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A B S T R A C T   

MicroRNAs (miRNAs) are epigenetic modifiers that play an important role in the regulation of the expression of 
genes across the genome. miRNAs are expressed in the placenta as well as other organs, and are involved in 
several biological processes including the regulation of trophoblast differentiation, migration, invasion, prolif-
eration, apoptosis, angiogenesis and cellular metabolism. Related to their role in disease process, miRNAs have 
been shown to be differentially expressed between normal placentas and placentas obtained from women with 
pregnancy/health complications such as preeclampsia, gestational diabetes mellitus, and obesity. This dysre-
gulation indicates that miRNAs in the placenta likely play important roles in the pathogenesis of diseases during 
pregnancy. Furthermore, miRNAs in the placenta are susceptible to altered expression in relation to exposure to 
environmental toxicants. With relevance to the placenta, the dysregulation of miRNAs in both placenta and blood 
has been associated with maternal exposures to several toxicants. In this review, we provide a summary of 
miRNAs that have been assessed in the context of human pregnancy-related diseases and in relation to exposure 
to environmental toxicants in the placenta. Where data are available, miRNAs are discussed in their context as 
biomarkers of exposure and/or disease, with comparisons made across-tissue types, and conservation across 
studies detailed.   

1. Introduction 

The placenta is a critical organ that has multiple roles including 
oxygen balance, metabolite transfer between fetus and mother, hormone 
production and acts as a selective barrier protecting the fetus [1]. As a 
mediator between maternal and fetal compartments, the placenta has 
been shown to trigger robust responses to changes in the maternal 
environment. For example, depending on the particular insult, the 
placenta may elicit a variety of responses ranging from changes in the 
placenta morphology, physiology and epigenome to potentially affect 
fetal development and in some instances having later life consequences 
in the offspring [2–4]. There is increasing awareness of the modifica-
tions to the epigenome in relation to environmental stimuli. These 
epigenetic changes serve as a biological mechanism by which placental 
gene expression is altered. Such changes in gene expression often lead to 
downstream effects contributing to pregnancy complications that may 

have a deleterious impact on the developing fetus. 
MicroRNA (miRNA)s are epigenetic modifiers that are important for 

placental development and contribute to the pathogenesis of pregnancy- 
related diseases. Specifically, miRNAs in the placenta have been impli-
cated in pregnancy complications such as pregnancy loss, preeclampsia, 
intrauterine growth restriction, gestational diabetes mellitus (GDM), 
obesity, and preterm birth [5]. Furthermore, placenta miRNAs have 
been used to differentiate between normal pregnancies and disease 
related to pregnancies, thus underscoring their roles in the pathogenesis 
of these diseases [5]. Additionally, miRNAs in the placenta, as well as 
placental-specific miRNAs in maternal circulation, are susceptible to 
changes in the maternal milieu including environmental exposure to 
toxicants [5]. Thus, miRNAs may serve as biomarkers to xenobiotic 
exposures as well as related clinical syndromes. 

In this review, we provide a summary of literature highlighting as-
sociations among miRNA expression in the placenta, pregnancy-related 
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complications and/or environmental toxicants (Fig. 1). The role of 
miRNAs that influence placental miRNA expression, and their potential 
effect on pregnancy and fetal development are discussed. 

2. The role of miRNAs in the placenta 

miRNAs are important regulators of the genome and influence cell 
function in tissues/organs throughout the body. miRNAs are endoge-
nous, single-stranded, short non-coding RNA sequences of approxi-
mately 22 nucleotides that regulate gene expression [6]. It is estimated 
that more than 2000 miRNAs exist in the human genome and are key 
regulators of development, cell identity and diseases [7]. miRNAs may 
repress gene translation by binding to complementary sequences of 
specific mRNAs resulting in the degradation of target genes or trans-
lational blockade resulting in gene silencing [8,9]. 

In the placenta, miRNAs are essential for many physiological pro-
cesses including developmental timing, apoptosis, proliferation, angio-
genesis, stem cell differentiation, neurogenesis, and immune responses 
[10–13]. Moreover, biological molecules important for miRNA biogen-
esis, such as Argonaute 2 (Ago2), Drosha, Exportin 5, Dicer, and DP103, 
have all been identified in placental trophoblast cells, indicating that 
active miRNA biogenesis exists in the placenta [14,15]. There are more 
than 600 miRNAs that are expressed in the placenta. Of the miRNAs 
expressed in the placenta, the chromosome 19 miRNA cluster (C19MC) 
is termed placental-specific because this group of miRNAs is predomi-
nantly expressed in the placenta [16–21]. C19MC is the largest 
described miRNA gene cluster in the human genome to date, spanning 
about 100 kb on chromosome 19q13.4 and consisting of about 54 
miRNAs [16,22]. The C19MC family is found exclusively in primates 
[23]. Interestingly, C19MC is regulated by genomic imprinting with 
only the paternally-inherited allele being expressed [23]. The fact that 
the C19MC cluster expression is controlled by the paternally-inherited 
allele suggests that there may be increased susceptibility in relation to 
paternal exposure to environmental chemicals. Thus, as this is often 
understudied, future research should examine the effects of both 
maternal and paternal exposures to contaminants. 

Studies of the expression profile of the C19MC miRNAs in term 
human placentae have reported that the majority of the human tro-
phoblasts express C19MC miRNAs at a higher level compared to all other 
miRNAs in the placenta. The most highly expressed C19MC miRNAs are 
miR-517a, miR517b, miR-516b, miR-525− 5p, miR-512− 3p, and miR- 
515− 3p [24]. One intriguing aspect of these placental-specific miRNAs 
is their ability to be secreted in maternal circulation during gestation. 
For example, miR-526b, miR-517a, miR-517c, miR-518b, miR-515− 3p, 
miR-520 h, miR-525, miR-520miR-526a, miR-516− 5p are 

placental-specific miRNAs, are highly expressed in maternal circulation 
during gestation but significantly decreased at the end of pregnancy [5, 
25]. Placental-specific miRNAs released into maternal circulation are 
stabilized by binding to argonaute proteins or stored in exosomes [26]. 
These placental-derived miRNAs dynamically adapt to the feto-maternal 
milieu [27], making them potential biomarkers for 
pregnancy-associated complications such as preeclampsia, gestational 
diabetes, obesity, ectopic pregnancies, fetal growth restriction, recur-
rent pregnancy loss, and preterm birth [28,29] This underscores a role 
for miRNAs in the pathogenesis of these pregnancy-associated diseases 
[5]. 

In addition to the C19MC, another large cluster of miRNAs have been 
found in the placenta, though this group of miRNAs is not placental- 
specific. Embedded within the maternally imprinted DLK-DIO3 
domain and located on the human chromosomal site 14q32, the 
miRNA cluster on chromosome 14 (C14MC) is conserved in mammals 
and has been shown to play important roles in placentation, brain 
development, and prenatal growth [30,31]. The C14MC cluster is 
grouped into two genomic regions: the miR-127/miR-136 cluster and 
the miR-379/miR-410 cluster [32]. The miR-127/miR-136 cluster reg-
ulates fetal capillaries in the labyrinth zone during placentation [32] 
and the miR-379/miR-410 promotes proliferation, migration and inva-
sion in human trophoblast cell line HTR8/SVneo [33]. 

In the placenta, miRNAs play important roles during placental 
development. Specifically, they are involved in trophoblast differentia-
tion, migration, invasion, vasculogenesis and cellular metabolism [34, 
35]. For example, miR-21, an oncogene known to promote cell prolif-
eration and migration by inhibiting PTEN in ovarian epithelia carci-
nomas has been shown to play similar roles in the placenta [36]. 
Overexpression of miR-21 in the third trimester placenta cell line 
(TCL-1) results in a 50 % reduction of PTEN, suggesting that miR-21 
specifically targets PTEN in the placenta [36]. Interestingly, down-
regulation of miR-21 in placental cells results in decreased invasion of 
the maternal decidua, decreased migration, and decreased growth, 
suggesting that miR-21 is involved in trophoblast cell migration and 
invasion [37]. 

In relation to gestation, miRNA expression patterns in the placenta 
change from the first trimester to the third trimester. For example, a 
comparison between placentas isolated from the first and third trimester 
highlighted a total of 208 miRNA transcripts that were differentially 
expressed [38]. Interestingly, distinct cluster expression profiles showed 
that miRNAs which regulate angiogenic and proliferative genes were 
highly expressed in the first trimester, whereas miRNAs that promoted 
cell differentiation and suppressed proliferation were highly expressed 
in the third trimester, highlighting the important roles of miRNA in 

Fig. 1. Various environmental factors are associated with pregnancy compications including preeclampsia and gestational diabetes. Evidence supports a role for 
miRNAs in the placenta as biomarkers of exposure and/or effect that may be impacted by obesity, race and age. 
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normal placental development [38]. Notably, the chromosome 19 
miRNA cluster increases expression across gestation from the first 
trimester to the third trimester, while the chromosome 14 miRNA 
cluster decreases expression across gestation [38,39]. 

miRNA expression patterns differ not only across gestation but are 
also heterogenous within the placenta. Specifically, in the human 
placenta, the miRNA expression pattern in the basal plate is different 

from the expression pattern in the chorionic plates [40]. Similar to 
humans, this heterogeneity of placenta miRNAs has also been observed 
in pigs where miRNA expression varies between the maternal and fetal 
sides of the placenta [41]. The spatiotemporal expression of miRNA in 
the placenta underscores the important role of miRNAs during placen-
tation adding to the complexity of the placental miRNA landscape. 

Beyond the placenta, miRNAs have been detected in biological fluids 

Table 1 
miRNAs in the placenta and plasma that are responsive to pregnancy-related complications.  

Pregnancy- 
related 
complication 

Target 
Tissue(s) 

Sample 
Size (N) 

# miRNAs 
Measured 

Differentially Expressed 
miRNAs 

Methods 

Author (Year) Extraction miRNA 
Quantification 

Normalization 

Preeclampsia 

Placenta, 
plasma 

N = 40 (20 
PE, 20 C) 1 miR-195a 

mirVana miRNA 
Isolation Kit 
(Ambion) 

qRT-PCR; 
targeted 
analysis 

U6 
(Gunel, Kamali 
et al. 2020) 

Placenta, 
plasma, 
HTR8/ 
SVneo Cells 

N = 53 (20 
PE, 33 C) 

184 

miR-195a, miR-223, miR- 
218, miR-17, miR-18a, miR- 
19b1, miR-92a1, miR-379, 
miR-411, miR-210b, miR- 
30a-3p, miR-518b, miR-524, 
miR-17− 3p, miR-151, miR- 
193b 

TRIzol Reagent 
(Invitrogen) and 
PEG method 

miRNA 
microarray; 
qRT-PCR 

U6 (Xu, Zhao et al. 
2014) 

Placenta, 
plasma 

Placenta N 
= 20 (13 
PE, 7 C) 
Plasma N =
16 (8 PE, 8 
C) 

4 miR-210b TRIzol Reagent 
(Invitrogen) qRT-PCR hsa-miR-103a 

(Biró, Fóthi 
et al. 2019) 

Placenta N = 34 (23 
PE, 11 C) 

34 

miR-210b, miR-152, miR- 
411, miR-377, miR-518b, 
miR-18a, miR-363, miR- 
542− 3p 

TRIzol Reagent 
(Invitrogen) 

miRNA 
microarray; 
qRT-PCR 

U6 (Zhu, Han 
et al. 2009) 

Placenta N = 18 3 miR-21c, miR-122, miR-155 
mirVana miRNA 
Isolation Kit 
(Ambion) 

TaqMan qRT- 
PCR 

RNU44 
(Lasabová, 
Vazan et al. 
2015) 

Placenta N = 21 866 miRNA-451, miR-720 TRIzol Reagent 
(Invitrogen) 

miRNA 
microarray; 
TaqMan qRT- 
PCR 

RNU24 (Vidal, Ramão 
et al. 2018) 

Placenta, 
HTR8/ 
SVneo Cells 

N = 32 (15 
PE, 17 C) 

1 miR-195a TRIzol Reagent 
(Invitrogen) 

qRT-PCR; 
targeted 
analysis 

U6 (Bai, Yang 
et al. 2012) 

HTR8/ 
SVneo Cells  1 miR-195a TRIzol Reagent 

(Invitrogen) 

qRT-PCR; 
targeted 
analysis 

U6 
(Wu, Wang 
et al. 2016) 

Placenta, 
plasma 

N = 70 (34 
PE, 36 C) 7 

miR-532− 5p, miR -423− 5p, 
miR -127− 3p, miR 
-539− 5p, miR -519a-3p, 
miR -6295p, let-7c-5p 

Placenta: miRNeasy 
Micro Kit (Qiagen); 
Plasma: Serum 
Plasma kit (Qiagen) 

miRNA deep 
sequencing; 
qRT-PCR 

Placenta: 
SNORD68; 
Plasma: cel-miR- 
39 

(Timofeeva, 
Gusar et al. 
2018) 

Fetal Growth Placenta N = 107 6 miR-16d, miR-21c 
mirVana miRNA 
Isolation Kit 
(Ambion) 

TaqMan qRT- 
PCR 

RNU44 
(Maccani, 
Padbury et al. 
2011) 

Gestational 
Diabetes 
Mellitus 

Placenta 
N = 16 (8 
GDM, 8 C) 32 miR-138− 5p 

mirVana PARIS Kit 
(Ambion) 

miRNA 
sequencing; 
qRT-PCR 

U6 
(Ding, Guo 
et al. 2018) 

Serum 
N = 48 (24 
GDM, 24 C) 73 

miR-132, miR-29a, miR- 
222f 

TRIzol Reagent 
(Invitrogen), 
miRNeasy Mini kit 
(Qiagen) 

TaqMan Low 
Density Array, 
qRT-PCR 

cel-miR-39 
(Zhao, Dong 
et al. 2011) 

Placenta N = 20 (10 
GDM, 10 C) 

29 

miR-508− 3p, miR-27a, miR- 
9, miR-137, miR-92a, miR- 
33a, miR-30d, miR-362− 5p, 
miR-502− 5p 

RecoverAllTM Total 
Nucleic Acid 
Isolation Kit 
(Ambion) 

miRNA 
microarray; 
qRT-PCR 

U6 (Li, Song et al. 
2015) 

Placenta 

N = 70 (20 
preOB, 25 
gestOB, 25 
C) 

723 
miR-100, miR-1269, miR- 
1285, miR-181, miR-185, 
miR-214, miR-296, miR-487 

mRNeasy mini kit 
(Qiagan) 

TaqMan Low 
Density Array; 
qRT-PCR 

Pool A: miR-523, 
miR-532, miR- 
425p 
Pool B: miR-30e- 
3p, miR-519b-3p, 
miR-520d-3p 

(Carreras- 
Badosa, 
Bonmatí et al. 
2017) 

Obesity Placenta N = 211 7 miR-20a, miR-34a, miR- 
222f, miR-146ae, miR-210b 

miRNeasy kit 
(Qiagan) 

qRT-PCR RNU6 
(Tsamou, 
Martens et al. 
2017) 

Reproduced miRNAs across studies: a miR-195, b miR-210, c miR-21, d miR-16, e miR-146a, f miR-222. 
C = control. PE = preeclampsia. GDM = Gestational Diabetes Mellitus. preOB = pre-gestational obesity. gestOB = gestational obesity. 
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including blood, breast milk, amniotic fluid, saliva, and urine [42]. 
These extracellular miRNAs are incredibly resistant to nucleases and can 
be aberrantly expressed during diseases and pregnancy. For this reason, 
extracellular miRNAs, particularly those in circulation, have promising 
potential to be used as diagnostic biomarkers. However, the origin and 
biological function of these circulatory miRNAs remain largely unknown 
and are subject to several hypotheses. Since perturbations in blood cell 
counts and hemolysis have been shown to significantly disrupt circula-
tory miRNAs, it is thought that blood cells secrete miRNAs into the 
serum [43]. In contrast, several studies have suggested that other tissues 
including the liver, muscle, brain, and heart may contribute to circula-
tory miRNAs [44–48]. During pregnancy, placental-specific miRNAs 
have been detected in maternal blood, and these miRNAs disappear after 
birth. These data suggest that the placenta also contributes to the pro-
duction of circulatory miRNAs [5]. 

3. Pregnancy-related complications 

Studies that detail miRNAs that display altered expression in relation 
to pregnancy complications are detailed below (Table 1). 

3.1. Preeclampsia 

Preeclampsia is a multisystem disorder that is associated with hy-
pertension and proteinuria after 20 weeks of gestation [49]. Pre-
eclampsia complicates 3–8 % of all pregnancies and is the most common 
cause of neonatal morbidity and perinatal mortality world-wide 
[49–51]. Although the exact etiology of preeclampsia is not under-
stood, miRNAs are suspected to play an essential role in the pathological 
processes associated with preeclampsia. Preeclampsia is related to a 
placentation defect which is characterized by impaired cytotrophoblast 
differentiation during their invasion into the spiral arteries of the uterus. 
This causes a restriction of placental blood flow, resulting in hypoxia. 
Thus, hypoxia, necrosis, and trophoblast apoptosis are all part of the 
molecular pathogenesis of preeclampsia [52]. miRNA-210 is a 
hypoxia-sensitive miRNA found to be overexpressed in preeclamptic 
placentas [53]. The high levels of miR-210 in preeclamptic placentas 
also correlate with increased exosome encapsulation of miR-210 and 
Ago-bound miR-210 in circulation, which may contribute to the etiology 
of preeclampsia [26]. It is worth noting that miR-210 expression is 
altered in cardiovascular diseases such as myocardial infarction and 
atherosclerosis [54], therefore these diseases may also contribute to the 
overall increase in miR-210 in circulation. 

miRNAs play a critical role in regulating placental development. 
Some specific miRNAs in the placenta that regulate normal placental 
physiology are miR-141 and miR-519d-3p [55–57]. These miRNAs are 
responsible for regulating trophoblast cell proliferation, invasion, 
migration and intercellular communication [58]. Another important 
placental miRNA is miR-451, which is suggested to be a tumor sup-
pressor involved in the regulation of biological processes, such as cell 
proliferation, migration and treatment responses in certain cancer cells 
[59]. The following miRNAs play an important role in possibly 
explaining the pathogenesis of preeclampsia: miR-21, miR-122, 
miR-26a-5p, miR-103a-3p, and miR-145− 5p, miR-499a-5p, miR-195, 
and miR-210 [49,60,61]. Specifically, miR-195 is associated with 
abnormal placental growth mechanisms such as impaired cellular pro-
liferation, inadequate trophoblastic invasion and apoptosis [60]. 

Preeclamptic placental samples have been compared to samples 
obtained from healthy women. A difference in the expression of miR-21 
and miR-122 was observed in the placental cells [61]. The results 
showed that apoptosis-associated miRNAs (miR-21 and miR-122) were 
significantly (p < 0.001) overexpressed in preeclamptic placentas [61]. 
Increased expression of these microRNAs may potentially downregulate 
several mRNA targets including those involved in trophoblast prolifer-
ation contributing to the etiology of preeclampsia [61]. 

In a recent study, circulating miRNAs from both maternal plasma and 

placentas from 20 preeclamptic patients and 10 normotensive preg-
nancy were analyzed [60]. miR-195 was downregulated by a 3.83-fold 
in preeclamptic placentas compared to normotensive placentas [60] 
suggesting a plausible role for miRNAs in the placental pathology of 
preeclampsia. Bioinformatic analysis predicted that miR-195 targets 
ActRIIA, which is the type II receptor for Activin A and Nodal. A func-
tional role for miR-195 in the placenta was investigated using in vitro 
human trophoblast cells, HTR8/SVneo cells. Here it was observed that 
miR-195 represses ActRIIA and promotes trophoblast invasion [62]. 
Thus, decreased expression of miR-195, as seen in preeclamptic pla-
centas, may contribute to the etiology through the Activin/Nodal 
signaling pathway in the human placenta [62,63]. 

Another study utilized miRNA deep sequencing and quantitative RT- 
PCR to compare miRNA expression profiles in the placentas and 
maternal serum of healthy women and women with early- to late-onset 
of preeclampsia [64]. The results indicated a significant decrease in the 
expression of miR-532− 5p, miR-423− 5p, miR-127− 3p, miR-539− 5p, 
miR-519a-3p, and miR-629− 5p and miR-let-7c-5p and an increase in the 
expression of miR-423− 5p, miR-519a-3p, and miR-629− 5p and 
miR-let-7c-5p in maternal plasma [64]. 

Of note, variation in the expression of the preeclampsia-associated 
miRNAs reviewed here may be due to differences in cohort character-
istics, diagnostic criteria, sampling technique, and/or miRNA profiling 
platforms [65]. Nonetheless, a systemic review of miRNA expression 
that compared 58 studies to identify the most miRNAs associated with 
preeclampsia pathogenesis reported that miR-210, miR-223, and 
miR-126 are strongly associated with the etiological domains of hyp-
oxia, immune cell regulation, and angiogenesis [65]. Furthermore, 
miR-515, belonging to the C19MC family and aberrantly expressed in 
preeclampsia, is strongly associated with trophoblast invasion [65]. 
Overall, the differential expression of miRNA in placentas and serum of 
preeclamptic patients suggest that they potentially contribute to the 
etiology of the disease and can be useful predictive biomarkers for 
diagnosing preeclampsia. 

3.2. Gestational diabetes 

Gestational diabetes mellitus (GDM), the most common medical 
complication of pregnancy, is defined as glucose intolerance with onset 
or first recognition during pregnancy. Affecting between 6–7 % of 
pregnant women, gestational diabetes occurs when a woman’s pancre-
atic function is unable to overcome the diabetogenic environment of 
pregnancy [66]. Gestational diabetes is characterized by high glucose 
levels in the mother and can lead to maternal and neonatal adverse 
outcomes [67,68]. 

A comparison in the expression of miRNAs in placental tissues from 
GDM and normal controls revealed nine miRNAs that were differentially 
expressed. Specifically, miR-508− 3p was upregulated and miR-27A, 
miR-9, miR-137, miR-92a, miR-30d, miR-362− 5p, and miR-502p were 
downregulated. These miRNAs are known to control genes involved in 
key pathways such as epidermal growth factor receptor (EGFR), phos-
phoinositide 3-kinase (PI3K), and protein kinase B (AKT) [69]. To 
further confirm that these pathways were altered in the placentas of 
GDM patients, western blot and RT-PCR analysis were performed in 
terminal placentas of both normal (N = 5) and GDM (N = 5) subjects. 
mRNA levels of PIK3CD and PIK3R3 were significantly increased in 
expression (p < 0.01) whereas mRNA expression levels of EGFR, 
PIK3CA, PIK3CB, PIK3CG did not differ between the two groups [69]. 
Additionally, EGFR, PIK3CG and p-AKT protein levels were upregulated, 
and PIKFyve was significantly decreased in GDM tissues. Moreover, 
these pathways play important roles in both placenta and fetal 
development. 

Additionally, RNAseq analysis of 16 placentas from 8 GDM patients 
and 8 controls resulted in the identification of 32 miRNAs that are 
differentially expressed between GDM patients and controls. Of these, 
miR-138− 5p was shown to target the 3′ untranslated region of the 
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transducing β-like protein 1 (TBL1X) gene and significantly inhibit the 
migration and proliferation of trophoblasts [70]. 

In addition to placental miRNAs, circulating miRNAs that are not 
placental-specific have been shown to be differentially expressed in 
maternal serum from the early second trimester (16–19 weeks) in GDM 
patients and controls [71]. Here, miR-132, miR-29a and miR-222 were 
significantly decreased in the serum of GDM patients compared to 
controls of similar gestational age [71]. Although the role of these 
miRNAs in the placenta are not known, knockdown of miR-29a in 
human hepatocytes cells (HepG2) resulted in significant induction of 
insulin-induced gene 1 (Insig 1), which activates genes involved in 
cholesterol, fatty acid metabolism and glucose homeostasis. Overall, 
these studies suggest that miRNAs may play an important role in gene 
regulation of glucose homeostasis and may contribute to the patho-
genesis of GDM. Thus, they can be useful biomarkers that can be used in 
diagnosing GDM. 

4. Obesity 

Obesity is defined as an extremely high body weight to height ratio 
[72]. Obesity affects over a third of the population, and is expected to 
affect approximately 38 % of the world population by 2038 [72]. Excess 
body weight is not only associated with a variety of chronic diseases, 
including disability, depression, type 2 diabetes and cardiovascular 
disease, but can also result in mortality. During fetal development, there 
is a critical period when exposure to extrauterine stressors can have 
major effects on the growth and development of the fetus [73]. Addi-
tionally, there is an association between maternal obesity and expres-
sion of miRNAs in the placenta [73]. 

In obese mothers, the intrauterine environment is disturbed as 
obesity causes a proinflammatory milieu and a number of metabolic 
disruptions within the placenta [73]. Obesity is associated with hyper-
tensive disorders, gestational diabetes and thromboembolic events; 
therefore, obesity affects the outcome of pregnancy [73]. Additionally, 
maternal obesity affects the fetus by resulting in large-for-gestational 
age and intrauterine growth-restricted infants, which may result in 
obesity, cardiovascular disease and diabetes later in life [73]. A few 
studies have suggested that miRNAs may contribute to the pathogenesis 
of pregnancy-related obesity. For example, studies of the placental 
miRNA profiles of women who were obese/overweight pre-pregnancy 
have established the relationship between altered expression of 
placental miRNAs and maternal obesity [73]. The study recruited a total 
of 70 pregnant women with either pre-gestational obesity (preOB), 
gestational obesity (gestOB), or normal weight (control) based on their 
body mass index (BMI) [73]. Eight miRNAs were identified to display 
differential expression in placentas from obese women versus women 
with normal weight, namely: miR-100, miR-1269, miR-1285, miR-181, 
miR-185, miR-214, miR-23, miR-296, and miR-487. Among them, 
miR-100, miR-185, and miR-487 were significantly decreased in gestOB 
women compared with the control group. Additionally, miR-1269, 
miR-1285, miR-181, miR-214 and miR 296 were significantly reduced 
between preOB and gestOB compared with control (p < 0.05). Other 
dysregulated miRNAs (miR-100, miR-1285, and miR-487) were associ-
ated with metabolic parameters such as BMI, homeostatic model 
assessment of insulin resistance (HOMA-IR), and C-peptide. These were 
also found to be predictors of neonates with lower birthweight, 
increased postnatal weight gain and type-2 diabetes. Therefore, these 
results indicate that the placenta may respond to the maternal obeso-
genic environment by altering the expression of critical miRNAs 
involved in growth parameters of the fetus and the maternal metabolic 
parameters. 

Maternal pre-pregnancy BMI has also been associated with the 
altered expression of placental miRNAs [74]. Specifically, seven miRNAs 
are known for their role in adipogenesis. Placental miR-20a, miR-34A 
and miR-222 expression is downregulated in relation to higher maternal 
pre-pregnancy BMI. Interestingly, the expression of the dysregulated 

miRNAs is modified by the sex of the offspring such that the aberrant 
miRNAs are only observed in placentas of newborn females and not 
males [74]. These data suggest that miRNAs in the placenta may have a 
sexual dimorphic response to pre-pregnancy BMI. 

5. Environmental toxicants 

Studies that detail miRNAs that display altered expression in relation 
to environmental toxicant exposure are detailed below (Table 2). 

5.1. Phthalates 

Phthalates are endocrine-disrupting chemicals regularly used in 
plastics to increase their flexibility and durability [75]. Perinatal expo-
sure to phthalates has been associated with adverse health outcomes, 
including poor semen quality, pregnancy complications, cardiovascular 
diseases, and cognitive and behavioral outcomes in children [76–80]. 
Studies have investigated the relationship between miRNAs and 
phthalates in connection with pregnancy. Associations have been 
observed between first trimester urine concentrations of eight phenols 
and 11 phthalates and the expression of 29 candidate placental miRNAs 
using qRT-PCR [81]. The miRNAs included in the study were shown to 
be differentially expressed in placentas exposed to phthalates and phe-
nols in a pilot study conducted by the researchers. Additive phthalate 
concentrations displayed a negative correlation with miR-185 expres-
sion with monoethyl phthalate showing the strongest suppression of 
miR-185. Ten of the 29 miRNAs studied showed significantly altered 
expression in the presence of at least one phthalate [81], suggesting that 
prenatal phthalate exposure alters miRNA expression in the placenta. 
Interestingly, five of the ten miRNAs found to be differentially expressed 
were also associated with preeclampsia [82–86]. In particular, mono-
benzyl phthalate (MBzP) was associated with altered expression of 
miR-20a-5p [81]. miR-185 and miR-20a-5p have both been shown to 
have altered expression in preeclamptic mothers [81]. miR-20a-5p 
expression is altered in preeclamptic placentas through mechanisms 
that inhibit invasion and proliferation of trophoblast cells [84,87]. 

In another study, blood and urine from women pregnant with un-
complicated, healthy twins were analyzed for the correlation between 
prenatal phthalate exposure and miRNA profiles in extracellular vesicles 
(EV-miRNA) in maternal blood [88]. The researchers evaluated 20 
placental-derived EV-miRNAs circulating in maternal plasma in relation 
to 13 phthalates and eight other chemicals used in plastics. Only MBzP 
displayed a positive association with miR-518 [88]. MBzP is a metabo-
lite formed from butyl benzyl phthalate [89], and seems to have a potent 
effect on placental miRNA expression, specifically those implicated in 
preeclampsia. These results have been replicated by Zhong et al. and 
LaRocca et al. [81,88]. Altered expression of miR-518 has been associ-
ated with preeclamptic pregnancies, low fetal birth weight, and fetal 
growth restriction [5,84,90,91]. Thus, miR-518 could be potentially 
used as biomarker for adverse pregnancy outcomes. 

In addition to epidemiologic studies, in vitro models using placental 
cell lines have been employed to further elucidate the effects of phtha-
lates on placental cells. More specifically, the effects of mono-(2-ethyl-
hexyl) phthalate (MEHP) exposure and its role in apoptosis in HTR-8/ 
SVneo placental cells in vitro have been studied. Exposure to MEHP 
increased miR-16 expression in a time- and dose- dependent manner, 
while inducing apoptosis. The results showed that miR-16 could be 
induced after only four hours of exposure, and was significantly upre-
gulated with increasing concentrations of MEHP [92]. miR-16 has been 
shown to regulate cell cycle genes, including cyclin D1 (CCND1), cyclin 
E1 (CCNE1), and CDK1, to induce G0/G1 arrest; it has also been impli-
cated in playing a role in tumor growth [93–95]. However, this result 
was not seen in the epidemiological study previously described; MEHP 
was significantly associated with altered miR-128, miR-200c-3p, 
miR-143− 3p, and miR-19a-3p [81]. 

The results may not have been replicated due to the fact that the two 
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studies utilized two different experimental models. Meruvu et al. 
explored the effects of phthalates through an in vitro model, which may 
not fully represent the complex interactions that occur in system-wide 
model [92]. On the other hand, LaRocca et al. implemented a 
population-based study, where it is more difficult to control for potential 
confounders that can influence miRNA expression [81]. 

Based on the evidence, it is possible that perinatal phthalate expo-
sure is associated with the onset of preeclampsia through alterations in 
miRNA expression. Specifically, miR-20a-5p, miR-518, and miR-16 have 
all been linked to preeclampsia [81,88,92]. However, the results are still 
conflicting. MEHP was found to significantly alter miR-16 expression in 
human placental cells in vitro [92], however, this change was not 
observed in human populations [81,88]. In an epidemiologic study, 
MEHP was associated with altered expressions of miR-128, 
miR-200c-3p, miR-143− 3p, and miR-19a-3p [81]. The discrepancies 
in results could be attributed to the differences in experimental models. 
MBzP’s effect on miRNAs also displayed differences in the observed 
findings of miRNA change. One found that MBzP was associated with 
altered miR-20a-5p [81], but another found an association with 
miR-518 [88]. The issue with reproducibility between human popula-
tion studies may also be related to inconsistencies between the candidate 
miRNAs and phthalate metabolites analyzed. Nevertheless, across the 
studies, phthalate exposure was significantly associated with altered 
miRNAs in preeclamptic mothers. 

5.2. Phenols 

Phenols are a group of endocrine-disrupting chemicals used in the 
manufacturing of nylon and other synthetic fibers, pesticides, disinfec-
tants, and antiseptic products [77]. Bisphenol A (BPA) is one of the most 
commonly studied phenolic compounds due to its detrimental effects on 
the human body. Significant evidence suggests that prenatal exposure to 
BPA and its analogs can affect neurobehavior [77,96–100] and meta-
bolic disorders (e.g. obesity and diabetes) in children [101,102]. In a 
genome-wide analysis of placental miRNAs, the expression of 1349 
miRNAs from placental samples derived from mothers living in polluted 
areas were compared to placental samples from mothers living in non-
polluted areas using miRNA microarray technology. The researchers 
found that 34 miRNAs had at least a significant 2.5-fold difference. High 
concentrations of BPA in the placenta were related to significantly 
increased miR-146a expression. miR-146a targeted genes associated 
with 19 significant biological functions, including cell differentiation 
and proliferation, cancer, neural disease, signal transduction, and 

enzyme function [103]. 
Several phenols in maternal blood were analyzed in relation to 20 

placenta-driven circulating EV-miRNAs: 2,4-dichlorophenol (24-DCP), 
2,5-dichlorophenol (25-DCP), benzophenone-3 (BP-3), BPA, bisphenol 
F, bisphenol S, butyl paraben (B-PB), ethyl paraben (E-PB), methyl 
paraben (M-PB), Propyl paraben (P-PB), and triclosan (TCS). Increases 
in 24-DCP, 25-DCP, TCS concentrations were associated with decreased 
in miR-543 expression. M-PB was positively correlated to miR-518e, and 
negatively correlated with miR-373− 3p and miR-543. E-PB and P-PB 
were negatively correlated with miR-543 [88]. These differentially 
expressed miRNAs associated with phenol exposure are known to play 
important roles during pregnancy. For example, miR-543 and miR-518e 
are typically upregulated during the first trimester of pregnancy, and 
have a vital role in cell differentiation and immune regulation [38,39, 
104]. miR-373 is a part of miR-371 cluster that is known to have a role in 
stem cell signature, oncogenesis, and immune suppression [38]. 

An association has been reported between urinary phenol levels and 
placental miRNAs. [81]. There was a significant association between 
additive phenols and miR-142 and miR-15a-5p. An increase in additive 
phenol concentration was linked to an increase in miR-142 expression. 
Interestingly, there was an inverse relationship between urinary addi-
tive phenol concentrations and placental miR-15a-5p expression. 
Additionally, 16 of the 29 candidate miRNAs explored were significantly 
associated with at least one phenol compound. BPA was associated with 
a total of six miRNAs: miR-185, miR-16− 5p, miR-15b-5p, miR-25− 3p, 
miR-92a-3p, and miR-30a-5p. Five miRNAs were differentially 
expressed with exposure to benzophenone-3 (BP-3): miR-106b-5p, 
miR-20a-5p, miR-17− 5p, miR-19a-3p, and miR-142.3p [81]. 
miR-19a-3p and miR-20a-5p are a part of the miR-17− 92 cluster, which 
plays a role in immune tolerance, proliferation, and oncogenic, angio-
genic, and antiapoptotic characteristics [38]. Additionally, miR-25 is 
involved in modulating TGFβ signaling, and oncogenic and anti-
apoptotic activities [38]. miR-185, miR-19a-3p, miR-25− 3p, 
miR-92a-3p, and miR-20a-5p are also typically upregulated in the first 
trimester [38]. Interestingly, the results of this study were not repro-
duced by Zhong et al. likely due to differences in technique [88,81]. 

BPA exposure to placental cells lines (HTR-8/SVneo, 3A, and TCL-1) 
revealed that 25 miRNAs had significantly altered expression in 3A cells, 
while 60 miRNAs were differentially expressed in HTR-8/SVneo cells. 
Between the 3A cells and HTR-8/SVneo cells, there was an overlap of 21 
miRNA, of which miR-146a had a positive association with BPA con-
centration [105]. miR-146a has been shown to target genes involved in 
inflammation, oxidation, and apoptosis [106]. miR-146a is also 

Table 2 
miRNAs in the placenta that are responsive to exposure to environmental toxicants.  

Extrinsic 
Factors 

Target 
Tissue(s) 

Sample 
Size (N) 

# of miRNAs 
Measured 

Differentially 
Expressed miRNAs 

Methods 
Author (year) 

Extraction miRNA quantification Normalization 

Toxic Metals Placenta, 
JEG-3 cells 

N = 32 861 miR-26a, miR-155 AllPrep DNA/RNA/ 
miRNA Univerisal 
Kit (Qiagen) 

Human miRNA Oligo 
microarray (Agilent); 
qRT-PCR 

miRNA U6 (Brooks, Martin 
et al. 2016) 

Phthalates Placenta N = 179 29 miR-185, miR- 
142− 3p, miR-15a-5p 

mirVANA RNA 
Isolation Kit 
(Ambion) 

PCR array (Qiagen); 
qRT-PCR 

SNORD61, 
SNORD95 

(LaRocca, Binder 
et al. 2016) 

Phenols 

Placenta N = 80 1349 miR-146ae TRIzol Reagent 
(Invitrogen) 

Human miRNA 
Microarray (Agilent); 
qRT-PCR 

RNU6B 
(De Felice, 
Manfellotto et al. 
2015) 

Placenta N = 179 29 
miR-185, miR- 
142− 3p, miR-15a-5p 

mirVANA RNA 
Isolation Kit 
(Ambion) 

PCR array (Qiagen); 
qRT-PCR 

SNORD61, 
SNORD95 

(LaRocca, Binder 
et al. 2016) 

Particulate 
Matter 

Placenta N = 210 6 
miR-16d, miR-20a, 
miR-21c, miR-146ae, 
miR-222f 

miRNeasy mini kit 
(Qiagen) 

Taqman miRNA qRT- 
PCR assay 

RNU6 (Tsamou, Vrijens 
et al. 2018) 

Placenta N = 25 4 
miR-16d, miR-21c, 
miR-146ae 

miRVANA miRNA 
Isolation Kit 
(Ambion) 

Taqman miRNA qRT- 
PCR Assay RNU44 

(Maccani, Avissar- 
Whiting et al. 
2010) 

Reproduced miRNAs across studies: c miR-21, d miR-16, e miR-146a. 
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associated with risk for preeclampsia, preterm birth, and unexplained 
recurrent spontaneous abortion [39,105–108]. 

The relationship between perinatal BPA exposure and miR-146 has 
been reproduced in both human populations and in vitro studies [81,103, 
105]. As mentioned earlier, miR-146 has been associated with increased 
risk for preeclampsia, preterm birth, and unexplained recurrent spon-
taneous abortion [39,105–108]. Subsequently, there is evidence to 
suggest a relationship between prenatal BPA exposure and preeclampsia 
[109–111]. It is possible that BPA exposure during pregnancy can lead to 
preeclampsia by modulating the expression of miR-146. 

5.3. Metals 

Toxic metals such as lead (Pb), cadmium (Cd), inorganic arsenic 
(iAs), and mercury (Hg) are abundant in the environment and exposure 
can lead to various detrimental health effects, including neuro-
developmental deficits [107,108,112,113], metabolic diseases [107], 
adverse birth outcomes [80,107,108,112–118], and endocrine disrup-
tion [119–121]. There is a growing body of literature examining the 
relationship between exposure to toxic metals and miRNA expression in 
the placenta or blood. For example, prenatal iAs exposure has been 
associated with the altered expression of miRNAs in newborn cord blood 
[122]. Specifically, a total of 12 cord blood-derived miRNAs were 
identified to have increased expression in relation to iAs in maternal 
urine. These 12 miRNAs identified were let-7a, miR-107, miR-126, 
miR-16, miR-17, miR-195, miR-20a, miR-20b, miR-26b, miR-454, 
miR-96, and miR-98. Pathway analysis of these miRNAs showed asso-
ciation to cancer, reproductive system disease, inflammatory dis-
ease/response, and connective tissue disorders amongst many others 
[122]. 

Conversely, other results have demonstrated that there is no asso-
ciation between iAs levels in the placenta and miRNA expression [69]. 
However, high levels of Hg are associated with reduced expression of 
many miRNAs, including miR-151− 5p, miR-10a, miR-193b, miR-1975, 
and a large number of let-7 miRNAs (let-7a, let-7b, let-7c, let-7d, let-7 g, 
and let-7i). High levels of Pb are associated with decreased expression of 
let-7f, miR-146a, miR-10a, and miR-431 and linked with increased 
expression of miR-651. The let-7 miRNA family is highly conserved 
across species, and plays a major role in cell differentiation, cell devel-
opment, and inflammation [123,124]. Additionally, high concentrations 
of Cd are positively correlated to miR-1537 expression [69]. Placenta 
trophoblast cells treated with Cd display dysregulation of miRNAs that 
specifically targets transforming growth factor beta (TGF-β) pathway 
[125]. The TGF-β pathway mediates trophoblast migration and invasion 
[126], and it is altered in preeclamptic placentas. Interestingly, 
Cd-responsive miRNAs, including miR-26a and miR-155, have been 
implicated in preeclampsia [125], suggesting a plausible link between 
Cd exposure and impaired placenta development. Several of the iden-
tified miRNAs associated with toxic metal exposures are known to target 
genes that play significant roles in maintaining homeostasis in the body. 
For example, miR-431, associated with Pb exposure, has been found to 
inhibit trophoblast cell migration and is also implicated in preeclampsia 
[127]. miR-193b associated with Hg exposure is aberrantly expressed in 
preeclamptic placentas. Furthermore, the overexpression of the 
miR-193b represses trophoblasts cell HT4− 8/SVneo invasion, migra-
tion, and growth [128]. 

It is difficult to assess the reproducibility of the studies’ results due to 
the limited number of studies available. Of all the metals investigated, 
the effects of Cd have been explored in two studies, however the results 
were not replicated possibly due to differences in experimental models. 
One study used placental trophoblast cells, while the other explored the 
relationship through clinically-derived samples. Overall, these studies 
suggest that placenta miRNAs are responsive to toxic metal exposures 
and may mediate placenta abnormalities associated with exposures or 
pregnancy related disease pathogenesis. 

5.4. Air toxics 

The effects of air pollution on placental miRNAs remain vastly 
understudied. There is evidence that exposure to air pollutants during 
the prenatal period is associated with detrimental health outcomes 
including preterm birth, altered fetal growth and birth weight, and 
behavioral issues in children [129,130]. Some studies have found that 
prenatal exposure to tobacco smoke has a direct impact on brain func-
tion, cognition and behavior [131–133]. While the mechanisms under-
lying the association between particulate matter exposure and adverse 
birth effect is largely understudied, miRNAs may be potential biological 
molecules mediating this association. 

The expression of four miRNAs (miR-16, miR-21, miR-146a, and 
miR-182) known to be implicated in growth and developmental pro-
cesses were differentially expressed between placentas of mothers who 
smoked during pregnancy and those who did not. The qRT-PCR results 
showed a downregulation of miR-16, miR-21, and miR-146a in associ-
ation with maternal cigarette smoking [134]. Recent studies describe 
miR-21 as oncogenic with the capability to target and alter key regu-
lators of proliferation, invasion, migration, and the cell cycle [37]. To 
further identify the components of cigarette smoke responsible for al-
terations to miRNA expression in the placenta, three placental cell lines 
(3A cells, HTR-8/SVneo cells, and TCL-1 cells) were exposed to nicotine 
and benzo(a)pyrene, two chemicals commonly found in cigarettes. 
TCL-1 cells exposed to nicotine showed a dose-dependent down-
regulation of miR-146a but not miR-16 or miR-21. Similar to nicotine, 
benzo(a) pyrene downregulated miR-146a across all doses and showed 
no differential expression of miR-16 or miR-21 [134]. In silico analyses 
have predicted TNF-receptor associated factor 6 (TRAF6) as a target for 
miR-146a. TRAF6 plays an important role in the NFkB signaling path-
ways, however its role in the placenta is not clear [135]. The NFkB 
pathway is known to mediate placental growth and has been implicated 
in preeclampsia and preterm birth [136]. Overall, the results from this 
study suggest that miR-146a is particularly sensitive to chemicals and 
that smoking may trigger a cascade of downstream effects through 
dysregulation of miRNA expression in the placenta. 

Further support for the impact of prenatal tobacco smoke on miRNA 
expression circulating in maternal and cord blood comes from a study 
where the researchers analyzed maternal tobacco exposure on urine 
metabolites and indoor volatile organic compounds (VOCs) concentra-
tions [137]. The researchers found that maternal tobacco smoke expo-
sure was associated with increased concentrations of benzene in the 
subjects’ homes as well as increased urinary cotinine concentrations. 
When looking at the effects of maternal tobacco smoke exposure on 
miRNA expression, high concentrations of benzene and toluene in 
homes and maternal urinary cotinine were associated with increased 
miR-223 expression in maternal blood during pregnancy [137]. Urinary 
cotinine levels were also related to increased miR-223 expression in cord 
blood. Interestingly, several studies have also noted altered expression 
of miR-223 in preeclamptic placentas [85,138–141]. A recent study 
demonstrated that miR-223 targets STAT3 to promote trophoblast sur-
vival and invasion. miR-155 expression in cord blood is associated with 
decreased concentrations of S-benzylmercapturic acid (a metabolite of 
toluene) in maternal urine. However, there was no relationship observed 
between maternal exposure to tobacco smoke and maternal miR-155 
expression [137]. This particular miRNA regulates inflammatory activ-
ity, proliferation, migration, and invasion of trophoblasts, as well as 
differentiation and regeneration of syncytiotrophoblasts [142]. miR-155 
is also linked to preeclampsia by potentially downregulating 
cysteine-rich protein 61 (CYR61) [143]. 

Expression of six miRNAs (miR-16, miR-20a, miR-21, miR-34a, miR- 
146a, and miR-222) have been investigated in response to maternal 
exposure to air pollution. The air pollutants, particulate matter (PM2.5) 
and nitrogen dioxide (NO2), were averaged for each trimester of preg-
nancy [144]. There were positive associations between first trimester 
PM2.5 exposure and the expression of miR-20a and miR-21. PM2.5 during 
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the second trimester was inversely linked to miR-16, miR-20a, miR-21, 
miR-146a, and miR-222 expressions [144]. miR-222 targets 
cyclin-dependent kinase to regulate endometrial stromal cell differen-
tiation [58]. miR-146a expression was inversely associated with third 
trimester exposure to PM2.5. NO2 exposure had a positive correlation 
with miR-21 expression during the first trimester, and inverse associa-
tions with expressions of miR-20a, miR-21, and miR-146a during the 
second trimester. All miRNA expressions were identified at term [144]. 

Together, these studies suggest that air toxics exposure during the 
prenatal period may alter miRNA expression and potentially elicit 
downstream effects that can contribute to the pathogenesis of 
pregnancy-related disorders by disrupting biological processes such as 
trophoblast proliferation and invasion. 

6. Conclusions 

miRNAs are unique epigenetic regulators that play a critical role in 
gene regulation with a key role in the placenta. miRNAs are abundantly 
expressed in the placenta, are regulated across gestation, and are 
involved in a plethora of placental biological processes. From the liter-
ature, it is clear that several pathways which are under miRNA control 
may be critical for contaminant-induced effects as well as pregnancy- 
associated complications. These includes trophoblast cell migration, 
differentiation, invasion, proliferation, and angiogenesis. There is now 
mounting evidence suggesting that miRNAs in the placenta as well as 
maternal serum can be aberrantly expressed in relation to exposure to 
environmental contaminants and pregnancy-related complications. 
Unlike other epigenetic markers, placental-specific miRNAs can be 
secreted into maternal circulation, where they are highly stable and can 
be used as important biomarkers for diagnosing pregnancy-related dis-
orders. In spite of the essential role of miRNAs in the human genome, the 
understanding of precisely how they contribute to normal placentation 
to pathogenesis in the context of environmental toxicants is not known. 
The studies summarized here highlight a number of miRNA candidates 
that are implicated either in pregnancy complications and/or in relation 
to exposure to environmental toxicants. Identification of their gene 
targets in the placenta will improve the understanding of their role in 
disease pathogenesis and as responder to exposure to environmental 
contaminants. 

Three major epigenetic processes are active in the placenta namely: 
DNA methylation, histone acetylation and miRNAs [35,145–147]. These 
epigenetic processes are closely intertwined as DNA methylation can 
regulate miRNA expression and vice versa [148]. Similarly, miRNAs have 
been shown to regulate histone acetylation by targeting 
histone-modifying enzymes [149]. Interestingly, sex differences in 
several epigenetic modifications have been identified in the placenta. 
For example, X-linked H3K4me3 demethylase is expressed higher in the 
female placenta, whereas expression of the Y-linked gene for H3K27me3 
is expressed higher in male placentas [150,151]. Sex differences in DNA 
methylation patterns have also been observed in human placenta [152]. 
Moreover, the placenta has been shown to respond to environmental 
exposures in a sexually-dimorphic manner [153]. These differences 
suggest that sensitivity or resistance to maternal insults, such as expo-
sure to environmental contaminants, affect epigenetic control of gene 
expression in the placenta and potentially influence sex-differences. Yet, 
very little is known about how infant sex contributes to miRNA 
expression patterns in the placenta or maternal circulation. In some of 
the studies reviewed here, sex of the offspring was not factored as a 
potential modifier of miRNAs. Future studies should determine whether 
the sex of the fetus modifiesmiRNA expression in both the placenta and 
circulation as it relates to pregnancy-associated diseases or environ-
mental exposures. Furthermore, mechanistic studies involving 
knock-out mouse models, next-generation sequencing and in vitro 
models are needed to enhance our understanding of the role of miRNAs 
and how they contribute to the pathogenesis of pregnancy-related dis-
eases and responses to environmental chemicals. 

When interpreting the studies reviewed here, caution must be taken 
due to the following five limitations. First, differences in subject char-
acteristics and sample size can contribute to the noted discrepancies 
across studies. For example, with regards to preeclampsia, the studies 
reviewed here have sample sizes ranging from 6− 40. Sample size has 
been shown to influence biomarker discovery [154]. In studies with a 
small sample size, the statistical power is significantly reduced, leading 
to the potential detection of many false positives, which may not be 
replicated in studies with large sizes. Implementation of power calcu-
lations in large, high throughput experiments is necessary to minimize 
discrepancies [154]. Second, differences in study design, definition of 
inclusion and exclusion criteria, and differences in cohort characteristics 
across studies makes it difficult to compare studies which can also 
contribute to the discrepancies [155]. To circumvent these limitations, a 
large prospective study in a well-defined population may be necessary to 
further elucidate the clinical relevance of the identified miRNAs. Third, 
because miRNAs in the placenta are expressed in a spatiotemporal 
manner, differences in sampling methodologies can potentially 
contribute to the lack of reproducibility across studies. During early 
gestation, miRNAs involved in the regulation of cell proliferation and 
immune suppression are highly expressed. In late gestation of term 
placentas, miRNAs that that are involved in tumor suppressor and he-
matopoietic activities, such as those in the let-7 family, miR-34 cluster or 
miR-29 cluster are highly expressed [38]. Furthermore, miRNA 
expression is not uniform in the placenta. Particularly, some miRNAs in 
the C19MC clusters tend to be expressed higher in the villous tropho-
blast than in the extravillous trophoblast [156]. Because placental 
miRNAs are spatiotemporally expressed, it is important to adjust for 
gestational age when comparing miRNAs across studies. Additionally, 
standardized methodologies for tissue sampling will be necessary to 
improve rigor and reproducibility. Fourth, many computational algo-
rithms used in identifying miRNA gene targets are often based on 
identifying phylogenetically-conserved matches of miRNA 5′end (i.e., 
the seed region consisting of about 2–7 nucleotides of the miRNA) to the 
target site [157]. However, sequences may be conserved for other rea-
sons, while being incidentally complementary to miRNAs. This can 
potentially lead an overestimate of targets and false predictions. Algo-
rithms which incorporate additional characterization and do not rely 
solely on sequence homology may be necessary for precise miRNA target 
precision. Finally, it is worth noting that the trends in the relationships 
either showing concordant or discordant expression patterns between 
circulating miRNAs and tissue-specific miRNAs vary according to 
tissue-type and miRNA. For example, the same miRNAs were identified 
to display expression in placenta and maternal serum, yet the magnitude 
was different with 10-fold higher expression in the placenta than in 
maternal serum [158]. Also, in studies of other tissues besides the 
placenta, similar miRNA expression patterns have been observed be-
tween tissue and plasma. For example, miRNA expression in matched 
tissue and plasma samples from colorectal patients and controls both 
showed upregulation of miR-187, miR-675 and miR-3591− 3 P in both 
[159]. Still, other studies have highlighted discrepancies and found that 
when comparing miRNAs from placentas and maternal plasma of 
normotensive and preeclamptic patients, miR-195 was significantly 
downregulated in the placenta of preeclamptics but was undetected in 
the plasma samples [60]. Together, these studies suggest that there is no 
absolutely predictive correlation between placental-specific or circu-
lating miRNAs. 

There are three major takeaways from the review. First, miRNAs 
often display differential expression depending on the tissue studied. 
Second, miRNAs may serve as biomarkers of disease and/or environ-
mental contaminant exposure. Third, some miRNA results are repro-
duced across studies. Related to the first concept, the studies highlighted 
here show that miRNAs often display differential expression depending 
on the tissue studied. For example, studies have identified that even in 
the same assessment for a pregnancy-associated complication, miRNA 
expression may be different depending on the tissue studied. For 
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instance, there was variation in detected miRNAs in preeclamptic 
mothers based on whether the tissue examined was placenta or blood. 
While the placenta may secrete miRNAs into maternal circulation, other 
tissues also contribute to circulating miRNAs. This can contribute to 
placental-specific and circulating miRNAs being vastly different. Finally, 
Due to the lack of correlation between tissue-specific miRNAs and cir-
culatory miRNAs, and the fact that multiple tissues secrete miRNAs into 
circulation during endogenous and pathological conditions, it is difficult 
to directly link dysregulated plasma miRNAs to pregnancy complica-
tions directly. In studies where certain miRNAs in maternal circulation 
have been associated with either environmental contaminants or 
pregnancy-related complications, several tissues including the liver or 
pancreas rather than the placenta may have secreted these miRNAs into 
maternal circulation though it is not clear which tissue makes the major 
contribution. Related to the second concept, miRNAs can be used as 
biomarkers. Several of the studies reviewed here have indicated miR- 
210 as a potential biomarker for preeclampsia because it is dysregu-
lated in circulation of preeclamptic patients, yet miR-210 is strongly 
linked to the hypoxia pathway and has also been associated with several 
diseases including cancers and cardiovascular diseases. miR-210 plasma 
levels have been shown to fluctuate in pathological conditions associ-
ated with liver disease. Specifically, miR-210 has been shown to be 
elevated in response to hypoxia-induced liver inflammation [48]. In the 
event where a preeclamptic patient also has a cardiovascular disease, it 
will be difficult to identify which tissue contributes the majority of 
miR-210 in circulation. Thus, the disease or the environmental exposure 
may not be directly responsible for the dysregulated miRNA in circula-
tion. For circulating miRNAs to have public health relevance, it will be 
necessary for future studies to investigate whether other pathological 
conditions are reflected in maternal circulation. Additional studies are 
needed to establish a correlation between tissue-specific miRNAs in 
circulation and their overall role in pregnancy. Related to the third 
concept, there were specific miRNAs that were reproduced across 
studies. This includes pregnancy-related complications (Table 1) and 
miRNAs that are differentially expressed in relation to exposure to 
environmental contaminants (Table 2). For example, miR-210 and 
miR-195 were observed to be differentially expressed across several 
studies focused on preeclampsia. Similarly, miR-21, miR-16, miR-146a 
and miR-222 were found to be differentially expressed in pregnancies 
exposed to particulate matter. 

In conclusion, changes in the expression of miRNAs in the placenta 
and in maternal plasma have been observed in relation to exposure to 
environmental chemicals and their dysregulation is likely involved in 
the development of pregnancy-related complications. While technolo-
gies over the past decade have advanced the knowledge of the roles of 
miRNAs during pregnancy, there is still much that is unknown. This is, in 
part, due to a limited number of studies that have adequately explored 
the impact of pregnancy-related complications and prenatal environ-
mental exposures on miRNAs. Additionally, the lack of standardized 
methodologies has resulted in discrepancies across studies, leaving 
knowledge gaps as it relates to the role of miRNAs during pregnancy. 
Moving forward, it will be necessary to validate candidate biomarkers 
and examine their clinical utility in large scale retrospective and pro-
spective studies that adjust for race, gestational age, lifestyle factors 
(such as smoking status), and other pathologies as these factors have 
been shown to influence miRNA expression. Additionally, integrative 
modeling approaches which combine miRNA assessment with mRNA 
expression measurements will enhance the understanding of the po-
tential impact of miRNA expression changes on biological processes. 
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