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Pregnancy complications including preeclampsia, preterm birth, recurrent pregnancy
loss, and fetal growth restriction affect over 12% of all pregnancies worldwide. However,
the risks of suffering from pregnancy loss or developing pregnancy complications could
be detectable at an earlier stage giving opportunity for meaningful interventions. For
example, fetal sex differences, which arise very early in development due to differential
gene expression from the X and Y chromosomes, could be integrated into the development
of risk prediction tools for certain complications [1]. On the other hand, once a pregnancy
is closer to term, uterine cervical changes can be detected using ultrasound elastography,
which could in turn also improve the management of delivery [2].

Pregnancy complications have negative short- and long-term impacts on both maternal
and neonatal health such as the increased risk of neurodevelopmental and cardiovascular
diseases (CVD). There are currently limited ways for the early identification of such long-
term health outcomes. However, the examination of the placenta and extra-placental
membranes offers new opportunities, which could optimize the care given to mothers and
babies who are at greater risk of neurodevelopmental and cardiovascular consequences.
Women who had more severe placental lesions of maternal vascular malperfusion after
preeclampsia had a three-fold increased risk of screening as high-risk for CVD compared to
women without these lesions [3]. Interestingly, fetal health can also be investigated through
placental pathology, where the odds of neonatal intensive care unit (NICU) admission
were twice as high in pregnancies with placental pathologies in addition to placental
abruption [4]. Furthermore, inflammation in the extra-placental membranes showed that
the inflammatory milieu of amniotic fluid increases with chorio-deciduitis grade, but not
amnionitis of these membranes [5].

Advances in the early detection of women at risk of pregnancy complications have
increased in the last decade, in part due to bioinformatic improvements, making it much
easier to access and analyze large amounts of data and identify novel biomarkers. Indeed,
proteomic biomarkers in maternal urine have proven promising as a non-invasive way
of identifying women at risk of preeclampsia and fetal growth restriction [6]. Proteomic
biomarkers, this time in maternal serum samples, were also investigated in a replication
study looking at the ratio of IBP4/SHBG proteins as a predictive biomarker for spontaneous
preterm birth [7]. Maternal blood has additionally been used to identify markers of immune
tolerance and angiogenesis, showing decreased galactin-9 and VEGF-A in patients with
prior miscarriage [8].

Potential novel therapeutic targets have also been uncovered using other techniques,
where for example, a polymorphism in MMP-9, correlated with high MMP-9 production,
has been associated with preeclampsia [9]. Of course, identifying biomarkers and women
who are at risk of pregnancy complications is not an end-all-be-all solution. Novel thera-
peutic strategies must also be developed in parallel to optimize the health of both mother
and baby. By identifying proteins, we can then hope to target them, as has been performed
by Kniotek et al., where sildenafil citrate was used to downregulate PDE5A expression
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in vitro in immune cells from patients with recurrent pregnancy loss [10]. This process
could also potentially be applied to the protein SPINT1, which is reduced in preeclamptic
pregnancies with co-existing fetal growth restriction, to help promote adequate blood
flow and nutrient delivery to the placenta to facilitate fetal growth [11]. Similarly, another
in vitro study showed that cardioprotective beta-blockers could promote the secretion of
pro-angiogenic mediators in endothelial cells and mitigate inflammation, offering potential
novel therapeutic strategies in preeclampsia [12].

Since we know that inflammatory pathways are dysregulated in pregnancy complica-
tions and that they can even aggravate cardiovascular disorders, they have become key
targets for therapeutic strategies and drug delivery. A great example of this is IL-1, which
is known to be increased in pregnancy complications and is thus a promising target in
clinical settings. The therapeutic potential of blocking IL-1 in human pregnancies, as used
for several inflammatory pathologies such as arthritis, was investigated in a review by
Brien et al., which most importantly showed that there was no association with adverse
perinatal outcomes [13]. To better understand the designs and hurdles in therapeutics for
pregnancy complications, Coler et al., present possible steps to expedite drug development
to better meet the growing need for effective therapeutics in preterm birth [14].

Over the past decade, numerous groups have investigated how to mitigate these
effects, promote healthier pregnancies and optimize neonatal health, however, this has been
difficult to translate into clinical settings due to difficulties related to early diagnostic, drug
delivery, specificity, and importantly, the lack of novel therapeutic strategies. This series of
fourteen articles shed light on current advances in prenatal diagnostics, knowledge gaps in
the development of novel therapeutic strategies, uses of artificial intelligence to understand
the placental impact of pregnancy complications, as well as recent advances in targeted
drug delivery to optimize the health of both mothers and their babies.
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Abstract: Preeclampsia (PE) is associated with an increased risk of cardiovascular disease (CVD) in
later life. Postpartum cardiovascular risk screening could identify patients who would benefit most
from early intervention and lifestyle modification. However, there are no readily available methods to
identify these high-risk women. We propose that placental lesions may be useful in this regard. Here,
we determine the association between placental lesions and lifetime CVD risk assessed 6 months
following PE. Placentas from 85 PE women were evaluated for histopathological lesions. At 6 months
postpartum, a lifetime cardiovascular risk score was calculated. Placental lesions were compared
between CVD risk groups and the association was assessed using odds ratios. Multivariable logistic
regression was used to develop prediction models for CVD risk with placental pathology. Placentas
from high-risk women had more severe lesions of maternal vascular malperfusion (MVM) and
resulted in a 3-fold increased risk of screening as high-risk for CVD (OR 3.10 (1.20–7.92)) compared
to women without these lesions. MVM lesion severity was moderately predictive of high-risk
screening (AUC 0.63 (0.51, 0.75); sensitivity 71.8% (54.6, 84.4); specificity 54.7% (41.5, 67.3)). When
clinical parameters were added, the model’s predictive performance improved (AUC 0.73 (0.62, 0.84);
sensitivity 78.4% (65.4, 87.5); specificity 51.6% (34.8, 68.0)). The results suggest that placenta pathology
may provide a unique modality to identify women for cardiovascular screening.

Keywords: preeclampsia; placenta; histopathology; cardiovascular disease; cardiovascular risk;
postpartum screening

1. Introduction

Preeclampsia (PE) is a life-threatening hypertensive disorder of pregnancy, affecting
5–7% of pregnancies worldwide [1]. Importantly, PE is a significant risk indicator for
cardiovascular disease (CVD) in later life. Women diagnosed with PE have a ~4-fold
increased risk of hypertension and a ~2-fold increased risk of ischemic heart disease and
stroke compared to women with uncomplicated pregnancies [2–5]. Moreover, evidence
suggests that women who develop severe PE during pregnancy are at the highest risk of
these outcomes [4,6–8]. Alarmingly, studies show that the onset of CVD and CVD-related
death occur at much younger ages than the general female population [6–9]. The link(s)
between PE and cardiovascular risk are not fully understood, but PE may indicate the
presence of underlying, often undiagnosed, cardiovascular risk factors (CVRs) [10,11].

J. Clin. Med. 2022, 11, 1576. https://doi.org/10.3390/jcm11061576 https://www.mdpi.com/journal/jcm5
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Moreover, underlying CVRs may directly contribute to placental dysfunction associated
with PE; however, this relationship has yet to be fully elucidated [12,13].

Histopathological lesions of maternal vascular malperfusion (MVM) are commonly
observed in placentas from PE pregnancies, particularly in cases of severe, early-onset
disease [14–16]. These lesions, including increased syncytial knots and accelerated villous
maturation, are believed to reflect placental hypoxia and oxidative stress arising from
incomplete uterine artery modeling and abnormal uteroplacental blood flow [1,17,18].
Although common, MVM lesions are not observed in all PE cases, and a proportion of PE
placentas are histologically normal or exhibit other pathology such as chronic inflamma-
tion [19,20]. Recent population-based studies have shown an association between placental
lesions and future maternal health [21–26]. Catov et al. observed altered cardiometabolic
profiles in women with preterm birth and lesions of MVM compared to women with
term deliveries [21,26]. Additionally, women with preterm birth and co-morbid placental
pathologies (MVM, inflammatory lesions) had the most severe atherogenic profiles [21].
More recently, Catov et al. demonstrated that MVM lesions are associated with vascular
impairments 8–10 years after pregnancy [26]. While the mechanisms underlying these
associations have yet to be fully elucidated, collectively, these studies provide strong ev-
idence that the placenta and its pathology may provide a snapshot into future maternal
cardio-metabolic health [26,27].

To reduce the burden of CVD on PE women, specialized postpartum cardiovascu-
lar health clinics are being established across North America to screen women for CVRs
and initiate postpartum CVD prevention, including pharmaceutical and lifestyle interven-
tions [28–30]. However, these clinics are resource-intensive, and, thus, follow-up of all PE
women is prohibitive. Moreover, a proportion of PE women will remain at low risk for
CVD postpartum and not require follow-up. As placental pathology is inexpensive and
readily available, it may offer a unique modality to identify PE women for CVR screening.
Here, we investigate the association between placental pathology and lifetime CVD risk in
postpartum women following PE.

2. Materials and Methods

In this study, a cohort of women diagnosed with PE who underwent cardiovascular
health screening at 6 months postpartum was assembled from two study sites (Kingston
and Ottawa, ON, Canada).

2.1. Recruitment at the Kingston Site

In Kingston, women who develop a pregnancy complication are referred to the Ma-
ternal Health Clinic (Kingston General Hospital, Kingston, ON, Canada) for postpartum
cardiovascular health screening at 6 months postpartum as part of routine standard of care.
Assessments and evaluations, including the calculation of a lifetime cardiovascular risk
score conducted at the Maternal Health Clinic, have been previously described [29]. From
this clinic, we recruited eligible study participants at the time of their 6-month postpartum
visit (between 2011 and 2017). Women diagnosed with PE who had placenta pathology per-
formed at delivery of the index pregnancy (PE diagnosis) were approached to participate
in the study.

2.2. Recruitment at the Ottawa Site

In Ottawa, women were recruited to participate in the study as part of the DREAM
Study research protocol designed to emulate the Maternal Health Clinic. Women diagnosed
with PE prior to delivery were recruited from inpatient services at the Ottawa Hospital
General Campus (Ottawa, ON, Canada) between 2013 and 2018. Placentas from each
participant were sent to Anatomical Pathology at the Children’s Hospital of Eastern Ontario
(Ottawa, ON, Canada). Six months after delivery, participants returned to the Ottawa
Hospital for cardiovascular health screening performed by the research study nurse. The
assessments performed at this study visit were identical to those performed at the Maternal
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Health Clinic, and a lifetime cardiovascular risk score was calculated for each participant,
as described previously [29]. At both sites, all women provided written informed consent
to participate in the study.

2.3. Inclusion and Exclusion Criteria

PE was defined according to the contemporaneous Society of Obstetricians and Gy-
naecologists of Canada criteria, including hypertension (blood pressure ≥140/90 mmHg,
on at least two occasions >15 min apart after 20 weeks’ gestation) with new proteinuria
(≥0.3 g/day by 24 h urine collection, ≥30 mg/mmol by protein:creatinine ratio, or ≥1+
by urinary dipstick) or one or more adverse conditions (e.g., headache/visual symptoms,
chest pain/dyspnea, nausea or vomiting, right upper quadrant pain, elevated WBC count)
or one or more severe complications (e.g., eclampsia, uncontrolled severe hypertension,
platelet count <50 × 109/L, acute kidney injury) [31]. Women with chronic hypertension,
known CVD prior to pregnancy, known kidney disease prior to pregnancy, or diabetes
(type I, type II, gestational) were excluded. Small-for-gestational age (SGA) status was used
as a proxy for fetal growth restriction and was defined conservatively as infant birth weight
<5th percentile for gestational age at delivery and sex [32]. Clinical data, including medical
and family history, pregnancy outcome, and postpartum cardiovascular health results,
were collected by chart review following 6 months postpartum cardiovascular screening.

2.4. Placenta Pathology

For study participants in Ottawa, placentas were collected at the time of delivery
and sent to the Pathology department. Trimmed placental weight was recorded, and
gross pathology was recorded by an experienced pathology assistant. Four full-thickness
tissue biopsies were randomly excised from each quadrant of the placenta, between the
cord insertion site and the placental margins. Areas of visible pathology were sampled
separately and not used for the full-thickness sections. Tissue was fixed in 4% neutral
buffered formalin and paraffin-embedded. Following sectioning (5 μm), the tissue was
stained with hematoxylin and eosin (H&E) using standard protocol [33] and stored for
examination. In Kingston, archived H&E-stained tissue slides (4–5 slides/participant) were
accessed from the Pathology archives for each participant. Sampling procedures were
similar to those followed in Ottawa in that full-thickness biopsies were excised from each
quadrant of the placenta, between the margin and cord insertion site.

At both study sites, trimmed placenta weight and gross pathology were collected from
the accompanying placental pathology reports. A single, experienced placental pathologist
examined the stained slides from all study participants, blinded to all clinical information
apart from gestational age at delivery. Placental lesions were evaluated according to a
standardized placental pathology data collection form, with pre-specified severity criteria
derived from clinical practice guidelines and published literature [34]. Within the eval-
uation scheme, each lesion has a severity score to achieve a quantitative output for the
severity of pathology. Lesions were either given a binary score of 0 (absent) or 1 (present) or
a graded score according to a linear scale (i.e., 0 = absent, 1 = focal, 2 = patchy, 3 = diffuse).
Individual lesions are grouped according to broad etiological categories, with a maximum
severity score calculated for each category. Lesion categories and maximum severity score
for each category are as follows: MVM (max score 14), implantation site abnormalities (max
score 4), histological chorioamnionitis (max score 11), placental villous maldevelopment
(max score 5), fetal vascular malperfusion (max score 6), maternal-fetal interface distur-
bance (max score 5), and chronic inflammation (max score 6). Gross anatomy (e.g., placental
weight, umbilical cord length) was obtained from the corresponding historical placental
pathology reports, in addition to several microscopic lesions (e.g., placental infarction,
chronic deciduitis), as the tissue biopsies were collected from areas that appeared grossly
normal and only included villous parenchyma (i.e., maternal decidua was not sampled).
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2.5. Cardiovascular Risk Assessment

At 6 months postpartum, all women underwent physical and biochemical CVR screen-
ing in the Maternal Health Clinic (Kingston General Hospital) or at the Ottawa Hospital
(Ottawa) according to published protocol [29]. A full medical history was taken and in-
cluded information on family history, breastfeeding, and lifestyle such as smoking status
and alcohol intake. A physical examination, specifically focusing on cardiovascular-related
clinical predictors, was performed and collected information on weight, height, and blood
pressure. A maternal blood sample was collected, and total cholesterol, LDL cholesterol,
HDL cholesterol, triglycerides, glucose, and high sensitivity C-reactive protein were quan-
tified for each participant. Physical and biochemical CVR findings were integrated to
calculate a lifetime risk score for CVD, according to the previously published protocol [29].
Calculations for lifetime cardiovascular risk are based on the following risk factors: total
cholesterol, systolic blood pressure, diastolic blood pressure, use of anti-hypertensive medi-
cation(s), fasting blood glucose, diagnosis of diabetes, and current smoking status. Risk
stratification for each risk factor was based on predetermined measurement thresholds
(optimal, not optimal, elevated, major). Lifetime cardiovascular risk estimates are also
categorical and based on the total number of optimal, not optimal, elevated, and major
risk factors of each individual (8%, all risk factors are optimal; 27%, ≥1 risk factor is not
optimal; 39%, ≥1 risk factor is elevated; 39%, 1 risk factor is major; 50%, ≥2 risk factors are
major). Lifetime cardiovascular risk estimates were simplified to categorize the women as
low risk (<39% risk) or high risk (≥39% risk) for lifetime CVD. This threshold corresponds
to the baseline lifetime CVD risk attributed to healthy women enrolled in the Framingham
Heart Study [35].

2.6. Statistical Analysis

Data were analyzed using SPSS 26.0 (SPSS Inc., Chicago, IL, USA). Descriptive data
were expressed as means and standard deviations for normally distributed data or medians
with interquartile ranges for non-normally distributed data. Chi-square tests were used for
the comparison of categorical variables, while Student’s t-test or Mann–Whitney U-tests
were used for continuous variables. Placental lesions (frequencies and severity scores)
were compared between the low CVD risk and high CVD risk groups. The association
between individual placental lesions and lifetime CVD risk was assessed using odds ratios
(OR) with 95% confidence intervals. Multivariable logistic regression was used to develop
prediction models for lifetime CVD risk with placental data alone or in combination with
clinical data. The performance of the models was assessed using area under the receiver
operator characteristic (AUC ROC) curve analysis. Statistical significance was defined as
p < 0.05.

3. Results

3.1. Clinical Characteristics

A total of 85 women were included in this study (35 from Ottawa and 50 from
Kingston). The clinical characteristics of the participants, as a combined cohort and by each
study site, are shown in Tables 1 and 2. The demographic characteristics of the women
between the two study sites were not significantly different, apart from maternal age
and pre-pregnancy BMI. Although the average age of women in Kingston was 2 years
younger than the women in Ottawa (p = 0.015), the mean age of participants at both sites
was <34 years (31.9 ± 6.0 vs. 33.9 ± 5.6), and this was not deemed to be of high clinical
relevance. Although women in Ottawa had significantly higher pre-pregnancy BMIs than
women in Kingston (p = 0.024), the gestational weight gain for the index pregnancy was
similar between the two sites (13.2 ± 7.1 vs. 14.6 ± 7.1, p = 0.393).
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Table 1. Maternal characteristics of the study participants as a combined cohort and by individual
study site.

Combined
(n = 85)

Ottawa
(n = 35)

Kingston
(n = 50)

p-Value §

(t-Test, KW, X2)

Maternal Characteristics

Maternal age at delivery (y) 31.9 ± 6.0 33.9 ± 5.6 30.7 ± 5.9 0.015
Postsecondary education (%) 74 (88.1) a 31 (91.2) a 43 (86.0) 0.520
Married or common law 80 (95.2) a 35 (100) 45 (91.8) a 0.137
Nulliparous (%) 59 (69.4) 22 (62.9) 37 (74.0) 0.341
Pre-pregnancy BMI 24.5 (22.1, 31.0) 28.2 (23.0, 35.5) 24.4 (21.9, 28.5) 0.024
Smoking (%) 6 (7.1) 1 (2.9) 5 (10.0) 0.393
Previous history of HDPs (%) 11 (12.9) 7 (20.0) 4 (8.0) 0.187
Family history of CVD * (%) 44 (52.4) a 16 (47.1) a 28 (56.0) 0.506

Family history of PE (%) 12 (15.0)
(n = 80)

6 (20.0)
(n = 30) 6 (12.0) 0.520

Data presented as mean ± SD, median (IQR) or n (%). BMI: body mass index; CVD: cardiovascular disease;
HDP: hypertensive disorders of pregnancy; IQR: interquartile range; PE: preeclampsia; SD: standard deviation.
§ Comparison between participants in Ottawa and Kingston. * Includes coronary artery disease and cerebral
vascular disease. a Data missing for one participant.

Table 2. Delivery and postpartum characteristics of the study participants as a combined cohort and
by individual study site.

Combined
(n = 85)

Ottawa
(n = 35)

Kingston
(n = 50)

p-Value §

(t-Test, KW, X2)

At delivery

Systolic BP *(mmHg) 152 ± 25 136 ± 17 164 ± 22 <0.0001
Diastolic BP *(mmHg) 93 ± 13 85 ± 10 98 ± 13 <0.0001
Antihypertensive medication ** (%) 38 (44.7) 28 (80.0) 6 (12.0) <0.0001
Pregnancy weight gain (kg) 14.0 ± 7.1 13.2 ± 7.1 14.6 ± 7.1 0.393
Gestational age delivery 36.0 (32.2, 38.0) 37.5 (34.4, 39.4) 34.0 (31.0, 38.0) <0.001
Delivery before 37 weeks gestation (%) 48 (56.5) 11 (31.4) 37 (74.0) <0.001
Cesarean section (%) 44 (51.8) 14 (40.0) 30 (60.0) 0.081
Female infant (%) 42 (49.4) 13 (37.1) 29 (58.0) 0.078
Birth weight (g) 2200 (1495, 3098) 2655 (2075, 3280) 1920 (1285, 2351) 0.0003
Small for gestational age (<5th
percentile) 15 (17.6) 5 (14.3) 10 (20.0) 0.573

Admission to NICU (%) 59 (69.4) 15 (42.9) 44 (88.0) <0.001
Placental weight (g) 334 (274, 443) 382 (326, 516) 312 (236, 431) 0.057

At 6 months postpartum

Systolic BP (mmHg) 119 ± 18 116 ± 23 121 ± 13 0.164
Diastolic BP (mmHg) 81 ± 10 78 ± 9 82 ± 10 0.081
Antihypertensive medication use (%) 13 (15.3) 5 (14.3) 8 (16.0) 1.00
Breastfeeding (%) 44 (52.4) 22 (64.7) 22 (44.0) 0.077
Total cholesterol 4.8 ± 1.0 4.9 ± 1.0 4.7 ± 1.0 0.292
Fasting glucose 4.8 ± 0.5 4.7 ± 0.5 4.8 ± 0.5 0.397
HDL 1.5 ± 0.4 1.5 ± 0.4 1.5 ± 0.4 0.541
LDL 2.8 (2.2, 3.4) 3.0 (2.2, 3.5) 2.6 (2.1, 3.3) 0.231
hsCRP 2.6 (1.0, 7.4) 2.6 (0.9, 8.4) 2.0 (0.98, 5.9) 0.443
Triglycerides 0.98 (0.67, 1.69) 0.98 (0.72, 1.88) 0.96 (0.65, 1.60) 0.500
Screen high-risk for lifetime CVD (%) 53 (62.4) 18 (51.4) 35 (70.0) 0.112

Data presented as mean ± SD, median (IQR) or n (%). BP: blood pressure; hsCRP: high sensitivity C-reactive
protein; CVD: cardiovascular disease; HDL: high density lipoprotein; IQR: interquartile range; LDL: low density
lipoprotein; NICU: neonatal intensive care unit; PE: preeclampsia; SD: standard deviation. § Comparison
between participants in Ottawa and Kingston. * Highest BP measurement following admission before delivery.
** Medication started during index pregnancy or postpartum prior to discharge from hospital.
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As for pregnancy outcomes, women in Kingston had significantly higher blood pres-
sures at delivery, increased use of anti-hypertensive medication in pregnancy, and delivered
at earlier gestational ages compared to women in Ottawa (34.0 (31.0, 38.0) weeks vs. 37.5
(34.4, 39.4), p < 0.0001) and had more SGA infants compared with women in Ottawa. At 6
months postpartum, there were no significant differences in cardiometabolic parameters
between the participants at the study sites. Of the 85 women included in the analysis, 53
(62.4%) women screened high-risk for lifetime CVD at 6 months postpartum.

3.2. Histopathology Findings in Low- and High-Risk Women

The frequency of placenta lesions between women who screened as low- and high-risk
for lifetime CVD are shown in Table 3. A total of 5 placentas (15.6%) in the low-risk group
and 6 placentas (11.3%) in the high-risk group had no observed pathology (p = 0.74). The
mean cumulative severity score (sum of scores for all categories) for the low-risk group
was 3.1 ± 2.2 and 3.6 ± 2.4 for the high-risk group (p = 0.374). By etiological category,
women who screened as high-risk for lifetime CVD had placentas with more severe lesions
of MVM (score ≥ 2: 54.7% vs. 28.1%, p = 0.017); however, the frequency of individual
lesions belonging to the MVM category was not found to be significantly different between
the groups. There were no differences in the frequencies of placental lesions between high
and low-risk groups when stratified by individual study site (data not shown).

Table 3. Frequency of placental lesions by cardiovascular risk group.

Placental Lesion
High CVD Risk

(n = 53)
Low CVD Risk

(n = 32)
p-Value

(Pearson X2)

Evidence of maternal vascular malperfusion

Placental infarction 16 (30.2) 7 (21.9) 0.403
Distal villous hypoplasia 15 (28.3) 8 (25.0) 0.740
Accelerated villous maturation 31 (58.5) 12 (37.5) 0.061
Syncytial knots 34 (64.2) 17 (53.1) 0.315
Perivillous fibrin deposition 5 (9.4) 6 (18.8) 0.215
Villous agglutination 7 (13.2) 1 (3.1) 0.123
Presence of retroplacental hematoma 0 (0) 2 (6.3) 0.066
MVM Score of 0 8 (15.1) 9 (28.1) 0.146
MVM Score 2 or more 29 (54.7) 9 (28.1) 0.017

Evidence of maternal decidual arteriopathy

Insufficient vessel remodeling 7 (13.2) 2 (6.3) 0.312
Fibrinoid necrosis 4 (7.5) 2 (6.3) 0.821
Decidual arteriopathy present 9 (17.0) 3 (10.3) 0.416

Evidence of ascending intrauterine infection

Maternal inflammatory response 2 (3.8) 4 (4.7) 0.128
Fetal inflammatory response 2 (3.8) 2 (6.3) 0.601
Ascending intrauterine infection present 3 (5.7) 5 (15.6) 0.127

Evidence of placenta villous maldevelopment

Chorangiosis 0 (0) 0 (0) –
Chorangiomas 0 (0) 0 (0) –
Delayed villous maturation 1 (1.9) 2 (6.3) 0.291

Evidence of fetal vascular malperfusion

Avascular fibrotic villi 2 (3.8) 0 (0) 0.266
Thrombosis 1 (1.9) 1 (3.1) 0.715
Intramural fibrin deposition 0 (0) 3 (9.4) 0.023
Karyorrhexis 0 (0) 0 (0) –
High-grade fetal vascular malperfusion 2 (3.8) 0 (0) 0.266
Fetal vascular malperfusion present 4 (7.5) 5 (15.6) 0.241

10



J. Clin. Med. 2022, 11, 1576

Table 3. Cont.

Placental Lesion
High CVD Risk

(n = 53)
Low CVD Risk

(n = 32)
p-Value

(Pearson X2)

Fibrinoid

Massive Perivillous fibrin deposition pattern 1 (1.9) 0 (0) 0.434
Maternal floor infarction pattern 0 (0) 0 (0) –

Intervillous thrombi

Intervillous thrombi 5 (9.4) 1 (3.1) 0.271

Evidence of chronic inflammation

Villitis of unknown etiology 5 (9.4) 3 (9.4) 0.993
Chronic intervillositis 0 (0) 0 (0) –
Chronic plasma cell deciduitis 5 (9.4) 3 (9.4) 0.993
Chronic inflammation present 7 (13.2) 6 (18.8) 0.492

Data presented as n (%). MVM: maternal vascular malperfusion.

3.3. Association of Placental Lesions and CVD Risk

Individually, no placental lesions were found to be significantly associated with high-
risk CVD screening at 6 months postpartum. However, PE women with lesions of MVM
with a severity score of 2 or more were more likely to screen high-risk for lifetime CVD
than PE women without severe MVM lesions (severity score <2) (OR 3.10 (1.20–7.92)). Clin-
ical data in the absence of placenta pathology findings (maternal age, gestational weight
gain, blood pressure at delivery, gestational age at delivery) was moderately predictive
of high-risk screening at 6 months postpartum AUC 0.68 (0.55, 0.81); sensitivity: 86.5%
(74.7, 93.3); specificity: 29.0% (16.1, 46.6)) (Figure 1a). Severity of MVM lesions alone (score
2 or more) was similarly predictive of high-risk screening at 6 months postpartum (AUC
0.63 (0.51, 0.75); sensitivity: 71.8% (54.6, 84.4); specificity: 54.7% (41.5, 67.3)) (Figure 1b).
However, when clinical data and MVM lesion severity were combined, the model’s predic-
tive performance improved (AUC 0.73 (0.62, 0.84) sensitivity 78.4% (65.4, 87.5); specificity
51.6% (34.8, 68.0)) (Figure 1c).

 

(a) (b) (c)

AUC 0.68 (0.55, 0.81) AUC 0.63 (0.51, 0.75) AUC 0.73 (0.62, 0.84)

Figure 1. Area under the receiver operator characteristic curves for the prediction of screening high-
risk for lifetime cardiovascular disease at 6 months postpartum by (a) maternal age, gestational weight
gain, blood pressure at delivery, and gestational age at delivery, (b) maternal vascular malperfusion
severity score, and (c) maternal vascular malperfusion severity score, maternal age, gestational weight
gain, blood pressure at delivery, and gestational age at delivery.
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4. Discussion

4.1. Main Findings

In this study, we observed an increase in placental histopathological lesions in women
who screened high risk for lifetime CVD at 6 months postpartum following a PE pregnancy.
Specifically, high-risk women had more severe lesions of MVM, the placental pathology
traditionally associated with PE. MVM lesions with a severity score >2 resulted in a
3-fold increased risk of screening high risk for lifetime CVD at 6 months postpartum.
The cumulative severity of MVM lesions was important in this association, suggesting
that there may be critical thresholds of placental damage that reflect increased lifetime
cardiovascular risk.

4.2. Interpretation

Previous studies have demonstrated an association between placental pathology
and increased postpartum maternal cardiovascular health risk [21–26]. One study found
that in normotensive women who experienced placental abruption during pregnancy,
CVRs were significantly altered 6–9 months postpartum compared to women without
uncomplicated pregnancies [25]. Lesions of maternal vascular maldevelopment (defined
as mural hyperplasia, unaltered decidual vessels, and decidual atherosis) are associated
with maternal hypertension 7 to 15 years after pregnancy [36]. Catov et al. reported that in
normotensive women who delivered preterm without fetal growth restriction, those who
had placental lesions of MVM and inflammation had significantly elevated atherogenic
profiles assessed 4–12 years after delivery [21]. Our findings are in line with this study in
which the cumulative severity of placental lesions may be important for identifying women
at the highest cardiovascular risk following pregnancy. Together with our current findings,
significant placental pathology may be indicative of a greater risk for CVD postpartum.

The mechanisms linking PE and postpartum maternal cardiovascular risk have yet
to be fully elucidated. The most commonly held hypothesis to explain this link proposes
that pre-pregnancy maternal CVRs, including both clinically diagnosed and subclinical
risk factors, may contribute to the development of PE, including abnormal placental de-
velopment, and predispose women to CVD after pregnancy. Placentation requires the
invasion of fetal trophoblast cells into the maternal decidua, resulting in the conversion
of the maternal uterine spiral arteries to high capacity, venous-like conduits to increase
blood flow into the uteroplacental unit to support fetal growth and development [37].
This physiological remodeling of the uterine spiral arteries is known to be defective in PE,
and the two-stage model of pathogenesis proposes that this failed remodeling leads to
placental ischemia, oxidative stress, and placental dysfunction, which stimulates the release
of angiogenic factors, pro-inflammatory cytokines, syncytiotrophoblast vesicles, and other
factors from the placenta [1]. These processes result in characteristic histopathological
lesions observed in placentas from pregnancies complicated by PE, particularly lesions of
MVM [38]. Placenta-derived circulating factors interact with the maternal endothelium
at the systemic level, leading to the end-organ dysfunction observed in the clinical mani-
festation of the disorder. The maternal environment, including subclinical CVRs common
to PE and CVD, may directly contribute to impaired trophoblast invasion and defective
spiral artery conversion and its downstream effects. Dyslipidemia, including elevated
pre-pregnancy levels of serum triglycerides, cholesterol, LDL, and non-HDL cholesterol,
have been associated with increased risk of developing PE and are known contributors
to CVD [39]. Studies have shown that lipids modulate human trophoblast invasion, and
alterations in maternal lipid profiles could potentially contribute to abnormal trophoblast
invasion and spiral artery remodeling [40,41]. Systemic (often subclinical) inflammation,
common in obesity and other cardiometabolic conditions, may also play a role in limited
trophoblast invasion and spiral artery conversion during placentation in PE [42,43]. Pro-
inflammatory cytokines are known to inhibit trophoblast invasion by increasing apoptosis
and decreasing proliferation [44]. Cytokine imbalance prior to pregnancy may alter the
maternal inflammatory milieu over and above the physiological immune/inflammatory
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changes that occur in pregnancy; however, exactly how this imbalance contributes to altered
placentation is unknown.

PE and placental dysfunction, reflected as MVM lesions in the placenta, may also cause
lasting damage to the maternal cardiovascular system that results in altered cardiovascular
health trajectories. Circulating levels of inflammatory cytokines such as tumor necrosis
factor-a (TNF-a) and interleukin-6 (IL-6) are elevated in PE and interfere with the maternal
endothelium to produce systemic endothelial dysfunction. Women diagnosed with PE
have been found to have chronically altered circulating levels of these cytokines >20 years
after pregnancy, suggesting that PE may program the maternal cardiovasculature such
that there is persistent cardiovascular dysregulation, precipitating CVD in later life [45].
Other maternal cardiometabolic pathways, including the renin–angiotensin system, may
also contribute to abnormal placentation and reduced uteroplacental exchange, the two
main features of PE [46]. While yet to be fully elucidated, dysregulation of these cardio-
regulatory pathways in the mother after pregnancy may contribute to the increased risk
for CVD after PE [47]. Additionally, anti-angiogenic imbalance in the maternal circulation,
including elevated soluble Fms-like tyrosine kinase-1 (sFlt-1) and reduced placental growth
factor (PlGF), may contribute to lasting cardiovascular dysfunction after PE. Alternations
in circulating angiogenic factors during pregnancy are associated with cardiovascular
changes, including increased blood pressure 6 to 12 years after pregnancy [48,49]. Although
angiogenic factor levels significantly drop following delivery, a recent study suggests
that angiogenic imbalance may be persistent in the postpartum period [50]. While the
mechanisms of angiogenic factors on cardiovascular health are not fully known, sFlt-1 and
PlGF have been shown to influence vasodilatory function in preclinical models [51,52].

It is plausible that a combination of the pre-pregnancy maternal environment and
persistent alterations to the maternal cardiovascular system from placental dysfunction
contributes to future CVD risk. Placental pathology, particularly lesions of MVM, may
reflect both abnormalities in the maternal milieu as well as the significant cardiovascular
burden from abnormal placentation, thereby identifying patients at particularly increased
risk of postpartum CVD. As such, placental lesions identified at the time of delivery could
provide a modality to triage PE women for cardiovascular health screening postpartum.
Future studies are required to confirm the utility of placental pathology in this capacity; it
may offer a unique opportunity to extend the clinical benefits of the placenta pathology
exam while targeting postpartum resource-intensive cardiovascular screening to the most
vulnerable patients.

4.3. Strengths and Limitations

The limitations of our study need to be considered. First, we did observe a significant
difference in several important pregnancy parameters between our study sites, includ-
ing blood pressure at delivery, anti-hypertensive use at delivery, and gestational age at
delivery—indicative of a more severe form of maternal disease in our Kingston cohort. We
believe these differences are likely the result of sampling bias introduced by the different
study designs used across the two sites. In Kingston, a retrospective analysis was per-
formed on placentas originally submitted to pathology based on the clinical judgment of
the treating physician. Despite a PE diagnosis being identified as an indicator for placenta
pathology submission, only 53% of placentas were submitted for evaluation at this site
during the study period (unpublished internal audit data), in line with previous literature
on the topic of suboptimal placenta pathology submission practices [53]. On the other
hand, a prospective study design was employed at the Ottawa site, with 100% placen-
tal pathology submission for recruited PE study participants, irrespective of the severity
of their clinical characteristics. As cardiovascular parameters were similar between our
cohorts at the 6-month postpartum clinic visit, we do not feel these delivery parameters
influenced our findings. Due to our small sample size, we may be underpowered to detect
differences between low and high-risk groups for less common pathology, such as chronic
inflammation. However, for MVM lesions, we found that a sample size of 48 was needed
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to detect differences between MVM scores greater than 2 within the high- and low-risk
groups at the confidence level of 95% and power of 80%. Confirming our results in an
adequately powered prospective study may identify a predictive combination of placental
lesions that robustly identifies high-priority women for postpartum CVD screening at the
time of delivery. Our study is strengthened by the standardized placental evaluations we
conducted using our evidence-based synoptic data collection [34]. Variability in placenta
pathology examination is a known challenge, and the use of this synoptic collection form
ensures each placenta was evaluated in a reproducible manner. Moreover, our cohort study
design reflects routine clinical practice in which only placentas from complicated pregnan-
cies are submitted for histopathological examination. While placentas from uncomplicated
pregnancies exhibit placental lesions with varying degrees of prevalence and severity [54],
these placentas are not routinely sent for examination and the use of placental pathology in
this population is limited.

5. Conclusions

Women with PE and severe lesions of MVM are more likely to screen as high-risk for
lifetime CVD at 6 months postpartum compared to women without these lesions. Placenta
pathology may provide a unique modality to identify women for postpartum cardiovas-
cular screening. Triaging at the time of delivery would allow for targeted screening and
resource allocation to the truly at-risk PE women.
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Abstract: Fetal growth restriction (FGR), when undetected antenatally, is the biggest risk factor for
preventable stillbirth. Maternal circulating SPINT1 is reduced in pregnancies, which ultimately
deliver small for gestational age (SGA) infants at term (birthweight < 10th centile), compared to
appropriate for gestational age (AGA) infants (birthweight ≥ 10th centile). SPINT1 is also reduced
in FGR diagnosed before 34 weeks’ gestation. We hypothesised that circulating SPINT1 would be
decreased in co-existing preterm preeclampsia and FGR. Plasma SPINT1 was measured in samples
obtained from two double-blind, randomised therapeutic trials. In the Preeclampsia Intervention with
Esomeprazole trial, circulating SPINT1 was decreased in women with preeclampsia who delivered
SGA infants (n = 75, median = 18,857 pg/mL, IQR 10,782–29,890 pg/mL, p < 0.0001), relative to those
delivering AGA (n = 22, median = 40,168 pg/mL, IQR 22,342–75,172 pg/mL). This was confirmed in
the Preeclampsia Intervention 2 with metformin trial where levels of SPINT1 in maternal circulation
were reduced in SGA pregnancies (n = 95, median = 57,764 pg/mL, IQR 42,212–91,356 pg/mL,
p < 0.0001) compared to AGA controls (n = 40, median = 107,062 pg/mL, IQR 70,183–176,532 pg/mL).
Placental Growth Factor (PlGF) and sFlt-1 were also measured. PlGF was significantly reduced in the
SGA pregnancies, while ratios of sFlt-1/SPINT1 and sFlt1/PlGF were significantly increased. This
is the first study to demonstrate significantly reduced SPINT1 in co-existing FGR and preeclamptic
pregnancies.

Keywords: fetal growth restriction (FGR); intra-uterine growth restriction (IUGR); preeclampsia;
SPINT1; HAI-1; stillbirth; placental insufficiency

1. Introduction

Fetal Growth Restriction (FGR), particularly when undetected antenatally, is the single
largest risk factor for preventable stillbirth in singleton pregnancies without congenital
abnormalities [1]. Despite this, the current means of detecting FGR are inadequate [2],
leaving many pregnancies vulnerable to the increased risk of perinatal morbidity and
mortality associated with FGR. In many cases, FGR arises due to placental insufficiency,
whereby a suboptimal placenta fails to sustain fetal growth. Since placental insufficiency is
also implicated in preeclampsia, these pregnancy complications often occur in tandem, as
the poorly perfused placenta struggles to maintain the pregnancy with advancing gestation.
Identifying biomarkers of placental insufficiency to facilitate improved diagnosis of FGR is
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therefore of great interest. The current clinical approach is to detect small for gestational age
(SGA) fetuses (birthweight < 10th centile), which will likely include most growth-restricted
infants and some constitutionally, but not pathologically, small infants.

Serine protease inhibitor, Kunitz type 1 (SPINT1, also known as HAI-1), is a biomarker
that we have shown to be deranged in the maternal circulation preceding a diagnosis of
SGA at term gestations [3]. Circulating SPINT1 levels were markedly decreased at 36 weeks’
gestation in those women who ultimately delivered an SGA infant, relative to appropriate
for gestational age (AGA) counterparts with birthweights >10th centile. Importantly, in
addition to being reduced in the maternal circulation, our prior report demonstrated that
reduced circulating SPINT1 is associated with key indicators of placental insufficiency.
It is most significantly reduced in the circulation of women carrying the smallest babies
(birthweight < 3rd centile) and is associated with increased vascular resistance in the
uterine artery and reduced placental weight and neonatal body mass index. While marked
changes in SPINT1 are apparent close to term gestations, we have also identified reduced
circulating levels in pregnancies carrying fetuses destined to deliver SGA infants as early
as 24–26 weeks’ gestation [4].

Both preeclampsia and poor fetal growth (indicated by an SGA infant) are believed
to originate from placental insufficiency. SPINT1 is a highly expressed placental protein,
expressed largely on placental cytotrophoblast cell surfaces [5], which has been demon-
strated in murine models to be critical to placentation through its inhibition of its peptide
substrates, matriptase and prostasin [6,7]. These results were also recently confirmed in
a porcine model [8]. Although our prior work demonstrates reductions in SPINT1 are
associated with poor fetal growth, no studies have found its expression to be deranged
in preeclampsia.

It was therefore hypothesised that SPINT1 perturbations associated with FGR might
also be observed in those with a primary diagnosis of preeclampsia. If confirmed, it
means that it could be a biomarker of FGR even among women with preeclampsia. At the
biological level it would imply FGR in preeclampsia has a distinct molecular pathogenesis
to preeclampsia without FGR. In this study, we therefore measured circulating SPINT1
protein levels in women with pregnancies complicated by preterm preeclampsia, to assess
whether SPINT1 was differentially expressed among those with and without an SGA infant
at birth.

2. Materials and Methods

Blood samples from two clinical trials testing novel therapeutics for preeclampsia, pro-
vided a unique opportunity to examine SPINT1 in women with concomitant preeclampsia
and FGR, as indicated by delivery of a small for gestational age (SGA) infant. Both trials
included women with early-onset preeclampsia who had varying degrees of disease sever-
ity. As such, this study was able to assess whether, in the context of placental insufficiency
manifesting as preterm preeclampsia, SPINT1 is still decreased in pregnancies complicated
by growth restriction as previously established. Both trials assessed prolongation of preg-
nancy following randomisation and collected maternal plasma samples at randomisation
and twice weekly until delivery.

2.1. PIE Trial

The Preeclampsia Intervention with Esomeprazole (PIE) trial was a randomised,
double-blind, placebo-controlled clinical trial assessing esomeprazole as a treatment of
preterm preeclampsia in women undergoing expectant management. Women with preterm
preeclampsia, diagnosed between 26 + 0– and 31 + 6–weeks’ gestation, were randomised
to a daily 40 mg dose of either esomeprazole or placebo. Specific eligibility and exclusion
criteria have previously been described in detail [9,10]. Participant characteristics are
detailed in Supplementary Table S1. This study had ethical approval from Stellenbosch
University Health Research Ethics Committee (M14/09/038, Federal Wide Assurance
Number (FWAN) 00001372, Institutional Review Board (IRB) number 0005239).
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2.2. PI-2 Trial

The Preeclampsia Intervention 2 (PI-2) trial was a randomised, double-blind, placebo-
controlled trial of metformin to treat preterm preeclampsia in women undergoing expec-
tant management. Women with preterm preeclampsia, diagnosed between 26 + 0– and
31 + 6–weeks’ gestation, were randomised to 3 g of either metformin or an identical placebo,
administered in divided daily doses. Specific eligibility and exclusion criteria have previ-
ously been described in detail [11,12]. Patient characteristics are detailed in Supplementary
Table S2. The trial had ethical approval from Stellenbosch University Health Research
Ethics Committee (M16/09/037, FWAN00001372, IRB0005239).

2.3. Classification of Samples

Plasma samples were classified as either Appropriate for Gestational Age (AGA) or
SGA according to customised infant birthweight centile above or below the 10th centile (re-
spectively), determined post-partum using the Gestation-Related Optimal Weight (GROW)
Bulk Centile calculator (v8.0.4, 2019).

2.4. Measurement of Plasma Protein Levels

SPINT1 protein levels in maternal plasma samples were ascertained using a SPINT1
ELISA kit (Sigma-Aldrich, St. Louis, MO, USA), following the manufacturer’s specifica-
tions. A dilution of 1:5 was deemed optimal and used for both cohorts. Plasma placental
growth factor (PlGF) and soluble FMS-like tyrosine kinase-1 (sFlt-1) was measured using a
commercial electrochemiluminescence immunoassay platform (Roche Diagnostics).

2.5. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9 (GraphPad Software,
Inc., San Diego, CA, USA), with all data first assessed for Gaussian distribution and
subsequently analysed using appropriate statistical tests. No data points were excluded as
outliers. Maternal characteristics and birth-outcome data (Supplementary Tables S1 and S2)
of FGR pregnancies relative to AGA “controls” were compared using Mann–Whitney U,
unpaired t-, Fisher’s exact, or Chi square tests. For linear regression analysis, the natural
logarithm of each biomarker value (lnSPINT1 or lnPlGF) was used for fitting. For all
biomarker data, when two groups were compared, a Mann–Whiney U-test was used. For
more than two groups (i.e., >10th v. 3rd–10th v. <3rd), a Kruskal–Wallis test was used and
post-hoc analyses ascertained by Dunn’s multiple comparisons test.

3. Results

3.1. Circulating SPINT1 Is Reduced in Women with Preterm Preeclampsia Complicated by
SGA–PIE Trial

SPINT1 levels were first measured in all samples to determine the effect of esomepra-
zole treatment on the concentration of circulating SPINT1 (Figure 1a). Compared to
placebo-treated participants, women in the esomeprazole group did not have significantly
altered SPINT1 levels. Therefore, we utilised all available samples from trial participants
(n = 97 of a total 120 participants), regardless of the treatment received, for further analyses
of SPINT1, sFlt-1, and PlGF. Having selected the samples collected closest to delivery, the
median gestation at sampling across all samples was 29 + 3 weeks (Table S1). In preeclamp-
sia cases who delivered an SGA infant, the gestation at delivery and the interval between
sampling and delivery were significantly decreased with a median value of 219 days
(IQR 204–230 days, p < 0.01) and 14 days (IQR 6–21 days, p < 0.05), respectively, compared
to 236 days (IQR 215–239 days) and 20 days (IQR 12–33 days) in preeclamptic patients
delivering an AGA infant (Table S1).
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Figure 1. Circulating SPINT1 levels relative to infant birthweight centile in preeclamptic patients
(PIE trial samples). (a) Esomeprazole intervention (n = 47) had no significant influence (p = 0.63)
on SPINT1 levels compared to placebo (n = 50); (b) SPINT1 levels were decreased in small for
gestational age (SGA) pregnancies (n = 75), relative to appropriate for gestational age (AGA) controls
(n = 22); (c) this difference was most marked in severe SGA (birthweight <3rd centile, n = 59), with no
significant decrease in moderately SGA pregnancies (birthweight centile 3rd–10th, n = 16) relative to
AGA controls (birthweight ≥ 10th centile, n = 22); (d) lnSPINT1 levels also increased with higher
birthweight centile (r2 = 0.1117, p = 0.0008); (e) PlGF levels were significantly decreased in severe
(n = 59) and moderately (n = 16) SGA pregnancies, again most markedly in severe cases, relative to
AGA controls (n = 22); (f) lnPlGF levels increased with birthweight centile (r2 = 0.2424, p < 0.0001).
Each data point represents a single patient; n = 97 total, * p < 0.05, **** p < 0.0001.

In the PIE cohort, SPINT1 levels were significantly decreased in preeclamptic pa-
tients who subsequently delivered an SGA infant (Figure 1b, n = 75) with a median
SPINT1 concentration of 18,857 pg/mL (IQR 10,782–29,890 pg/mL, p < 0.0001), relative to
preeclamptic participants who delivered an AGA infant (n = 22, median = 40,168 pg/mL,
IQR 22,342–75,172 pg/mL). Our previous study confirmed that circulating SPINT1 at
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36 weeks’ gestation was most deranged in women with infants who ultimately had a birth-
weight <3rd centile [3], so we next divided the <10th centile group into those <3rd centile
(n = 59) and those between 3rd and 10th centiles (n = 16). In doing so, we found that the
change in SPINT1 associated with SGA pregnancies was driven by the most severe cases
of growth restriction (those SGA infants with a birthweight <3rd centile). In these severe
instances of SGA (Figure 1c), SPINT1 was significantly reduced with a median SPINT1
concentration of 14,516 pg/mL (IQR 9967–27,627 pg/mL, p < 0.0001) relative to the AGA
group (median = 40,168 pg/mL, IQR 22,342–75,172 pg/mL), The SGA pregnancies deliv-
ering between 3rd and 10th birthweight centiles, however, were not accompanied by any
significant changes in SPINT1 (median = 26,416 pg/mL, IQR 17,911–36,975 pg/mL, p = 0.2).
The relationship between lnSPINT1 expression in maternal plasma and birthweight centile
was then assessed (Figure 1d), and a significant association was identified using linear
regression (r2 = 0.1117, p = 0.0008).

Having established these differences in SPINT1 levels, we next assessed Placental
Growth Factor (PlGF) in the same samples (Figure 1e). As expected, PlGF levels were signif-
icantly reduced, in both <3rd (median = 27.94 pg/mL, IQR 15.65–40.67 pg/mL, p < 0.0001)
and 3rd–10th samples (median = 39.47 pg/mL, IQR 20.42–93.51 pg/mL, p = 0.01) relative to
AGA controls (median = 121.7 pg/mL, IQR 57.67–214.1 pg/mL). The association between
PlGF and birthweight centile (Figure 1f) was also significant (r2 = 0.2424, p < 0.0001).

3.2. Validation That SPINT1 Is Reduced in Women with Preterm Preeclampsia Complicated by
SGA–PI-2 Trial

Given that circulating SPINT1 was significantly reduced in SGA pregnancies in PIE,
we next sought to validate this observation in the PI-2 cohort. We initially confirmed that
metformin did not significantly alter circulating SPINT1 relative to the placebo-treated
cohort (Figure 2a). This again allowed us to combine data from all available samples for
further analyses (n = 135 of 180 participants), with a median gestation of 34 + 1 weeks (AGA)
and 32 + 2 weeks (SGA; Table S2). In preeclampsia cases who delivered an SGA infant,
the gestation at delivery and interval between sampling and delivery was significantly
decreased, with a median value of 227 days (IQR 212–239 days, p < 0.0001) and 5 days
(IQR 3–7 days, p < 0.001), respectively, compared to 239 days (IQR 237–240 days) and 8 days
(IQR 6–11 days) in preeclamptic patients delivering an AGA infant (Table S2).

As observed in PIE, SPINT1 was significantly reduced in the plasma of preeclamptic
pregnancies complicated by SGA (n = 95, median = 57,764 pg/mL, IQR 42,212–91,356 pg/mL,
p < 0.0001), relative to those who delivered an AGA infant (n = 40, median = 107,062 pg/mL,
IQR 70,183–176,532 pg/mL, Figure 2b). Analysis of this second cohort reflected the
findings of PIE, with significantly decreased SPINT1 levels in only the most severely
growth-restricted pregnancies (<3rd birthweight centile; n = 77, median = 54,871 pg/mL,
IQR 42,037–78,771 pg/mL, Figure 2c, p < 0.0001) compared to AGA controls
(median = 107,062 pg/mL, IQR 70,183–176,532 pg/mL), whereas there was no significant
decrease in those pregnancies delivering an infant in the 3rd–10th birthweight centile
(n = 18, median = 84,542 pg/mL, IQR 41,280–118,013 pg/mL, p = 0.1). A similar association
between lnSPINT1 levels and birthweight centile, as seen in PIE, was also observed in PI-2
(Figure 2d, r2 = 0.1520, p < 0.0001). Absolute differences in SPINT1 between cohorts likely
reflect differences in assay kit batches associated with research-grade ELISAs. Importantly,
each cohort was run using ELISAs from the same manufactured batch.

Again, we also measured PlGF concentrations in the PI-2 samples. We found that
relative to AGA controls (median = 321.2 pg/mL, IQR 97.6–550.4 pg/mL), there was a
reduction in PlGF concentration in the 3rd–10th cohort (n = 18, median = 35.9 pg/mL,
IQR 17.4–228.0 pg/mL, p = 0.001) and the <3rd cohort (n = 77, median = 29.7 pg/mL, IQR
21.4–47.1 pg/mL, p < 0.0001). The association of lnPlGF concentration with birthweight
centile (Figure 2f) was also verified (r2 = 0.3822, p < 0.0001).
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Figure 2. Validation of circulating SPINT1 levels relative to infant birthweight centile in preeclamptic
patients (PI-2 trial samples). (a) Metformin intervention (n = 72) had no significant influence (p = 0.63)
on SPINT1 levels compared to placebo (n = 63); (b) SPINT1 levels were decreased in SGA pregnancies
(n = 95), relative to AGA (birthweight ≥ 10th centile) controls (n = 40); (c) this difference was most
marked in severe SGA (birthweight <3rd centile, n = 77), with no significant decrease in moderately
SGA pregnancies (birthweight centile 3rd–10th, n = 18) relative to controls (n = 40); (d) lnSPINT1
levels were increased with higher birthweight centile (r2 = 0.1520, p < 0.0001); (e) PlGF levels
were significantly decreased in severe (n = 77) and moderately (n = 18) SGA pregnancies, again
most markedly in severe cases, relative to AGA controls (n = 40); (f) lnPlGF levels increased with
birthweight centile (r2 = 0.3822, p < 0.0001). Each data point represents a single patient; n = 135 total,
** p < 0.01, **** p < 0.0001.

3.3. A Ratio of sFlt-1/SPINT1 to Identify Placental Insufficiency Manifesting as SGA Co-Exdisting
with Preterm Preeclampsia

sFlt-1 is an anti-angiogenic molecule that is highly elevated in preeclampsia [13].
A ratio of sFlt-1/PlGF offers an excellent rule-out test for patients who might develop
preeclampsia in the coming weeks as it has a high negative predictive value [14]. We as-
sessed whether sFlt-1/SPINT1 might differ in preterm preeclamptic pregnancies delivered
SGA. In PIE, the sFlt-1/SPINT1 ratio (Figure 3a) showed significant elevations in those
patients who ultimately delivered SGA, at both <3rd (n = 59, median = 1.4, IQR 0.44–2.54,
p < 0.0001) and 3rd–10th (n = 16, median = 0.82, IQR 0.28–1.39, p = 0.01) birthweight cen-
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tiles, relative to AGA controls (n = 22, median = 0.09, IQR 0.05–0.60). The most significant
changes were observed in the <3rd birthweight centile cohort. These results were mirrored
by the sFlt-1/PlGF ratio (Figure 3b; <3rd median = 655, IQR 456–1426, p < 0.0001; 3rd–10th
median = 524, IQR 98.9–1191, p = 0.006; control median = 37.3, IQR 11.5–278); however,
the sFlt-1/PlGF ratio demonstrated greater differentiation in the median values between
3rd–10th centile samples and controls (p = 0.006) than the sFlt-1/SPINT1 ratio (p = 0.01).

Figure 3. Association between sFlt-1 ratio and birthweight centile when substituting SPINT1 for
PlGF. (a) The ratio of sFlt-1 to SPINT1 in PIE samples increased stepwise with decreasing birthweight
centiles (<3rd n = 59; 3rd–10th n = 16; >10th n = 22); (b) the existing ratio of sFlt-1 to PlGF was also
elevated with decreasing birthweight centile; (c) the sFlt-1 and SPINT1 ratio was again increased
stepwise with SGA severity in the PI-2 samples (<3rd n = 77; 3rd–10th n = 18; >10th n = 40); (d) the
sFlt-1 and PlGF ratio was again also elevated in SGA. Each data point represents a single patient;
* p < 0.05, ** p < 0.01, **** p < 0.0001.

The analyses of the PI-2 study confirmed these changes, with the sFlt-1/SPINT1 ratio
(Figure 3c) being elevated in both <3rd (n = 77, median = 0.27, IQR 0.17–0.48, p < 0.0001) and
3rd–10th (n = 18, median = 0.06, IQR 0.04–0.20, p = 0.04) birthweight centile groups, compared
to AGA controls (n = 40, median = 0.02, IQR 0.01–0.05). The sFlt-1/PlGF ratio (Figure 3d) was
similarly increased, relative to AGA controls (median = 7.45, IQR 3.58–40.43), in 3rd–10th
(median = 316.3, IQR 9.59–1208, p = 0.001) and <3rd (median = 503.1, IQR 302.8–910.4,
p < 0.0001) groups. Again, there was greater differentiation between 3rd–10th centile sam-
ples and controls using the sFlt-1/PlGF ratio (p = 0.001), compared to the sFlt-1/SPINT1
ratio p = 0.04); although both ratios demonstrated significant elevations in both severe and
moderate SGA (indicated by a birthweight centile <3rd and 3rd–10th, respectively).
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4. Discussion

Preterm FGR, though less common than term FGR, is associated with a poorer prog-
nosis [15] and often co-exists with preeclampsia. In the search for biomarkers for placental
insufficiency, we identified SPINT1 as a promising candidate. This study explored the
potential that SPINT1 might be associated with preterm FGR in the presence of coexisting
preeclampsia (around 30 weeks’ gestation). Indeed, we found in two separate cohorts
that SPINT1 was markedly reduced in the plasma of patients with preeclampsia deliver-
ing SGA infants and preeclampsia, relative to those women with preeclampsia carrying
appropriately grown infants. As expected, PlGF was particularly reduced in the preg-
nancies complicated by both preeclampsia and FGR, while a ratio of sFlt-1/SPINT1 was
significantly elevated in a similar manner to that observed for sFlt-1/PlGF.

We previously reported significantly reduced SPINT1 concentrations in the circulation
of normotensive pregnancies complicated by preterm FGR [3], however this is the first time
SPINT1 has been examined in association with preterm preeclampsia. Decreased circulating
SPINT1 was found to be strongly associated with severe growth restriction (birthweight
<3rd centile) within preeclamptic pregnancies. While PlGF performs very strongly in this
cohort with established disease, further analyses in an unselected cohort collected before
disease onset are needed to compare the true predictive capacity of both proteins in preterm
disease. Certainly, our data in an unselected cohort at 36 weeks’ gestation suggests that
SPINT may perform better than PlGF in SGA prediction at term [3].

In both cohorts, it was found that the gestation at delivery and the interval between
sampling and delivery was reduced in preeclamptic pregnancies delivering an SGA infant
compared to AGA controls (Tables S1 and S2). This earlier delivery may relate to clinical
actions that were taken in respect to suspected SGA or due to physiological factors in
the pregnancy itself. Future work is required to specifically investigate whether there are
changes in the predictive capability of each biomarker in cases where clinical action was
taken due to suspected SGA or due to underlying maternal co-morbidities.

Our finding that SPINT1 is differentially expressed in pregnancies complicated by
both preeclampsia and FGR provides further understanding of the pathogenesis of these
disorders. SPINT1 is a protein highly expressed in the placenta, and our prior work demon-
strates an association of decreased circulating levels with reduced placental weight [3].
Though both preeclampsia and FGR are considered to be disorders of placental insuffi-
ciency, our data herein suggest some differences in placental mechanisms underlying the
manifestation of preeclampsia in the presence or absence of FGR. Animal [7,8,16] and hu-
man [3,17] placental studies provide strong evidence that SPINT1 is involved in placental
development. Whether there are alterations in placental development in preeclampsia
complicated by FGR, relative to preeclamptic placentas that facilitate normal growth, has
not been carefully studied and should be the focus of ongoing work.

In this study, there were more cases of coexisting preeclampsia and SGA (FGR) than
those with preeclampsia uncomplicated by SGA (Tables S1 and S2). This is because
preeclampsia and FGR tend to concurrently arise at preterm gestations due to early placen-
tal insufficiency. FGR is less common as a comorbidity of preeclampsia diagnosed at term,
which highlights the importance of carefully selecting biomarkers that could stratify those
at risk during preterm gestations.

There remains a dearth of biomarkers that can accurately predict preterm or term
SGA or FGR, which is an ongoing challenge within the field. Current clinical tools, such as
maternal and fetal risk factors, or ultrasound measures, perform modestly [1,18]. SPINT1 is
a novel biomarker that we recently reported as being differentially expressed in pregnancies
destined to deliver small for gestational age at term gestations, performing better than PlGF
in that setting. To date, universal ultrasound in the third trimester in nulliparouns women
provides the highest sensitivity for prediction of term SGA, sitting at 57% compared to
20% for selective, or clinically indicated ultrasound [19]. Thirty-six-week SPINT1 performs
similarly to selective ultrasound for predicting SGA, however its utility if combined with
other biomarkers or clinical measures remains the focus of ongoing work. This new study
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provides the first insights into SPINT1 possibly being deranged in preterm growth restric-
tion, irrespective of co-existing preeclampsia. Validation of this finding, however, would
require a very large prospective collection, which might also include ultrasound measures
so that a direct comparison between these clinical tools could be accurately assessed.

5. Conclusions

This study demonstrates that SPINT1 levels are decreased in preterm pregnancies with
placental insufficiency manifesting as FGR, even in the presence of concurrent preeclampsia.
It further validates the association between low SPINT1 and poor fetal growth we have
previously reported [3]. In addition, this work highlights the potential of SPINT1 as a novel
biomarker that could be added to the toolbox for preterm disease, but further studies are
required to confirm its predictive performance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm11040901/s1, Table S1: PIE trial patient characteristics, Table S2: PI-2 trial patient
characteristics.
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Abstract: Placental abruption (PA) is a concern for maternal and neonatal morbidity. Adverse neona-
tal outcomes in the setting of PA include higher risk of prematurity. Placental pathologies include
maternal vascular malperfusion (MVM), fetal vascular malperfusion (FVM), acute chorioamnionitis,
and villitis of unknown etiology (VUE). We aimed to investigate how placental pathology contributes
to acute neonatal outcome in PA. A retrospective cohort study of all placentas with PA were identified.
Exposures were MVM, FVM, acute chorioamnionitis and VUE. The primary outcome was NICU
admission and the secondary outcomes included adverse base deficit and Apgar scores, need for
resuscitation, and small-for-gestational age. A total of 287 placentas were identified. There were
160 (59.9%) of placentas with PA alone vs 107 (40.1%) with PA and additional placental pathologies.
Odds of NICU admission were more than two times higher in pregnancies with placental pathologies
(OR = 2.37, 95% CI 1.28–4.52). These estimates were in large part mediated by prematurity and
birthweight, indirect effect acting through prematurity was OR 1.79 (95% CI 1.12–2.75) and through
birthweight OR 2.12 (95% CI 1.40–3.18). Odds of Apgar score ≤ 5 was more than four times higher
among pregnancies with placental pathologies (OR = 4.56, 95% CI 1.28–21.26). Coexisting placental
pathology may impact Apgar scores in pregnancies complicated by PA. This knowledge could be
used by neonatal teams to mobilize resources in anticipation of the need for neonatal resuscitation.

Keywords: infant; newborn; female; pregnancy; abruptio placentae; Apgar score; pregnant women;
gestational age; placenta

1. Introduction

Placental abruption remains a critical concern for maternal, fetal, and neonatal mor-
bidity and mortality [1,2]. In fact, it is a rare but serious complication affecting 3 to 10
per 1000 pregnancies worldwide [3], accounting for around 10–20% of all neonatal deaths
in developed countries [4]. Maternal complications associated with placental abruption
include hemorrhagic shock, disseminated intravascular coagulation (DIC), kidney failure,
organ ischemia and necrosis, and death, related to coronary heart disease and stroke [5,6].
Adverse neonatal outcomes in cases of severe placental abruption, include higher risk of
fetal-growth restriction, stillbirth, prematurity, and birth asphyxia [7–11]. However, not
all cases of abruption result in poor neonatal outcomes [12]. In the context of placental
abruption, obstetricians may face difficulties in deciding when to intervene and deliver.
Typically, in severe placental abruption cases, emergent cesarean section with shorter onset-
to-delivery time is recommended, to prevent intrauterine fetal death, neonatal morbidity
and mortality [13]. In addition to onset-to-delivery time, obstetricians must weigh the
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severity and chronicity of placental abruption and the mother’s clinical status with the
gestational age of the fetus [13–15] in deciding the best timing for delivery to optimize
obstetric and neonatal outcomes. The potential impact of maternal underlying placental
pathologies in cases of PA may help contribute to the decision making.

Underlying placental pathologies include maternal vascular malperfusion (MVM),
fetal vascular malperfusion (FVM), acute chorioamnionitis, and villitis of unknown etiology
(VUE) [16]. These pathologies are independently associated with the presence of neonatal
complications [17–20]. In particular, MVM is prevalent in cases of hypertensive disorders
of pregnancy [21], fetal-growth restriction [22], preeclampsia [23], and is highly associated
with preterm labour and premature rupture of membranes [24–27]. Recent literature also
suggests that pregnancy complications can recur in subsequent pregnancies, regardless of
the presence of MVM lesions [28]. Moreover, severe onset of FVM can increase the chance
of fetal growth restriction, fetal central nervous system (CNS) damage and neurodevelop-
mental delays, and stillbirth [29,30]. Chorioamnionitis can result in postpartum uterine
infections [31,32], fetal death and neonatal sepsis [33,34], intraventricular hemorrhage
(IVH), asphyxia, and cerebral white matter damage [35–37]. VUE can impede fetal growth
and contribute to recurrent reproductive loss [38].

The aim of this present study is to investigate if placental pathologies can adversely
affect acute neonatal outcome in pregnancies complicated with PA. Our hypothesis is that
additional placental pathologies will deplete placenta reserve, impair placental function
prior to any abruption event, and thus contribute adversely to neonatal outcome. This is
knowledge needed to inform best clinical practice for obstetricians in Canada.

2. Material and Methods

2.1. Data Collection

A retrospective cohort study was conducted at The Ottawa Hospital (TOH) and the
Children’s Hospital of Eastern Ontario (CHEO). All placentas with the pathologic or clinical
diagnosis of placental abruption and/or retroplacental hematoma from 1 October 2013 to 30
April 2020 were identified from the pathology archives using the Laboratory Information
Service Program (EPIC-Hyperspace) [39]. Data on maternal demographics, neonatal
outcomes, and the gross and histopathological findings of the placenta were collected
using EPIC-Hyperspace and recorded on RedCap [40]. The clinical diagnosis of abruption
was defined as either Obstetric ultrasound with direct visualization of subchorionic or
retroplacental hematoma or clinical presentation of vaginal bleeding, abdominal pain,
uterine contractions and/or uterine tenderness, as defined on the TOH electronic medical
records (EMRs). The pathological diagnosis was then confirmed post-delivery, through
the CHEO EPIC report, using the reports on placental examination for the presence of
retroplacental clot(s). A total of 287 placentas were identified. Placentas were excluded if
maternal-neonatal linked charts could not be located (n = 26) or there were missing data on
study outcomes (percent missing ranged from 18 % to 28%). Institutional approval was
obtained prior to study initiation (CHEOREB# 20/22X).

We divided the dataset into clinically diagnosed placental abruption only (presence of
adherent retroplacental clot and typical findings defined above) versus placental abruption
with any placental pathologies of MVM, FVM, acute chorioamnionitis, and VUE. The
criteria for diagnosing placental lesions followed the 2016 Amsterdam consensus state-
ment [16]. Of note, we considered the presence of any independent lesion external from the
section taken in the area of placental abruption. For there to be a definitive MVM diagnosis,
accelerated villous maturation had to be present in all cases. More importantly, infarction
in the section of abruption alone is not taken as a sign of MVM. Further details regarding
the definitions for each lesion are found in the Supplementary Materials (S1). Our primary
outcome was NICU admission, while the secondary outcomes included BD 10–15.9 or
BD ≥ 16, cord pH ≤ 7 or 7.1–7.15, Apgar score ≤ 5 at 10min, need for resuscitation, and
small-for-gestational age (SGA).
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2.2. Statistical Analysis

Demographic and anthropometric characteristics were summarised descriptively with
median and interquartile range (IQR) for continuous variables, and frequencies and per-
centages for categorical variables and compared between the group with co-occurring
placental lesions) versus the group of placental abruption only, using the Wilcoxon rank
sum for continuous variables and Fischer’s exact test for discrete variables. The effect of
placental pathology on NICU admission was investigated using unadjusted and adjusted
logistic regression. Directed acyclic graph (DAG) [41] was constructed to guide the selec-
tion of confounding and mediating variables and to inform the final multivariable analysis
of the primary outcome, NICU admission. The extent to which placental lesions contribute
to NICU admission was assessed using the causal mediation analysis with prematurity and
birthweight as mediators. The effect of each mediator was analyzed separately. We consid-
ered the exposure-mediator interaction between placental pathology and prematurity (GA
< 37 weeks) and interaction between placental pathology and birthweight. Interactions
were not significant and were removed from the final mediation analysis. Both mediation
analyses were adjusted for maternal smoking, maternal hypertension/preeclampsia, and
maternal diabetes. The effect of placental pathology on secondary outcomes were inves-
tigated using unadjusted logistic regression. Two-sided p values less than 0.05 and odds
ratios (ORs) with 95% confidence intervals (CI) excluding one, were considered statistically
significant. All analysis were performed in R statistical software version 4.0.2 (R Core Team,
Vienna, Austria) [42]. Mediation analyses were performed using an R package medflex [43].
DAGitty, an online-based platform, was used to formally evaluate causal associations [44].

3. Results

Table 1 demonstrates the maternal and neonatal characteristics of our sample pop-
ulation. There were 160 (59.9%) of placentas with PA alone vs 107 (40.1%) with PA and
additional placental pathologies. Examining the full cohort with delivery mode data
available, 37% of all placental abruption cases were performed via C-section (97/261) vs
63% (164/261) vaginally. Of data available for placental localization, 62% (68/110) of all
placental abruption cases from the full cohort presented with marginal localization vs 38%
(42/110) with central localization. Briefly, women in both groups were around 30 years
of age and had similar lifestyle behaviours, though a higher percentage of hypertensive
diseases of pregnancy were reported in placentas with additional pathologies vs PA alone
(20.6% vs 8.6%, respectively). Babies were born in their third trimester (Table 1). Out of the
full cohort, 58% (156/267) of babies were born prematurely (gestational age < 37 weeks).

After listwise deletion (n = 37, 13.9%), 142 (61.7%) placentas with PA alone and 88
(38.3%) placentas with additional pathologies remained for the analysis of primary outcome,
NICU admission. NICU admission was more frequent among placentas with additional
pathologies (n = 68, 77.3%) than placentas with PA alone (n = 83, 58.5%). Table 2 depicts
the effect of additional pathologies (i.e., placental lesions) on primary outcome, NICU
admission. The total effect of placental lesions represents the sum of the direct effect of
placental lesions to NICU admission and indirect effects (e.g., acting through prematurity).
Figure 1 represents the conceptual model of mediation analysis with direct and indirect
pathways from the placental lesions to the primary outcome, NICU admission. Results
from the adjusted and unadjusted models indicate higher odds of NICU admission in
pregnancies complicated by placental lesions. In the adjusted model OR was 2.37 (1.28–4.52;
p = 0.01). Indirect effect acting through prematurity was OR 1.79 (95% CI 1.12–2.75; p = 0.01)
and through birthweight OR 2.12 (95% CI 1.40–3.18; p < 0.001). There was no evidence for
a significant direct effect in either prematurity (p = 0.29) or birthweight (p = 0.69) mediated
analysis. No evidence was found for exposure-mediator interaction between placental
lesions and prematurity (p = 0.36) or between placental lesions and birthweight (p = 0.56).
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Table 1. Characteristics of the Cohorts (n = 287).

Maternal Demographics
Placentas with Placental

Abruption Only
(n = 160, 59.9%)

Placentas with Additional
Pathologies (n = 107, 40.1%)

p Value

Maternal age (mean, SD) 31.1 (6.1) 30.4 (5.3) 0.20
Parity (mean, SD) 0.5 (3.0) 0.3 (0.6) 0.68

Pre-pregnancy BMI value (mean, SD) 25.1 (6.0) 25.6 (6.5) 0.94
Diabetes (n, %) 24 (15.0) 7 (6.5) 0.05

Previous smoker (n, %) 25 (16.6) 11 (11.0) 0.27
Previous history of abruption (n, %) 10 (7.7) 4 (4.7) 0.42

Chronic hypertension, Gestational Hypertension
or preeclampsia (n, %) 13 (8.6) 20 (20.6) 0.01

Other medical conditions (Pregestational diabetes,
gestational diabetes, thrombophilia) (n, %) 111 (71.2)) 67 (66.3) 0.49

Neonatal Demographics

Gestational age in weeks (mean, SD) 35.7 (4.2) 33.1 (5.6) <0.001
Birthweight (g) (mean, SD) 2638.1 (793.9) 2015.7 (967.9) <0.001

Sex (Female, %) 68 (43.6) 53 (51.5) 0.25

BMI, body mass index; SD, standard deviation.

Table 2. Placental lesions and neonatal intensive care unit (NICU) admission.

Term OR (95% CI) p Value

Unadjusted logistic regression

Placental lesions 2.42 (1.34, 4.48) 0.004

Adjusted logistic regression

Placental lesions 2.37 (1.28, 4.52) 0.01

Maternal Smoking 3.45 (1.33, 10.77) 0.02

Maternal Hypertension/Preeclampsia 1.58 (0.65, 4.29) 0.33

Maternal Diabetes 0.31 (0.13, 0.73) 0.01

Mediation analysis; mediator = Prematurity a

Natural Direct Effect 1.32 (0.78, 2.19) 0.29

Natural Indirect Effect 1.79 (1.12, 2.75) 0.01

Total Effect 2.37 (1.17, 4.51) 0.01

Mediation analysis; mediator = Birthweight

Natural Direct Effect 1.12 (0.62, 1.99) 0.69

Natural Indirect Effect 2.12 (1.40, 3.18) <0.001

Total Effect 2.38 (1.19, 4.63) 0.01
a Gestational age < 37 weeks.

Table 3 shows the effect of placental lesions on the diagnosis of small-for-gestational
age (<10th percentile), base deficit, and cord pH. Of the records available for analysis, 38.1%
of women with pregnancies complicated by placental abruption and lesions gave birth to
SGA babies. However, this proportion was very similar to the percentage (37.8%) of women
giving birth to babies of appropriate gestational age. More women with pregnancies com-
plicated by placental abruption and placental lesions (80%) gave birth to babies requiring
chest compressions and resuscitation than babies who did not require chest compressions
and resuscitation (38%). Similarly, more women with such pregnancies gave birth to babies
with low Apgar scores (72.7%) vs Apgar > 5 at 10-min (36.9%) (Table 3).
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Figure 1. Directed Acyclic Graph (DAG) showing the assumed confounding effects of maternal
smoking, preeclampsia, chronic hypertension, and gestational or chronic diabetes with the mediators
of prematurity and birthweight between placental lesions and NICU admission. E—exposure;
O—outcome; C—confounder; M—mediator.

Table 3. The effect of placental abruption and underlying lesions on perinatal outcomes.

Perinatal Outcome Placental Lesions (n, %) OR (95% CI) p Value

SGA a (n = 42) 16 (38.1) 1.01 (0.50–2.00) 0.97
Appropriate weight b (n = 188) 71 (37.8)

BD 10–15.9 or BD 16 (n = 42) 14 (33.3) 0.88 (0.42–1.77) 0.72
Normal BD (n = 171) c 62 (36.3)

Cord pH 7 or 7.1–7.15 (n = 42) 15 (35.7) 1.02 (0.49–2.04) 0.97
Normal cord pH (n = 164) d 58 (35.4)
Apgar 5 at 10-min (n = 11) 8 (72.7) 4.56 (1.28–21.26) 0.03

Apgar > 5 at 10-min (n = 225) 83 (36.9)
Need for resuscitation (n = 5) e 4 (80.0) 6.57 (0.95–129.74) 0.09

No need for resuscitation (n = 230) 87 (37.8)
a Small-for-gestational age < 10th percentile; b 10–90th percentile; c Base deficit < 10; d Cord pH > 7.16; e Need for
chest compressions and/or epinephrine in the delivery room. SGA, small-for-gestational age; BD, base deficit;
OR, odds ratio; CI, confidence interval.

There was no statistically significant difference in the odds of SGA or having an
adverse neonatal BD value among women with pregnancies complicated by placental
abruption and additional lesions, versus pregnancies complicated with abruption only
(OR 1.01, 95% CI 0.50–2.00, p = 0.97; OR 0.88, 95% CI 0.42–1.77, p = 0.72). Similarly, there
was no difference in having an adverse cord pH value (OR 1.02, 95% CI 0.49–2.04, p = 0.97;
Table 3).

Interestingly, women with pregnancies complicated by placental abruption and le-
sions were more likely to have a baby with Apgar score ≤ 5 at 10-min than pregnancies
complicated with abruption only, alone (OR 4.56, 95% CI 1.28–21.26, p = 0.03). Lastly, there
was no difference in the need for newborn resuscitation between the two groups (OR 6.6,
95% CI 0.95–129.74, p = 0.09; Table 3).

4. Discussion

This study sought to compare the odds of adverse, neonatal outcomes in women with
isolated placental abruption vs placental abruption with underlying placental pathologies.
There is an added concern when placentas of pregnant women with placental abruption
show MVM, FVM, and VUE, as evidence suggests compromised fetal outcome [17–20].
Based on our study findings, we conclude that women with pregnancies complicated by
placental abruption and co-occurring lesions are more likely to have a baby admitted to the
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NICU and a low Apgar score at 10-min than pregnancies with placental abruption alone.
Moreover, these differences were mostly mediated through prematurity and birthweight.

In the adjusted and unadjusted analysis, we found a significant association between
pregnancies complicated by placental abruption and pathologies to NICU admission. Our
mediation analyses suggest that these effects act through prematurity and birthweight;
however, future studies are needed to validate our finding. Neonatologists follow strict
criteria for NICU admission, including evaluating the full clinical picture of the neonate.
Specifically, gestational age and weight are factors they consider during admission. Studies
demonstrate that maternal health history (i.e., smoking and prior placental abruption
diagnosis) can impact subsequent risk of placental abruption [4,45,46]. Therefore, if the
neonatologist knows the clinical history of the mother in addition to gestational age and
weight, these factors together could potentially influence their decision to admit.

The presence of underlying placental lesions, as well as placental abruption, are
suggested to be associated with a diverse range of neonatal problems, including lower
Apgar scores and neonatal asphyxia. Specifically, lower Apgar scores at 1 and 5 min are
associated with the placental lesions of maternal vascular malperfusion and intrauterine
infection [47,48]. Beebe et al. determined a relationship between a high rate of chorioam-
nionitis in term and premature infants and low Apgar scores at 1-min [47]. Lower Apgar
scores might loosely indicate other respiratory outcomes, such as neonatal RDS or neonatal
asphyxia [49]. Prevalent lesions associated with neonatal asphyxia are typically vascular in
nature, referring to chorioamnionitis with fetal vasculitis and fetal thrombotic vasculopa-
thy [50,51].

Interestingly, reports in the literature show that placental lesions are associated with
decreased incidence of respiratory distress syndrome (RDS) [45,49]. Specifically, the in-
cidence of RDS is lower in infants exposed to chorioamnionitis (ORs 0.1–0.6 95% CI
0.02–0.8) [52–54]. The biological mechanism behind placental inflammation in RDS stems
from increased amounts of interleukin-1 beta (IL-1β) in chorioamnionitis. IL-1β stimulates
corticotrophin-releasing factor and corticotrophin [55–57]. Production of these hormones
elevates cortisol production, which accelerates lung maturation and decreases RDS inci-
dence [57]. Moreover, the lung mesenchymal tissue decreases, while the epithelial surface
area and airspace lung volume increase. This leads to mature lung development and
supports gas exchange [54,58,59]. In contrast, very preterm infants exposed to chorioam-
nionitis were at higher risk for bronchopulmonary dysplasia (BPD), due to elevated levels
of IL-8, granulocyte colony-stimulating factor, and anti-inflammatory IL-10 after adjusting
for duration of gestation and severity of respiratory distress during the first day after
birth [60].

There is less focus in the literature on exclusively Apgar scores. In fact, only few
publications have linked placental abruption to relatable outcomes, such as increased
acidosis risk (a marker of hypoxia) and elevated need for resuscitation [61–63]. The
increased risk in these outcomes is affected by the interaction between placental abruption
status, preterm birth, hypoxia, and blood loss (i.e., fetomaternal hemorrhage) [64].

A low Apgar score at later intervals could be used as a proxy for neurological impair-
ment, including cerebral palsy [65]. Recent studies suggest a strong correlation between low
Apgar score and cerebral palsy in children born to term or with normal birth weight [66,67].
In particular, among children with a birth weight of 2500 g or more, those with an Apgar
score of less than 4 at 5-min were more likely to have cerebral palsy than children who had
an Apgar score of more than 8 (OR 125, 95% CI 91 to 170) [65]. In placental abruption cases,
evidence supports the impact of immaturity, birthweight, gestational age, and malforma-
tions of the central nervous system decreasing Apgar scores, potentially contributing to
respiratory difficulties, and possibly increasing the risk for cerebral palsy [68–70]. Further-
more, there is increasing evidence showing maternal infection causing fetal inflammation,
leading to neonatal brain injury [48]. In particular, inflammatory cytokines are neurotoxic
in vitro [71] and in vivo [72] and are shown to inhibit oligodendryocytes in the develop-
ing white matter [73]. Histological chorioamnionitis and neonatal blood inflammatory
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cytokines are likely significantly higher in infants with cerebral palsy [74,75]. Hence, the
inflammatory environment at birth plays a role in neonatal brain injury.

4.1. Strengths & Limitations

There are numerous strengths of this study. Unlike previous placental pathology
literature, we adjusted for known confounders (maternal smoking, maternal hyperten-
sion/preeclampsia, maternal diabetes) during our NICU admission analysis. Moreover,
we followed thorough statistical approaches to test if birthweight and prematurity were
mediators. We separated our neonatal outcomes, rather than combining them in order to
tailor specific recommendations to pathologists and neonatologists. Fortunately, our robust
sample size permitted us to examine outcomes in this manner. Data entry was performed
by two extractors and consequently validated. However, there remains a possibility of
misclassification bias when organizing the placental pathologies, as well as missing data or
incompleteness on EMRs for SGA. Further analysis of outcomes of interest such as IVH
could not be performed due to insufficient numbers.

4.2. Future Directions

A future study is underway to examine identical outcomes in connection with the
specific pathologies of interest. Chorioamnionitis with respiratory outcomes and Apgar
scores will be explored in detail. Another notable endeavor is to develop a national
registry of prospectively collected data, to pool rare neonatal outcomes such as IVH
across institutions and thus increase sample size. Assessment of coexisting placental
pathology(ies) in pregnancies complicated with abruption and its potential impact on
infant developmental outcome (i.e., cerebral palsy) might be warranted.

5. Conclusions

Coexisting placental pathology(ies) could potentially impact acute neonatal outcomes,
such as NICU admission and Apgar scores in pregnancies complicated by PA. However,
future multi-institutional studies of robust sample sizes are needed to ascertain these
findings to greater certainty. This pilot study can be replicated by other institutions to
determine if obstetrical and neonatal teams should mobilize resources in anticipation of
the need for neonatal resuscitation. Since placental pathologies such as VUE may recur in
certain cases of subsequent pregnancies [38], our next step is to examine neonatal risks by
placental pathology type to inform future neonatal delivery interventions.
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Abstract: Preterm births are the leading cause of neonatal death in the United States. Previously,
a spontaneous preterm birth (sPTB) predictor based on the ratio of two proteins, IBP4/SHBG, was
validated as a predictor of sPTB in the Proteomic Assessment of Preterm Risk (PAPR) study. In
particular, a proteomic biomarker threshold of −1.37, corresponding to a ~two-fold increase or ~15%
risk of sPTB, significantly stratified earlier deliveries. Guidelines for molecular tests advise replication
in a second independent study. Here we tested whether the significant association between proteomic
biomarker scores above the threshold and sPTB, and associated adverse outcomes, was replicated
in a second independent study, the Multicenter Assessment of a Spontaneous Preterm Birth Risk
Predictor (TREETOP). The threshold significantly stratified subjects in PAPR and TREETOP for sPTB
(p = 0.041, p = 0.041, respectively). Application of the threshold in a Kaplan–Meier analysis demon-
strated significant stratification in each study, respectively, for gestational age at birth (p < 0.001,
p = 0.0016) and rate of hospital discharge for both neonate (p < 0.001, p = 0.005) and mother (p < 0.001,
p < 0.001). Above the threshold, severe neonatal morbidity/mortality and mortality alone were 2.2
(p = 0.0083,) and 7.4-fold higher (p = 0.018), respectively, in both studies combined. Thus, higher
predictor scores were associated with multiple adverse pregnancy outcomes.

Keywords: preterm birth; IBP4; SHBG; biomarkers

1. Introduction

Preterm birth (PTB), including both spontaneous (sPTB) and medically indicated
(miPTB) birth before 37 weeks gestation, occurs in approximately 10% of all births in the
US and is a leading cause of neonatal morbidities, mortality and long-term health conse-
quences worldwide [1,2]. PTB and associated morbidities, such as respiratory distress, can
require extended stays and care in neonatal intensive care nurseries, along with increased
costs [3]. The application of existing interventions such as progestogens and systems of
care coordination, and the effective development of new interventions depend on screen-
ing tools to identify pregnancies at risk. Clinical markers associated with an increased
risk of sPTB are present in only a minority of pregnancies, limiting their overall utility.
A history of previous sPTB is a traditional predictor of recurrent sPTB but applies to only
approximately 4% of all pregnancies and 11% of all sPTBs [4,5]. Similarly, a short cervical
length measured by transvaginal ultrasound is a predictor of sPTB, but accounts for only
an additional 2% of all pregnancies and 6% of all sPTBs [6,7].

J. Clin. Med. 2021, 10, 5088. https://doi.org/10.3390/jcm10215088 https://www.mdpi.com/journal/jcm39
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In accordance with the National Academy of Medicine’s guidelines [8] for the rigorous
development of multi-biomarker tests, clinical validity is ideally replicated in a second
study, independent from the one in which the test was originally developed. Additionally,
it is desirable for a test to have a prespecified threshold to risk-stratify subjects so that
clinicians can easily interpret and act upon test results. In the Proteomic Assessment of
Preterm Risk (PAPR) study, Saade et al. reported the development and clinical validation
of a serum test for sPTB prediction that utilizes the proteomic biomarker of insulin-like
growth factor binding protein-4 (IBP4) and sex hormone binding globulin (SHBG) [9].
These two proteins, used in combination, were found to be the most predictive pair of
biomarkers amongst hundreds of proteins screened during a systems biology approach
in the PAPR study. IBP4 is expressed in syncytiotrophoblasts and negatively regulates
insulin-like growth factors [10], key regulators of placental development [11]. SHBG,
primarily secreted by the liver, is also placentally expressed [12], and circulating SHBG
levels increase ~5-fold during pregnancy [13]. SHBG regulates the bioavailability of sex
hormones, is associated with diabetes and insulin resistance [14] and is negatively regulated
by proinflammatory cytokines [15] implicated in etiologies of PTB.

In the subsequent validation of IBP4/SHBG, in addition to demonstrating a statistically
significant area under the receiver operating characteristic (AUC) curve for predicting
preterm birth, the study reported that subjects with a proteomic biomarker score at or above
−1.37 delivered earlier than those with lower proteomic biomarker scores [9]. The study
showed that subjects at or above a proteomic biomarker threshold of −1.37, corresponding
to a risk probability of ~15%, are at approximately 2-fold or greater increased risk of sPTB
as compared to the average risk of singleton pregnancies in the United States.

The primary objective of the current analysis was to demonstrate that significance of
proteomic biomarker thresholds is replicated across independent studies. Of particular
importance was extending the work of Saade and colleagues [9] by demonstrating that
the risk of sPTB is significantly elevated at the proteomic biomarker threshold of −1.37 in
two additional cohorts. First, an expanded, but partially overlapping, cohort of subjects
from the PAPR study was utilized to verify that sPTB remains significantly elevated in
patients with a score above the threshold. Second, we conducted a validation of the
threshold in a large and completely independent cohort, the Multicenter Assessment of
a Spontaneous Preterm Birth Risk Predictor (TREETOP) study (NCT02787213) [16]. In
clinical practice, risk probabilities are utilized rather than proteomic biomarker thresholds.
We present performance results for the proteomic biomarker threshold of −1.37 which has
been shown to correspond to the risk probability of 15% [9].

The second objective was to assess whether the threshold can identify elevated risk
of all PTB (sPTB and medically indicated PTB) and pregnancy complications associated
with prematurity: increased lengths of maternal and neonatal hospital stay and severe
neonatal morbidity and mortality. Such results are particularly important as not all pre-
mature pregnancies result in adverse outcomes, and so, demonstrating that the proteomic
biomarker threshold also stratifies pregnancies by adverse neonatal and maternal outcomes
adds direct evidence to the potential clinical utility of the proteomic biomarker predictor.
We note that a previous exploration of the proteomic biomarker on the TREETOP cohort
did not address threshold validity [16]; that is, the work did not validate a pre-specified
threshold, nor did it assess the ability of the proteomic biomarker to stratify patients at any
specific predictor score threshold for any outcome.

2. Materials and Methods

2.1. PAPR and TREETOP Subpopulation Selection

Subpopulations of the PAPR (NCT01371019) and TREETOP (NCT02787213) stud-
ies were selected to conduct this prospective-retrospective cohort analysis as described
below. We refer to these two subpopulations as the verification and validation cohorts,
respectively, in accordance with the National Academy of Medicine’s Guidelines for test
development [8].
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The proteomic biomarker and a specific threshold were developed and fully defined in
the original study [9]. The verification cohort for the current analysis was the subpopulation
of PAPR consisting of all subjects (n = 549) meeting the following criteria: did not receive
progesterone on or after 14 weeks gestation, underwent sample collection in the validated
gestational age window (191/7–206/7 weeks) [9] and gave consent for future research use
of their deidentified samples and data. Of the 549 subjects in this verification phase, only
32 were previously used for discovery of the classifier in the original study [9].

The validation cohort for the current analysis was the subpopulation of TREETOP
consisting of a randomly selected subset (n = 847), or 34% of all subjects who underwent
sample collection in the validated gestational age window (191/7–206/7 weeks) [16]. TREE-
TOP is an observational study of pregnant women who did not receive progesterone on or
after 14 weeks gestation and included iatrogenic and spontaneous PTBs, term births and
co-morbid conditions. The TREETOP subjects that were not selected for the current analysis
remain blinded for future studies. Importantly, the validation cohort is fully independent
of the original training and verification cohorts with no subjects in common.

As a measure of neonatal outcome and accounting for major morbidity in the prema-
turely delivered newborns, we adapted a previously reported Neonatal Morbidity and
Mortality Index (NMI, range 0 to 4) [6]. For a surviving neonate, the reported index can be
0, 1, 2 or 3 based on newborn intensive care unit length of stay or associated diagnoses,
whichever is higher. For the NICU length of stay, 1–4 days stay gives a score of 1, 5–20 days
a score of 2 and >20 days a score of 3. For the associated diagnoses, a unit is added for each
diagnosis of respiratory distress syndrome, bronchopulmonary dysplasia, intraventricu-
lar hemorrhage grade III or IV, necrotizing enterocolitis, periventricular leukomalacia or
proven severe sepsis, up to a maximum of 3. A score of 4 is assigned to perinatal mortality.
Since we did not record whether the neonate was admitted to the NICU in PAPR, total
length of newborn hospital stay was used in place of NICU length of stay to calculate NMI.
Because all neonates had at least one day of hospital stay, our modified scale does not start
at 0 as in the PREGNANT trial [6], but with an NMI of 1. Data collection through 28 days
of life allowed for confirmation of all conditions contributing to NMI.

2.2. Sample Analysis

All subject samples from PAPR and TREETOP were analyzed in a certified lab ac-
cording to standard operating protocol using a methodology previously validated and
documented [17]. Briefly, serum samples were depleted of the top fourteen most abundant
proteins (MARS14, Agilent Technologies, Inc., Santa Clara, CA, USA), reduced, alkylated,
and digested with trypsin [9,17]. Following digest, the samples were spiked with stable
isotope standard (SIS) peptides for proteins of interest, desalted and analyzed by reversed-
phase liquid chromatography multiple reaction monitoring mass spectrometry [9,17]. The
extended PAPR cohort samples were analyzed retrospectively for this study. Importantly,
the TREETOP samples were analyzed prospectively, as they were collected, as would
be the case in actual clinical use. Relative levels of IBP4 and SHBG were expressed as
response ratios (RR) of the peak area for the endogenous peptide divided by the peak
area of the SIS peptide [9,17]. The IBP4/SHBG proteomic biomarker was calculated as:
ln(RRIBP4/RRSHBG).

2.3. Data Analysis Methodology

Clinical and demographic variables were compared between the two study cohorts,
with significance (p < 0.05) determined by Fisher’s exact test for categorical variables and
Welch’s T-test for continuous variables. Variables including pre-pregnancy weight, race,
ethnicity, and maternal education were self-reported, whereas obstetric history, delivery,
and neonatal outcomes were collected from medical records review. Gestational age was
based on best obstetrical estimate with LMP confirmed by ultrasound, with first trimester
ultrasound confirmation required in TREETOP [18].
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All analyses were pre-specified in a study protocol, including the fixed sequence of
proteomic biomarker thresholds per outcome and the hypothesis test. Outcomes included
sPTB and overall PTB, gestational age at birth (GAB), neonatal and maternal lengths of
hospital stay and NMI. The hypothesis test was prespecified as a regression test with co-
variates and was utilized for both categorical and continuous outcomes. A binary variable
for threshold (1 for proteomic biomarker scores greater than or equal to the threshold
and 0 for values below the threshold) was tested as a predictor of adverse outcomes in
regression with body mass index (BMI) as a covariate, indicated by the reported influence
of BMI stratification reported by Saade and colleagues [9]. The significance of contribution
of the binary predictor to the regression test was used as the measure of significance of
prediction. Missing BMI values were found in 12/847 TREETOP subjects and 10/549 PAPR
subjects; these subjects were dropped from the regression analyses. The protocol prespec-
ified a hypothesis of increased PTB risk above the proteomic biomarker threshold. The
regression analysis tested for one-sided significance of the binary threshold variable in
prediction of an adverse outcome at alpha of 0.05. The same test of significance was used
in the verification (PAPR) and validation (TREETOP) cohorts to avoid bias. To correct
for multiple testing, outcomes were tested in a prespecified order in a fixed sequence
approach, with alpha of 0.05. An independent statistician (see Acknowledgements) con-
ducted pre-specified fixed sequence hypotheses testing. In exploratory analyses, statistical
significance for Kaplan–Meier analysis was assessed by the log-rank statistic. To obtain
even more robust estimates of threshold performance, the verification (PAPR) and valida-
tion (TREETOP) subjects were also combined for post-hoc analyses. The sensitivity and
specificity of the threshold to be validated were compared to the sensitivity and specificity
of the proteomic biomarker at the threshold of maximum accuracy [9] using McNemar’s
test. As a descriptive statistic, the fold change in the occurrence of outcomes above and
below the threshold was calculated as the ratio of the rate of the outcome amongst subjects
with proteomic biomarker scores at or above the threshold to the rate amongst those with
proteomic biomarker scores below the threshold. All analyses were performed in R version
3.5.1 [19] using packages data.table [20], demoGraphic [21], and survival [22,23].

3. Results

The characteristics of the verification (PAPR) and validation (TREETOP) subpopu-
lations included in this analysis are summarized in Table 1. Compared to subjects in
TREETOP, women in PAPR were younger, with a higher BMI, less educated, less likely
to identify as non-white, and more likely to have had a prior sPTB. They also were more
likely to have delivered preterm in the index pregnancy (Table 1). Other clinical variables
were not significantly different between the two cohorts.

Table 1. A comparison of the PAPR and TREETOP cohorts.

Variable PAPR (n = 549) TREETOP (n = 847) p-Value

Maternal age (years)
Mean (SD) 27.47 (5.88) 29.23 (5.36) <0.001

Body mass index (kg/m2)
Mean (SD)

28.57 (7.77) 27.49 (6.96) 0.010

Maternal education n (%)

Unknown 2 (0.36) 3 (0.35) <0.001
No high school graduation 144 (26.23) 128 (15.11)

High school graduation or GED 278 (50.64) 381 (44.98)
College graduation with 4-year degree or higher 125 (22.77) 335 (39.55)

Race n (%)

Black or African American 89 (16.21) 173 (20.43) <0.001
Other 52 (9.47) 165 (19.48)
White 408 (74.32) 509 (60.09)
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Table 1. Cont.

Variable PAPR (n = 549) TREETOP (n = 847) p-Value

Ethnicity n (%)

Hispanic or Latino 192 (34.97) 335 (39.55) 0.095
Non-Hispanic or Latino 357 (65.03) 510 (60.21)

Unknown 0 (0.00) 2 (0.24)

Gravida n (%)

Multigravida 389 (70.86) 570 (67.30) 0.174
Primigravida 160 (29.14) 277 (32.70)

Prior Full-term Birth n (%)

First Pregnancy 160 (29.14) 277 (32.70) 0.289
None 76 (13.84) 101 (11.92)

One or more 313 (57.01) 469 (55.37)

Prior sPTB n (%)

First Pregnancy 160 (29.14) 277 (32.70) <0.001
None 324 (59.02) 546 (64.46)

One or more 65 (11.84) 24 (2.83)

Delivery n (%)

miPTB 29 (5.28) 32 (3.78) 0.027
sPTB 37 (6.74) 34 (4.01)
Term 483 (87.98) 781 (92.21)

Fetal Gender n (%)

Ambiguous 0 (0.00) 1 (0.12) 0.771
Female 282 (51.37) 422 (49.82)
Male 267 (48.63) 424 (50.06)

Neonatal morbidity and mortality index n (%)

1 482 (87.80) 767 (90.55) 0.083
2 50 (9.11) 55 (6.49)
3 10 (1.82) 21 (2.48)
4 7 (1.28) 4 (0.47)

p-value (Fisher’s exact test or Welch’s t-test) is provided for statistical comparisons.

All outcomes were significantly predicted in TREETOP by at least the first threshold
specified in the fixed sequence. Of particular interest, the proteomic biomarker threshold of
−1.37 highlighted by Saade et al. [9] was statistically significant for increased sPTB in PAPR
and in TREETOP (each, coincidentally, at p-value 0.041). Similarly, subjects at or above the
threshold delivered earlier than those below the threshold in both studies by log-rank test
(PAPR: p-value < 0.001; TREETOP: p-value 0.0016). In the combined cohort, preterm birth
was significantly elevated in frequency at and above the threshold (sPTB, p = 0.0067, 1.8×;
miPTB, p = 0.0052, 2.1×; PTB < 37 weeks gestation, p < 0.001, 1.9×; PTB < 35, p = 0.011, 2.1×;
PTB < 32, p = 0.0064, 4.3×). The previously reported sensitivity and specificity measures for
sPTB were 75% and 74%, respectively, at the proteomic biomarker threshold of maximum
accuracy [9]. Sensitivity and specificity at the clinically used risk probability threshold of
15% (corresponding to a proteomic biomarker threshold of −1.37) specified in this study,
were not statistically different (McNemar’s test, p = 0.48), with significant prediction and
elevation of sPTB for scores at and above the threshold (p = 0.019, 3.2×).

Neonates delivered to subjects with proteomic biomarker scores at or above the
threshold had longer hospital stay than those below in both PAPR (p-value <0.001) and
TREETOP (p-value 0.0053) studies (Figure 1).
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Figure 1. Kaplan–Meier curve of neonatal length of stay in days for all neonates. The fraction of neonates remaining in
the hospital is plotted as a function of the length of hospital stay in days. Neonates without recorded hospital stays were
omitted (A:9, B:3). Verification phase subjects from the PAPR study (A) and validation phase subjects from the TREETOP study
(B) were stratified into higher- (gold) and lower-risk (blue) groups defined by the proteomic biomarker threshold −1.37.

Those preterm neonates with stays >10 days or perinatal mortality were increased by
close to 3-fold at or above the threshold (Table 2, p-value < 0.001).

Table 2. Comparisons of maternal and neonatal outcomes in the combined PAPR and TREETOP populations at or above
versus below the threshold of −1.37.

Threshold
NMI = 3

n (%)
NMI = 4

n (%)

Maternal Length of
Hospital Stay ≥7 Days

n (%)

Neonatal Length of
Hospital stay >10 Days or
Mortality, PTB < 37, n (%)

Neonatal Length of
Hospital stay >10 Days or
Mortality, PTB < 35, n (%)

Below
(negative test) 18 (2.1%) 2 (0.2%) 9 (1.0%) 21 (2.4%) 17 (2.0%)

At or above (positive test) 24 (4.5%) 9 (1.7%) 23 (4.4%) 34 (6.4%) 29 (5.5%)
p-value 0.0083 0.0018 <0.001 <0.001 <0.001

Fold change 2.2 7.4 4.2 2.7 2.8

NMI = neonatal morbidity and mortality index. Counts included all infants (term or preterm) with NMI = 3 (severe morbidity) or 4
(neonatal mortality). Likewise, any mother with record of hospital stay ≥7 days was included, regardless of timing of delivery. Lastly,
infants with hospital stays >10 days or perinatal mortality that delivered preterm (<37 and <35, respectively), either spontaneous or
iatrogenic, were tallied.

Likewise, maternal length of stay was significantly longer amongst those subjects with
scores above the proteomic biomarker threshold than below for PAPR (p-value < 0.001)
and TREETOP (p-value < 0.001) (Figure 2).

Maternal length of stay ≥7 days was increased more than 4-fold at this threshold
(Table 2, p < 0.001). While PAPR reported total maternal stay only, TREETOP reported
antenatal and postnatal stays separately. In TREETOP, subjects at or above the threshold
were hospitalized longer, both before and after delivery, than those below the threshold
(antepartum p-value 0.0013; postpartum p-value 0.0027). Antepartum stay ≥5 days was
increased 5.3-fold while postpartum stay ≥5 days was increased 2.5-fold. Finally, proteomic
biomarker score was associated with levels of severity of NMI (Figure 3, Kendall’s rank
correlation p-value < 0.001).

Severe NMI (≥3) and mortality were 2.2- and 7.4-fold higher, respectively, in those at
or above the proteomic biomarker threshold compared with those below (Table 2, p-values
0.0083 and 0.0018, respectively).
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Figure 2. Kaplan–Meier curve of maternal length of stay in days. The fraction of mothers remaining in the hospital is
plotted as a function of the length of hospital stay in days. Women without recorded hospital stays were omitted (A:3,
B:0). Verification phase subjects from the PAPR study (A) and validation phase subjects from the TREETOP study (B) were
stratified into higher- (gold) and lower-risk (blue) groups defined by the proteomic biomarker threshold of −1.37.

Figure 3. Distribution of all subjects by test score and NMI index. NMI distribution by proteomic biomarker in verification
phase subjects from the PAPR study (A) and in validation phase subjects from the TREETOP study (B) are represented by
box plots (box, interquartile range; line, mean; whiskers, remaining range of scores to a maximum of 1.5 box widths). The
blue dashed line indicates the proteomic biomarker threshold of −1.37.

4. Discussion

Two large studies have been published validating the ability of the ratio of IBP4 to
SHBG to risk stratify preterm delivery and associated adverse outcomes [9,16]. The Na-
tional Academy of Medicine has developed and published guidelines for newly developed
molecular tests which advise that such tests be replicated in a second independent study
at a specific actionable threshold. Following these guidelines, we assessed an actionable
threshold learned in one study and applied to the second in a critical and rigorous man-
ner to show that not only the likelihood of spontaneous preterm delivery is similarly
significantly predicted, but also the associated and clinically adverse end points are well
predicted and similarly elevated at or above the threshold. A test to predict premature
delivery is far more important if it can be shown that it predicts not only premature delivery,
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but also early premature delivery and the adverse outcomes associated with prematurity,
so that interventions can be utilized, developed and tested to decrease the likelihood
and/or lessen the severity of the potentially devastating complications of prematurity. Cur-
rently, for example, progesterone therapy has been shown to decrease preterm birth [24,25]
and, in some studies, improve outcomes [6], but the indications for its use, women with
previous spontaneous preterm delivery or short cervix, apply to a small proportion of
the pregnancies that ultimately deliver prior to term. In contrast, the two studies of the
IBP4/SHBG proteomic biomarker show the ratio’s potential to predict the majority of
preterm birth based on tested populations in excess of 1000 subjects, and for predicting
associated newborn complications of prematurity as well [9,16].

The primary objective of this research was to demonstrate that statistically significant
thresholds of prediction of adverse pregnancy outcomes in PAPR are also significant in
the independent TREETOP population. It was of particular interest to test the proteomic
biomarker threshold corresponding to a two-fold increased risk of sPTB published in
Saade et al. Indeed, in this study the proteomic biomarker threshold of −1.37, correspond-
ing to a risk probability threshold of ~15%, has been clinically validated for predicting
elevated sPTB, longer neonatal and maternal length of hospital stays, and more severe
neonatal outcomes.

An additional strength of this comparison of the PAPR and TREETOP studies is that
while the subpopulations analyzed are both in the same intended use population for the
proteomic biomarker, they are notably different on several demographic and baseline
characteristics (maternal age, BMI, education, race, prior sPTB, etc.). As well, the eligible
PAPR and TREETOP subjects for this study were enrolled at 10 and 14 clinical sites,
respectively. All of these factors would provide further confidence that despite these
demographic differences and diversity in site enrollment, the same proteomic biomarker
threshold identifies pregnancies of increased risk of sPTB and associated adverse outcomes.
This is strong evidence of the robust reproducibility and generalizability of the test and the
validated risk threshold.

One limitation is that despite the large number of total subjects in the combined
studies, the most severe and rare phenotypes analyzed had small numbers of subjects
(e.g., eleven delivering with infant mortality and eighteen delivering earlier than 32 weeks).

In conclusion, we have demonstrated consistency and accordance of the proteomic
biomarker in two large studies for predicting preterm delivery in a large diverse segment
of low-risk pregnant women tested at a time in the second trimester when most women
are seen for their anatomic ultrasound. This provides confidence that pregnancies can be
robustly risk-stratified by the proteomic biomarker.
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Abstract: In our previous study, we showed that sildenafil citrate (SC), a selective PDE5A blocker,
modulated NK cell activity in patients with recurrent pregnancy loss, which correlated with positive
pregnancy outcomes. It was found that NK cells had a pivotal role in decidualization, angiogenesis,
spiral artery remodeling, and the regulation of trophoblast invasion. Thus, in the current study,
we determined the effects of SC on angiogenic factor expression and production, as well as idNK
cell activity in the presence of nitric synthase blocker L-NMMA. Methods: NK cells (CD56+) were
isolated from the peripheral blood of 15 patients and 15 fertile women on MACS columns and
cultured in transformation media containing IL-15, TGF-β, and AZA—a methylation agent—for
7 days in hypoxia (94% N2, 1% O2, 5% CO2). Cultures were set up in four variants: (1) with SC,
(2) without SC, (3) with NO, a synthase blocker, and (4) with SC and NO synthase blocker. NK cell
activity was determined after 7 days of culturing as CD107a expression after an additional 4h of
stimulation with K562 erythroleukemia cells. The expression of the PDE5A, VEGF-A, PIGF, IL-8, and
RENBP genes was determined with quantitative real-time PCR (qRT-PCR) using TaqMan probes and
ELISA was used to measure the concentrations of VEGF-A, PLGF, IL-8, Ang-I, Ang-II, IFN–γ proteins
in culture supernatants after SC supplementation. Results: SC downregulated PDE5A expression
and had no effect on other studied angiogenic factors. VEGF-A expression was increased in RPL
patients compared with fertile women. Similarly, VEGF production was enhanced in RPL patients’
supernatants and SC increased the concentration of PIGF in culture supernatants. SC did not affect
the expression or concentration of other studied factors, nor idNK cell activity, regardless of NO
synthase blockade.

Keywords: RPL; NK cells; sildenafil; PDE5A; VEGF-A; angiotensin

1. Introduction

Unexplained recurrent pregnancy loss [1] is a growing health problem worldwide. It is
estimated that RPL affects over 1% of the general population and only half of the cases can
be explained after a medical investigation. Each miscarriage increases the risk of another
miscarriage to 15% [2,3]. Recurrent pregnancy loss [2] was defined according to the WHO
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definition as three or more consecutive spontaneous miscarriages before the 20th week of
gestation [4,5]. ESHRE guidelines indicated immunological diagnostics in case of two idio-
pathic pregnancy losses [1]. Despite well-described causes of RPL, such as chromosomal
abnormalities, uterine anatomical malformations, endocrine dysfunctions, thrombophilic
factors, and immune disorders, the reasons remain unknown in approximately 50% of RPL
cases [6].

It was reported that sildenafil citrate (SC) could be applied for the treatment of such
complications during pregnancy as intrauterine fetal growth restriction (FGR) [7–10],
low birth weight [11], preeclampsia, or idiopathic recurrent pregnancy losses [10–15].
However, recent findings have emphasized the lack of action of sildenafil on FGR and
suggested further studies to assess the safety and efficacy of SC in utero, in addition to the
implications on long-term health [16]. Clinical research showed that SC might increase the
risk of neonatal pulmonary hypertension [17]. Nonetheless, our previous clinical research
showed decreased NK activity in in vivo and in vitro research in 40 RPL patients treated
with SC suppositories BEFORE conception, which correlated with positive pregnancy
outcomes: live births and the lack of complications during pregnancy [12]. Therefore,
SC may modulate the immune response to the trophoblast antigens and endometrial
environment by the modification of NK cell function [12,13,18–20].

SC increases cellular cGMP levels through competition for the phosphodiesterase
binding site with cGMP, thus inhibiting the degradation of cGMP to GMP [21]. A high
level of cGMP results in increased NO production and subsequently causes the relaxation
of vascular smooth muscles and increases vasodilation [7,21,22]. Vaginal sildenafil acting
through NO improves uterine artery blood flow and sonographic endometrial thickness
in patients with previous failed assisted reproductive cycles due to poor endometrial
response. While improving uterine blood flow in the proliferative phase, NO may exert
a detrimental effect on the development of the endometrium during the implantation
window [11,12]. NO mediates the release of cytokines such as tumor necrosis factor-
α [6,23] secreted from activated natural killer cells [24] which was implicated as a cause
of implantation failure [12]. Normally, NK cells, which account for approx. A total of
70% of the decidual immune cells as so-called ‘decidual NK cells (dNK)’ [25] have a
high capacity of producing cytokines such as IFN-γ, TNF-α, GM-CSF, TGF-β, and IL-
10. Previous reports implied that this special population of dNK cells was involved in
decidualization, angiogenesis [24], the regulation of trophoblast invasion [18], and spiral
artery remodeling [26] by promoting the production of certain cytokines and factors,
e.g., interferon gamma-induced protein 10 (IP-10), vascular endothelial growth factor A
(VEGF-A), and IFN-γ [27]. The expression of placental growth factor (PIGF), angiogenin,
endostatin, and sIL-2R increased by dNK cells may contribute to pregnancy disorders
associated with poor spiral artery remodeling [25]. It was shown that angiotensin II
induced vascular dysfunction dependent on IFN-γ production by NK cells [28]. Jurewicz
et al. demonstrated that NK cells were fully equipped with renin–angiotensin system
elements: renin, the renin receptor, angiotensinogen, and angiotensin-converting enzymes,
which were capable of producing and delivering Ang II to the sites of inflammation [29].
The local renin–angiotensin system in the placenta plays an extremely important role
in placental development. It was established that most of the circulating and local RAS
components were over-expressed during normal pregnancy and the disruption of the
balance might cause pregnancy complications [30].

dNK cells are characterized by limited cytotoxicity and they control embryo implanta-
tion and spiral artery formation [18,29]. However, several studies showed that women with
recurrent pregnancy loss had a higher cytotoxic activity of NK cells both in the periphery
and in the endometrium compared with healthy fertile women [31–33]. Our previous re-
search showed that SC decreased peripheral blood NK activity in women with RPL treated
with SC suppositories, which was correlated with positive pregnancy outcomes [12].
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In 2013, Cadeira et al. proposed an in vitro model of the conversion of peripheral
blood NK cells (pbNK) into induced decidual NK cells (idNK cells), which resembled dNK
cells phenotypically and functionally [34].

In the current study we attempted to establish whether SC influenced the activity of
idNK cells, obtained via the above-mentioned method, through blocking phosphodiesterase
5A (PDE5A) and increasing the level of cGMP or NO synthase activation. To determine
if SC can influence idNK cell angiogenic activity, we used a real-time polymerase chain
reaction to measure the mRNA levels of VEGF-A, PIGF, CXCL8 (IL-8), and PDE5A in
idNK cells cultured with or without SC. Additionally, we measured VEGF-A, PLGF, IL-8,
IFN-γ, angiotensin I (Ang I), and angiotensin II (Ang II) concentrations in the supernatants
obtained from the cultures.

2. Material and Methods

The study was approved by the Bioethics Committee of the Medical University of
Warsaw (No. KB/192/2015). All measurements, interventions, and blood collections were
performed after informed consent had been obtained.

2.1. Control Group

The control group consisted of 15 fertile women without a history of obstetric-
gynecological and internal disorders. None of the subjects included in the control group
reported any problems regarding conception; all subjects declared a normal course of
pregnancy and delivery. Moreover, none of the control subjects were treated for any in-
ternal disorders. Women on oral hormonal contraception and other forms of hormonal
treatment, or women with hormonal intrauterine devices, were excluded from the study.
Transvaginal ultrasound scans were performed in all the patients between day 3 and day 5
of the menstrual cycle to reveal the normal morphology of the uterus, endometrium, and
appendages.

2.2. Study Group

One hundred and fifty patients with RPL were evaluated. However, only fifteen
patients with RPL were finally included in the study group because of very strict exclusion
criteria. Recurrent pregnancy loss was defined according to the WHO definition as three
or more consecutive spontaneous miscarriages before the 20th week of gestation [35].
All studied patients had experienced the last miscarriage at least 6 months before the
research. Therefore, the immunological status of patients had normalized before the study.
A complete medical, surgical, and social history was obtained in all cases. All the women
with a history of RPL were investigated in terms of any identifiable causes of abortion.
Hysterosalpingography or hysteroscopy revealed no abnormalities in the patients’ uteri.
The study group underwent peripheral blood chromosome assessment which revealed
normal karyotypes. Patients with anatomic, genetic, microbiological, immunological, and
hormonal causes of abortions were excluded from the research. The women with RPL
were tested for thrombophilia and immunological markers such as aPL and none of them
exhibited any defects. The characteristics of the study group, including age and the number
of spontaneous pregnancy losses, are listed in Table S1.

3. Methods

3.1. The Isolation of Peripheral Blood Mononuclear Cells and CD56+ Cells

Peripheral blood mononuclear cells (PBMC) were isolated from the peripheral blood
of 15 women with recurrent miscarriages and 15 healthy volunteers via Ficoll gradient
centrifugation. After being washed twice in phosphate-buffered saline (PBS, Biomed,
Lublin, Poland), the cells were suspended in 1 mL of cold MACS buffer (MiltenyiBiotec,
Auburn, CA, USA) The cells were counted and stained according to the manufacturer’s
instructions with the appropriate amount of CD56+ microbeads. After washing, the stained
cells were separated with MidiMACS manual separator (MiltenyiBiotec, Auburn, CA, USA)
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according to the manufacturer’s instructions (MiltenyiBiotec, Auburn, CA, USA). After
isolation, we obtained approximately 2 × 106 CD56-positive cells with 96% purity.

3.2. Cell Culture

Isolated CD56-positive cells were cultured in 24-well plates (SPL Life Sciences Co.,
Ltd., Naechon-Myeon, Gyeonggi-do, South Korea), in Opti-MEM Reduced Serum Media
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing 10% FCS (MERK, KGaA,
Darmstadt, Germany), 1 U/ML penicillin/streptomycin/100 μg/mL [11], 2 mM glutamine
(Sigma Aldrich), 1 mM sodium pyruvate (Fluka), nonessential amino acids ((MERK, KGaA,
Darmstadt, Germany), 55 mM 2-mercapthoethanol, 10 ng/mL recombinant human IL-15
(MERK, KGaA, Darmstadt, Germany), 2 ng/mL recombinant human TGF-β-1 (R&D), and
1 μM 5-aza-2′deoxycytidine (AZA, (MERK, KGaA, Darmstadt, Germany), in a hypoxic
(94% N2, 5% CO2, 1% O2) environment [24].

The cells were cultured at a concentration of 1 × 106/mL in 4 variants: NK cells in
the medium, NK cells with 400 ng/mL of sildenafil citrate (MERK, KGaA, Darmstadt, Ger-
many), NK cells with 500 μM of NOS inhibitor—NG-Monomethyl-L-arginine, monoacetate
salt (L-NMMA, (MERK, KGaA, Darmstadt, Germany), NK cells with 500 μM of L-NMMA
and SC (both from MERK, KGaA, Darmstadt, Germany), [36,37]. The concentration of SC
used in the experiments was consistent with the physiological concentration of 200 mg of
orally administered Viagra in the blood of a healthy man [38]. Hypoxic conditions were
obtained by culturing cells in a sealed anaerobic workstation incubator (Modular Incubator
Chamber, MIC-101, Billups-Rothenberg, Inc., Del Mar, CA, USA), incorporated with a
gas flow measurement system (DFM 3002, Biogenet, Józefów, Poland) and flushed with a
mixture of 1% O2, 5% CO2, and 94% N2. The entry and exit ports of the chambers were
subsequently clamped, and the chambers were placed in a 37 ◦C incubator. After 5 days of
culturing, the cells were harvested for the determination of idNK cell degranulation and
activity or gene expression pattern.

3.3. Degranulation of idNK Cells—CD107a Expression Determination

After 5 days of culturing, idNK cells were seeded with the E:T ratio of 2:1 and 1:1
in falcon tubes in RPMI full medium and incubated for 4 h at 37 ◦C and 5% CO2. For
functional assays, anti-CD107a APC was added together with monensin (GolgiStop TM,
Becton Dickinson, Franklin Lakes, NJ, USA) and brefeldin A (GolgiPlug TM, Becton
Dickinson, Franklin Lakes, NJ, USA) at the beginning of the assay. At the end of the assay,
the cells were stained for CD3-FITC, CD56-PE surface markers to identify the CD3-CD56+

idNK-cell subsets. Gating strategy and cut-off values of positive fluorescence were based
on a fluorescence minus one (FMO) experiment and are shown in supplementary data
(Figure S1). Cell readouts were acquired using a Becton Dickinson FACSCanto II cytometer
(BD FACS Canto II, Becton Dickinson, Franklin Lakes, NJ, USA) and analyzed with BD
FACS Diva 6.1.3. software. Analyses were conducted on live cells only [39].

3.4. The Determination of the Gene Expression of Selected Angiogenic Factors

Cultures for gene expression determination were performed in 2 versions: The culture
of idNK cells and idNK cells supplemented with SC. The cells were centrifuged at 800 g for
10 min., culture supernatants were collected and frozen at −80 ◦C for subsequent analysis
with the enzyme-linked immunosorbent assay (ELISA) and idNK cells were suspended
in a lysis buffer (RLT buffer, Qiagen, Hilden, Germany). RNA was extracted from frozen
idNK cells using the guanidinium-thiocyanate-based RNA extraction (Qiagen RNeasy Mini
Kit, Qiagen, Valencia, CA) followed by column-based purification. RNA concentration
and the purity were evaluated with a micro-volume UV-Vis spectrophotometer (Quawell
Q3000, Quawell Technology Inc., San Jose, CA, USA). Quantitative RT-PCR was carried out
with the RNA-to-CT™ 1-Step kit [(Applied Biosystems (AB), Foster City, CA, USA]. The
TaqMan Gene Expression Assays (Thermo Fisher Scientific Inc., Waltham, MA, USA) were
performed with the use of a ViiA™7 Real-Time PCR system (Applied Biosystems; Thermo
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Fisher Scientific, Inc.) under the following thermocycling conditions: 48 ◦C for 15 min,
95 ◦C for 10 min and 40 cycles of 95 ◦C for 15 sec and 60 ◦C for 1 min. TaqMan Probes used
for RT-PCR are presented in Table 1. Data were normalized to the reference genes (GAPDH
and B2M, Table 1) and the relative expression level of each target gene was expressed as
2−(Ct; Target gene −Ct; Reference gene). All qRT-PCR experiments were run in triplicate, and the
mean value was used for the determination of mRNA levels [40,41].

Table 1. TaqMan probes used for RT-PCR in determination of the gene expression of selected
angiogenic factors.

Gene Name Gene Symbol Assay ID

Phosphodiesterase 5A PDE5A Hs00153649_m1

Vascular endothelial growth factor A VEGF-A Hs00900055_m1

Placental growth factor PIGF Hs00182176_m1

Renin binding protein RENBP Hs00234138_m1

C-X-C motif chemokine ligand 8 CXCL8 (IL-8) Hs00174103_m1

Glyceraldehyde-3-phosphate dehydrogenase GAPDH Hs99999905_m1

Beta-2-microglobulin B2M Hs99999907_m1

3.5. The Determination of the Concentration of Angiogenic Factors

The concentrations of selected cytokines and angiogenic factors (VEGF-A, PIGF, IL-8,
IFN-γ, Ang I, Ang II) were measured in idNK culture supernatants twice via the enzyme-
linked immunosorbent assay (ELISA) according to the manufacturer’s instructions. The
concentrations of cytokines were calculated from a standard curve of linear regression
according to the manufacturer’s instructions (ELISA kits, Bioassay Technology Labora-
tory, Shanghai, China). The sensitivity of ELISA kits were: VEGF-A—1.52 ng/L, PIGF—
4.02 ng/mL, INF-γ—0.49 ng/mL, IL-8—2.51 ng/L, angiotensin I (Ang I) < 75 pg/mL,
angiotensin II (Ang II)—18.75 pg/mL. The intra-assay CV was < 8% and the inter-assay
CV was < 10% for all used kits [42].

3.6. Statistical Analysis

All statistical analyses were performed with Graph Pad Prism 9.00. The normal
distribution of data was determined with the Shapiro–Wilk test. In order to determine the
statistical significance between the control and study group samples, the unpaired t-test
was used in case of the normal distribution of data, and the Mann–Whitney U test was
used in case of non-normal distribution. The analyses of data inside the groups (samples
after culturing with SC) were performed with the Wilcoxon signed-rank test in case of
non-normal distribution and the paired t-test for the normal distribution of samples. The
p values below 0.05 (p < 0.05) were considered statistically significant. The data were shown
as the median and interquartile range (IQR) in the figures.

4. Results

No difference was observed as regards the age between RPL patients (36.70 ± 4.48)
and healthy women (37.40 ± 1.90).

4.1. The Determination of the Gene Expression of PDE5A and Selected Angiogenic Factors

The PDE5A enzyme was expressed in idNK cells, and its expression was significantly
higher in RPL women than in healthy women (Figures 1 and 2) The addition of 400 ng/mL
SC to the culture decreased the expression of PDE5A in RPL patients (Figure 1). We also
found a significantly higher expression of VEGF-A in RPL patients than in the control
group (Figure 2). No significant differences occurred in the mRNA expression of PIGF,
RNEBP, and CXCL8 (IL-8) between the studied groups. However, the expression of IL-8
showed a wide range in RPL and control group (Figures 1 and 2).
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Figure 1. PDE5A, VEGF-A, ANG-I, PIGF, IL-8 expression after SC treatment in the idNK cells of
healthy and RPL women, data shown as the mean ± SD compared with idNK cells maintained
without SC (green points, CG—control group, n = 10; red points—RPL patients, n = 8; statistical
significance * p < 0.05).

Figure 2. The expression of PDE5A and VEGF-A is upregulated in the idNK cells of patients with RPL. SC downregulated
PDE5A gene expression in RPL group, (a) a genomic meta-analysis of PDE5A gene expression in idNK cells, (b) a genomic
meta-analysis of VEGF-A gene expression in idNK cells (c) a genomic meta-analysis of RNEBP gene expression in idNK
cells, (d) a genomic meta-analysis of PIGF gene expression in idNK cells, (e) a genomic meta-analysis of IL-8 gene expression
in idNK cells; data are shown as the median and interquartile range, CG—control group n = 10, RPL patients n = 8, circles
and triangles represents single samples; SC—sildenafil citrate 400 ng/mL, statistical significance marked as star—* p < 0.05.
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4.2. The Levels of Angiogenic Factors in the Culture Supernatants of idNK Cells

The concentrations of IL-8, IFN-γ, and angiogenic factors (VEGF-A, PIGF, angiotensin
I, angiotensin II) were measured in the culture supernatants of idNK cells with the ELISA
method. Surprisingly, we found no difference in protein levels between the studied groups
before or after SC treatment (Figure 3). Similarly to gene expression, we found that VEGF-A
concentration was upregulated in RPL patients. Moreover, PIGF level was enhanced after
SC treatment.

Figure 3. The concentrations of angiogenic factors and cytokines in idNK cultures with and without sildenafil citrate:
(a) VEGF-A, (b) PIGF, (c) Ang I, (d) Ang II, (e) IL-8; (f) IFN-γ; Control group n = 9, RPL patients n = 8; dots on the figures
reflects numbers of determined samples, SC—sildenafil citrate 400 ng/mL, statistical significance marked as star—* p < 0.05.

4.3. idNK Cell Activity and CD107a Expression

The flow cytometry determination of idNK cell cytotoxicity and degranulation did not
reveal any differences between the groups. The blockage of NO synthase with L-NMMA
did not alter idNK activity or the expression of CD107a in the studied groups. Sildenafil
citrate did not influence idNK cell function in any of the studied variants (Figure S2).
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5. Discussion

Decidualization, which involves a dramatic morphological and functional differentia-
tion of human endometrial stromal and immune cells, plays an important role in promoting
placental formation to support pregnancy [43]. dNK cells are the most abundant population
of immune cells in the decidua. Almost a decade has passed since researchers pointed out
that increased pbNk cell activity reflected the activity of decidual NK cells [29]. Further
studies on dNK cells revealed their regulatory function during a physiological pregnancy,
including the creation of optimal conditions for blastocyst invasion, control of the invasion
process depending on gestation terms, as well as taking part in the uterus spiral artery
remodeling and uterus–placenta normal blood flow establishment [25,44–46].

In our previous study, we observed that sildenafil citrate decreased pbNK cell activity,
and improved uterine blood flow and the endometrial thickness of women with RPL [12].
Thus, in the present study, we verified the influence of SC on the activity and angiogenic
properties of idNK cells. We found that supplementing the culture with a low dose of
sildenafil citrate downregulated PDE5 gene expression. To the best of our knowledge, it
is the first study investigating the expression of PDE5A phosphodiesterase in human NK
cells and idNK cells. Furthermore, we showed the expression of the gene was significantly
higher in RPL patients, which suggests a faster conversion of cGMP to GMP in the dNK
cells of RPL patients. CGMP indirectly activates NO synthases, and it is known that nitric
oxide (NO) improves endometrial thickness by enhancing uterine blood flow (7, 9). It
also improves NK activity [36]. The shortage of cGMP in the cells of RPL patients may
disturb NO release and, subsequently, cause an inadequate cytotrophoblast invasion of the
uterine spiral arteries and endometrium growth, as well as embryonic cell proliferation
decrease [12,47–49]. The downregulation of PDE5 gene expression by SC may restore
the required level of cGMP and improve NO production demanded during trophoblast
implantation. However, further research is needed.

We performed cultures of idNK cells with and without a blocker of NO synthase
(L-NMMA) supplementation in a hypoxic (1% of oxygen) environment to determine if
SC influenced iNOs synthase and modulated NK activity. Cifoni et al. showed that NO
synthase inhibitors impaired NK cell-mediated target cell killing [50]. However, L-NMMA,
SC, or both compounds did not affect idNK activity towards K562 tumor cells or the
expression of lysosomal-associated membrane protein-1 (LAMP-1; CD107a) in our research.
Sanson and Malagoni reported that even in the presence of L-NMMA, NO generation
occurred following hypoxia [51]. Therefore, it was probably hypoxia which abolished the
effect of L-NMMA in our study. Moreover, transformation media for idNK cell cultures
contained IL-15 cytokine which plays a dominant role in NK cell activation. It was shown
that brief priming with IL-15 markedly enhanced the antitumor response of CD56bright NK
cells [52]. Furthermore, we observed no changes in the CD107a expression on idNK cells
after SC addition. The data are in opposition to our previous results obtained from the
cultures of PBMC, where SC decreased pbNK cell activity after 48 h of culturing [12]. It
may also suggest an influence of other immune cells controlling NK activity and the impact
of hypoxia on idNK cells. According to some authors, hypoxia improves NO release, and
subsequently improves NK cell activity [6,24,50].

It was found that hypoxia was the principal regulator of VEGF expression [53]. We
noted a higher expression of VEGF mRNA in the idNK cells of RPL patients in hypoxia
which was reflected in the concentration of VEGF in culture supernatants. Atalay et al.
and Pan et al. reported a higher level of VEGF in the serum of RPL patients than in fertile
women [54,55]. It was demonstrated that VEGF increased microvascular permeability and
promoted coagulation, which is directly related to the pathogenesis of preeclampsia [23].
Others claimed that VEGF-A level in the serum of RPL patients was not correlated with
NK cell function and level [56].

Several studies demonstrated that dNK cells produced angiogenic factors and cy-
tokines such as PIGF, IL-8, IFN-γ, Ang I, Ang II, which influenced endothelial integrity,
and the imbalanced expression resulted in endothelial barrier dysfunction and vascular
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permeability in RPL patients [18,27,57]. In 2016, Cavalli et al. showed that idNK cells
obtained from pbNK cells by culturing in transformation media in hypoxia expressed
similar factors [24]. After the implementation of cultures similar to those described by
Cavali et al., we tested the levels of the aforementioned factors in culture supernatants.
Turner et al. reported that women who required emergency operative deliveries as a result
of fetal distress had low pre-labor levels of placental growth factor (PIGF), which declined
as labor progressed. During a recent phase 2 randomized controlled trial (RCT), they
showed that women in the placebo cohort had a greater decline in PIGF levels than those
receiving SC [58]. A clinical case study of a 26-year-old woman with severe preeclampsia
showed that SC increased the PLGF level measured in the serum [59]. Our RPL group of
patients had lower concentrations of PIGF than the fertile group of women, which was
not reflected in gene expression and SC improved the concentration of PLGF as in the
mentioned studies. However, we did not test RPL women during labor or pregnancy.

It was widely reported that SC influenced angiogenic factor production. There is
evidence that sildenafil decreased IL-8 level in the serum, as well as gene expression in the
PBMC cultures of patients with diabetic cardiomyopathy [60]. Other researchers showed
that SC decreased the production of IL-6, IL-8 and ROS in dermal fibroblast cultures isolated
from patients with systemic sclerosis [60]. Dias et al. confirmed that sildenafil attenuated
the morphofunctional deleterious effects of Ang II on resistance vessels [61]. Chiu et al.
found that SC improved renin secretion in the serum of men [62]. However, the present
research revealed no such effect of SC in our in vitro model of idNK cells. It was also
reported that sildenafil reduced ionized calcium-binding adapter molecule 1 (Iba-1), IFN-γ,
and IL-1β levels in an inflammatory demyelination model in INOS knockout mice [61,63].
We did not notice such a phenomenon concerning idNK cell cultures in the current research
as well as in our previous research, SC did not influence the percentage of T lymphocytes
producing IFN–γ in the PBMC cultures in healthy men [64].

We are aware that the presented data are preliminary, but they may aid in further
understanding of SC effect on idNK cells and the practical use of idNK cells in the studies
of the pathology of idiopathic recurrent pregnancy loss.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10215086/s1, Table S1: Characteristics of RPL patients included to the study group;
Figure S1: Gating strategy for CD107a expressing idNK cells (CD56+ CD3-) and NKT cells (CD56+
CD3+); Figure S2: The effect of sildenafil on the degranulation (CD107a expression) of idNK cells
determined after 5 days of culturing in transformation media and hypoxia, results are showed as
the median and IQR, CG—control group, RPL—study group, 500μM L-arginine iNOS inhibitor
(L-NMMA), SC—sildenafil citrate 400 ng/ml).
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Abbreviations

Ang II Angiotensin II
AZA 5-aza-2′deoxycytidine
cGMP cyclic guanosine monophosphate
dNK decidual NK cells
GMP guanosine monophosphate
idNK induced decidual NK cells
IL interleukin
IUR intrauterine growth restriction
L-MNNA NG-Monomethyl-L-arginine
NO nitric oxide
NOS nitric oxide synthase
PBS phosphate-buffered saline
PDE-Is phosphodiesterase inhibitors
PDEs phosphodiesterases
RAS renin–angiotensin system
RPL recurrent pregnancy loss
RSA recurrent spontaneous abortions
SC sildenafil citrate
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Abstract: Background: To explore the use of maternal urine proteome for the identification of
preeclampsia biomarkers. Methods: Maternal urine samples from women with and without
preeclampsia were used for protein discovery followed by a validation study. The targeted proteins
of interest were then measured in urine samples collected at 20–24 and 30–34 weeks among nine
women who developed preeclampsia, one woman with fetal growth restriction, and 20 women with
uncomplicated pregnancies from a longitudinal study. Protein identification and quantification was
obtained using liquid chromatography–tandem mass spectrometry (LC–MS/MS). Results: Among
the 1108 urine proteins quantified in the discovery study, 21 were upregulated in preeclampsia and
selected for validation. Nineteen (90%) proteins were confirmed as upregulated in preeclampsia cases.
Among them, two proteins, ceruloplasmin and serpin A7, were upregulated at 20–24 weeks and
30–34 weeks of gestation (p < 0.05) in cases of preeclampsia, and could have served to identify 60% of
women who subsequently developed preeclampsia and/or fetal growth restriction at 20–24 weeks of
gestation, and 78% at 30–34 weeks, for a false-positive rate of 10%. Conclusions: Proteomic profiling
of maternal urine can differentiate women with and without preeclampsia. Several proteins including
ceruloplasmin and serpin A7 are upregulated in maternal urine before the diagnosis of preeclampsia
and potentially fetal growth restriction.

Keywords: pregnancy; preeclampsia; proteomics; urine; biomarkers

1. Introduction

Preeclampsia (PE) affects about 2% to 5% of pregnant women in developed countries
and up to 10% of pregnant women in developing countries [1–3]. PE is associated with
short-term and long-term adverse outcomes in mothers and infants [4–8]. About 10% to
15% of maternal deaths and 25% of neonatal deaths are attributable to PE and its complica-
tions [8,9]. In the most severe cases, PE occurs before term and is typically associated with
deep placentation disorders that can also lead to fetal growth restriction [10–12].

There is a growing body of evidence that the preterm PE, severe PE, and fetal growth
restriction can be predicted in early pregnancy using a combination of biophysical, biochem-
ical and ultrasound markers [13–15]. However, such screening tools require equipment
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and expertise that are not readily available throughout the world. There is evidence that
urine biomarkers could also be used for the early diagnosis of PE [16,17].

Mass-spectrometry-based proteomics analysis has gained popularity in the past
decades for its ability to cover a large proportion of cellular or biological fluid pro-
teomes [18]. Indeed, bottom-up proteomics have allowed for the identification and quantifi-
cation of hundreds of proteins. This strategy relies on the identification and quantification
of peptides resulting from the trypsin digestion of protein extracts by liquid chromatog-
raphy coupled with tandem mass spectrometry (LC–MS/MS). The acquired spectra are
then searched against publicly available protein databases. Protein candidates can also
be accurately quantified by targeted proteomics in which up to one hundred proteins can
be specifically monitored by LC–MS/MS in a single analysis [19]. The urinary proteome,
which can be collected non-invasively and which contains more than 1800 protein species, is
an ideal source of biomarkers for both renal/urological tract and systemic diseases [20,21].

For preeclampsia, a recent review of proteomic studies reported that at least 132 urine
proteins could be used for early diagnosis [22]. More importantly, Buhimschi et al. observed
that a specific urine proteomic profile combining serpin A1 and albumin could have: (1) a
high accuracy in the identification of women with severe PE that required immediate
delivery; and (2) could identify women at high risk to develop severe PE up to 10 to
25 weeks before its diagnosis [16]. However, these observations were limited to a small
number of participants; the experiments were performed using equipment developed
many years ago, and should therefore be validated in larger studies.

In the current study, we aim to assess the urine proteomic profiles in PE and to identify
biomarkers that could help in the early prediction of PE.

2. Materials and Methods

We performed a secondary analysis of the PEARL case-cohort study (PreEclampsia
And growth Restriction: a Longitudinal study) that included both nulliparous women with
PE (cases) and a cohort of nulliparous women at low risk of PE, recruited in early pregnancy
and followed until delivery (controls) [23,24]. PE was defined according to the Society
of Obstetricians and Gynecologists of Canada guidelines as de novo hypertension after
20 weeks of pregnancy (i.e., Systolic BP ≥ 140 mmHg and/or diastolic BP ≥ 90 mmHg)
with proteinuria (≥300 mg per 24 h or ≥2 + protein on urine dipstick) or an adverse
condition (thrombocytopenia, renal failure, liver injury, headache, seizures, vision problem
or pulmonary edema) [25]. Fetal growth restriction was defined as a birth weight below
the 10th percentile for gestational age based on a Canadian reference chart [26]. Urine
samples were collected on the day of the diagnosis of PE for all cases and at several points
during pregnancy for all controls. Urine samples were aliquoted and stored at −80 ◦C until
analysis. All participants signed an informed consent form, and the study was approved
by the ethics committee of the CHU de Québec—Université Laval (B14–07-2037).

For the purpose of the current study, we divided our population as follows: for the
discovery study, 12 participants with PE (including 6 with fetal growth restriction) were
matched to 12 controls without PE based on gestational age at urine collection, maternal age
and maternal body mass index. For the validation study, another subset of 12 participants
with PE (including 2 with fetal growth restriction) were matched to 12 controls also based
on gestational age, maternal age and maternal body mass index. We used all samples
available (n = 24) and divided by two for the discovery and validation study. For the
longitudinal study, we used an independent cohort of women who were seen at each
trimester of pregnancy: we selected 9 women who developed PE; 1 woman who developed
fetal growth restriction without PE; and 20 women with uncomplicated pregnancies who
provided urine samples at 20–24 and 30–34 weeks.

2.1. Mass Spectrometry Analyses

Each 500 μL sample of urine was concentrated on an Amicon Ultra-0.5 Centrifugal
Filter device (Millipore, Burlington, MA, USA) by 10 min centrifugation 14,000× g, fol-
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lowed by a wash with 500 μL ammonium bicarbonate 50 mM and centrifugation in the
same conditions. The protein concentration of the concentrated urine samples (volumes
between 55 and 85 μL) was measured using Bradford assay. A total of 10 μg from each
sample was then used for the subsequent steps. Briefly, the sample volume was adjusted
to 50 μL with ammonium bicarbonate at 50 mM, and sodium deoxycholate was added to
a final concentration of 1%. Protein denaturation was performed by heating at 95 ◦C for
5 min. The reduction and alkylation of cystein disulfide bridges was performed by the
addition of 1,4 dithiothreitol (DTT) (final concentration 0.2 mM) and incubation at 37 ◦C
for 30 min followed by the addition of iodoacetamide (final concentration 0.8 mM) and
incubation at 37 ◦C for 30 min in the dark. An amount of 200 ng of tryspin enzyme was
then added and samples were incubated at 37 ◦C overnight for proteolysis. Enzymatic
digestion was stopped by acidification with 50% formic acid and the resulting peptides
were purified on StageTip according to Rappsilber et al., using C18 Empore reverse phase
(CDS) [27]. The samples were vacuum-dried and stored at −20 ◦C prior to mass spectrom-
etry analysis. Each sample was resuspended at 0.2 μg/μL with 2% acetonitrile, 0.05% TFA.
For validation and longitudinal studies only, iRT internal standard peptides (Biognosys,
Schlieren, Switzerland) were added in each sample at 1X final concentration. An amount of
1μg from each sample was analyzed by liquid chromatography coupled with tandem mass
spectrometry (LC–MS/MS) using a U3000 RSLCnano chromatographic system (Thermo
Fisher Scientific, Waltham, MA, USA) and an Orbitrap Fusion mass spectrometer (Thermo
Fisher Scientific). The chromatographic separation was performed on an Acclaim PepMap
100 C18 column (75 μm internal diameter, 3 μm particules and 500 mm length) using a
5–45% solvent B 90 min gradient (A: 5% acetonitrile, 0.1% formic acid; B: 80% acetonitrile,
0.1% formic acid).The mass spectrometer was operated in Data Dependent Acquisition
mode for the discovery study, and Parallel Reaction Monitoring mode for the validation
and longitudinal studies, using two peptide precursor masses for each protein selected
from the discovery study.

2.2. Bioinformatics and Statistical Treatment

For the discovery study, MaxQuant software was used to obtain protein identification
by searching a Uniprot human database (Human Reference Proteome UP000005640), and
quantification was obtained by the Label-Free Quantification (LFQ) method [28]. LFQ
intensity values of MaxQuant were used to calculate a protein fold change (FC) between
the two groups of patients, and the values were then centered by the calculation of a z-score
(z = (FC − FC average)/FC standard deviation). Statistical analyses were then performed
using R software [29]. A Limma statistical test was applied to each protein between the
two groups and the corresponding p-values were adjusted for multiple testing using the
Benjamini–Hochberg method and thus obtained q-values [30]. A protein was considered as
significantly regulated between the two groups if it met the following criteria: |z| > 1.96
and q < 0.05. For the validation and longitudinal studies, the data analysis was performed
using the Skyline software [31]. The quantification value of each targeted peptide was
obtained by integration of the corresponding chromatographic peak reconstructed from the
best parent/fragment transition. Two normalizations of the quantification values were then
applied. The first used the median of iRT internal standard peptides intensity to correct for
LC–MS/MS variability, the second used the signal of peptides from the protein biotinidase
(BTD) (Uniprot accession number P43251), which displayed no variation between the two
groups in our discovery analysis, to correct for Bradford protein assay. For each sample, the
intensities of the two peptides of each protein were summed to obtain a protein intensity
value. A modified statistical Student’s test (Welch test) was performed between the two
groups of patients. Statistical analyses were conducted using R software and IBM SPSS
Statistics version 26.0. Interaction network analysis was performed using the STRING
database [32].
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3. Results

3.1. Discovery Study

The median gestational age of the 12 participants at diagnosis of PE (31.9; IQ:
28.5–34.3 weeks) was comparable to the median gestational age of the 12 participants
used as controls (32.1; IQ: 29.0–35.3 weeks). Table 1 reports participant’s characteristics for
the discovery, the validation and the longitudinal study.

Table 1. Characteristics of our study populations.

Discovery Study Validation Study Longitudinal Study

Cases (n = 12) Controls (n = 12) Cases (n = 12) Controls (n = 12) Cases (n = 10) Controls (n = 20)
Maternal age (years) 29 (27–31) 29 (27–33) 29 (27–31) 30 (28–33) 31 (27–35) 30 (29–33)

BMI (kg/m2) 33 (28–36) 28 (26–33) 30 (28–35) 30 (25–34) 31 (29–33) 24 (22–26)
Caucasian 12 (100%) 12 (100%) 11 (92%) 12 (100%) 9 (90%) 20 (100%)

Gestational age at birth 34 (29–36) 39 (38–40) 34 (30–35) 40 (40–41) 35 (33–36) 40 (39–41)
Preeclampsia 12 (100%) 0 (0%) 12 (100%) 0 (0%) 9 (90%) 0 (0%)

Fetal growth restriction 6 (50%) 1 (8%) 2 (17%) 2 (17%) 4 (40%) 0 (0%)

Median (Interquartile range) or Number (percentage).

Our proteomic analyses allowed us to quantify 1108 proteins from urine samples
which were used in a Principal Component Analysis (PCA) to explore the variability of the
urinary proteomic profiles of participants (Figure 1). The PCA showed two distinct groups
for control and PE revealing distinct proteomic profiles.

Figure 1. Principal Component Analysis (PCA) of the urinary proteomic profiles in participants with
and without preeclampsia. Each point represents a participant. The axes correspond to artificial
axes rebuilt by the PCA to display the maximum variability between the samples. CTL: Control; PE:
Preeclampsia.

A heatmap of the intensity of the proteins quantified in this study was also generated
and associated to a hierarchical clustering, which allowed us to group the most similar
profiles among the urine proteomes (Figure 2).
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Figure 2. Heatmap of the expression of the 1108 proteins extracted from the proteomic analysis.
Colors correspond to the centered intensity values of each protein in each urine sample from blue
(smallest intensity) to red (highest intensity). The proteins (in lines) and the samples (in columns)
are presented as clustered according to a complete linkage clustering method; the corresponding
dendro-gram is shown only for samples.

Among all the quantified proteins, 62 (53 upregulated, 9 downregulated) were found
statistically regulated between PE and control after filtering on z-score (obtained after
centering of the protein fold change) and on the q-value associated to a Limma statistical
test corrected for multiple testing (Figure 3). Twenty-one upregulated proteins were se-
lected for further validation (A1BG; ALB; AFM; TTR; AZGP1; C3; CA1; CP; GC; HBA1;
HBB; ITIH2; ORM1; ORM2; SERPINA1; SERPINA3; SERPINA6; SERPINA7; SERPINC1;
SHBG; TF; see Table 2 for protein descriptions) based on their fold change, their total
signal intensity and/or the sequence of their corresponding peptides (peptides carrying
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oxidized methionine and those containing missed trypsin cleavages were excluded). Using
a STRING analysis, we found that most of them have known interactions, either direct pro-
tein interaction, gene co-expression, or are cited together in the literature (Supplementary
Figure S1).

Figure 3. Volcano plot of the 1108 proteins quantified in the proteomic analysis. The x-axis cor-
responds to the fold change (Log2 of PE/control protein intensity ratio), the y-axis corresponds
to the statistical value (−Log10 (p-value)). Significantly regulated proteins are displayed in red
(upregulated) or in blue (downregulated); non-significantly regulated proteins are displayed in grey.

3.2. Validation Study

The median gestational age at urine collection of our PE cases and term uncomplicated
delivery controls was 31.5 (IQ: 29.0–34.3) weeks and 32.5 weeks (IQ: 29.6–33.9) weeks,
respectively (Table 1). The 21 proteins previously selected were monitored by targeted
proteomics to obtain an accurate protein quantification. Table 2 and Figure 4 report the
average and distribution of intensity values for each group, PE or control, of each of the
selected 21 proteins monitored by targeted proteomics. We observed that 19 (90%) of the
21 proteins were significantly upregulated in the urine of PE patients when compared to
controls with a p-value < 0.05. Among them, 13 have a p-value < 0.001.
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Table 2. Validation study by targeted proteomics of 21 urinary proteins in women with and without preeclampsia.

Protein Accession Gene Name Protein Description Ratio p-Value Significance

P04217 A1BG Alpha-1B-glycoprotein 4.85 0.00000 ***
P43652 AFM Afamin 6.89 0.00001 ***
P25311 AZGP1 Zinc-alpha-2-glycoprotein 14.39 0.00005 ***
P01024 C3 Complement C3 1.92 0.01029 *
P00915 CA1 Carbonic anydrase 1 6.20 0.03347 *
P00450 CP Ceruloplasmin 6.55 0.00005 ***
P02774 GC Vitamin D-binding protein 11.31 0.00001 ***
P19823 ITIH2 Inter-alpha-trypsin inhibitor heavy chain 2 6.35 0.01660 *
P02763 ORM1 Alpha-1-acid-glycoprotein 1 2.96 0.06649
P19652 ORM2 Alpha-1-acid-glycoprotein 2 1.66 0.28634
P01009 SERPINA1 Alpha-1-antitrypsin (serpin A1) 9.50 0.01026 *
P01011 SERPINA3 Alpha-1-antichymotrypsin (serpin A3) 3.83 0.00011 **
P08185 SERPINA6 Corticosteroid-binding globulin (serpin A6) 2.27 0.00039 **
P05543 SERPINA7 Thyroxine-binding globulin (serpin A7) 16.42 0.00013 **
P01008 SERPINC1 Antithrombin-III (serpin C1) 4.38 0.00000 ***
I3L145 SHBG Sex-hormone-binding globulin 4.35 0.00000 ***
P02766 TTR Transthyretin 4.32 0.00000 ***
P02768 ALB Albumin 2.57 0.00001 ***
P69905 HBA1 Hemoglobin subunit alpha 1 3.74 0.02510 *
P68871 HBB Hemoglobin subunit beta 24.62 0.00004 ***
P02787 TF Serotransferrin 2.82 0.02372 *

For each protein (Uniprot accession number given in the first column), average intensity ratio of PE over control groups (PE/CTL) is shown
associated to its Student’s test statistical p-value and the corresponding significance. * p < 0.05; ** p < 0.001; *** p < 0.0001.

Figure 4. Validation study: Distribution of intensities measured by targeted proteomics of 21 urinary
proteins in women with and without preeclampsia. The boxplots represent the distribution of
intensities in each group (grey: control, yellow: PE) as well as the median (line), the interquartile
(box) and the maximum and minimum values within 1.5 times the interquartile range (whisker) of 21
proteins monitored by targeted proteomics in urine samples of women with preeclampsia or women
with uncomplicated pregnancies. Statistical significance is displayed above each graph: * p < 0.05;
** p < 0.01; *** p < 0.001.
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3.3. Longitudinal Study

In the longitudinal study, we observed that 6 of the 21 proteins monitored by targeted
proteomics were significantly upregulated at 30–34 weeks in women who subsequently
developed PE in comparison to the control group (serpin A7; ceruloplasmin; afamin; inter-
alpha-trypsin inhibitor heavy chain; transferrin; alpha-1B-glycoprotein). Two, serpin A7
and ceruloplasmin, were also found significantly upregulated at 20–24 weeks in women
who subsequently developed PE in comparison to the control group (Table 3 and Figure 5).

Table 3. Longitudinal study by targeted proteomics of 21 urinary proteins in women with and without preeclampsia.

20–24 Weeks 30–34 Weeks

Gene Name Ratio PE/CTL p-Value Significance Ratio PE/CTL p-Value Significance

SERPINA7 1.42 0.04247 * 1.62 0.00966 **
CP 1.81 0.04515 * 4.87 0.01784 *

AFM 1.29 0.33745 2.48 0.01821 *
ITIH2 1.14 0.66046 3.67 0.02808 *

TF 1.86 0.27263 8.42 0.03446 *
A1BG 1.19 0.50528 2.22 0.04651 *

SERPINA3 1.39 0.22978 1.95 0.05920
GC 1.20 0.28638 1.97 0.06296

ALB 1.49 0.20602 5.54 0.06954
SERPINA1 1.36 0.24731 4.11 0.07165

C3 1.07 0.85042 1.63 0.07776
ORM1 1.69 0.42028 2.52 0.07781

SERPINA6 1.05 0.84649 1.97 0.08995
ORM2 1.35 0.49657 1.52 0.19926

TTR 1.23 0.29396 1.48 0.21370
HBA1 5.27 0.01524 * 55.40 0.30338
HBB 5.43 0.02956 * 30.91 0.33029

SERPINC1 0.99 0.97216 1.28 0.34586
AZGP1 1.44 0.59655 1.19 0.61454

CA1 0.62 0.55159 0.70 0.63019
SHBG 0.92 0.58530 1.07 0.72452

For each protein (Uniprot accession number given in the first column) at two-time points (20–24 or 30–34 weeks of gestation), average
intensity of PE over control groups (PE/CTL) is shown associated to its Student’s test statistical p-value and the corresponding significance.
* p < 0.05; ** p < 0.01.

Figure 6A,B reports the receiver operating characteristic (ROC) curves for the predic-
tion of PE or fetal growth restriction using ceruloplasmin and serpin A7 protein concentra-
tions in urine at 20–24 weeks and 30–34 weeks of gestation. At a false positive rate of 10%,
ceruloplasmin could have predicted between 60% and 78% of the PE and/or fetal growth
restriction cases at 20–24 weeks and 30–34 weeks of gestation, respectively. Interestingly,
the case of fetal growth restriction without preeclampsia would have been detected with
ceruloplasmin but not with serpin A7.
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Figure 5. Longitudinal study: Distribution of intensities measured by targeted proteomics of 21
urinary proteins in women with and without preeclampsia at 20–24 or 30–34 weeks of gestation.
The boxplots represent the distribution of intensities in each group as well as the median (line), the
interquartile (box) and the maximum and minimum values within 1.5 times the interquartile range
(whisker) of 21 proteins monitored by targeted proteomics in urine samples collected at 20–22 weeks
(blue) and 30–32 weeks (green) of gestation in women with preeclampsia (n = 9) (dark color) or
women with uncomplicated pregnancies (n = 20) (light color). Statistical significance is displayed
above each graph: * p < 0.05; ** p < 0.01.

 
(A) (B) 

Figure 6. Receiver operating characteristic (ROC) curves for the prediction of preeclampsia and/or
fetal growth restriction based on ceruloplasmin and serpin A7 proteins measured by targeted pro-
teomics in urine of women at 20–24 and 30–34 weeks of gestation. The ROC curves present the
predictive values of ceruloplasmin and serpin A7 measurements using targeted proteomic on ma-
ternal urine samples collected at 20–24 weeks of gestation (A) and at 30–34 weeks of gestation (B).
The area under the ROC curves (AUC) were significant for ceruloplasmin at 20–24 weeks (AUC:
0.78; 95%CI: 0.58–0.97, p = 0.016); serpin A7 at 20–24 weeks (AUC: 0.75; 95%CI: 0.57–0.92, p = 0.028);
ceruloplasmin at 30–34 weeks (AUC: 0.92; 95%CI: 0.82–1.00, p < 0.001); serpin A7 at 30–34 weeks
(AUC: 0.77; 95%CI: 0.56–0.98, p = 0.024).
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4. Discussion

We observed that women with preeclampsia have a different urine proteomic profile
than women without preeclampsia and such differences can be present up to 12 weeks
before the first signs and symptoms of preeclampsia. This observation, consistent with
previous studies, suggests that women at high-risk of preeclampsia could be detected from
urine biomarkers. Since fetal growth restriction shares a common mechanism of disease, it
is possible that it could be detected in early pregnancy as well.

More specifically, the PCA performed on our dataset discriminates the two groups of
patients (PE vs. controls). Moreover, the hierarchical clustering associated with the heatmap
of protein intensities generates two main clusters containing either control or PE samples.
To reveal the proteins dysregulated between PE and controls, we centered the control/PE
ratios by calculating a z-score. Indeed, the proteinuria associated to PE strongly affects
the protein content of the analyzed samples. Therefore, lower mass spectrometry signals
obtained in PE cases, as can be observed on the heatmap of protein expressions, might result
in a misinterpretation of the dysregulated proteins between the two groups. By applying
a z-score correction and using a statistical test corrected for multiple testing (q-values),
we could confidently identify 62 proteins with statistical differences in intensity between
control and PE groups. Using targeted proteomics, known for their high accuracy in protein
quantification, and another subset of patients from the same cohort, we confirmed our
findings from the discovery study. The monitoring of these 21 proteins in our longitudinal
study revealed that 6 of these proteins were significantly upregulated at 30–34 weeks of
gestation and 2 of them (ceruloplasmin and serpin A7) were significantly upregulated at
20–24 weeks of gestation, up to 12 weeks before the clinical onset of PE. Ceruloplasmin is
a copper-binding protein involved in iron transport across cellular membranes, and has
antioxidant ferroxidase properties. It could be upregulated in PE as a response to placental
ischemia [33,34]. As for serpin A7, also known as thyroxine-binding globulin (TBG), the
major thyroid hormone transport protein in serum, studies have observed lower serum
TBG in women with PE [35,36]. However, little is known about how and why serpin A7 is
upregulated in the urine of PE cases.

Overall, our observations suggest that the urine proteomic profile could be used to
predict preeclampsia several weeks before the first signs and symptoms manifest them-
selves. More specifically, we observed that at least two proteins, namely, ceruloplasmin
and serpin A7, are increased in maternal urine at 20–24 and 30–34 weeks of gestation in
most women who subsequently develop PE.

Our study is in agreement with the study of Buhimschi et al., who observed that serpin
A1, another member of the serpin family, was significantly increased in PE cases [16]. Their
study also reported misfolded proteins in the urine of women with preeclampsia bound to
Congo Red dye (urine congophilia or affinity for the amyloidophilic dye Congo Red) [37].
Ultimately, their study reported promising results from a prototype point-of-care test for
the detection of urine congophilia [38]. A review by Navajas et al. found nine publications
from 2008 to 2020 that observed 132 proteins that were differently expressed in urine in PE
cases compared to controls [22]. Nineteen of these showed high potential for PE prediction
as they were consistently higher or lower in PE, including ceruloplasmin, serpin A1, serpin
A5, C3, ALB, TF and HBB. Starodubtseva et al. reported that the estimation of serpin A1
peptides in urine was also related to the severity of PE [39]. Placental growth factor (PlGF),
a proangiogenic protein commonly used for the prediction of PE and other placental-
mediated outcomes of pregnancy is also predictive of PE and PE-related adverse outcomes
when measured in urine [17,23,40]. Altogether, these studies, including ours, provide hope
that rapid identification of PE and potentially early prediction of PE is possible using urine
studies.

The small number of cases available at each step is a limit of our study. However, we
used standardized methods for proteomic analysis and, using high-resolution LC–MS/MS,
we obtained the largest urinary proteome coverage ever published on preeclampsia samples
(1108 proteins quantified). One of the major strengths of the current study is the validation
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of our findings in an independent subset of patients and subsequent confirmation in a
prospective study, which includes the collection of urine samples up to three months before
the first signs and symptoms of PE.

5. Conclusions

PE is a major cause of perinatal morbidity and mortality around the world, primarily
in developing countries. PE is commonly associated with fetal growth restriction, as they
share a common mechanism of disease. Our study and current literature strongly suggest
that PE, and potentially fetal growth restriction, are syndromes that are highly detectable
in their early phases using the proteomic analysis of maternal urine. More efforts should
be devoted to the development of rapid point-of-care tests on maternal urine that could
help in the prevention of PE-related adverse outcomes of pregnancy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10204679/s1, Figure S1: STRING interaction network of the 21 proteins selected for
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Abstract: Pregnancy loss affects approximately 20% of couples. The lack of a clear cause complicates
half of all miscarriages. Early evidence indicates the maternal immune system and angiogenesis
regulation are both key players in implantation success or failure. Therefore, this prospective study
recruited women in the first trimester with known viable intrauterine pregnancy and measured
blood levels of immune tolerance proteins galectin-9 (Gal-9) and interleukin (IL)-4, and angiogenesis
proteins (vascular endothelial growth factors (VEGF) A, C, and D) between 5 and 9 weeks gestation.
Plasma concentrations were compared between groups defined based on (a) pregnancy outcome
and (b) maternal history of miscarriage, respectively. In total, 56 women were recruited with
10 experiencing a miscarriage or pregnancy loss in the 2nd or 3rd trimester and 11 having a maternal
history or miscarriage. VEGF-C was significantly lower among women with a miscarriage or
pregnancy loss. Gal-9 and VEGF-A concentrations were decreased in women with a prior miscarriage.
Identification of early changes in maternal immune and angiogenic factors during pregnancy may
be a tool to improve patient counseling on pregnancy loss risk and future interventions to reduce
miscarriage in a subset of women.

Keywords: miscarriage; pregnancy loss; immunology; vascular endothelial growth factor; galectin-9;
interleukin-4

1. Introduction

A positive pregnancy test can be a momentous occasion in a person’s life; however, in
the United States alone, 20% of couples will experience a pregnancy loss, which can lead
to long-term physical and psychological distress [1,2]. Women who have a miscarriage
report feeling isolated, ashamed, and dissatisfied that their clinical care did not address
their emotional well-being [3]. While approximately half of first trimester miscarriages
are associated with genetic abnormalities or identifiable uterine factors, the other 50%
often lack a clear cause [4,5]. Currently, we rely on clinical symptoms of vaginal bleeding
and cramping as well as trending human chorionic gonadotropin (hCG) levels and early
pregnancy transvaginal ultrasonography to determine an increased risk of pregnancy loss;
however, these methods are often unclear in the early stages of a miscarriage and there is a
need for more prognostic indicators for pregnancy viability.

Pregnancy is a unique period that requires alterations in the immune system to accept
a haploidentical fetus. Despite investigation into the fetal and maternal interactions at play
during gestation, there is still a limited understanding of these complex interactions [6–12].
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There is increasing evidence of the importance of the immune system in the success or
failure of a pregnancy. T cell immunoglobulin and mucin-containing protein 3 (Tim-3),
a transmembrane protein expressed on differentiated T-helper 1 cells (Th1) and natural
killer (NK) cells that functions as an immune checkpoint, has been found to be critical
for suppressing allograft rejection [13–18] and, thus, it is hypothesized to play a central
role in pregnancy outcomes. Studies have demonstrated that Tim-3 expression on various
immune cells is increased early in the first trimester and remains elevated throughout
pregnancy [19–22]. Reduced Tim-3 expression has been identified in mice prone to recurrent
miscarriage and, additionally, the blockade of the Tim-3 pathway was associated with
increased miscarriage rates [20,22,23].

We have previously shown that early in the first trimester plasma galectin-9 (Gal-9)
levels increase in maternal blood and remain elevated throughout pregnancy [24]. Gal-9, a
ligand for Tim-3, promotes Th1 cell apoptosis, resulting in the downregulation of cytotoxic
activity and the promotion of immunologic tolerance [15,18,25]. Interactions between Tim-3
and Gal-9 have also been shown to suppress NK cell cytotoxicity at the maternal–fetal
interface [26]. Women who have a history of miscarriage have reduced Gal-9 plasma
concentrations, and the administration of Gal-9 reduced embryo loss in abortion-prone
mice [22]. Interleukin-4 (IL-4), a cytokine involved in differentiation of naïve CD4+ cells into
a Th2, tolerogenic phenotype, increases Tim-3 expression [21,22]. IL-4 expression increases
throughout gestation [27,28]. Gal-9 also increases IL-4 concentrations, and in patients with
recurrent miscarriage, IL-4 levels have been shown to be decreased [29,30]. This indicates
that these interactions have an important role in pregnancy success in early gestation.

In addition to the Tim-3/Gal-9 pathway, which regulates immune tolerance at the
maternal–fetal interface, angiogenic factors, such as vascular endothelial growth factor
(VEGF), have been shown to have a critical role in pregnancy through ensuring vascular
integrity, which supports implantation and embryo development [31–34]. Like Gal-9, VEGF
concentrations increase in the decidua and serum during the first trimester and activate
VEGF receptors [33,35,36]. Histological differences in VEGF expression in trophoblasts,
villi endothelial cells, and decidua have been observed with reduced expression in women
with a spontaneous miscarriage compared to women with a viable pregnancy [37–39].

Based on these prior studies, we hypothesized that immunologic dysregulation and
alterations in angiogenesis in early pregnancy may account for some causes of unexplained
miscarriage and could be measured through the profiling of maternal blood. This study
aimed to determine if early plasma protein concentrations including Gal-9, IL-4, VEGF-A,
VEGF-C, and VEGF-D were associated with pregnancy loss. This is critical because, despite
miscarriage affecting many women, there is an incomplete understanding about the interac-
tion between maternal immune factors, the haploidentical fetus, and angiogenesis, leaving
providers with limited tools to help counsel women on risk for or cause of miscarriage or
to prevent pregnancy loss.

2. Materials and Methods

2.1. Patient Selection

This study was approved by the Mayo Clinic Institutional Review Board and patients
were recruited either under IRB 18-011413 (n = 63) or 13-008482 (n = 3). The latter IRB
was part of an initial pilot study. A prospective, observational study recruited 66 women
presenting to the obstetrical unit for prenatal care between 5 weeks and 9 weeks gestation.
Patients could be presenting for either a scheduled visit or due to a pregnancy-related con-
cern (bleeding, abdominal pain, or worsening anxiety due to prior miscarriages or ectopic
pregnancy). Women, 18 years of age or older, were approached if they had a confirmed
viable intrauterine pregnancy (fetal pole with cardiac activity within the uterine cavity) and
were planning to deliver at our institution or health system to obtain pregnancy outcomes
from their medical records. The study excluded women who were non-English speaking or
less than 18 years old. Written informed consent was obtained by all participants involved
in the study. Participants were asked if they had experienced any bleeding or cramping
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prior to enrollment and, once enrolled, they had 10 milliliters of maternal blood collected
within 24 h of enrollment. Whole blood was processed with plasma separated and stored
at −80 ◦C until use. Maternal history, pregnancy symptoms, and outcomes were obtained
from a medical chart review. Study data were recorded and managed using a secure
Research Electronic Data Capture system (REDCap) [40].

2.2. Enzyme Linked Immunosorbent Assays (ELISA)

The following plasma proteins were measured by ELISA to assess immune tolerance:
Gal-9, IL-4, VEGF-A, VEGF-C, and VEGF-D. Sandwich ELISAs were used to quantify each
protein as per the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA).
All samples were run in duplicate, averaged, and a seven-point standard curve was used
to calculate concentrations following capture of 450 nm absorbance using a plate reader
(BioTek Instruments Inc., Winooski, VT, USA).

2.3. Aims

The primary aims were to determine if Gal-9, IL-4, VEGF-A, -C, and -D concentra-
tions differ between women who experience (a) miscarriage versus ongoing pregnancy
at 12 weeks gestation or (b) pregnancy loss compared to live birth. The secondary aims
were pre-specified to compare concentrations based on maternal history of miscarriage
compared to no miscarriage and to determine if concentrations differed among fetal sex.

2.4. Statistical Analysis

Data are descriptively summarized using frequency counts and percentages for cate-
gorical variables, means and standard deviations (SD) for non-skewed continuous variables,
and medians and interquartile ranges (IQR) for continuous variables with skewed distribu-
tions. Comparisons between groups were evaluated using the Mann–Whitney test U test.
Additionally, 95% confidence intervals (95% CI) for the median difference between groups
were calculated using the Hodges–Lehmann estimation of location shift, also known as
Moses confidence limits. Spearman rank tests were utilized to identify correlations between
plasma proteins, maternal age, and gestation age at blood draw. All calculated p-values
were two sided and p-values < 0.05 were considered significant. Statistical analysis was
performed using SAS version 9.4 (SAS Institute, Cary, NC, USA) and Prism 9.0 (GraphPad,
San Diego, CA, USA).

The study was designed to enroll 70 patients, assuming a miscarriage rate of 15%,
with the goal of obtaining data on 10 women with a miscarriage and 60 women with a
viable pregnancy at 12 weeks. With this sample size, the study would have 80% power
to detect a difference in groups means of 2 standard deviations and 90% power to detect
a difference in groups means of 1.16 standard deviations, using a two-sided two-sample
t-test with a type I error of 5%. However, given the skewed nature of the observed data,
the actual data analysis utilized a non-parametric test, the Mann–Whitney U test, instead
of the parametric two-sample t-test, and therefore, the statistical power of our analysis was
5–10% less than what we projected.

3. Results

In total, 74 women were approached, 66 consented to participate, and 8 declined. After
enrollment, it was determined that 10 women never had a confirmed viable intrauterine
pregnancy at the time of blood draw and they were excluded, leaving 56 participants.
Three women recruited under IRB 13-008482 did not have VEGF-A data.

3.1. Patient Characteristics and Pregnancy Outcomes

The mean maternal age at recruitment was 30.3 (SD 4.4; range 20–38). The mean
gravidity was 2.4 (SD 1.6; range 1–7) and the mean parity was 1 (SD 1.1, range 0–4). Race
among participants included 52 (92.9%) self-described as Caucasian, 2 (3.5%) as Asian,
1 (1.8%) as Black, and 1 (1.8%) as other. Table 1 details maternal characteristics based on
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pregnancy outcomes. Among the 56 included participants, 8 women had spontaneous
miscarriage diagnosed prior to 12 weeks gestation, and 2 had losses after 12 weeks gestation.
In the loss group, 60% (6/10) of participants had symptoms of bleeding or abdominal pain.
In the viable group, approximately a third of women (15/46) had the same concerning
symptoms. Genetic testing was not performed in any patient with a pregnancy loss.
Overall, 38 women had live births, and 8 women did not have known pregnancy outcomes,
but had a viable pregnancy at 20 weeks gestation. (Figure 1) We did not observe strong
correlations between the plasma protein concentrations and maternal age or gestational
age at recruitment in our study (Supplemental Figure S1). Therefore, we did not fit
multivariable models adjusting for these covariates; however, this should be explored in
larger studies.

Table 1. Maternal and obstetric characteristics in women with pregnancy loss compared to women
who had live birth or viable pregnancy at 20 weeks gestation.

Characteristic
Miscarriage or Pregnancy
Loss (n = 10)

Viable Pregnancy or
Live Birth (n = 46)

Maternal Age, mean (SD) 31.7 (3.7) 30.0 (4.6)

Body mass index pre-pregnancy,
mean (SD) 30.3 (6.3) 28.2 (7.0)

Gravidity, mean (SD) 2.1 (1.8) 2.5 (1.5)

Parity, mean (SD) 0.9 (1.5) 1.0 (1.0)

Prior spontaneous miscarriage, N (%) 1 (10%) 10 (22%)

Race, N (%)
Caucasian 9 (90%) 43 (94%)
Black 1 (10%) 0 (0%)
Asian 0 (0%) 2 (4%)
Other 0 (0%) 1 (2%)

Maternal comorbidities, N (%)
Pregestational diabetes 0 (0%) 3 (6.5%)
Chronic hypertension 2 (20%) 0 (0%)
Thyroid disorder 0 (0%) 2 (4.3%)
Rheumatologic condition 0 (0%) 1 (2.2%)

Gestational age at recruitment, N (%)
5 weeks 1 (10%) 3 (6.5%)
6 weeks 5 (50%) 10 (21.7%)
7 weeks 2 (20%) 6 (13.0%)
8 weeks 2 (20%) 18 (39.1%)
9 weeks 0 (0%) 9 (19.6%)

Symptoms, N (%)
Yes 6 (60%) 15 (32.6%)
No 4 (40%) 31 (67.4%)

Figure 1. Pregnancy outcomes of the women enrolled on this prospective cohort.
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3.2. VEGF-C Is Lower in Women with Miscarriage Prior to 12 Weeks Gestation

Plasma concentrations were compared between the 8 women who experienced a
spontaneous loss prior to 12 weeks gestation versus the 48 women with viable pregnancy
at 12 weeks. The median concentration of VEGF-C was significantly lower among women
who experienced a miscarriage versus those who had an ongoing pregnancy at 12 weeks
(1191 pg/mL vs. 2815 pg/mL, respectively, p = 0.04). There was no statistically significant
difference in median concentrations for Gal-9, IL-4, VEGF-A, and VEGF-D between groups
(Table 2).

Table 2. Plasma concentrations for immune tolerance markers and angiogenic factors based on pregnancy outcome at 12
weeks gestation.

Plasma Concentrations
(pg/mL)

Miscarriage
(n = 8)

Median (IQR)

Viable Gestation
(n = 48)

Median (IQR)

95% CI for the Median
Difference between

Groups †
p-Value

Gal-9 513.2 (396.9, 1179.9) 662.0 (273.6, 1145.7) −375.8 to 461.3 0.99
IL-4 36.6 (13.2, 64.1) 55.2 (30.3, 192.7) −2.6 to 143.6 0.08

VEGF-A * 46.2 (40.2, 52.1) 52.8 (24.8, 100.9) −19.9 to 51.8 0.65
VEGF-C 1191.0 (607.8, 2172.6) 2815.1 (1320.5, 3718.3) 80.9 to 2536.7 0.04
VEGF-D 442.2 (349.3, 1193.5) 583.2 (338.4, 1647.1) −163.4 to 595.3 0.44

† Difference calculated as viable gestation group minus miscarriage group. * Three patients had missing VEGF-A data, two had a
miscarriage prior to 12 weeks, and 1 had viable gestation.

3.3. VEGF-C Is Lower in Women with Pregnancy Loss Compared to Live Birth

We then compared plasma concentrations in 38 women who had a live birth compared
to 10 with a pregnancy loss. No significant differences between groups were detected in the
concentrations of Gal-9 (Figure 2A, p = 0.64) and IL-4 (Figure 2B, p = 0.13). VEGF-C levels
were again found to be significantly lower among women with pregnancy loss (Figure 2D,
median 932.7 vs. 3116.2 pg/mL, p = 0.001). Additionally, VEGF-A (Figure 2C, p = 0.25)
and -D (Figure 2E, p = 0.23) concentrations were not significantly different between the
two groups.

3.4. History of Miscarriage Associated with Decreased Gal-9 and VEGF-A

We then wanted to know if a history of miscarriage impacts protein levels in a sub-
sequent pregnancy. Among our cohort, 11 women had a prior spontaneous miscarriage.
We observed that their median plasma concentrations were significantly lower for Gal-9
(395.8 vs. 701.5 pg/mL, p = 0.02, Figure 3A) and VEGF-A (28.5 vs. 53.4 pg/mL, p = 0.04,
Figure 3C) compared to the 45 women with no prior miscarriage. There were no significant
differences in IL-4 (Figure 3B, p = 0.52), VEGF-C (Figure 3D, p = 0.99) or VEGF-D (Figure 3E,
p = 0.79). The difference in Gal-9 levels persisted when comparing 11 women with a
history of miscarriage to 24 with a prior pregnancy and no miscarriage history (median,
395.8 vs. 761.0 pg/mL, p = 0.053, Table 3). While the VEGF-A concentration was lower, it
no longer attained statistical significance when excluding primiparous women (median,
28.5 vs. 51.5 pg/mL, p = 0.08). No significant differences were seen in maternal plasma
concentrations of all proteins in women for which this was their first pregnancy (N = 21)
compared to women with a prior positive pregnancy test (N = 35, Figure 4A–E).
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Figure 2. Plasma concentrations of immune tolerance markers and angiogenic factors among women who experience
pregnancy loss versus live birth. Concentrations of Galectin-9 (A), IL-4 (B), VEGF-A (C), VEGF-C (D), and VEGF-D (E) as
measured by ELISA. Data are displayed as median with interquartile range along with 95% CI for the median difference
between groups above each panel.

Figure 3. Maternal blood levels of immune tolerance and angiogenesis based on history (Hx) of miscarriage. Concentrations
determined by ELISA for Galectin-9 (A), IL-4 (B), VEGF-A (C), VEGF-C (D), and VEGF-D (E). Data are displayed as the
median with interquartile range along with 95% CI for the median difference between groups above each panel.
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Table 3. Plasma concentrations in maternal blood from women with a history of miscarriage versus history of prior
pregnancy with no history of miscarriage.

Plasma
Concentrations

(pg/mL)

History of Miscarriage
(n = 11)

Median (IQR)

History of Prior
Pregnancy and No
Miscarriage (n = 24)

Median (IQR)

95% CI for the Median
Difference between

Groups †
p-Value

Gal-9 395.8 (156.4, 518.4) 761.0 (272.1, 1430.4) −2.9 to 937.4 0.053
IL-4 99.3 (41.2, 176.0) 79.7 (28.3, 324.5) −69.9 to 146.7 0.96

VEGF-A * 28.5 (17.0, 45.8) 51.5 (28.6, 280.5) −2.9 to 71.7 0.08
VEGF-C 2205.6 (1293.3, 3790.2) 2327.3 (815.4, 3352.7) −1365.4 to 1153.1 0.71
VEGF-D 548.5 (349.6, 788.9) 543.2 (314.2, 1780.6) −256.3 to 582.0 0.90

† Difference calculated as history of prior pregnancy and no miscarriage group minus history of miscarriage group. * 3 patients had missing
VEGF-A data; 2 with miscarriage prior to 12 weeks and 1 with viable gestation.

Figure 4. Plasma concentrations in maternal blood from women who are nulligravid (n = 21) versus women with prior
pregnancy (n = 35). Concentrations of Galectin-9 (A), IL-4 (B), VEGF-A (C), VEGF-C (D), and VEGF-D (E) determined by
ELISA. Data are displayed as median with interquartile range, along with 95% CI for the median difference between groups
above each panel.

3.5. No Differences between Male and Female Fetuses

Lastly, we looked for differences in maternal blood protein concentrations by fetal sex
among women with a live birth, as we had previously identified differences in maternal
blood cytokines and angiogenic factors based on fetal sex [41]. We observed no significant
differences between groups (n = 15 with a female live birth vs. n = 23 with a male live birth)
in the concentrations for Gal-9 (p = 0.74) or IL-4 (p = 0.50) in maternal blood (Figure 5A,B).
Additionally, there were no differences between VEGF-A (Figure 5C, p = 0.30), VEGF-C
(Figure 5D, p = 0.77), or VEGF-D (Figure 5E, p = 0.47). Therefore, we suspect that fetal sex
does not change levels of these cytokines and angiogenic factors in early pregnancy.
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Figure 5. Maternal plasma concentrations based on fetal sex. Concentrations determined by ELISA for Galectin-9 (A), IL-4
(B), VEGF-A (C), VEGF-C (D), and VEGF-D (E) compared based on the sex of the fetus. Data are displayed as the median
with interquartile range, along with 95% CI for the median difference between groups above each panel.

4. Discussion

The immune system is complex and composed of both innate and adaptive immunity,
which protects against foreign antigens (i.e., non-self or pathogens). Gal-9 was selected
for assessment of prognostic value based on previous studies that have demonstrated
significantly reduced plasma and decidual Gal-9 concentrations among women experienc-
ing a miscarriage compared to a viable pregnancy [22,28]. In the present study, we did
not identify significantly lower concentrations of Gal-9 based on the current pregnancy
outcomes (miscarriage or live birth). Reasons that our results differed from prior studies
may include that prior studies did not report on the gestational age when the samples
were collected or the timing in relation to the diagnosis of miscarriage. Additionally, they
recruited women with spontaneous miscarriage or undergoing elective termination and,
thus, the true pregnancy outcome is unknown. In the present study, Gal-9 was lower in
women with a history of pregnancy loss, but not different based on whether this was a
women’s first pregnancy. This adds to the hypothesis that Gal-9 levels appear to have a role
in pregnancy viability; however, its utility to identify increased risk for adverse pregnancy
outcomes needs further assessment.

Cytokine expression profiles in the decidua appear to favor those produced by Th2
cells, including IL-4, which appears to be partially regulated by Gal-9 [10]. Reduced
concentrations of IL-4 in the decidua of women experiencing a recurrent pregnancy loss
compared to women with viable pregnancy choosing elective termination have previously
been shown [42]; however, there have been limited previous evaluations of plasma cytokine
profiles and pregnancy outcomes, which prompted our investigation. The present study
did not show any difference in plasma IL-4 concentrations based on maternal pregnancy
history nor current pregnancy outcomes. This finding is similar to the work by Marzi et al.,
which showed peripheral blood mononuclear cells (PBMC) production of IL-4 was not
different in women with live births compared to women with a miscarriage or birth of a
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small for gestational age fetus; however, they obtained samples throughout all gestations
of pregnancy [27]. Our findings differed from other studies that showed plasma IL-4
concentrations in early pregnancy were reduced in women with recurrent miscarriages
compared to normal pregnancy, but levels measured in the miscarriage cohort occurred at
the time of miscarriage diagnosis and not prospectively [22,28]. Based on the findings in
our study, maternal blood IL-4 concentrations, obtained early in gestation, do not appear
to be associated with the outcome of a pregnancy.

Angiogenesis is also of great importance during implantation and maintenance of
pregnancy. VEGF and its receptors have been identified as key players in normal en-
dometrial vascular remodeling and placentation in pregnancy, with increasing VEGF
concentrations throughout the first trimester [36,39,43]. The current study demonstrated
that lower blood concentrations of VEGF-C were seen in women who experienced either a
miscarriage or pregnancy loss. This suggests that VEGF-C blood levels early in pregnancy
may help identify pregnancies at higher risk for adverse outcome, but not be able to predict
the timing of event. VEGF-A concentration was significantly decreased among women
who experienced a prior miscarriage compared to women without a miscarriage history.
These findings support prior work that also found serum levels of VEGF-A and -C obtained
outside of pregnancy are decreased in women with a history of recurrent miscarriage
compared to women with prior pregnancy and no miscarriage [43,44]. Additionally, this
correlates with lower levels of VEGF expression in the decidua and chorionic villi in the first
trimester seen in women who experienced recurrent pregnancy loss compared to elective
termination [37,39]. These differences in VEGF concentrations highlight their important
role in implantation and placental development.

The current study suggests VEGF plasma concentrations obtained in early pregnancy
may be used to identify pregnancies at increased risk of miscarriage or fetal loss and
provide a source for intervention. Scarpellini et al. demonstrated that in women with
recurrent pregnancy loss, the administration of granulocyte colony stimulating factor (G-
CSF) is associated with increased VEGF expression in trophoblasts; however, pregnant
women between 8 and 12 weeks gestation without recurrent pregnancy loss and who did
not receive G-CSF had higher expression levels of VEGF [45]. This study of G-CSF exposure
and our current findings demonstrates the potential to identify interventions or therapies
that improve the chance for successful pregnancies once better biomarkers and risk factors
for miscarriage are understood.

In the present study, we also sought to explore if fetal sex altered maternal cytokine
secretion, given exposure to a foreign Y chromosome, which may require an additional
secretion of immune-suppressing proteins. We previously showed that mothers of male
fetuses had increased plasma concentrations of VEGF-A and proinflammatory cytokines
throughout pregnancy, although no difference in VEGF-D concentrations were seen be-
tween male and female offspring [41]. Placental expression for genes involved in the
immune system and graft-versus-host interactions have also shown to be increased in
the placentas of male compared to female fetuses born prematurely [46]. In the present
study, however, we did not detect a difference in VEGF-A, -C, and -D blood concentrations.
Additionally, neither Gal-9 nor IL-4 showed different expression levels based on fetal sex.
Our sample was limited to only those with a live birth as genetic information to confirm the
fetal sex was not present for any of the pregnancy losses. The lack of significant differences
in angiogenic and immune tolerance proteins was an unexpected finding. Further evalua-
tion of factors that do differ between mothers carrying male versus female offspring may
allow for a deeper understanding of the interplay of the immune system, angiogenesis,
and pregnancy viability.

While this study did meet the sample size for pregnancy losses required by our
power calculation, it is still limited by the small numbers in the setting of a wider range
of concentrations than anticipated. Additionally, samples were obtained during a 5-week
range in the first trimester. Prior studies have shown plasma concentrations of proteins
of interest in the study increase in pregnancy, but there is not strong evidence regarding
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the gestational age at which they plateau [24,27,28,35]. While there are known factors for
pregnancy loss, this study was not able to include genetic information, assessment for
uterine factors associated with increased miscarriage risk, or biochemical loss. Repeating
the study with a pre-pregnancy measurement and then weekly measurements from 5 until
10 weeks gestation, with genetic testing in all pregnancies, would be of interest to better
determine if a certain time point or pattern could be utilized to predict pregnancy outcomes
and offer opportunities for intervention in those with unexplained losses. We did not
observe meaningful correlations between the concentration levels and maternal age or
gestational age at recruitment in our study. Therefore, we did not fit multivariable models
adjusting for these covariates; however, this should be explored in larger studies especially
if there is more heterogeneity in the maternal age and gestational age at recruitment. Lastly,
there is a lack of racial and ethnic diversity in the population. A strength of this study,
however, was collecting samples prospectively in women with confirmed intrauterine
pregnancy and following the pregnancy in its entirety. Many previous prospective studies
of pregnant women recruited patients at the time of miscarriage diagnosis or women
undergoing elective termination, which could be responsible for differences in our study
compared to others.

5. Conclusions

Successful pregnancy implantation and growth is complex. While chromosomal fac-
tors are known to be critical for pregnancy success, evidence suggests that angiogenic
and immune marker expression also has a significant impact on the success or failure of a
pregnancy. Among women with a viable early pregnancy, we found that reduced concen-
trations of Gal-9 and VEGF-A are more common among women with a prior miscarriage,
while decreased VEGF-C expression in the first trimester suggested an increased risk of
miscarriage or fetal loss. Further understanding and identification of altered biomarkers
prior to or early in pregnancy that increase miscarriage risk is important. Developing
thresholds and predictability of serum levels could lead to better pregnancy counseling
and the development of potential therapeutic strategies to prevent pregnancy loss.
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Abstract: Despite significant maternal and fetal morbidity, a treatment for preeclampsia currently
remains an unmet need in clinical care. As too does the lifelong cardiovascular risks imparted on
preeclampsia sufferers. Endothelial dysfunction and end-organ injury are synonymous with both
preeclampsia and cardiovascular disease, including heart failure. We propose that beta-blockers,
known to improve endothelial dysfunction in the treatment of cardiovascular disease, and specifically
known to reduce mortality in the treatment of heart failure, may be beneficial in the treatment of
preeclampsia. Here, we assessed whether the beta-blockers carvedilol, bisoprolol, and metoprolol
could quench the release of anti-angiogenic factors, promote production of pro-angiogenic factors,
reduce markers of inflammation, and reduce endothelial dysfunction using our in vitro pre-clinical
preeclampsia models encompassing primary placental tissue and endothelial cells. Here, we show
beta-blockers effected a modest reduction in secretion of anti-angiogenic soluble fms-like tyrosine
kinase-1 and soluble endoglin and increased expression of pro-angiogenic placental growth factor,
vascular endothelial growth factor and adrenomedullin in endothelial cells. Beta-blocker treatment
mitigated inflammatory changes occurring after endothelial dysfunction and promoted cytoprotective
antioxidant heme oxygenase-1. The positive effects of the beta-blockers were predominantly seen
in endothelial cells, with a less consistent response seen in placental cells/tissue. In conclusion,
beta-blockers show potential as a novel therapeutic approach in the treatment of preeclampsia and
warrant further investigation.

Keywords: preeclampsia; beta-blocker; endothelial dysfunction; cardiovascular disease

1. Introduction

Preeclampsia is a serious pregnancy complication that affects 3–8% of all pregnancies.
Because there are no effective medical therapies against the progression of preeclampsia
aside from delivery, it remains a leading cause of maternal and perinatal deaths world-
wide [1–3].

It is thought that preeclampsia develops after defective early trophoblast invasion
and remodelling of the maternal spiral arterioles, causing significant oxidative stress [4,5].
Following this, excessive anti-angiogenic factors soluble fms-like tyrosine kinase-1 (sFlt-
1) [6–9] and soluble endoglin (sENG) [10] are secreted into the maternal circulation [5,11–13].
These anti-angiogenic factors sequester circulating pro-angiogenic factors placental growth
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factor (PGF) and vascular endothelial growth factor (VEGF), reducing VEGF-mediated
upregulation of endothelial nitric oxide [14]. Without an upregulation of endothelial nitric
oxide, endothelin-1 (ET-1) production is likely uninhibited, and systemic inflammation and
endothelial dysfunction ensues [15].

Endothelial dysfunction characterises preeclampsia and is a significant driver of
the multi-organ injury clinically observed with the disease [16–19]. Circulating ET-1, a
potent vasoconstrictor, is significantly increased in women with preeclampsia [20–23].
Increased ET-1 expression in the vasculature is also a marker of endothelial dysfunction.
ET-1 receptor B (ETB) facilitates endothelium-mediated vasodilation by clearing ET-1 from
circulation [24]. Vascular adhesion molecule (VCAM), another marker of endothelial
dysfunction is also elevated with preeclampsia [25].

Considering the pathophysiology of preeclampsia, targeting the reduction of sFlt-
1 and sENG production and release into the circulation has potential as a therapeutic
strategy for the disease. A medical treatment that is safe in pregnancy, able to restore the
angiogenic balance, improve endothelial function, and reduce inflammation, would likely
prevent serious, long term damage to the maternal endothelium, and would represent a
significant therapeutic advance. As such, we have developed a therapeutic testing pipeline
to investigate whether existing drugs from other fields might be able to be repurposed to
restore angiogenic balance and prevent endothelial dysfunction in preeclampsia [26–32].

Significantly, women who suffer preeclampsia are at increased risk of future car-
diovascular disease, including a 4-fold increased risk of future heart failure [33]. Like
preeclampsia, endothelial dysfunction and end-organ injury are also synonymous with
heart failure and are associated with poorer prognosis [34–38]. The vasoactive peptide
adrenomedullin (ADM) is a potent vasodilator with implications in both preeclampsia
and cardiovascular disease [39,40]. In the management of heart failure, the beta-blockers
carvedilol [41,42], bisoprolol [43], and metoprolol [44,45] have each been shown to reduce
mortality to a similar extent [46]. As such, the use of any of them in treating patients with
symptomatic heart failure constitutes standard therapy [47–49]. Beta-blockers while known
to regulate blood pressure control, have also been shown to improve endothelial function
when used in the treatment of cardiovascular disease [50]. While currently labetalol is the
only beta-blocker used in the treatment of preeclampsia as an anti-hypertensive agent [51],
in general many beta-blockers are considered safe in pregnancy based on their use in
pregnant patients with cardiovascular disease [52]. The exception to this is atenolol, which
is contraindicated given its association with small-for-gestational-age infants [52,53].

Given the relationship between preeclampsia, cardiovascular disease and heart failure
at a pathophysiological level and in terms of subsequent lifetime risk, we hypothesised that
the same beta-blockers able to modulate mortality risk in heart failure, might be of benefit
in the treatment of preeclampsia. We therefore set out to evaluate the effects of carvedilol,
bisoprolol, and metoprolol on the secretion of pro- and anti-angiogenic and inflammatory
factors central to preeclampsia pathogenesis from placental and endothelial cells in vitro.

2. Materials and Methods

2.1. Tissue Collection

Ethical approval for this study was obtained from the Mercy Health Human Research
Ethics Committee (R11/34). Women presenting to the Mercy Hospital for Women, Heidel-
berg, Australia, gave informed written consent for tissue collection. Placentas and umbilical
cords were collected from normotensive term pregnancies (≥37 weeks’ gestation up to 41
weeks’ gestation) at elective caesarean section, where a fetus of normal customised birth
weight centile was delivered. Samples were excluded where pregnancies were associated
with gestational diabetes mellitus requiring insulin, preeclampsia or hypertension, congen-
ital infection, chromosomal or congenital abnormalities, or evidence of chorioamnionitis
(confirmed by placental histopathology) (Table 1). Samples were collected within 30 min of
delivery and washed in cold phosphate-buffered saline (PBS).
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Table 1. Patient characteristics for term gestational tissue collection.

Characteristic Number

Maternal Age, years (median (Q1, Q3)) 33 (31, 38)
Fetal Sex (%)
• Male 8 (73)
• Female 3 (27)
Maternal BMI (median (Q1, Q3)) 22.7 (22.1, 25.4)
Smoker (%) 0
Birth Centile (%)
• <25th 0 (0)
• 26th–50th 2 (18)
• 51st–75th 6 (55)
• 76th–97th 3 (27)
• >98th 0 (0)
Diabetes (%)
• None 10 (91)
• GDM (diet) 1 (9)
Mode of delivery (%)
• Elective caesarean (not in labour) 11 (100)

2.2. Primary Human Umbilical Vein Endothelial Cell (HUVEC) Isolation

HUVECs were isolated from three or four individual umbilical cords per experiment,
as previously described [54]. Briefly, the umbilical cord vein was cannulated and flushed
with PBS to wash out blood cells. Next, 10 mL of collagenase (1 mg/mL, Worthington
Biochemical Corporation, Lakewood, NJ, USA was infused into the cord and incubated at
37 ◦C for 10 min. The dissociated HUVECs were recovered by pelleting and resuspension,
followed by culture in M199 media (Life Technologies, Carlsbad, CA, USA) containing 10%
fetal calf serum (Thermo Fisher Scientific, Waltham, MA, USA), 1% antibiotic-antimycotic
(Life Technologies), 1% endothelial cell growth factor (Sigma, St. Louis, Missouri, United
States) and 1% heparin (Sigma). Cells were used between passage 2 to 4 and cultured at
37 ◦C in 20% O2 and 5% CO2.

2.3. Primary Human Cytotrophoblast Isolation

Human cytotrophoblasts were isolated from three or four individual placentas per
experiment, as previously described [55]. Primary cytotrophoblasts were cultured in
DMEM GlutaMAX (Life Technologies) containing 10% fetal calf serum and 1% antibiotic-
antimycotic on fibronectin (10 mg/mL; BD Biosciences, Franklin Lakes, New Jersey, United
States) coated wells. Cells were plated and allowed to attach over 12–18 h before washing
with dPBS (Life Technologies) to remove cell debris. Cells were cultured under 8% O2, 5%
CO2 at 37 ◦C.

2.4. Isolation and Culture of Placental Explants

Placental explants were isolated from three or four individual placentas per experi-
ment. Small pieces of villous tissue were cut from the mid-portion of the placenta to avoid
the maternal and fetal surfaces. These were thoroughly washed with PBS then dissected
into small fragments of 1–2 mm size and three pieces put into each well of a 24 well plate.
Explants were allowed to equilibrate at 37 ◦C for 12–18 h under 8% O2, 5% CO2 in DMEM
GlutaMAX containing 10% fetal calf serum and 1% antibiotic-antimycotic.

2.5. Beta-Blockers In Vitro Experiments

Our in vitro models of preeclampsia recapitulate important characteristics of the
disease pathogenesis, providing the opportunity to test therapeutic ability to target several
key aspects of the disease, including excess secretion of anti-angiogenic factors (sFlt and
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sENG) and vascular endothelial dysfunction. These in vitro models of preeclampsia form
the basis of our therapeutic testing pipeline [26,32,56,57].

Isolated primary HUVECs, cytotrophoblasts, and placental explants were treated with
three different beta-blockers; carvedilol (1 uM and 10 uM, Sigma), bisoprolol (1 uM, 10 uM,
100 uM, and 1 mM, Sigma), and metoprolol tartrate (1 uM, 10 uM, and 100 uM, Sigma) in
triplicate wells and cultured for 24 h. Media and cellular RNA were then collected and
analysed by ELISA or quantitative RT-PCR (qPCR), respectively.

Endothelial dysfunction was induced in isolated primary HUVECs with TNFα (1 ng/mL,
Life Technologies) for two hours prior to treatment with the beta-blockers (doses as above)
and cultured for a further 24 h. Cellular RNA was collected and analysed by qPCR.

For HUVEC and cytotrophoblast experiments, a cell viability assay was run concur-
rently (CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay, Promega, Madison,
WI, USA), according to manufacturer’s instructions.

2.6. ELISA

Concentrations of sFlt-1 and sENG were measured in HUVEC, cytotrophoblast and
placental explant 24 h culture media using the DuoSet Human VEGF R1/Flt-1 and en-
doglin/CD105 ELISA kits, respectively (R&D Systems, Minneapolis, MN, USA). Optical
density for ELISA was determined using a BioRad X-Mark microplate spectrophotome-
ter (BioRad, Hercules, CA, USA), and protein concentrations calculated using BioRad
Microplate manager 6 software.

2.7. Quantitative RT-PCR

Total RNA was extracted from isolated primary HUVECs, cytotrophoblasts and
placental explants after drug treatment using the RNeasy mini kit (Qiagen, Valencia,
CA, USA) and quantified using a NanoDrop ND 1000 spectrophotometer (NanoDrop
Technologies Inc, Wilmington, DE, USA). RNA was converted to cDNA using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA,
USA) as per manufacturer guidelines. qPCR was performed using Taqman hydrolysis
probes for ENG (Hs00923996_m1), VCAM1 (Hs01003372_m1), ET-1 (Hs00174961_m1),
NLRP3 (Hs00918082_m1), IL1b (Hs01555410_m1), EDNRB (Hs00240747_m1), PTGS2
(Hs00153133_m1), IL6 (Hs00985639_m1), VEGF (Hs00900055_m1), PGF (Hs00182176_m1),
HMOX1 (Hs01110250_m1) and ADM (Hs00181605_m1) on the CFX 384 (Biorad) using
FAM-labelled Taqman universal PCR mastermix (Applied Biosystems) with the following
run conditions: 50 ◦C for 2 min, 95 ◦C for 10 min, 95 ◦C for 15 s, 60 ◦C for 1 min (40 cycles).
All data were normalized to a reference gene, YWHAZ (Hs01122454_m1), and the results
graphed as fold change relative to control using the 2−ΔΔCT method. The sFlt-1 splice vari-
ants i13 and e15a were measured with Fast SYBR Green Master mix (Applied Biosystems)
using primers specific for each variant as previously published [58], using YHWAZ as the
reference gene with the following run conditions: 95 ◦C for 20 s, 95 ◦C for 1 s, 60 ◦C for 20 s
(40 cycles). All samples were run in technical duplicate.

2.8. Statistical Analysis

All in vitro experiments were performed with technical triplicates and repeated a
minimum of three times using tissue or cells isolated from different placentas.

Data was tested for normal distribution and statistically analysed as appropriate.
When three or more groups were compared a 1-way ANOVA (for parametric data) or
Kruskal–Wallis test (for non-parametric data) was used. Post hoc analysis was carried
out using either the Tukey (parametric) or Dunn’s test (non-parametric). All data are
expressed as mean ± SEM. p values < 0.05 were considered significant. Statistical analysis
was performed using GraphPad Prism 8 software (GraphPad Software, La Jolla, CA, USA).
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3. Results

3.1. Beta-Blocker Treatment Effects on the Secretion of Anti-Angiogenic Factors from Placental
Cells/Tissue and Endothelial Cells

Treatment of primary HUVECs with the beta-blocker carvedilol significantly reduced
the secretion of anti-angiogenic factor sFlt-1 (Figure 1A). The other two beta-blockers inves-
tigated, bisoprolol and metoprolol, did not affect sFlt-1 secretion from primary HUVECs.
In primary human trophoblasts and placenta explants, all three beta-blockers had no effect
on sFlt-1 secretion (Figure 1B,C, respectively).

Top dose metoprolol (1000 uM) resulted in a significant reduction in sENG secretion from
primary HUVECs (Figure 1D), as did 100 uM bisoprolol in placental explants (Figure 1E).

3.2. Beta-Blocker Treatment Effects on the Expression of Anti-Angiogenic Factors in Placental
Tissue and Endothelial Cells

In primary human placental explants, mRNA expression of the sFlt-1 isoforms, sFlt-1-
e15a and sFlt-1-i13 were not affected by treatment with any of the beta-blockers investigated
(Figure 2A,B, respectively). Expression of ENG mRNA in primary HUVECs was signif-
icantly increased with top dose carvedilol (10 uM) and metoprolol (100 uM), but not
bisoprolol at any dose (Figure 2C).

 

Figure 1. Cont.
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Figure 1. Beta-blockers had limited effect on secreted anti-angiogenic factors across different tissue types. Relative sFlt-1
secretion in HUVCEs (A) was significantly reduced with carvedilol (Carv) treatment, but not bisoprolol (Bis) treatment
or metoprolol (Met) treatment. Relative sFlt-1 secretion was unchanged in trophoblasts (B) and explants (C) following
beta-blocker treatment with Carv, Bis and Met. In HUVEC, relative sENG secretion (D) was decreased with treatment at the
top dose of Met, but unchanged with Carv and Bis treatment. In explants, relative sENG secretion (E) was decreased with
treatment at 100 uM Bis, but unchanged at the other doses or with Carv or Met. Data are mean ± SEM, expressed relative to
control, n = 3–4, ** p < 0.01, **** p < 0.0001.

3.3. Beta-Blocker Treatment Effects on the Expression of Pro-Angiogenic Factors in Placental
Tissue and Endothelial Cells

Expression of pro-angiogenic factors VEGF, PGF, and ADM were increased by different
beta-blocker treatment of primary HUVECs. VEGF mRNA expression was upregulated
by metoprolol (Figure 3A), PGF by carvedilol, bisoprolol and metoprolol (Figure 3C), and
ADM by carvedilol and metoprolol (Figure 3E). Neither VEGF nor PGF mRNA expression
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was differentially regulated in primary human explants following beta-blocker treatment
(Figure 3B,D, respectively).

Figure 2. Endoglin mRNA is upregulated in HUVECs following beta-blocker treatment. Placental explant expression
of sFlt-1 isoforms, sFlt-1-e15a (A) and sFlt-1-i13 (B) was not affected by treatment with beta-blockers carvedilol (Carv),
bisoprolol (Bis), or metoprolol (Met). HUVEC expression of ENG mRNA (C) was significantly increased with top dose Carv
and Met, but not Bis. Data are mean ± SEM, expressed as a percentage of control, n = 3–4, ** p < 0.01, *** p < 0.001.

3.4. Beta-Blocker Treatment Effects on the Expression of Inflammatory Mediators in
Endothelial Cells

Expression of inflammatory mediator IL-1b in HUVECs was not affected by beta-
blocker treatment (Figure 4A). Additionally, in primary cultured HUVECs, beta-blocker
treatment with top doses of carvedilol, bisoprolol, and metoprolol significantly increased
mRNA expression of PTGS2 (Figure 4E).
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Figure 3. Pro-angiogenic factors upregulated following beta-blocker treatment of HUVECs, but not
explants. VEGF mRNA expression in HUVECs (A) was significantly increased with metoprolol (Met)
treatment, but not carvedilol (Carv) or bisoprolol (Bis). PGF mRNA expression in HUVECs (C) was
significantly increased with the top dose of Carv, Bis, and Met. ADM mRNA expression in HUVECs
(E) was significantly increased with top dose Carv treatment and Met treatment, but not Bis. VEGF
and PGF mRNA expression were unchanged in placental explants following beta-blocker treatment
(B,D, respectively). Data are mean ± SEM, expressed as a percentage of control, n = 3–4, * p < 0.05,
** p < 0.01, **** p < 0.0001.
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When TNFα was added to HUVECs to induce endothelial dysfunction, IL-1b expression
was significantly increased from control levels and decreased with doses of bisoprolol and
metoprolol, but not carvedilol (Figure 4B). TNFα induced endothelial dysfunction also
significantly increased mRNA levels of IL-6 (Figure 4C), NLRP3 (Figure 4D) and PTGS2
(Figure 4F). Beta-blocker treatment with top dose carvedilol, bisoprolol, and metoprolol
significantly decreased induced IL-6 expression (Figure 4C). NLRP3 mRNA expression was
not affected by beta-blocker treatment (Figure 4D). PTGS2 expression increased with top dose
carvedilol, decreased with 100 uM bisoprolol, and was unaffected by metoprolol (Figure 4F).

3.5. Beta-Blocker Treatment Effects on Antioxidant HO-1

Expression of the antioxidant enzyme HO-1 was significantly increased in HUVECs
following top dose treatment with carvedilol, bisoprolol, and metoprolol (Figure 5).

Figure 4. Cont.
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Figure 4. Inflammatory markers are altered following beta-blocker treatment. Expression of IL-1b mRNA in HUVECs
(A) was not affected by treatment with beta-blockers carvedilol (Carv), bisoprolol (Bis), or metoprolol (Met). When TNFα is
added to HUVECs to induce endothelial dysfunction, IL-1b expression is significantly increased from control levels (B) and
decreases with doses of Bis and Met, but not Carv. TNFα induced endothelial dysfunction also significantly increases
mRNA levels of IL-6 (C) and NLRP3 (D). Beta-blocker treatment with top dose Carv, Bis, and Met significantly decreases
induced IL-6 expression (C). NLRP3 mRNA expression was not affected by beta-blockers treatment (D). Expression of
PTGS2 mRNA in HUVECs (E) was significantly increased following top dose beta-blocker treatment with Carv, Bis, and
Met. PTGS2 expression is significantly induced with TNFα (endothelial dysfunction) (F), which is further increased with
top dose Carv, decreased with 100 uM Bis, and unaffected by Met. Data are mean ± SEM, expressed as a percentage of
control (HUVEC) or TNFα control (endothelial dysfunction), n = 3–4, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.6. Beta-Blocker Treatment Effects on Endothelial Dysfunction Markers

TNFα was used to induce endothelial dysfunction in primary cultured HUVECs.
Compared to the no-TNFα control, TNFα significantly upregulated VCAM mRNA
(Figure 6A). The top dose of each beta-blocker, carvedilol, bisoprolol, and metoprolol, sig-
nificantly reduced VCAM mRNA expression (Figure 6A). In the same model of endothelial
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dysfunction, ET-1 and its receptor, endothelin-1 receptor B (ETB), mRNA expression was
not affected by beta-blocker treatment (Figure 6B,C, respectively).

Figure 5. Antioxidant HO-1 is increased with beta-blocker treatment. Expression of HO-1 mRNA is
significantly increased in HUVECs following top dose beta-blocker treatment with carvedilol (Carv),
bisoprolol (Bis), and metoprolol (Met). Data are mean ± SEM, expressed as a percentage of control,
n = 3–4, *** p < 0.001, **** p < 0.0001.

 

Figure 6. In a model of endothelial dysfunction, VCAM mRNA expression is decreased with beta-
blocker treatment. In HUVECs treated with TNFα to induce endothelial dysfunction (A), VCAM
mRNA is significantly reduced with top dose beta-blockers, carvedilol (Carv), bisoprolol (Bis), and
metoprolol (Met). In the same model, ET-1 mRNA (B) and ETB mRNA (C) expression are not affected
by Carv, Bis, or Met. Data are mean ± SEM, expressed as a percentage of TNFα control, n = 3–4,
* p < 0.05, ** p < 0.01, **** p < 0.0001.
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4. Discussion

We report that beta-blockers that successfully reduce mortality in heart failure, also ex-
ert effects consistent with a reduction in endothelial dysfunction in models of preeclampsia.
Through our suite of in vitro studies, carvedilol, bisoprolol, and metoprolol demonstrated
a modest improvement in angiogenic balance, and significant improvement in various
markers of vasoactivity, inflammation, and endothelial dysfunction. Treatments that ad-
dress endothelial dysfunction in preeclampsia represent a significant knowledge gap in our
pursuit of preeclampsia therapeutics. While beta-blockers have exhibited a positive effect
on endothelial dysfunction in a cardiovascular disease setting, the actions of beta-blockers
in gestational tissues presents novel findings.

Most therapeutics being investigated for the treatment of preeclampsia are concerned
with lowering excessive placental secretion of anti-angiogenic factors sFlt-1 and sENG.
Here, beta-blockers had no effect on placental (isolated trophoblasts and placental explant)
secretion of sFlt-1, and only a modest reduction in sENG secretion from placental explants
with bisoprolol. This was seen at both the protein and RNA level. There was also no
change in the expression of pro-angiogenic VEGF or PGF in placental explants following
beta-blocker treatment. In isolated primary HUVECs, beta-blockers did help restore the
angiogenic balance somewhat. They decreased sFlt-1 (carvedilol) and sENG (metoprolol)
secretion, and increased VEGF (metoprolol), ADM (carvedilol and metoprolol), and PGF
(carvedilol, bisoprolol, and metoprolol), expression. This is significant given that PGF is
almost ubiquitously low in cases of, and even preceding the development of, preeclamp-
sia [59,60]. If angiogenic balance could be restored with such a therapy, this might offer an
important step forward in the treatment of preeclampsia, especially as these drugs are also
used for blood pressure control. Given they exert the additional benefit of reducing injury
to the endothelium this could be an important consideration for post-partum therapies also.

Aside from restoring the angiogenic balance, decreasing inflammation is also desirable
in a therapeutic to treat preeclampsia. In isolated primary HUVECs, the beta-blockers
did not significantly reduce expression of the inflammatory mediator, interleukin (IL)-1b.
However, importantly when disease was modelled whereby HUVEC were stimulated
with TNFα to induce endothelial dysfunction (and a state of inflammation), beta-blockers
were able to significantly reduce IL-1b (bisoprolol and metoprolol) and IL-6 (carvedilol,
bisoprolol, and metoprolol), but they had no effect on the critical regulator of the inflamma-
some, NLRP3. Interestingly, in isolated primary HUVECs all three beta-blockers, carvedilol,
bisoprolol, and metoprolol increased expression of PTGS2, which encodes cyclooxyge-
nase 2 (COX2), an enzyme largely recognised to be pro-inflammatory. However, there
is significant evidence to show that COX2 is bimodal; with its first peak initially driving
inflammation, and its second peak (almost 4-fold greater in magnitude) coinciding with a
resolution in inflammation [61]. Compared to normotensive controls, COX2 is decreased in
the placenta [62] and circulation [63] of women with preeclampsia. Further, therapeutic
inhibition of COX2 is associated with adverse cardiac events [64] and delayed inflammation
resolution [61], suggesting beta-blocker treatment, by increasing PTGS2 expression may
be both beneficial in the treatment of preeclampsia and also the long-term increased car-
diovascular risks the disease imposes. However, this is less clear in the case of endothelial
dysfunction, where following TNFα stimulation of HUVECs, carvedilol increased PTGS2
expression while bisoprolol decreased it. Further investigation is warranted to elicit the
mechanisms at play behind some of the different responses seen to the three different drugs
throughout our experiments.

Looking further into the endothelial dysfunction model, all three beta-blockers signifi-
cantly reduced expression of vascular cell adhesion molecule 1 (VCAM), a critical factor
in the inflammatory process involved in the recruitment and migration of leukocytes [65],
and marker of endothelial dysfunction. Unfortunately, beta-blockers did not reduce vaso-
constrictor ET-1 expression, nor upregulate its receptor, ETB, that acts as a vasodilator by
removing ET-1 from circulation [24]. Given the potency of ET-1 as a vasoconstrictor, as
well as being a biomarker of endothelial dysfunction and its intricate association with both
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preeclampsia and cardiovascular disease and heart failure, we expected that the cardio-
protective beta-blockers may have reduced its expression. Importantly however, ADM, as
well as having pro-angiogenic and anti-inflammatory effects, is also vasoactive, acting as
a potent vasodilator and is significantly upregulated by both carvedilol and metoprolol.
Interestingly, ADM is upregulated in instances of congestive heart failure and myocardial
infarction, as a compensatory mechanism to protect the vasculature [66–68].

In addition, treatment with all three beta-blockers demonstrated an increase in the
expression of the cytoprotective antioxidant enzyme heme-oxygenase-1 (HO-1). HO-1 is
an important enzyme regulated by nuclear factor (erythroid-derived 2)-like 2 (NRF2), that
as well as protecting cells from programmed cell death, also inhibits the pathogenesis of
inflammatory disease [69]. Given the inflammatory nature of preeclampsia, upregulation
of HO-1 is a valuable characteristic of any potential therapeutic.

Our findings suggest that there may be merit in evaluating the beta-blockers carvedilol,
bisoprolol, and metoprolol further for their potential in treating or preventing preeclampsia;
or in decreasing the lifelong cardiovascular risk incurred by women who suffer the disease.
This study suggests that any therapeutic benefits that they display are more likely due
to increased endothelial expression of the important pro-angiogenic factors PGF, VEGF
and ADM, and through mitigation of inflammatory changes that occur subsequent to
endothelial dysfunction, rather than through regulation of placental anti-angiogenic factor
secretion, which was only modestly affected at best. Moreover, the effects of the beta-
blockers are primarily seen in endothelial cells, with a less consistent response seen in
placental tissue.

To our knowledge, this is the first study to investigate the effects of carvedilol, bisopro-
lol, and metoprolol on sFlt-1, sENG and PGF secretion and expression. Despite this novelty,
our results in regard to the beta-blockers’ anti-inflammatory properties and reduction in
endothelial dysfunction are supported by previous studies from the cardiovascular field
in which the drugs have had comparisons made. While we saw many similarities in the
responses to the beta-blocker treatments, some of the differences demonstrated may plausi-
bly be due to the different types of beta-blockers that carvedilol, bisoprolol and metoprolol
represent. Carvedilol, a third generation non-selective beta-blocker has been found to
demonstrate improved endothelial function [70] through antioxidant effects [71,72]; but
the molecular mechanisms still require clarification [71,73]. Unlike carvedilol, bisoprolol
is a second generation beta-1 selective beta-blocker. Despite these differences, carvedilol
has not been shown to have benefit over bisoprolol in lowering oxidant stress [38]. Like
carvedilol, bisoprolol has been found to improve endothelial function when used in the
context of cardiovascular diseases; these include hypertension and angina [74,75]. Meto-
prolol is similar to bisoprolol in that it is also a selective beta-1 receptor blocker. Metoprolol
has also been shown to benefit endothelial function and to have antioxidant properties in
cardiovascular disease [76,77]. Given that all three beta-blockers significantly increased
HO-1 expression in this model, we may infer that carvedilol, bisoprolol and metoprolol
may all act to increase endogenous antioxidant defences and thus may be of benefit in the
treatment of preeclampsia. Metoprolol is available as both an immediate release (metopro-
lol tartrate—used in this study) and sustained release (metoprolol succinate) formulation.
While the active ingredient remains the same, further investigation of sustained release
metoprolol succinate, which has been shown to reduce mortality in heart failure [44,45]
would be of great interest.

A further consideration is that safety data in pregnancy would be required for all
of these medications if they were to be used to treat preeclampsia. Currently all three
medications are classified as TGA category C—much like labetalol, a beta-blocker fre-
quently used to treat hypertension in pregnancy. Promisingly however, carvedilol and
metoprolol are considered safe in pregnancy based on their use in pregnant women with
other cardiovascular diseases including heart failure [52], and the only beta-blocker which
is actively contraindicated in pregnancy is atenolol [52]; it has been associated with small-
for-gestational-age infants [53].
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In conclusion, we have presented evidence for beta-blockers as potential therapeutics
for preeclampsia, with the idea that along with mitigating some of the hallmarks of endothe-
lial dysfunction associated with preeclampsia, these benefits may extend to combating
the increased lifelong cardiovascular risks to which these women are subjected. Further
evaluation of beta-blockers using whole vessel myography as well as animal models of
preeclampsia are required prior to clinical safety and efficacy studies.
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Abstract: No information exists about whether intra-amniotic inflammatory response increases
with a chorio-deciduitis grade in the context of both inflammation-restricted to chorio-decidua and
amnionitis of extra-placental membranes among spontaneous preterm births. The objective of current
study is to examine this issue. A study population included 195 singleton pregnant women with
chorio-deciduitis, and who spontaneously delivered at preterm (21.6~35.7 weeks) within 7 days of
amniocentesis. We examined intra-amniotic inflammatory response according to the chorio-deciduitis
grade in the context of inflammation restricted to chorio-decidua and amnionitis of extra-placental
membranes. Intra-amniotic inflammatory response was measured by MMP-8 concentration (ng/mL)
and WBC-count (cells/mm3) in amniotic-fluid (AF). Inflammation restricted to chorio-decidua and
amnionitis were present in 47.7% (93/195) and 52.3% (102/195) of cases, respectively. Median AF
MMP-8 concentration and WBC-count significantly increased with chorio-deciduitis grade in the
context of inflammation restricted to chorio-decidua. However, there was no significant difference in
median AF MMP-8 concentration and WBC-count between chorio-deciduitis grade-1 and grade-2
in the context of amnionitis. The inflammatory milieu of AF increases with chorio-deciduitis grade
in inflammation-restricted to chorio-decidua, but not amnionitis, of extra-placental membranes.
This finding suggests that a chorio-deciduitis grade may have little effect on the intensification of
intra-amniotic inflammatory response in the context of amnionitis of extra-placental membranes.

Keywords: chorio-deciduitis; grade; amnionitis; acute histologic chorioamnionitis; intra-amniotic
inflammatory response

1. Introduction

Ascending intrauterine infection is a major pathophysiology of spontaneous preterm
birth (PTB) [1–13]. It is well-known that intrauterine infection from the vaginal and
cervical canals ascends to chorio-decidua (CD) and amnion in extra-placental membranes
(EPM) [6–9], finally leading to fetal infection [1–15]. This traditional concept of ascending
intrauterine infection suggests that the progression of intra-uterine infection is likely to
cause the inflammatory responses of biological fluid (i.e., amniotic fluid (AF) and umbilical
cord blood). Indeed, the previous studies demonstrated that intra-amniotic inflammatory
response (IAIR) is significantly more intense in inflammation beyond CD (i.e., amnion or
chorionic plate) than in inflammation restricted to CD [16–19]. Therefore, inflammation
restricted to CD is known to be an early stage acute histologic chorioamnionitis (acute-
HCA) while inflammation in the compartments beyond CD (i.e., amnion) is an advanced
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stage acute-HCA. This finding was reaffirmed by other previous studies as follows: (1) IAIR
was more severe in patients with amnionitis than in those with only chorionitis [20–23];
(2) IAIR was more intense when inflammation was present in both chorionic plate and CD
than when it was restricted to CD only, which was exposed to the cervical canal in placenta
previa [24]. Moreover, IAIR increased according to the progression of inflammation in the
detailed subdivisions of each placental compartment (i.e., EPM [25–29], umbilical cord [30],
and chorionic plate [31]).

Although the intensity of IAIR increases with the total grade of acute-HCA [32],
there is a paucity of information about which is more important between staging or
grading in acute-HCA for the intensity of IAIR. In this regard, we previously demonstrated
that advanced stage (i.e., inflammation in the compartments beyond CD) is associated
with higher AF matrix metalloprotease-8 (MMP-8) concentrations and white blood cell
(WBC) counts than early stage (i.e., inflammation restricted to CD) in the same context
of acute-HCA total grade 2 [33]. However, no information exists about whether the
inflammatory milieu of AF increases with chorio-deciduitis grade in the context of both
inflammation restricted to CD and amnionitis of EPM. Based on the more importance of
staging than grading, it is plausible that IAIR is not influenced by an increase of grade
in chorio-deciduitis as a less advanced inflammation in the same context of amnionitis.
The hypothesis of this study is that the inflammatory milieu of AF increases with chorio-
deciduitis grade in inflammation restricted to CD, but not amnionitis, of EPM. The objective
of the study is to examine this issue.

2. Materials and Methods

2.1. Study Design and Patient Population

This is a retrospective cohort study. Study population included 195 singleton preg-
nant women that met the following criteria: (1) delivered at Seoul National University
Hospital between January 1993 and March 2007; (2) gestational age (GA) at delivery be-
tween 21.6 weeks and 35.7 weeks; (3) spontaneous PTB due to either preterm labor and
intact membranes (PTL) or preterm premature rupture of membranes (preterm-PROM);
(4) placental histology showing chorio-deciduitis; (5) no major fetal anomaly; and (6) deliv-
ered within 7 days of amniocentesis. This criterion of amniocentesis-to-delivery interval
was used to preserve a meaningful temporal relationship between the results of AF and
placental histopathologic findings. At our institution, amniocentesis for the retrieval of
AF was routinely offered to all patients who were admitted with the diagnosis of either
PTL or preterm-PROM for the identification of intra-amniotic infection or inflammation.
Moreover, placental histologic examination was routinely offered and performed for all
pregnant women who delivered at preterm due to either PTL or preterm-PROM. PTL
and preterm-PROM were diagnosed with previously published criteria [34,35]. Written
informed consent was gained from all study population. The Institutional Review Board of
our institute specifically approved the current study (IRB number: 1909-120-106).

2.2. Clinical Characteristics and Pregnancy Outcomes

Clinical characteristics and pregnancy outcomes were obtained from a medical record
review. Data included maternal age, parity, cause of preterm delivery, GA at amniocentesis
and delivery, birth weight, gender of newborn, delivery mode, 1-min Apgar score, 5-min
Apgar score, amniocentesis-to-delivery interval, antenatal use of antibiotics, gestational
diabetes mellitus and suspected or proven early onset neonatal sepsis.
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2.3. Diagnosis of Chorio-Deciduitis and Amnionitis

Placental tissue samples for pathologic examination included EPM (i.e., CD and am-
nion), chorionic plate and umbilical cord. These samples were fixed in 10% neutral buffered
formalin and embedded in paraffin. Sections of prepared tissue blocks were stained with
hematoxylin and eosin (H&E). Several pathologists were blinded to the clinical information
related to placental tissues and examined the placental histopathology immediately after
delivery. However, placental histo-pathologic examination was independently verified by
a single pathologist (K.C.M.) who was also blinded to the clinical information between
the year of 2017 and 2018. Grade 1 (mild) chorio-deciduitis was diagnosed in the presence
of a least 1 focus of >5 neutrophils in the CD, and grade 2 (severe) chorio-deciduitis was
diagnosed in the presence of diffuse neutrophilic infiltration in the CD; and amnionitis was
diagnosed in the presence of at least 1 focus of >5 neutrophils in the amnion according to
the criteria previously published [36].

2.4. The Studies of Amniotic Fluid (AF)

AF was cultured for aerobic and anaerobic bacteria, and genital mycoplasmas (Ure-
aplasma urealyticum and Mycoplasma hominis) and analyzed for WBC count according to the
methods previously described [34,35]. The remaining fluid was centrifuged and stored in
polypropylene tubes at −70 ◦C. MMP-8 concentrations in stored AF were measured with
a commercially available enzyme-linked immunosorbent assay (Amersham Pharmacia
Biotech, Inc., Little Chalfont, Bucks). The sensitivity of the test was <0.3 ng/mL. Both
intra- and inter-assay coefficients of variation were <10%. Details about this assay and its
performance were previously described [37]. IAIR was measured by MMP-8 concentration
and WBC count in AF.

2.5. Early Onset Neonatal Sepsis

Early onset neonatal sepsis was diagnosed in the presence of a positive blood culture
result within 3 days after birth. Early onset neonatal sepsis was suspected in the absence of
a positive culture when two or more of the following criteria were present: (1) WBC count
of <5000 cells/mm3; (2) polymorphonuclear leukocyte count of <1800 cells/mm3; and (3)
I/T ratio (ratio of bands to total neutrophils) >0.2. These criteria have been previously
used in the pediatric and obstetric literature [20]. Ten newborns were excluded from the
assessment of early onset neonatal sepsis because they died immediately after birth due to
extremely prematurity.

2.6. Statistical Analysis

Mann–Whitney U test was used for the comparison of continuous variables (Tables 1 and 2,
Figures 1 and 2). Comparisons of proportions were performed with the Fisher’s exact test
(Tables 1 and 2, Figure 3). Statistical significance was defined as a p < 0.05.

Table 1. Clinical characteristics and pregnancy outcomes according to chorio-deciduitis grade in the context of inflammation
restricted to chorio-decidua (CD).

Chorio-Deciduitis Grade 1 Chorio-Deciduitis Grade 2 p †

Inflammation restricted to CD (n = 93) (n = 74) (n = 19)

Maternal age, years (mean ± SD) 30.0 ± 4.6 31.1 ± 3.3 0.230
Nulliparity 51.4% (38/74) 68.4% (13/19) 0.207

Causes of preterm birth 0.071
PTL 44.6% (33/74) 21.1% (4/19)

Preterm-PROM 55.4% (41/74) 78.9% (15/19)
GA at amniocentesis, (weeks) median, range 32.9 (23.0, 35.6) 32.6 (23.0, 35.6) 0.277

GA at delivery, (weeks) median, range 33.1 (23.4, 35.7) 32.7 (23.3, 35.7) 0.466
Amniocentesis-to-delivery interval, (hours)

median, range 19.20 (0.01, 159.80) 53.30 (0.01, 152.80) 0.053
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Table 1. Cont.

Chorio-Deciduitis Grade 1 Chorio-Deciduitis Grade 2 p †

Birth weight, g (mean ± SD) 1854 ± 645 1691 ± 643 0.282
Male newborn 58.1% (43/74) 57.9% (11/19) 1.000

Cesarean section 33.8% (25/74) 36.8% (7/19) 0.793
Apgar score at 1 min <7 45.9% (34/74) 47.4% (9/19) 1.000
Apgar score at 5 min <7 28.4% (21/74) 15.8% (3/19) 0.381

Gestational diabetes mellitus 1.4% (1/74) 0% (0/19) 1.000
Antenatal use of antibiotics †† 60.3% (44/73) 84.2% (16/19) 0.061

Suspected early onset neonatal sepsis ‡ 8.6% (6/70) 10.5% (2/19) 0.677
Proven early onset neonatal sepsis ‡ 2.9% (2/70) 10.5% (2/19) 0.199

Suspected or proven early onset neonatal sepsis ‡ 10.0% (7/70) 21.1% (4/19) 0.239
† Mann–Whitney U test was used for the comparison of continuous variables and Fisher’s exact test was used for the comparison of
proportions; †† Of 93 cases, 92 patients were included in this analysis because the information about antenatal use of antibiotics in medical
record was omitted in one patient; ‡ Four neonates were excluded from the analysis in the evaluation of early onset neonatal sepsis because
they died shortly after delivery as a result of extremely prematurity and thus could not be evaluated with respect to the presence or absence
of early onset neonatal sepsis; NS, not significant; GA, gestational age; PTL, preterm labor and intact membranes; Preterm-PROM, preterm
premature rupture of membranes; CD, chorio-decidua.

 
(a) (b) 

Figure 1. AF MMP-8 concentrations (ng/mL) according to chorio-deciduitis grade in the context of inflammation restricted
to CD (a) (median, range; chorio-deciduitis grade 1: 26.0, (0.3, 4202.7); chorio-deciduitis grade 2: 131.9, (1.0, 1873.5);
p < 0.05) and amnionitis (b) (median, range; chorio-deciduitis grade 1: 416.8, (0.3, 3392.0); chorio-deciduitis grade 2: 441.1,
(0.4, 6142.6); Mann–Whitney U test, p = 0.30). Of 195 cases which met the entry for this study, 186 patients had an AF
MMP-8 concentration; however, 9 patients did not have an AF MMP-8 concentration because of the limited amount of the
remaining AF.
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Table 2. Clinical characteristics and pregnancy outcomes according to chorio-deciduitis grade in the context of amnionitis.

Chorio-Deciduitis Grade 1 Chorio-Deciduitis Grade 2 p †

Amnionitis (n = 102) (n = 49) (n = 53)

Maternal age, years (mean ± SD) 30.4 ± 4.5 30.9 ± 4.6 0.573
Nulliparity 36.7% (18/49) 39.6% (21/53) 0.840

Causes of preterm birth 0.420
PTL 44.9% (22/49) 35.8% (19/53)

Preterm-PROM 55.1% (27/49) 64.2% (34/53)
GA at amniocentesis, (weeks) median, range 30.4 (24.1, 35.1) 29.1 (21.6, 35.1) 0.135

GA at delivery, (weeks) median, range 31.1 (24.1, 35.3) 29.3 (21.6, 35.7) 0.108
Amniocentesis-to-delivery interval, (h) median,

range 32.80 (0.01, 163.70) 14.10 (0.01, 161.70) 0.503

Birth weight, g (mean ± SD) 1524 ± 501 1421 ± 584 0.260
Male newborn 46.9% (23/49) 39.6% (21/53) 0.549

Cesarean section 30.6% (15/49) 22.6% (12/53) 0.379
Apgar score at 1 min <7 61.2% (30/49) 64.2% (34/53) 0.839
Apgar score at 5 min <7 36.7% (18/49) 39.6% (21/53) 0.840

Gestational diabetes mellitus 2.0% (1/49) 5.7% (3/53) 0.619
Antenatal use of antibiotics †† 79.2% (38/48) 78.8% (41/52) 1.000

Suspected early onset neonatal sepsis ‡ 25.0% (12/48) 20.8% (10/48) 0.809
Proven early onset neonatal sepsis ‡ 6.2% (3/48) 6.2% (3/48) 1.000

Suspected or proven early onset neonatal sepsis ‡ 31.2% (15/48) 27.1% (13/48) 0.823
† Mann–Whitney U test was used for the comparison of continuous variables and Fisher’s exact test was used for the comparison of
proportions; †† Of 102 cases, 100 patients were included in this analysis because the information about antenatal use of antibiotics in
medical record was omitted in two patients; ‡ Six neonates were excluded from the analysis in the evaluation of early onset neonatal sepsis
because they died shortly after delivery as a result of extremely prematurity and thus could not be evaluated with respect to the presence or
absence of early onset neonatal sepsis; NS, not significant; GA, gestational age; PTL, preterm labor and intact membranes; Preterm-PROM,
preterm premature rupture of membranes; CD, chorio-decidua.

 
(a) (b) 

Figure 2. AF WBC counts (cells/mm3) according to chorio-deciduitis grade in the context of inflam-
mation restricted to CD (a) (median, range; chorio-deciduitis grade 1: 9, (0, 15,000); chorio-deciduitis
grade 2: 83 (1, 4300); p = 0.05) and amnionitis (b) (median, range; chorio-deciduitis grade 1: 490, (0,
13,428); chorio-deciduitis grade 2: 909 (0, 19,764); Mann–Whitney U test, p = 0.19). Of 195 cases which
met the entry for this study, 185 patients had an AF WBC count; however, 10 patients did not have an
AF WBC count because of the limited amount of AF.
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(a) (b) 

Figure 3. The frequency of positive AF culture according to chorio-deciduitis grade in the context of
inflammation restricted to CD (a) (chorio-deciduitis grade 1: 25.7% (19/74); chorio-deciduitis grade 2:
22.2% (4/18); p = 1.00) and amnionitis (b) (chorio-deciduitis grade 1: 46.8% (22/47); chorio-deciduitis
grade 2: 42.3% (22/52); Fisher’s exact test, p = 0.69). Of 195 cases which met the entry for this study,
191 patients had an AF culture result; however, 4 patients did not have an AF culture result because
of the limited amount of AF.

3. Results

3.1. Clinical Characteristics and Pregnancy Outcomes According to Chorio-Deciduitis Grade in the
Context of Inflammation Restricted to Chorio-Decidua (CD) and Amnionitis

Inflammation restricted to CD and amnionitis were present in 47.7% (93/195) and
52.3% (102/195) of study population, respectively, (Tables 1 and 2). Tables 1 and 2 demon-
strated there was no significant difference in clinical characteristics and pregnancy out-
comes between chorio-deciduitis grade 1 and grade 2 in the context of inflammation
restricted to CD (Table 1) and amnionitis (Table 2).

3.2. Amniotic Fluid (AF) MMP-8 Concentrations and AF WBC Counts According to
Chorio-Deciduitis Grade in the Context of Inflammation Restricted to Chorio-Decidua (CD)
and Amnionitis

AF MMP-8 concentrations (ng/mL) (Figure 1a) and AF WBC counts (cells/mm3)
(Figure 2a) were significantly higher in cases with chorio-deciduitis grade 2 than in those
with chorio-deciduitis grade 1 in the context of inflammation restricted to CD. However,
there was no significant increase in AF MMP-8 concentrations (Figure 1b) and AF WBC
counts (cells/mm3) (Figure 2b) when chorio-deciduitis progressed from grade 1 to grade 2
in the context of amnionitis.

3.3. Early Onset Neonatal Sepsis According to Chorio-Deciduitis Grade in the Context of
Inflammation Restricted to Chorio-Decidua (CD) and Amnionitis

In the context of inflammation restricted to CD, proven early onset neonatal sepsis was
more frequent in cases with chorio-deciduitis grade 2 than in those with chorio-deciduitis
grade 1 without reaching statistical significance (Table 1, 10.5% vs. 2.9%; p = 0.199).
However, there was no significant difference in the frequency of proven early onset neonatal
sepsis between chorio-deciduitis grade 1 and 2 in the context of amnionitis (Table 2, 6.2%
vs. 6.2%; p = 1.000). These patterns correspond to those of IAIR (Figures 1 and 2).

110



J. Clin. Med. 2021, 10, 3041

3.4. Positive Amniotic Fluid (AF) Culture According to Chorio-Deciduitis Grade in the Context of
Inflammation Restricted to Chorio-Decidua (CD) and Amnionitis

Unlike AF MMP-8 concentrations and AF WBC counts, there was no significant
difference in the frequency of positive AF culture between chorio-deciduitis grade 1 and
grade 2 in the context of both inflammation restricted to CD (Figure 3a) and amnionitis
(Figure 3b). We did not find the relationship between the type of specific organisms and
chorio-deciduitis grade in the context of either inflammation restricted to CD or amnionitis.
However, we consistently found genital mycoplasmas in more than 50% of positive AF
culture in each group (data is not shown).

3.5. Histopathology According to Chorio-Deciduitis Grade in the Context of Inflammation
Restricted to Chorio-Decidua (CD) and Amnionitis

Figure 4 shows representative images for chorio-deciduitis grade 1 in inflammation
restricted to CD (Figure 4a), chorio-deciduitis grade 2 in inflammation restricted to CD
(Figure 4b), chorio-deciduitis grade 1 in amnionitis (Figure 4c), and chorio-deciduitis grade
2 in amnionitis (Figure 4d) in H&E-stained histologic sections of EPM.

 
(a) (b) 

 
(c) (d) 

Figure 4. Histopathology according to chorio-deciduitis grade in the context of inflammation re-
stricted to chorio-decidua (CD) and amnionitis. Hematoxylin and eosin-stained histologic sections of
extra-placental membrane (EPM) are shown as follows: (a) chorio-deciduitis grade 1, inflammation
restricted to CD; (b) chorio-deciduitis grade 2, inflammation restricted to CD; (c) chorio-deciduitis
grade 1, amnionitis; and (d) chorio-deciduitis grade 2, amnionitis. These images are based on
the magnification setting ×200, and the insets of panels are based on the magnification setting
×400. Open arrows indicate inflammation-free amnion (a,b), and black arrows show amnionitis
with infiltrated neutrophils into amnion (c,d). Arrow heads indicate neutrophils infiltration into
chorio-decidua (a–d).
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4. Discussion

Principal finding of this study is that the inflammatory milieu of AF increases with
chorio-deciduitis grade in inflammation restricted to CD, but not amnionitis, of EPM. This
finding suggests that chorio-deciduitis grade may have little effect on the intensification of
IAIR in the context of advanced stage acute-HCA (i.e., amnionitis) (Figure 5). This finding
supports our previous assertion that the advanced compartment in the involved anatomical
regions is more important than the grade by infiltrated neutrophils for the severity of IAIR
in the progression of acute-HCA [33].

Figure 5. Schema of AF MMP-8 concentrations according to chorio-deciduitis grade in the context of
inflammation restricted to chorio-decidua (CD) and amnionitis.

Our previous studies demonstrated IAIR increased according to the progression of
inflammation in the detailed subdivisions of each placental compartment [25–31]. However,
there is a paucity of data about the relationship between chorio-deciduitis grade and IAIR
in the context of early stage and advanced stage acute-HCA in EPM. Moreover, very few
previous studies about this issue had a limitation as in the following: (1) although only
one previous study analyzed the relationship between positive AF culture and chorio-
deciduitis grade in chorio-deciduitis, they did not control the presence of inflammation
in other placental compartments (i.e., amnion) failing to exclude a major source of bias
leading to a more inclusion of amnionitis in cases of higher chorio-deciduitis grade [38];
and (2) although another previous study examined the relationship between the total
grade of acute-HCA and IAIR [32], that study did not examine on the effect of chorio-
deciduitis grade on the intensity of IAIR. Indeed, we could not find any study controlling
or adjusting for the stage (i.e., the advanced compartment in the involved anatomical
regions of acute-HCA) in the analysis about the relationship between chorio-deciduitis
grade and IAIR.

The conventional idea of ascending intrauterine infection depicts a model in which
the micro-organism of cervical canal enters the decidua, followed by a widespread inva-
sion of the chorion and amnion before crossing the intact membranes into the amniotic
cavity [1–9,39–43]. However, one study using fluorescent in situ hybridization with a
bacterial 16S rRNA probe demonstrated that focal infection of the CD in the vicinity of the
cervical canal leads to intra-amniotic infection before the invasion of amnion and a diffuse
inflammation of CD in the context of intact membranes [44,45]. Both mechanisms are plau-
sible but there is insufficient evidence to determine which mechanism represents in vivo
pathology of ascending intrauterine infection in humans. Nevertheless, it is well-known
that intra-amniotic micro-organisms incite an IAIR resulting in an increase of chemokine
level (e.g., CXCL6, IL-8) and chemotactic gradient [3,7,14,15]. Ultimately, this phenomenon
causes amniotrophic outside-in neutrophil migration within EPM [7,14]. The extent of mi-
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gration by neutrophils within EPM is thought to be dependent on the chemotactic gradient
developed by chemokines concentration within AF, given that there is a stepwise increase
in IAIR according to outside-in neutrophil migration from the decidua via the chorion to
the amnion [20–23,25–28]. However, we should explain why the advanced compartment in
involved anatomical regions (i.e., amnionitis) is more important than the chorio-deciduitis
grade in EPM for the intensity of IAIR, and chorio-deciduitis grade may have little effect
on the intensification of IAIR in the context of advanced stage acute-HCA (i.e., amnionitis).
Our explanation is as follows (Figure 4). Firstly, neutrophils are likely to begin to gather in
the CD (i.e., chorio-deciduitis grade 1 [focal aggregation] in the context of inflammation
restricted to CD) in response to initial IAIR, and subsequently accumulate (i.e., chorio-
deciduitis grade 2 [diffuse infiltration] in the context of inflammation restricted to CD) but
still remain within CD according to a mild and significant increase of IAIR. Secondly, when
IAIR surpasses a certain threshold, there is good chance that neutrophils within the CD
migrate to the amnion leading to a subsequent decrease in the number of neutrophils in
the CD, which means the regression from chorio-deciduitis grade 2 to chorio-deciduitis
grade 1 (i.e., chorio-deciduitis grade 1 in the context of amnionitis). Finally, as only a
secondary result of IAIR leading to amnionitis, neutrophils in the CD may be replenished
from maternal decidual vessels resulting in an increase of chorio-deciduitis grade (i.e.,
chorio-deciduitis grade 2 in the context of amnionitis). However, all these explanations are
only speculation because there is no clear animal or experimental model for the explanation
of our current study’s results up to now. Therefore, further studies are needed for the
elucidation of these issues.

In current study, the frequency of positive AF culture remained unaltered according
to chorio-deciduitis grade in the context of both early and advanced stage acute-HCA.
Although AF culture is the gold standard for the diagnosis of intra-amniotic infection,
it is not a reliable proxy for IAIR as follows: (1) the frequency of positive AF culture
remained low in clinical situation at high risk for ascending intrauterine infection such
as PTL (10–13%) [46–49] and preterm-PROM (23–32%) [46,47,50–52]; (2) the footprint of
micro-organism was identifiable even in the negative AF culture samples via molecular
microbiologic techniques [53–61] implying the low sensitivity of culture technique; and
(3) intra-amniotic inflammation, but not intra-amniotic infection, may be accompanied by
an extra-amniotic infection in the early stage of ascending intrauterine infection, where
micro-organisms reside in the CD. Therefore, AF culture results are unlikely to preserve
the integrity of the inflammatory milieu of AF (i.e., AF MMP-8 and AF WBC count).

Major strengths of this study are as follows. Firstly, we controlled the involved pla-
cental compartments of acute-HCA (i.e., inflammation restricted to chorio-decidua, and
amnionitis) for the analysis of the effect of chorio-deciduitis grade on the intensity of IAIR.
This allowed us to assess the pure effect of chorio-deciduitis grade on the intensity of
IAIR in the context of both early and advanced stage acute-HCA in EPM. Secondly, the
intensity of IAIR was gauged with both AF MMP-8 concentration [62–67] and AF WBC
count [34,35,68–71], well-known laboratory markers for IAIR in spontaneous PTB. These
two markers showed consistent results adding to the credibility in current study. The
limitations of this study are as follows. Firstly, this study is retrospective and has a small
sample size. Secondly, chorio-deciduitis was not divided into detailed sub-divisions such
as inflammation restricted to decidua, inflammation restricted to membranous trophoblast
and inflammation in connective tissue of chorion. Thirdly, our study shows a huge variabil-
ity in AF MMP-8 concentrations even in the same context of chorio-deciduitis grade 1 and
grade 2 among patients with inflammation restricted to chorio-deciduitis or amnionitis.
It is well-known that IAIR was greatly influenced by the grade and stage of placental
inflammation. Moreover, GA at delivery [72] and the cause of PTB [73] have some influence
on IAIR. Our previous studies demonstrated the relationship between GA at delivery and
IAIR [72] and the relationship between the cause of PTB and IAIR [73] as in the following:
(1) The inflammatory milieu of AF decrease in acute-chorioamnionitis with GA [72] and (2)
IAIR is more severe in PTL than in preterm-PROM in the context of funisitis, despite less
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common positive AF culture [73]. Therefore, it is likely that AF MMP-8 concentrations are
variable even in the same context of chorio-deciduitis grade 1 and grade 2 among patients
with inflammation restricted to chorio-deciduitis or amnionitis, because GA at delivery
is not the same and the cause of PTB is either PTL or preterm-PROM even in the same
context of placental inflammatory condition. However, we did not adjust GA at delivery
and the cause of PTB because GA at delivery and the cause of PTB were not significantly
different between chorio-deciduitis grade 1 and grade 2 among patients with inflammation
restricted to chorio-deciduitis or amnionitis (Tables 1 and 2).

The classification of acute-HCA usually includes the stage (i.e., the location (compart-
ment) of neutrophil infiltration) and grade (i.e., the degree of neutrophil infiltration in a
specific compartment). However, we cannot find any studies examining the interaction
between chorio-deciduitis grade and the advanced compartment (i.e., amnionitis) in the
involved compartments of acute-HCA for the intensity of IAIR. To our knowledge, this
is the first human study reporting that the severity of IAIR is higher in chorio-deciduitis
grade 2 than chorio-deciduitis grade 1 in the context of early stage acute-HCA (i.e., in-
flammation restricted to CD), whereas in advanced stage acute-HCA (i.e., amnionitis),
chorio-deciduitis grade 2 is not associated with a more severe IAIR than chorio-deciduitis
grade 1. This finding may provide the obstetricians and researchers the information that
chorio-deciduitis grade should not be overlooked in the context of early stage acute-HCA
(i.e., inflammation restricted to CD) and may have little effect on the intensification of IAIR
in the context of advanced stage acute-HCA (i.e., amnionitis).

The CD in itself is a large territory with the detailed sub-divisions composing of
the outermost decidua, the membranous trophoblast of chorion as a middle layer, and
the innermost connective tissue of chorion [25–28]. Our recent study has suggested that
intra-amniotic inflammation is more frequent and intense according to outside-in neu-
trophil migration in the detailed subdivisions (i.e., the outermost decidua, the membranous
trophoblast of chorion as a middle layer, and the innermost connective tissue of chorion)
within the same CD [25]. Considering the results of our recent and current studies, neu-
trophils found in the innermost sub-divisional layer of CD (the connective tissue of chorion)
is more likely to be associated with chorio-deciduitis grade 2 than chorio-deciduitis grade
1. Therefore, we should examine whether chorio-deciduitis grade 2 is associated with a
more frequent neutrophil infiltration in the innermost connective tissue of chorion than
chorio-deciduitis grade 1.

5. Conclusions

The inflammatory milieu of AF increases with chorio-deciduitis grade in early stage,
but not advanced stage, acute-HCA in EPM. This finding suggests that chorio-deciduitis
grade may have little effect on the intensification of IAIR in the context of advanced stage
acute-HCA.
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Abstract: The abnormal production of matrix metalloproteinases (MMPs), especially MMP-9 and
MMP-2, plays a pivotal role in hypertensive disorders of pregnancy, and as such, can influence the
development of preeclampsia. These alterations may result from functional genetic polymorphisms
in the promoter region of MMP-9 and MMP-2 genes, which modify MMP-9 and MMP-2 expres-
sion. We investigated the association of MMP-9 polymorphism rs3918242 (-1562 C>T) and MMP-2
polymorphism rs2285053 (-735 C>T) with the risk of preeclampsia. This case–control study was
conducted on 345 women with preeclampsia and 281 age-matched women with normal pregnan-
cies from Tunisian hospitals. Genomic DNA was extracted from whole blood collected at delivery.
Genotypes for -1562 C>T and -735 C>T polymorphisms were performed using polymerase chain
reaction-restriction fragment length polymorphism (PCR-RFLP). An increased frequency of heterozy-
gous MMP-9 -1562 C/T genotype carriers was observed in women with preeclampsia compared to
healthy controls (p = 0.03). In contrast, the MMP-2 -735 C>T polymorphism was not significantly
different regarding frequency distribution of the allele and genotype between healthy pregnant
women and women with preeclampsia. Our study suggests that the MMP-9 -1562 C/T variant,
associated with high MMP-9 production, could be a genetic risk factor for preeclampsia in Tunisian
women.

Keywords: genotyping; preeclampsia; MMP-9; MMP-2; SNPs

1. Introduction

Preeclampsia (PE) is a multi-system pregnancy-specific disorder classically char-
acterized by elevated maternal blood pressure and proteinuria after 20 weeks of preg-
nancy. This syndrome complicates 5–7% of pregnancies worldwide and is responsible for
60,000 maternal deaths annually, and a far greater number of fetal and neonatal deaths [1].
Indeed, it is one of the leading causes of maternal and fetal mortality and morbidity [2,3].

PE has been proposed to result from multiple factors, such as angiogenic, inflam-
matory, and immune response, potentially due to genetic and external environmental
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factors [4]. However, the role of genetic predisposition is still not well understood, al-
though there is clear evidence of the contribution of family history supported by several
segregation and linkage analysis studies, as well as genome-wide association studies [5].
One of the most proposed mechanisms for PE relates to inadequate maternal blood flow
to the placenta, caused by impaired spiral artery remodeling, vascular endothelial injury,
altered trophoblast cell activity and an exacerbated inflammatory response [6].

Of interest, MMPs are zinc-dependent endopeptidases that degrade different extracel-
lular matrix components and play a role in the remodeling of various tissues [7]. Conse-
quently, MMP activity dysregulation has been reported in clinical conditions affecting the
cardiovascular system [8,9], including gestational hypertensive disorders, such as PE [10].

More specifically, MMPs, such as MMP-2 (gelatinase A) and MMP-9 (gelatinase B),
have been implicated in endometrial tissue remodeling during estrous cycles and preg-
nancy [11]. Indeed, MMP-9 and MMP-2 efficiently degrade type IV collagen, a main
component of the basement membrane, and are associated with active neovasculariza-
tion [12–15]. Of interest, elevated levels of MMP-9 and lower levels of MMP-2 are observed
in the serum of women with PE, and similar observations are reported in the umbilical
cord plasma of newborns born from women with PE [9,16,17].

MMP-2 and MMP-9 genes contain SNPs, some of which are in the promoter region,
that play an essential role in disease development [18,19]. Notably, the MMP-9 -1562 C>T
polymorphic substitution, present in this gene’s promoter, is associated with higher tran-
scriptional activity of the gene and higher protein levels of MMP-9 [20]. Interestingly,
this T allele has been associated with higher MMP-9 plasma levels in men and women
with cardiovascular diseases, such as atherosclerosis and restenosis [21,22], as well as
with pregnancy complications [23,24]. More specifically, a few groups have reported an
association between this polymorphism and PE risk [23–25]. Indeed, six studies have
found an association between the -1562 T allele and PE in Brazilian, United Kingdom,
Dutch, Polish, and Iranian populations, although in small cohorts (less than 180 cases and
200 controls) [25–30]. Hence, it is important to repeat these studies in different populations
and large cohorts, as the size of the cohort, ethnic variation and geographical location can
contribute to the differences in -1562 T allele distribution.

Concerning MMP-2, its gene is located on chromosome 16. Interestingly, the -735 C>T
polymorphism is present in the promoter region and abolishes a Sp1-binding site, leading
to decreased promoter activity and reduced MMP-2 expression. The ‘C’ to ‘T’ substitution
at the -735 position of the MMP-2 gene may predispose to different conditions, such as
increased inflammatory status, tumour metastasis and respiratory diseases [31,32]. How-
ever, very few studies have investigated the association between MMP-2 polymorphisms
and gestational hypertension and PE [20]. Indeed, only one Iranian study has reported
that the maternal -735 T allele is associated with an increased risk of PE in a small cohort
(150 cases and 150 controls) [33], while two studies found no association in Brazilian and
Polish populations [29,34].

Hence, to date, none of the mentioned MMP polymorphisms have been investigated
in the African continent. As genetic variations may differ, depending on ethnicity [35,36],
the present study aimed to evaluate the association of MMP-2 -735 C>T (rs2285053) and
MMP-9 -1562 C>T (rs3918242) polymorphisms with the risk of PE in a large Tunisian cohort
(281 controls and 345 cases).

2. Materials and Methods

2.1. Subjects

This retrospective case–control study, which we previously described in detail [37,38],
involved 345 unrelated Tunisian women with PE, who were recruited between May 2012
and June 2013 from the gynecology service (hospitalized and outpatient) of Farhat Hached
University Hospital (Sousse, Central Tunisia), Fattouma Bourguiba University Hospital (Mona-
stir, Central Tunisia), Taher Sfar University Hospital (Mahdia, Eastern Tunisia), and Gafsa
Hospital (Southern Tunisia). The inclusion criteria were PE during a natural pregnancy, de-
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fined as gravid hypertension, assessed as systolic blood pressure (SBP) > 140 mmHg, diastolic
blood pressure (DBP) > 90 mmHg, a rise in SBP > 30 mmHg, or DBP > 15 mmHg on at least
two measurements, 6 h apart, and significant proteinuria ≥ 300 mg/24 h after 20 weeks of
gestation [2]. Severe PE was defined as SBP ≥ 160 mmHg or DBP ≥ 110 mmHg and pro-
teinuria ≥ 500 mg/24 h [2]. As subject recruitment was conducted in 2012, we used the
definition and classification of PE determined by the American College of Obstetricians
and Gynecologists (ACOG), which was active at the time [2]. This is in contrast with the
actual ACOG guidelines, where PE is diagnosed by the presence of de novo hypertension
after 20 weeks of gestation, accompanied by proteinuria and/or evidence of maternal acute
kidney injury (AKI), liver dysfunction, neurological features, hemolysis or thrombocy-
topenia, or intra-uterine growth restriction [39]. Women who met the criteria for PE, but
not severe PE, were defined as moderate PE. Our study included women with previously
diagnosed chronic hypertension and a history of PE.

We recruited women with normal pregnancies from the same geographical area and
without any obstetrical complications for the control group. Exclusion criteria for this
group were known personal or family history of hypertension and PE. The pairing of
women with normal pregnancy was done on the basis of the age of preeclampsia cases
(+/− 1 year of age). Hence, certain women with normal pregnancies were not chosen
based on their age. Local ethics committees approved the study protocol, and both PE cases
and control women gave written informed consent for participation in the study. The study
participants’ demographic and clinical data were collected from a designed questionnaire
and medical records, as done previously [40].

2.2. MMPs Genotyping

Genotyping of MMP-2 -735 C>T and MMP-9 -1562 C>T SNPs was performed on
DNA extracted from blood samples by the proteinase K/salting-out method [41], us-
ing PCR-restriction fragment-length polymorphism (PCR-RFLP) method [42]. The tar-
get fragments containing these two polymorphisms were amplified using the follow-
ing primers: for the -735 C>T: 5′-GGATTCTTGGCTTGGCGCAGGA-3′ (forward) and
5′-GGGGGCTGGGTAAAATGAGGCTG-3′ (reverse); for the -1562 C>T polymorphism: (for-
ward) 5′-GCCTGGCACATAGTAGGCCC-3′ (forward) and 5′-CTTCCTAGCCAGCCGGC-
ATC-3′ (reverse). For PCR amplification, the reaction mixture consisted of 2.5 μL of DNA
sample, 0.5 μM of each primer, 10× PCR buffer, 1.5 mM of MgCl2, 0.5 U of Taq DNA
polymerase (Invitrogen), 0.2 mM of each dNTP and water was added to obtain a final
volume of 20 μL. To detect polymorphisms, the samples were denatured at 95 ◦C for
5 min, followed by 35 cycles of denaturation at 94 ◦C for 30 s, annealing at 59 ◦C for 30 s
and extension at 72 ◦C for 30 s. The samples were incubated at 72 ◦C for an additional
5 min for the final extension. Amplicons were 436 and 391 bp for -1562 C>T and -735 C>T,
respectively. The SphI and HinfI restriction enzymes produced 242 and 194 bp fragments
for the -1562 T allele and 338 and 53 bp fragments for the -735 T allele. The fragments were
analyzed on a 2% agarose gel.

2.3. Statistical Analysis

Continuous data are expressed as mean ± standard deviation (SD) and were com-
pared using the Mann–Whitney U-test. Categorical variables are presented as numbers
(percentages of total) and were compared using the Chi-square test (χ2). Allele frequencies
were calculated by the gene-counting method, and each polymorphism was tested for
Hardy–Weinberg equilibrium using χ2 goodness-of-fit test using HPlus 2.5 software. The
putative predictors of PE, the clinical factors of study participants, and the two polymor-
phisms studied were initially evaluated by univariate analysis and then by multivariate
logistic regression analysis. We calculated the corresponding crude odds ratio (cOR) and
its 95% confidence interval (95% CI) and then the adjusted odds ratio (aOR) and its 95% CI;
the main covariates that we adjusted for were gestational age, BMI, delivery method and
baby weight. Statistical significance was set at p < 0.05.
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3. Results

3.1. Study Subjects

Demographic and clinical features of PE cases and control women are shown in
Table 1. According to the defined criteria, 162 of the 345 women had severe PE. Among
them, 87 (25.2%) developed a severe early onset form (before 34 weeks of gestation); there
were 15 cases of eclampsia, but no cases of HELLP (hemolysis, elevated liver enzymes, low
platelets) syndrome. As expected, women with PE had significantly elevated SBP and DBP,
higher BMI, and gave birth at a lower gestational age. Not surprisingly, women with PE
had a significantly higher incidence of primiparous pregnancies, as this is a known risk
factor for this disease. In addition, we found that babies born from women with PE had
significantly lower weights. Accordingly, gestational age, BMI, delivery method and baby
weight were selected as covariates controlled for in the subsequent analysis.

Table 1. Demographic and clinical characteristics of controls and patients.

Characteristic Controls (n = 289) Cases (n = 345) p 1

Age (years) 2 30.5 ± 5.8 31.3 ± 7.0 0.121

BMI (kg/m2) 2 28.6 ± 4.2 32.2 ± 5.0 <0.001

Newborn weight (g) 2 3253.3 ± 405.2 2888.0 ± 755.7 <0.001

GA at blood sampling 2 38.2 ± 3.0 35.8 ± 3.6 <0.001

Region 3
Sahel region 199 (66.3) 234 (78.0)

<0.001Central Tunisia 7 (2.3) 33 (11.0)
Southern Tunisia 94 (31.3) 33 (11.0)

Blood pressure (mmHg) 2 Systolic 112.3 ± 9.3 155.4 ± 14.9
<0.001Diastolic 68.8 ± 7.9 95.0 ± 8.7

Delivery method 3 Vaginal delivery 188 (62.7) 165 (55.0)
0.068Caesarian sections 112 (37.3) 135 (45.0)

Pregnancy status 3
Multiparous 164 (54.7) 75 (25.0)

<0.001Primiparous 131 (43.7) 222 (74.0)
Nulliparous 5 (1.7) 3 (1.00)

Chronic hypertension 0 (0.0) 155 (39.1) <0.001
1 Student t-test for continuous variables, and Pearson’s chi-square for categorical variables. 2 Mean ± SD. 3 Number (percent total). BMI,
body mass index; GA, gestational age.

3.2. Association Studies

Minor allele frequencies of MMP-9 -1562 T and MMP-2 -735 T were not significantly
different among PE cases and control women (Table 2). Setting the major homozygous
genotype C/C as a reference (OR = 1.00), significantly higher frequencies of heterozygous
MMP-9 -1562 C/T genotype carriers were observed in PE cases compared to control women
(p = 0.03; OR (95% CI) = 1.62 (1.03–2.56)) (Table 3). We found no significant differences in
the distribution of the remaining genotypes between PE cases and control women.

Table 2. Distribution of MMP-9 and MMP-2 alleles in PE cases and control women.

Gene (SNP) Position 1 MAF Patients Controls χ2 p Value OR (95% CI)

MMP-9 (-1562 C>T) chr8:81279768 T 64 (18.6) 2 38 (13.5) 2.87 0.09 0.72 (0.50–1.05)

MMP-2 (-735 C>T) chr16:55478465 T 78 (23.5) 53 (18.9) 1.94 0.16 0.80 (0.58–1.09)
1 Location on the chromosome. 2 Number of alleles (frequency). MMP: Matrix Metalloproteinases; PE: preeclampsia; SNP: single-nucleotide
polymorphism; MAF: minor allele frequency; T: threonine; chr: chromosome.
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Table 3. Genotypic frequencies of the studied polymorphisms.

Gene (SNP) Genotype Controls a Cases a p p c OR (95% CI)

MMP-9
(-1562 C>T)

C/C 243 (86.7) b 281 (81.4)

0.03 0.14

1

C/T 33 (11.7) 62 (17.9) 1.62 (1.03–2.56)

T/T 5 (1.7) 2 (0.5) 0.35 (0.07–1.80)

MMP-2
(-735 C>T)

C/C 228 (81.1) 254 (76.5)

0.26 0.33

1

C/T 41 (14.6) 65 (19.6) 1.42 (0.93–2.19)

T/T 12 (4.3) 13 (3.9) 0.97 (0.43–2.17)
a Study subjects included 345 PE cases and 281 control women. b Number of genotypes/subjects (percent total). c p-values adjusted for age,
gender, diabetes, smoking, hypertension.

3.3. Association Analysis

Our results showed a lack of association between the tested MMP-9 and MMP-2
polymorphisms and the severity of PE, irrespective of the genetic model used (co-dominant,
dominant, or recessive) (Table 4). These associations remained not significant, even after
adjustment for gestational age, BMI, delivery method and baby weight.

Table 4. Association of MMP-9 and MMP-2 genotypes with the severity of PE.

Model Genotype

Genotype Distribution MMP-9 Genotype Distribution MMP-2

Moderate PE
n = 183

Severe PE
n = 162

p p b Moderate PE
n = 178

Severe PE
n = 154

p p b

Co-dominant
model

C/C 150 (82) a 131 (80.9)
0.22 0.29

132 (74.2) 122 (79.2)
0.39 0.65C/T 33 (18) 29 (17.9) 37 (20.8) 28 (18.2)

T/T 0 (0) 2 (1.2) 9 (5.1) 4 (2.6)

Dominant
model

C/C 150 (82) 131 (80.9)
0.79 0.17

132 (74.2) 122 (79.2)
0.28 0.39C/T-T/T 33 (18) 31 (19.1) 46 (25.8) 32 (20.8)

Recessive
model

T/T 0 (0) 2 (1.2)
0.08 0.6

9 (5.1) 4 (2.6)
0.24 0.97C/C-C/T 183 (100) 160 (98.8) 169 (94.9) 150 (97.4)

a Number of genotypes/subjects (percent total). b p-values adjusted for gestational age, BMI, delivery method and baby weight.

4. Discussion

To our knowledge, in the African continent, this is the first case–control study that
investigated the association of polymorphisms in the promoter region of MMP-2 (-735 C>T)
and MMP-9 (-1562 C>T) with the risk of PE. More specifically, these polymorphisms were
investigated in a large Tunisian Arab cohort (281 controls and 345 cases), compared to
most studies, which studied small cohorts. As such, in our study, we may have higher
statistical power for the genetic analysis. Notably, the CT genotype of MMP-9 -1562 C>T
was associated with an increased risk of PE in our Tunisian cohort. However, the frequency
distribution of MMP-2 -735 C>T allele and genotype polymorphism was not associated
with PE.

In contrast to our results, most studies have reported no association between the
-1562 C/T polymorphism and the risk of PE in the Netherlands [30], Brazilian [25,29],
United Kingdom [27], Poland [26] and Iranian [28] populations. However, PE cases with
chronic hypertension and a history of PE were excluded in these reports, in contrast to
our study. Only one study, conducted by Rahimi et al., found an association with the
MMP-9 -1562 C>T polymorphism but only found in women with severe PE. Hence, these
differences may result from the cohort size of most of these studies as our cohort is almost
twice the size of these other studies. As such, they may have been underpowered to find
any MMP-2 and MMP-9 polymorphism association with PE. Importantly, they investigated
a heterogeneous population. As such, ethnic variations and geographical location could
have contributed to the lack of association.
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With regard to the lack of association of the polymorphism MMP-2 -735 C>T with PE,
these are in agreement with two previous studies which looked at this SNP in Brazilian [34]
and Polish [26] populations. However, another investigation conducted on 144 women with
PE and 103 healthy control subjects in Iran found an association between the MMP-2 -735 T
polymorphism and PE risk [33]. Interestingly, in this Iranian study, all women had a
Kurdish ethnic background and women with chronic hypertension were excluded from
their cohort. As such, this may have contributed to a more homogenous cohort and
allowed them to uncover this association. As such, the inclusion of women with chronic
hypertension in our study and our unique geographical location and ethnicity may have
contributed to the lack of association in our study.

Mechanistically, changes in MMP expression and activity may lead to increased oxida-
tive stress and inflammatory mediators, which are associated with endothelial dysfunction
and, in turn, contribute to the pathogenesis of PE [43,44]. More specifically, in healthy
pregnancies, MMPs, such as MMP-9 and MMP-2, play a crucial role in the process of
trophoblast cell invasion, remodelling spiral arteries as well as in angiogenesis [7]. In
contrast, in women with PE, high MMP-9 activity has been implicated in the pathological
remodelling of the extracellular matrix of the arterial wall by causing an accumulation
of collagen [45]. MMP-2 and MMP-9 dysregulation could lead to altered endometrial
matrix degradation and impaired trophoblastic invasion and placentation, thus, inducing
PE symptoms [15,16]. As the MMP-9 -1562 C/T and MMP-2 -735 C/T polymorphisms
are located in the promoter region, they may regulate the protein production of these
MMPs [26]. Interestingly, the presence of the T allele of the MMP-9 -1562 C>T polymor-
phism is associated with higher transcriptional activity of the gene and elevated MMP-9
protein levels in biological fluids and tissues [46]. Additionally, it has been reported that
MMP-9 protein levels in the umbilical cord arterial wall and the plasma of newborns
from preeclamptic pregnancies are increased compared to those from women with normal
pregnancies [10].

In contrast to the study by Rahimi et al., we found a lack of association between the
tested MMP-9 and MMP-2 variants and PE severity. Indeed, they found a significantly
higher frequency of the MMP-9 CT + TT genotypes among women with severe PE [45].
This discordance may be due to the small number of cases of women with severe PE in
our cohort or may relate to differences in PE subtypes and other ethnic/racial factors in
the study population. Moreover, this result was irrespective of the genetic model used
(co-dominant, dominant, or recessive) and remained insignificant, even after adjustment
for clinical parameters (gestational age, BMI, delivery method and baby weight).

Finally, the differences observed between our results and those previously published
may stem from ethnic and racial variations in the distribution of MMP variants. Additional
studies in large cohorts from other ethnic groups will be required to confirm this speculation.
One of the strengths of our study is the homogeneity of the population. This minimized the
differences in genetic background, inherent to gene association studies and the possibility
of ethnic stratification on the distribution of the MMPs allele and genotype, as well as the
potential covariates to control. A limitation of the present case–control study was that we
did not correlate genotypic data with MMP plasma levels. Follow-up studies are needed to
analyze other variants in these genes and assess if altered MMP activity in PE pathogenesis.

5. Conclusions

In conclusion, MMP-9 promoter polymorphism could influence the risk of PE devel-
opment through increased production of MMP-9 protein in the maternal circulation and at
the maternal–fetal interface. Our results indicate, for the first time, that such an association
is present in a Tunisian population where we found that the carriage of the heterozygous
MMP-9 -1562 C/T genotype, which is associated with higher MMP-9 production, was
associated with PE risk.
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Abstract: The aim of the study was to investigate if there are changes in elastographic parameters in
the cervix at term around the time of delivery and if there are differences in the parameters between
women with spontaneous labor and those without labor (labor induction). Nulliparous women at
36 weeks of gestation eligible for vaginal delivery were enrolled. Cervical elastography was per-
formed and cervical length were measured using the E-CervixTM system (WS80A Ultrasound System,
Samsung Medison, Seoul, Korea) at each weekly antenatal visit until admission for spontaneous labor
or labor induction. E-Cervix parameters of interest included elasticity contrast index (ECI), internal
os strain mean level (IOS), external os strain mean level (EOS), IOS/EOS strain mean ratio, strain
mean level, and hardness ratio. Regression analysis was performed using days from elastographic
measurement at each visit to admission for delivery and the presence or absence of labor against
cervical length, and each E-Cervix parameter fitted to a linear model for longitudinal data measured
repeatedly. A total of 96 women were included in the analysis, (spontaneous labor, n = 39; labor
induction, n = 57). Baseline characteristics were not different between the two groups except for
cesarean delivery rate. Cervical length decreased with advancing gestation and was different between
the two groups. Most elastographic parameters including ECI, IOS, EOS, strain mean, and hardness
ratio were significantly different between the two groups. In addition, ECI, IOS, and strain mean
values significantly increased with advancing gestation. Our longitudinal study using ultrasound
elastography indicated that E-cervix parameters tended to change linearly at term near the time
of admission for delivery and that there were differences in E-Cervix parameters according to the
presence or absence of labor.
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1. Introduction

Human parturition begins with structural and biochemical changes in the uterus,
including the uterine body and cervix. The pregnant cervix becomes soft from early
pregnancy and ripens shortly before labor through the biochemical changes [1]. Such
biochemical change during cervical ripening include decreased collagen concentration,
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increased hydrophilic glycosaminoglycans, hyaluronic acid, and water [2]. Extensive
remodeling before labor subsequently leads to uterine cervical effacement and dilatation
from forceful uterine contractions.

Since the report of association between short cervical length and increased risk of
preterm delivery, cervical length measurement has been used to predict spontaneous
preterm delivery [3]. However, as the prevalence of high-risk population is low, and
cervical length measurement has low sensitivity to predict preterm birth, the utility of
cervical length measurements has been limited. In addition, some researchers reported
considerable inter-observer variability [4,5] and inadequate measurement of cervical length,
especially when using transabdominal ultrasound, which limits the utility of cervical
length measurement as a screening tool [6]. Therefore, researchers are investigating various
methods to detect biomechanical or biochemical changes of the cervix to improve the
ability to predict spontaneous preterm delivery using ultrasonography, which includes
quantitative cervical texture analysis (mean gray level histogram) and elastography.

Quantitative cervical texture analysis uses a histogram with different indices such as
mean gray level [7], mean gray-scale values [8] or cervical texture-based score [9] from
gray-scale ultrasound image of the uterine cervix. Some of them report promising results
in predicting spontaneous preterm birth [8,9]. Recently, ultrasound elastography has been
introduced to assess the elasticity or compressibility of tissues for the diagnosis of breast
cancer and liver fibrosis [10]. In the obstetrical field, elastography has been studied in the
uterine cervix, and the diagnostic performance has been validated in predicting successful
induction of labor and preterm delivery in low and high-risk pregnancies [11]. All these
efforts to predict labor focus on the changes in the elastic or biomechanical properties of
the cervix, and that is based on the premise that elastic changes reflect the biochemical
changes inside the cervix. The traditional way to evaluate cervical change is to measure
the cervical length, which has been used for the prediction of preterm birth and successful
labor induction [12,13]. However, cervical length measurements only detect changes in
the physical dimension of the cervix. Detecting biomechanical and biochemical changes
before labor could help us understand and predict the common labor processes in preterm
or term pregnancy. There are many studies looking into preterm delivery prediction
using elastography, and there is a recent report regarding elastographic changes in each
trimester [14]. On the other hand, there is a paucity of information regarding immediate
changes in the cervix near term parturition.

E-CervixTM elastography is one of the strain elastographic ultrasound applications
that gets compression signals using internal or in vivo compression forces such as adjacent
arterial pulsation and breathing. As it uses internal compression, E-Cervix elastography is
less operator-dependent than other ultrasound elastography machines that employ external
compression. We have reported its reproducibility and utility in predicting preterm delivery
in pregnancies with a moderately short cervix [15–17]. We found that there were changes
in E-Cervix parameters antedating preterm delivery. However, our understanding of
the temporal cervical change is poor, especially in term cervix around the time of labor.
Therefore, we planned a longitudinal study to investigate if we could detect cervical
changes in the strain as well as the length using E-Cervix elastography. We also wanted to
look at the differences in the elastographic parameters in the cervix between spontaneous
labor and no labor (labor induction) groups. The aim of the study was to investigate if
there were changes in elastographic parameters in the cervix at term around the time of
delivery and if there were differences in the parameters between women with spontaneous
labor and those without labor (labor induction).

2. Materials and Methods

2.1. Subjects

Between July 2019 and April 2020, nulliparous women eligible for vaginal delivery
were invited to participate in this study. They were enrolled at 36 weeks of gestation
from three institutions (Dongguk University Ilsan Hospital, Konkuk University Medical
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Center, and Kyung Hee University Hospital at Gangdong). Four investigators (H.-J.S.,
H.K., H.-S.H., H.S.P.) who had experience in the use of E-Cervix elastography for more
than three years performed cervical elastography. Ultrasound elastography was carried
out by one operator in each patient. Cervical elastography and cervical length were
measured at each weekly antenatal visit until admission for spontaneous labor or labor
induction. Labor was induced according to the managing clinician’s discretion. Multiple
pregnancies or pregnancies with cerclage were excluded from this study. Pregnancy
outcomes, demographic data, and obstetric data were collected. The study protocol was
reviewed and approved by the Institutional Review Board of each participating hospital.
Written informed consent was collected from all women.

2.2. Cervical Length and Elastographic Measurements

We performed cervical elastography with a vaginal ultrasound (WS80A Ultrasound
System, Samsung Medison, Seoul, Korea) using a 6-MHz transvaginal probe. After mea-
suring cervical length, elastography was performed three times in the same plane with
the same transvaginal probe using an E-CervixTM system. The median values of the three
measurements were used for the analysis. The cervical length measurement and E-Cervix
elastography were performed according to previously described protocol [17]. E-Cervix
uses in vivo compression by internally generating fine vibration through organ motion,
such as adjacent arterial pulsation and breathing without manual compression. The E-
Cervix parameters included in the analysis were elasticity contrast index (ECI), internal
(IOS) and external os (EOS) of cervix strain mean level, IOS/EOS strain mean ratio, strain
mean level, and hardness ratio (Table 1).

Table 1. Selected E-Cervix parameters.

Measurement Parameter Description

ECI ECI score within the ROI, value range: 0 (homogeneity)–81 (heterogeneity)

IOS strain mean level Standardized strain mean level in 1 cm circle of IOS, value range: 0 (hard)–1 (soft)

EOS strain mean level Standardized strain mean level in 1 cm circle of EOS, value range: 0 (hard)–1 (soft)

Ratio (IOS/EOS) IOS strain level/EOS strain level

Strain mean level Strain mean level within the ROI, value range: 0 (hard)–1 (soft)

Hardness ratio 30-percentile hardness area ratio within the ROI, value range: 0% (soft)–100% (hard)

IOS, internal os of the cervix; EOS, external os of the cervix; ROI, a region of interest; ECI, elasticity contrast index.

2.3. Plots and Regression Analysis

Spaghetti plots were depicted to visualize the serial changes of the cervical length and
E-Cervix parameters. Each measurement from an individual was connected and plotted
against days from measurements to admission. Fitted lines from linear regression were
drawn to represent serial changes in the parameters. We also made the lasagna plot, which
is a heatmap for longitudinal data where each subject’s trajectory over time is a horizontal
layer, with the simultaneous plotting of trajectories resulting in the stacking of layers, as in
lasagna [18].

As we were interested in the elastographic changes of the cervix near the time of
the delivery, subjects whose last measurement before delivery was within seven days
and measurements within three weeks from the admission were included in the analysis.
We hypothesized that E-Cervix parameters would change over time, and there would
be differences in the elastographic parameters between the spontaneous labor and labor
induction groups. To test the hypothesis, we performed regression analysis using days
from elastographic measurement at each visit to the admission for the delivery (Days,
Figure 1) and the presence or absence of the labor (Labor) against cervical length and each
E-Cervix parameter (y) using the following equation: y = ß0+ ß1* Days + ß2* Labor group.
To evaluate the changes of the parameters with time only, we also performed regression
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analysis using the equation: y= α0 + α1*Days. We used a linear model for longitudinal
data by employing mixed procedure in SAS statistical analysis packages, which enables us
to handle covariances [19].

Figure 1. Scheme of measurements. From 36 weeks of gestation, E-Cervix was measured at each
weekly visit until admission for spontaneous labor or labor induction. Days from admission to
measurements were counted and used for analysis. Subjects whose last measurement before delivery
was within seven days and measurements within three weeks were included in the analysis (data in
the shaded area in cases of C and D). As elastography was measured only once in case A, and the last
measurement was more than seven days from the admission in case B, data were not included in the
analysis. Numbers, weeks of gestation; Red arrowhead, time of each measurement; Black cross in a
circle, admission for delivery; Red curved arrow, calculation of days from measurement to admission
(e.g., −4. −11, and −18); Shades, data used in the analysis.

2.4. Other Statistical Analysis

Maternal baseline characteristics and obstetric outcomes were collected and compared
between the spontaneous labor and labor induction groups. Continuous variables were
compared using Mann–Whitney U tests. Categorical variables were compared using
Fisher’s exact tests. A p-value of less than 0.05 was considered significant. STATA 14.0
(StataCorp LLC, College Station, TX, USA) and SAS 9.3 (SAS Institute Inc., Cary, NC, USA)
were used for statistical analyses.

3. Results

During the study period, a total of 122 women were enrolled. Of those, elastography
was performed only once in 12 patients. The last measurement was more than seven
days before the day of admission in 13 patients. One was not followed up. Finally,
96 women were included in the analysis (spontaneous labor, n = 39; labor induction, n = 57)
(Figure 2). The elastography was performed 2, 3, and 4 times in 27 (28.1%), 64 (66.7%),
and 5 (5.2%) patients, respectively. Indications for labor induction were as follows: post-
term pregnancy (31.6%, 18/57), pre-labor rupture of membranes (24.6%, 14/57), maternal
request (14.0%, 8/57), large for gestational age (7.0%, 4/57), hypertensive disorders (5.3%,
3/57), oligohydramnios (5.3%, 3/57), fetal growth restriction (5.3%, 3/57), and others
(7.2%, 4/57).
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Figure 2. Flow diagram showing the number of subjects enrolled in this study.

The baseline characteristics of the participants and pregnancy outcomes are shown
in Table 2. The mean maternal age in spontaneous labor and labor induction group was
31.9 (range, 24–39) and 33.4 (range, 24–41), respectively. The cesarean delivery rate was
higher in the labor induction group than in the spontaneous labor group. Hypertensive
diseases were found in 5.26% of the labor induction group only but were not statistically
different. The frequency of pregnancies with in vitro fertilization-embryo transfer (IVF-ET)
was 20.8% (20/96). Gestational diabetes consisted of 13.5% (13/96) of the study population.
Other variables did not show a statistically significant difference between the two groups.

Table 2. Characteristics and pregnancy outcomes of the participants.

Spontaneous Labor
n = 39

Labor Induction
n = 57

p-Value

Maternal age 32.00 (29.00–35.00) 33.00 (31.00–36.00) 0.067
History of abortion 6 (15.38%) 15 (26.32%) 0.220

History of CIN 2 (5.13%) 2 (3.51%) 1.000
History of LEEP 1 (2.56%) 1 (1.75%) 1.000

IVF-ET 7 (17.95%) 13 (22.81%) 0.620
pre-pregnancy BMI 21.77 (20.32–23.50) 21.30 (19.71–23.44) 0.480

Smoking 1 (2.56%) 2 (3.51%) 1.000
Hypertensive diseases 0 (0.00%) 3 (5.26%) 0.270

GDM 6 (15.38%) 7 (12.28%) 0.760
Progesterone use 2 (5.13%) 1 (1.75%) 0.560

Maternal weight at delivery 71.90 (64.70–76.50) 70.30 (65.00–79.90) 0.880
GA at admission 39.57 (39.14–40.29) 39.71 (39.00–40.29) 0.960
GA at delivery 39.57 (39.14–40.43) 39.86 (39.14–40.43) 0.630

Cesarean delivery 3 (7.69%) 21 (36.84%) 0.001
Birthweight 3244 (3000–3404) 3340 (3110–3498) 0.120

NICU admission 2 (5.13%) 1 (1.79%) 0.570

Data are presented as median (interquartile range) or n (%). CIN, cervical intraepithelial neoplasia;
LEEP, loop electrosurgical excision procedure; IVF-ET, in vitro fertilization and embryo transfer;
BMI, body mass index; GDM, gestational diabetes mellitus; GA, gestational age; NICU, neonatal
intensive care unit.

Table 3 shows the regression results against cervical length and the E-Cervix parame-
ters using days from the measurement to admission with or without spontaneous labor
(labor induction and spontaneous labor). When only days from the measurements to
admission were put in the regression analysis, ECI, IOS strain mean level, and strain mean
significantly increased with advancing gestation along with cervical length. In the model
including both days from the measurements to admission and labor groups, ECI, IOS strain
mean level, and strain mean again significantly increased with advancing gestation, and
they also were significantly different between the two groups. ECI, IOS strain, and strain
mean increased by 0.122 and 0.011 and 0.008 per week three weeks from the admission,
respectively. EOS and hardness ratio were different between the two groups. Although
the hardness ratio decreased with time, such a decrease did not reach statistical signifi-
cance. With this table, we can explain the change of the cervix according to time and labor
group. If we take the example with cervical length, we can say that “Cervical length of
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the singleton pregnancy at term will decrease by 0.02468 cm everyday within 3 weeks
before the admission for delivery in both spontaneous labor and labor induction group. In
addition, the cervical length of the spontaneous labor group is 0.481 cm shorter than that
of labor induction group throughout the period.” Other parameters can be interpreted in
the same manner.

Figure 3 shows the combination of the spaghetti plots that connect cervical length and
E-Cervix parameter measurements at each visit for each individual. In the middle and
right columns, the measured values were fitted in a regression equation to generate red
lines illustrating the overall levels of the values in the labor induction and spontaneous
labor groups and the change of the parameters with time. For example, the parameter of
ECI tended to increase with time, and the levels of the parameter were different between
spontaneous labor and labor induction groups, reflecting the regression results.

Figure 4 is the lasagna plots of the cervical length and the selected E-Cervix parameters
against each visit. The horizontal axis of each plot represents a visit counted from the
admission for delivery (e.g., −1 being the last visit before admission). The color bar located
right to each plot represents each parameter’s value range, red being the highest and yellow
being the lowest. The color change from left to right in each picture can be interpreted as
change of each parameter’s value at each visit. For example, middle panel in row A shows
the change of the cervical length at each visit in the labor induction group. From the visit
−3 to visit −1, the color tends to change from red to yellow which indicates shortening of
the cervix toward the admission for delivery.
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Figure 3. Spaghetti plots of the cervical length and the selected E-Cervix parameters against days from measurement
to admission. The number on the x-axis represents days from admission (indicated as 0), and the number on the y-axis
represents the value of cervical length and each E-Cervix parameter. Red lines in the middle and right column indicate
line fitted by linear regression. (A): Cervical length; (B): Elasticity contrast index; (C): Strain mean of the internal os of the
cervix; (D): Strain mean level; Left column, plots including all subjects; Middle column, plots of the labor induction group;
Right column, plots of the spontaneous labor group.
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Figure 4. Lasagna plots of the cervical length and the selected E-Cervix parameters against each visit. A lasagna plot
is a heatmap for longitudinal data where each subject’s trajectory over time is a horizontal layer, with the simultaneous
plotting of trajectories resulting in the stacking of layers, as in lasagna [18]. The horizontal axis of each plot represents a visit
counted from the admission for delivery (e.g., −1 being the last visit before admission). The color bar located right to each
plot represents each parameter’s value range, red being the highest value, and yellow being the lowest value. The color
change from left to right in each picture can be interpreted as change of each parameter’s value at each visit. (A): Cervical
length; (B): Elasticity contrast index; (C): Strain mean of the internal os of the cervix; (D): Strain mean level; Left column,
plots including all subjects; Middle column, plots of the labor induction group; Right column, plots of the spontaneous
labor group.
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4. Discussion

This longitudinal study showed that the E-Cervix parameters tended to change during
the three weeks before the admission for the delivery in women with singleton pregnancies
at term. Our results also revealed that there were significant differences in E-Cervix
parameters according to the presence or absence of spontaneous labor in these women.

The changes in most E-Cervix parameters, including ECI, IOS, EOS, strain mean, and
hardness ratio were in agreement with previous reports. For example, it was previously
reported that ECI was significantly higher in patients with a moderately short cervix and
who ultimately deliver preterm [16]. In the report, we suggested that ECI values increase
with increasing heterogeneity as the uterine cervix ripens. The current data support our
suggestion regarding ECI, as ECI increased with advancing gestation irrespective of the
development of spontaneous labor. The finding that ECI value was higher in women
with spontaneous labor also indicated that there would be more biochemical change and
heterogeneity in the cervix of patients with spontaneous labor. Elastographic measurement
around the internal os of the cervix has been extensively studied to determine whether it
can predict preterm delivery in high- and low-risk pregnancies [20–22]. These early reports
have all indicated that soft cervix or higher strain values were related to spontaneous
preterm delivery. In addition, those values were increased in the spontaneous labor group,
as in the case of ECI. All these findings demonstrate that E-Cervix elastography can
differentiate the cervical changes according to the time and labor group in term pregnancy.
However, there are differences in significance observed among E-Cervix parameters. There
may be some difference in sensitivity among E-Cervix parameters in detecting changes
of the cervix. For example, in all the E-Cervix parameters except IOS/EOS ratio, there
were significant differences between the two labor groups. However, the change according
to the days might have been enough to be detected only in several parameters such as
ECI, IOS strain, and strain mean. Reproducibility should also be taken into consideration.
We previously reported reproducibility in terms of intra- and inter-observer intraclass
correlation coefficient (ICC), which ranged between 0.838 and 0.887 for intra-observer ICC
and between 0.901 and 0.988 for inter-observer ICC [17]. Although the results showed
good to excellent reproducibility, it would be reasonable, and customary to present mean
or median values from multiple measurements.

This research is unique in that it is a longitudinal study in which serial measurements
were performed so that we can learn the changes of the cervix with regard to the time
and the presence or absence of labor around the time of delivery at term. However, there
was no abrupt change in any E-Cervix elastographic parameters or cervical length near
the onset of labor. The changes seemed to be constant throughout three weeks before
admission in both spontaneous labor and labor induction groups (Figure 3). One study
has investigated cervical length changes from 17 to 34 weeks and found that the cervical
length was predicted to decrease by 0.6 mm per week of advancing gestation, and the
changes were linear in singleton pregnancies [23]. According to our data (Table 3), the
cervical length is expected to decrease by 1.7 mm per week for three weeks before the
admission, and those changes seem to be linear. Although the rate of change was higher
than the cervical length change between 17 to 34 weeks, we could not detect accelerated
changes in cervical length near the time of admission. Our data provide an insight into
the cervical change at term around delivery. The cervix probably continues to change
constantly without any further accelerated ripening around the time of birth at least within
three weeks from spontaneous labor. We included the labor induction (no labor) group
in this study to contrast the cervical changes of the spontaneous labor group with an
assumption that there may be “additional” differences in the spontaneous labor group near
the time of spontaneous labor. Cervical ripening of the women who are destined to have
spontaneous labor is more advanced than that in women who would not.

In a textbook of obstetrics, the process of parturition is divided into four phases, with
cervical ripening occurring in phase two of the parturition. The cervix must undergo
“extensive remodeling”. The transition from the softening to the ripening phase begins
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“weeks or days before labor” [24]. However, our data did not support such an argument.
The transition from the softening to ripening might have started even earlier.

We enrolled the patients from 36 weeks of gestation because the cervical ripening
may ensue before term, and the labor may begin at any time near term. In addition, as the
patients should visit every week from 36 weeks of gestation, we thought that it would be
best to enroll patients from 36 weeks. Our study implies that cervical ripening near term
parturition could be detected by cervical elastographic measurement. Further studies are
needed to confirm this. For example, considering that cervical ripening is one of the most
important parameters affecting induction failure, cervical elastography could be used to
predict successful induction of labor in women with term pregnancies.

There are things to consider when interpreting our results. First, although we assumed
a linear relationship between time and variables, it might have been curvilinear if we
had performed elastography more frequently. Second, while we presented statistically
significant changes in E-Cervix elastography parameters near term pregnancies, the actual
differences were relatively small in values to be useful in clinical settings. Finally, as the
participating institutions are referral hospitals where patients with high-risk pregnancies
are taken care of, this feature is reflected in the subject population. Gestational diabetes
mellitus (GDM) comprised 13.6% (13/96), which is quite high, and 5% of patients with
hypertensive diseases were included in the labor induction group. When those findings
are taken into consideration, the readers should be reminded that the study population in
this study was from high-risk patients and showed much heterogeneity.
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Abstract: Sex differences exist in the incidence and presentation of many pregnancy complications,
including but not limited to pregnancy loss, spontaneous preterm birth, and fetal growth restriction.
Sex differences arise very early in development due to differential gene expression from the X and Y
chromosomes, and later may also be influenced by the action of gonadal steroid hormones. Though
offspring sex is not considered in most prenatal diagnostic or therapeutic strategies currently in use,
it may be beneficial to consider sex differences and the associated mechanisms underlying pregnancy
complications. This review will cover (i) the prevalence and presentation of sex differences that
occur in perinatal complications, particularly with a focus on the placenta; (ii) possible mechanisms
underlying the development of sex differences in placental function and pregnancy phenotypes; and
(iii) knowledge gaps that should be addressed in the development of diagnostic or risk prediction tools
for such complications, with an emphasis on those for which it would be important to consider sex.

Keywords: sex as a biological variable; sex differences; pregnancy complications; placenta; prenatal
diagnosis; preeclampsia; preterm birth; fetal growth restriction; miscarriage

1. Introduction

Sex differences exist throughout the life course, with the earliest differences evident
well before birth and spanning gestation. Pregnancies carrying male and female fetuses
may differ in their risks of early pregnancy loss, preterm birth, and placental insufficiency
associated with preeclampsia and/or fetal growth restriction. However, establishing the
influence of sex on these outcomes is complicated by the different diagnostic criteria and
genetic and environmental risk factors in the populations studied. As the placenta medi-
ates fetal growth and underlies many pregnancy complications, sex differences arising in
gestation are likely due to effects of sex on placental development and function. Compared
to females (XX), male (XY) fetuses are larger by the second trimester of pregnancy (based
on ultrasound data) [1,2], show a more pro-inflammatory immune response across ges-
tation, and are at a higher risk of infection leading to preterm birth and other pregnancy
complications [3–5]. This in turn may contribute to sex differences in early susceptibility
to childhood conditions including neurodevelopmental disorders [6–8]. Throughout life,
females remain at lower risk of infection, but are more likely than males to develop adult-
onset autoimmune diseases [9]. Sex differences extend well beyond steroid hormones,
reproductive organs, and body size; sex differences also affect factors such as disease
incidence, and are of value to consider with respect to diagnostic criteria and therapeutic
efficacy [10].

Characterizing the mechanisms that underlie sex differences observed in pre- and
perinatal complications may contribute to our understanding of why these sex differences
are observed, including the key pathways involved, and has the potential to lead to more
effective sex-informed diagnostic and therapeutic practices. Fetal sex steroid hormone
production begins partway through the first trimester [11], and therefore sex differences
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arising earlier in gestation are likely to be due to differential expression of genes on the
sex chromosomes, or other sex chromosome effects. Later in development, sex differences
may be influenced by transient higher testosterone levels produced by the male fetal testes
between 12 and 16 weeks of gestation [12–14]. Importantly, sex differences are generally not
discrete: for example, testosterone levels and fetal size measurements show considerable
variation within each sex, and measurements can overlap between the sexes. In this review,
we discuss the sex differences observed in common pregnancy complications, discuss the
underlying mechanisms that may be involved, and emphasize the need for collection of
fetal sex-specific data when assessing diagnostic and screening tools aimed at promoting
healthy birth outcomes (Figure 1).

Figure 1. Typical sex differences across gestational age. Throughout pregnancy, sex differences may arise as a consequence
of both sex chromosome and sex hormone (testosterone) biology. The combined effects of sex chromosomes and hormones
on placental function may contribute to sex differences in healthy development and risk for adverse pregnancy outcomes.
Section 3 contains more detailed descriptions of the processes mentioned in this figure, in particular those relating to the
X chromosome.

Sex differences arise as consequences of the processes of sex determination and differ-
entiation; for more information on these processes, see [15,16]. In XY embryos, gonadal
upregulation of sex-determining SRY initiates a gene expression cascade, leading to sex-
ual differentiation. SRY activates SOX9, which triggers testis differentiation pathways
including the upregulation of AMH (anti-Mullerian hormone), leading to regression of
the Mullerian ducts. In males, expression of DMRT1 is also required to antagonize female
differentiation pathways. Testosterone, produced by the Leydig cells of the male testes
after internal differentiation, is oxidized to the more potent dihydroxytestosterone (DHT),
which induces differentiation of the male external genitalia. In the female, lack of SRY
expression enables upregulation of RSPO1 and WNT4, which cooperatively upregulate
CTNNB (coding for β-catenin) and accordingly inhibit SOX9 expression; this allows for
the differentiation of the Mullerian ducts into the female reproductive tract. β-catenin also
activates FOXL2 to further repress male differentiation factors including SOX9. Mutations
in these important transcription factors, or in several other transcription factors involved in
downstream gene regulatory networks leading to sexual differentiation, have the potential
to lead to gonadal dysgenesis, a spectrum of conditions in which the gonads develop out
of accord with genetic sex.
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2. Sex Differences in Prenatal and Perinatal Complications

Although an increased male vulnerability to several adverse pregnancy outcomes
and complications is well recognized [17], the so-called “male disadvantage” is not con-
sistent across pregnancy complications or throughout gestation. Recent work suggests
that although male mortality is elevated in later pregnancy, the opposite is true in early
gestation [18]. The notion of a “fragile sex”, whether male or female, is likely an oversimpli-
fication, as pregnancy complications differ in their multifactorial etiologies and underlying
mechanisms. Furthermore, variation exists in diagnostic criteria for pregnancy complica-
tion across institutions. As many adverse pregnancy outcomes have been associated with
abnormal placentation, this review will focus on sex differences in perinatal complications
associated with placental insufficiency.

2.1. Early Pregnancy Loss

Worldwide, sex ratio at birth is consistently biased toward males [19]. The sex ratio
at conception appears to be balanced [18], which suggests preferential loss of female
conceptuses during implantation or early development. Approximately 10% of clinically
recognized pregnancies [20–23] and ~30% of all pregnancies [21–23] are spontaneously
lost in the first trimester, referred to as early pregnancy loss (EPL), thought to arise from
placentation failure secondary to other factors. Studies on sex biases in pregnancy loss
have been conflicting. An excess of females has been observed among karyotypically
normal spontaneous losses during the first two trimesters [18,24–26]; however, such bias
can also result from maternal contamination confounding cytogenetic analysis of products
of conception [27]. Indeed, other studies have reported that male conceptuses are more
susceptible to both early and late pregnancy loss [28–31], suggesting that female embryos
may be preferentially lost during implantation, prior to the detection of pregnancy.

Most sporadic pregnancy losses occur prior to the identification of fetal sex during the
routine second trimester anatomy ultrasound [32,33], so early fetoplacental sex data are
largely limited to referral for prenatal genetic testing [34,35] or karyotyping of products of
conception after miscarriage. Karyotyping after miscarriage is not routine practice, and
as such is often limited to cases of recurrent miscarriage (RM), defined as the loss of three
of more consecutive pregnancies [36]. Chromosomal abnormalities are associated with
approximately 50% of all pregnancy losses [37,38], and with most cases of EPL [39]. In some
cases, the fetus carries normal diploid cells while the chromosomal abnormality is confined
to the placenta (confined placental mosaicism, CPM), which may allow progression of a
pregnancy to term that might otherwise result in early loss [40].

Intriguingly, it appears that mosaic trisomy may be more likely to persist to term in
females. CPM for trisomy 16, typically originating from trisomy rescue and diagnosed at
10–12 weeks gestational age by chorionic villus sampling (CVS), shows a strong female
bias [41]. This could indicate that CPM16 female pregnancies are more resistant to EPL or
that mosaicism arises more often in female embryos, though the underlying mechanism is
unknown. Similarly, a female preponderance is observed in trisomy 18 cases surviving to
term [42,43], which is also associated with placental mosaicism [44], as well as in mosaic
trisomy 21 [45,46]. Thus, the susceptibility of either sex to pregnancy loss may be dependent
on both the underlying cause and gestational age. Given the importance of chromosomal
abnormalities in pregnancy loss, the apparent female bias for prolonged survival of mosaic
trisomy pregnancies deserves further study.

2.2. Preterm Birth

Preterm birth (PTB), defined as a live birth prior to 37 weeks of gestation, is a major
cause of neonatal morbidity and mortality, and of life-long health complications [47,48]. As
with many other pregnancy complications, PTB disproportionately affects individuals of
lower socioeconomic status and/or living in lower-average-income countries. Spontaneous
PTB is the result of preterm labor with either intact membranes or following preterm
premature rupture of membranes (PPROM) [49]. This can arise from a myriad of pathologic
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processes including infection and decidual senescence. In contrast, iatrogenic PTB is usually
indicated by maternal and fetal complications such as preeclampsia and/or fetal growth
restriction [49].

Pregnancies carrying a male fetus have a higher incidence of spontaneous PTB inde-
pendent of other risk factors [5,50–57] (Table 1). Stratification of analyses by gestational
age has revealed that male prevalence in spontaneous PTB is greater at earlier gesta-
tional ages [5,54,56,58,59]. The trophoblast in male-bearing pregnancies shows a greater
pro-inflammatory response to infection, which may contribute to an increase in early
spontaneous PTB. Higher rates of spontaneous PTB in male-bearing pregnancies may
also indicate a mechanistic link between fetal sex and labor-inducing processes [60]. As
opposed to spontaneous PTB, a male excess is not observed for iatrogenic PTB [5,54,56].
This may be explained by the lack of male excess in pregnancy complications that com-
monly lead to iatrogenic PTB. Either no sex bias or an underrepresentation of males is
observed in early iatrogenic PTB (<28 weeks) [59,61,62], most often indicated for preterm
preeclampsia [58,59], although this effect may depend on statistical methods used [62].
Therefore, sex differences observed in PTB may differ according to the clinical etiology,
and sex differences observed in iatrogenic PTB may further depend on the underlying
cause. In addition, preterm males and females also differ in their postnatal clinical course.
Morbidities associated with PTB such as bronchopulmonary dysplasia, intraventricular
haemorrhage, and infection consistently occur at higher rates in PTB males compared
to their female counterparts in various populations [63–65]. Moreover, even significant
improvements in neonatal care have not narrowed the gap between males and females for
neonatal morbidity [66].

It is important to note that many studies of sex biases in PTB have been limited to
predominantly white populations, and both genetic risk variants and predisposing envi-
ronmental risk factors may vary in other populations. As such, these findings may not
generalize to all pregnancies; for instance, male excess in spontaneous PTB is insignif-
icant in high-risk pregnancies, where competing risk factors of larger effect may mask
the predisposing risk of carrying a male [67]. In addition, while several studies have
reported the absence of a male excess among spontaneous PTB in Black and Australian
Indigenous populations [51,54,68], other studies disagree [69,70]. It is vital to consider
ancestry, ethnicity, and socioeconomic factors when studying the impact of fetoplacental
sex on pregnancy complications.

Table 1. Summary of findings from preterm birth (PTB) studies. An asterisk (*) indicates nPTB < 1000.

M/F Ratio > 1 (Male Predominance) Population(s) Reference

• High in spontaneous PTB (not in induced PTB or with any antenatal pathology)
• Low at/after term

Aberdeen, UK [50]

• High in PTB among white singleton births
• Balanced in Black singleton births

New England, US [51]

• High in PTB compared to term births up to 37 w Italy [52]

• High in PTB; particularly in early and spontaneous PTB
• Balanced in two cohorts of PTB Black singleton births, induced PTB, and

spontaneous PTB after IVF
Europe [54]

• High in PTB; males account for 55% of all newborns at 23–32 w
• High in neonatal mortality, particularly at early GA

Sweden [71]

• High in spontaneous PTB
• Balanced in induced PTB
• Low in early PTB with hypertension

France [60]

• High in spontaneous PTB
• High in perinatal mortality throughout pregnancy
• Low in PTB with preeclampsia

Norway [58]
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Table 1. Cont.

M/F Ratio > 1 (Male Predominance) Population(s) Reference

• High in spontaneous PTB
• Low in induced PTB

Oxford, UK [59]

• High in spontaneous PTB between 34 and 36 w but not <34 w, and after
adjustment for confounding factors

Southern China [72]

• High in PTB and PPROM, even after adjusting for fetal weight Spain [57]

• High in PTB even after controlling for birth weight Libya [69]

• High in PTB even after adjustment for cofounders including hospital grade,
maternal age, bad obstetric history, and other medical disorders

Mainland China [73]

• High in spontaneous PTB with intact membranes and with PPROM, with a more
pronounced effect in PTB at <32 w

Netherlands [56]

• High in preterm labor and PTB
• Balanced in preterm labor and PTB in non-Caucasian women

Netherlands [74] *

• High in spontaneous and iatrogenic PTB, although iatrogenic PTB shows a bias for
either sex depending on the statistical method used

South Australia [62]

• High in PTB in an African, Asian and Mediterranean population, although the
population-attributable risk of male fetal sex on spontaneous PTB was lowest in
African women and highest in Mediterranean women

African, Asian and
Mediterranean [70]

M/F Ratio < 1 (Female Predominance) Population (s) Reference

• Low in PTB
Indigenous
Australian [68]

• Low in spontaneous and iatrogenic PTB in a cohort of high-risk women for PTB
White, Black, South

Asian, and Other [67]

• Low in iatrogenic PTB Belgium [61] *

2.3. Fetal Growth Restriction

Fetal growth restriction (FGR) is the condition in which a fetus does not reach its
potential for intrauterine growth and development, and is typically caused by poor pla-
cental function [75,76]. Fetuses with FGR are at an increased risk of poor perinatal and
neonatal outcomes, and they have higher rates of morbidity and mortality. In the absence
of a diagnostic standard, a variety of metrics including fetal biometry, Doppler ultrasound,
and small for gestational age (SGA), are used across studies to define FGR SGA describes
fetal size at a given gestational age (e.g., below the 10th percentile) without considering the
cause for small size or the growth trajectory in utero, and is commonly used as a surrogate
for FGR [75,76]. However, most SGA infants do not show signs of placental dysfunction,
nor are they at increased risk of adverse outcomes [77]. Therefore, discrepancies in reports
of sex differences in FGR and SGA could be partly due to varying criteria, and using SGA
as a surrogate for FGR could inflate the reported female risk of FGR.The threshold used to
define SGA should be carefully considered.

For decades, female fetuses have been reported to be at an increased risk of FGR in
several populations [55,57,73,78–80] (Table 2). Females also appear to be at higher risk
of FGR in association with maternal hypertension [79], smoking [79,81], or asthma [82].
However, it is important to note that many of these studies use FGR interchangeably with
SGA; only a few consider the presence of additional obstetric factors, or other metrics of
serial ultrasonography. In a study using the head-to-abdominal circumference ratio, male
fetal sex was identified as a risk factor for FGR only in women with a low pre-pregnancy
weight and BMI [79]. Conversely, one study reported no sex differences in the incidence of
preterm FGR [60]. It is possible that the risk of FGR in either sex may depend on additional
factors, with males appearing more vulnerable to maternal anthropometric factors that
limit fetal growth [79]. In addition, gestational age must also be considered, as early FGR
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(diagnosed < 32 weeks) is more often associated with abnormal Doppler studies and severe
outcomes than late FGR (diagnosed > 32 weeks) [75].

While females can be over-diagnosed with SGA if using growth curves that are
undifferentiated for sex, in studies using sex-specific growth curves, SGA females appear to
be at a lower risk of experiencing adverse outcomes than SGA males [81]. SGA defined with
sex-agnostic growth curves is less likely to reflect FGR or increased risk for other adverse
outcomes [83,84], and may thus lead to unnecessary obstetric interventions, inadvertently
increasing neonatal morbidity [83,85]. In addition, SGA defined with a fully customized
fetal growth standard (adjusting for sex, parity, height, weight, and ethnicity) is associated
with increased risk of poor outcomes [86].

Table 2. Summary of findings from fetal growth restriction (FGR) and small for gestational age (SGA) studies, PTB indicates
pre-term birth. An asterisk (*) indicates nFGR < 1000 or nSGA < 1000.

Criteria Used to Define FGR/SGA Main Findings Population(s) Reference

Female Predominance

BW < 10th percentile for GA, included
some studies with <2500 g birth weight
plus GA > 37 w.

• Male fetuses have a higher BW and
lower risk of SGA across all
populations studied.

• Female fetal sex is more significantly
associated with SGA in
developed countries.

North America,
Western Europe,

Africa, Latin
America, Southeast

Asia, India

[78]

BW < 10th percentile for GA. • Female fetuses at higher risk of SGA. Lebanon [80]

BW and GA < 10th percentile. • Higher female risk for SGA with
maternal smoking.

Germany [81]

Unspecified.
• Greater incidence of SGA among female

fetuses, independent of other SGA risk
factors such as preeclampsia.

Israel [55]

Echographic diagnosis
(criteria unspecified). • FGR more frequent among female fetuses. Spain [57]

BW < 10th percentile. • SGA more frequent among
female fetuses.

Mainland China [73]

Suspicion of FGR based on poor fetal
growth for BW percentile, and presence
of obstetric risk factors.

• Females more often suspected of
FGR according to risk factors for SGA
infants with a birthweight <10th and
<3rd percentile.

France [85]

Serial ultrasonography (SU); increase in
the head-to-abdominal circumference
ratio up to >2 SDs above the mean, or
failure of either abdominal or head
circumference to grow on 2 consecutive
examinations 2 w apart.

• FGR more frequent among females
according to SU and SGA curves.

• Female risk higher with maternal
hypertension and smoking.

• Male risk higher with low maternal
pre-pregnancy weight and BMI.

Italy [79] *

No Effect or Male Predominance

Ethnicity- and sex-specific BW < 10th
percentile for GA.

• FGR slightly more frequent in males
• FGR males at higher risk of all adverse

outcomes studied, including neonatal
death, necrotizing enterocolitis, and
respiratory distress syndrome.

Vermont (white
and African
American)

[87]

Unspecified. • No male excess among PTB associated
with FGR.

France [60]

BW < 10th percentile for GA.
• No differences in SGA outcomes by sex.
• Fetal sex not an independent risk factor

for adverse outcomes in SGA.
Pennsylvania, US [88] *
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2.4. Preeclampsia

Preeclampsia (PE) is commonly defined as maternal hypertension arising de novo after
20 weeks’ gestation accompanied by one or more adverse conditions, including proteinuria
and/or maternal organ dysfunction [89,90]. The two most common clinical subtypes of PE
are early-onset (EOPE) and late-onset (LOPE), depending on timing of diagnosis (prior to
or at/after 34 weeks) [91,92]. While EOPE is more commonly associated with abnormal
placentation, both forms are now thought to result from placental malperfusion, leading to
syncytiotrophoblast damage [91,92]. Dividing PE into EOPE and LOPE at 34 weeks does
not fully capture the spectrum of clinical, molecular, and pathophysiological features that
vary across patients. This heterogeneity is important to consider when studying how sex
affects PE, as illustrated by the conflicting results found in the literature.

Considering PE as a single entity irrespective of factors such as gestational age
often reveals no differential incidence by sex [57,93,94], although sex differences have
been reported in a few studies [95,96] (Table 3). More consistent sex differences are ob-
served when stratifying PE by gestational age, with a female predominance in preterm PE
(<37 weeks) [58,94]. A female excess is also observed in very preterm PE (<34 weeks) in
several populations [69,94,97,98]. In contrast, either an equal sex ratio or slight male bias is
reported for PE with term delivery (>37 weeks) [58,93]. The diversity of findings across
studies highlights the importance of considering the heterogeneity of PE and gestational
age when considering sex differences. Based on our current understanding, categorizing
PE with variables such as gestational age, severity, or co-morbidities provides a more
complete picture of sex differences in this disorder.

Table 3. Summary of findings from preeclampsia (PE) studies. An asterisk indicates nPE < 1000.

Main Findings Population(s) Reference

Male Predominance

• Slightly more male pregnancies with PE (not stratified for gestational age). Denmark [96]

• Male preponderance in PE,
• No significant sex differences in any of the studied obstetric complications usually

secondary to PE, including placental abruption, placenta previa, and stillbirth.
Missouri, US [95]

Female Predominance in Preterm PE

• Preterm PE (<37 weeks) more frequent among females.
• Sex ratio reversed >37 weeks, male fetal sex associated with PE.
• 40–42 weeks, equal proportion of males and females with PE.

Norway [58]

• Compared to all infants born <32 weeks, those with PE <32 weeks more often female.
• At term, the M/F ratio is increased in PE.

Sweden [93]

• Female singleton pregnancies had increased incidence of PE.
• Female–female monochorionic diamniotic (MD) and dichorionic diamniotic (DD)

pregnancies had a higher incidence of PE than their male counterparts in both MD and
DD pregnancies, respectively.

Japan [98]

• Overall incidence of PE not associated with fetal sex.
• Preterm PE more common in pregnancies carrying a female fetus, even after

adjustment for confounders.
Northern China [97]

• No sex difference in incidence of PE (not stratified for GA).
• Female fetal sex associated with preterm PE.
• Post-term PE more frequent among male fetuses.
• Male fetuses of primigravid women had a greater likelihood of developing PE than

female-bearing primigravid women.

Libya [69] *

• No sex differences in all PE, term PE (>37 w), and PE 34–37 w.
• Female predominance in very preterm (<34 w) PE.

Europe, US, New
Zealand, Australia [94]

No Sex Differences

• No sex differences in incidence of PE (not stratified for GA). Spain [57]
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2.5. Stillbirth

Stillbirth is most commonly defined as fetal death at or beyond 20 weeks of gesta-
tion or weight >500 g [99]. Some of the leading causes of stillbirth are asphyxia during
labor, maternal factors, and placental dysfunction, which accounts for more than 50% of
cases [100,101]. Unfortunately, most stillbirths occurring after 28 weeks of gestation are
unexplained [101]. Male fetal sex has been recognized as one of the most prevalent risk
factors for stillbirth [102]. A heightened male risk of perinatal morbidity and mortality
is well reported in the literature [71,103–106], and a higher frequency of stillbirth among
males has also been described [106–108]. However, nuances exist regarding male risk of
stillbirth; for instance, one study noted that while male fetuses were at an increased risk
of stillbirth, the association diminished with increasing birth weight quintile [103]. A few
studies report no sex differences in the rates of stillbirth [71,104], while one study found
female excess in stillbirths without any observed demographic or obstetric differences by
sex at diagnosis [109]. In addition, a study of infant mortality in India and Pakistan, where
the probable causes for stillbirth were similar in both male and female groups, revealed a
significantly higher rate of male stillbirths and an increased risk for early perinatal mortality
among male infants [107].

Findings are more variable for stillbirth coincident with other complications. There is
an excess of males in stillbirths co-occurring with placental abruption [109,110], whereas
an excess of females is observed for stillbirths associated with placental insufficiency or
hypertension [109]. Sex differences in stillbirth risk are likely dependent on the underlying
cause, and further research is needed to elucidate the role of fetoplacental sex as a risk
factor for stillbirth.

3. Mechanisms for Sex Differences across Gestation

The cascade leading to phenotypic sex differences in both healthy and complicated
pregnancies begins with the basic actions of sex chromosomes and steroid hormones
(Table 4), which yield molecular consequences such as autosomal gene expression sex
differences, and culminate in observable sex-specific phenotypes. Except in rare cases,
the placenta harbours the same sex chromosome complement as the fetus and is subject
to the effects of X and Y chromosome dosage disparities. Additionally, the fetoplacental
unit produces hormones throughout gestation including estrogen, progesterone, and
testosterone. Notable molecular consequences of prenatal sex differences include sex-
specific patterns of gene expression, sex differences in key pregnancy hormones such
as human chorionic gonadotropin, and sex differences in the fetoplacental response to
maternal inflammation and infection.

Table 4. Mechanisms underlying sex differences across gestation, XCI indicates X-chromosome inactivation.

Mechanism Description

Escape from XCI • Genes that escape XCI may be more highly expressed in females.
• Proportion of XCI escape in placenta may be greater than other somatic tissues.

Mosaicism for XCI • Patterns of XCI across placenta (mosaicism for parental inactive X) may enable females to better tolerate
deleterious alleles.

X chromosome dosage

• Before implantation, females have two active X chromosomes. During this period, X-linked genes are
biallelically and more highly expressed in female cells.

• Coincident autosomal gene expression sex differences observed.
• Single X chromosome associated with larger placentae at term (in humans; in mice this holds true and is

independent of gonadal steroids).

Y chromosome
• Preimplantation expression of Y-linked genes in XY embryos.
• Y chromosome minor histocompatibility antigens in placenta may interact with maternal immune system to

mediate perinatal complications including secondary RM.
Estrogen and
progesterone • Amniotic fluid levels not reported to differ by sex, likely do not have strong influence on sex-biased phenotypes.

Testosterone
• Initially synthesized mid-late first trimester, peak concentration in male amniotic fluid 12–16 weeks’ gestation

and is 2–5-fold higher than observed in females.
• Has the potential to contribute to sex-biased phenotypes
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3.1. Sex Chromosome Effects
3.1.1. Peri-Implantation X Chromosome Dynamics

Female-biased expression of X chromosome genes is one mechanism by which sex
chromosomes may underlie phenotypic differences. In female (XX) mammals, one of the
two X chromosomes is epigenetically silenced early in development by X-chromosome
inactivation (XCI). XCI in humans occurs between implantation and tissue differentiation,
and is completed approximately between 12 days and 1 month post-fertilization [111,112].
Prior to XCI, female X-linked genes are biallelically expressed as early as embryonic
day three [112], and by embryonic day four, more than 25% of X-linked transcripts are
expressed 2-fold higher in females [113]. It has been suggested that preimplantation growth
differences are attributable to X chromosome effects, as male preimplantation embryos of
several species exhibit faster metabolism and growth rates [114–117]. However, it is not yet
clear whether sex-specific growth rates are also observed in vivo, and these observations
may be artefacts of in vitro culture conditions [118,119]

3.1.2. Escape from X-Chromosome Inactivation

Following the establishment of XCI, cells of the female conceptus have one active and
one inactive X chromosome. Though XCI dramatically reduces inactive X chromosome gene
expression, up to 12% of genes escape XCI, and another 15% are reported to variably escape
between tissues, individuals, or studies [120,121]. Genes that escape XCI are generally
more highly expressed in females, though not always [120,122].

XCI escape genes in the placenta and fetus may contribute to phenotypic sex differ-
ences. DNA methylation is an epigenetic mark that assists with silencing gene expression
on the inactive X [123,124]. Overall, DNA methylation levels are lower in the placental
genome as compared to other tissues [125], and are specifically depleted on the placental
inactive X chromosome [126]. Low placental inactive X DNA methylation may suggest
that the placenta has a higher load of XCI escape genes than other tissues [126], which
could widen the transcriptional gap between male and female placentae and contribute to
phenotypic sex differences across gestation.

3.1.3. Mosaic X-Chromosome Inactivation

In human embryonic and extraembryonic tissue, XCI is random and not imprinted
via parent-of-origin; this in contrast to rodent extraembryonic lineages with paternally
imprinted XCI. The human female placenta is thus a mosaic tissue often harbouring cell
populations with a paternally active X chromosome and cell populations with a maternally
active X chromosome [127,128]. Skewed XCI is the phenomenon by which >90% of cells
within a tissue or individual inactivate the same parentally inherited X chromosome;
skewed XCI in females can occur by chance, particularly if tissues are derived from a small
pool of precursor cells or can occur if inactivation of one parental allele leads to a selective
survival or proliferation advantage [129]. In placenta, such selection appears weak; instead
due to clonal villous tree development there is a patchiness to XCI [130].

Aside from XY homologs in the pseudoautosomal regions, males have only a single
copy of X chromosome genes and thus each X-linked variant in males has the potential to
exert a greater phenotypic impact than in females [131]. Expression of mildly deleterious
variants would have stronger effects in males [131] because they are constitutively ex-
pressed across the placenta, while the female placenta in theory could better moderate the
effects of deleterious variants by the presence of some cell populations across the placenta
inactivating the deleterious allele and limiting its impact.

3.1.4. X Chromosome Dosage

A more general effect of X chromosome biology on prenatal development is X chro-
mosome dosage disparity by sex. Male (XY) and female (XX) cells differ in their typical
X and Y chromosome complements. Several effects of X and Y chromosome dosage on
prenatal development have been reported, though the precise mechanisms by which they
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act have not yet been elucidated. For example, presence of a single X chromosome has
been associated with larger placentae in male compared to female pregnancies [3]. This
effect replicates in mouse models where X chromosome dosage can be manipulated inde-
pendently of phenotypic sex [132]; larger murine placentae were associated with offspring
bearing a single X chromosome, independent of gonadal sex (male or female) and parental
origin of the single X chromosome [133]. The precise mechanism by which X chromosome
dosage affects placental size is not known but could involve any of the specific mechanisms
described above.

3.1.5. The Forgotten Y

In addition to X chromosomal effects, the Y chromosome in male conceptuses may
also drive sex differences. In the preimplantation period, 13 Y-linked genes are expressed
at detectable levels [113], including four that lack X-linked homologs with similar function
and are thus candidates for underlying phenotypic sex differences. Later in gestation,
the mammalian sex-determining gene SRY is transcribed, and is critical for phenotypic
masculinization [15]. Lack of SRY in males due to mutational events can in some cases
result in gonadal dysgenesis or a disconnect between typical genotype and gonadal sex, as
can SRY expression in females [134].

In other tissues, Y-linked genes have been found to contribute to autoimmune dis-
ease [135,136], likely owing to Y chromosome-encoded minor histocompatibility antigens
(mHAgs) [137]. Y-linked mHAgs may also play a role in maternal immune tolerance of
the male conceptus; at least six mHAgs are expressed in the human placenta, derived
from the DDX3Y, KDM5D, and RPS4Y1 proteins [138]. Dysfunctional maternal immune
tolerance of the fetus may therefore be sex specific, as women affected by RM secondary
to one or more successful live births appear to be overrepresented for having a live born
male preceding their recurrent losses [139,140]. This pattern has been independently con-
firmed [141], though a third study found no significant difference in the sex of the live
birth preceding RM [142]. These women are also more likely to possess class II major
histocompatibility antigens against Y-linked mHAgs, presumably arising from a maternal
immune response to the preceding live born male [139]. A lower male/female birth ratio in
subsequent live births has also been observed [139,143,144]. Together, these results suggest
a Y-chromosomal contribution to sex biased pregnancy outcomes.

3.2. Steroid Hormone Effects
3.2.1. Estrogens and Progesterone

Both male and female fetuses are exposed to high levels of estrogens throughout
pregnancy, primarily in the form of estriol, with smaller contributions from estrone and
estradiol [145]. Prenatally, estrone and estradiol are synthesized in the placenta from
the fetal adrenal cortex-derived precursors dehydroepiandrosterone (DHEA) and dehy-
droepiandstrosterone sulfate (DHEA-S), while estriol is placentally synthesized from 16-
α-hydroxyl DHEA-S arising in the fetal liver [146]. Prenatal levels of estriol and estradiol
do not appear to differ by fetal sex [12,147], it is likely that estrone levels also do not
differ by fetal sex, though studies are limited. DHEA levels also do not appear to differ
by fetal sex [13,148], while the association of fetal sex and DHEA-S concentration has
not been widely investigated. Estrogen is not be expected to be a major driver of pre-
natal sex differences, corroborated by evidence for normal fetal and placental growth in
estrogen-deficient pregnancies [149]. However, a link exists between estrogen biology and
prenatal complications. Estradiol promotes angiogenesis, vasodilation, and trophoblast
proliferation/differentiation, processes which are compromised in PE [150]. A decrease in
maternal blood estradiol, produced by the placenta, is also observed in pregnant women
that subsequently develop PE [150,151]. Several genetic variants that decrease aromatase
activity are associated with higher incidence of PE in a Japanese population, supporting an
indirect mechanistic link between decreased estradiol production and PE [152].
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Similar to estrogen, circulating fetal and maternal progesterone primarily derives
from the placental syncytiotrophoblast [12]. Generally, progesterone is required for the
maintenance of pregnancy and suppresses uterine contractility by direct inhibition of
contraction-associated proteins in the myometrial tissue [153]. Amniotic fluid progesterone
does not appear to differ by fetal sex in early or mid-gestation [12,13,154]. Though placental
progesterone does not differ by sex, fetal response to maternal progesterone may: when
progesterone is given to ovine mothers during early gestation, only male fetal progesterone
concentration increases, apparently mediated by lower rates of progesterone metabolism
in the male liver [155].

3.2.2. Testosterone

In uncomplicated gestations, prenatal androgens function to masculinize the male
external genitalia approximately between the 8th and 16th weeks of gestation [12,13,156,157].
Masculinization is driven by fetal testosterone, mainly synthesized in the fetal adrenal
cortex, testis, and the fetal ovary [12,158]. Androgen signalling occurs via the X-linked
androgen receptor (AR) protein, loss of which leads to reduced male intrauterine growth in
both mice and humans; variation in AR expression may also contribute to sex differences
in fetal growth [159]. Fetal testosterone facilitates masculinization through its conversion
to the more bioactive 5a-dihydroxytestosterone (DHT) upon reaching target organs [160].
However, a second and equally essential route to DHT relies on placental progesterone
as an intermediate [13]. Placental insufficiency and FGR are frequently associated with
abnormal external genital development in affected male offspring, possibly attributable to
insufficient placental progesterone production [13].

Males experience maximum amniotic fluid testosterone concentrations between the
12th and 16th weeks of gestation [12–14]. At its peak, testosterone concentration is 2–5-fold
higher in male amniotic fluid than in females [161–164], though there is overlap between
the ranges observed in both sexes [13]. During this period of maximal sex difference
in testosterone concentration, testosterone may establish the basis for sex-biased pheno-
types. Beyond approximately 24 weeks of gestation until term, there are no significant sex
differences in serum or amniotic fluid testosterone levels [12,13].

3.3. Molecular Consequences of Prenatal Sex Differences

Though the effects of sex chromosomes and gonadal hormones are the basis of mam-
malian phenotypic sex differences, over the course of gestation there are notable down-
stream molecular consequences that are very sex divergent and likely have widespread
impacts on development. Among the more immediate molecular consequences of either
sex chromosome or sex hormone effects are widespread autosomal gene expression sex
differences: up to 60% of sex-differentially expressed genes in the human placenta are auto-
somal [165,166]. Even during the preimplantation period, alongside X-linked expression
differences, multiple autosomal genes (n = 58) are differentially expressed by sex [113].
Before the onset of fetal steroid hormone production, autosomal sex differences imply a
relationship between sex chromosome dosage and autosomal gene expression. Though
precise mechanisms of sex chromosome–autosome crosstalk in general are not yet clear, X
chromosome effects have been somewhat explored and may be related to factors including
X chromosome-encoded transcription factors, correlated networks of gene expression, or
participation of autosomal genes in the process of XCI [167,168]. The epigenetically inactive
X chromosome in each female nucleus also may impact autosomal gene regulation by
acting as either a sink or source of epigenetic silencing factors [169].

While the levels of placentally synthesized steroid hormones do not tend to show sex
biases, female-carrying pregnancies are associated with average higher maternal serum
human chorionic gonadotropin (hCG) after the 3rd week of gestation, though precise
male/female ratios vary across populations [170,171]. hCG is produced by the placenta,
and the genes encoding the four hCG β subunits are among the most sex-differentially
expressed placental autosomal genes [166]. hCG supports growth and invasion of the
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placenta, and regulates placental vascular endothelial growth factor (VEGF) and its re-
ceptors [172]. Though higher levels of hCG are observed in female-bearing pregnancies,
females do not have larger placentas than males. This contradicts what one may expect if
hCG promotes placental growth, and the reason for this apparent controversy is not yet
understood. Additionally, while both the male fetus and placenta are larger than their
female counterparts, there is a higher fetal/placental weight ratio in males, indicating that
the male placenta is more efficient at promoting fetal growth [3].

Male and female placentae also exhibit marked differences in response to maternal
glucocorticoid signalling, either endogenously derived or synthetically administered as
antenatal betamethasone for expected preterm delivery [173,174]. In response to mater-
nal glucocorticoid signalling, female fetal growth trajectories adaptively decrease due to
alterations in placental glucocorticoid metabolism mediated by the 11β-hydroxysteroid
dehydrogenase type 2 (11β-HSD2) enzyme, while male growth trajectories remain un-
changed [173]. Higher levels of anti-inflammatory testosterone may protect males from the
inflammatory effects of maternal glucocorticoid signaling elicit reduced growth [173], but
also the lack of male adrenal adaptation to increased maternal glucocorticoid stimulation
may leave males at a disadvantage in the face of preterm delivery [174].

Prenatal sex differences may also arise from sex differences in immunological function
and response to inflammation. A higher rate of inflammation and infection is observed
in male fetuses during intrauterine life, which may contribute to higher male perinatal
mortality [4,175]. Chronic inflammation is more common in the decidua and basal plates
of women carrying male offspring, suggesting greater maternal immune response to a
male fetus [4]. Conversely, mothers carrying females exhibit greater stimulated cytokine
production: across all trimesters, maternal serum levels of IL-6, IL-8, and TNF-a proinflam-
matory cytokines were significantly higher in association with a female fetus after PBMC
lipopolysaccharide stimulation [176]. The cause of these differences is unknown, though,
as discussed earlier, it is possible that some portion of the maternal immune response to
the male fetus is mediated by Y chromosome antigens.

4. Sex Differences in Diagnostic and Screening Approaches

Given the well-established sex differences in prenatal development, it is important
that diagnostic and screening methods for pregnancy complications consider fetal sex and
potentially optimize approaches separately for each sex. Sex-specific growth charts are a
routinely-used tool, but other diagnostic approaches may similarly benefit from explicit
consideration of sex.

There has been growing interest in the development of maternal serum screening
tools for early diagnosis of pregnancy complication. However, the concentrations of many
trophoblast-derived molecules assessed by such approaches may vary both by pathology
and fetoplacental sex. For example, higher levels of two angiogenic factors involved in PE,
soluble fms-like tyrosine kinase protein 1 (sFlt1) and placental growth factor (PLGF), are
observed in maternal serum in association with a female fetus [177]. In terms of serum
proteins evaluated prenatally, hCG and AFP are among several that differ by sex: the
presence of a female fetus is associated with higher average maternal serum chorionic
gonadotropin (hCG) after the 3rd week of gestation [170,171], and lower average second-
trimester maternal serum alpha-fetoprotein (AFP) [178–180]. Female-carrying pregnancies
are also associated with higher levels of maternal serum cell-free fetal DNA (cffDNA) [181],
which is used for non-invasive prenatal testing (NIPT) of chromosomal abnormalities and
fetal sex determination [181]. This cffDNA originates from trophoblast cells and represents
3–6% of the total cell-free circulating DNA in maternal circulation during gestation. Of
note, cffDNA levels may correlate with the levels of serum proteins including hCG [182].
Maternal cervical fluid is also a source of trophoblast-derived nucleic acids; cervical fluid
has valuable diagnostic potential and can be used to accurately assess fetal sex [183].
It is possible that the interactions of sex and trophoblast-derived markers in cervical
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fluid may differ from those measured in maternal serum. These examples illustrate the
interdependence of biomarker species with fetoplacental sex.

Sex should especially be considered when phenotypes, etiologies, or prognostic mark-
ers are a priori known to interact with sex. For example, elevated hCG and low AFP
are both observed in association with female offspring, and separately, are indicative of
elevated risk of aneuploidy [184]. Though there does not appear to be a bias for higher hCG
positive screen rates in females [178,185], an excess in female positive screens is observed for
AFP [186]. As AFP and hCG in combination with other factors may also be prognostic for
PTB, FGR, and/or PE, sex should be of special consideration given its association with both
the markers of interest and the disorders themselves [177,187]. Maternal serum sFlt1/PlGF
ratios have been proposed for predicting PE and FGR [188–191]. However, higher levels of
maternal serum sFlt1 in female-bearing pregnancies should elevate sFlt1/PIGF ratios [191],
while conflicting reports suggest PlGF may also vary with fetal sex [177,192]. The effect
of fetal sex on sFlt1/PlGF ratios should be carefully elucidated in both healthy gestations
and in the context of PE, to understand the interaction of sex and pathology on this ratio
prior to effective clinical implementation [177]. An increase in maternal plasma leptin was
observed in EOPE pregnancies carrying a male fetus, suggesting an interaction between
sex and PE [193]. More research is needed to evaluate how sex affects the diagnostic utility
of such biomarkers.

During pregnancy, fetal sex can be assigned genetically (by NIPT, chorionic villus
sampling, or amniotic fluid sampling) or anatomically via ultrasound. Depending on the
driver of particular sex differences (sex chromosomes or gonadal hormones), as well as their
timing and persistence, different sex assessment methods may prove differentially valuable.
Additionally, while sex is typically considered a binary trait, research has illustrated
high degrees of variability and overlap in many sex-related phenotypes. Specifically,
neuropsychiatric research has begun to adopt a model of sex differences that range from
defining male–female differences as sexually dimorphic (categorically distinct and not
overlapping) to sex differences with continuous endpoints, to differences with the same
endpoint achieved by distinct mechanisms in each sex [194]. The state of this field is
reviewed in [195–197].

Prenatal diagnostics should also consider ethnicity or ancestry, as healthy phenotypes
in one population could be labelled pathogenic if measured with standards developed in
another. When considering genomic screening methods, one must consider the frequency
at which “risk” variants exist in certain populations. For example, it has been reported
that an IL6 variant associated with acute chorioamnionitis risk is only present in East
Asian populations [198], and that selection in the progesterone receptor gene may have
led to specific polymorphisms that underlie differential rates of progesterone-associated
pregnancy complications by population [199]. Other maternal factors associated with risk
of adverse pregnancy outcomes include socioeconomic status, comorbid health conditions,
and smoking status. Some of these factors are well known to interact with sex and are
therefore of particular importance to consider; for example, both socioeconomic status and
maternal asthma influence maternal glucocorticoid signaling, known to elicit different fetal
responses based on sex [82,200].

5. Conclusions

Epidemiological studies have revealed sex differences associated with the incidence
and outcomes of several obstetric complications, with the widespread claim of a “male
disadvantage” being more nuanced than initially thought, and dependent on additional
variables such as gestational age. These findings have warranted further study into the
biological mechanisms underlying prenatal sex differences, which we must continue
to elucidate if fetal sex is to be incorporated into clinical consideration in the context
of diagnostic tests and interventions. As clinical practice is steadily evolving towards
precision medicine initiatives, prenatal care will follow suit, and it is clear that the evidence
suggests it will be of value for researchers and clinicians to consider how proper integration
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of sex considerations can improve current or future diagnostic methods for pregnancy
complications. Lastly, incorporating fetoplacental sex in diagnosis and screening should
not obscure the equal importance of other variables such as genetic ancestry, which are also
extremely relevant to perinatal health and may in fact interact with sex in many contexts.
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Abstract: Preterm birth (PTB) remains the leading cause of infant morbidity and mortality. Despite
50 years of research, therapeutic options are limited and many lack clear efficacy. Tocolytic agents are
drugs that briefly delay PTB, typically to allow antenatal corticosteroid administration for accelerating
fetal lung maturity or to transfer patients to high-level care facilities. Globally, there is an unmet
need for better tocolytic agents, particularly in low- and middle-income countries. Although most
tocolytics, such as betamimetics and indomethacin, suppress downstream mediators of the parturition
pathway, newer therapeutics are being designed to selectively target inflammatory checkpoints with
the goal of providing broader and more effective tocolysis. However, the relatively small market for
new PTB therapeutics and formidable regulatory hurdles have led to minimal pharmaceutical interest
and a stagnant drug pipeline. In this review, we present the current landscape of PTB therapeutics,
assessing the history of drug development, mechanisms of action, adverse effects, and the updated
literature on drug efficacy. We also review the regulatory hurdles and other obstacles impairing
novel tocolytic development. Ultimately, we present possible steps to expedite drug development
and meet the growing need for effective preterm birth therapeutics.

Keywords: tocolytic; preterm birth; preterm labor; neonate; prematurity; pregnancy; therapeutic;
progesterone; fetus

1. Introduction

Though preterm birth (PTB) is the leading cause of infant morbidity and mortality,
it lacks clear therapeutic options. Approximately 15 million preterm neonates are born
annually and more than 1 million die from subsequent complications within the following
5 years [1,2]. Adverse outcomes related to prematurity span a spectrum that includes
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neurodevelopmental (e.g., neurocognitive impairment, cerebral palsy, hearing impairments,
and intellectual or motor disabilities), pulmonary (e.g., bronchopulmonary dysplasia) and
ophthalmologic (e.g., retinopathy of immaturity) disorders that contribute to lifelong
disability [3–5]. The earlier the gestational age at PTB, the greater the risk for prematurity-
related adverse outcomes [6]. Thus, PTB presents a formidable health risk to the neonate
and a compelling condition for which therapeutics could lessen the burden of disease and
disability across a child’s lifespan.

Tocolytic agents are drugs used to delay spontaneous preterm labor with intact mem-
branes and comprise the focus of this review. We refer to tocolytic agents and select other
drugs targeting other PTB pathways as ‘preterm birth therapeutics’. Typically, these agents
delay delivery only for a short time (i.e., 48 h or less; Table 1). The pathophysiology under-
lying PTB is multi-faceted yet largely predicated on premature activation of parturition
pathways within the myometrium or placenta; many therapeutics are, therefore, tailored
towards the specific etiologies of PTB. Historically, the approaches for reducing uterine
contractions to delay PTB have followed two main pathways: (1) decreasing contractile
proteins in the myometrium or (2) inhibiting the synthesis of myometrial stimulants [7].
A short delay prior to delivery can be crucial to provide an opportunity to administer
antenatal corticosteroids to accelerate fetal lung development or to transfer the patient to a
facility with neonatal intensive care [7]. Interestingly, most tocolytics have not been shown
to be effective in improving neonatal outcomes, despite the efficacy in delaying PTB [8].
Combination therapies that involve tocolytic drugs and differing mechanisms of action are
being studied, as it has been posited that combination therapy can not only improve the
overall tocolytic impact but also reduce dosage, frequency of administration, and adverse
effects [7]. Preliminary results from some studies, however, suggest no clear advantage
for combination therapy over individual therapeutic administration [7]. Most tocolytics
have been shown to be ineffective in further delaying PTB when used as maintenance
therapy [9–13]. The choice for first-line tocolytic therapy is still controversial, as each class
varies in effectiveness, safety profile, cost, and availability.

Globally, there is a significant need for better tocolytic agents to prevent PTB. The
global PTB rate has risen steadily from 9.8% in 2000 to 10.6% in 2014 and ranges from 5–18%,
depending on country and race/ethnicity [14,15]. The vast majority of PTBs occur in lower-
and middle-income countries (LMICs)—particularly in southern Asia and sub-Saharan
Africa [15]. LMICs in these regions account for 52% of global livebirths but more than
80% of PTBs [2,15]. In high-income countries, a neonate born very preterm (28–32 weeks)
has a 95% chance of survival compared to only a 30% chance for neonates born in many
low-income countries [16]. There are notable outliers, however, as some lower-income
countries, such as Ecuador, have a low PTB rate of 5% [15]. Neighboring countries Uganda
and Tanzania, of relatively similar economic standing and healthcare infrastructure, have
strikingly different rates at 6.6% and 16.6%, respectively [15]. The United States is a high-
income country and is another outlier, as it is included among the top ten countries with
the highest numbers of PTBs [2].

Although the unmet need for new PTB therapeutics is significant, a combination of
a relatively small market size and formidable regulatory hurdles has led to a stagnant
drug pipeline with minimal pharmaceutical interest. Recently, discoveries using new
therapeutic strategies and insights into the mechanism of parturition have increased the
potential for new drugs with enhanced efficacy to be developed and approved for PTB.
These discoveries have spurred the few ongoing pre-clinical and clinical trials currently
studying the efficacy and safety profiles of novel therapeutics (Table 2). In this review,
we focus on the dynamic landscape of PTB therapeutics, including drugs that have been
used historically as well as new ones in development: ritodrine, terbutaline, atosiban,
nifedipine, antibiotics, broad spectrum chemokine inhibitors (BSCIs), interleukin-1 (IL-
1R) receptor antagonists, liposomes, and nanoparticle platforms. Agents administered
to address more complex diseases associated with PTB (e.g., fetal growth restriction or
emergent hypertensive disorders) are not discussed in this review. Discussion of mechanical
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therapies to prevent PTB, such as the cerclage and the cervical pessary, are outside the
scope of this review [17–19]. When possible, we present the history of drug development,
mechanism of action, side effects, and updated literature on drug efficacy. We also review
the numerous regulatory hurdles and other obstacles for tocolytics in development and
propose a path forward to expedite therapeutic advancements for the benefit of pregnant
people and their neonates.

Table 1. Summary of preterm birth therapeutics.

Therapeutic Route Mechanism of Action
Stage of

Development
Side Effects Other Notes

Terbutaline (Bricanyl,
Marex) oral, IV beta-2 adrenergic

agonist clinical use Tremor, shakiness

Atosiban (Tractocile,
Antocin) IV oxytocin and

vasopressin antagonist clinical use Nausea, vomiting,
headache

Nifedipine (Procardia,
Adalat, Afeditab) oral calcium channel

blocker clinical use Headache, flushing,
constipation

Antibiotics oral, IV dependent on the
bacterial target clinical use Depends on

antibiotic type
Used after
PPROM

Aspirin 1 oral COX inhibitor clinical use Rash, peptic ulcers,
abdominal pain, nausea

Makena®

(hydroxypro-
gesterone

caproate) 2

IM 17-OH-Progesterone clinical use
Itching, nausea,

diarrhea, injection site
reaction

OBE022 (Ebopiprant) oral prostaglandin receptor
antagonist Phase II Headache, constipation

Rytvela IV, SC IL-1 receptor allosteric
modulator pre-clinical None noted in mothers

or offspring

None noted in
mothers or
offspring

Kineret® (Anakinra) SC IL-1 receptor
antagonist clinically approved

Injection site reaction,
immune suppression

(increased infection risk)

Not approved
(or used) to

prevent
preterm birth

BSCI IV SSTR2 pre-clinical
Immunoliposome

1 ASA. 2 OHPC.

Table 2. Novel inflammatory therapeutics and ongoing clinical trials.

Company Study (Type) Drug
n, Target

Population
Design

Primary
Endpoint

Findings

AMAG MEIS
P2

Makena
(17-OHP)

n = 463
16–21 week
with history

of PTB

RCT
(US

multi-center)

Reduction
of PTB

(<37 week,
<35 week,
<32 week)

PTB RR 0.66,
0.67, 0.58; Cl

0.54–0.81,
0.48–0.93,
0.37–0.91

AMAG PROLONG
P3

Makena
(17-OHP)

n = 1708
16–21 week
with history

of PTB

RCT
(international
multi-center)

Reduction of
PTB (<35 week),

neonatal
morbidity

No reduction in
PTB or neonatal
morbidity PTB

RR 0.95,
Cl 0.71, 1.26

ObsEva TERM
P2

OBE-001
(oxytocin
receptor

antagonist)

n = 10
34–36 week

with PRETERM
LABOR

RCT
Incidence of

delivery within
7 days

terminated
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Table 2. Cont.

Company Study (Type) Drug
n, Target

Population
Design

Primary
Endpoint

Findings

ObsEva PROLONG
P2

OBE-022
(PGF2α

receptor)

n = 120
28–34 week

with PRETERM
LABOR

RCT

Delivery
< 2 days,

Delivery < 7
days, delivery

< 37 week, time
to delivery

ongoing

GSK P2

Retosiban
(oxytocin
receptor

antagonist)

n = 64
30–35 week

with PRETERM
LABOR

RCT Resolution of
contractions terminated

Ferring Pharma P2

Barusiban
(oxytocin
receptor

antagonist)

n = 163
34–36 week

with PRETERM
LABOR

RCT Delivery within
48 h

No reduction in
delivery within

48 h

Lipocine P3 LPCN1107 (oral
17-OHP) n = 1100

RCT
17OHP oral vs.

IM

Reduction of
PTB < 37 week ongoing

Hadassah
Medical

Organization
P2 Indomethacin

n = 300
24–32 week

with PRETERM
LABOR

RCT
Indometh vs.

nifedipine

Time to
delivery, GA at

delivery
proposed

University of
Hong Kong P3 Oral

dydrogesterone
n = 1714

<14 week RCT Rate of PTB
< 37 week ongoing

NICHD ASPIRIN Oral Aspirin n = 11,976
6–14 week

RCT
(international
multi-center)

Rate of PTB
< 37 week

PTB RR 0.89, Cl
0.81–0.98

2. Pathophysiology of PTB

The pathophysiology of PTB is complex, brought on by a myriad of pathologic pro-
cesses or underlying conditions that include activation of the fetal hypothalamic-pituitary-
adrenal axis, infection and inflammation, decidual hemorrhage or thrombosis, uterine
distension, premature placental senescence and oxidative stress, psychosocial stress and
racism, and genomic variants at several loci [20–42]. Across these pathologic processes
and conditions, inflammation is often a central mechanism triggering preterm labor or
prematurely accelerating maturation of parturition pathways [3,43,44]. Although inflam-
mation plays a critical role in the normal delivery process, dysregulated and pathologic
inflammation can induce premature decidual and fetal membrane activation. Pathologic
inflammation and the various other aforementioned processes thus comprise the ‘upstream’
initiators that confer fetal membrane activation, followed subsequently by the upregulation
of ‘downstream’ effectors (e.g., cytokines, chemokines, contraction-associated proteins,
prostaglandins, neuropeptides, matrix metalloproteinases, and receptors for inflammatory
mediators) [20,45–52]. These pro-inflammatory initiators activate and potentiate a ‘par-
turition cascade’, leading to cervical shortening and dilation, chorioamniotic membrane
rupture, and a contractile state in the myometrium. Most tocolytic agents act to directly
suppress uterine contractility (e.g., betamimetics, magnesium sulfate) or inhibit the down-
stream mediators that stimulate the parturition pathway (e.g., indomethacin, atosiban).
New therapeutics in pre-clinical development are shifting focus to address the upstream
initiators (e.g., IL-1β receptor antagonists, BSCIs) to confer a broader delay of PTB. When
possible, we have addressed specific mechanisms of action for each therapeutic in the
parturition cascade.
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3. The Earliest Tocolytic Agents: Betamimetics

Betamimetics were among the first drugs studied—in the 1960s—for potential use
in tocolysis [53]. Some betamimetics, like terbutaline, were tested and approved as anti-
asthmatic agents before having any widespread application as tocolytics [54,55]. Off-label
use to prevent PTB began with terbutaline being labeled as category B under the prior
Federal Drug Administration (FDA) labeling system, which indicated its potential to cause
birth defects; category B drugs, however, included prenatal vitamins and use was thought
to be routine and safe in pregnancy [54,55]. Terbutaline came under FDA scrutiny in 1997
and was labeled in 2011 as a category C drug; this class indicates that a drug is associated
with adverse outcomes in animal studies. Well-controlled human studies, however, are
lacking, and the therapeutic benefit may outweigh any risks [54]. Category C labeling of
terbutaline was controversial, with many arguing that terbutaline’s efficacy in delaying
PTB outweighed its side effects and potential harms [54]. At present, terbutaline still
lacks FDA approval for tocolysis but continues to be used in PTB management. In 1977,
ritodrine was developed and granted FDA approval for intravenous administration to
treat PTB [54,56]. Tocolytic efficacy of oral ritodrine was demonstrated in 1980. In 1995,
both oral and IV ritodrine were discontinued and removed from the U.S. market due to
adverse cardiovascular effects [56,57]. At present, ritodrine is still used internationally as a
tocolytic. Hexoprenaline and salbutamol are other betamimetics that were never marketed
in the U.S. but that have limited use internationally [58,59].

Betamimetics function as beta-2 adrenergic receptor agonists, binding to receptors
on cell membranes of smooth muscle tissues, which ultimately inhibits myometrial con-
tractions. Activation of these receptors stimulates Gs proteins that bind to adenyl cyclase,
subsequently increasing cAMP concentrations [60]. Increased cAMP leads to activation of
cAMP-dependent protein kinase (PRKA) which phosphorylates and inhibits myosin light
chain kinase (MLCK) [60]. Inactivated MLCK is unable to phosphorylate smooth muscle
myosin, which prevents interaction with actin, reducing contractile force in smooth muscle
tissues [60]. PRKA can also inhibit phospholamban, an inhibitor of SERCA channels [60].
This allows for increased calcium uptake and reduced intracellular calcium, leading to less
MLCK activation, calcium-calmodulin interaction, and cross-bridge interactions between
myosin and actin [60]. Betamimetic tocolytics reduce uterine contractions through binding
to beta-2 receptors located on myometrial cell membranes, slowing the progression of labor.

Despite their use as tocolytics, betamimetics have not been shown to reduce perinatal
death or complications of neonatal prematurity compared with placebo [60]. Some studies
comparing tocolytic efficacy and adverse outcomes between ritodrine and terbutaline have
found no significant differences between them, though other trials have demonstrated
an increased efficacy of oral terbutaline compared with oral ritodrine [60–64]. Despite
generally similar side effect profiles, numerous studies have described an increased risk of
hyperglycemia with oral terbutaline administration and tachycardia following intravenous
ritodrine when compared with placebo [59,60,65]. In countries where both agents are
available, terbutaline is infrequently used for tocolysis, largely due to a general preference
for the safety profile of ritodrine [55,64]. In some instances, however, terbutaline is admin-
istered as a single dose subcutaneous injection to examine preliminary uterine reaction to
tocolytics or as maintenance therapy following initial treatment with other tocolytics [55,59].
Maintenance therapy with either betamimetic, however, has not been found to further
delay PTB or decrease perinatal mortality and morbidity [10,11]. A meta-analysis compared
trials of intravenous ritodrine alone with combination therapies of IV ritodrine and other
tocolytic agents (e.g., intravenous or oral magnesium sulfate, magnesium gluconate, and
indomethacin) [7]. In nearly all trials, combination therapies with ritodrine showed no
significant differences in efficacy or adverse effects compared to ritodrine alone [7]. In
contrast, other studies have found that combination therapy with progesterone (P4) may
allow for increased expression of beta-2 receptors on the myometrium and therefore may
influence betamimetic impact [66,67].
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Side effects of tocolytic betamimetics are extensive, as beta-adrenergic activity is
responsible for a wide range of homeostatic functions. Stimulation of beta-adrenergic
receptors upregulates sympathetic pathways, leading to tachycardia, palpitations, chest
pain, arrhythmias, tremors, nausea, vomiting, headaches, nervousness, anxiety, and short-
ness of breath as well as hyperglycemia, hypokalemia, bronchodilation, hypotension, and
pulmonary edema [59,60]. Mild beta-1 receptor binding activity contributes to an increased
risk of maternal tachycardia [59]. Both terbutaline and ritodrine interact at the maternal-
fetal interface and can cross the placenta to induce fetal tachycardia, hypoglycemia, and
hyperinsulinism [60]. Recent studies have also suggested that exposure to ritodrine or
terbutaline during pregnancy may be associated with an increased risk for autism in the
child [57,68]. After adjusting for confounding variables, one study demonstrated that
ritodrine administration for delaying PTB has been associated with a moderately increased
risk of autism (HR 1.23, 95% CI 1.05–1.47) [57]. It is unclear whether this outcome is due to
betamimetic exposure during preterm labor or more generally to PTB and significant fetal
exposure to intrauterine inflammation that adversely impacts fetal neurodevelopment [57].
However, in rat models, administration of betamimetics has been associated with adverse
neurobehavioral teratogenicity, and terbutaline, specifically, has been shown to alter fetal
neurochemistry [57,68].

In a cost-effectiveness analysis comparing tocolytic drug classes, terbutaline and
ritodrine were shown to be relatively expensive, costing hundreds of U.S. dollars compared
to nifedipine or indomethacin, which are often available for less than 20 U.S. dollars [69].
Betamimetics have been shown to be less effective than numerous other therapeutic agents,
and their side effect profile is sufficiently significant to warrant use of other therapeutics
when available [60]. Despite the waning use of betamimetics as tocolytic agents in higher-
income countries, they continue to be used significantly in countries where other tocolytic
agents are not easily available [60].

4. Oxytocin Antagonism: Hope for Atosiban

Atosiban, an oxytocin receptor antagonist, was first described in the literature in 1985
and in 1994 was developed specifically as a tocolytic agent [70]. It is currently available
for clinical use in Europe but not the U.S. [59,71,72]. Despite a promising maternal safety
profile, the FDA failed to approve atosiban for clinical use due to the possible association
between atosiban and death in premature infants [73,74]. The FDA also declined to approve
atosiban because the studies available at the time were not well designed, ultimately failing
to demonstrate improved neonatal outcomes compared to a placebo or other tocolytics [54].
While this decision was largely in accordance with the Kefauver-Harris Amendments,
passed in 1962 in response to Germany’s thalidomide scandal, this precedent crippled PTB
therapeutic development [75]. The regulatory hurdles resulting from the final edict on
atosiban continue to impact the field of PTB therapeutic development and will be expanded
upon in a later section of this review (Box 1).

Box 1. U.S. regulatory hurdles for PTB therapeutics.

• Institutional Review Boards, participants, and physicians have heightened concern when
dealing with any drug that has a potential effect on the fetus and on the mother

• Can people give adequate informed consent during active labor?
• No templates of successful study design in tocolytic studies, since the only drugs previously

approved by the FDA were approved under standards that are now deemed inadequate
• No tocolytic drug presented to the FDA has consistently shown neonatal benefit in con-

trolled trials
• Lack of standardization for disease risk, severity, and progression for common diagnoses
• Small market: sales for ‘blockbuster drugs’ in the U.S. for 2004 (~$5 billion) versus annual

sales for a tocolytic agent, estimated at < $500 million
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Oxytocin serves numerous roles in the body—namely the promotion of milk letdown
for breastfeeding and the stimulation of myometrial contractions during labor. When
activated, myometrial oxytocin receptors, which are G-protein-coupled receptors linked
to phospholipase C (PLC), activate PLC to trigger a signaling cascade, beginning with
increased IP3 and diacyl glycerol (DAG), which ultimately leads to calcium release into
the cytosol and muscle contraction. Estrogen upregulates myometrial oxytocin receptors
to mature the contractile ability of the uterus [76,77]. Although typically produced in the
hypothalamus and released from the posterior pituitary, oxytocin is also produced by the
uterine decidua during late gestation in preparation for parturition [77]. As an oxytocin
receptor antagonist, atosiban blocks this pathway to produce tocolytic effects. The full
mechanism, however, has not been determined.

Additionally, atosiban acts as a vasopressin receptor antagonist and may impact
prostaglandin F (PGF2α) signaling pathways, which normally contribute to the onset and
maintenance of labor [78]. These other mechanisms may be involved in atosiban’s tocolytic
effects, though further research into these alternative pathways is needed [16]. Atosiban
lacks oral bioavailability as a peptide antagonist and is administered subcutaneously or
intravenously. Other oxytocin receptor antagonists, barusiban and retosiban, have been
studied, but have not been used for tocolysis outside of clinical trials [16].

Atosiban has been shown to significantly reduce uterine contractions during PTB
and delay labor by up to 48 h, without conferring significant maternal, fetal, or neonatal
adverse effects [8,78,79]. One meta-analysis and multiple other studies have found no
significant differences in rates of delivery at 48 h when comparing atosiban with a placebo,
betamimetics, or calcium channel blockers (CCBs) [16,80,81]. Data are not available to sug-
gest atosiban improves neonatal outcomes, but its lower discontinuation rate and safer side
effect profile have led some studies to conclude that atosiban is preferable to betamimet-
ics [16,80,81]. Like other tocolytic agents, long-term maintenance therapy with atosiban
has generally not been shown to delay PTB beyond 48 h, and a meta-analysis suggested
maintenance therapy was associated with a significantly higher incidence of injection site
reaction when compared with a placebo [9,81]. One study found that, following success-
ful initial intravenous administration of atosiban, continued subcutaneous therapy with
atosiban reduced the need for subsequent intravenous atosiban therapy [82]. Combination
therapies between intravenous atosiban and other tocolytic agents have demonstrated no
significant superior effects compared to atosiban alone [7].

Atosiban is associated with fewer maternal adverse effects than other tocolytic agents,
like betamimetics or calcium channel blockers (CCBs) [8]. Maternal side effects are infre-
quent and include adverse reactions at the site of injection, nausea, vomiting, headache,
chest pain, and hypotension [8,16,79]. Atosiban crosses the placenta, but has not been
shown to accumulate in the fetus [8]. Compared with a placebo and other tocolytics,
Atosiban causes a similar range of possible adverse neonatal effects, and it has not been
shown to reduce the incidence of respiratory distress syndrome in premature infants when
compared to a placebo [8]. Though betamimetic agents predominate in the global market
for tocolytics, atosiban is often considered a drug of choice for tocolysis in high-resource
settings where it is available.

5. Calcium Channel Blockers (CCBs): Low Cost and Favorable Safety Profile

Nifedipine was first synthesized in 1966 as a coronary vasodilator [83]. Nifedipine
and nicardipine (another calcium channel blocker) have been studied as first line tocolytic
agents for nearly 20 years but have not been granted FDA approval for use as tocolytics [84].

CCBs act on voltage-gated L-type calcium channels (VGCCs) by binding to the dihy-
dropyridine (DHP) site to block the calcium influx that follows membrane depolarization.
Decreased intracellular calcium leads to reduced calcium-calmodulin interactions and
reduces activation of MLCK. Similar to betamimetics, decreased MLCK activity inhibits
myosin-actin crossbridge formation and reduces muscle contraction. VGCCs are upreg-
ulated in uterine myometrial tissue during pregnancy and labor, providing the impetus
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to study the use of nifedipine and nicardipine in reducing uterine contractions to delay
labor [67].

CCBs are used off-label as tocolytic agents and are very popular in the U.S. Certain
studies have demonstrated a comparable or increased benefit from CCBs over betamimet-
ics, not only with regards to delay of preterm labor and delivery but also in improving
neonatal morbidity and reducing maternal adverse complications [16,84]. Administration
of CCBs has not been shown to improve perinatal mortality [16]. Nifedipine is equally
efficacious when compared to atosiban, though the lower cost of nifedipine and the impact
on reducing neonatal morbidity often makes it the preferred drug of choice [67]. Other
CCBs, such as nicardipine, can be administered intravenously or orally; this flexible route
of administration is a benefit over nifedipine, which is only orally or sublingually adminis-
tered [85]. However, nicardipine may have reduced efficacy in prolonging the duration of
pregnancy and may produce more side effects in neonates [67,85]. Though nifedipine is not
FDA-approved for tocolysis, numerous meta-analyses have shown that CCBs may some-
times effectively delay PTB by up to 7 days, a significant increase in the extent of PTB delay
when compared with the 24 h or 48 h delay conferred by most other therapeutics [59,86].
Maintenance tocolysis with nifedipine is ineffective in further delaying labor or reducing
neonatal complications when compared to a placebo or observation [12,84].

CCBs and betamimetics have long been used in combination for treatment of car-
diovascular diseases, and synergistic effects have been observed in myometrial tissue
following combination therapy; interestingly, administration of nifedipine followed by
terbutaline confers a synergistic efficacy, but the effect is diminished if administered in
reverse order [67]. Combination therapy with these agents is sometimes contraindicated,
especially in twin pregnancies and pre-existing maternal cardiovascular disorders, due
to increased risk of myocardial infarction and pulmonary edema [67]. Animal studies
have demonstrated that pre-treatment with progesterone (P4) can decrease the efficacy of
nifedipine; the relationship between these tocolytics is still being assessed [67]. Emerging
research on combination therapy with atosiban and nifedipine suggests a strong synergistic
relationship, while combination therapy with nifedipine and celecoxib shows a decreased
efficacy compared to the use of nifedipine alone [67].

Adverse effects following nifedipine and nicardipine use are typically mild [59].
The most common side effects are headaches, associated with the transient hypotension
induced by these drugs. Reflexive tachycardia, anxiety, nausea, vomiting, skin flushing,
and palpitations have also been described [67]. Side effects specific to CCB use in tocolysis
include severe maternal dyspnea and pulmonary edema, though these manifestations are
rare [67]. Nifedipine has not demonstrated any direct adverse fetal side effects [67].

In summary, the extended multi-day delay in labor and the favorable safety profile of
nifedipine makes it an appealing agent for tocolysis; the low cost and oral route of adminis-
tration also allows for implementation of nifedipine in low- and middle-income countries.
Like most other PTB therapeutics, CCBs have shown negligible impact when used for
maintenance tocolysis. Additional studies on long-term use of CCBs and combination
therapy with CCBs and other tocolytic agents is needed [67].

6. Nonsteroidal Anti-Inflammatory Drugs as Tocolytic Agents: A Short-Term
Prostaglandin Blockade

Non-steroidal anti-inflammatory drugs (NSAIDs), including indomethacin, ibuprofen,
and aspirin, have a long history of use in the prevention of PTB; these vasoactive agents
were first used as tocolytics in the 1970s [87]. The main mechanism of action of NSAIDs
is inhibition of the cyclooxygenase (COX) enzyme, which facilitates the conversion of
arachidonic acid to prostaglandins. Prostaglandins are involved in the parturition path-
way and facilitate uterine contractions and cervical ripening. Certain NSAIDS, including
indomethacin, are thought to inhibit neutrophil activation by suppressing inflammatory
stimuli [88]. Indomethacin and ibuprofen reversibly bind to COX, while aspirin binds irre-
versibly; although each agent binds to both COX-1 and COX-2 isoforms, these drugs have
been shown to bind to COX-1 with varying increased selectively [89–91]. In pregnancy,
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both COX-1 and COX-2 are expressed by the myometrium, decidua, and chorioamni-
otic membranes, and research is ongoing to evaluate the differential expression of those
isoforms in these tissues [92–99].

There is little evidence to suggest COX-inhibitors should be prioritized as effective
tocolytics when compared with other available therapeutics; however, some studies have
indicated a potential use for NSAIDs in preventing PTB [100]. In 2015, a Cochrane review
and meta-analysis evaluated the use of indomethacin for the prevention of PTB [101]. In
one small study (n = 36), indomethacin reduced the risk of PTB before 37 weeks’ gestation
(relative risk (RR) 0.21, 95% Confidence Interval (CI) 0.07–0.62) [101]. Indomethacin ad-
ministration was also associated with a greater gestational age at birth (two studies, n = 66;
average mean difference (MD) 3.59 weeks, 95% CI 0.65–6.52) and higher birth weight
(two studies, n = 67 infants; MD 716.3 g, 95% CI 425.5–1007.2) [101]. In this meta-analysis,
two trials (total n = 70) compared indomethacin to placebo and determined that, with
indomethacin, the risk of PTB within 48 h of treatment initiation was reduced, albeit with
a wide confidence interval (relative risk (RR) 0.2, 95% CI 0.03–1.28). In trials comparing
indomethacin to beta-mimetics, indomethacin reduced the risk of PTB less within 48 h
(two trials, total n = 100; RR 0.27; 95% CI 0.08–0.96) and PTB before 37 weeks of gestation
(two studies, n = 80; RR 0.53; 95% CI 0.28–0.99) compared to betamimetics [101]. There
was no difference between indomethacin and magnesium sulfate (seven studies, n = 792)
or CCB (two studies, n = 230) in terms of pregnancy prolongation or fetal/neonatal out-
comes [101]. A selective COX-2 inhibitor, Rofecoxib, was studied for potential use in
tocolysis and ultimately shown to not reduce the incidence of preterm birth [102].

Aspirin is also a COX-inhibitor and has been theorized to be useful in the prevention
of PTB by decreasing the incidence of preeclampsia [103]. Recently, meta-analyses and
secondary analyses of trials of women taking aspirin for the prevention of preeclampsia
have shown a decreased rate of PTB, as preeclampsia is a risk factor for PTB [104–106]. A
secondary analysis of an RCT examining aspirin for the prevention of preeclampsia showed
that in nulliparous, low-risk women, there was a decreased rate of spontaneous PTB
< 34 weeks among women who received aspirin (n = 2543; AOR 0.46; 95% CI 0.23–0.89) [106].
In a larger RCT comparing aspirin to placebo in nulliparous women, aspirin was associated
with a decreased rate of preterm delivery (n = 11,976; RR 0.89; 95% CI 0.81–0.98) [104].
In this same study, among those who did deliver preterm, aspirin was associated with
a decreased rate of early preterm delivery < 34 weeks (RR 0.75, 95% CI 0.61–0.93) [104].
Low-dose aspirin prophylaxis has been indicated for reducing risk of preeclampsia in
women with particular high-risk factors; however, further evaluation of aspirin for use as a
tocolytic is necessary to affirm current findings.

Maternal side effects of NSAID use generally depend on length of time of treatment.
Serious side effects are uncommon if NSAIDS are used for less than 48 h. Common maternal
reactions include nausea and heartburn but can also involve gastrointestinal bleeding and
prolonged bleeding time [107,108]. Prolonged treatment with NSAIDS can also lead to
renal injury [109]. In the 2015 Cochrane review, COX-inhibitors were found to have fewer
maternal side effects compared to betamimetics and decreased cases of treatment cessation
due to maternal adverse effects. Compared to magnesium sulfate, COX-inhibitors also
had fewer maternal adverse effects [101]. Maternal contradictions to indomethacin include
chronic renal or hepatic disease, peptic ulcer disease, and coagulation disorders [110].

NSAIDs cross the placenta and can result in premature closure of the ductus arteriosus
leading to neonatal pulmonary hypertension. Constriction of the ductus arteriosus due
to maternal NSAID use occurs via inhibition of prostacyclin and prostaglandin E2, which
maintain vasodilation of the duct [111]. Additionally, NSAIDs may diminish prostaglandin
inhibition of antidiuretic hormone and affect fetal renal blood flow, typically resulting in
dose-dependent and reversible oligohydramnios [112]. These adverse effects are generally
associated with use of COX-inhibitors for longer than 48 h before 32 weeks’ gestation
and for any length of time after 32 weeks [111,113–115]. The 2015 Cochrane review noted
that data were insufficient to determine fetal safety [101]. As many NSAID-related side
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effects appear to be dose-dependent, low-dose aspirin and other NSAIDs are considered
safe throughout much of pregnancy. Notable fetal complications, however, arise from the
inappropriate use of higher-dose NSAIDs in the third trimester.

Despite a near fifty-year history of use in the management of PTB, there is a relative
paucity of studies on NSAID use in tocolysis, particularly with regards to combination ther-
apies or as a maintenance tocolytic. The significant adverse and sometimes life-threatening
fetal complications induced by these drugs warrant careful administration of NSAID thera-
peutics later in pregnancy and present an important challenge to navigate when studying
these agents in future PTB clinical trials.

7. Magnesium Sulfate: A Classic Tocolytic, Called into Question

As early as the 1940s, magnesium sulfate was shown to promote uterine quies-
cence [116,117]. It was originally studied for potential use in reducing abnormal uterine
contractions underlying severe dysmenorrhea [116]. In 1977, magnesium sulfate was first
described for use in tocolysis [118]. In 1983, a case series of 355 patients demonstrated a
dose-dependent association between magnesium sulfate and tocolysis [119]. It has since
become one of the most commonly used therapeutics for delaying PTB [120,121].

The mechanism for magnesium sulfate as a tocolytic has not been fully determined.
Physiologically, magnesium regulates calcium uptake, which impacts muscle contraction
and neuronal activity. This calcium regulation is thought to be due to both an extracellular
effect of decreasing the intracellular calcium stores as well as an intracellular effect of
blocking the release of intracellular calcium via IP3 receptor/channels [120,122–125]. Mag-
nesium sulfate also appears to impact the binding and distribution of calcium in smooth
muscle, including uterine tissues, reducing the frequency of cellular depolarization to
potentially reduce myometrial contractions [126]. Interestingly, magnesium sulfate must be
kept at suprapharmacologic levels (4–10 mmol, 8–16 mEq/L) in vitro in order to effectively
inhibit cyclic uterine activity [123].

Whether magnesium sulfate delays PTB significantly in comparison to other available
tocolytics is unknown [127,128]. Comparisons of different studies of magnesium sulfate
are challenged by the complexity of underlying PTB pathophysiology, sub-therapeutic
dosing in some studies, and generally small sample populations [119]. In a meta-analysis
of 19 randomized clinical trials, magnesium sulfate was not shown to reduce the frequency
of delivery within 48 h when compared with a placebo (RR 0.75, 95% CI 0.54–1.03), and
there was no significant reduction in delivery before 37 weeks’ gestation (RR 1.18, 95% CI
0.93–1.51) [120]. Magnesium sulfate has also not been shown to provide improvements
in neonatal morbidity or mortality [120]. Another meta-analysis of 95 trials of varying
tocolytics (31 studies, encompassing 2653 patients, focused specifically on magnesium
sulfate) found that magnesium sulfate was comparable to prostaglandin inhibitors in
its probability of effectively delaying PTB by up to 48 h [129,130]. This meta-analysis,
however, noted that other tocolytics (e.g., prostaglandin inhibitors and calcium channel
blockers) provide a more effective delay of PTB, with better neonatal outcomes and safer
side effect profiles. The 1983 case series study demonstrated significant differences in
effective tocolysis among women who received varying doses of magnesium sulfate, with
high doses associated with the greatest tocolysis [119,131]. More recent studies comparing
high- and low-dose intravenous magnesium sulfate found no significant differences in
fetal or neonatal death and were unable to verify a dose-dependent impact on delaying
PTB when compared with a placebo [129]. Compared to short-term administration, long-
term administration of magnesium sulfate is associated with the development of fetal
osteopenia [119]. Despite conflicting and generally low-power studies of the efficacy of
magnesium sulfate as a tocolytic, there is a known benefit to administering magnesium
sulfate for fetal neurological protection to pregnant people at risk for PTB [128,129,132–135].
Magnesium sulfate supplementation may also provide protection against preeclampsia—a
known risk factor for PTB—though more research is needed for confirmation [136].
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The adverse effects of magnesium sulfate in mothers include respiratory arrest and
pulmonary edema, nausea, flushing, gastrointestinal disturbance, lethargy, and blurred
vision [137]. Common adverse effects in neonates include lethargy, poor suckling, and
delayed time to onset of established respiration [138]. Prolonged magnesium sulfate
administration has been suggested to increase risk of fetal hypocalcemia and osteopenia,
as magnesium sulfate is known to cross the placenta and cause fetal hypermagnesemia;
fetal bone calcification can be inhibited by magnesium sulfate, which may lead to changes
in bone thickness [119,139]. High doses of magnesium sulfate have also been suggested to
contribute to increased risk of fetal and neonatal death [140].

Magnesium sulfate has long served as one of the more well-known drugs employed
for PTB management. There is, however, a significant lack of data to support therapeutic
efficacy in delaying PTB, despite magnesium sulfate’s extensive clinical use as a tocolytic
agent. Both efficacy and adverse effects of magnesium sulfate appear to be at least par-
tially dose-dependent. As other therapeutic classes gain prominence in the field of PTB
management, magnesium sulfate may eventually decline in use.

8. Addressing Infection: Trials of Antibiotics to Prevent PTB

Infection and inflammation are frequent causes of early PTB, and infections are typi-
cally polymicrobial [24,141–144]. Numerous studies have sought to determine the specific
associations between preterm labor and infectious states in order to elucidate the potential
utility of antibiotic administration in preventing or delaying PTB. Multiple randomized
clinical trials have failed to demonstrate a benefit from antibiotic therapy for women in
preterm labor with intact membranes [145]. A key study in this area was the ORACLE II
randomized controlled trial, which addressed the question of whether administration of
broad-spectrum antibiotics might prolong pregnancy and prevent neonatal morbidity in
women with preterm labor and intact membranes, who had no evidence of an amniotic
fluid infection [146]. Antibiotic administration in the absence of an evident infection has
long been understood to carry numerous risks, which include detrimental impacts on
an individual’s microbiome, increasing risk for antibiotic-resistant neonatal sepsis, and
antibiotic resistance in the mother if undertreated or inappropriately treated [147]. In
the ORACLE II trial, women were randomized to either co-amoxiclav, erythromycin, co-
amoxiclav and erythromycin, or a placebo for 10 days or until delivery. Antibiotic therapy
did not prolong pregnancy or improve neonatal outcomes; higher rates of necrotizing
enterocolitis (0.6% vs. 0.3%) were observed in the neonates exposed to co-amoxiclav, but
the data was not statistically significant [145,146]. In addition, higher rates of neonatal
mortality and cerebral palsy were observed in infants and children who received both
macrolide and beta-lactam antibiotics [145,146]. When the children initially included in the
ORACLE II trial were reevaluated at 7 years of age, there were higher rates of cerebral palsy
in children of women who received both antibiotics (3.3% vs. 1.7% for erythromycin, 3.2%
vs. 1.9% for amoxiclav) and higher rates of functional impairment in those who received
erythromycin (42.3% vs. 38.3%) [148]. Thus, the use of antibiotics as a PTB therapeutic
is not recommended in GBS-negative women due to the lack of benefit in preventing
PTB and concern regarding an elevated risk for the development of neonatal necrotizing
enterocolitis or other adverse effects conferred by unnecessary antibiotic administration.

Preterm premature rupture of membranes (PPROM) is a major cause of PTB, and
women with PPROM are highly likely to have a subclinical or overt intra-amniotic in-
fection [149–152]. In contrast to the treatment of PTB with intact membranes, antibiotic
therapy as a means of tocolysis is recommended and routinely used for women with
PPROM in high-income countries [153]. There are, however, notable deficiencies in clin-
ical knowledge regarding which antibiotic agents should be administered as well as the
respective regimens and dosages to adequately address PTB in the setting of PPROM.
Nevertheless, intravenous ampicillin and erythromycin, followed by oral amoxicillin and
erythromycin, has been shown to significantly prolong pregnancy in GBS negative women
and lower rates of neonatal respiratory distress (40.5% vs. 48.7%) and necrotizing entero-
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colitis (2.3% vs. 5.8%) in those with and without GBS colonization [154]. The use of broader
spectrum antibiotics like co-amoxiclav is not recommended, however, due to an increased
rate of neonatal necrotizing enterocolitis, similar to the findings in women with PTB and
intact membranes [146,155]. In patients colonized with GBS, latency antibiotics were also
associated with significantly decreased neonatal sepsis (8.4% vs. 15.6%) and pneumonia
(2.9% vs. 7%) [154]. A review of 13 randomized controlled clinical trials that included
more than 6000 women with PPROM before 37 weeks’ gestational age found that the use
of latency antibiotics was associated with decreased rates of chorioamnionitis (RR 0.66,
95% CI 0.46–0.96), neonatal infection (RR 0.67, CI 95% 0.52–0.850), oxygen requirements
(RR 0.88, 95% CI 0.81–0.96), and abnormal cerebral ultrasound findings (RR 0.81, 95% CI
0.68–0.98) [156]. Based on this evidence, narrower spectrum antibiotics are routinely given
to women with PPROM and have shown neonatal benefit. Conflicting data, however,
complicate recommendations for employing a broader scope of tocolytic agents in manag-
ing patients with PPROM [157,158]. Numerous studies have demonstrated that tocolytic
(e.g., betamimetics, CCBs, and COX-inhibitors) administration does not reduce perinatal
mortality in women with PPROM and is instead associated with a potentially increased risk
of chorioamnionitis as well as increased risk for subsequent need of respiratory support for
neonates when compared with a placebo [157,158]. Therefore, although there is limited
data to indicate the utility of antibiotics in managing PPROM-induced PTB, the clinical
benefit of administering a broader range of therapeutics to delay PTB in patients with
PPROM remains unproven.

Bacterial vaginosis (BV) is a complex, heterogenous vaginal infection associated with
PTB [24,142,159–165]. Unfortunately, antibiotic treatment trials of BV have generally not
reduced PTB [166–169]. The US Preventative Task Force Services released updated rec-
ommendations in 2020 regarding screening and treatment of BV in pregnancy. After
reviewing results from 13 randomized clinical trials, they recommend against treatment of
asymptomatic BV in pregnancy, as treatment does not seem to decrease adverse obstetrical
outcomes including PTB, low birth weight, or PPROM [170–172]. The benefits of treating
high-risk individuals with a history of PTB is less clear [170]. There are numerous problems
associated with prior trials of BV in pregnancy to prevent PTB, which may have confounded
these studies. First, BV treatment in pregnancy may be too late to prevent microbial traf-
ficking into the uterus; pre-conception treatment may be necessary to optimize outcomes.
The antibiotics tested may be ineffective against the many uncultivable pathogens associ-
ated with BV [173,174]. Finally, BV treatment may shift the vaginal microbiota from one
BV-associated microbiota profile to another, and many clinical trials did not follow changes
in the microbiota over time [175]. Understanding the gene-environment interaction of BV
and PTB could broaden the approach to treatment or prenatal care. Pregnant people with
BV who had certain genotypes of PRKCA, FLT1, and IL-6 genes were more likely to deliver
preterm than people without BV [176]. Although screening and treatment of BV is not
currently recommended to prevent PTB, research in this area continues to evolve.

Screening and treatment of sexually transmitted infections (STIs; e.g., Chlamydia
trachomatis, Neisseria gonorrhoeae, Trichomonas vaginalis) is recommended to reduce the
neonatal risks associated with maternal infection and reduce STI transmission in the
community. Antibiotic treatment of STIs does not appear to prolong pregnancy and prevent
PTB [177]. Likewise, treatment of asymptomatic urinary tract infections with antibiotics
does not lower rates of PTB [178–180]. Nevertheless, urinary tract infection treatment
is recommended to decrease rates of other high-risk outcomes, such as pyelonephritis
and low birth weight. Metronidazole should be offered to people with a symptomatic
T. vaginalis infection in pregnancy to relieve maternal symptoms and prevent spread of STIs.
Although metronidazole is safe for use in the first trimester of pregnancy, there is concern
that treatment of T. vaginalis with metronidazole in the late second or third trimester of
pregnancy may increase rates of PTB [181,182]. Vaginal candidiasis has not been shown to
be a risk factor for PTB, and treatment appears to be safe in pregnancy [183]. Overall, the
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treatment of STIs and UTIs has not been shown to reduce the rate of PTB, but treatment of
UTIs in early pregnancy confers both maternal and neonatal benefit.

9. Progesterone (P4) Analogs

The first studies on the use of P4 to prevent PTB were in the 1960s, demonstrating a
potential protective effect of P4 administration [184,185]. Studies of P4 as a PTB therapeutic
dwindled throughout the 1990s, until two studies in 2003 reinvigorated interest in P4
as a viable preventative strategy [184,186–188]. In 2011, the FDA approved the use of
hydroxyprogesterone caproate (17-OHPC) to reduce the risk of PTB [184]. The approval
of 17-OHPC for use as a preventative agent marked the first drug approved for use in
pregnancy in over 15 years [184]. However, significant controversy surrounds the use of P4
to prevent recurrent spontaneous PTB, and the FDA has proposed the withdrawal of this
approval after post-market studies failed to verify clinical benefit [189]. Additional studies
of P4 for use in tocolysis are ongoing (Table 2).

P4 is a pro-gestational hormone, which maintains uterine quiescence for most of
pregnancy by inhibiting the transcription of labor-associated genes in the myometrium.
These genes include gja1 (Connexin 43), otr (oxytocin receptor), and ptgs2 (cyclooxygenase),
which encode uterine activation proteins; nfkb (nuclear factor kappa-B), ilb1b (IL-1β, ccl2
(MCP-1), and cxcl8 (IL-8), which encode proteins involved in cytokine and chemokine
signaling. Myometrial activation and the initiation of labor requires withdrawal of P4,
which in most viviparous species is achieved by a fall in peripheral P4, a key trigger of
parturition. In contrast, circulating P4 levels remain elevated in women at term [190].
Yet, blocking P4 action at any time during human pregnancy by administration of the
specific antagonist, RU486, induces preterm labor. Therefore, it has been hypothesized
that a ‘functional withdrawal’ of P4 occurs in the human myometrium, whereby uterine
smooth muscle cells become resistant to the pro-gestational actions of P4, inducing labor
onset [191,192].

Although the molecular mechanism by which P4 controls the timing of labor onset is
not well understood, recent studies have shed light on how a functional P4 withdrawal
might occur in pregnant people. Recently, it was reported that during gestation, P4 signals
predominantly through its nuclear receptor PRB, suppressing the transcription of labor-
associated and inflammatory genes and promoting myometrial relaxation [193]. Further
study found the truncated PR isoform, PRA (when not bound to P4, ‘un-liganded’), an-
tagonizes the action of PRB. At the end of gestation, the increased nuclear abundance of
PRA relative to PRB may be an important factor in antagonizing the signaling of P4, which
would promote CAP gene expression and labor initiation [193,194]. Importantly, despite
the abundance of P4 in maternal blood during term labor, intracellular P4 concentration
in myometrial cells decreases due to an increased expression of the P4-metabolizing en-
zyme 20α-hydroxysteroid dehydrogenase (AKR1C1/20α-HSD), which converts P4 into
its inactive metabolite, 20alpha-hydroxyprogesterone (20α-OHP). Thus, it is possible that
catabolism of P4 in myometrial cells leads to a local withdrawal of P4, the un-liganding
of PRA from P4, which in turn switches PRA to an activator of CAP gene transcription,
triggering labor onset. In summary, the P4/PR signaling pathway in the myometrium may
represent a target for the development of novel therapeutic agents for PTB prevention.
Administration of synthetic progestins that are not metabolized by 20α-HSD may maintain
liganding of P4 to PRB and suppress the transcription of genes that otherwise would induce
labor (Figure 1).

While P4 is required for the maintenance of human pregnancy, research on its use as a
prophylactic therapeutic to prevent PTB has produced contradictory data [186,187,195–199].
In 2003, a small double-blind trial found that 17α-hydroxyprogesterone caproate (17-OHPC,
weak progestin) significantly reduced the risk of PTB in people with a prior PTB [187].
However, other studies failed to find evidence that P4 can prevent recurrent PTB. For
instance, larger trials have recently shown that the effectiveness of P4 is limited [200,201].
A double-blind, randomized, placebo-controlled trial of vaginal P4 prophylaxis in high-risk
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women with a previous spontaneous PTB was not associated with reduced risk of PTB or
composite neonatal adverse outcomes [196]. A 2017 meta-analysis showed that adminis-
tration of vaginal P4 to asymptomatic women with a twin gestation and a sonographic
short cervix in the mid-trimester reduced the risk of PTB as well as neonatal mortality and
morbidity [202]. However, only one study conducted in women with singleton pregnancies
and a mid-gestation sonographic cervical length greater than 25 mm resulted in a positive
outcome for prophylactic therapy against PTB using a vaginal suppository with micronized
P4, with others showing no effect [203,204].

Figure 1. The potential mechanisms of selective P4 receptor modulator action on uterine muscle during pregnancy and
term/preterm labor. (Left panel) During pregnancy, P4 liganding of P4 receptors (PR-A and PR-B) inhibits pro-inflammatory
(cytokines and chemokines) and pro-contractile (CAPs) uterine genes, thereby maintaining myometrial relaxation. (Middle

panel) During term and preterm labor, myometrial 20α-hydroxysteroid dehydrogenase (20α-HSD) enzyme expression
and activity is upregulated, which results in local intracellular metabolism of P4 into its PR-inactive metabolite, 20α-
hydroxyprogesterone (20αOHP). This leads to un-liganding of PRs (unbounding of P4). Un-liganded PR-A activates
myometrial expression of pro-inflammatory and pro-contractile genes (i.e., oxtr and gja1) and induces labor contractions.
(Right panel) Administration of SPRM compounds such as R5020 (aka: Promegestone), which is not a substrate for
20α-HSD, has higher affinity for PRs, longer half-life than P4, keeps the PRs constitutively liganded, maintains uterine
quiescence, and prevents labor contractions. Note: this figure was created with Biorender.com.

A therapeutic strength of P4 is the excellent safety profile in pregnancy, underlying its
FDA approval for use as a PTB therapeutic [184,188]. Endogenous P4 naturally induces a
number of systemic side effects, including headache, moodiness, and loss of libido. These
side effects are significantly reduced with the use of synthetic P4 [188,205]. Micronized P4
has been shown to eliminate these adverse effects entirely [188]. No risk to the neonate has
been associated with P4 administration [188,206]. Other P4 formulations may have greater
efficacy in preventing PTB than 17-OHPC. R5020 binds PRs with high affinity and is not a
substrate for metabolism by 20α-HSD; a pilot study in pregnant rats was associated with
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inhibition of preterm labor [207]. R5020 or other steroidal or non-steroidal P4 analogs may
represent an innovative approach to PTB prevention in people at risk for PTB.

10. Inhibiting Inflammation: Use of Broad-Spectrum Chemokine Inhibitors

Numerous studies over the past decade have focused on developing anti-inflammatory
agents that target specific chemokines and chemokine receptors underlying pathologic
inflammation in certain human diseases. Successes in the development of BSCIs for human
immunodeficiency virus (HIV) treatment and prevention of cancer metastasis have spurred
recent interest in studying the use of BSCIs in preventing or delaying PTB in high-risk
pregnant women [208–210]. The exploration of BSCIs for use in addressing PTB is currently
limited to animal models [210,211].

Leukocytes are an active component of the maternal immune system; therefore, they
can provide relatively accessible means to interrupt the inflammatory pathway that leads
to labor initiation. Studies indicate that circulating maternal leukocytes are not activated
during most of gestation but become primed and migrate to the uterus before term la-
bor or prematurely due to an infection process [212–215]. Whether these leukocytes act
to help induce labor or represent a consequence of parturition is an active debate [216].
Chemokines mediate the recruitment of immune cells from the peripheral circulation to
the site of inflammation by attracting and activating specific leukocyte subsets. There are
approximately 50 chemokines that can bind to over 20 distinct chemokine receptors [217].
Blocking one specific receptor may prevent the actions of multiple chemokines, as they in-
duce peripheral leukocyte infiltration into the target tissues. Importantly, the simultaneous
blockage of multiple chemokines has not been associated with acute or chronic toxicity,
signifying a possible new approach to developing potential PTB therapeutic candidates.

A BSCI can block multiple chemokine signaling pathways [218]. BSCIs specifically
bind to the cell-surface somatostatin receptor type 2 (SSTR2) [208,219–225]. Somatostatin is
a cyclic neuropeptide hormone that functions as a mediator between the nervous and the
immune systems and regulates the immune response [226–230]. In addition to its role in in-
flammation, recent studies have explored the role of somatostatin and SSTR2 in myometrial
cell contractility [231]. In a porcine model, an experimental Escherichia coli infection led to in-
creased uterine expression of SSTR2 and an increased amplitude of somatostatin-stimulated
uterine contractions [231]. Importantly, SSTR2 antagonists prevented the increase in con-
traction amplitude, suggesting a role for SSTR2 in mediating uterine contractility [231].
BSCIs are partial agonists of SSTR2 and inhibit pathways generated by multiple chemokine
receptors without affecting classical SSTR2 agonist signaling. Mechanisms of BSCI action
are not well understood, but it has been hypothesized that partial agonism of BSCI to
SSTR2 enables binding to an inflammatory site, which inhibits directional signals from
the receptor; consequently, cells become effectively ‘blind’ to the chemokine gradient.
The ability of BSCIs to improve the outcome of many different inflammatory diseases
(e.g., allergic asthma, surgical adhesion formation, rheumatoid arthritis, HIV replication,
and endometriosis) has been demonstrated in animal models [208,219–224]. Targeting
chemokine signaling to prevent pathologic uterine activation in high-risk pregnant people
may represent a useful therapeutic approach for PTB prevention.

The first in vivo studies demonstrated that prophylactic administration of the BSCI
compound ‘BN83470′ was able to prevent infection (LPS)-induced PTB in pregnant mice
by blocking multiple inflammatory pathways in the uterus and leukocyte infiltration into
uterine myometrium (Figure 2) [211]. As a proof of principle in a nonhuman primate
model of Group B Streptococcus (GBS)-induced preterm labor, a novel BSCI compound
‘FX125L’ inhibited preterm labor and suppressed the cytokine response (Figure 2) [210].
Antibiotics were not administered in these experiments, and the GBS infection progressed
and invaded the amniotic cavity and the fetus. Despite this invasive GBS infection, BSCI
prophylaxis was associated with significantly lower cytokine levels in the amniotic fluid,
fetal plasma, lung, and brain, demonstrating its power in suppressing an inflammatory
response. However, this result also highlights the danger of administering a chemokine or
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cytokine inhibitor in the setting of an intrauterine infection without concomitant antibiotic
administration; preterm labor may be inhibited, while an intrauterine infection silently
invades and injures the fetus. Nevertheless, these data represent an important proof of
principal that BSCIs may be highly effective in preventing PTB in humans. Current studies
in animal models have suggested that BSCI compounds do not exhibit any significant fetal
toxicity. Further study, particularly in human clinical trials, is required to elucidate the
effect of BSCI on the fetal immune response and fetal development [210,211].

Figure 2. Conceptual model showing BSCI actions in vivo and in vitro as a preterm labor therapeutic. (1) In vivo adminis-
tration of BSCI (FX125L) using a nonhuman primate model of preterm labor induced by Group B Streptococcus (GBS) led
to the powerful suppression of uterine activity and a complete blockade of PTB. BSCI treatment led to reduced maternal
plasma IL-8 and IL-1β inhibited myometrial gap junction protein connexin 43 mRNA levels and reduced pro-inflammatory
cytokines in amniotic fluid, chorioamniotic membrane, fetal plasma, lungs, and brain compared to GBS alone [210]. (2) Pro-
phylactic in vivo administration of BSCI (BN83470) decreased LPS-induced PTB in pregnant mice, significantly inhibited
neutrophil infiltration in the mouse myometrium, and significantly attenuated multiple cytokine/chemokine expression
in maternal tissues (myometrium, decidua, plasma, and liver) [211]. (3) We hypothesize that pre-treatment with BSCI
(FX125L) of human primary leukocytes isolated from peripheral blood of pregnant people will also prevent the in vitro
trans-endothelial migration of neutrophils towards media containing multiple cytokines secreted from the pregnant human
decidua and myometrium. Note: this figure was created with Biorender.com.

11. Targeting the Prostaglandin F2 Alpha Receptor: OBE-022

The key role of prostaglandins (particularly PGE2 and PGF2α) in the initiation and pro-
gression of labor has made them a target for therapeutics to prevent PTB [232]. Activation
of the PGF2α receptor stimulates myometrial contractions and upregulation of matrix met-
alloproteinases, which leads to cervical ripening and the rupture of membranes [233–236].
Since PGE2 is the primary fetal prostaglandin, selective inhibition of PGF2α has been
proposed to provide effective tocolysis, with reduced fetal morbidity [237].
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OBE-022 (ebopiprant) is a highly potent, competitive, reversible inhibitor of the
prostaglandin F 2-alpha (PGF2α) receptor [238]. OBE-022 has been studied in both hu-
man tissues and pregnant animal models and is in Phase II clinical trials. In preclinical
studies, OBE-022 inhibited human myometrial contraction in vitro and was more effective
in combination with nifedipine or atosiban [238]. In an animal model, OBE-022 showed
similar activity to nifedipine for reduction of parturition as well as synergistic effects when
used together with nifedipine, without evidence of fetal ductus arteriosus constriction,
impairment of fetal renal function, or platelet inhibition [238]. A Phase I trial was per-
formed, which demonstrated that OBE-022 was well tolerated, with no significant side
effects in the postmenopausal female population [239,240]. An additional Phase I trial
was performed on non-pregnant premenopausal women and demonstrated that OBE-022
was well tolerated alone as well as in combination with nifedipine, magnesium sulfate,
atosiban, and betamethasone [241]. Based on the favorable results in the Phase I trials,
OBE-022 is currently under investigation in the PROLONG trial, an ongoing Phase 2a
randomized, double-blind, placebo-controlled proof-of-concept study in pregnant persons
with spontaneous preterm labor at 24–34 weeks’ gestation.

OBE022 is also currently being studied for potential side effects similar to indomethacin,
with particular focus on closure of the ductus arteriosus, impaired fetal renal function, and
inhibition of platelet aggregation [238]. In preclinical studies, OBE-022 was not shown to
increase these fetal adverse effects in rat models [238]. Some of the first studies in humans
on the potential adverse effects of OBE-022 found favorable pharmacokinetic character-
istics and no significant impact on prolonging the QT interval among a cohort of healthy
postmenopausal women [239,240].

Additional study is required to examine the effects of co-administration of OBE-022
with other tocolytics [238]. Preliminary data from this study (and others) suggest an
encouraging potential for the approach of selective targeting of prostaglandin receptors.
Potent tocolytic effects, with reduced adverse fetal impact, may make OBE-022 a promising
new therapeutic for delaying PTB [238].

12. Interleukin-1 Receptor Antagonism: Kineret and Rytvela

Early inflammatory events have become an intriguing target for delaying or block-
ing PTB while protecting the fetus from harmful inflammation [242–246]. A significant
upstream target is IL-1β, a pro-inflammatory cytokine thought to be the apex initiator of
the parturition cascade (Figure 3) [245]. IL-1β has been shown to induce preterm labor in
a mouse model via intrauterine injection as well as in a nonhuman primate model when
administered into the amniotic fluid [245,247].

Therapeutic inhibition studies have traditionally involved screening for ligands that
bind to the natural ligand’s receptor site (orthosteric binding site). Kineret, canakinumab,
and rilonacept are large protein orthosteric antagonists to IL-1β that are approved for clini-
cal treatment of inflammatory disorders but have shown limited efficacy for preventing
PTB in animal models [245,248,249]. Of particular interest is kineret, a recombinant version
of the endogenous IL-1 receptor antagonist (IL-1RA). In rodent, sheep, and nonhuman
primate models, systemic administration of kineret at standard (low) doses reduced IL-1β-
and LPS-induced fetal inflammation and injury, but much higher doses were required to
inhibit inflammation in the uteroplacental unit and prevent PTB [245,246,248–251]. Con-
versely, standard doses of kineret reduced inflammatory signaling at uteroplacental tissues
when directly administered to the amniotic fluid in nonhuman primates and primary
cultures of human amnion and chorion [252,253]. This discrepancy is likely attributed to
the large molecular size of kineret, which may have limited bioavailability to the placenta.
As an orthosteric antagonist, kineret may induce undesired side effects by exerting nonspe-
cific inhibition of all IL-1β signaling pathways, including the immunoregulatory NF-κB
pathway [254]. Indeed, kineret, canakinumab, and rilonacept have been associated with
injection site reactions, upper respiratory tract infections, vertigo, gastrointestinal disorders,
and immune suppression [255,256]. Given these limitations, the alternative is to identify
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ligands that bind to remote allosteric sites with greater selectivity by affecting the confor-
mational dynamics of the receptor and biasing receptor signaling pathways [257–259].

Figure 3. Conceptual model for the role of IL-1β in preterm labor and fetal inflammation. This model illustrates that IL-1β
is the apex cytokine in the inflammatory cascade of preterm birth and fetal inflammatory injury, thereby presenting an
attractive molecular target for drug discovery. PR-A/PR-B, P4 receptors A and B; PGs, prostaglandins; MMPs, matrix
metalloproteinases; PGF2α, prostaglandin F2α; PLV, periventricular leukomalacia; BPD, bronchopulmonary dysplasia; and
NEC, necrotizing enterocolitis. Increasing color intensity represents increasing inflammatory response. The level where
Rytvela acts is identified by red arrows. Courtesy of Han Lee.

Rytvela is an example of an allosteric inhibitor of the IL-1R. Rytvela was designed
to target the structural region of the IL-1R adjacent to the extracellular juxtamembranous
domain of the IL-1RacP (accessory protein), because of its importance to tyrosine kinase
receptor activation [260,261]. Rytvela is a 7-amino-acid peptide (each letter refers to the
amino acid nomenclature), which was made resistant to hydrolysis by using all d-amino
acids. Rytvela has been shown to potently inhibit IL-1β-induced PGE2 generation, whereas
a scrambled peptide (verytla) was ineffective [262]. Furthermore, Rytvela specifically in-
hibits IL-1R but not homologous IL-1 family cytokines IL-18 or IL-33, the latter of which
shares IL-1RacP; acute effects of other pro-inflammatory cytokines (TNFα, IL-6) are also
not affected. In contrast to kineret, rytvela does not inhibit IL-1β-induced NF-κB activa-
tion and dependent monocyte phagocytosis, preserving immunosurveillance. However,
rytvela does inhibit RhoA kinase, p38 and JNK phosphorylation, which inhibits IL-1β from
generating more IL-1β—a mechanism that likely leads to blocking PTB but requires further
study [243–245]. Hence, consistent with IL-1β-induced inflammation independent of NF-
κB, rytvela preserves the NF-κB pathway [245,263–265]. Rytvela exhibits anti-inflammatory
properties in several in vivo disease models (e.g., acute dermatitis, chronic rheumatoid
arthritis, acute bowel inflammation, ischemic retinopathy and encephalopathy, and degen-
erative inflammatory retinopathies) [262,266–268].

In rodent models, rytvela has been shown to markedly reduce the uteroplacental
surge in inflammatory cytokines and inhibit PTB induced by sterile inflammation from
either IL-1β or bacterial-like inflammation triggered by lipoteichoic acid or lipopolysac-
charide [245,246]. In these models, rytvela also yielded significant improvements in fetal
outcomes. These included reductions in inflammatory signals in the plasma, brain, lungs,
retina, and intestines and the associated protection of the fetal brain parenchyma, lung alve-
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olarization, retinal vascular development, and gut mucosal integrity [245,246,266,269–272].
Rytvela will soon be entering a formal pre-clinical phase for toxicity evaluation.

13. Nanoparticles

Nanocarrier systems are aimed at improving the safety profile of tocolytics, and
where uterine targeting is included, also improving tocolytic efficacy. These are potentially
deliverable benefits, as targeted delivery increases the proportion of a drug that reaches a
target tissue while simultaneously reducing localization to non-target tissues. This reduces
the amount of drug required to achieve therapeutic efficacy and reduces off-target side
effects, which together improve patient safety [273].

Early applications of nanoparticles for improving tocolysis utilized non-targeted
liposomes, which are organic, nano-scale lipid vesicles that can be loaded with a broad
array of drugs. In 2015, liposomal administration of indomethacin was tested as a method
of reducing placental transfer and avoiding adverse effects on the fetus [274–276]. Studies
in mice showed strong liposome localization to the pregnant uterus, weak localization to
the placenta, and no liposomal transfer to fetuses [274]. Moreover, liposomal encapsulation
significantly reduced indomethacin fetal transfer (7.6-fold) [274]. The study did not examine
liposome localization to other maternal tissues; however, it provided promising insight
into the potential benefits of nanoparticle-facilitated tocolysis.

The first targeted nanoparticles for improving tocolysis were reported in 2015, which
were nanoliposomes coated with an antibody that recognized an extracellular domain of
the oxytocin receptor (OTR; Figure 4) [277]. The rationale was that the high levels of OTR
expression on uterine myocytes during pregnancy could serve as a means of targeting
therapeutics to the pregnant myometrium [278,279].

Using spontaneously contracting strips of pregnant human myometrium suspended
in organ baths, OTR-targeted nanoliposomes were shown to either abolish or significantly
enhance contractions when they were loaded with contraction-blocking or contraction-
enhancing drugs, respectively [277,280]. This demonstrated the versatility of the approach.
Soon after, the same group reported on the in vivo biodistribution of OTR-targeted nanoli-
posomes in pregnant mice and evaluated their application toward delivering indomethacin
for preventing lipopolysaccharide (LPS)-induced PTB [281]. Less than two months later,
a complementary analysis by another lab reported on the benefits of administering in-
domethacin via OTR-targeted nanoliposomes [282]. These two studies provided compelling
proof-of-concept data that demonstrated effective targeting of the pregnant mouse uterus
in vivo, enhanced drug delivery to the pregnant mouse uterus, reduced fetal transfer of
the drug, and significant reductions in rates of LPS-induced PTB. A key difference between
the two studies’ OTR-targeted nanoliposomes was their respective OTR targeting moiety,
with the former utilizing antibody targeting and the latter utilizing the OTR antagonist
peptide, atosiban [281,282]. In a comprehensive in vitro comparison of the two systems,
no difference was found in OTR binding, stability, or cellular toxicity [283]. Moreover,
both types of OTR-targeted nanoliposomes were shown to be internalized by clathrin- and
caveolin-mediated endocytosis, which provided valuable insight into the mechanism of
action of OTR-targeted nanoliposomes.

Vaginally administered nanoformulations have also emerged as a promising avenue
for preterm birth therapeutics. Uterine efficacy of vaginally administered drugs is facilitated
by the uterine first-pass effect; however, vaginally administered drugs must first penetrate
the cervicovaginal mucus [284]. To facilitate this, mucus-penetrating particles were de-
veloped; they are approximately 200 nm in diameter, with a net neutral surface charge,
making them mucoinert (non-adhesive to mucus) and able to penetrate the cervicovaginal
mucus [285]. These mucoinert nanosuspensions have been shown to improve the vaginal
administration of progesterone and prevent progesterone withdrawal (RU486)-induced
preterm birth in mice, while avoiding stimulating myometrial expression of inflammatory
cytokines [286]. Other studies have demonstrated successful vaginal administration of the
histone deacetylase inhibitors trichostatin-A (TSA) and suberoylanilide hydroxamic acid
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(SAHA) via mucoinert nanosuspensions [287]. Nanosuspensions of TSA in combination
with progesterone had anti-inflammatory effects on myometrial gene expression and were
effective in significantly reducing rates of LPS-induced preterm birth in mice, whereas
nanosuspensions of progesterone alone were not effective [287].

Figure 4. Schematic of non-targeted and uterine-targeted nanoliposomes. (A) The nanoliposomes are composed primarily
of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and cholesterol but also include PEGylated lipid (PEG2000 phospho-
ethanolamine; ~2% of total lipids), which produces steric hindrance that improves circulation time, but without a targeting
moiety. Indomethacin and lipophilic markers partition into the lipid bilayer. (B) Oxytocin receptor (OTR)-targeted nanolipo-
somes, whereby PEGylated 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE, ~2% of total lipids) is conjugated to
either an OTR-binding antibody (via maleimide linkage) or peptide (Atosiban, via amine linkage).

Similarly, nanoformulations of the sphingosine kinase (SphK) inhibitor (SKI II) were
developed, as SphK inhibition was previously shown to prevent LPS-induced preterm birth
in mice [288]. To facilitate the use of SKI II, which has extremely low aqueous solubility,
it was incorporated into a self-nanoemulsifying drug delivery system (SNEDDS), which
is an isotropic mixture of oil, surfactant, and solvent that forms a stable nanoemulsion
when dispersed in aqueous media [289,290]. The SNEDDS increased SKI II solubility over
500-fold, and when vaginally administered, it was effective in significantly reducing rates
of LPS-induced preterm birth in mice [289].

Nanoparticle-based systems for improving tocolysis have yet to progress beyond
preclinical studies. As such, there are only limited data available from which to speculate
on a safety profile respective to mothers or their neonates. Nonetheless, the data generated
thus far is promising. For liposome-based systems, OTR-targeted nanoliposomes showed
no significant impact on myocyte viability in vitro, while ex vivo, drug-free, OTR-targeted
nanoliposomes had no effect on contracting pregnant human myometrial tissue strips,
and contractions resumed when drug-loaded OTR-targeted nanoliposomes were washed
away [281,283]. In vivo, OTR-targeted nanoliposomes produced no adverse effects upon
repeated intravenous administration to pregnant mice [281]. The nanoliposomes were not
detected in the maternal brain, kidneys, lung, or heart and were only detected at low levels
in mammary tissue and placentae [281,282]. Neither of the landmark studies detected
fetal transfer of non-targeted or OTR-targeted nanoliposomes [281,282]. For the vaginal
nanoformulations, nanosuspensions of progesterone were found to produce no significant
inflammation or toxicity and actually avoided the cervical and myometrial inflammatory
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signaling induced by a clinical progesterone gel, while nanosuspensions of TSA and
progesterone led to delivery of live pups that exhibited neurotypical development [286,287].
Moreover, vaginal delivery of SKI II via SNEDDS had no toxic effect on cultured human
cervical cells (HeLa) after 24 h, and a teratogenicity study revealed no effect on birth
weight or the prevalence of congenital anomalies among pups born to treated dams.
Collectively, these data support low toxicity of both OTR nanoliposomes and vaginal
nanoformulations; however, more in-depth studies are required as technologies advance
toward clinical translation.

14. Challenges in Therapeutic Development

Historically, the ability to study medication use in pregnancy has been limited by
the ethical challenges of enrolling pregnant people in research studies and regulatory
hurdles posed by the U.S. FDA edict on atosiban in 1998 (Box 1). Atosiban was not given
FDA approval due to concerns regarding the number of infant deaths among pregnant
people treated with atosiban compared to a placebo. That ruling generated tremendous
challenges in designing studies to clinically test potential tocolytic drugs. Novel agents
now require a placebo-controlled trial to show efficacy, an option that few U.S. centers
would consider, and one that some U.S. IRBs resist as contradictory to the standard of care.
Attempts to circumvent stringent regulations on therapeutic research have led to many
studies being exported to other countries with fewer restrictions [291]. This emerging
practice raises numerous ethical concerns regarding the potential exploitation of local
residents. An alternative to a purely placebo-controlled trial is ‘rescue therapy’, in which
researchers administer a community-standard tocolytic (e.g., magnesium sulfate) one
hour after administration of the study drug. However, as seen in the Atosiban-096 trial,
rescue therapy diminishes the chance of demonstrating the full benefits of the novel drug
and complicates interpretation of the results [71,73]. Furthermore, because there are no
FDA-approved drugs for tocolysis that are still marketed, it is not possible to conduct an
active control trial for a new tocolytic therapeutic in the U.S. In a given subset of pregnant
patients, the accepted standard of care to administer off-label use of tocolytics confounds
the study results, as the intervention in practice may have taken place before patients meet
the definition of preterm labor necessary for enrollment.

Compounding these challenges, the FDA further insisted that future approval of
tocolytic drugs be contingent upon improving neonatal outcomes. Delaying PTB is not
sufficient by itself for a novel drug to obtain FDA approval, and perinatal mortality
occurs too infrequently to use as a measurable outcome [54]. This poses a significant
logistical burden for subject enrollment. The Atosiban-096 randomized control trial ran for
longer than three years and involved 35 centers in North and South America, but it only
enrolled 513 women, despite broad diagnostic criteria for spontaneous preterm labor [74].
Additionally, the field of obstetrics currently lacks a laboratory measure that can be tightly
linked to PTB or neonatal outcomes, making it difficult to measure the ability of a PTB
therapeutic to prevent a surrogate endpoint [6].

15. Pathway Forward toward New PTB Therapeutics

Identifying and finding solutions to navigate the obstacles for tocolytic development
is a profound challenge. The solution is most likely to come from a coordinated, unified
effort between PTB researchers, regulatory agencies, tocolytic pharmaceutical companies,
obstetricians and other clinicians, funding bodies—both private foundations and govern-
ment agencies—academic organizations, and patient advocacy groups. A model for this
kind of collaboration already exists: the International Neonatal Consortium [292]. Devel-
oped in 2015, the International Neonatal Consortium is focused on standardizing criteria
and methods for regulating both neonatal medicine development and administration in
collaboration with regulatory agencies [292]. This organization has already demonstrated
progress in addressing the regulatory science of two other common neonatal disorders,
neonatal seizures and bronchopulmonary dysplasia, for which various therapeutics have
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long been employed off-label [292]. A similar global and coordinated effort could be ap-
plied to advancing the regulatory science of PTB therapeutics. Without a well-defined path
to regulatory approval for novel tocolytics in the U.S., workshops are needed to debate the
requirements for tocolytic approval. Should neonatal morbidity and mortality remain an
imperative outcome of study to earn FDA approval, alternative study designs should be
considered to achieve practical and timely study execution. Global collaboration would
allow for data pooling and could accelerate study completion [292]. Finally, pregnant
people are crucial stakeholders in this process and should be involved in the study design.

16. Conclusions

PTB is a multi-faceted obstetric problem and a major cause of neonatal morbidity and
mortality. At present, there are numerous tocolytics employed in the management of PTB,
providing a short delay in order to transfer patients to high-level care facilities or, rarely,
to effectively reduce neonatal morbidities. There is an urgent need to develop tocolytic
agents that can provide a longer-lasting delay of PTB that clearly impacts neonatal and
child health. These novel agents in pre-clinical development or in clinical trials include
BSCI, OBE-022, IL1-R antagonist (e.g., Rytvela, Kineret), and nanoparticle delivery systems.
Significant regulatory hurdles exist for bringing any new therapeutic in pregnancy to
market. The few tocolytic studies that previously garnered FDA approval are no longer
adequate or appropriate as a model for testing new PTB therapeutics, hindering the ability
of novel therapeutic research to follow a standardized study design. A new coordinated
approach between clinicians, scientists, drug development agencies, pharmaceutical com-
panies, funding organizations, and patient advocacy groups is necessary to accelerate the
development of PTB therapeutics. This collaboration will aid in developing more effective
study designs and will cultivate data pooling to allow for practical and timely evaluation
of novel therapeutic agents.
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Abstract: Blockade of the interleukin-1 (IL-1) pathway has been used therapeutically in several
inflammatory diseases including arthritis and cryopyrin-associated periodic syndrome (CAPS). These
conditions frequently affect women of childbearing age and continued usage of IL-1 specific treat-
ments throughout pregnancy has been reported. IL-1 is involved in pregnancy complications and
its blockade could have therapeutic potential. We systematically reviewed all reported cases of
IL-1 blockade in human pregnancy to assess safety and perinatal outcomes. We searched several
databases to find reports of specific blockade of the IL-1 pathway at any stage of pregnancy, excluding
broad spectrum or non-specific anti-inflammatory intervention. Our literature search generated
2439 references of which 22 studies included, following extensive review. From these, 88 different
pregnancies were assessed. Most (64.8%) resulted in healthy term deliveries without any obstetri-
cal/neonatal complications. Including pregnancy exposed to Anakinra or Canakinumab, 12 (15.0%)
resulted in preterm birth and one stillbirth occurred. Regarding neonatal complications, 2 cases of
renal agenesis (2.5%) were observed, and 6 infants were diagnosed with CAPS (7.5%). In conclusion,
this systematic review describes that IL-1 blockade during pregnancy is not associated with increased
adverse perinatal outcomes, considering that treated women all presented an inflammatory disease
associated with elevated risk of pregnancy complications.

Keywords: IL-1 blockade; anakinra; canakinumab; pregnancy; human; inflammation

1. Introduction

Pregnancy complications are often associated with inflammation at the maternal-fetal
interface. During pregnancy complication, such as preeclampsia (PE), preterm birth (PTB)
and fetal growth restriction (FGR), inflammation can be found in the maternal circulation
as well as in the placenta. Uncontrolled inflammation can negatively affect placental func-
tion [1–6]. Any alteration in placental function is associated with neonatal complications
and altered child development particularly neurodevelopmental delay [7–10]. Thera-
peutically targeting inflammation in pregnancy has been challenging since inflammatory
processes are also involved in physiological pregnancies, especially at the time of implan-
tation and parturition [11–16] and a proinflammatory profile can be observed toward the
end of uncomplicated pregnancy [16–18]. Therefore, there is a need to differentiate be-
tween physiological and pathological inflammation in order to develop and apply novel
anti-inflammatory strategies in the clinical setting.
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Inflammation has been observed at all stages of pregnancy [19–26]. Inflammation
can occur in response to bacterial or viral infections (collectively referred to as pathogens-
associated molecular patterns—PAMPs), as well as in response to sterile or endogenous
mediators, termed damage-associated molecular pattern—DAMPs or alarmins, the latter
increasingly associated with pathological pregnancies [27–32]. In order to mitigate the
effects of dysregulated inflammation during pregnancy, multiple broad-spectrum anti-
inflammatory therapies have been used and developed with interesting results [33,34].
Amongst these therapies, corticosteroids and nonsteroidal anti-inflammatory drugs (NSAIDs)
are the most prevalent. However, studies have investigated the effect of corticosteroids dur-
ing pregnancy and found an association between corticosteroid use and pregnancy/neonatal
complications [35–38]. In a systematic review, Bandoli G. et al. found little to no association
between corticosteroids and adverse pregnancy outcomes [35] whilst other groups reported
concerns such as higher rate of cerebral palsy among children who had been exposed to
repeated doses of corticosteroids or impaired growth of the lung parenchyma in cases of
treatment without premature birth [36–38]. As for NSAIDs, acting through the inhibition
of cyclooxygenase enzymes (COX-1 and COX-2), a study by Bérard A. et al., showed
elevated risk of prematurity associated with the use of COX-2 inhibitors [39]. However,
NSAIDs use during the first trimester of pregnancy was not associated with congenital
malformations [40].

In case of pregnancies complicated with infections, antibiotics are often used. However,
several studies have shown the detrimental effects of antibiotics on the development of the
newborn. In the ORACLE series of clinical studies, the use of some antibiotics in pregnancy
has been associated with elevated incidence of neurodevelopmental disorders [41,42].
Others have found increased risk of spontaneous miscarriage [43], without any association
with congenital malformation [44]. All these drugs have benefits, but also major risk
associated with their use. Since these are not specific and affect several inflammatory
pathways at once, it is possible that pathways important in physiological pregnancy are
impacted and responsible for the side effects observed. Targeting specific inflammatory
mediators/pathways involved in pathological pregnancies could provide an efficient mean
to mitigate the negative impact of inflammation, subsequently protecting the placenta and
developing fetus, whilst having less deleterious effects.

The interleukin-1 (IL-1) system has been consistently associated with pregnancy com-
plications such as preterm birth, including chorioamnionitis, FGR and PE [1,5,6,32,45–49]
as well as high-risk pregnancies with reduced fetal movements [50]. The IL-1 system has
been targeted in several animal models of pregnancy complications and blockade of this
pathway appears to reduce the incidence of complications and protect the placenta as
well as both fetal/neonatal development [4,51–58] and as reviewed previously by us, with
emphasis on means of blocking the IL-1 pathway and their mechanisms of action with
schematic representation [59]. Aside from studies in animal models, Il-1 blockers have been
used for many years to help mitigate/resolve inflammatory conditions in humans [60–63].
The IL-1 receptor antagonist, IL-1Ra, is the most commonly used IL-1 system antagonist
and is known under the generic name Anakinra (brand name Kineret). Anakinra has
been approved for clinical use for over 20 years and has been commonly used for several
chronic inflammatory conditions (such as arthritis and lupus) and in the pediatric popu-
lation [60,64–68]. Canakinumab, brand name Ilaris, is a monoclonal antibody targeting
IL-1β which has been approved for inflammatory condition such as cryopyrin-associated
periodic syndromes (CAPS), since 2009 [69,70]. These inflammatory conditions commonly
affect women of reproductive age and continued usage of Anakinra and/or Canakinumab
during pregnancy has been reported [71–73]. Despite their wide range of beneficial effects,
these drugs are not yet approved for use in pregnant women and are used solely when the
benefit of continuing the treatment during the pregnancy outweigh the risk.

In light of the important need for targeted anti-inflammatory therapies during preg-
nancy, the evidence that the IL-1 system is central to both PAMPs and DAMPs-induced
inflammation at the maternal-fetal interface, our objective was to perform a systematic
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review of all reports of any specific blockers of the IL-1 system being used during human
pregnancy, to assess their potential impact on pregnancy outcome and neonatal health.

2. Materials and Methods

The systematic review is reported in accordance with Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines [74]. The review protocol was
registered with the International Prospective Register of Systematic Reviews (PROSPERO)
on 6 July 2020 (CRD42020197186).

2.1. Information Sources, Search Strategy and Eligibility Criteria

Literature searches were conducted in PubMed, EMBASE, MEDLINE, Cochrane
Database of Systematic Reviews and Google Scholar. The search was not limited by
dates but was limited to titles, abstracts and manuscripts written in English and French
(for practical reasons). Reviews were excluded to ensure inclusion of original research only.
Abstract from conferences were included as well, unless the same data was published and
therefore only the final research article was included to avoid duplication of the same cases.
Reference lists of included studies were checked for any other relevant papers. Manuscripts
were identified with the search terms ’pregnancy’ and ’IL-1 blockage’ or ’IL-1 blockade’ or
‘IL-1 receptor agonist’ or ‘IL-1ra’ or ‘Anakinra’ or ‘Kineret’ or ‘Rilonacept’ or ‘Canakinumab’
or ‘Rytvela’. All searches were completed by 9 July 2021. An example search is included in
Data S1.

We included cohort studies (prospective and retrospective), case series and case
reports which reported the used of IL-1 blockage during pregnancy. We included all
studies involving pregnant individuals who received IL-1 blockage at any stage during
their pregnancy.

Our main objective was to document pregnancy outcomes related to treatment (i.e.,
IL-1 blockade) with IL-1 antagonists during pregnancy. The medical indication for the
treatment, chronic inflammatory pathologies diagnosed prior to pregnancy in most cases,
was also considered. Data regarding the rates of pregnancy complications (including:
congenital anomalies, hypertensive disorders of pregnancy, preterm birth—delivery before
37 weeks of gestation, FGR, neonatal and maternal death) were extracted. We compared
all these outcomes to the reported incidence in the general population and population of
women with inflammatory pathologies.

2.2. Data Extraction

Duplicates were removed, and all citations were screened for relevance using the full
abstract and indexing terms. Two out of three reviewers (MEB, VG or KH) had to agree that
a study for it to be included, according to the pre-specified inclusion and exclusion criteria.
When available, full-length manuscripts were obtained. Two reviewers (MEB and VG)
made final inclusions decisions independently and a third reviewer (SG) was consulted to
resolve any conflict when necessary.

2.3. Assessment of Risk of Bias and Methodological Quality

Included cohort studies were assessed using the Risk of Bias in Non-randomised
Studies—of Interventions (ROBINS-I) with 7 domains, since all the studies included in
this systematic review were observational. This method categorises each study by low,
moderate, serious, critical risk of bias or no information [75]. If a study’ risk of bias was
categorised as serious or critical, the effect of removing this study was tested and the
relevant outcome reported. Individual case reports were assessed using a specific tool to
assess the methodological quality of case reports [76]. This assesses 8 characteristics in
4 domains of selection, ascertainment, causality and reporting.
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2.4. Data Synthesis

Studies with continuous data (i.e., birthweight and gestational age) were taken to
obtain overall means and standard deviations. It was intended to investigate effect of
exposure to IL-1 blockade at different times of pregnancy, but data could not be stratified
by trimester of exposure since too many data were missing.

3. Results

The search strategy (Figure 1) identified 2439 articles. After removing duplicates
(n = 742), 1697 papers were screened based on their title and abstracts. 1569 papers were
excluded based of irrelevant to the question, exposure not during pregnancy and IL-1
blockade effects were not reported. On this basis, resulting in 128 papers for which full text
was evaluated. 106 studies were excluded as they were reviews, conference abstract with
original article already included, missing information or reports of animal studies, meaning
22 papers were included in the final synthesis. The 22 included studies were 9 case reports,
13 cohort studies (6 retrospective and 7 prospective).

Figure 1. PRISMA flow chart of the systemic review of studies investigating the effect of IL-1 blockage
during pregnancy.

3.1. Risk of Bias/Methodological Quality of Included Studies

The majority of studies included in this systematic review had a low risk of bias in the
assessed domains as evaluated with the ROBINS-I tool. The majority of the case reports
included adequate case ascertainment and follow-up, but there was limited data about the
causal relationship between exposure to Anakinra and Canakinumab and adverse reactions
(Table S1). It is important to note that almost half of the studies included in this systematic
review were published conference abstracts and therefore provided limited data which
could impact the results presented. Furthermore, five pregnancies were exposed to both
Anakinra and Canakinumab which could affect the classification of the intervention and
their outcomes.
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3.2. Study Characteristics

Characteristics of each study and summary of findings are presented in Table 1. Within
the 22 studies included, 88 individual pregnancies were reported. 75 pregnancies (85.2%)
received Anakinra and 13 (14.8%) Canakinumab. Of these 88 pregnancies, 5.7% were
exposed to both agents over the course of their pregnancy. The indications for these treat-
ments were mostly cryopyrin-associated periodic syndrome—CAPS (34.1%), including
familial cold autoinflammatory syndrome—FCAS, neonatal-onset multisystem inflam-
matory disorder—NOMID and Muckle-Wells syndrome—MWS; familial Mediterranean
fever—FMF (33.0%); and adult-onset Still’s disease—AOSD or systemic juvenile idio-
pathic arthritis—SJIA (20.4%). The remaining cases (11 women/12.5%) received treatment
for the “TNF receptor associated periodic syndrome”—TRAPS (3.4%), haemophagocytic
lymphohistiocytosis—HLH (2.3%) or other pathologies such as idiopathic pericarditis,
Cogan syndrome or chronic inflammatory rheumatic disease (6.8%).

Table 1. Characteristics and summary from studies included.

Study Study Design
Year of

Publication
Population

Number of
Pregnancies
Included in
This Study

Indication for
Treatment

Treatment; Doses Outcome Notes

1 Case
report 2009 1 1 AOSD Anakinra;

100 mg/day Healthy term baby

2 Case
report 2011 2 2 AOSD Anakinra;

100 mg/day
Two healthy babies, one

PTB 36 weeks

3 Retrospective
cohort study 2013 51 1 SOJIA Anakinra; NA Term baby

Big cohort of
SOJIA patients
but only one

pregnant

4 Prospective
cohort study 2014 9 9

FCAS (6)
NOMID (1)

MWS/NOMID
(1)

Anakinra; mostly
100 mg/day but

also
239–300 mg/day

All term babies, three
with FCAS, one with
MWS and one twin

pregnancy resulted in
one death at 30 weeks

5 Prospective
cohort study 2015 4 0 FMF Anakinra;

100 mg/day
All healthy babies, one

PTB 36 weeks

Data in
another study

already
included

6 Prospective
cohort study 2015 6 3 FMF Anakinra;

100 mg/day or NA
All healthy babies, one

PTB 36 weeks

Data in
another study

already
included

7 Prospective
cohort study 2015 79 1

Chronic
inflammatory

rheumatic
disease

Anakinra; NA Voluntary pregnancy
termination

Big cohort of
biological

drug
during

pregnancy,
only one took

anakinra

8 Case
report 2017 1 1 FMF Anakinra;

100 mg/day Healthy term baby

9 Prospective
cohort study 2018 5 5 AOSD (3)

SOJIA (2)
Anakinra;

100 mg/day

All healthy term
babies but one with

right hydrocele, heart
murmur and resolved

low birthweight

10 Retrospective
cohort study 2018 4 4 FMF

Anakinra;
100 mg/day–

2 days

All healthy babies but
one PTB at 33 weeks

with hypotrophic,
respiratory distress

syndrome,
hyperbilirubinemia and

poor drinking
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Table 1. Cont.

Study Study Design
Year of

Publication
Population

Number of
Pregnancies
Included in
This Study

Indication for
Treatment

Treatment; Doses Outcome Notes

11 Prospective
cohort study 2019 13 12 FMF Anakinra;

100 mg/day or NA

One miscarriage, two
PTB, one stillbirth but
overall healthy babies

Two
pregnancies
still ongoing,

no
obstetrical

information
and two

pregnancies
with data in

another study
already

included

12 Case
report 2019 1 1 FMF Anakinra;

100 mg/day Term healthy baby

Cohort of four
patients with
FMF, only one

pregnant

13 Prospective
cohort study 2019 54 1 FMF Anakinra;

100 mg/day

Obstetrical and
neonatal information

NA

Cohort of
patient with

FMF, only one
pregnant

14 Case
report 2019 1 1 HLH Anakinra;

200 mg/twice daily

Healthy but had
anaemia and marrow

suppression

15 Retrospective
cohort study 2020 16 3 AOSD Anakinra; NA

All healthy babies but
one had PTB at

28 weeks

Cohort of
child

exposed to
DMARDs,

only 3
exposed to
anakinra
during

pregnancy

16 Case
report 2020 1 1 HLH Anakinra; NA

PTB at 31 weeks and
IUGR but overall

healthy

17 Case
report 2017 1 1 MWS

Canakinumab;
150 mg/

4–8 weeks
Healthy term baby

18 Case
report 2018 1 1 SOJIA Canakinumab; NA Healthy term baby

19 Retrospective
cohort study 2020 23 1 FMF

Canakinumab;
150 mg/

6–8 weeks

One healthy term
pregnancy and one

without information

Cohort of
patient with

FMF, only
2 pregnant

20 Retrospective
cohort study 2013 7 7

AOSD (1)
CAPS (3)

TRAPS (1)
FMF (1)

Idiopathic
pericarditis (1)

Anakinra; NA (6),
Canakinumab;

NA (1)

All healthy babies, one
PTB 36 weeks and one

with unilateral reduced
hearing at 6 weeks

Two
pregnancies
still ongoing,

no
obstetrical

information

21 Case
report 2015 1 1 MWS Canakinumab; NA

and Anakinra; NA Healthy but with CAPS

22 Retrospective
cohort study 2017 43 31

AOSD (4)
CAPS (16)

Cogan
syndrome (2)

FMF (5)
Idiopathic

pericarditis (1)
TRAPS (2)

Un-SAID (1)

Anakinra; mostly
100 mg/day but

also
50–300 mg/day
Canakinumab;

150 mg/
4–8 weeks

Two miscarriage (same
women), two PTB, all

healthy
babies but one with left

renal agenesis and
ectopic

neurohypophysis with
hormone
deficiency

43 pregnancies
exposed to

IL-1
inhibitor but
11 were male

exposure

HLH: hemophagocytic lymphohistiocytosis, FMF: familial mediterranean fever, AOSD: adult-onset Still’s dis-
ease, FCAS: familial cold autoinflammatory Syndrome, NOMID: neonatal-onset multisystem inflammatory
disease, MWS: Muckle-Wells syndrome, sJIA: systemic juvenile idiopathic arthritis, CAPS: cryopyrin-associated
autoinflammatory syndromes, NA: not available.

Of the 88 pregnancies, 4 women (4.5%) were still pregnant at the time of publication
without any follow up available for their pregnancies. Of these women, three were within
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their first trimester and one in the second trimester, all without any complication reported
to date. In the rest of pregnancies, three (3.4%) resulted in miscarriage during the first
trimester (two exposed to Anakinra and one to Canakinumab). Two of these spontaneous
miscarriages occurred in the same patient, the first whilst on Canakinumab and the second
with Anakinra since she presented with refractory Cogan syndrome. Unfortunately, the
patient only had a partial clinical and biochemical response of her underlying diseases
despite dose escalation of both treatment regimens. Finally, one patient on Anakinra
terminated her pregnancy electively. For the rest of the analysis, these patients were
excluded due to the lack of information.

3.3. Duration of Exposure to Drugs during Pregnancy

In 48 cases (60.0%) of the remaining 80 pregnancies, the women were already taking
the medication prior to getting pregnant; in 6 cases, this was unknown. In 50 cases (62.5%),
the drug therapy was continued throughout pregnancy (when it was started either prior to
or during the first trimester until birth). In nine cases, treatment was stopped after the first
trimester and, in 2 cases, after the second trimester, due to the lack of data on safety of these
drugs in pregnancy. In 13 cases, treatment was started either during the second half of
pregnancy (10 patients) or during the third trimester (3 patients). Of these 13 cases, 4 were
due to a lack of improvement with their previous treatment (i.e., colchicine or prednisone),
2 women were diagnosed with AOSD or HLH while pregnant and no information was
given for the remaining seven women. Details of the treatment duration is shown in a flow
chart (Figure 2). Information concerning each pregnancy separately are shown in Table 2.

Figure 2. Flow chart of IL-1 blockade exposure during pregnancy (for the 11 pregnancies that stopped
treatment during their 1st or 2nd trimester, treatment was initiated before conception and therefore
they were included in the n = 48).
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3.4. Anakinra Use during Pregnancy and Maternal/Fetal Outcome

Women treated with Anakinra received doses ranging from 50 to 200 mg/daily, but
the majority (59.4%) received 100 mg/day. In 20 cases (29.0%), this information was
unavailable.

Of the 69 pregnancies exposed to Anakinra, 63.8% had term births, 17.4% were preterm
(mean gestational age: 34.1 weeks (range: 28–36.9)) and for the rest (18.8%) this information
was not given. Overall, the mean gestational age at delivery in the Anakinra exposed group
was 37.9 (28.0–41.1) weeks. Within Anakinra-exposed pregnancies, 63.8% had no adverse
obstetric outcome and 26.1% had complications with the most predominant being preterm
birth (12/18) while the rest presented one or more of the following complication; vaginal
bleeding, hypertension and/or oligohydramnios. One case ended in stillbirth, and the
women received Anakinra for familial Mediterranean fever from 34 weeks of gestation to
the time of stillbirth (37 weeks). No additional information was available about this event.
It is also important to note that one twin dichorionic-diamniotic pregnancy occurred with
the demise of one fetus due to bilateral renal agenesis at 30 weeks’ gestation. However,
the surviving twin had no abnormality and was born at 38.7 weeks. This pregnancy was
treated from the first trimester with Anakinra for neonatal-onset multisystem inflammatory
disorder. The obstetric data were not available in 10.1% of the cases.

As for the neonates, 86.4% were healthy whereas 13.6% presented some mild compli-
cations. Of these, five babies were diagnosed with CAPS whereas three presented with
other problems such as hypotrophic, respiratory distress syndrome, renal agenesis, ectopic
neurohypophysis, right hydrocele and/or heart murmur. Rates of breastfeeding were
available for 42 pregnancies with half of them being breastfeed; however, it was not clear if
the treatment was maintained during this time.

3.5. Canakinumab Use during Pregnancy and Maternal/Fetal Outcome

The women using Canakinumab received doses starting from a single 120 mg dose to
300 mg/8 weeks but 54.5% received 150 mg/8 weeks. Of the 11 pregnancies exposed to
Canakinumab, 90.9% delivered at term and the mean gestational age in this population was
38.8 (37.0–40.0) weeks whilst for the remaining one case the information was unavailable.
In this group, 90.0% had no adverse obstetrical outcome with only one woman developing
gestational diabetes and one without any information.

All the babies exposed to Canakinumab were healthy with one presenting the same
NLPR3 mutation as the mother. Rates of breastfeeding were available for 5 cases and 80.0%
were breastfeed but again, no data on treatment during this period.

4. Discussion

This systematic review aimed to review the effects of IL-1 antagonists used during
pregnancy in humans. We found 22 studies including 12 original articles and 10 conference
abstracts published which were reporting at least one pregnancy exposed to IL-1 blockade.
Of these 22 studies, data extraction was performed, and 88 different pregnancies were
included in this systematic review. Furthermore, some pregnancies were reported more
than once and therefore the extraction were combined to obtained complete information
whilst avoiding duplicates.

Of the 88 pregnancies included, 85.2% of women received Anakinra whereas 14.8%
received Canakinumab. This disparity could be due to the fact that Anakinra has been ap-
proved for therapeutic use for over 20 years as opposed to Canakinumab [65]. Furthermore,
Canakinumab has a higher cost and is less widely used [77]. In a recent review by Soh
and Moretto, the authors summarize the European League Against Rheumatism—EULAR
and British Society on Rheumatology—BSR guidelines for biologic therapies used during
pregnancy [61]. In the EULAR guidelines, Anakinra is tolerated in early pregnancy and
can be continued during pregnancy if there are no other options. On the other hand,
the BSR guidelines reports insufficient data to recommend the use of Anakinra during
pregnancy, but stipulate that “unintentional use during first trimester is unlikely to cause
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harm”. Furthermore, these guidelines states that it is “not recommended to continue the
treatment during gestation”. The data for Canakinumab are even more sparse. One case
report measured its transplacental transfer and found a cord blood to maternal blood ratio
of 2.11 [78] which needs to be further studied.

Autoimmune diseases often have negative impact on fertility and pregnancy out-
comes [76,77]. Two factors can be considered to affect the course of pregnancy, the disease
or the treatment for this disease. In the exposed pregnancies included in this review, the
indications for treatment were CAPS (34.1%), Familial Mediterranean Fever (FMF-33%),
and AOSD/SJIA (20.4%). There is only one report, to our knowledge, of CAPS during
pregnancy treated with medication other than those targeting the IL-1 system [78]. This
study reported a rate of miscarriage of 30% as compared to 10% for CAPS-patients treated
with Anakinra [78]. Only two studies reported pregnancy with those pathologies all ex-
posed to Anakinra or Canakinumab, therefore it is difficult to distinguish the treatment
effect to that from the inflammatory pathology itself [75,78]. There is only one report of
untreated pregnancies with different autoimmune disease that the one that are reported
in this study making the evaluation of the pathologies themselves difficult. In this study,
the authors compared pregnancy with or without all kind of DMARDs and healthy preg-
nancy. However, this study did not discriminate for different treatments and only three
pregnancies were exposed to Anakinra [79]. Autoimmune diseases often have negative
impact on fertility and pregnancy outcomes [79,80]. Two factors can be considered to
affect the course of pregnancy, the disease or the treatment for this disease. In the exposed
pregnancies included in this review, the indications for treatment were CAPS (34.1%),
Familial Mediterranean Fever (FMF-33%), and AOSD/SJIA (20.4%). There is only one
report, to our knowledge, of CAPS during pregnancy treated with medication other than
those targeting the IL-1 system [81]. This study reported a rate of miscarriage of 30% as
compared to 10% for CAPS-patients treated with Anakinra [81]. Only two studies reported
pregnancy with those pathologies all exposed to Anakinra or Canakinumab, therefore
it is difficult to distinguish the treatment effect to that from the inflammatory pathology
itself [78,81]. There is only one report of untreated pregnancies with different autoimmune
disease that the one that are reported in this study making the evaluation of the pathologies
themselves difficult. In this study, the authors compared pregnancy with or without all
kind of DMARDs and healthy pregnancy. However, this study did not discriminate for
different treatments and only three pregnancies were exposed to Anakinra [82].

For patients with FMF, increased rates of miscarriage, premature rupture of mem-
branes and low birth weight were observed compared to pregnant women without the
disease [80]. In this study, 80% of women received Colchicine and none received anti-
inflammatory treatment [80]. Furthermore, one retrospective study by Ben-Chetrit et al.,
reported an elevated rate of spontaneous abortion in untreated FMF as opposed to those
treated with Colchicine [83]. Unfortunately, Colchicine resistance is often observed in FMF
patients and Anakinra is increasingly used to prevent flare-ups of the disease [73]. As
for AOSD, 5 case reports and 17 pregnancies were reviewed by [84]. In this cohort, most
women were exposed to corticosteroid with several reported adverse outcomes such as
spontaneous miscarriage observed (9.1%), premature delivery (18.2%) and FGR (9.1%).
In the current systematic review, 3/14 pregnancies complicated with AOSD ended in
premature delivery which is comparable to that reported by Mok et al. In a study by
Garcia-Fernandez et al., on women with SJIA, 20% had preterm delivery [85], which is
in contrast to the current work in which we observed no preterm delivery in SJIA with
anti-IL-1 treatment. This difference could be explained by the treatment since most women
in this systematic review received Anakinra as opposed to corticosteroid or other DMARDs.

We reported three miscarriages out of 88 pregnancies. All these losses occurred during
the first trimester and two were exposed to Anakinra whereas one exposed to Canakinumab.
This is in accordance with the literature that most miscarriages will occur during the first
trimester; however, it is very difficult to measure the rate of miscarriages in the general
population. Furthermore, in this cohort, two out of the three miscarriage occurs in the same
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women who had Cogan syndrome, a rare and severe autoimmune disease. In the literature,
only eight cases of successful pregnancy with this disease have been reported [86–91]. Thus,
it cannot be concluded that the therapy caused pregnancy loss in these women.

In the current work, the rate of preterm birth was 17.6% (all conditions combined)
as opposed to a baseline of 11.1% [92]. However, the reported rate of preterm birth in a
population with inflammatory disease is known to be higher; namely 13.6% in FMF [80],
18.1% in AOSD [84] and 20% in SJIA [85]. Although the rate of preterm birth are similar
overall, it is important to keep in mind that there is no report of untreated pregnancies
with those inflammatory pathologies. Only one study reported a preterm birth rate of 9%
in pregnancy with inflammatory pathologies without DMARDs treatment. The maternal
condition in this study were Sjögren syndrome, undifferentiated connective tissue disease
(UTCD), systemic lupus erythematosus (SLE), antiphospholipid syndrome (APS) and
others [82].

Our review reports neonatal complications in 13.6% of pregnancies exposed to Anakinra
and 10.0% for those exposed to Canakinumab, totaling 13.2% who had complications over-
all. Of the 10 babies who had complications, six were diagnosed with CAPS whereas three
had minor developmental delays or other problems and one died at 37 weeks (stillbirth).
One baby of a FMF mother was hypotrophic, had respiratory distress syndrome and hy-
perbillirubilemia at birth; however, this baby was delivered prematurely at 33 + 5 weeks
and was healthy at 12 months of age [93]. Baby born preterm has more neonatal compli-
cation then their counterpart born at 37 week and onwards [94,95]. Another baby born
to a mother with SJIA had right hydrocele and heart murmur at birth but these compli-
cations could be due to maternal exacerbation of symptom such as oligohydramnios and
hypertension. At the follow up, this baby had no major long-term complications nor
malformations [96]. Finally, one baby born to a mother with active refractory AOSD had
renal agenesis and ectopic neurohypophysis [97]. This is the second case of renal agenesis
in Anakinra-exposed patient. The first case was in a mother diagnose with NOMID and it
was a twin dichorionic-diamniotic pregnancy with fetal demise of one fetus with bilateral
renal agenesis at 30 weeks. The surviving twin had no congenital abnormality and was
born at 38.7 weeks. This case of congenital malformation could potentially be explained
by the increased risk factor of renal tract abnormalities in twin birth as mentioned by the
authors [97,98]. Furthermore, a study by Wiesel et al. reported that renal agenesis occurs
in 58 of 709,030 live birth, significantly lower than 2 cases out of 88 pregnancies in this
systematic review. One group has made a hypothesis that a link between uncontrolled
maternal disease and renal abnormalities can occurs [96] but the potential link between
renal malformation and IL-1 pathway should be the focus of future studies.

It is interesting to note that three studies, not included in the current systematic
review, have evaluated 10 men who received IL-1 blockade prior to conception, resulting
in 13 pregnancies. In those studies, six men had CAPS, two AOSD, one SJIA and one
FMF. Seven received Anakinra (100 mg/day) and three were treated with Canakinumab
(150 mg/8 weeks) at the time of conception. No adverse effect on the child wellbeing were
reported after paternal exposure to IL-1 blockage [97,99,100].

This is the first systematic review to examine the effects of IL-1 blockade during preg-
nancy and we provide a summary of all pregnancies exposed to Anakinra or Canakinumab.
Our study also highlighted the current lack of data and identified research gaps to be
addressed, particularly the difference between the effects on pregnancy of the inflammatory
pathology being treated as compared to the treatment itself. Our study was limited by
the fact that abstracts from conferences were also included, in order to cover all exposed
pregnancies, but some information were missing in relation to doses and outcomes in
these abstracts.
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5. Conclusions

In conclusion, this review summarizes all the pregnancy exposed to Il-1 blockage
and no major obstetrical and neonatal complication was reported. Il-1 blockage during
pregnancy could be safe and beneficial in cases of pregnancy with inflammatory conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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