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Depression is a common and debilitating mood disorder that increases in prevalence
during pregnancy. Worldwide, 7 to 12% of pregnant women experience depression,
in which the associated risk factors include socio-demographic, psychological, and
socioeconomic variables. Maternal depression could have psychological, anatomical,
and physiological consequences in the newborn. Depression has been related to
a downregulation in serotonin levels in the brain. Accordingly, the most commonly
prescribed pharmacotherapy is based on selective serotonin reuptake inhibitors (SSRIs),
which increase local serotonin concentration. Even though the use of SSRIs has few
adverse effects compared with other antidepressants, altering serotonin levels has been
associated with the advent of anatomical and physiological changes in utero, leading
to defects in craniofacial development, including craniosynostosis, cleft palate, and
dental defects. Migration and proliferation of neural crest cells, which contribute to the
formation of bone, cartilage, palate, teeth, and salivary glands in the craniofacial region,
are regulated by serotonin. Specifically, craniofacial progenitor cells are affected by
serotonin levels, producing a misbalance between their proliferation and differentiation.
Thus, it is possible to hypothesize that craniofacial development will be affected by the
changes in serotonin levels, happening during maternal depression or after the use of
SSRIs, which cross the placental barrier, increasing the risk of craniofacial defects. In
this review, we provide a synthesis of the current research on depression and the use
of SSRI during pregnancy, and how this could be related to craniofacial defects using
an interdisciplinary perspective integrating psychological, clinical, and developmental
biology perspectives. We discuss the mechanisms by which serotonin could influence
craniofacial development and stem/progenitor cells, proposing some transcription
factors as mediators of serotonin signaling, and craniofacial stem/progenitor cell biology.
We finally highlight the importance of non-pharmacological therapies for depression
on fertile and pregnant women, and provide an individual analysis of the risk–benefit
balance for the use of antidepressants during pregnancy
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INTRODUCTION

Maternal depression is one of the most frequent mood disorders
occurring during and after pregnancy, affecting 7–12% of women
in developed countries (Charlton et al., 2015; Huybrechts et al.,
2015; Fairbrother et al., 2017; Field, 2017a; McAndrew, 2019).
The depressive symptomatology during pregnancy has been
identified as a predictor for postnatal depression (Field, 2011;
Koutra et al., 2014; Raskin et al., 2016). On the other hand, the
development of the fetus is affected by maternal depression, being
correlated with fetus low heart rate baseline, premature births,
protracted descent (Emory and Dieter, 2006), and low size and
weight of the newborns (Field, 2011; Dadi et al., 2020; Hompoth
et al., 2020). Also, the offspring of depressed mothers has a high
risk of depression (Pawlby et al., 2009) and negative consequences
in affective, cognitive, and behavioral development (Grace et al.,
2003; Milgrom et al., 2008; Pearson et al., 2012).

The identification of risk factors associated with maternal
depression can contribute to their prevention. The risk factors
can be classified as prenatal factors, factors related to pregnancy,
and factors related to the mother herself. Overall, the lack of a
partner, absence of socio-familiar support network, low income,
insecurity attachments, history of depression, and extreme ages
(teenagers or>40 years), are prenatal risk factors for maternal
depression (Faisal-Cury and Rossi Menezes, 2007; Olhaberry
et al., 2014; Field, 2017b). Pregnancy-related risk factors are
the lack of pregnancy planning, undesired pregnancy, and the
ambivalence about maternity (Bowen and Muhajarine, 2006).
Maternal-related risk factors include stress, drug consumption,
violence, conflicts with partners, low educational level (Escribe-
Aguir et al., 2008; Field, 2017b), insecure attachment to their own
mother (Murray et al., 1996; Bifulco et al., 2006), and adverse or
traumatic experiences during childhood and adolescence (Buist
and Janson, 2001; Nelson et al., 2002).

The treatment for depression usually includes psychotherapy,
pharmacotherapy, or a combination of both. Regarding
psychotherapy, cognitive–behavioral therapy has been
demonstrated to be effective in the decrease of symptoms
and remission of depression during pregnancy (O’Connor
et al., 2016). Nevertheless, the adherence to psychotherapy
is difficult (Rojas et al., 2015), and the outcome depends on
the individual traits of the mothers (Miranda et al., 2017). In
the recent years, new behavioral interventions have emerged
as an alternative treatment for maternal depression, such as
interpersonal psychotherapy, mindfulness, peer support groups,
massage, tai chi, yoga, aerobic exercise, and sleep interventions
(Field, 2017b; Ladyman et al., 2020; Lucena et al., 2020).

Pharmacotherapy is frequently used to treat depression:
approximately one-third of pregnant depressive women use
antidepressants (Ramos et al., 2007; Goodman and Tully, 2009;
Jimenez-Solem et al., 2013; Molenaar et al., 2020). In line
with the serotonergic theory of depression, which proposes that
diminished activity of serotonin pathways plays a causal role
in the pathophysiology of depression (Kerr, 1994), the most
commonly prescribed antidepressants belong to the family of
the selective serotonin reuptake inhibitors (SSRIs). SSRIs act by
blocking the serotonin transporter (SERT), preventing serotonin

recapture, which increases the extracellular concentration of
physiologically released serotonin (Stahl, 1998; Gershon and
Tack, 2007). Fluoxetine, sertraline, and citalopram are the most
prescribed SSRIs (Kern et al., 2020; Molenaar et al., 2020).

Apart from its role as a neurotransmitter related to mood,
serotonin appears to have a relevant role during development
(Shuey et al., 1993; Buznikov et al., 2001; Kaihola et al.,
2016). From this, the question about whether depression or
antidepressants interfere with developmental process during
pregnancy emerges. As the abovementioned effects of maternal
depression at birth, negative effects of the use of antidepressants
during pregnancy have been reported, including non-optimal
birth outcomes (i.e., preterm delivery and lower Apgar scores),
persistent pulmonary hypertension of the newborn, neonatal
withdrawal/toxicity syndrome, greater internalizing behaviors
at toddler age, and greater risk for autism spectrum disorder
(Meltzer-Brody et al., 2011; Huybrechts et al., 2015; Field, 2017b).
Regarding the craniofacial region, the use of SSRI has also
been associated with bone defects like craniosynostosis and
dental malformations, affecting mainly the proliferation and
differentiation equilibrium in progenitor cells, as described in
different experimental models (Shuey et al., 1992; Moiseiwitsch
et al., 1998; Cray et al., 2014; Calibuso-Salazar and Ten Eyck,
2015; Durham et al., 2019), and associated with an increased
risk of craniofacial malformations in humans (Alwan et al., 2007;
Berard et al., 2015, 2017; Reefhuis et al., 2015; Gao et al., 2018).

Depression and the use of SSRIs have increased over the last
few years (Global Burden of Disease Study, 2017). Therefore, it
is necessary to build a systematic model to allocate the current
knowledge that links depression, SSRI treatment, and craniofacial
development. In this review, we performed a bibliographic search
using search engines such as PubMed and Google Scholar,
looking for cellular, animal, and human research that associates
the role of serotonin during craniofacial development with
maternal depression or the use of antidepressants. To provide a
background to understand this topic, we primarily will describe
craniofacial development and the general origin of craniofacial
defects, to introduce then the role of serotonin in the craniofacial
region development, describing the craniofacial defects related
to the use of SSRI. We finally propose a model to explain how
depression or antidepressants, as environmental factors, could
generate craniofacial developmental defects in the offspring, by
altering the stem/progenitor cell biology.

CRANIOFACIAL DEVELOPMENT AND
THE ORIGIN OF CRANIOFACIAL
DEFECTS

Human craniofacial congenital defects vary between 1 and
4% in different countries (Dolk, 2005; Canfield et al., 2006)
having serious functional, aesthetic, and social consequences.
This makes it relevant to identify the developmental processes
involved in craniofacial congenital defects, and how genetic and
environmental factors can alter them.

Vertebrate craniofacial development is characterized by a rich
crosstalk between the three germ layers and neural crest-derived
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cells (NCCs) (Couly et al., 2002; Rinon et al., 2007; Grenier et al.,
2009; Marcucio et al., 2011; Figure 1A). During development,
NCCs show multipotency (stemness) and migratory capabilities
(Abzhanov et al., 2003; Adameyko and Fried, 2016). They
delaminate alongside the edge of the neural plate and populate
the craniofacial region, forming the progenitors for most facial
bones, cartilages, salivary glands, and dental mesenchyme at
the craniofacial region (Le Douarin et al., 2004). The defects
in generation, migration, and differentiation of NCCs could
generate a variety of apparently non-related diseases named

neurocristopathies (Bolande, 1974). The advance of research and
general understanding of NCC development in recent years has
led to an increase in the number of reported neurocristopathies
(Bolande, 1997; Sato et al., 2019).

Regarding craniofacial tissues, among the malformations
typically manifested at birth are maxillary, zygomatic, and
mandibular hypoplasia, cleft palate, and auricular defects. The
etiology of neurocristopathies includes genetic mutations in
the genes Tcof1 and Polr1 in Treacher–Collins syndrome, Sox9
in Pierre Robin sequence, Sox10 in Waardenburg syndrome,

FIGURE 1 | Derivatives structures from germ layers and craniofacial defects in different animal models and humans. (A) Scheme of the craniofacial derivatives from
ectoderm, mesoderm, endoderm, and neural crest (NCs) showing the main craniofacial structures and the germ layer from which they came. Modified from Carlson
(2019). (B) Scheme of animal models and humans indicating the most relevant craniofacial defects generated by serotonin deregulation, as reported. References:
1Cray et al., 2014; 2Durham et al., 2019; 3Cabrera et al., 2020; 4 Berard et al., 2017; 5Alwan et al., 2007; 6Colvin et al., 2011; 7Louik et al., 2007; 8Malm et al.,
2011; 9Calibuso-Salazar and Ten Eyck, 2015; 10Reisoli et al., 2010; 11Fraher et al., 2016.
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and a region on chromosome 14q32 in Goldenhar syndrome.
Additionally, environmental factors such as alcohol, folic acid
deficiency, maternal diabetes, infection, and pharmaceutical
agents, and their interaction with genetic mutations, have also
been related to the development of neurocristopathies (reviewed
in Sato et al., 2019; Figure 1B).

The growth of the skull is also an important process
during craniofacial development. The skull sutures, zones in
which flat bones contact, ossify during the first two postnatal
decades, allowing the growth and expansion of the brain.
When an imbalance between proliferation and differentiation
in the suture cells and adjacent bones occurs, premature
bone differentiation leads to premature closure of sutures and
produces craniosynostosis (Twigg and Wilkie, 2015). Most of
the craniosynostosis alter the shape of the skull, generating a
secondary effect such as altered intracranial pressure, blindness,
cognitive disabilities, and mental retardation; therefore, surgery
is required as treatment (Durham et al., 2019). Craniosynostosis
has a prevalence of 1:1,800–2,500 births, being associated to
some genetic mutations (Cdc45, Twist, Fgfr, and Tcf12) and/or
environmental factors including nicotine, hyperthyroidism in
pregnant women, and importantly, the use of antidepressants
(Twigg and Wilkie, 2015; Durham et al., 2017). The relationship
between these environmental factors and craniosynostosis has
been described in animal models, which show an altered
proliferation and differentiation of stem/progenitor cells, and in
humans, in which the newborns from mothers exposed to these
disturbances have an increase in craniosynostosis prevalence
(Shuey et al., 1992; Carmichael et al., 2008; Grewal et al., 2008;
Browne et al., 2011; Berard et al., 2015, 2017; Durham et al., 2017,
2019; Figure 1B).

As the overall growth of the skull is important during
craniofacial development, two characteristic craniofacial organs
that can be affected during development and are extensively
studied are teeth and salivary glands. Teeth and salivary gland
development require a tight communication between the oral
epithelium and the surrounding NCC-derived mesenchyme.
Teeth develop through different stages including the initiation
stage, bud stage, cup stage, bell stage, and posterior root
formation (Ruch et al., 1995; Thesleff and Sharpe, 1997; Thesleff,
2003). During each stage, defects in the correct sequence of
events that will form the teeth produce malformations such as
agenesia, hypodontia, or tooth shape abnormalities, which can be
presented alone or as part of a major syndrome. Similar to other
craniofacial defects, teeth defects are related to well-characterized
genetic mutations (Msx1, Pax9, Axin2, Eda, Wnt10A, Foxc1, and
Pitx2, among others) and/or environmental factors like ingestion
of chemical substances (fluorides, tetracyclines, dioxins, and
thalidomide), malnutrition, vitamin D deficiency, bilirubinemia,
thyroid, and parathyroid disturbances, maternal diabetes, severe
infections, and metabolic disorders (Brook, 2009; Klein et al.,
2013; Figure 1B). As is observed for teeth, salivary gland
development also proceeds through different stages: placode,
bud, pseudoglandular, canalicular, and cytodifferentiation
(Affolter et al., 2003; Patel et al., 2006; Knosp et al., 2012;
Hauser and Hoffman, 2015; Chatzeli et al., 2017; Emmerson
et al., 2017). Congenital genetic and/or environmental-caused

defects during salivary gland development generate aplasic
or ectopic glands, mainly associated to syndromes as Levy–
Hollister syndrome, oculo–auriculo–vertebral spectrum
(OAVS), Treacher–Collins syndrome, and Down syndrome
(Togni et al., 2019).

In summary, craniofacial development is a highly sensitive
process that occurs early during gestation. Congenital
craniofacial defects are multifactorial and are associated
with diverse genetic, environmental factors, and the interaction
of both (Murray, 2002; Murray and Marazita, 2013; Nagy and
Demke, 2014; Durham et al., 2017). Though most of the current
research have focused on genetic factors, environmental factors
need to be studied as well.

SEROTONIN SIGNALING COMPONENTS
ARE PRESENT IN CRANIOFACIAL
TISSUES

Serotonin is a monoamine synthesized intracellularly from
L-tryptophan, released, and later degraded via monoamine
oxidase action (Kirk et al., 1997; Sahu et al., 2018). The
serotonin signaling is transduced to subcellular events by
specific membrane receptors of different classes. Most of the
serotonin receptors belong to the superfamily of G-protein-
coupled receptors containing a predicted seven-transmembrane
domain structure, coupled with Gαi, Gαq/11, or Gαs, given
a plethora of biochemical pathways that could be influenced
by serotonin receptor activation (Peroutka, 1994; Sahu et al.,
2018). Conversely, the serotonin-3 receptor is a ligand-gated
ion channel (Hoyer et al., 2002; Millan et al., 2008; Ori et al.,
2013). Furthermore, serotonin can act intracellularly after being
internalized by SERT or transported through the gap junction
between neighboring cells. Then, it can act in two ways: binding
to proteins such as Mad3 (protein related to checkpoint in cell
division) and serotonin-2 receptor, or by serotonylation of several
molecules (covalent addition of serotonin to glutamine residues)
[reviewed in Berard et al. (2019)].

Serotonin controls a broad spectrum of biological process,
including gastrointestinal motility and secretion, cardiovascular
regulation, hemostatic processes, circadian rhythms, sleep–wake
cycle, memory, and learning, perception of pain, and appetite and
sexual behavior [reviewed in Berger et al. (2009)]. In the nervous
system, serotonin has a well-known role as a neurotransmitter,
whose imbalance is associated with human psychiatric disorders
like depression, anxiety, obsessive–compulsive disorders, autism,
and schizophrenia. The brain serotonin is mainly produced by
neurons of the raphe nuclei and the pineal gland, in the latter, as a
precursor of melatonin. Besides the brain, serotonin is produced
by almost all cells, being enriched in the enterochromaffin and
myenteric cells of the gut, representing about 95% of the total
serotonin secretion (Tsapakis et al., 2012; Sahu et al., 2018).

In parallel to these roles in metabolism, serotonin has been
implicated in several early developmental processes before the
onset of neurogenesis, acting as a morphogen that regulates
cell proliferation, migration, and differentiation. Some of the
processes regulated by serotonin include left–right asymmetry
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(Levin et al., 2006), neural crest cell formation and migration
(Moiseiwitsch and Lauder, 1995; Vichier-Guerre et al., 2017), and
heart, bone, and craniofacial development (Shuey et al., 1992,
1993; Yavarone et al., 1993; Moiseiwitsch and Lauder, 1996). In
mammals, serotonin required for early development is produced
by the embryo, as early as the two-cell stage (Amireault and
Dube, 2005; Dube and Amireault, 2007; Kaihola et al., 2016), and
from a source supplied by the maternal blood (Cote et al., 2007)
and trophoblast placental cells (Bonnin and Levitt, 2011; Kaihola
et al., 2015). Uptake of serotonin has been observed in cranial
mesenchyme, heart, liver tissues, and, importantly, in migrating
neural crest cells (Lauder and Zimmerman, 1988; Narboux-Neme
et al., 2008; Vichier-Guerre et al., 2017; Figure 2).

Interestingly, in the craniofacial region, serotonin receptors
are expressed at early stages, and their activation or inactivation
are related with several developmental processes. In NCC
explants and mouse embryos, the addition of an antagonist
of the serotonin-1A receptor inhibited the migration of
cranial NCCs (Moiseiwitsch and Lauder, 1995). In whole
mouse embryo cultures, blocking the serotonin-2 receptor
generates malformed embryos (Choi et al., 1997; Lauder
et al., 2000; Bhasin et al., 2004), and in Xenopus laevis, it
perturbs the development of the heart, face, and eyes (Reisoli
et al., 2010). In embryonic mouse mandibular mesenchyme
and explant cultures, antagonists for serotonin-2 and -3
receptors block the effects of serotonin on the expression of
mandibular proteins (Moiseiwitsch and Lauder, 1997; Figure 3).
Concomitantly, SERT is expressed in different regions of the

mouse and rat craniofacial mesenchyme and cartilage from E14
to at least E18 (Moiseiwitsch and Lauder, 1997; Moiseiwitsch
et al., 1998; Hansson et al., 1999; Lauder et al., 2000; Narboux-
Neme et al., 2008; Figure 2). Similarly, sites of serotonin uptake
and degradation are identified in mouse tooth germ (Lauder and
Zimmerman, 1988; Shuey et al., 1992), and serotonin receptors
are expressed in the epithelium of the tooth germ from the bud
stage (Moiseiwitsch et al., 1998; Lauder et al., 2000). Serotonin
synthesis and uptake have also been detected in palate shelves
during palate formation (Wee et al., 1981; Zimmerman et al.,
1981; Hirata et al., 2018; Figure 2).

The early expression of the serotonin pathway components
and the developmental defects that produce their downregulation
or upregulation, including the use of SSRIs, strongly indicate a
role of serotonin in the development of craniofacial structures.
This makes relevant to understand which cells are affected and
what the underlying mechanism implied is.

SEROTONIN HAS A ROLE OVER
STEM/PROGENITOR CELLS THAT
INFLUENCES CRANIOFACIAL
DEVELOPMENT

Different studies have shown that serotonin works as a dose-
dependent growth regulatory signal for craniofacial progenitor
cells. In neural crest mice explants (E9) and dissociated

FIGURE 2 | Serotonin pathway component expression in the craniofacial region represented in the human embryo. Sites of serotonin signaling components
expression [receptors and serotonin transporter (SERT)] extrapolated from mice embryo animal model (Moiseiwitsch and Lauder, 1995, 1996; Moiseiwitsch et al.,
1998; Lauder et al., 2000) to a human embryo. Left-to-right: A 21-day-old human embryo (representing the information from E9.5 mice embryo) showing expression
in neural crest cells. A 4-week-old human embryo (representing the information from E11.5 mice embryo) showing expression in the first pharyngeal arch and
frontonasal prominence. A 6-week-old human embryo (representing the information from E13.5 mice embryo) showing specific expression in the tooth germ, palate,
first arch cartilage, and nasal cartilage, and a wide light color representing the expression in the developing craniofacial skeleton. A 4-month-old human embryo
(representing the information from E16.5 mice embryo) showing expression in tooth germ, palate, nasal cartilage, and wide light expression in the craniofacial
skeleton. Modified from Adameyko and Fried (2016).
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mandibular cells (E12), low levels of serotonin stimulate the
migration of NCCs, mediated by serotonin-1A receptor. On
the contrary, at high doses, serotonin inhibits the migration
of less motile mandibular mesenchymal stem cells (MSCs)
(Moiseiwitsch and Lauder, 1995). Similarly, the treatment with
paroxetine (SSRI) in NCCs differentiated from human embryonic
stem cells triggers an increased proliferation, migration, and
AP2-α expression, an important gene involved in the bone plate
fusion process in the skull. On the contrary, sertraline decreases
the NCC proliferation and increases the expression of AP2-α,
demonstrating that SSRIs alter the normal behavior of NCCs
(Vichier-Guerre et al., 2017; Figure 3 and Table 1).

In whole mice embryos and cultured frontonasal mass
explants, the activation of serotonin-2B receptors promotes cell
proliferation in the frontonasal mass (Bhasin et al., 2004) and
mandibular mesenchyme cells exposed to serotonin (Buznikov
et al., 2001). In mouse calvaria pre-osteoblastic cultured
cells (MC3T3-E1), citalopram exposure produces an increase
in markers of osteoblastic differentiation (Cray et al., 2014).

Similarly, the proliferation rate increases in response to
serotonin, and low concentrations of fluoxetine in human-
derived induced osteoblast culture, and conversely, high levels of
fluoxetine have an inhibitory effect on proliferation (Gustafsson
et al., 2006). In ATDC5 cartilage cell line, SSRI treatment
upregulates Sox9 expression, a transcription factor that marks
NCCs, and cartilage differentiation (Miyamoto et al., 2017).
Interestingly, mice exposed to citalopram in utero (E13–E20)
exhibit altered calvaria growth and craniofacial anomalies
including ectopic sutures, single maxillary incisors, absence of
incisor root, and deviated snout (Cray et al., 2014). Another study
in mice determined that in utero exposure to citalopram increases
the risk of craniosynostosis, due to a depletion of Gli1+ stem cells
and altered homeostasis of the suture mesenchymal cells in the
calvaria (Durham et al., 2019; Figure 3 and Table 1).

Other animal models, different from mice and humans,
show similar responses to serotonin imbalance. Frogs exposed
to fluoxetine have a delay in chondrocranial development
(Calibuso-Salazar and Ten Eyck, 2015). In Xenopus laevis, the

FIGURE 3 | Cellular developmental processes regulated by serotonin. Scheme of craniofacial neural crest cells (NCCs) and epithelial cells, and the main cellular
processes controlled by serotonin: proliferation, differentiation, migration, and stem cell balance. The specific regulation, effect, and craniofacial territory/type of cell
involved are included. References: 1Bhasin et al., 2004; 2Buznikov et al., 2001; 3Gustafsson et al., 2006; 4Cray et al., 2014; 5Miyamoto et al., 2017;6 Moiseiwitsch
and Lauder, 1996; 7Riksen et al., 2010; 8Moiseiwitsch and Lauder, 1995; 9Vichier-Guerre et al., 2017; 10Durham et al., 2019; 11Baudry et al., 2015.
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TABLE 1 | Summary of main findings of research relating serotonin signaling pathway disruption and craniofacial development related effects.

Tissue
Affected

Type of serotonin
signaling
disruption

Organ/tissue/cell effect Involved/
affected
factors

Model of study Main methods References

Bone (skull)
and tooth

SSRI exposure Smaller skull, shorter and narrower snout, skull
ectopic suture, fusion of maxillary incisor and
absence of root

FGFs Mouse new-born In utero exposition (E13 to E20) to SSRI. Analysis
at P15. Citalopram dosage: 500 µg/day in
drinking water.

Cray et al.,
2014

Bone (skull) SSRI exposure Increased risk of craniosynostosis by depleting
calvaria Gli1+ stem cells

Gli1+

calvaria stem
cells

Mouse new-born In utero exposition (E13 to E20) to SSRI. Analysis
at P15. Citalopram dosage: 500 µg/day in
drinking water.

Durham et al.,
2019

Bone
(Operculum)

SSRI exposure Decreased bone mineralization and
osteoblast-specific markers expression during
embryogenesis. Reduced expression of
osteoblast activity markers in cell culture

Runx2 Zebrafish
embryo/hMSCs

SSRI exposition at 36 hpf - 130 hpf/hMSC 7d
culture.
Dosage: Citalopram 15 µM; Sertraline 30 µM.

Fraher et al.,
2016

Bone (cell line) SSRI
exposure/Serotonin
addition

Serotonin and low dose of SSRI promotes
osteoblast proliferation. At high doses of SSRI
proliferation is inhibited

Serotonin-2
receptor

MC3T3-E1 (murine
pre-osteoblasts)

Fluoxetine dosage: 1 nM, 10 nM, 100 nM, 1 µM,
10 µM
Serotonin addition: 1 nM, 10 nM, 100 nM, 1 µM,
10 µM, 50 µM

Gustafsson
et al., 2006

- SSRI exposure Changes in migration and expression of bone
plate fusion-associated factors

AP2-α ESCs-derived NCCs Paroxetine and sertraline dosage: 30 nM,
300 nM, 3 µM

Vichier-Guerre
et al., 2017

Cartilage (Cell
line and knees)

SSRI exposure Increased Sox9 and decreased Axin2 and
Mmp13 expression. Pro-chondrogenic effect
on osteoarthritic (OA) model

Sox9 ATDC5/Osteoarthritic-
induced
rats

OA phenotype induced through surgical
meniscus destabilization.
OA model fluoxetine dosage: 50 µM, 100 µM,
200 µM injections
Cell culture fluoxetine dosage:1 µM, 5 µM,
10 µM

Miyamoto
et al., 2017

Hippocampus SSRI exposure Increased proliferation in hippocampal
progenitors with reduced self-renewal and
division

Sox2 Btg1 KO mouse (adult) Fluoxetine (10 µM) injected intra peritoneal
administered for 21 days, since 56 days or 15
months of age.

Micheli et al.,
2018

- Serotonin-2B
receptor gain and
loss of function

Loss of function leads to a loss of the jaw joint
and altered first brachial arch. Gain of function
produces abnormal craniofacial development

Serotonin-2B
receptor

Xenopus laevis
embryo

Loss of function viaserotonin-2B receptor
morpholino. Gain of function using in vitro
synthesized serotonin-2B receptor mRNA.
Both microinjected at 2-4 cell stage embryos

Reisoli et al.,
2010; Ori et al.,
2013

Mandibular
epithelium

SSRI exposure Craniofacial defects: maxilla deficiency,
absence of lens invagination and open cranial
neural folds

- Mouse embryo E9 embryos were culture for 48h in presence of
SSRI.
Dosage: Fluoxetine 1 µM, 10 µM; Sertraline
5 µM, 10 µM, 20 µM.

Shuey et al.,
1992

Tooth germ SSRI
exposure/Serotonin
addition

Serotonin addition promoted transition between
developmental stages.

- Mouse embryo E13 embryos mandible explants were culture up
to 2 or 8 days.
Fluoxetine dosage: 10 µM
Serotonin addition: 10 nM, 1 µM, 100 µM

Moiseiwitsch
and Lauder,
1996

Craniofacial
mesenchyme
and epithelia

Serotonin-2B
receptor
antagonists

Craniofacial malformations as hypoplastic
forebrain/frontonasal process, hypoplastic
maxilla/mandible, lack of lens invagination and
neural tube defects

Serotonin-2B
receptor

Mouse embryo E9 embryos were culture for 48 h in presence of
antagonists.
Receptor Antagonists: Mianserin (1 µM, 10 µM),
Ritanserin (0.1 µM, 1 µM), Ketanserin (1 µM,
10 µM)

Lauder et al.,
2000

Craniofacial
bone and
cartilage

SSRI exposure Delayed development of frontoparietal bones,
mandible, nasal cartilage, and squamosal
bones.

- Eleutherodactylus
coqui
embryo

Embryos were culture from TS1 to TS15
(Townsend and Stewart staging). Fluoxetine
dosage: 100 µM, 250 µM, 500 µM, 1 mM

Calibuso-
Salazar and Ten
Eyck, 2015
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serotonin-2B receptor is the regulator of post-migratory NCCs
without altering early steps of migration. Overexpression of this
receptor induces ectopic visceral skeletal elements and alters
the patterning of branchial arches. Additionally, loss-of-function
experiments reveal that this receptor signaling is necessary for
the formation of jaw joints and the mandibular arch skeletal
elements (Reisoli et al., 2010). Incubation with SSRIs (citalopram
and fluoxetine) during zebrafish development decreases bone
mineralization and the expression of mature osteoblast-specific
markers during embryogenesis (Fraher et al., 2016) (Figure 3,
Table 1).

Mandible-forming cells and tooth germ development are also
sensitive to fluctuations in serotonin levels. Serotonin exerts
its effects through modifying the expression of growth factors,
such as IGF-1, which is positively regulated by low-to-medium
doses of serotonin, and activation of serotonin-1A and serotonin-
4 receptors in micromass mandibular cell cultures (Lambert
and Lauder, 1999). In addition, in mandibular micromass
cultures and mandibular explants, serotonin and activation
of specific serotonin receptors can modulate the extracellular
matrix, increasing the expression of aggrecan and inhibiting the
production of tenascin, two molecules relevant in craniofacial
development (Moiseiwitsch and Lauder, 1997; Moiseiwitsch
et al., 1998). In mouse mandibular explants, it has been described
that serotonin facilitates the morphological transitions at the
early stages of the tooth germ by regulating proliferation
rates: whereas low concentrations of serotonin stimulate
cell proliferation, high concentrations inhibit proliferation in
different areas, shaping the dental epithelium and mesenchyme.
Hence, in organ cultures without serotonin, tooth germ develops
only up to the bud stage. When the medium is supplemented
with serotonin, the cultured explants reach a late bell stage
in a dose-dependent manner (Moiseiwitsch and Lauder, 1996).
According to that, fluoxetine affects the interaction between
epithelium and mesenchyme arresting tooth development at the
early stages (Moiseiwitsch et al., 1998). Later, during the initial
postnatal days, SSRI reduces the transcription of enamel proteins
and secretion of vascular factors in mouse enamel organ and
cultured ameloblast-like cells that indicate possible adverse effects
of fluoxetine on amelogenesis (Riksen et al., 2010). In adult rats,
platelet-derived serotonin has been related to the recruitment of
dental stem cells after injury: when platelets come from rats with
deficiency of serotonin storage, dentin reparation is impaired
(Baudry et al., 2015). All the research presented suggests that
the balance of serotonin signaling is important for the correct
development of the mandible and teeth, potentially affecting the
different developmental processes in which stem/progenitor cells
and the differentiation of their progeny are involved (Figure 3
and Table 1).

In the case of the salivary glands, they have a common
progenitor with tooth germs generated from the same
ectodermal-derived epithelium and NCC mesenchyme (Jimenez-
Rojo et al., 2012; Chatzeli et al., 2017; Emmerson et al., 2017) and,
therefore, being prone to be affected by a serotonin imbalance.
Indeed, fluoxetine treatment modifies the salivary flow rate,
mass, and cell volume, indicating its role in adult salivary
gland function in rats and humans (Hunter and Wilson, 1995;
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Turner et al., 1996; da Silva et al., 2009; Henz et al., 2009;
Paszynska et al., 2013). Nevertheless, there are no studies
showing the role of SSRI in salivary gland formation.

Palate formation has also been associated with serotonin
signaling. Interestingly, one recent work indicates that mice
exposed in utero to sertraline generate significantly more cleft
palate than the control group (Cabrera et al., 2020). Thus, it is
proposed that serotonin and antagonist of serotonin receptors
alter the rotation of the palate shelves in mouse embryo culture
(Wee et al., 1979, 1981; Zimmerman et al., 1981). Similarly,
cleft lip with or without palate has an increasing risk in
mothers that use SSRIs (Louik et al., 2007; Colvin et al., 2011;
Malm et al., 2011).

Similar to the craniofacial tissues, serotonin also controls
proliferation in the nervous system. Serotonin induces the
proliferation of fetal hypothalamic neuroprogenitor cells
in vitro, demonstrated by the increase in neurospheres and
undifferentiated Sox2+ stem cells, with a decrease in mature
NeuN+ neurons (Sousa-Ferreira et al., 2014). Importantly, on
the adult dentate gyrus of Btg1 knock-out mice, characterized
by reduced self-renewal and proliferative capability, fluoxetine
can reactivate the proliferation of neural stem cells in a similar
manner that Sox2 overexpression does in these animals (Micheli
et al., 2018) (Table 1). Interestingly, tooth germ, salivary glands,
and palate have stem/progenitor cells that are positive for Sox2
and Sox9 transcription factors, which are affected by SSRI in
chondrogenic and neural context, suggesting that these cells
could be also affected in these organs (Gaete et al., 2015; Kawasaki
et al., 2015; Chatzeli et al., 2017; Emmerson et al., 2017).

In conclusion, serotonin levels are associated with the
regulation of proliferation, differentiation, and migration of
craniofacial tissues and stem/progenitor cells including those
that form bone, cartilage, tooth germ, salivary gland, and palate
(Figure 3). All these processes are critical for the formation of
the craniofacial region and can alter the cellular conditions with
an outcome in craniofacial defects (Figure 1). Considering this,
depression and antidepressants have the potential of causing
craniofacial defects based on the interference in the extensive
cellular and developmental process of the embryo (Figure 3).

FOX TRANSCRIPTION FACTORS AS A
POTENTIAL CONNECTION BETWEEN
SEROTONIN DEREGULATION AND
DISRUPTED CRANIAL STEM CELL
BIOLOGY

One interesting goal is to understand how the levels of
serotonin are translated into transcription factor expression
that leads to changes in proliferation, migration, and
differentiation of craniofacial cells. Recently, the Forkhead
transcription factor family, characterized by their DNA-binding
domain called Forkhead box (Fox), has been associated with
craniofacial development.

A modular expression of distinct subclasses of Fox proteins
(Foxc/d/f) was observed in the zebrafish facial tissue, linked

with important craniofacial signaling pathways like Fgf,
Bmp, and Hh among others. Additionally, using TALENs
(transcription-activator-like effector nuclease) and CRISPR/Cas9
technologies to generate mutant zebrafish embryos for specific
Fox genes, different facial cartilage and tooth defects were
detected depending on the specific mutated genes, showing that
Fox proteins are required for craniofacial development (Xu et al.,
2018). Foxc1 function is required for access to chondrocyte-
specific enhancers in zebrafish face; within this subset of cartilage
elements, approximately a third of them have Fox and Sox
response elements, suggesting that Foxc1 could promote Sox9
binding to those enhancers by increasing chromatin accessibility
(Xu et al., 2021). Foxc2 could cooperate with Foxc1 in the
development of the cranial base, since both are co-expressed
in this area during mouse craniofacial development. Foxc2
silencing through the Cre-recombinant system showed a lack of
ossification in the presphenoid, while Foxc1 silencing exhibit a
non-ossification of the presphenoid, a deformed alisphenoid, and
severe loss in the anterior part of the basisphenoid (Takenoshita
et al., 2021). These studies introduce Fox proteins as important
players to consider during craniofacial development.

Among the Fox proteins, the FoxO subfamily transduces
environmental signals, affecting gene expression associated with
cell proliferation, differentiation, apoptosis, and metabolism,
among other processes (Carlsson and Mahlapuu, 2002; Benayoun
et al., 2011). In the last years, there has been increasing
evidence linking FoxO proteins to the regulation of bone
formation (Huang et al., 2020; Ma et al., 2020). It has been
demonstrated that FoxO1 functions as an early regulator of
osteogenic differentiation in MSCs. FoxO1 silencing leads to
a 20% reduction in the size of the mandible, premaxilla,
and nasal bones of mice embryos, in addition to a 40%
decrease in ossification on the palatine process through direct
interaction with Runx2, an important factor in craniofacial bone
differentiation (Teixeira et al., 2010). Runx2 has been proposed
as a mediator for the gut-derived serotonin suppressive action
on the bone formation, with a bimodal action on the tissue.
At the physiological circulating serotonin levels, there exists a
balance in FoxO1 expression promoting osteoblast proliferation.
On the contrary, at high serotonin levels, the balance is disrupted
increasing its transcriptional activity that suppresses cell cycle
progression genes (Kode et al., 2012; Figure 4). Using C. elegans,
it was observed that a serotonin deficit promotes nuclear
accumulation of Daf-16, a FoxO ortholog (Liang et al., 2006).
An enhancement of serotoninergic activity by d-fenfluramine
treatment increased the inhibitory phosphorylation of FoxO1 in
several regions of the mouse brain (Polter et al., 2009), adding
evidence of FoxO regulation by serotonin in the mammalian
brain. On the other hand, serotonin can improve hematopoietic
stem/progenitor cell survival through the inhibition of the
AKT-FoxO1 signaling pathway during embryonic development
(Lv et al., 2017).

FoxO1 acts as a pluripotency regulator in embryonic stem
cells interacting with Sox2 and Oct4, strong pluripotency
regulators, through modulating their expression (Zhang et al.,
2011; Ormsbee Golden et al., 2013). Other regulatory actions have
been reported for FoxO1 on the craniofacial stem/progenitor
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FIGURE 4 | Representation of the proposed link between serotonin and craniofacial defects mediated by FoxO1 transcription factor. Our hypothetical model
proposes that under low serotonin signaling, FoxO1 enters to the nucleus generating the transcription of osteogenic (Runx2) and cartilage (Sox9) differentiation
genes promoting the differentiation of bones and cartilages. On the contrary, under high serotonin signaling, the activation of the serotonin two receptor, through
PI3K/AKT signaling pathway, impedes the entrance of FoxO1 to the nucleus, generating an imbalance in the pluripotency genes related to craniofacial defects.
Craniofacial defects observed are included. References: 1Teixeira et al., 2010; 2Kurakazu et al., 2019; 3Lv et al., 2017; 4Ormsbee Golden et al., 2013; 5Poche et al.,
2012; 6Almeida et al., 2007; 7 Iyer et al., 2013; 8Zhang et al., 2011.

marker Sox9. Thus, FoxO1 knock-down leads to a lower
expression of Sox9 in ATDC5 cells (Kurakazu et al., 2019).
The same study showed that both FoxO1 and Sox9 start to
increase their expression at the same time during chondrogenic
differentiation, suggesting that both transcription factors interact
to contribute to the differentiation process. This cooperation
between both transcription factors has been previously suggested
by the identification of Fox consensus binding motifs highly
enriched in Sox9-bound enhancers of chondrocytes genes (Ohba
et al., 2015; Figure 4).

Furthermore, FoxO genes have the capacity to antagonize
Wnt/β-catenin signaling through its association with β-catenin
that blocks its interaction with TCF/LEF transcription factors,
attenuating bone formation in bipotential osteoblast precursors.
This effect has been proposed as a molecular mechanism
for the possible loss of periodontal ligament, bone, and
tooth derived from periodontal disease (Almeida et al.,
2007; Galli et al., 2011; Iyer et al., 2013). Hence, tooth
development could be also affected by serotonin-derived FoxO

deregulation. Experiments using ameloblast-specific knock-out
for FoxO1 showed mice with enamel hypomaturation defects,
resulting in faster attrition of the teeth during mice life
(Poche et al., 2012).

Additionally, it has been reviewed that FoxO genes are
involved in the regulation of the behavioral manifestation of
depression. These proteins are not only expressed in brain
areas that respond to emotional stimuli but also are related to
circadian rhythm regulation, for which disruptions are associated
with major depression (Wang et al., 2015). In a recent study,
FoxO1 mRNA and protein levels were reduced in the prefrontal
cortex of depressive postpartum mice induced through chronic
unpredictable stress treatments (Liu et al., 2020). Mice with brain
knock-out for FoxO1 display increased depressive behaviors and
reduced anxiety (Polter et al., 2009).

Altogether, these studies suggest that FoxO1 could be part of
the mechanism involved in the craniofacial defects due to the
disrupted serotonin levels present in depressed mothers. Here,
we propose a model in which FoxO1 acts as an integrator of
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the serotonin signaling with the specific stem/progenitor cells
involved in the craniofacial development (see Figure 4).

THE USE OF SEROTONIN-RELATED
ANTIDEPRESSANTS INCREASES THE
RISK OF CRANIOFACIAL
DEVELOPMENT DEFECTS IN HUMANS

Although there is sufficient biological basis to establish an
association between serotonin deregulation and SSRI use during
pregnancy as environmental factors affecting craniofacial normal
development, it remains a controversial topic in the clinical
field. Various knowledge resources to investigate alterations
in craniofacial development patterns such as genome-wide
association studies (GWAS), dysmorphology, twin family, and
animal and population studies are highly available. The last two
approaches are the most suitable for elucidating the association
between depression/SSRIs and craniofacial defects.

Prospective cohort investigations have been published with
the aim of clarifying the association between antidepressant
use during pregnancy and major congenital malformations.
Berard et al. (2017) determined the association between first-
term exposure to antidepressants and the risk of major
congenital malformations in a cohort of depressed/anxious
women. These data were obtained from the Quebec Pregnancy
Cohort, including all pregnancies diagnosed with depression
or anxiety, or exposed to antidepressants in the 12 months
prior to pregnancy that ended with a live-born child. When
looking at the specific types of antidepressants used during
the first trimester, only the SSRI citalopram increased the risk
of major congenital malformations [adjusted odds ratio (OR)
1.36, 95% CI 1.08–1.73], although there was a trend toward
an increased risk for the most frequently used antidepressants.
Regarding the craniofacial territory, citalopram increased the
risk of craniosynostosis (adjusted OR 3.95, 95% CI 2.08–7.52),
tricyclic antidepressants (TCA) were associated with eye, ear,
face, and neck defects (adjusted OR 2.45, 95% CI 1.05–5.72),
indicating that antidepressants with effects on serotonin reuptake
during embryogenesis increased the risk of some craniofacial
malformations in a cohort of pregnant women with depression
(Berard et al., 2017). Using the same population-based cohort
study in Quebec, the authors concluded that sertraline increases
the risk of craniosynostosis (OR 2.03, 95% CI 1.09–3.75) when it
is compared with depressed women not using pharmacological
antidepressant therapy. In addition, non-sertraline SSRIs were
associated with an increased risk of craniosynostosis (OR 2.43,
95% CI, 1.44–4.11) (Berard et al., 2015). In another cohort
population study from Northern Denmark, SSRI treatments were
associated with an increased risk of malformations (OR 1.3, 95%
CI 1.1–1.6) (Kornum et al., 2010). These results were confirmed
by a systematic review that analyzed different studies of major
congenital malformation cohort populations. In general, the
use of SSRIs was associated with an increased risk of overall
major congenital anomalies (OR 1.11, 95% CI 1.03–1.19). Similar
significant associations were observed using maternal citalopram

exposure (OR 1.20, 95% CI 1.09–1.31), fluoxetine (OR 1.17,
95% CI 1.07–1.28), and paroxetine (OR 1.18, 95% CI 1.05–1.32)
(Gao et al., 2018).

In a case-control study (major birth defects vs. control) using
an expanded dataset from the National Birth Defects Study of
the United States population, the mothers of the children were
asked about the use of antidepressants during the first trimester
of pregnancy. Maternal SSRI consumption was associated with
craniofacial defects: anencephaly (adjusted OR 2.4, 95% CI
1.1–5.1) and craniosynostosis (adjusted OR 2.5, 95% CI, 1.5–
4.0) (Alwan et al., 2007). These results were confirmed by
the systematic review, determining an increased odds ratio for
birth defects with paroxetine (anencephaly OR 3.2, 95% CI 1.6–
6.2) and fluoxetine (craniosynostosis OR 1.9, 95% CI 1.1–3.0)
(Reefhuis et al., 2015).

Most clinical studies have the difficulty to separate
the effects of the underlying depression and the use of
antidepressants. One control-case study that considers this
variable, comparing the offspring defects of women with
unmedicated depression, women with treated depression and
women without depression, determined that compared with
women without depression, major congenital anomalies were
not associated with unmedicated depression (adjusted OR 1.07,
95% CI 0.96–1.18), SSRIs (adjusted OR 1.01, 95% CI 0.88–1.17),
or TCAs (adjusted OR 1.09, 95% CI 0.87–1.38) (Ban et al., 2014).
A previous work found an increased risk of major congenital
anomalies in infants born from women who took SSRIs in the
first trimester of pregnancy (adjusted OR 1.33, 95% CI 1.16–
1.53), whereas the correlation was not significant for women who
paused their SSRI intake (adjusted OR 1.27, 95% CI 0.91–1.78)
(Jimenez-Solem et al., 2013). This issue was considered by the
systematic review of Gao et al. (2018), in which they studied a
population of women with a psychiatric diagnosis (depression
or anxiety) as a different group of comparison. No significantly
increased risk was observed in this group compared with the
control group (major congenital anomalies, OR 1.04, 95% CI
0.95–1.13) (Gao et al., 2018). From these studies, we can infer
that depression itself is not a risk factor for congenital anomalies.
However, more research is still necessary to conclude this.

Despite the limitations and the different results between the
cited studies, they all share the conclusion that SSRI usage during
the first trimester of pregnancy is associated with a higher risk
of congenital malformations and specifically craniofacial defects,
in which a higher risk of craniosynostosis and other defects
with some SSRIs are reported. All the studies presented here
emphasized that an increasing number of women with depression
during pregnancy is being diagnosed and that the use of SSRIs
has been increased in the past years. Thus, it is important
that to review its use in pregnant or reproductive-age women.
Therefore, these results should have direct implications on their
clinical management.

FUTURE PERSPECTIVES

The treatment of maternal depression during pregnancy with
a combination of psychotherapy and antidepressants is widely
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used, however, some studies reveal negative effects: The use of
SSRI antidepressants increase the risk of congenital craniofacial
defects in the newborn. It is important to highlight that maternal
depression impacts the mother–fetus/baby dyad, and this should
be considered during prevention, diagnosis, and treatment. An
interdisciplinary approach that considers biological, clinical,
psychological, social, and familiar aspects is also fundamental
(Figure 5). New treatments should include the provision of a
support network and the identification of lifestyle risk factors that
may contribute to maternal depression (diet, physical activity,
etc.), and weigh the possibility of adherence and prejudices about
the selected treatment.

The application of early preventive intervention programs
that increases wellness and promotes the mental health of
mothers and their children, considering that the previous
history and habits of the mother is of major relevance. To
take the best decision for the treatment for each dyad, it is
necessary to perform more longitudinal studies that consider
the time and comorbidities of maternal depression and the
impact on the offspring. These methods could include the
implementation of scalable prenatal approach models: universal
prevention→universal screening→prevention indicated for risk
groups: early low-, medium-, and high-intensity specialized

intervention (all based on evidence). This model can be
represented as a pyramid to understand that the basics should
be attended widely, escalating over more specific groups
and therapies (Figure 6). Additionally, it is important to
promote high-quality research in innovative treatments for
depression, for instance, food supplements (Sparling et al.,
2017) or transcranial magnetic stimulation (Kim et al., 2019).
Finally, we think it is important to build, review, and
recommend “decision aid protocols” to analyze individually
the risk–benefit balance of the antidepressant treatment.
Nowadays, this is of particular importance when the percentage
of depressive women has increased over the last years
(Global Burden of Disease Study, 2017).

As we described in this review, the craniofacial region appears
to be especially sensitive to changes in serotonin signaling, where
the imbalance generates defects in bone development, cartilage
maturation, tooth germ, and palate formation. Even the effects of
depression itself appear to be marginal in epidemiological studies;
the use of SSRI that cross through the placenta (Rampono et al.,
2009) could affect the development of the fetus, increasing the
risk of craniofacial defects. Interestingly, at the time when the
craniofacial region is actively forming, most women are not aware
of being pregnant, so if they are using an SSRI, probably they will

FIGURE 5 | Flowchart of maternal depression during pregnancy through an interdisciplinary view considering psychological, physiological, biological, and clinical
components that affect the mother/child dyad.
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FIGURE 6 | Scale of proposed approaches for maternal depression interventions. This pyramid represents the size of the interventions for maternal depression,
indicating that the basis should be attended wide and escalating over more specific groups and therapies.

continue to do so. Thus, the decision to prescribe antidepressant
medication during pregnancy or on fertile women must be
weighed against the risks of untreated maternal depression.

In our revision, we found limited research about biological
aspects linking serotonin and craniofacial defects, indicating
a great necessity to investigate this topic. This gained special
relevance in light of the prevalence and clinical problems
that the deregulation of serotonin implies during development.
Importantly, most of the publications in the biological field are
from decades ago, so the advantage of cutting-edge methods
is not employed. New experimental models can be used to
explain the underlying mechanisms of clinical problems related
to craniofacial defects, including genetic and/or environmental
etiology. Models like zebrafish and frog larva offer a great
possibility to test not only pollutants such as bisphenol but
also drugs such as SSRI, by adding them directly into the
liquid growth medium, allowing to test different doses and
drugs (fluoxetine, citalopram, and sertraline, etc.) (Calibuso-
Salazar and Ten Eyck, 2015). Organ culture also offers similar
advantages to test diverse doses and drugs by adding them
directly to the culture medium (Sánchez et al., 2018). These
experiments can provide valuable information about serotonin
regulation in a quick and easy manner, which then can
be complemented with in vivo studies using, for example,
mice models for depression (Krishnan and Nestler, 2011;
Planchez et al., 2019) or using SSRIs during pregnancy
in murine models.

Here, we mentioned that the mechanism by which serotonin
deregulation could affect craniofacial development is not
totally elucidated, but that this includes developmental biology
processes and the biology of stem/progenitor cells. Accordingly,
NCCs and MSCs appear to be the most affected cells,
especially given their proliferative and migrative capacities that

impact over facial and skull bone, cartilage, palate, and tooth
formation. The similarities between the tooth and salivary gland
formation, and the influence of serotonin in the neural-crest
derived mesenchyme, make evident the necessity of future
studies about how serotonin deregulations could affect salivary
gland development.

In this review, we propose that the transcription factor
FoxO1 could be implicated linking the misregulation of serotonin
levels with the different processes affected during craniofacial
formation, disrupting the stem/progenitor cell biology. FoxO1
has a role in craniofacial tissue development (bone, cartilage,
and tooth) and function within the stem cell regulation (Xu
et al., 2018, 2021; Takenoshita et al., 2021). Moreover, it has
a capacity to respond to changes in serotonin concentrations,
being involved in the manifestation of major depressive disorders
(Polter et al., 2009; Wang et al., 2015). All these together
suggest that FoxO1 functions as a potential link between
the craniofacial development and disrupted serotoninergic
signaling by a specific context/environment. However, more
studies are necessary to determine this hypothesis and the
mechanism disrupted by the changes in serotonin levels by
depression or SSRI use.

Regarding the clinical research field, we need to consider
some limitations, such as difficulties on patient recruitment,
withdrawal of patients, insufficient statistical power, issues with
the classification of birth defects, the presence of confounders, or
poor information about the medication exposure. Additionally,
it is difficult to determine an SSRI dose-response effect because,
in general, the information comes from maternal reports that
are imprecise. A similar difficulty occurs with the type of
antidepressants because the mothers were usually asked about
the commercial name of the drug, generating an under- or
over-representation of some antidepressants and possible bias in
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the responses. Another important limitation is the presence of
confounders such as smoking, folic acid, alcohol, or other drug
intakes that are commonly present in the lifestyles of mothers
with depression. Although the study design tried to consider
these variables, it is not completely reliable given that these
depends on patient reports.

Randomized clinical trials contrasting a group of depressed
pregnant women with and without pharmacological treatment
would allow us to further elucidate the relationship between
antidepressants and congenital malformations. Currently, a
randomized placebo-controlled trial on depressed mothers is
being conducted in Stockholm; the results in the child exposed
or not exposed to SSRI in utero will be analyzed (Heinonen
et al., 2018). In this way, while current systematic reviews
(Uguz, 2020) of meta-analyses examining the relationship
between maternal use of SSRI during pregnancy and
congenital anomalies have suggested a significant positive
association between the use of SSRIs and the risk of
major congenital anomalies, further large-scale prospective
observational studies, and meta-analyses on the effects of
SSRIs are required to reach definitive conclusions. However,
since risk estimates for adverse events are similar in
randomized trials and observational studies, the findings
described in this review have implications for clinical practice
(Golder et al., 2011).

In conclusion, serotonin appears to be involved in
many developmental processes and the deregulation of its
signaling, and the use of SSRI antidepressant leads to an
increased risk of craniofacial development defects. Maternal
depression during pregnancy needs to be carefully treated,
diminishing the use of pharmacotherapy, and highlighting
psychotherapy and alternative tools for the treatment, especially
in minor and middle depression. Serotonin can affect the
balanced role of NCCs and MSCs, but more research is
necessary to determine the mechanism by which serotonin
could influence the development of craniofacial tissues with
special attention to stem/progenitor cells, aiming to discover
alternative pathways to prevent the craniofacial development
defects generated.

AUTHOR CONTRIBUTIONS

NS, JJ-B, and MG reviewed the literature, wrote the
developmental biology sections of the review, and formulated
the figures and tables. MO, AM, MM, and PF reviewed the
literature and wrote the psychological sections of the review.
HG-O and FB reviewed the literature and wrote the clinical
section of the review. NS and MG edited all the sections. All
authors contributed to the discussion of the document.

FUNDING

NS received funding from the Fondo Nacional de Desarrollo
Científico y Tecnológico (FONDECYT) from the Agencia
Nacional de Investigación y Desarrollo de Chile (ANID)
Postdoctorate fellowship no. 3190798, in which MG is the
Academic Researcher and JJ-B is Research Associate. AM
received funding from the ANID, Scholarship Program
Doctorado Nacional 2020 no. 21200074. PF received funding
from the ANID, Scholarship Program, Doctorado Nacional 2019
no. 21190745. Article publication was partially financed by the
Millennium Institute for Research in Depression and Personality
(MIDAP), Chile, ICS13_005. NS, JJ-B, MO, HG-O, AM, MM,
PF, FB and MG are researchers in the Interdisciplinary Research
Funding II180016 from the Vicerrectoría de Investigación of
Pontificia Universidad Católica de Chile (VRI).

ACKNOWLEDGMENTS

We thank the Interdisciplinary Research Funding II180016
from the Pontificia Universidad Católica de Chile in funding
the project that gathered the interdisciplinary group that
wrote this review. We also thank Esteban G. Contreras
for critical review of the manuscript. We thank Constanza
Daza (conny.daza.c@gmail.com), for performing Figures 1A
and 2 illustrations. Figures 1B, 3 and 4 were created using
BioRender.com under academic account license.

REFERENCES
Abzhanov, A., Tzahor, E., Lassar, A. B., and Tabin, C. J. (2003). Dissimilar regulation

of cell differentiation in mesencephalic (cranial) and sacral (trunk) neural crest
cells in vitro. Development 130, 4567–4579. doi: 10.1242/dev.00673

Adameyko, I., and Fried, K. (2016). The nervous system orchestrates and integrates
craniofacial development: a review. Front. Physiol. 7:49. doi: 10.3389/fphys.
2016.00049

Affolter, M., Bellusci, S., Itoh, N., Shilo, B., Thiery, J. P., and Werb, Z. (2003). Tube
or not tube: remodeling epithelial tissues by branching morphogenesis. Dev.
Cell 4, 11–18. doi: 10.1016/s1534-5807(02)00410-0

Almeida, M., Han, L., Martin-Millan, M., O’Brien, C. A., and Manolagas, S. C.
(2007). Oxidative stress antagonizes Wnt signaling in osteoblast precursors
by diverting beta-catenin from T cell factor- to forkhead box O-mediated
transcription. J. Biol. Chem. 282, 27298–27305. doi: 10.1074/jbc.M702811200

Alwan, S., Reefhuis, J., Rasmussen, S. A., Olney, R. S., Friedman, J. M., and National
Birth Defects Prevention Study (2007). Use of selective serotonin-reuptake
inhibitors in pregnancy and the risk of birth defects. N. Engl. J. Med. 356,
2684–2692. doi: 10.1056/NEJMoa066584

Amireault, P., and Dube, F. (2005). Serotonin and its antidepressant-sensitive
transport in mouse cumulus-oocyte complexes and early embryos. Biol. Reprod.
73, 358–365. doi: 10.1095/biolreprod.104.039313

Ban, L., Gibson, J. E., West, J., Fiaschi, L., Sokal, R., Smeeth, L., et al. (2014).
Maternal depression, antidepressant prescriptions, and congenital anomaly risk
in offspring: a population-based cohort study. BJOG 121, 1471–1481. doi: 10.
1111/1471-0528.12682

Baudry, A., Alleaume-Butaux, A., Dimitrova-Nakov, S., Goldberg, M., Schneider,
B., Launay, J. M., et al. (2015). Essential roles of dopamine and serotonin in
tooth repair: functional interplay between odontogenic stem cells and platelets.
Stem Cells 33, 2586–2595. doi: 10.1002/stem.2037

Benayoun, B. A., Caburet, S., and Veitia, R. A. (2011). Forkhead transcription
factors: key players in health and disease. Trends Genet. 27, 224–232. doi:
10.1016/j.tig.2011.03.003

Berard, A., Levin, M., Sadler, T., and Healy, D. (2019). Selective serotonin reuptake
inhibitor use during pregnancy and major malformations: the importance of
serotonin for embryonic development and the effect of serotonin inhibition
on the occurrence of malformations. Bioelectricity 1, 18–29. doi: 10.1089/bioe.
2018.0003

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 August 2021 | Volume 9 | Article 632766

mailto:conny.daza.c@gmail.com
https://www.BioRender.com
https://doi.org/10.1242/dev.00673
https://doi.org/10.3389/fphys.2016.00049
https://doi.org/10.3389/fphys.2016.00049
https://doi.org/10.1016/s1534-5807(02)00410-0
https://doi.org/10.1074/jbc.M702811200
https://doi.org/10.1056/NEJMoa066584
https://doi.org/10.1095/biolreprod.104.039313
https://doi.org/10.1111/1471-0528.12682
https://doi.org/10.1111/1471-0528.12682
https://doi.org/10.1002/stem.2037
https://doi.org/10.1016/j.tig.2011.03.003
https://doi.org/10.1016/j.tig.2011.03.003
https://doi.org/10.1089/bioe.2018.0003
https://doi.org/10.1089/bioe.2018.0003
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-632766 August 11, 2021 Time: 12:47 # 15

Sánchez et al. Maternal Depression, Antidepressants and Craniofacial Defects

Berard, A., Zhao, J. P., and Sheehy, O. (2015). Sertraline use during pregnancy
and the risk of major malformations. Am. J. Obstet. Gynecol. 212, e791–e795.
doi: 10.1016/j.ajog.2015.01.034

Berard, A., Zhao, J. P., and Sheehy, O. (2017). Antidepressant use during pregnancy
and the risk of major congenital malformations in a cohort of depressed
pregnant women: an updated analysis of the Quebec Pregnancy Cohort. BMJ
Open 7:e013372. doi: 10.1136/bmjopen-2016-013372

Berger, M., Gray, J. A., and Roth, B. L. (2009). The expanded biology of serotonin.
Annu. Rev. Med. 60, 355–366. doi: 10.1146/annurev.med.60.042307.110802

Bhasin, N., LaMantia, A. S., and Lauder, J. M. (2004). Opposing regulation of
cell proliferation by retinoic acid and the serotonin2B receptor in the mouse
frontonasal mass. Anat. Embryol. (Berl.) 208, 135–143. doi: 10.1007/s00429-
004-0380-7

Bifulco, A., Kwon, J., Jacobs, C., Moran, P. M., Bunn, A., and Beer, N. (2006).
Adult attachment style as mediator between childhood neglect/abuse and adult
depression and anxiety. Soc. Psychiatry Psychiatr. Epidemiol. 41, 796–805. doi:
10.1007/s00127-006-0101-z

Bolande, R. P. (1974). The neurocristopathies: a unifying concept of disease arising
in neural crest maldevelopment. Hum. Pathol. 5, 409–429.

Bolande, R. P. (1997). Neurocristopathy: its growth and development in 20 years.
Pediatr. Pathol. Lab. Med. 17, 1–25.

Bonnin, A., and Levitt, P. (2011). Fetal, maternal, and placental sources of
serotonin and new implications for developmental programming of the brain.
Neuroscience 197, 1–7. doi: 10.1016/j.neuroscience.2011.10.005

Bowen, A., and Muhajarine, N. (2006). Prevalence of antenatal depression in
women enrolled in an outreach program in Canada. J. Obstet. Gynecol.
Neonatal. Nurs. 35, 491–498. doi: 10.1111/j.1552-6909.2006.00064.x

Brook, A. H. (2009). Multilevel complex interactions between genetic, epigenetic
and environmental factors in the aetiology of anomalies of dental development.
Arch. Oral. Biol. 54(Suppl. 1), S3–S17. doi: 10.1016/j.archoralbio.2009.09.005

Browne, M. L., Hoyt, A. T., Feldkamp, M. L., Rasmussen, S. A., Marshall, E. G.,
Druschel, C. M., et al. (2011). Maternal caffeine intake and risk of selected birth
defects in the National Birth Defects Prevention Study. Birth Defects Res. A Clin.
Mol. Teratol. 91, 93–101. doi: 10.1002/bdra.20752

Buist, A., and Janson, H. (2001). Childhood sexual abuse, parenting and
postpartum depression–a 3-year follow-up study. Child Abuse Negl. 25, 909–
921. doi: 10.1016/s0145-2134(01)00246-0

Buznikov, G. A., Lambert, H. W., and Lauder, J. M. (2001). Serotonin
and serotonin-like substances as regulators of early embryogenesis and
morphogenesis. Cell Tissue Res. 305, 177–186. doi: 10.1007/s004410100408

Cabrera, R. M., Linda Lin, Y., Law, E., Kim, J., and Wlodarczyk, B. J. (2020).
The teratogenic effects of sertraline in mice. Birth Defects Res. 112, 1014–1024.
doi: 10.1002/bdr2.1660

Calibuso-Salazar, M. J., and Ten Eyck, G. R. (2015). A novel whole-embryo culture
model for pharmaceutical and developmental studies. J. Pharmacol. Toxicol.
Methods 73, 21–26. doi: 10.1016/j.vascn.2015.02.003

Canfield, M. A., Honein, M. A., Yuskiv, N., Xing, J., Mai, C. T., Collins, J. S., et al.
(2006). National estimates and race/ethnic-specific variation of selected birth
defects in the United States, 1999-2001. Birth Defects Res. A Clin. Mol. Teratol.
76, 747–756. doi: 10.1002/bdra.20294

Carlson, B. (2019). Human Embryology and Developmental Biology, 6th Edn.
Netherlands: Elsevier.

Carlsson, P., and Mahlapuu, M. (2002). Forkhead transcription factors: key players
in development and metabolism. Dev. Biol. 250, 1–23. doi: 10.1006/dbio.2002.
0780

Carmichael, S. L., Ma, C., Rasmussen, S. A., Honein, M. A., Lammer, E. J., Shaw,
G. M., et al. (2008). Craniosynostosis and maternal smoking. Birth Defects Res.
A Clin. Mol. Teratol. 82, 78–85. doi: 10.1002/bdra.20426

Charlton, R. A., Jordan, S., Pierini, A., Garne, E., Neville, A. J., Hansen, A. V., et al.
(2015). Selective serotonin reuptake inhibitor prescribing before, during and
after pregnancy: a population-based study in six European regions. BJOG 122,
1010–1020. doi: 10.1111/1471-0528.13143

Chatzeli, L., Gaete, M., and Tucker, A. S. (2017). Fgf10 and Sox9 are essential
for the establishment of distal progenitor cells during mouse salivary gland
development. Development 144, 2294–2305. doi: 10.1242/dev.146019

Choi, D. S., Ward, S. J., Messaddeq, N., Launay, J. M., and Maroteaux, L. (1997). 5-
HT2B receptor-mediated serotonin morphogenetic functions in mouse cranial
neural crest and myocardiac cells. Development 124, 1745–1755.

Colvin, L., Slack-Smith, L., Stanley, F. J., and Bower, C. (2011). Dispensing patterns
and pregnancy outcomes for women dispensed selective serotonin reuptake
inhibitors in pregnancy. Birth Defects Res. A Clin. Mol. Teratol. 91, 142–152.
doi: 10.1002/bdra.20773

Cote, F., Fligny, C., Bayard, E., Launay, J. M., Gershon, M. D., Mallet, J., et al.
(2007). Maternal serotonin is crucial for murine embryonic development. Proc.
Natl. Acad. Sci. U. S. A. 104, 329–334. doi: 10.1073/pnas.0606722104

Couly, G., Creuzet, S., Bennaceur, S., Vincent, C., and Le Douarin, N. M. (2002).
Interactions between Hox-negative cephalic neural crest cells and the foregut
endoderm in patterning the facial skeleton in the vertebrate head. Development
129, 1061–1073.

Cray, J. J. Jr., Weinberg, S. M., Parsons, T. E., Howie, R. N., Elsalanty, M., and Yu,
J. C. (2014). Selective serotonin reuptake inhibitor exposure alters osteoblast
gene expression and craniofacial development in mice. Birth Defects Res. A Clin.
Mol. Teratol. 100, 912–923. doi: 10.1002/bdra.23323

da Silva, S., de Azevedo, L. R., de Lima, A. A., Ignacio, S. A., Machado, M. A.,
ZacliKevis, M. V., et al. (2009). Effects of fluoxetine and venlafaxine and
pilocarpine on rat parotid glands. Med. Chem. 5, 483–490. doi: 10.2174/
157340609789117868

Dadi, A. F., Miller, E. R., Woodman, R., Bisetegn, T. A., and Mwanri, L. (2020).
Antenatal depression and its potential causal mechanisms among pregnant
mothers in Gondar town: application of structural equation model. BMC
Pregnancy Childbirth 20:168. doi: 10.1186/s12884-020-02859-2

Dolk, H. (2005). EUROCAT: 25 years of European surveillance of congenital
anomalies. Arch. Dis. Child. Fetal Neonatal. Ed. 90, F355–F358. doi: 10.1136/
adc.2004.062810

Dube, F., and Amireault, P. (2007). Local serotonergic signaling in mammalian
follicles, oocytes and early embryos. Life Sci. 81, 1627–1637. doi: 10.1016/j.lfs.
2007.09.034

Durham, E., Howie, R. N., Larson, N., LaRue, A., and Cray, J. (2019).
Pharmacological exposures may precipitate craniosynostosis through targeted
stem cell depletion. Stem Cell Res. 40:101528. doi: 10.1016/j.scr.2019.101528

Durham, E. L., Howie, R. N., and Cray, J. J. (2017). Gene/environment interactions
in craniosynostosis: a brief review. Orthod. Craniofac. Res. 20(Suppl. 1), 8–11.
doi: 10.1111/ocr.12153

Emmerson, E., May, A. J., Nathan, S., Cruz-Pacheco, N., Lizama, C. O., Maliskova,
L., et al. (2017). SOX2 regulates acinar cell development in the salivary gland.
Elife 6:e26620. doi: 10.7554/eLife.26620

Emory, E. K., and Dieter, J. N. (2006). Maternal depression and psychotropic
medication effects on the human fetus. Ann. N. Y. Acad. Sci. 1094, 287–291.
doi: 10.1196/annals.1376.036

Escribe-Aguir, V., Gonzalez-Galarzo, M. C., Barona-Vilar, C., and Artazcoz, L.
(2008). Factors related to depression during pregnancy: are there gender
differences? J. Epidemiol. Community Health 62, 410–414. doi: 10.1136/jech.
2007.063016

Fairbrother, N., Young, A. H., Zhang, A., Janssen, P., and Antony, M. M. (2017).
The prevalence and incidence of perinatal anxiety disorders among women
experiencing a medically complicated pregnancy. Arch. Womens Ment. Health
20, 311–319. doi: 10.1007/s00737-016-0704-7

Faisal-Cury, A., and Rossi Menezes, P. (2007). Prevalence of anxiety and depression
during pregnancy in a private setting sample. Arch. Womens Ment. Health 10,
25–32. doi: 10.1007/s00737-006-0164-6

Field, T. (2011). Prenatal depression effects on early development: a review. Infant
Behav. Dev. 34, 1–14. doi: 10.1016/j.infbeh.2010.09.008

Field, T. (2017a). Prenatal anxiety effects: a review. Infant Behav. Dev. 49, 120–128.
doi: 10.1016/j.infbeh.2017.08.008

Field, T. (2017b). Prenatal depression risk factors, developmental effects and
interventions: a review. J. Pregnancy Child. Health 4:301. doi: 10.4172/2376-
127X.1000301

Fraher, D., Hodge, J. M., Collier, F. M., McMillan, J. S., Kennedy, R. L., Ellis, M.,
et al. (2016). Citalopram and sertraline exposure compromises embryonic bone
development. Mol. Psychiatry 21:722. doi: 10.1038/mp.2015.155

Gaete, M., Fons, J. M., Popa, E. M., Chatzeli, L., and Tucker, A. S. (2015). Epithelial
topography for repetitive tooth formation. Biol. Open 4, 1625–1634. doi: 10.
1242/bio.013672

Galli, C., Passeri, G., and Macaluso, G. M. (2011). FoxOs, Wnts and oxidative
stress-induced bone loss: new players in the periodontitis arena? J. Periodontal
Res. 46, 397–406. doi: 10.1111/j.1600-0765.2011.01354.x

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 August 2021 | Volume 9 | Article 632766

https://doi.org/10.1016/j.ajog.2015.01.034
https://doi.org/10.1136/bmjopen-2016-013372
https://doi.org/10.1146/annurev.med.60.042307.110802
https://doi.org/10.1007/s00429-004-0380-7
https://doi.org/10.1007/s00429-004-0380-7
https://doi.org/10.1007/s00127-006-0101-z
https://doi.org/10.1007/s00127-006-0101-z
https://doi.org/10.1016/j.neuroscience.2011.10.005
https://doi.org/10.1111/j.1552-6909.2006.00064.x
https://doi.org/10.1016/j.archoralbio.2009.09.005
https://doi.org/10.1002/bdra.20752
https://doi.org/10.1016/s0145-2134(01)00246-0
https://doi.org/10.1007/s004410100408
https://doi.org/10.1002/bdr2.1660
https://doi.org/10.1016/j.vascn.2015.02.003
https://doi.org/10.1002/bdra.20294
https://doi.org/10.1006/dbio.2002.0780
https://doi.org/10.1006/dbio.2002.0780
https://doi.org/10.1002/bdra.20426
https://doi.org/10.1111/1471-0528.13143
https://doi.org/10.1242/dev.146019
https://doi.org/10.1002/bdra.20773
https://doi.org/10.1073/pnas.0606722104
https://doi.org/10.1002/bdra.23323
https://doi.org/10.2174/157340609789117868
https://doi.org/10.2174/157340609789117868
https://doi.org/10.1186/s12884-020-02859-2
https://doi.org/10.1136/adc.2004.062810
https://doi.org/10.1136/adc.2004.062810
https://doi.org/10.1016/j.lfs.2007.09.034
https://doi.org/10.1016/j.lfs.2007.09.034
https://doi.org/10.1016/j.scr.2019.101528
https://doi.org/10.1111/ocr.12153
https://doi.org/10.7554/eLife.26620
https://doi.org/10.1196/annals.1376.036
https://doi.org/10.1136/jech.2007.063016
https://doi.org/10.1136/jech.2007.063016
https://doi.org/10.1007/s00737-016-0704-7
https://doi.org/10.1007/s00737-006-0164-6
https://doi.org/10.1016/j.infbeh.2010.09.008
https://doi.org/10.1016/j.infbeh.2017.08.008
https://doi.org/10.4172/2376-127X.1000301
https://doi.org/10.4172/2376-127X.1000301
https://doi.org/10.1038/mp.2015.155
https://doi.org/10.1242/bio.013672
https://doi.org/10.1242/bio.013672
https://doi.org/10.1111/j.1600-0765.2011.01354.x
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-632766 August 11, 2021 Time: 12:47 # 16

Sánchez et al. Maternal Depression, Antidepressants and Craniofacial Defects

Gao, S. Y., Wu, Q. J., Sun, C., Zhang, T. N., Shen, Z. Q., Liu, C. X., et al.
(2018). Selective serotonin reuptake inhibitor use during early pregnancy and
congenital malformations: a systematic review and meta-analysis of cohort
studies of more than 9 million births. BMC Med. 16:205. doi: 10.1186/s12916-
018-1193-5

Gershon, M. D., and Tack, J. (2007). The serotonin signaling system: from
basic understanding to drug development for functional GI disorders.
Gastroenterology 132, 397–414. doi: 10.1053/j.gastro.2006.11.002

Global Burden of Disease Study (2017). Global, regional, and national incidence,
prevalence, and years lived with disability for 354 diseases and injuries for
195 countries and territories, 1990–2017: a systematic analysis for the Global
Burden of Disease Study 2017. Glob. Health Metrics 392, 1789–1858. doi: 10.
1016/S0140-6736(18)32279-7

Golder, S., Loke, Y. K., and Bland, M. (2011). Meta-analyses of adverse effects data
derived from randomised controlled trials as compared to observational studies:
methodological overview. PLoS Med. 8:e1001026. doi: 10.1371/journal.pmed.
1001026

Goodman, S. H., and Tully, E. C. (2009). Recurrence of depression during
pregnancy: psychosocial and personal functioning correlates. Depress. Anxiety
26, 557–567. doi: 10.1002/da.20421

Grace, S. L., Evindar, A., and Stewart, D. E. (2003). The effect of postpartum
depression on child cognitive development and behavior: a review and critical
analysis of the literature. Arch. Womens Ment. Health 6, 263–274. doi: 10.1007/
s00737-003-0024-6

Grenier, J., Teillet, M. A., Grifone, R., Kelly, R. G., and Duprez, D. (2009).
Relationship between neural crest cells and cranial mesoderm during head
muscle development. PLoS One 4:e4381. doi: 10.1371/journal.pone.0004381

Grewal, J., Carmichael, S. L., Ma, C., Lammer, E. J., and Shaw, G. M. (2008).
Maternal periconceptional smoking and alcohol consumption and risk for
select congenital anomalies. Birth Defects Res. A Clin. Mol. Teratol. 82, 519–526.
doi: 10.1002/bdra.20461

Gustafsson, B. I., Thommesen, L., Stunes, A. K., Tommeras, K., Westbroek, I.,
Waldum, H. L., et al. (2006). Serotonin and fluoxetine modulate bone cell
function in vitro. J. Cell Biochem. 98, 139–151. doi: 10.1002/jcb.20734

Hansson, S. R., Mezey, E., and Hoffman, B. J. (1999). Serotonin transporter
messenger RNA expression in neural crest-derived structures and sensory
pathways of the developing rat embryo. Neuroscience 89, 243–265. doi: 10.1016/
s0306-4522(98)00281-4

Hauser, B. R., and Hoffman, M. P. (2015). Regulatory mechanisms driving salivary
gland organogenesis. Curr. Top. Dev. Biol. 115, 111–130. doi: 10.1016/bs.ctdb.
2015.07.029

Heinonen, E., Szymanska-von Schultz, B., Kaldo, V., Nasiell, J., Andersson, E.,
Bergmark, M., et al. (2018). MAGDALENA: study protocol of a randomised,
placebo-controlled trial on cognitive development at 2 years of age in children
exposed to SSRI in utero. BMJ Open 8:e023281. doi: 10.1136/bmjopen-2018-
023281

Henz, S. L., Cognato Gde, P., Vuaden, F. C., Bogo, M. R., Bonan, C. D., and
Sarkis, J. J. (2009). Influence of antidepressant drugs on Ecto-nucleotide
pyrophosphatase/phosphodiesterases (E-NPPs) from salivary glands of rats.
Arch. Oral Biol. 54, 730–736. doi: 10.1016/j.archoralbio.2009.04.010

Hirata, A., Imura, H., Sugahara, T., Natsume, N., Nakamura, H., and
Kondo, Y. (2018). Serotonin effectors expressed during palatogenesis: an
immunohistochemical study. JSM Dent. 6:1115.

Hompoth, E. A., Peto, Z., Fureszne Balogh, V., and Toreki, A. (2020). Associations
between depression symptoms, psychological intervention and perinatal
complications. J. Clin. Psychol. Med. Settings 27, 199–205. doi: 10.1007/s10880-
019-09632-4

Hoyer, D., Hannon, J. P., and Martin, G. R. (2002). Molecular, pharmacological
and functional diversity of 5-HT receptors. Pharmacol. Biochem. Behav. 71,
533–554. doi: 10.1016/s0091-3057(01)00746-8

Huang, J., Shen, G., Ren, H., Zhang, Z., Yu, X., Zhao, W., et al. (2020). Role of
forkhead box gene family in bone metabolism. J. Cell Physiol. 235, 1986–1994.
doi: 10.1002/jcp.29178

Hunter, K. D., and Wilson, W. S. (1995). The effects of antidepressant drugs on
salivary flow and content of sodium and potassium ions in human parotid
saliva. Arch. Oral Biol. 40, 983–989. doi: 10.1016/0003-9969(95)00079-5

Huybrechts, K. F., Bateman, B. T., Palmsten, K., Desai, R. J., Patorno, E.,
Gopalakrishnan, C., et al. (2015). Antidepressant use late in pregnancy and risk

of persistent pulmonary hypertension of the newborn. JAMA 313, 2142–2151.
doi: 10.1001/jama.2015.5605

Iyer, S., Ambrogini, E., Bartell, S. M., Han, L., Roberson, P. K., de Cabo, R., et al.
(2013). FOXOs attenuate bone formation by suppressing Wnt signaling. J. Clin.
Invest. 123, 3409–3419. doi: 10.1172/JCI68049

Jimenez-Rojo, L., Granchi, Z., Graf, D., and Mitsiadis, T. A. (2012). Stem cell
fate determination during development and regeneration of ectodermal organs.
Front. Physiol. 3:107. doi: 10.3389/fphys.2012.00107

Jimenez-Solem, E., Andersen, J. T., Petersen, M., Broedbaek, K., Andersen, N. L.,
Torp-Pedersen, C., et al. (2013). Prevalence of antidepressant use during
pregnancy in Denmark, a nation-wide cohort study. PLoS One 8:e63034. doi:
10.1371/journal.pone.0063034

Kaihola, H., Olivier, J., Poromaa, I. S., and Akerud, H. (2015). The effect of
antenatal depression and selective serotonin reuptake inhibitor treatment on
nerve growth factor signaling in human placenta. PLoS One 10:e0116459. doi:
10.1371/journal.pone.0116459

Kaihola, H., Yaldir, F. G., Hreinsson, J., Hornaeus, K., Bergquist, J., Olivier, J. D.,
et al. (2016). Effects of fluoxetine on human embryo development. Front. Cell
Neurosci. 10:160. doi: 10.3389/fncel.2016.00160

Kawasaki, K., Kawasaki, M., Watanabe, M., Idrus, E., Nagai, T., Oommen, S., et al.
(2015). Expression of Sox genes in tooth development. Int. J. Dev. Biol. 59,
471–478. doi: 10.1387/ijdb.150192ao

Kern, D. M., Cepeda, M. S., Defalco, F., and Etropolski, M. (2020). Treatment
patterns and sequences of pharmacotherapy for patients diagnosed with
depression in the United States: 2014 through 2019. BMC Psychiatry 20:4.
doi: 10.1186/s12888-019-2418-7

Kerr, C. W. (1994). The serotonin theory of depression. Jefferson J. Psychiatry 12:4.
Kim, D. R., Wang, E., McGeehan, B., Snell, J., Ewing, G., Iannelli, C., et al.

(2019). Randomized controlled trial of transcranial magnetic stimulation in
pregnant women with major depressive disorder. Brain Stimul. 12, 96–102.
doi: 10.1016/j.brs.2018.09.005

Kirk, E. E., Giordano, J., and Anderson, R. S. (1997). Serotonergic receptors as
targets for pharmacotherapy. J. Neurosci. Nurs. 29, 191–197. doi: 10.1097/
01376517-199706000-00007

Klein, O. D., Oberoi, S., Huysseune, A., Hovorakova, M., Peterka, M., and
Peterkova, R. (2013). Developmental disorders of the dentition: an update. Am.
J. Med. Genet. C Semin. Med. Genet. 163C, 318–332. doi: 10.1002/ajmg.c.31
382

Knosp, W. M., Knox, S. M., and Hoffman, M. P. (2012). Salivary gland
organogenesis. Wiley Interdiscip. Rev. Dev. Biol. 1, 69–82. doi: 10.1002/
wdev.4

Kode, A., Mosialou, I., Silva, B. C., Rached, M. T., Zhou, B., Wang, J., et al. (2012).
FOXO1 orchestrates the bone-suppressing function of gut-derived serotonin.
J. Clin. Invest. 122, 3490–3503. doi: 10.1172/JCI64906

Kornum, J. B., Nielsen, R. B., Pedersen, L., Mortensen, P. B., and Norgaard, M.
(2010). Use of selective serotonin-reuptake inhibitors during early pregnancy
and risk of congenital malformations: updated analysis. Clin. Epidemiol. 2,
29–36. doi: 10.2147/clep.s9256

Koutra, K., Vassilaki, M., Georgiou, V., Koutis, A., Bitsios, P., Chatzi, L., et al.
(2014). Antenatal maternal mental health as determinant of postpartum
depression in a population based mother-child cohort (Rhea Study) in Crete,
Greece. Soc. Psychiatry Psychiatr. Epidemiol. 49, 711–721. doi: 10.1007/s00127-
013-0758-z

Krishnan, V., and Nestler, E. J. (2011). Animal models of depression: molecular
perspectives. Curr. Top. Behav. Neurosci. 7, 121–147. doi: 10.1007/7854_2010_
108

Kurakazu, I., Akasaki, Y., Hayashida, M., Tsushima, H., Goto, N., Sueishi, T.,
et al. (2019). FOXO1 transcription factor regulates chondrogenic differentiation
through transforming growth factor beta1 signaling. J. Biol. Chem. 294, 17555–
17569. doi: 10.1074/jbc.RA119.009409

Ladyman, C., Signal, T. L., Sweeney, B., Gander, P., Paine, S. J., and Huthwaite, M.
(2020). A pilot longitudinal sleep education intervention from early pregnancy
and its effect on optimizing sleep and minimizing depressive symptoms. Sleep
Health 6, 778–786. doi: 10.1016/j.sleh.2020.05.001

Lambert, H. W., and Lauder, J. M. (1999). Serotonin receptor agonists that
increase cyclic AMP positively regulate IGF-I in mouse mandibular
mesenchymal cells. Dev. Neurosci. 21, 105–112. doi: 10.1159/000017
372

Frontiers in Cell and Developmental Biology | www.frontiersin.org 16 August 2021 | Volume 9 | Article 632766

https://doi.org/10.1186/s12916-018-1193-5
https://doi.org/10.1186/s12916-018-1193-5
https://doi.org/10.1053/j.gastro.2006.11.002
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1371/journal.pmed.1001026
https://doi.org/10.1371/journal.pmed.1001026
https://doi.org/10.1002/da.20421
https://doi.org/10.1007/s00737-003-0024-6
https://doi.org/10.1007/s00737-003-0024-6
https://doi.org/10.1371/journal.pone.0004381
https://doi.org/10.1002/bdra.20461
https://doi.org/10.1002/jcb.20734
https://doi.org/10.1016/s0306-4522(98)00281-4
https://doi.org/10.1016/s0306-4522(98)00281-4
https://doi.org/10.1016/bs.ctdb.2015.07.029
https://doi.org/10.1016/bs.ctdb.2015.07.029
https://doi.org/10.1136/bmjopen-2018-023281
https://doi.org/10.1136/bmjopen-2018-023281
https://doi.org/10.1016/j.archoralbio.2009.04.010
https://doi.org/10.1007/s10880-019-09632-4
https://doi.org/10.1007/s10880-019-09632-4
https://doi.org/10.1016/s0091-3057(01)00746-8
https://doi.org/10.1002/jcp.29178
https://doi.org/10.1016/0003-9969(95)00079-5
https://doi.org/10.1001/jama.2015.5605
https://doi.org/10.1172/JCI68049
https://doi.org/10.3389/fphys.2012.00107
https://doi.org/10.1371/journal.pone.0063034
https://doi.org/10.1371/journal.pone.0063034
https://doi.org/10.1371/journal.pone.0116459
https://doi.org/10.1371/journal.pone.0116459
https://doi.org/10.3389/fncel.2016.00160
https://doi.org/10.1387/ijdb.150192ao
https://doi.org/10.1186/s12888-019-2418-7
https://doi.org/10.1016/j.brs.2018.09.005
https://doi.org/10.1097/01376517-199706000-00007
https://doi.org/10.1097/01376517-199706000-00007
https://doi.org/10.1002/ajmg.c.31382
https://doi.org/10.1002/ajmg.c.31382
https://doi.org/10.1002/wdev.4
https://doi.org/10.1002/wdev.4
https://doi.org/10.1172/JCI64906
https://doi.org/10.2147/clep.s9256
https://doi.org/10.1007/s00127-013-0758-z
https://doi.org/10.1007/s00127-013-0758-z
https://doi.org/10.1007/7854_2010_108
https://doi.org/10.1007/7854_2010_108
https://doi.org/10.1074/jbc.RA119.009409
https://doi.org/10.1016/j.sleh.2020.05.001
https://doi.org/10.1159/000017372
https://doi.org/10.1159/000017372
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-632766 August 11, 2021 Time: 12:47 # 17

Sánchez et al. Maternal Depression, Antidepressants and Craniofacial Defects

Lauder, J. M., Wilkie, M. B., Wu, C., and Singh, S. (2000). Expression of 5-HT(2A),
5-HT(2B) and 5-HT(2C) receptors in the mouse embryo. Int. J. Dev. Neurosci.
18, 653–662. doi: 10.1016/s0736-5748(00)00032-0

Lauder, J. M., and Zimmerman, E. F. (1988). Sites of serotonin uptake in
epithelia of the developing mouse palate, oral cavity, and face: possible role in
morphogenesis. J. Craniofac. Genet. Dev. Biol. 8, 265–276.

Le Douarin, N. M., Creuzet, S., Couly, G., and Dupin, E. (2004). Neural crest cell
plasticity and its limits. Development 131, 4637–4650. doi: 10.1242/dev.01350

Levin, M., Buznikov, G. A., and Lauder, J. M. (2006). Of minds and embryos: left-
right asymmetry and the serotonergic controls of pre-neural morphogenesis.
Dev. Neurosci. 28, 171–185. doi: 10.1159/000091915

Liang, B., Moussaif, M., Kuan, C. J., Gargus, J. J., and Sze, J. Y. (2006). Serotonin
targets the DAF-16/FOXO signaling pathway to modulate stress responses. Cell
Metab. 4, 429–440. doi: 10.1016/j.cmet.2006.11.004

Liu, J., Meng, F., Dai, J., Wu, M., Wang, W., Liu, C., et al. (2020). The BDNF-
FoxO1 Axis in the medial prefrontal cortex modulates depressive-like behaviors
induced by chronic unpredictable stress in postpartum female mice. Mol. Brain
13:91. doi: 10.1186/s13041-020-00631-3

Louik, C., Lin, A. E., Werler, M. M., Hernandez-Diaz, S., and Mitchell, A. A. (2007).
First-trimester use of selective serotonin-reuptake inhibitors and the risk of
birth defects. N. Engl. J. Med. 356, 2675–2683. doi: 10.1056/NEJMoa067407

Lucena, L., Frange, C., Pinto, A. C. A., Andersen, M. L., Tufik, S., and Hachul,
H. (2020). Mindfulness interventions during pregnancy: a narrative review.
J. Integr. Med. 18, 470–477. doi: 10.1016/j.joim.2020.07.007

Lv, J., Wang, L., Gao, Y., Ding, Y. Q., and Liu, F. (2017). 5-hydroxytryptamine
synthesized in the aorta-gonad-mesonephros regulates hematopoietic stem and
progenitor cell survival. J. Exp. Med. 214, 529–545. doi: 10.1084/jem.20150906

Ma, X., Su, P., Yin, C., Lin, X., Wang, X., Gao, Y., et al. (2020). The roles of FoxO
transcription factors in regulation of bone cells function. Int. J. Mol. Sci. 21:692.
doi: 10.3390/ijms21030692

Malm, H., Artama, M., Gissler, M., and Ritvanen, A. (2011). Selective serotonin
reuptake inhibitors and risk for major congenital anomalies. Obstet. Gynecol.
118, 111–120. doi: 10.1097/AOG.0b013e318220edcc

Marcucio, R. S., Young, N. M., Hu, D., and Hallgrimsson, B. (2011). Mechanisms
that underlie co-variation of the brain and face. Genesis 49, 177–189. doi:
10.1002/dvg.20710

McAndrew, A. J. (2019). Emotional development in offspring from infancy to
adolescence. Early Child. Dev. Care 189, 168–177.

Meltzer-Brody, S., Stuebe, A., Dole, N., Savitz, D., Rubinow, D., and Thorp, J.
(2011). Elevated corticotropin releasing hormone (CRH) during pregnancy and
risk of postpartum depression (PPD). J. Clin. Endocrinol. Metab. 96, E40–E47.
doi: 10.1210/jc.2010-0978

Micheli, L., Ceccarelli, M., D’Andrea, G., Costanzi, M., Giacovazzo, G., Coccurello,
R., et al. (2018). Fluoxetine or Sox2 reactivate proliferation-defective stem and
progenitor cells of the adult and aged dentate gyrus. Neuropharmacology 141,
316–330. doi: 10.1016/j.neuropharm.2018.08.023

Milgrom, J., Gemmill, A. W., Bilszta, J. L., Hayes, B., Barnett, B., Brooks, J., et al.
(2008). Antenatal risk factors for postnatal depression: a large prospective study.
J. Affect. Disord. 108, 147–157. doi: 10.1016/j.jad.2007.10.014

Millan, M. J., Marin, P., Bockaert, J., and Mannoury la Cour, C. (2008). Signaling
at G-protein-coupled serotonin receptors: recent advances and future research
directions. Trends Pharmacol. Sci. 29, 454–464. doi: 10.1016/j.tips.2008.06.007

Miranda, A., Olhaberry, M., and Morales-Reyes, I. (2017). Intervención grupal en
embarazadas: respuestas diferenciales de acuerdo al tipo de depresión y patrón
de apego. Revista Psykhe 26, 1–17.

Miyamoto, K., Ohkawara, B., Ito, M., Masuda, A., Hirakawa, A., Sakai, T.,
et al. (2017). Fluoxetine ameliorates cartilage degradation in osteoarthritis by
inhibiting Wnt/beta-catenin signaling. PLoS One 12:e0184388. doi: 10.1371/
journal.pone.0184388

Moiseiwitsch, J. R., and Lauder, J. M. (1995). Serotonin regulates mouse cranial
neural crest migration. Proc. Natl. Acad. Sci. U. S. A. 92, 7182–7186. doi: 10.
1073/pnas.92.16.7182

Moiseiwitsch, J. R., and Lauder, J. M. (1996). Stimulation of murine tooth
development in organotypic culture by the neurotransmitter serotonin. Arch.
Oral Biol. 41, 161–165. doi: 10.1016/0003-9969(95)00117-4

Moiseiwitsch, J. R., and Lauder, J. M. (1997). Regulation of gene expression in
cultured embryonic mouse mandibular mesenchyme by serotonin antagonists.
Anat. Embryol. (Berl.) 195, 71–78. doi: 10.1007/s004290050026

Moiseiwitsch, J. R., Raymond, J. R., Tamir, H., and Lauder, J. M. (1998). Regulation
by serotonin of tooth-germ morphogenesis and gene expression in mouse
mandibular explant cultures. Arch. Oral Biol. 43, 789–800. doi: 10.1016/s0003-
9969(98)00067-3

Molenaar, N. M., Bais, B., Lambregtse-van den Berg, M. P., Mulder, C. L., Howell,
E. A., Fox, N. S., et al. (2020). The international prevalence of antidepressant
use before, during, and after pregnancy: a systematic review and meta-analysis
of timing, type of prescriptions and geographical variability. J. Affect. Disord.
264, 82–89. doi: 10.1016/j.jad.2019.12.014

Murray, J. C. (2002). Gene/environment causes of cleft lip and/or palate. Clin.
Genet. 61, 248–256. doi: 10.1034/j.1399-0004.2002.610402.x

Murray, JC, and Marazita, ML. (2013). “Chapter 143 – clefting, dental, and
craniofacial syndromes,” in Emery and Rimoin’s Principles and Practice of
Medical Genetics, eds D. Rimoin, R. Pyeritz, and B. Korf (Cambridge, MA:
Academic Press), 1–8. ISBN 9780123838346

Murray, L., Stanley, C., Hooper, R., King, F., and Fiori-Cowley, A. (1996). The
role of infant factors in postnatal depression and mother-infant interactions.
Dev. Med. Child. Neurol. 38, 109–119. doi: 10.1111/j.1469-8749.1996.
tb12082.x

Nagy, L., and Demke, J. C. (2014). Craniofacial anomalies. Facial Plast. Surg. Clin.
North. Am. 22, 523–548. doi: 10.1016/j.fsc.2014.08.002

Narboux-Neme, N., Pavone, L. M., Avallone, L., Zhuang, X., and Gaspar, P. (2008).
Serotonin transporter transgenic (SERTcre) mouse line reveals developmental
targets of serotonin specific reuptake inhibitors (SSRIs). Neuropharmacology 55,
994–1005. doi: 10.1016/j.neuropharm.2008.08.020

Nelson, E. C., Heath, A. C., Madden, P. A., Cooper, M. L., Dinwiddie, S. H.,
Bucholz, K. K., et al. (2002). Association between self-reported childhood sexual
abuse and adverse psychosocial outcomes: results from a twin study. Arch. Gen.
Psychiatry 59, 139–145. doi: 10.1001/archpsyc.59.2.139

O’Connor, E., Rossom, R. C., Henninger, M., Groom, H. C., and Burda, B. U.
(2016). Primary care screening for and treatment of depression in pregnant
and postpartum women: evidence report and systematic review for the US
Preventive Services Task Force. JAMA 315, 388–406. doi: 10.1001/jama.2015.
18948

Ohba, S., He, X., Hojo, H., and McMahon, A. P. (2015). Distinct transcriptional
programs underlie Sox9 regulation of the mammalian chondrocyte. Cell Rep.
12, 229–243. doi: 10.1016/j.celrep.2015.06.013

Olhaberry, M., Zapata, J., Escobar, M., Mena, C., Farkas, C., Santelices, P.,
et al. (2014). Antenatal depression and its relationship with problem-solving
strategies, childhood abuse, social support, and attachment styles in a low-
income Chilean sample. Ment. Health Prev. 2, 86–97.

Ori, M., De Lucchini, S., Marras, G., and Nardi, I. (2013). Unraveling new roles for
serotonin receptor 2B in development: key findings from Xenopus. Int. J. Dev.
Biol. 57, 707–714. doi: 10.1387/ijdb.130204mo

Ormsbee Golden, B. D., Wuebben, E. L., and Rizzino, A. (2013). Sox2 expression
is regulated by a negative feedback loop in embryonic stem cells that involves
AKT signaling and FoxO1. PLoS One 8:e76345. doi: 10.1371/journal.pone.0076
345

Paszynska, E., Linden, R. W., Slopien, A., and Rajewski, A. (2013). Parotid gland
flow activity and inorganic composition in purging bulimic patients treated
with fluoxetine. World J. Biol. Psychiatry 14, 634–639. doi: 10.3109/15622975.
2013.795242

Patel, V. N., Rebustini, I. T., and Hoffman, M. P. (2006). Salivary gland branching
morphogenesis. Differentiation 74, 349–364. doi: 10.1111/j.1432-0436.2006.
00088.x

Pawlby, S., Hay, D. F., Sharp, D., Waters, C. S., and O’Keane, V. (2009). Antenatal
depression predicts depression in adolescent offspring: prospective longitudinal
community-based study. J. Affect. Disord. 113, 236–243. doi: 10.1016/j.jad.2008.
05.018

Pearson, R. M., Melotti, R., Heron, J., Joinson, C., Stein, A., Ramchandani, P. G.,
et al. (2012). Disruption to the development of maternal responsiveness? The
impact of prenatal depression on mother-infant interactions. Infant Behav. Dev.
35, 613–626. doi: 10.1016/j.infbeh.2012.07.020

Peroutka, S. J. (1994). Molecular biology of serotonin (5-HT) receptors. Synapse
18, 241–260. doi: 10.1002/syn.890180310

Planchez, B., Surget, A., and Belzung, C. (2019). Animal models of major
depression: drawbacks and challenges. J. Neural. Transm. (Vienna) 126, 1383–
1408. doi: 10.1007/s00702-019-02084-y

Frontiers in Cell and Developmental Biology | www.frontiersin.org 17 August 2021 | Volume 9 | Article 632766

https://doi.org/10.1016/s0736-5748(00)00032-0
https://doi.org/10.1242/dev.01350
https://doi.org/10.1159/000091915
https://doi.org/10.1016/j.cmet.2006.11.004
https://doi.org/10.1186/s13041-020-00631-3
https://doi.org/10.1056/NEJMoa067407
https://doi.org/10.1016/j.joim.2020.07.007
https://doi.org/10.1084/jem.20150906
https://doi.org/10.3390/ijms21030692
https://doi.org/10.1097/AOG.0b013e318220edcc
https://doi.org/10.1002/dvg.20710
https://doi.org/10.1002/dvg.20710
https://doi.org/10.1210/jc.2010-0978
https://doi.org/10.1016/j.neuropharm.2018.08.023
https://doi.org/10.1016/j.jad.2007.10.014
https://doi.org/10.1016/j.tips.2008.06.007
https://doi.org/10.1371/journal.pone.0184388
https://doi.org/10.1371/journal.pone.0184388
https://doi.org/10.1073/pnas.92.16.7182
https://doi.org/10.1073/pnas.92.16.7182
https://doi.org/10.1016/0003-9969(95)00117-4
https://doi.org/10.1007/s004290050026
https://doi.org/10.1016/s0003-9969(98)00067-3
https://doi.org/10.1016/s0003-9969(98)00067-3
https://doi.org/10.1016/j.jad.2019.12.014
https://doi.org/10.1034/j.1399-0004.2002.610402.x
https://pubmed.ncbi.nlm.nih.gov/ISBN 9780123838346/
https://doi.org/10.1111/j.1469-8749.1996.tb12082.x
https://doi.org/10.1111/j.1469-8749.1996.tb12082.x
https://doi.org/10.1016/j.fsc.2014.08.002
https://doi.org/10.1016/j.neuropharm.2008.08.020
https://doi.org/10.1001/archpsyc.59.2.139
https://doi.org/10.1001/jama.2015.18948
https://doi.org/10.1001/jama.2015.18948
https://doi.org/10.1016/j.celrep.2015.06.013
https://doi.org/10.1387/ijdb.130204mo
https://doi.org/10.1371/journal.pone.0076345
https://doi.org/10.1371/journal.pone.0076345
https://doi.org/10.3109/15622975.2013.795242
https://doi.org/10.3109/15622975.2013.795242
https://doi.org/10.1111/j.1432-0436.2006.00088.x
https://doi.org/10.1111/j.1432-0436.2006.00088.x
https://doi.org/10.1016/j.jad.2008.05.018
https://doi.org/10.1016/j.jad.2008.05.018
https://doi.org/10.1016/j.infbeh.2012.07.020
https://doi.org/10.1002/syn.890180310
https://doi.org/10.1007/s00702-019-02084-y
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-632766 August 11, 2021 Time: 12:47 # 18

Sánchez et al. Maternal Depression, Antidepressants and Craniofacial Defects

Poche, R. A., Sharma, R., Garcia, M. D., Wada, A. M., Nolte, M. J., Udan, R. S., et al.
(2012). Transcription factor FoxO1 is essential for enamel biomineralization.
PLoS One 7:e30357. doi: 10.1371/journal.pone.0030357

Polter, A., Yang, S., Zmijewska, A. A., van Groen, T., Paik, J. H., Depinho, R. A.,
et al. (2009). Forkhead box, class O transcription factors in brain: regulation and
behavioral manifestation. Biol. Psychiatry 65, 150–159. doi: 10.1016/j.biopsych.
2008.08.005

Ramos, E., Oraichi, D., Rey, E., Blais, L., and Berard, A. (2007). Prevalence and
predictors of antidepressant use in a cohort of pregnant women. BJOG 114,
1055–1064. doi: 10.1111/j.1471-0528.2007.01387.x

Rampono, J., Simmer, K., Ilett, K. F., Hackett, L. P., Doherty, D. A., Elliot, R., et al.
(2009). Placental transfer of SSRI and SNRI antidepressants and effects on the
neonate. Pharmacopsychiatry 42, 95–100. doi: 10.1055/s-0028-1103296

Raskin, M., Easterbrooks, M. A., Lamoreau, R. S., Kotake, C., and Goldberg,
J. (2016). Depression trajectories of antenatally depressed and nondepressed
young mothers: implications for child socioemotional development. Womens
Health Issues 26, 344–350. doi: 10.1016/j.whi.2016.02.002

Reefhuis, J., Devine, O., Friedman, J. M., Louik, C., Honein, M. A., and National
Birth Defects Prevention Study (2015). Specific SSRIs and birth defects:
Bayesian analysis to interpret new data in the context of previous reports. BMJ
351:h3190. doi: 10.1136/bmj.h3190

Reisoli, E., De Lucchini, S., Nardi, I., and Ori, M. (2010). Serotonin 2B receptor
signaling is required for craniofacial morphogenesis and jaw joint formation in
Xenopus. Development 137, 2927–2937. doi: 10.1242/dev.041079

Riksen, E. A., Stunes, A. K., Kalvik, A., Gustafsson, B. I., Snead, M. L., Syversen, U.,
et al. (2010). Serotonin and fluoxetine receptors are expressed in enamel organs
and LS8 cells and modulate gene expression in LS8 cells. Eur. J. Oral. Sci. 118,
566–573. doi: 10.1111/j.1600-0722.2010.00778.x

Rinon, A., Lazar, S., Marshall, H., Buchmann-Moller, S., Neufeld, A., Elhanany-
Tamir, H., et al. (2007). Cranial neural crest cells regulate head muscle
patterning and differentiation during vertebrate embryogenesis. Development
134, 3065–3075. doi: 10.1242/dev.002501

Rojas, G., Santelices, M. P., Martinez, P., Tomicic, A., Reinel, M., Olhaberry, M.,
et al. (2015). [Barriers restricting postpartum depression treatment in Chile].
Rev. Med. Chil. 143, 424–432. doi: 10.4067/S0034-98872015000400002

Ruch, J. V., Lesot, H., and Begue-Kirn, C. (1995). Odontoblast differentiation. Int.
J. Dev. Biol. 39, 51–68.

Sahu, A., Gopalakrishnan, L., Gaur, N., Chatterjee, O., Mol, P., Modi, P. K., et al.
(2018). The 5-Hydroxytryptamine signaling map: an overview of serotonin-
serotonin receptor mediated signaling network. J. Cell Commun. Signal. 12,
731–735. doi: 10.1007/s12079-018-0482-2

Sánchez, N., Inostroza, V., Perez, M. C., Moya, P., Ubilla, A., Besa, J., et al. (2018).
Tracking morphological complexities of organ development in culture. Mech.
Dev. 154, 179–192. doi: 10.1016/j.mod.2018.07.005

Sato, T. S., Handa, A., Priya, S., Watal, P., Becker, R. M., and Sato, Y.
(2019). Neurocristopathies: enigmatic appearances of neural crest cell-derived
abnormalities. Radiographics 39, 2085–2102. doi: 10.1148/rg.2019190086

Shuey, D. L., Sadler, T. W., and Lauder, J. M. (1992). Serotonin as a regulator
of craniofacial morphogenesis: site specific malformations following exposure
to serotonin uptake inhibitors. Teratology 46, 367–378. doi: 10.1002/tera.
1420460407

Shuey, D. L., Sadler, T. W., Tamir, H., and Lauder, J. M. (1993). Serotonin and
morphogenesis. Transient expression of serotonin uptake and binding protein
during craniofacial morphogenesis in the mouse. Anat. Embryol. (Berl.) 187,
75–85. doi: 10.1007/BF00208198

Sousa-Ferreira, L., Aveleira, C., Botelho, M., Alvaro, A. R., Pereira de Almeida,
L., and Cavadas, C. (2014). Fluoxetine induces proliferation and inhibits
differentiation of hypothalamic neuroprogenitor cells in vitro. PLoS One
9:e88917. doi: 10.1371/journal.pone.0088917

Sparling, T. M., Henschke, N., Nesbitt, R. C., and Gabrysch, S. (2017). The role
of diet and nutritional supplementation in perinatal depression: a systematic
review. Matern. Child. Nutr. 13:e12235. doi: 10.1111/mcn.12235

Stahl, S. M. (1998). Mechanism of action of serotonin selective reuptake inhibitors.
Serotonin receptors and pathways mediate therapeutic effects and side effects.
J. Affect. Disord. 51, 215–235. doi: 10.1016/s0165-0327(98)00221-3

Takenoshita, M., Takechi, M., Vu Hoang, T., Furutera, T., Akagawa, C.,
Namangkalakul, W., et al. (2021). Cell lineage- and expression-based inference
of the roles of forkhead box transcription factor Foxc2 in craniofacial
development. Dev. Dyn. doi: 10.1002/dvdy.324 [Epub ahead of print]

Teixeira, C. C., Liu, Y., Thant, L. M., Pang, J., Palmer, G., and Alikhani, M. (2010).
Foxo1, a novel regulator of osteoblast differentiation and skeletogenesis. J. Biol.
Chem. 285, 31055–31065. doi: 10.1074/jbc.M109.079962

Thesleff, I. (2003). Epithelial-mesenchymal signalling regulating tooth
morphogenesis. J. Cell Sci. 116, 1647–1648. doi: 10.1242/jcs.00410

Thesleff, I., and Sharpe, P. (1997). Signalling networks regulating dental
development. Mech. Dev. 67, 111–123. doi: 10.1016/s0925-4773(97)00115-9

Togni, L., Mascitti, M., Santarelli, A., Contaldo, M., Romano, A., Serpico, R.,
et al. (2019). Unusual conditions impairing saliva secretion: developmental
anomalies of salivary glands. Front. Physiol. 10:855. doi: 10.3389/fphys.2019.
00855

Tsapakis, E. M., Gamie, Z., Tran, G. T., Adshead, S., Lampard, A., Mantalaris,
A., et al. (2012). The adverse skeletal effects of selective serotonin reuptake
inhibitors. Eur. Psychiatry 27, 156–169. doi: 10.1016/j.eurpsy.2010.10.006

Turner, J. T., Sullivan, D. M., Rovira, I., and Camden, J. M. (1996). A regulatory
role in mammalian salivary glands for 5-hydroxytryptamine receptors coupled
to increased cyclic AMP production. J. Dent. Res. 75, 935–941. doi: 10.1177/
00220345960750031101

Twigg, S. R., and Wilkie, A. O. (2015). New insights into craniofacial
malformations. Hum. Mol. Genet. 24, R50–R59. doi: 10.1093/hmg/ddv228

Uguz, F. (2020). Selective serotonin reuptake inhibitors and the risk of congenital
anomalies: a systematic review of current meta-analyses. Expert. Opin. Drug Saf.
19, 1595–1604. doi: 10.1080/14740338.2020.1832080

Vichier-Guerre, C., Parker, M., Pomerantz, Y., Finnell, R. H., and Cabrera, R. M.
(2017). Impact of selective serotonin reuptake inhibitors on neural crest stem
cell formation. Toxicol. Lett. 281, 20–25. doi: 10.1016/j.toxlet.2017.08.012

Wang, H., Quirion, R., Little, P. J., Cheng, Y., Feng, Z. P., Sun, H. S., et al.
(2015). Forkhead box O transcription factors as possible mediators in the
development of major depression. Neuropharmacology 99, 527–537. doi: 10.
1016/j.neuropharm.2015.08.020

Wee, E. L., Babiarz, B. S., Zimmerman, S., and Zimmerman, E. F. (1979). Palate
morphogenesis. IV. Effects of serotonin and its antagonists on rotation in
embryo culture. J. Embryol. Exp. Morphol. 53, 75–90.

Wee, E. L., Kujawa, M., and Zimmerman, E. F. (1981). Palate morphogenesis.
VI. Identification of stellate cells in culture. Cell Tissue Res. 217, 143–154.
doi: 10.1007/BF00233833

Xu, P., Balczerski, B., Ciozda, A., Louie, K., Oralova, V., Huysseune, A., et al.
(2018). Fox proteins are modular competency factors for facial cartilage and
tooth specification. Development 145:dev165498. doi: 10.1242/dev.165498

Xu, P., Yu, H. V., Tseng, K. C., Flath, M., Fabian, P., Segil, N., et al. (2021). Foxc1
establishes enhancer accessibility for craniofacial cartilage differentiation. Elife
10:e63595. doi: 10.7554/eLife.63595

Yavarone, M. S., Shuey, D. L., Tamir, H., Sadler, T. W., and Lauder, J. M. (1993).
Serotonin and cardiac morphogenesis in the mouse embryo. Teratology 47,
573–584. doi: 10.1002/tera.1420470609

Zhang, X., Yalcin, S., Lee, D. F., Yeh, T. Y., Lee, S. M., Su, J., et al. (2011). FOXO1 is
an essential regulator of pluripotency in human embryonic stem cells. Nat. Cell
Biol. 13, 1092–1099. doi: 10.1038/ncb2293

Zimmerman, E. F., Wee, E. L., Phillips, N., and Roberts, N. (1981). Presence of
serotonin in the palate just prior to shelf elevation. J. Embryol. Exp. Morphol.
64, 233–250.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Sánchez, Juárez-Balarezo, Olhaberry, González-Oneto, Muzard,
Mardonez, Franco, Barrera and Gaete. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 18 August 2021 | Volume 9 | Article 632766

https://doi.org/10.1371/journal.pone.0030357
https://doi.org/10.1016/j.biopsych.2008.08.005
https://doi.org/10.1016/j.biopsych.2008.08.005
https://doi.org/10.1111/j.1471-0528.2007.01387.x
https://doi.org/10.1055/s-0028-1103296
https://doi.org/10.1016/j.whi.2016.02.002
https://doi.org/10.1136/bmj.h3190
https://doi.org/10.1242/dev.041079
https://doi.org/10.1111/j.1600-0722.2010.00778.x
https://doi.org/10.1242/dev.002501
https://doi.org/10.4067/S0034-98872015000400002
https://doi.org/10.1007/s12079-018-0482-2
https://doi.org/10.1016/j.mod.2018.07.005
https://doi.org/10.1148/rg.2019190086
https://doi.org/10.1002/tera.1420460407
https://doi.org/10.1002/tera.1420460407
https://doi.org/10.1007/BF00208198
https://doi.org/10.1371/journal.pone.0088917
https://doi.org/10.1111/mcn.12235
https://doi.org/10.1016/s0165-0327(98)00221-3
https://doi.org/10.1002/dvdy.324
https://doi.org/10.1074/jbc.M109.079962
https://doi.org/10.1242/jcs.00410
https://doi.org/10.1016/s0925-4773(97)00115-9
https://doi.org/10.3389/fphys.2019.00855
https://doi.org/10.3389/fphys.2019.00855
https://doi.org/10.1016/j.eurpsy.2010.10.006
https://doi.org/10.1177/00220345960750031101
https://doi.org/10.1177/00220345960750031101
https://doi.org/10.1093/hmg/ddv228
https://doi.org/10.1080/14740338.2020.1832080
https://doi.org/10.1016/j.toxlet.2017.08.012
https://doi.org/10.1016/j.neuropharm.2015.08.020
https://doi.org/10.1016/j.neuropharm.2015.08.020
https://doi.org/10.1007/BF00233833
https://doi.org/10.1242/dev.165498
https://doi.org/10.7554/eLife.63595
https://doi.org/10.1002/tera.1420470609
https://doi.org/10.1038/ncb2293
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Depression and Antidepressants During Pregnancy: Craniofacial Defects Due to Stem/Progenitor Cell Deregulation Mediated by Serotonin
	Introduction
	Craniofacial Development and the Origin of Craniofacial Defects
	Serotonin Signaling Components Are Present in Craniofacial Tissues
	Serotonin Has a Role Over Stem/Progenitor Cells That Influences Craniofacial Development
	Fox Transcription Factors As a Potential Connection Between Serotonin Deregulation And Disrupted Cranial Stem Cell Biology
	The Use of Serotonin-Related Antidepressants Increases the Risk of Craniofacial Development Defects in Humans
	Future Perspectives
	Author Contributions
	Funding
	Acknowledgments
	References


