuclear staining was obtained with DAPI
(Santa Cruz, SC3598). The slides were examined using the
Olympus Fluoview FV1000 confocal microscope. Quantifi-
cation of MAO was performed by measurement of fluores-
cence intensity (expressed as arbitrary units) using Imagel
software.

Statistics

Statistical data processing was performed with the Graph-
Pad Prism software Version 9.3.1 (GraphPad, USA). Data
are presented as mean + SEM. To compare two groups, the
unpaired ¢ test was applied; to compare three groups, the
one-way Anova with Tukey’s multiple comparisons test was
applied. Statistical significance was set at a value of p <0.05.

Results

The characteristics of the study groups are depicted in
Table 1. The following demographic and laboratory charac-
teristics of pregnant women (PE and healthy pregnancies)
were included: maternal age, gestational age, maternal blood
pressure, MAP (mean arterial pressure), and fetal weight.
MAP is calculated by the following formula, (Syst BP 42
X Diast BP)/3.

As previously mentioned, PE pregnancies were further
divided in two subgroups: mild preeclampsia (n=4) and
severe preeclampsia (n="7). The mild forms of preeclamp-
sia were associated with a good responsiveness to treatment
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(absence of refractory hypertension or fetal distress), only
proteinuria was associated to hypertension, and all pregnan-
cies reached term and the newborns were normal for gesta-
tional age, as showed by ultrasound investigation and anthro-
pometric measurements at childbirth. The severe forms of
preeclampsia were associated with intrauterine growth
restriction (85.71%), hepatocytolysis (28.57%), preterm
delivery (57.14%), low platelet count (14.28%), blood pres-
sure> 160/110 mmHg (57.14%), hypertension refractory to
treatment (28.57%), and neurologic complications (14.28%).

Oxidative stress is increased in both central
and peripheral placental samples harvested
from severe (but not mild) preeclampsia

As shown in Figs. 1 and 2, the severe forms of PE presented
significantly higher increased oxidative stress in both cen-
tral and peripheral regions as compared to healthy preg-
nancies (p <0.0001) or mild PE (p <0.001). The cases of
mild preeclampsia displayed a minor (6.53%) increase in
ROS levels in the central placental areas; at variance, a mild
reduction (13.08%) of oxidative stress in the peripheral areas
was observed. No significant differences in ROS level were
found between the central and peripheral placental regions in
either normal (Fig. 3a) or pathological conditions (Fig. 3b,
c). Interestingly, the pattern of placental oxidative stress was
comparable in both normal and severe PE pregnancies with
a lower increase in ROS production in the peripheral areas
vs the central ones.

Table 1 Characteristics of the study groups

Parameter Healthy PE mild (n=4) PE severe (n=7)
pregnancies
(n=3)
Maternal age 29.63+1.7 28.5+2.02 36.86+1.37%*
(years)
Gestational age  38.88+0.29 38+0.7 3443+ 1.77*
(years)
Systolic BP 106.8+5.81  147.8+3.42%** 160.1£4.7]1*%%*
(mmHg)
Diastolic BP 69.13+2.9 90.25+ 1.9%*%* 93 42 77**%%*
(mmHg)
MAP (mmHg)  82.67+1.45 110.3x£1.25%% 116£3.45%%%*
Fetal weight (g) 3423+132.8 3145+98.8 2086 +234.6*
Proteinuria - 0.97+0.435 2.3+1.07
(24 h)

Data are presented as mean+SEM. MAP—Mean arterial pressure,
PE—preeclampsia

*p<0.05, ** p<0.01, *** p<0.001, ****p <0.0001 versus healthy
pregnancies
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Preeclampsia is associated with increased gene
transcript and protein expression of both MAO-A
and MAO-B isoforms in placental tissue

Both MAO isoforms were identified in placental tissue,
being significantly (p <0.05) upregulated in samples isolated
from severe PE pregnancies versus controls, as revealed
by the mRNA gene transcripts. No significant differences
in gene expression of MAO appeared between the central
(Fig. 4a, c) and peripheral (Fig. 4b, d) placental regions in
either normal or pathological conditions. Accordingly, there
was a fivefold increase in the central areas and around four-
fold increase in the peripheral areas for both MAO isoforms
in the PE placentas. Interesting, as for the ROS generation,
a slight increase in gene transcripts of both MAO isoforms
was observed in central as compared to peripheral placental
areas.

Additionally, MAOs protein expression was evaluated by
means of immunohistochemistry in healthy placental tis-
sue vs severe preeclampsia using specific antiMAO-A and
antiMAO-B antibodies. As shown in Fig. 5, both isoforms
were increased in PE placentas as compared to controls and,
similarly to the gene expression, no differences were found
between central and peripheral regions.

Discussion

In the present pilot study, we assessed the level of oxi-
dative stress in central and peripheral placental samples
determined (in a certain set of experiments) both MAO
mRNA and protein expression in preeclamptic versus
healthy pregnancies. The major findings are as follows:
(i) severe (but not mild) PE is associated with increased
placental oxidative stress, (ii) no significant regional dif-
ferences in the magnitude of oxidative stress are evident
in either normal or pathological conditions (yet the central
areas appear to be primarily involved), (iii) MAO gene
transcripts of MAO-A and B are increased in preeclamptic
placentas, particularly in the central areas, and (iv) MAO
protein expression of both isoforms is also present in PE
placental tissue, regardless the place of harvesting.
Normal pregnancy is a state of oxidative stress charac-
terized by a balance between ROS production and detoxi-
fication. Continuous local production of small amounts
of ROS exert a beneficial role in the setting of normal
pregnancies being essential in the establishment of a nor-
mal placental bed by regulating local angiogenesis [8].
The imbalance in the oxidant/antioxidant activities is at
the root of placental malfunction and has been reported
to occur in all complicated pregnancies, particularly in
preeclampsia with or without fetal growth restriction.
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Fig. 1 Assessment of placental
oxidative stress (DHE staining)
in central samples harvested
from healthy (n=38) versus mild
(n=4) and severe (n=7) PE
pregnancies. Data are presented
as mean + SEM. One-way
ANOVA with Tukey’s post

hoc multiple comparisons test
was applied. ***¥p <0.0001,
*#%p <0.001
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Over the past decades several placental sources of oxida-
tive stress have been systematically studied in relation to PE,
such as the mitochondrial electron transport system, nicoti-
namide adenine dinucleotide phosphate (NADPH) oxidase,
xanthine oxidase, and the uncoupled nitric oxide synthase
[18]. Superoxide anion (O, *), the precursor of most ROS,
is a key mediator in several oxidative reactions being pro-
duced in both cytoplasm and organelles. The non-enzymatic
production of O, occurs mainly when a single electron
is directly transferred to the oxygen due to the leakage of
the mitochondrial respiratory chain complexes that occurs
on both sides of the inner mitochondrial membrane. The

Central

o gk

Intensity(arbitrary units)
w
<

principal enzymatic sources are the NADPH oxidases and
the proteolytic conversion of xanthine dehydrogenase to xan-
thine oxidase. In order to maintain the steady-state concen-
tration of superoxide low, it is further converted to hydrogen
peroxide (H,0,) by a family of metalloenzymes with multi-
compartment distribution called superoxide dismutases. The
main H,0, detoxifying enzymes are glutathione peroxidase
and catalase with variable tissue-dependent distribution [19].
The fact that no significant differences in ROS level were
found between the central and peripheral placental regions
in either normal or pathological conditions is in line with
the pioneering work by Jauniaux et al. who reported almost
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Fig.2 Assessment of placental
oxidative stress (DHE staining)
in peripheral samples harvested
from healthy (n=38) versus mild
(n=4) and severe PE (n=7)
pregnancies. Data are presented
as mean + SEM. One-way
ANOVA with Tukey’s post hoc
multiple comparisons test was
applied. ***¥p <0.0001
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two decades ago that starting with the second trimester of
pregnancy no differences occur in the central and peripheral
regions once the placental blood flow is completely settled
[20]. Superoxide has been firstly reported to be increased
in placental trophoblast cells isolated from PE placentas
two decades ago [21]. More recently, H,O, production in
preeclamptic placentas has been reported to be influenced by
gestational age, with higher values being reported for term
pregnancies as compared to the preterm ones. Interestingly,
healthy-term placentas subjected to hypoxia reoxygenation
behave exactly like term PE placentas by increasing H,O,
production [22]. At variance, a recent study showed reduced
mitochondrial ROS in placentas isolated from preeclamptic
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(both term and preterm) versus healthy pregnancies; inter-
estingly, ROS production was significantly lower in pre-
term placentas (<34 weeks) as compared to placentas
harvested > 34 weeks of pregnancy [23]. Of note, we have
also recently reported a dichotomous behavior in placental
mitochondria respiration in relation to the fetal birth weight.
PE pregnancies with fetal growth restriction were associated
with decreased active respiration (OXPHOS capacity) and
maximal uncoupled respiration, while an increase in both
respiratory parameters was found in PE pregnancies with
normal weight fetuses [24].

The rate of ROS production increases linearly as oxy-
gen concentration increases and, in theory, should decrease
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Fig.3 Comparison of placental a Healthy pregnancy
oxidative stress (DHE staining)
in central versus peripheral _ 60
samples of healthy (a, n=8), 2
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with hypoxia. However, a paradoxical increase in oxidative
stress under moderately hypoxic in vitro conditions has
been reported in cells with functioning mitochondria (but
not in mutant cells lacking functional mitochondria) when
incubated with dichlorofluorescein, another ROS probe; the
increase in fluorescence was eliminated in the presence of
severe hypoxia [25]. Dihydroethidium (DHE) or hydroethi-
dine is the most widely used redox-sensitive probe originally
designed to detect intracellular superoxide. The reaction
between superoxide and DHE generates 2-hydroxyethidium
(2-OH-E™), a specific red fluorescent product. The ethidium
cation binds to DNA and remains trapped inside the cells
because of its charge. Since it has been proven that DHE-
based confocal and fluorescence microscopy do not provide
trustworthy information on intracellular superoxide forma-
tion, the general term ROS was used in the present paper
[26, 27].

The deleterious effects resulting from the ROS formation
are largely prevented in physiological conditions by vari-
ous antioxidant systems. The impairment of placental anti-
oxidant mechanisms has been reported to occur in women
with preeclampsia, as shown by the decreased expression
of superoxide dismutase and glutathione peroxidase when
compared with normal pregnancies [28]. In line with our
findings showing a significantly higher ROS generation in
severe (but not in mild) PE, it is tempting to speculate that
the increase in local oxidative stress elicited in the setting
of mild PE can be counteracted by a comparable increase in
the placental antioxidant defense; however, this cannot be
recapitulated in the severe forms of disease leading to the
permanent oxidative stress.

There is an unmet need to characterize the placental
sources of ROS in humans and their contribution to the oxi-
dative stress in both normal and preeclamptic pregnancies in
order to identify placental-targeted therapies able to mitigate
it in the latter case. MAO-related oxidative stress has been
widely acknowledged as an important pathomechanism in
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the cardiovascular pathology, in both experimental models
[29-31] and in humans [32, 33]. In this respect, it has to
be mentioned that MAO activity in placental tissue was
reported to play an important role in normal fetal develop-
ment [34]. However, the literature regarding MAO contribu-
tion to oxidative stress in preeclamptic placentas is scarce:
one study reported significantly reduced MAO-A activity
due to impaired catalytic turnover [35], while another pio-
neering one showed more than three decades ago, using an
radioenzymatic assay, a reduced MAO activity in high-risk
pregnancies (chronic hypertension, preeclampsia, and dia-
betes mellitus) [36].

In the present study, we detected comparable levels of
MAO-A and B isoforms at both gene and protein levels
in healthy placental samples. Regarding MAO activity in
placental tissue, the literature is controversial, MAO-A is
expressed predominantly in the syncytiotrophoblastic layer
with no detection in the vascular endothelium or smooth
muscles, while MAO-B is present at low levels in the syncy-
tiotrophoblasts, cytotrophoblasts, and the vascular endothe-
lium [37-39] or was even absent [35]. Our results showed
a significant upregulation of MAO mRNA transcript and
protein expression in severe preeclampsia, with no signifi-
cant differences between the central and peripheral placental
regions, a finding in line with the results regarding the pla-
cental ROS generation, as detected in confocal microscopy.

Among the deleterious effects of increased ROS levels
is the degradation NFkB inhibitors, preeclampsia being
associated with increased NFkB activity which favors the
oxidative stress persistence [6]. We have previously dem-
onstrated that induction of endogenous MAOs in murine
vascular rings occurred after acute incubation with angio-
tensin II and lipopolysaccharide via NFkB [40]. Whether
this observation can be also recapitulated in PE placentas is
worth further investigation.

A couple of limitations to this pilot study need to be
acknowledged. Firstly, the reduced sample size due to the
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ups and downs of the COVID-19 pandemic, which pre-
vented us to recruit the patients as initially designed. A
second limitation is that we did not assess the PE-related
changes in the local antioxidant systems, since these tech-
niques are not available so far in our research center. Last
but not least, the signal transduction of the increased MAO
expression has to be elucidated.
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Conclusion

Placental oxidative stress is the hallmark of severe (but not
mild) forms of preeclampsia with no regional differences
being evident between the central vs peripheral areas at
delivery. An increased gene transcripts and protein expres-
sion of both MAO isoforms was found in severe preec-
lampsia. A thorough characterization of the sources of
placental oxidative stress assessed by a larger randomized
controlled trial is worth in order to provide the background
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Fig.5 Assessment of central and peripheral placental MAO-A and B protein expression in samples harvested from healthy vs severe PE preg-
nancies (immunohistochemistry: green anti MAO-A/B antibody; blue DAPI)

for the development of innovative therapeutic approaches
to treat preeclampsia.
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