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Abstract
Steroid hormones, including progestagens, estrogens, androgens, corticosteroids, and their precursor cholesterol, perform essential
functions in the successful establishment and maintenance of pregnancy and normal fetal development. As the core endocrine organ
at the prenatal stage, the human placenta is involved in the biosynthesis, metabolism, and delivery of steroid hormones. Steroidogenic
pathways are tightly regulated by placenta-intrinsic cytochrome P450 and hydroxysteroid dehydrogenase. However, the relationship
between placental steroidogenic enzyme expression and adverse pregnancy outcomes is controversial. In this review, we summarize
the possible upstream regulatory mechanisms of placental steroidogenic enzymes in physiologic and pathophysiologic states. We also
describe the human placental barrier model and examine the potential of single-cell sequencing for evaluating the primary functions and
cellular origin of steroidogenic enzymes. Finally, we examine the existing evidence for the association between placental steroidogenic
enzyme dysregulation and adverse pregnancy outcomes.

Keywords: Placenta; Steroidogenic enzymes; Maternal-fetal outcomes; Cytochrome P450; Hydroxysteroid dehydrogenase
Introduction

The placenta is a species-specific multifunctional organ that
allows communication between the mother and fetus. It is
mainly involved in nutrient transport, excretion of fetal met-
abolic waste, gas exchange, and secretion ofmultiple steroid
hormones (SHs) that regulate maternal metabolism and fe-
tal growth and development, prevent maternal allogeneic
rejection of the fetus, and ensure optimal fetal growth. The
structure and function of the placenta can adapt to various
external pressures, but failure to adapt can lead to fetal
growth restriction (FGR), preterm birth (PTB), or disease de-
velopment and may even directly threaten the survival of the
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fetus.1,2 Placental abnormalities have also been implicated in
maternal diseases, such as pre-eclampsia (PE).3 The placenta
is themain endocrine organ for the biosynthesis, metabolism,
and transport of SHs during pregnancy, including sex ste-
roids such as progestins, estrogens, androgens, and cortico-
steroids (glucocorticoids (GCs) and mineralocorticoids).4

Progesterone (P4) and estrogen aremainly derived frommultinu-
cleated syncytiotrophoblasts (STBs) duringpregnancyandare in-
volved in embryo implantation, endometrial decidualization
and establishment of receptivity, immune tolerance, placental
development and angiogenesis, and other vital processes af-
fecting fetal development and pregnancy outcome. Corticoste-
roids andandrogens aremainly synthesizedby fetal organs (ad-
renal cortex and liver),5 are transferred between the placenta
and fetus, and rely on complementary enzyme activities formu-
tual transformation.6 Other types of intrinsic placental cells
such as extravillous trophoblasts (EVTs) also synthesize placen-
tal (p)SHs and participate in maternal tissue and uterine spiral
artery remodeling by regulating cell migration and invasion.
The synthesis and secretion of pSHs are tightly regulated

by enzymes expressed in placental cells; dysregulation of the
upstream molecular signaling pathways can lead to serious
adverse outcomes. The human placenta has all enzyme sys-
tems necessary for the production of SHs, including cyto-
chrome P450 (CYP), which catalyzes the hydroxylation and
cleavage of SH substrates, and hydroxysteroid dehydrogenase
(HSD), whose isomers modulate SH reduction and oxidation.
The activities of the two enzyme systems are distinct but com-
plementary. However, placental steroidogenic enzyme expres-
sion and its effects onmaternal-fetal physiology, including ad-
verse pregnancy outcomes, are not fully understood.
In this review, we summarize the current knowledge re-

garding the expression and regulation of key human placen-
tal steroidogenic enzymes under various pathophysiologic
conditions, as well as changes in their expression and syn-
thesis products due to maternal diseases and exogenous
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factors. We also describe adverse maternal and fetal out-
comes related to these changes. Lastly, the regulatory mecha-
nisms and signaling pathways associated with dysregulated
expression or activity of placental steroidogenic enzymes
and their contribution to adverse pregnancy outcomes are
discussed. We also refer to findings from the isolated human
placental tissue culture system. Finally, we address open
questions and directions for future research.

pSHs in the human placental barrier model

The human placenta is formed after blastocyst localization,
adhesion, and invasion of trophoblasts into the deep decidua.
It is located at the interface of maternal and fetal circulation
and participates in the biosynthesis and metabolism of SHs
as well as regulation of and material exchange between ma-
ternal and fetal compartments. After implantation, the tro-
phoblast has differentiated into two layers: cytotrophoblasts
(CTBs) and STBs. Mononuclear CTBs proliferate through-
out pregnancy and differentiate into STBs and EVTs, which
participate in villus formation.7 CTBs form a continuous
layer below STBs in early pregnancy; as pregnancy pro-
gresses, their shape changes from cubic to flat and the cells
proliferate and fuse with STBs to support their growth and
regeneration.8 The villous core is a fetal blood vessel com-
posed of placental-fetal endothelial cells (pFECs), macro-
phages, and mesenchymal cells embedded in an acellular
matrix. STBs are specialized epithelial cells that exhibit char-
acteristics of polarized membranes. The cell membrane on
the maternal surface serves as the tip of the microchorion
to directly contact the maternal blood, and the basal plasma
membrane on the fetal surface contacts fetal capillaries in the
villi. These membranes are the most critical barriers for the
transport of gases, nutrients, metabolic waste products, and
hormones and the synthesis of pSHs that regulate the pla-
centa, fetus, and maternal systems.9 After passing through
STBs, biologically activemoleculesmust pass through pFECs
to enter the fetal circulation. Thus, STBs and pFECs actively
regulate the uptake, metabolism, and transfer/exchange of
these molecules, while extracellular noncellular structures
act as filters and storage sites.10 EVTs are present in cell
islands, placental septum, chorionic plate, and smooth chori-
onic membrane; proliferative EVTs protrude from the basal
membrane in a columnar shape. Infiltrating EVTs located
at the distal end of the column further differentiate into inter-
stitial EVTs that invade the decidua and intravascular EVTs
that participate in spiral artery remodeling. The two cell types
eventually replace vascular smooth muscle and endothelial
cells. The maternal blood sinus formed by the anastomosis
of the enlarged spiral artery and endometrial vein distributes
blood to the low-resistance vascular network in the lacunar
system, thereby establishing uteroplacental circulation.
The mature placenta is a disc-like structure composed of

the dense chorion of the fetus, maternal basal decidua,
and interstitial space filled with maternal blood. Placental
villi are bathed in maternal blood, and villi cells form a barrier
to prevent maternal and fetal blood from directly contacting
the fetus. Villi cells and STBs are the primary sites of SHbiosyn-
thesis, metabolism, and transportation and secrete hormones
into the maternal blood that influence maternal physiology.
Various hormones enter the fetal circulation to ensure the nor-
mal development and programming of the fetus.7 The placenta
also provides an enzyme barrier for the conversion of cortisol to
164
cortisone to protect the fetus from the adverse effects of high
cortisol levels in the maternal circulation.11 As pregnancy pro-
ceeds, the anatomy and transcriptome of the placenta change
significantly to ensure proper placental function. Hormones
play an important role in determining the placental phenotype
in fetal and maternal circulation.12,13 Accordingly, the ex-
pression of steroidogenic enzymes involved in the biosynthe-
sis, transfer, or metabolism of SHs in the placenta changes
over the course of pregnancy. As the structure of the pla-
centa is species-specific, there is no perfect animal model of
the human placenta, and care must be taken when extrapo-
lating data from nonhumanmammalian species; only higher
primates, such as baboons and monkeys, have a placental
structure and pSH regulation comparable with humans.14

The advantages and limitations of animal models of the hu-
man placenta have been reviewed elsewhere.15

Placental CYPs

Adverse pregnancy outcomes seriously affect the health of
pregnant women and their fetuses and have been linked to
aberrant expression of CYPs (Table 1).

CYP11A1

CYP11A1 expression

CYP11A1, also known as P450c11 or P450 side-chain cleav-
age enzyme, has monooxygenase activity in the placenta and
is only expressed in the inner mitochondrial membrane of
STBs where it transfers maternal cholesterol to the inner mi-
tochondrial membrane to be cleaved into the precursor of
pregnenolone (PREG), an SH. This process is the first and
rate-limiting step in SH synthesis. CYP11A1 is also ametabolic
enzyme for other sterols, including 7-dehydrocholesterol to
7-dehydropregnenolone and hydroxylates the side chain of
vitamin D.33 From 6 to 8 weeks of pregnancy until full term,
placental CYP11A1 protein expression remains constant as
the concentration of human chorionic gonadotropin (hCG)
decreases, with the result that STBs gradually become the pri-
mary sourceof theP4precursorPREG.16The twosplice variants
of CYP11A1 encode distinct homologous isomers; however, be-
cause the minor isoform lacks a mitochondria-targeting peptide,
the subcellular localization of the isomers remains unclear.

Transcriptional regulation of CYP11A1

Tissue-specific expression of CYP11A1 in the placenta is tightly
regulated by two activators (transcriptional regulating protein
of 132 kDa (TReP-132) and long terminal repeat-binding pro-
tein 1B (LBP-1B)) and two repressors (LBP-9 and LBP-32)
that bind to the proximal region (−155/−131) of theCYP11A1
gene promoter. As the promoter also contains GATA-binding
elements, the distal region (−475/−447) can be combined
with cyclic (c)AMP-response element binding protein 1 and
GATA-binding protein 2 to achieve a maximum level of tran-
scription. These regulatory proteins are expressed by STBs in
early pregnancy, but there are no regulators of CYP11A1 be-
sides steroidogenic factor 1 in other tissues.34Heart andneural
crest derivatives expressed 1 was shown to induce the meth-
ylation of the CYP11A1 promoter by binding to AlkB ho-
molog 1, histoneH2Adioxygenase (ALKBH1), and inhibiting
its transcription in JEG-3 cells.35Hedgehog signaling promoted
CYP11A1 expression by activating GLI family zinc finger 3
in JEG-3 and BeWo cells.36 General control nonderepressible



Table 1

Placental CYPs associated with adverse pregnancy outcomes.

Enzyme Regulation Sample type Outcome Ref.

CYP11A1 Upregulated Trophoblasts (H) PE 16

Placenta (R) PE 17

Trophoblasts (H) PE 18

Downregulated HTR-8/SVneo cells Impaired fetal growth and placental angiogenesis, weight loss 19

Placenta (R) Increased preterm birth risk 20

Cytotrophoblasts (H) FGR 21

JEG-3 cells FGR 22

Placenta (M) FGR 23

Trophectoderm cells Embryo implantation failure 17

Placenta (H) PE 24

Overexpressed BeWo cells PE-like symptoms 25

CYP17A1 Downregulated Placenta (R) FGR 26

CYP19A1 Downregulated JEG-3 cells Impaired fetal brain and genital development 27

JEG-3 cells Endocrine disorders of fetal placental units 28

JEG-3 cells,
Placenta (H)

PE 29

Placenta (M) PE like symptoms 30

Maternal plasma Female fetal FGR 31

Decreased activity Placenta (H) Virilization in PORD patients (46, XX) 32

CYP: Cytochrome P450; FGR: Fetal growth restriction; H: Human; M: Mouse; PE: Pre-eclampsia; PORD: Cytochrome P450 oxidoreductase deficiency; R: Rat.
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2–mediated mitochondrial stress is another important mecha-
nism leading to the downregulation of placental CYP11A1 ex-
pression.37 Conversely, calcitriol treatment increased CYP11A1
transcript level in primary cultures of human placental cells,
although protein expression was not significantly altered.19

Prenatal exposure to environmental toxins can adversely af-
fect placental CYP11A1 expression. Low-dose bisphenol A
inhibitedCYP11A1 expression by activating the extracellular-
regulated protein kinase (ERK) signaling pathway in JEG-3
cells.38 In a study of pregnant rats treated with cocaine,
CYP11A1 expression was decreased along with maternal
serum PREG and P4 levels.20 Pentachlorobenzene signifi-
cantly inhibited CYP11A1 expression and P4 secretion in pla-
cental explants.39Cadmium is an environmental toxin related to
FGR; excessive cadmiumcausedby smoking reducedCYP11A1
expression andP4 synthesis in human trophoblasts.21Cadmium
was shown to downregulate CYP11A1 expression by acti-
vating mitochondrial autophagy regulated by protein kinase
R–like endoplasmic reticulum kinase signaling. Conversely,
melatonin relieved cadmium-induced downregulation of
CYP11A1 expression and decreased P4 synthesis by inhibiting
reactive oxygen species-mediated GCN2/ATF4/BNIP3-
dependent mitochondrial autophagy in JEG-3 cells.22,23
CYP11A1-associated adverse pregnancy outcomes

Aberrant CYP11A1 expression in the placenta has been
linked to embryo implantation failure, placental develop-
ment disorder, FGR, and PE. Cadmium exposuremay dam-
age placental vascular development and reduce the weight
of fetal liver and lungs by downregulating CYP11A1.37 A
study using next-generation sequencing to detect dysfunctional
blastocysts found that decreased expression ofCYP11A1was a
cause of embryo implantation failure.17Meanwhile,CYP11A1
expression level was significantly higher in PE compared with
normal placenta of humans and rats, which is in line with the
observed increase in PREG level.18,24CYP11A1overexpression
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suppressed trophoblast proliferation and induced HTR8/
SVneo cell apoptosis by activating caspase-3. Similarly, in-
creased placental CYP11A1 expression resulted in the pro-
duction of lipid peroxides, which may contribute to the
pathogenesis of PE.40 Overactivation of autophagy induced
by CYP11A1 overexpression in trophoblasts induced PE-like
symptoms in a rat model, which is thought to be related
to placental developmental disorders.25

CYP17A1

CYP17A1 expression

CYP17A1 (or P450c17) protein is present in the endoplas-
mic reticulum of CTBs and STBs41 and is a dual-function
enzyme that catalyzes the two critical steps of PREG synthesis.
CYP17A1 converts PREG into 17α-hydroxypregnenolone
(17α-OHP4REG) and then dehydroepiandrosterone (DHEA)
or converts P4 into 17α-OHP4 and then androstenedione. It
also produces androgens by breaking the C17–C20 bond
through its 17,20-lyase activity. The expression and functional
activity of placental CYP17A1 are controversial. Early studies
suggested that the placenta could not synthesize androgens de
novo because of an absence of CYP17A1 expression and ac-
tivity and that placental estrogen productionmainly depended
on the fetus and only to a small extent on maternal androgen
precursors, especially DHEA-sulfate. However, recent evi-
dence indicates that CYP17A1 is expressed in STBs and is
upregulated at full term, although its expression is still signif-
icantly lower than that of 3β-HSD1, CYP19A1, CYP11A1,
and 17β-HSD3.19,42 This is supported by the observation
that the concentration of human plasma 17α-OHP4 was in-
creased at term.43 17α-OHP4 is marker for CYP17A1 activ-
ity and was shown to be upregulated throughout pregnancy,
especially after 30weeks.However, the level declined sharply
after delivery in parallel with an increase in P4 and a decrease in
estradiol (E2) level.44 In a rodent model, CYP17A1 expression
gradually increased during pregnancy, reached a peak on day
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18, and decreased before delivery.45 These results indicate that
placental CYP17A1 is an important source of androgen
precursors in tissues and promotes estrogen synthesis.46

Considering placental weight, blood flow, and SH precursors,
20% to 30% of estrogen produced during pregnancy is esti-
mated to arise fromPREGconversionbyplacentaCYP17A1.47

Transcriptional regulation of CYP17A1

There have been few studies on the regulation of CYP17A1
expression in the placenta. Using primary trophoblasts and
JEG-3 cells treated with the protein kinase A (PKA) path-
way agonist forskolin and inhibitor H89, it was found
that 17α-OHP4 synthesized by CYP17A1 was regulated by
cAMP/PKA signaling.48 A study investigating the endocrine-
disrupting potential of commonly used azole antifungal drugs
showed that clotrimazole, miconazole, ketoconazole, and flu-
conazole treatment led to the accumulation of P4 and cortisol
and suppression of androgens and estrogens in H295R cells,
whichwas thought to be related to inhibition ofCYP17A1 lyase
activity.49 It is expected that with continuous improvements
in highly sensitive detection technologies, placental CYP17A1
expression and its regulatory mechanisms will be elucidated.

CYP17A1-associated adverse pregnancy outcomes

Aberrant CYP17A1 expression has been linked to indepen-
dent pseudohermaphroditism and transsexualism. A study
evaluating human placental CYP17A1 expression at differ-
ent gestational ages found that CYP17A1mRNA level was
higher in full term compared with early preterm placenta,
although only the protein levels differed significantly.41

Downregulation of placental CYP17A1was found to be as-
sociated with zearalenone-induced FGR in rats,26 although
another study showed that there was no difference in
CYP17A1 expression between normal and PE placenta.50
CYP19A1

CYP19A1 expression

CYP19A1 (also known as P450AROM) is an aromatase that is
present in the endoplasmic reticulum and catalyzes the final step
in estrogen biosynthesis. 3β-HSD1 catalyzes the conversion of
DHEA to androstenedione, which is further converted to estrone
by CYP19A1. CYP19A1 can also convert testosterone (T) to
E2, but CYP19A1 has a higher affinity for androstenedione.51,52

STBs formed by the fusion of CTBs express CYP19A1 and
become highly active endocrine glands. After 2-month pregnancy,
the placenta has completed the conversion of estrogen-producing
units; CYP19A1 mRNA and protein levels were shown to be
significantly upregulated with increasing gestational age.41

Transcriptional regulation of CYP19A1

Under normal physiologic conditions, increased placental
estrogen synthesis involves activation of the CYP19A1 pro-
moter I.1. Placental corticotropin-releasing hormone regulates
glucose transporter expression and stimulates E2 production
by upregulating steroid sulfatase, CYP19A1, and 17β-HSD1
expression in trophoblasts.53 The micro (mi)RNAs miR-19b
and miR-106a regulated by c-Myc directly target CYP19A1
to inhibit the differentiation of human trophoblasts. Com-
pared with normal matched placenta, these miRNAs were
highly expressed in the PE placenta whereas CYP19A1
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expression was decreased.54 CYP19A1 overexpression in
a 20%O2 environment induced the differentiation of CTBs
into STBs, while the redox-sensitive transcription factor nu-
clear factor erythroid 2–related factor 2 promoted pheno-
typic differentiation by inducing CYP19A1 expression and
increasing placental differentiation-related transcription
factors CCAAT/enhancer binding protein β and peroxi-
some proliferator-activated receptor γ expression.55 Hu-
man placental aromatase has multiple phosphorylation
sites, and its activity is regulated by phosphorylation and
posttranslational modification of the Y361 residue at the re-
ductase coupling interface.56 Heart and neural crest deriva-
tives expressed protein 1 ectopically expressed in tropho-
blasts inhibited CYP19A1 transcription by directly binding
to the NNTCTG sequence in the promoter, leading to placen-
tal cell apoptosis and inflammation; a phosphoproteomics
analysis found that activation of the phosphatidyl inositol
3-kinase/protein kinase B (PI3K/AKT) signaling pathway
may play an important role in these processes.35 Acetamin-
ophen decreased CYP19A1 protein expression in JEG-3 cells
in a dose-dependent manner.27 Corticotropin-releasing hor-
mone and hCG jointly promoted CYP19A1 expression by
activating the cAMP/PKA pathway and inducing the expres-
sion of the transcription factor specificity protein 1 in tropho-
blast cultures.57 Aflatoxin B1 inhibited CYP19A1 expression
in JEG-3 cells, and it was suggested that long-term exposure
could cause endocrine disorders of fetal placental units.28

Similarly, the fungicides tebuconazole, triadimefon, vinazoline,
and tributyltin inhibited CYP19A1 expression in JEG-3
cells through competitive or noncompetitive inhibition.58

Bisphenol A significantly reduced E2 level in JEG-3 cells
in a dose-dependent manner, which was accompanied by
a decrease in CYP19A1 protein level although the specific
regulatory mechanism remains unclear.59

CYP19A1-associated adverse pregnancy outcomes

CYP19A1 expression and function are reduced during preg-
nancy in PE placenta.29 Downregulation of placentalCYP19A1
expression was accompanied by sex hormone imbalance in
PE patients. Animal experiments showed that lowCYP19A1
expression induced by ischemia and hypoxia induced PE-like
symptoms in pregnant mice via PI3K/AKT signaling path-
way activation.30 Studies of FGR indicated that compared
with the control group, the FGR placenta had lower mater-
nal plasma E2 concentration and increased CYP19A1 level.31

Polycystic ovary syndrome (PCOS) is a common endocrine
and metabolic disease characterized by clinical or biochemical
manifestations of androgen hypertrophy that affects approxi-
mately 5% to 10% of women of childbearing age. Compared
with normal placenta, PCOS placenta tissue showed decreased
CYP19A1 activity and increased androstenedione and T con-
centrations.60 Placental biosynthesis of androgens plays a role
in fetal virilization. CYP oxidoreductase deficiency (PORD)
caused by mutations in POR is a steroid metabolism disorder
characterized by abnormal sexual development. Inhibition of
placental CYP19A1 activity was shown to be the leading
cause of virilization in 46, XX PORD patients, suggesting
that steroid production is perturbed in FGR pregnancies.32

Placental HSDs

HSD known to be involved in adverse pregnancy outcomes
are shown in Table 2.



Table 2

Placental HSDs associated with adverse pregnancy outcomes.

Enzyme Regulation Sample type Outcome Ref.

3β-HSD1 Downregulated Placenta (H) PE 50

JEG-3 cells Impaired fetal brain/genital development 27

Upregulated Placenta (H) Fetal reproductive toxicity 61

Placenta (H) Disrupt fetal reproductive development 62

11β-HSD Methylation (HSD11B1) Placenta (H) Large for gestational age 63

Polymorphisms (HSD11B1) Placenta (H) Increased risk of PIH and PE 64

Downregulated (11β-HSD2) Placenta (H) FGR/low birth weight/PTB/unfavorable cardiometabolism 65

Placenta (R) PE 66

Trophoblasts (H) and JEG-3 cells Increased placental impairment/FGR 67

17β-HSD Upregulated (17β-HSD1) Placenta (H) Disruption of fetal reproductive development 62

Upregulated (17β-HSD2) Placenta (R) Reduced placenta and fetus weight, abnormal glucose and lipid metabolism 68

Decreased activity (17β-HSD3) Placenta (H) Male pseudohermaphroditism 69

FGR: Fetal growth restriction; HSD: Hydroxysteroid dehydrogenase; H: Human; PE: Pre-eclampsia; PIH: Pregnancy-induced hypertension; PTB: Preterm birth; R: Rat.
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3β-HSD

3β-HSD expression

There are two subtypes of 3β-HSD.70 3β-HSD1 encoded by
HSD3B1 catalyzes the oxidation and conversion of delta
(5)-ene-3-β-hydroxysteroid precursors into delta-4-ketosteroids
to produce all types of SH, and 3β-HSD2 encoded byHSD3B2
is a bifunctional enzyme that catalyzes the oxidative conversion
of delta(5)-ene-3-β-hydroxysteroids and ketosteroids. PREG is
converted to P4 by 3β-HSD1 in the endoplasmic reticulum.71

3β-HSD1 is only expressed in STBs, whereas 3β-HSD2 is
mainly expressed in the adrenal glands and gonads.72 In ad-
dition to PREG, human 3β-HSD1 also uses 17α-OHP4 and
DHEA as substrates.73

Transcriptional regulation of 3β-HSD

GATA2 and transcription enhancer factor 5 regulate the ex-
pression of 3β-HSD1. Both CYP11A1 and 3β-HSD1 are re-
quired for the production of P4. Heart- and neural crest de-
rivatives-expressed protein 1 binds to the human antigen R
(HuR) protein and induces the destabilization ofHuR and 3β-
HSD1 transcripts by promoting their interaction, resulting
in the failure of 3β-HSD1 protein translation in JEG-3 cells.35

cAMP and the PKC agonist phorbol 12-myristate 13-acetate
increased the 3β-HSD1 mRNA level in JEG-3 cells, indicat-
ing that PKA and PKC signaling pathways regulate 3β-
HSD1 expression in placental cells.74 Exposure to the DNA
methylation inhibitor 5-Aza-CdR caused an approximately
40-fold increase in 3β-HSD1 expression in BeWo cells, sug-
gesting epigenetic control of 3β-HSD1 expression.75 Prena-
tal exposure to fine particulate matter (<2.5 μm, PM2.5),
the primary air pollutant, increases the risk of adverse preg-
nancy outcomes by decreasing P4 secretion and 3β-HSD1
and CYP11A1 mRNA and protein expression.76 The fungi-
cide tributyltin, insecticide methoxychlor, and its metabolite
hydroxychloroquine suppress P4 production and inhibit
3β-HSD1.58,71 In contrast, ochratoxin A-induced 3β-HSD1
expression, leading to increased P4 production.77

3β-HSD–associated adverse pregnancy outcomes

A prospective cohort study examining the effect of prenatal tri-
closan exposure on fetal reproductive hormone levels found that
a decrease in placental 3β-HSD1 concentration was related to
167
increased umbilical cord blood T concentration, which was po-
tentially associatedwith fetal reproductive toxicity.61,62 3β-HSD
is essential for placental P4 synthesis: exposure to placental cad-
miumdecreased 3β-HSD1 expression in JEG-3 cells and is asso-
ciated with FGR.23 Increased 3β-HSD1 activity was detected in
PCOSplacental tissue,whichmay increase androgenproduction
during pregnancy.60 Insulin and insulin growth factor 1 were
shown to enhance the activity of 3β-HSD1.Meanwhile, insulin
resistance and hyperinsulinemia were significantly associ-
ated with the occurrence of gestational diabetes and PE.78

Further studies are needed to clarify the expression and ac-
tivity of 3β-HSD1 in these diseases.
11β-HSD

11β-HSD expression

11β-HSD is a microsomal enzyme encoded by theHSD11B
gene that catalyzes the conversion of inert undecanone product
(cortisone) into active cortisol or its reverse reaction, thereby
regulating GC production and entry into the SH receptor sig-
naling pathway. There are two subtypes ofHSD11B in humans,
HSD11B1 (11β-HSD1) and HSD11B2 (11β-HSD2), that de-
pend on reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) and nicotinamide adenine dinucleotide
(NAD+), respectively. 11β-HSD1 acts as a reductase in the
conversion of NADPH-dependent cortisone to cortisol, pro-
ducing active cortisol and amplifying GC. In contrast, 11β-
HSD2 is an oxidase that converts cortisol into the inactive
11-keto metabolite cortisone. Circulating cortisol levels in-
crease as pregnancy progresses, peaking in the third trimes-
ter, suggesting that the conversion of cortisone to cortisol is
increased in placental tissues.65,79,80 11β-HSD1 and GC re-
ceptor (GR) are widely expressed in the decidual interstitium
and epithelium, whereas 11β-HSD2 expression is mainly
limited to the decidual epithelium. 11β-HSD1 is only present
in fetal blood vessels in the interstitial core of villous tissue.
HSD11B1 mRNA is detected in CTBs and STBs, whereas
11β-HSD2 is mainly expressed in STBs. Although it has
been speculated that the cortisol regeneration function of
11β-HSD1 is a fine-tuning mechanism to control fetal pla-
cental cortisol levels, its expression and substrate affinity
are lower than those of 11β-HSD2 and it lacks the capacity
for cortisol release.42
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Transcriptional regulation of 11β-HSD

Corticotropin-releasing hormone and cortisol play an im-
portant role in 11β-HSD2 expression mediated by hCG in
trophoblasts.57,81 However, this conversion of cortisol is in-
complete and a small amount remains unmetabolized. Re-
sidual GC is transported out of the cell through the
energy-dependent drug efflux pump ATP-binding cassette
subfamily B member 1 (ABCB1) located in STBs, thereby
preserving the placental GC barrier.82 GC drugs (dexameth-
asone and betamethasone)were shown to induceABCB1 ex-
pression in CTBs.83 It was suggested that 11β-HSD2 and
ABCB1 cooperate to minimize the exposure of the fetus
and placenta to maternal cortisol. 11β-HSD2 activity is con-
trolled by multiple mechanisms including transcriptional con-
trol, posttranscriptional modulation of HSD11B2 transcript
half-life, epigenetic regulation via methylation of genomic
DNA, and direct inhibition of enzymatic activity.84 Nicotine
inhibited 11β-HSD2 expression in BeWo cells in a concentration-
dependent manner (0.1–10 μM), which may be related to
nicotine-induced abnormal HSD11B2 promoter histone
modification and inhibited its expression through the nico-
tinic acetylcholine receptor/ERK/ETS like 1 protein/early
growth response 1 signaling pathway.85 Lipopolysaccha-
ride exposure significantly decreasedHSD11B2 expression
by inhibiting peroxisome proliferator-activated receptor γ
expression in mouse and human placenta.86 Lipoxin A4 is
an endogenous dual anti-inflammatory and proinflamma-
tory mediator that inhibited corticosterone production in
experimental PE rats by antagonizing the effects of GC on
11β-HSD2 expression.66 Melatonin treatment antagonized
cadmium-activated GC/GR signaling by blocking protein
kinase R–like endoplasmic reticulum kinase signaling, re-
sulting in the upregulation of vascular endothelial growth
factor A and 11β-HSD2 protein expression in JEG-3 cells.67

11β-HSD–associated adverse pregnancy outcomes

Placental 11β-HSD2 is the main barrier to the transfer of
cortisol between the mother and fetus and acts by inactivating
GC in maternal circulation, thereby protecting cells from the
growth-inhibitory and/or proapoptotic effects of cortisol.11

Excessive GC exposure caused by aberrant 11β-HSD expres-
sion has been linked to various pregnancy complications.87

The expression pattern of 11β-HSD1 suggests that themother
needs a higher cortisol concentration than the fetus during the
first trimester of pregnancy. Excessive exposure of the fetus to
GC decreases fetal birth weight and has adverse effects on
development. A significant correlation has been reported
between themethylation of a single CpG site in theHSD11B1
promoter and gestational age.63 11β-HSD1 is involved in
metabolic syndrome and its dysregulation has been ob-
served in PE and FGR. Interestingly, preliminary clinical
data indicates thatHSD11B1 gene polymorphisms increased
the risk of pregnancy-induced hypertension and PE.64Whether
tissue-specific dysregulation of 11β-HSD1—especially in
the placenta—is associated with gestational diabetes remains
to be confirmed in humans.88 PlacentalHSD11B2mutations
can cause GC overdose syndrome and hypertension, but
whether it can serve as a gestational hypertension biomarker
remains unclear. Functional impairment or downregulation
of placental 11β-HSD2 can lead to low birth weight and
FGR, especially in the first 12 months.89 A prospective birth
cohort study reported that lower placental 11β-HSD2
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expression caused by high GC levels was significantly associ-
ated with insulin resistance in infancy,90 and an association
was demonstrated between decreased 11β-HSD2 activity
and the occurrence of PE and PTB.65

17β-HSD

17β-HSD expression

17β-HSD, also known as 17-ketosteroid reductase, cata-
lyzes the reversible conversion of 17-keto and 17β-hydroxyl
groups in androgens and estrogen (including androstenedi-
one, DHEA, and E2). The direction of the reaction depends
on the substrate. The 17β-HSD family comprises several
isozymes (17β-HSD1, 17β-HSD2, 17β-HSD3, 17β-HSD5,
17β-HSD7, etc). 17β-HSD1 has reductase activity and cata-
lyzes the stereospecific reduction of estrone to themore active
E2, which is promoted by NADPH.91 17β-HSD2 has oxi-
dase activity and catalyzes the conversion of E2, T, and dihy-
drotestosterone to the less active forms 17-ketone, estrone,
androstenedione, and 5α-androstanedione, respectively.92

The expression profile of 17β-HSD2 changes over the course
of pregnancy; it ismainly expressed in giant cells at the interface
between the chorio-placenta and decidua and functional tissues
during pregnancy, but the precise subcellular localization is un-
clear.68 Although 17β-HSD1 has been detected in STBs in the
4th week of pregnancy, 17β-HSD2 is expressed in pFECs only
after the 12th week. 17β-HSD2 is thought to prevent the exces-
sive entry of active estrogen into the fetal circulation by catalyz-
ing the inactivation of E2 into estrone in pFECs.93 17β-HSD3
preferentially uses NADP as a cofactor, catalyzes the conver-
sionof androstenedione toT, and ismainly expressed in the tes-
tis and trophoblasts; its location in the placenta is not known.
Meanwhile, 17β-HSD5 protein andHSD17B7mRNAexpres-
sion have been reported in the human placenta.94

Transcriptional regulation of 17β-HSD and associated
adverse pregnancy outcomes

Most studies to date on 17β-HSD have been descriptive,
and little is known of its role in adverse pregnancy outcomes.
A study on the relationship between prenatal exposure to
environmental pollutants and fetal reproductive develop-
ment found that polyfluoroalkyl substances may disrupt fe-
tal reproductive development by altering the expression of
3β-HSD1 and 17β-HSD1 in the placenta; these associa-
tions were more pronounced in females than in males.62

17β-HSD2–mediated excess of maternal androgen reduced
the weight of the placenta and fetus, increased pSH pro-
duction, and had long-term adverse effects on glucose and
lipid metabolism in female offspring.68 Posttranscriptional
regulation-related miR-22 was shown to be upregulated in
the PE placenta and induced the upregulation of 17β-HSD3,
although the underlyingmechanismhas yet to be elucidated.95

HSD17B3mutation reduced 17β-HSD3 enzymatic activity and
the conversion of androstenedione to T. 17β-HSD3 deficiency is
thought to be a rare cause of male pseudohermaphroditism
with gynecomastia and 46XY sexual development disorders.69

Summary and outlook

The placenta has the ability to program the fetus during
pregnancy, and any damage will indirectly cause permanent
changes to the structure and function of fetal tissues and or-
gans, leading to a variety of adult diseases in the offspring,
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which is the basis of the placental origin of chronic diseases
theory.96 The tightly controlled expression of placental ste-
roidogenic enzymes, including CYPs and HSDs, is essential
for converting human placental cholesterol to active pSHs
including P4, estrogen, androgen, and GC that can affect fe-
tal outcome through paracrine and autocrine functions.
However, because of ethical issues and limited availability
of samples that are also highly heterogeneous, investigating
the impact of placental steroidogenic enzymes on fetal out-
comes in humans remains challenging. Microarray analyses
have revealed significant differences in gene expression pat-
terns between primary placental cells and immortalized tropho-
blast lines, such as BeWo, JEG-3, and Jar.97 In addition,
research on human placental steroidogenic enzymes using
rodents or other model organisms is hampered by interspe-
cies differences in placental enzyme type, expression, and
regulation. Thus, there is much that remains to be eluci-
dated with regard to the mechanisms regulating the expres-
sion of placental steroidogenic enzymes.
To more intuitively demonstrate differences and associa-

tions between activation of genes or signaling pathways that
regulate the expression of steroidogenic enzymes in the pla-
centa and adverse pregnancy outcomes, we summarized the
key upstream regulatory steroidogenic enzyme genes/protein
implicated in PTB, PE, and FGR. We used the GeneMANIA
prediction server to construct a molecular interaction net-
work with CYPs andHSDs at the core and analyzed their re-
lationships, including coexpression, colocalization, genetic
and physical interactions, predictive associations, and shared
protein domains to identify the key upstream regulatorymol-
ecules (SDC Fig. 1A, http://links.lww.com/MFM/A23). We
then conducted a Kyoto Encyclopedia of Genes and Ge-
nomes pathway analysis to visualize the critical upstream sig-
naling pathways regulating steroidogenic enzyme expression
in the human placenta in adverse pregnancy outcomes
(SDC Fig. 1B, http://links.lww.com/MFM/A23).
Human placental explants or primary CTBs—especially

the separation and perfusion of the placenta, placental villi
tissue explant culture technology, and the maternal-fetal in-
terface on a chip model to simulate the entire placental
barrier—are useful in vitro models for studying the expres-
sion and activity of human placental steroidogenic en-
zymes.98 Single-cell sequencing has become a powerful tool
for further analyzing the cell type composition and tran-
scriptional activity of the placenta and its compartments
during normal and pathologic parturition99,100 and is cur-
rently being used to study the heterogeneity between vari-
ous placental cell types in normal and diseased placentas
and molecular interactions within placental cell popula-
tions. This approachmaymore readily capture the temporal
and spatial transcriptional signatures of steroid synthases in
different cell types of the placenta and can clarify the com-
plex roles of SHs in the regulation of fetal growth and adap-
tation of maternal physiology to pregnancy. In the future,
single-cell sequencing could be used to characterize differences
in placental steroidogenic enzyme expression and location at
different gestational ages and in pregnancy complications,
such as PTB and PE, which could provide insight into the as-
sociation between pSHs and adverse pregnancy outcomes
andmay be useful for establishingmodels to investigate the in-
terdependence of transplacental transport and cell function. It
is worth noting that in addition to pregnancy-related diseases,
exogenous factors, such as a high-fat diet, environmental
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toxins, and smoking, contribute to the abnormal expression
of placental steroidogenic enzymes, but their long-term effects
on the mother and fetus are largely unknown. Exploring the
mechanisms regulating the expression of pSH-producing
enzymes requires the use of placental explant/organoid (or
placenta-on-a-chip) or knockout models combined with
analysis of clinical samples. At the same time, high-quality
prospective cohort studies are needed to determine the cor-
relation between the dysregulation of pSH-producing en-
zymes and adverse pregnancy outcomes.

Funding

This work was supported by grants from the Natural Sci-
ence Foundation of Tianjin, China (20JCYBJC01400 to
Y.C. and 21JCYBJC00100 to J.S.C.) and Open Project of
Tianjin Key Laboratory of Human Development and Re-
productive Regulation (2021XH05 to J.S.C.).

Conflicts of Interest

None.

Editor Note

Ying Chang is an editorial board member ofMaternal-Fetal
Medicine. The article was subject to the journal’s standard
procedures, with peer review handled independently of this
editor and her research group.
References

[1] Arabin B, Baschat AA. Pregnancy: an underutilized window of
opportunity to improve long-term maternal and infant health—an
appeal for continuous family care and interdisciplinary communication.
Front Pediatr 2017;5:69. doi:10.3389/fped.2017.00069.

[2] Bangma JT,Hartwell H, SantosHP Jr., et al. Placental programming,
perinatal inflammation, and neurodevelopment impairment among
those born extremely preterm. Pediatr Res 2021;89(2):326–335.
doi:10.1038/s41390-020-01236-1.

[3] Bokslag A, vanWeissenbruchM,Mol BW, et al. Preeclampsia; short
and long-term consequences for mother and neonate. Early Hum
Dev 2016;102:47–50. doi:10.1016/j.earlhumdev.2016.09.007.

[4] Noyola-Martínez N, Halhali A, Barrera D. Steroid hormones and
pregnancy. Gynecol Endocrinol 2019;35(5):376–384. doi:10.1080/
09513590.2018.1564742.

[5] Payne AH, Hales DB. Overview of steroidogenic enzymes in the
pathway from cholesterol to active steroid hormones. Endocr Rev
2004;25(6):947–970. doi:10.1210/er.2003-0030.

[6] Pasqualini JR, Chetrite GS. The formation and transformation of
hormones in maternal, placental and fetal compartments: biological
implications. Horm Mol Biol Clin Investig 2016;27(1):11–28. doi:
10.1515/hmbci-2016-0036.

[7] Haram K,Mortensen JH,Myking O, et al. Early development of the
human placenta and pregnancy complications. JMatern Fetal Neonatal
Med 2020;33(20):3538–3545. doi:10.1080/14767058.2019.1578745.

[8] Jones CJ, Harris LK, Whittingham J, et al. A re-appraisal of the
morphophenotype and basal lamina coverage of cytotrophoblasts
in human term placenta. Placenta 2008;29(2):215–219. doi:10.
1016/j.placenta.2007.11.004.

[9] Brett KE, Ferraro ZM, Yockell-Lelievre J, et al.Maternal-fetal nutrient
transport in pregnancy pathologies: the role of the placenta. Int J Mol
Sci 2014;15(9):16153–16185. doi:10.3390/ijms150916153.

[10] Chatuphonprasert W, Jarukamjorn K, Ellinger I. Physiology and
pathophysiology of steroid biosynthesis, transport and metabolism
in the human placenta. Front Pharmacol 2018;9:1027. doi:10.
3389/fphar.2018.01027.

[11] Stirrat LI, Sengers BG,Norman JE, et al. Transfer andmetabolism of
cortisol by the isolated perfused human placenta. J Clin Endocrinol
Metab 2018;103(2):640–648. doi:10.1210/jc.2017-02140.

http://links.lww.com/MFM/A23
http://links.lww.com/MFM/A23
http://www.maternal-fetalmedicine.org


Cao et al., Maternal-Fetal Medicine (2023) 5:3 Maternal-Fetal Medicine
[12] Fowden AL, Forhead AJ, Sferruzzi-Perri AN, et al. Review: endocrine
regulation of placental phenotype. Placenta 2015;36(suppl 1):S50–S59.
doi:10.1016/j.placenta.2014.11.018.

[13] Cox B, Leavey K, Nosi U, et al. Placental transcriptome in development
and pathology: expression, function, and methods of analysis. Am J
Obstet Gynecol 2015;213(4 suppl):S138–S151. doi:10.1016/j.ajog.
2015.07.046.

[14] Grigsby PL. Animal models to study placental development and
function throughout normal and dysfunctional human pregnancy.
SeminReprodMed 2016;34(1):11–16. doi:10.1055/s-0035-1570031.

[15] Hafez S. Comparative placental anatomy: divergent structures serving
a common purpose. ProgMol Biol Transl Sci 2017;145:1–28. doi:10.
1016/bs.pmbts.2016.12.001.

[16] He G, Xu W, Chen Y, et al. Abnormal apoptosis of trophoblastic
cells is related to the up-regulation of CYP11A gene in placenta of
preeclampsia patients. PLoS One 2013;8(3):e59609. doi:10.1371/
journal.pone.0059609.

[17] Ntostis P, Kokkali G, Iles D, et al. Can trophectoderm RNA analysis
predict human blastocyst competency. Syst Biol Reprod Med 2019;
65(4):312–325. doi:10.1080/19396368.2019.1625085.

[18] Shin YY, An SM, Jeong JS, et al. Comparison of steroid hormones in
three different preeclamptic models. Mol Med Rep 2021;23(4):252.
doi:10.3892/mmr.2021.11891.

[19] Noyola-Martínez N, Halhali A, Zaga-Clavellina V, et al. A time-course
regulatory and kinetic expression study of steroid metabolizing enzymes
by calcitriol in primary cultured humanplacental cells. J SteroidBiochem
Mol Biol 2017;167:98–105. doi:10.1016/j.jsbmb.2016.11.015.

[20] Wu L, Yan J, Qu SC, et al. Abnormal regulation for progesterone
production in placenta with prenatal cocaine exposure in rats.
Placenta 2012;33(12):977–981. doi:10.1016/j.placenta.2012.10.001.

[21] Kawai M, Swan KF, Green AE, et al. Placental endocrine disruption
induced by cadmium: effects on P450 cholesterol side-chain cleavage
and 3beta-hydroxysteroid dehydrogenase enzymes in cultured
human trophoblasts. Biol Reprod 2002;67(1):178–183. doi:10.
1095/biolreprod67.1.178.

[22] ZhuHL, Shi XT, XuXF, et al.Melatonin protects against environmental
stress-induced fetal growth restriction via suppressing ROS-mediated
GCN2/ATF4/BNIP3-dependent mitophagy in placental trophoblasts.
Redox Biol 2021;40:101854. doi:10.1016/j.redox.2021.101854.

[23] Zhu HL, Shi XT, Xu XF, et al. Environmental cadmium exposure
induces fetal growth restriction via triggering PERK-regulated mitophagy
in placental trophoblasts. Environ Int 2021;147:106319. doi:10.
1016/j.envint.2020.106319.

[24] Moon JY, Moon MH, Kim KT, et al. Cytochrome P450–mediated
metabolic alterations in preeclampsia evaluated by quantitative
steroid signatures. J Steroid Biochem Mol Biol 2014;139:182–191.
doi:10.1016/j.jsbmb.2013.02.014.

[25] Pan T, He G, Chen M, et al. Abnormal CYP11A1 gene expression
induces excessive autophagy, contributing to the pathogenesis of
preeclampsia. Oncotarget 2017;8(52):89824–89836. doi:10.18632/
oncotarget.21158.

[26] Pan P, Ying Y, Ma F, et al. Zearalenone disrupts the placental
function of rats: a possible mechanism causing intrauterine growth
restriction. Food Chem Toxicol 2020;145:111698. doi:10.1016/j.
fct.2020.111698.

[27] Addo KA, Palakodety N, Fry RC. Acetaminophen modulates the
expression of steroidogenesis-associated genes and estradiol levels
in human placental JEG-3 cells. Toxicol Sci 2021;179(1):44–52.
doi:10.1093/toxsci/kfaa160.

[28] Storvik M, Huuskonen P, Kyllönen T, et al. Aflatoxin B1—a
potential endocrine disruptor—up-regulates CYP19A1 in JEG-3 cells.
Toxicol Lett 2011;202(3):161–167. doi:10.1016/j.toxlet.2011.01.028.

[29] Perez-Sepulveda A, Monteiro LJ, Dobierzewska A, et al. Placental
aromatase is deficient in placental ischemia and preeclampsia. PLoS
One 2015;10(10):e0139682. doi:10.1371/journal.pone.0139682.

[30] Zhu D, Huang J, Gu X, et al. Downregulation of aromatase plays a
dual role in preeclampsia. Mol Hum Reprod 2021;27(4):gaab013.
doi:10.1093/molehr/gaab013.

[31] Anelli GM, Mandò C, Letizia T, et al. Placental ESRRG-CYP19A1
expressions and circulating 17-beta estradiol in IUGR pregnancies.
Front Pediatr 2019;7:154. doi:10.3389/fped.2019.00154.

[32] Flück CE, Parween S, Rojas Velazquez MN, et al. Inhibition of
placental CYP19A1 activity remains as a valid hypothesis for 46,
XX virilization in P450 oxidoreductase deficiency. Proc Natl Acad
Sci U SA 2020;117(26):14632–14633. doi:10.1073/pnas.2003154117.

[33] Slominski A, Semak I, Zjawiony J, et al. The cytochrome P450scc
system opens an alternate pathway of vitamin D3 metabolism.
170
FEBS J 2005;272(16):4080–4090. doi:10.1111/j.1742-4658.
2005.04819.x.

[34] Henderson YC, FrederickMJ, WangMT, et al. LBP-1b, LBP-9, and
LBP-32/MGR detected in syncytiotrophoblasts from first-trimester
human placental tissue and their transcriptional regulation. DNA
Cell Biol 2008;27(2):71–79. doi:10.1089/dna.2007.0640.

[35] ZhuH, RenQ,YanZ, et al. HumanHAND1 inhibits the conversion
of cholesterol to steroids in trophoblasts. J Genet Genomics 2022;49
(4):350–363. doi:10.1016/j.jgg.2021.07.014.

[36] Tang C, Pan Y, Luo H, et al. Hedgehog signaling stimulates the
conversion of cholesterol to steroids. Cell Signal 2015;27(3):487–497.
doi:10.1016/j.cellsig.2015.01.004.

[37] XiongYW,XuXF,ZhuHL, et al. Environmental exposure to cadmium
impairs fetal growth and placental angiogenesis via GCN-2–mediated
mitochondrial stress. J Hazard Mater 2021;401:123438. doi:10.
1016/j.jhazmat.2020.123438.

[38] Chu PW,YangZJ,HuangHH, et al. Low-dose bisphenol A activates
the ERK signaling pathway and attenuates steroidogenic gene expression
in human placental cells. Biol Reprod 2018;98(2):250–258. doi:10.
1093/biolre/iox162.

[39] Gregoraszczuk EL, Ptak A, Karpeta A, et al. Hexachlorobenzene and
pentachlorobenzene accumulation, metabolism and effect on steroid
secretion and on CYP11A1 and CYP19 expression in cultured
human placental tissue. Reprod Toxicol 2014;43:102–110. doi:10.
1016/j.reprotox.2013.12.004.

[40] Zabul P, Wozniak M, Slominski AT, et al. A proposed molecular
mechanism of high-dose vitamin D3 supplementation in prevention
and treatment of preeclampsia. Int J Mol Sci 2015;16(6):13043–13064.
doi:10.3390/ijms160613043.

[41] Hong SH, Kim SC, Park MN, et al. Expression of steroidogenic
enzymes in human placenta according to the gestational age. Mol
Med Rep 2019;19(5):3903–3911. doi:10.3892/mmr.2019.10048.

[42] Karahoda R, Kallol S, Groessl M, et al. Revisiting steroidogenic
pathways in the human placenta and primary human trophoblast
cells. Int J Mol Sci 2021;22(4):1704. doi:10.3390/ijms22041704.

[43] TulchinskyD,SimmerHH.Sourcesofplasma17alpha-hydroxyprogesterone
in human pregnancy. J Clin EndocrinolMetab 1972;35(6):799–808.
doi:10.1210/jcem-35-6-799.

[44] Soldin OP, Guo T, Weiderpass E, et al. Steroid hormone levels in
pregnancy and 1 year postpartum using isotope dilution tandem
mass spectrometry. Fertil Steril 2005;84(3):701–710. doi:10.
1016/j.fertnstert.2005.02.045.

[45] Durkee TJ,McLeanMP,Hales DB, et al. P450(17 alpha) and P450SCC
gene expression and regulation in the rat placenta. Endocrinology 1992;
130(3):1309–1317. doi:10.1210/endo.130.3.1537294.

[46] Baronio F, Ortolano R, Menabò S, et al. 46,XX DSD due to
androgen excess in monogenic disorders of steroidogenesis: genetic,
biochemical, and clinical features. Int J Mol Sci 2019;20(18):4605.
doi:10.3390/ijms20184605.

[47] Escobar JC, Patel SS, BeshayVE, et al. The human placenta expresses
CYP17 and generates androgens de novo. J Clin Endocrinol Metab
2011;96(5):1385–1392. doi:10.1210/jc.2010-2504.

[48] Escobar JC, Carr BR. The protein kinase a pathway regulates CYP17
expression and androgen production in the human placenta. J Clin
Endocrinol Metab 2011;96(9):2869–2873. doi:10.1210/jc.2011-0542.

[49] Munkboel CH, Rasmussen TB, Elgaard C, et al. The classic azole
antifungal drugs are highly potent endocrine disruptors in vitro
inhibiting steroidogenic CYP enzymes at concentrations lower than
therapeutic Cmax. Toxicology 2019;425:152247. doi:10.1016/j.
tox.2019.152247.

[50] Shin YY, Jeong JS, Park MN, et al. Regulation of steroid hormones
in the placenta and serum of women with preeclampsia. Mol Med
Rep 2018;17(2):2681–2688. doi:10.3892/mmr.2017.8165.

[51] Yoshida N, Osawa Y. Purification of human placental aromatase
cytochrome P-450 with monoclonal antibody and its characterization.
Biochemistry 1991;30(12):3003–10. doi:10.1021/bi00226a004.

[52] Thomas MP, Potter BV. The structural biology of oestrogen
metabolism. J Steroid Biochem Mol Biol 2013;137:27–49. doi:10.
1016/j.jsbmb.2012.12.014.

[53] Gao L, Lv C, Xu C, et al. Differential regulation of glucose
transporters mediated by CRH receptor type 1 and type 2 in human
placental trophoblasts. Endocrinology 2012;153(3):1464–1471. doi:
10.1210/en.2011-1673.

[54] Kumar P, LuoY, TudelaC, et al. The c-Myc-regulatedmicroRNA-17~92
(miR-17~92) andmiR-106a~363 clusters target hCYP19A1andhGCM1
to inhibit human trophoblast differentiation. Mol Cell Biol 2013;33(9):
1782–1796. doi:10.1128/MCB.01228-12.



Cao et al., Maternal-Fetal Medicine (2023) 5:3 www.maternal-fetalmedicine.org
[55] Muralimanoharan S, Kwak YT, Mendelson CR. Redox-sensitive
transcription factor NRF2 enhances trophoblast differentiation via
induction of miR-1246 and aromatase. Endocrinology 2018;159
(5):2022–2033. doi:10.1210/en.2017-03024.

[56] Ghosh D, Egbuta C, Kanyo JE, et al. Phosphorylation of human
placental aromatase CYP19A1. Biochem J 2019;476(21):3313–3331.
doi:10.1042/BCJ20190633.

[57] WangWS, Liu C, Li WJ, et al. Involvement of CRH and hCG in the
induction of aromatase by cortisol in humanplacental syncytiotrophoblasts.
Placenta 2014;35(1):30–36. doi:10.1016/j.placenta.2013.10.018.

[58] Cao S, Ye L, Wu Y, et al. The effects of fungicides on human 3β-
hydroxysteroid dehydrogenase 1 and aromatase in human placental
cell line JEG-3. Pharmacology 2017;100(3–4):139–147. doi:10.1159/
000475531.

[59] XuH, ZhangX, YeY, et al. Bisphenol A affects estradiolmetabolism
by targeting CYP1A1 andCYP19A1 in human placental JEG-3 cells.
Toxicol In Vitro 2019;61:104615. doi:10.1016/j.tiv.2019.104615.

[60] Maliqueo M, Lara HE, Sánchez F, et al. Placental steroidogenesis in
pregnant women with polycystic ovary syndrome. Eur J Obstet
Gynecol Reprod Biol 2013;166(2):151–155. doi:10.1016/j.ejogrb.
2012.10.015.

[61] Wang C, Chen L, Zhao S, et al. Impacts of prenatal triclosan exposure
on fetal reproductive hormones and its potential mechanism. Environ
Int 2018;111:279–286. doi:10.1016/j.envint.2017.11.007.

[62] Yao Q, Shi R, Wang C, et al. Cord blood per- and polyfluoroalkyl
substances, placental steroidogenic enzyme, and cord blood reproductive
hormone. Environ Int 2019;129:573–582. doi:10.1016/j.envint.
2019.03.047.

[63] Green BB, Armstrong DA, Lesseur C, et al. The role of placental
11-beta hydroxysteroid dehydrogenase type 1 and type 2 methylation
on gene expression and infant birth weight. Biol Reprod 2015;92(6):
149. doi:10.1095/biolreprod.115.128066.

[64] ShimodairaM,NakayamaT, Sato I, et al.Glucocorticoid synthesis-related
genes: HSD11B1 andHSD11B2 in hypertensive disorders in pregnancy.
Gynecol Endocrinol 2013;29(7):657–661. doi:10.3109/09513590.
2013.788623.

[65] Konstantakou P, Mastorakos G, Vrachnis N, et al. Dysregulation of
11beta-hydroxysteroid dehydrogenases: implications during pregnancy
and beyond. J Matern Fetal Neonatal Med 2017;30(3):284–293. doi:
10.3109/14767058.2016.1171308.

[66] Liu H, Huang W, Chen L, et al. Glucocorticoid exposure induces
preeclampsia via DampeningLipoxin A4, an endogenous anti-inflammatory
and proresolving mediator. Front Pharmacol 2020;11:1131. doi:
10.3389/fphar.2020.01131.

[67] Shi XT, ZhuHL,XuXF, et al. Gestational cadmium exposure impairs
placental angiogenesis via activating GC/GR signaling. Ecotoxicol
Environ Saf 2021;224:112632. doi:10.1016/j.ecoenv.2021.112632.

[68] Sun M, Maliqueo M, Benrick A, et al. Maternal androgen excess
reduces placental and fetal weights, increases placental steroidogenesis,
and leads to long-term health effects in their female offspring. Am J
Physiol Endocrinol Metab 2012;303(11):E1373–E1385. doi:10.
1152/ajpendo.00421.2012.

[69] Mendonca BB, Gomes NL, Costa EM, et al. 46,XY disorder of sex
development (DSD) due to 17β-hydroxysteroid dehydrogenase type
3 deficiency. J Steroid Biochem Mol Biol 2017;165(Pt A):79–85. doi:
10.1016/j.jsbmb.2016.05.002.

[70] Simard J, Ricketts ML, Gingras S, et al. Molecular biology of the
3beta-hydroxysteroid dehydrogenase/delta5-delta4 isomerase
gene family. Endocr Rev 2005;26(4):525–582. doi:10.1210/er.2002-
0050.

[71] Liu S,Mao B, Bai Y, et al. Effects of methoxychlor and its metabolite
hydroxychlor on human placental 3β-hydroxysteroid dehydrogenase 1
and aromatase in JEG-3 cells. Pharmacology 2016;97(3–4):126–133.
doi:10.1159/000442711.

[72] Li Y, Isomaa V, Pulkka A, et al. Expression of 3beta-hydroxysteroid
dehydrogenase type 1, P450 aromatase, and 17beta-hydroxysteroid
dehydrogenase types 1, 2, 5 and 7 mRNAs in human early and
mid-gestation placentas. Placenta 2005;26(5):387–392. doi:10.
1016/j.placenta.2004.07.008.

[73] Hanukoglu I. Steroidogenic enzymes: structure, function, and role in
regulation of steroid hormone biosynthesis. J Steroid Biochem Mol
Biol 1992;43(8):779–804. doi:10.1016/0960-0760(92)90307-5.

[74] Tremblay Y, Beaudoin C. Regulation of 3 beta-hydroxysteroid
dehydrogenase and 17 beta-hydroxysteroid dehydrogenase messenger
ribonucleic acid levels by cyclic adenosine 3',5'-monophosphate
and phorbol myristate acetate in human choriocarcinoma cells.
Mol Endocrinol 1993;7(3):355–364. doi:10.1210/mend.7.3.8387158.
171
[75] Hogg K, Robinson WP, Beristain AG. Activation of endocrine-related
gene expression in placental choriocarcinoma cell lines following DNA
methylation knock-down. Mol Hum Reprod 2014;20(7):677–689.
doi:10.1093/molehr/gau020.

[76] Wang C, Yang J, Hao Z, et al. Suppression of progesterone synthesis
in human trophoblast cells by fine particulate matter primarily derived
from industry. Environ Pollut 2017;231(Pt 1):1172–1180. doi:10.
1016/j.envpol.2017.08.029.

[77] WooCS,WanML, Ahokas J, et al. Potential endocrine disrupting effect
of ochratoxinA on human placental 3β-hydroxysteroid dehydrogenase/
isomerase in JEG-3 cells at levels relevant to human exposure. Reprod
Toxicol 2013;38:47–52. doi:10.1016/j.reprotox.2013.02.034.

[78] van Niekerk G, Christowitz C, Engelbrecht AM. Insulin-
mediated immune dysfunction in the development of
preeclampsia. J Mol Med (Berl) 2021;99(7):889–897. doi:10.1007/
s00109-021-02068-0.

[79] Jung C, Ho JT, Torpy DJ, et al. A longitudinal study of plasma and
urinary cortisol in pregnancy and postpartum. J Clin Endocrinol
Metab 2011;96(5):1533–1540. doi:10.1210/jc.2010-2395.

[80] GiannopoulosG, JacksonK,TulchinskyD.Glucocorticoidmetabolism in
human placenta, decidua, myometrium and fetal membranes. J Steroid
Biochem 1982;17(4):371–374. doi:10.1016/0022-4731(82)90628-8.

[81] Fahlbusch FB, Ruebner M, Volkert G, et al. Corticotropin-releasing
hormone stimulates expression of leptin, 11beta-HSD2 and syncytin-1
in primary human trophoblasts. Reprod Biol Endocrinol 2012;10:80.
doi:10.1186/1477-7827-10-80.

[82] Ni Z, Mao Q. ATP-binding cassette efflux transporters in human
placenta. Curr Pharm Biotechnol 2011;12(4):674–685. doi:10.2174/
138920111795164057.

[83] Manceau S, Giraud C, Declèves X, et al. ABC drug transporter and
nuclear receptor expression in human cytotrophoblasts: influence
of spontaneous syncytialization and induction by glucocorticoids.
Placenta 2012;33(11):927–932. doi:10.1016/j.placenta.2012.07.016.

[84] Causevic M, Mohaupt M. 11beta-Hydroxysteroid dehydrogenase
type 2 in pregnancy and preeclampsia. Mol Aspects Med 2007;28
(2):220–226. doi:10.1016/j.mam.2007.04.003.

[85] Zhou J, Liu F, Yu L, et al. nAChRs-ERK1/2-Egr-1 signaling participates
in the developmental toxicity of nicotine by epigenetically down-regulating
placental 11β-HSD2. Toxicol Appl Pharmacol 2018;344:1–12. doi:
10.1016/j.taap.2018.02.017.

[86] Fu L, Chen YH, Bo QL, et al. Lipopolysaccharide downregulates 11β-
hydroxysteroid dehydrogenase 2 expression through inhibiting peroxisome
proliferator-activated receptor-γ in placental trophoblasts. J Immunol
2019;203(5):1198–1207. doi:10.4049/jimmunol.1900132.

[87] Yang Q, Wang W, Liu C, et al. Compartmentalized localization of
11β-HSD 1 and 2 at the feto-maternal interface in the first trimester of
human pregnancy. Placenta 2016;46:63–71. doi:10.1016/j.placenta.
2016.08.079.

[88] FujisawaY,NakagawaY, Li RS, et al. Diabetic pregnancy in rats leads
to impaired glucose metabolism in offspring involving tissue-specific
dysregulation of 11beta-hydroxysteroid dehydrogenase type 1
expression. Life Sci 2007;81(9):724–731. doi:10.1016/j.lfs.2007.07.002.

[89] Stroud LR, Papandonatos GD, Parade SH, et al. Prenatal major
depressive disorder, placenta glucocorticoid and serotonergic signaling,
and infant cortisol response. PsychosomMed 2016;78(9):979–990.
doi:10.1097/PSY.0000000000000410.

[90] Chen L, Guilmette J, Luo ZC, et al. Placental 11β-HSD2 and
cardiometabolic health indicators in infancy. Diabetes Care 2019;
42(5):964–971. doi:10.2337/dc18-2041.

[91] Herman BE, Szabó J, Bacsa I, et al. Comparative investigation of
the in vitro inhibitory potencies of 13-epimeric estrones and
D-secoestrones towards 17β-hydroxysteroid dehydrogenase type 1.
J Enzyme Inhib Med Chem 2016;31(sup3):61–69. doi:10.1080/
14756366.2016.1204610.

[92] Rantakari P, Strauss L, Kiviranta R, et al. Placenta defects and embryonic
lethality resulting from disruption of mouse hydroxysteroid (17-beta)
dehydrogenase 2 gene. Mol Endocrinol 2008;22(3):665–675. doi:10.
1210/me.2007-0257.

[93] DroletR, SimardM,Plante J, et al.Human type 2 17 beta-hydroxysteroid
dehydrogenase mRNA and protein distribution in placental villi at
mid and term pregnancy. Reprod Biol Endocrinol 2007;5:30. doi:
10.1186/1477-7827-5-30.

[94] Phillips RJ, Fortier MA, López Bernal A. Prostaglandin pathway
gene expression in human placenta, amnion and choriodecidua is
differentially affected by preterm and term labour and by uterine
inflammation. BMC Pregnancy Childbirth 2014;14:241. doi:10.
1186/1471-2393-14-241.

http://www.maternal-fetalmedicine.org


Edited By Dandan Shi

Cao et al., Maternal-Fetal Medicine (2023) 5:3 Maternal-Fetal Medicine
[95] ShaoX, Liu Y, LiuM, et al. Testosterone represses estrogen signaling
by upregulating miR-22: a mechanism for imbalanced steroid hormone
production in preeclampsia.Hypertension 2017;69(4):721–730. doi:10.
1161/HYPERTENSIONAHA.116.08468.

[96] Adibi JJ, Layden AJ, Yin Q, et al. A toolkit for the application of
placental-fetal molecular biomarkers in epidemiologic studies of the
fetal origins of chronic disease. Curr Epidemiol Rep 2021;8(1):
20–31. doi:10.1007/s40471-020-00258-x.

[97] Bilban M, Tauber S, Haslinger P, et al. Trophoblast invasion:
assessment of cellular models using gene expression signatures.
Placenta 2010;31(11):989–996. doi:10.1016/j.placenta.2010.08.011.

[98] Kim S, Richardson L, Radnaa E, et al. Molecular mechanisms of
environmental toxin cadmium at the feto-maternal interface investigated
using an organ-on-chip (FMi-OOC) model. J Hazard Mater 2022;
422:126759. doi:10.1016/j.jhazmat.2021.126759.
172
[99] Pique-Regi R, Romero R, Tarca AL, et al. Single cell transcriptional
signatures of the human placenta in term and preterm parturition.
Elife 2019;8:e52004. doi:10.7554/eLife.52004.

[100] Vento-TormoR,EfremovaM,BottingRA, et al. Single-cell reconstruction
of the early maternal-fetal interface in humans. Nature 2018;563
(7731):347–353. doi:10.1038/s41586-018-0698-6.
How to cite this article: Cao J, Wang Y, Wang S, Shen Y, Li W, Wei Z, Li S, Lin Q,
Chang Y. Expression of Key Steroidogenic Enzymes in Human Placenta and Associated
Adverse Pregnancy Outcomes. Maternal Fetal Med 2023;5(3):163–172. doi: 10.1097/
FM9.0000000000000167.


