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Estrogen signaling in development:  
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ABSTRACT	 While traditionally recognized as a sex hormone, estrogen has a potent effect on the devel-
opment of tissues beyond those of the reproductive system. Estrogen synthesis enzymes and estrogen 
receptors are broadly expressed in vertebrate tissues, further indicating their importance in various 
processes. These include the tissues of the zebrafish, which is a particularly suitable model for studying 
early development due to its rapid ex utero ontogeny and conserved genetic and cellular composition 
with other vertebrates. In this review, we provide readers with an overview of estrogen signaling, discuss 
important attributes of the zebrafish animal model with a special focus on the kidney, and explore recent 
insights from zebrafish studies about the roles of estrogen signaling in organogenesis across germ layer 
derivatives that range from the kidney to the brain and liver.
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Introduction

Estrogen signaling has long been appreciated in the context of 
gonadal development and function, and, in more recent years, has 
been identified as a regulator of other tissues. In this review, we 
first provide readers with a broad overview of estrogen biosynthesis 
and signaling. Elucidating the role of estrogen in development is 
especially challenging, as cell culture models preclude the evalu-
ation of multiple tissues simultaneously and mammalian models 
develop in utero, thereby preventing high throughput analysis. 
Here, we secondly discuss how the zebrafish, Danio rerio, offers an 
alternative to circumvent these barriers and is extremely relevant 
because it shares high genetic conservation with humans. Thirdly, 
in this review we highlight recent studies that have uncovered 
novel roles of estrogen signaling in the zebrafish, with a special 
focus on the kidney. Finally, we review how the zebrafish has been 
employed to gain fascinating new insights into the developmental 
mechanisms that control formation of several other organs, includ-
ing the blood, brain and liver.

		

Overview of steroidogenesis

17β-estradiol (E2) is the dominant form of estrogen in verte-
brates, but two other estrogenic compounds are also naturally 
occurring: estrone (E1) and estriol (E3) (Kuiper et al., 1997; Baker, 
2013). All three of these compounds are derived from cholesterol. 
The first step in steroidogenesis involves converting cholesterol to 
androstenedione via CYP11A1 CYP17A1, and 3β-HSD (HSD3B1). 
Next, aromatase (CYP19A1) synthesizes E1 from androstenedione. 
17β-hydroxysteroid dehydrogenase 1 (HSD1) can then convert E1 
into E2. Alternatively, aromatase can use testosterone to form E2. 
E1 may also be further metabolized to form 16α-hydroxyestrone, 
which is converted to E3 by 17β-HSD1 (Luu-The, 2013).

Like many processes in development, synthesis of estrogen 
is spatiotemporally controlled. During human development, E3 
is produced in the placenta during pregnancy by conversion of 
dehydroepiandrosterone (DHEA) rather than 16α-hydroxyestrone 
(Bondesson et al., 2015). In premenopausal women, estrogen is 
primarily made in the ovaries, but in male adults and postmeno-
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pausal women, estrogen can also be produced in adipose tissue, 
bone osteoblasts and chondrocytes, smooth muscle, and in the 
brain (Simpson, 2003). It is worth noting that humans use tissue 
specific promoters to drive expression of aromatase—the primary 
enzyme responsible for estrogen synthesis—in these peripheral tis-
sues, but mice lack the majority of these promoters. Mice, however, 
do retain the ability to produce estrogen in the brain (Stanić et al., 
2014). In zebrafish, aromatase expression begins increases at 
approximately 3-4 days post fertilization (Trant et al., 2001). This 
is likely due to the presence of E2 at high concentrations in the 
yolk ball, which suggests that endogenous estrogen production is 
not needed until a few days after fertilization (Carroll et al., 2014). 
Aromatases are also differentially expressed in adult zebrafish, 
depending on sex and tissue (Sawyer et al., 2006). The broad ex-
pression of aromatase enzymes suggests that estrogen signaling 
does indeed play a role outside of gonad formation, and additional 
studies are needed to interrogate how these signals are regulated.

		
Estrogen receptors

Once estrogen is produced, it can bind three unique receptors 
in mammalian cells: ESR1 (Esr1 in zebrafish), ESR2 (Esr2a and 
Esr2b in zebrafish), and GPER (Gper1 in zebrafish) (Bondesson et 
al., 2015; Thomas et al., 2010; Amenyogbe et al., 2020; Bertrand et 
al., 2007). ESR1 and ESR2 are ligand activated transcription factors 
whereas GPER acts as a G protein-coupled receptor that exists on the 
surface of the cell that can bind estrogen and lead to downstream 
non-genomic effects (Fig. 1). The nuclear receptors share a similar 
structure, comprised of a DNA binding domain (DBD), followed by 
a hinge region which connects the ligand binding domain, flanked 
by an N-terminal trans-activation domain (Heldring et al., 2007). 
Estrogen, as a steroid, can diffuse into the cell without the facili-
tation of a transmembrane protein. Upon entering the cell, it can 

bind ESR1 or ESR2, both of which remain in the cytoplasm in the 
absence of a ligand. Upon binding, these receptors dimerize and 
translocate to the nucleus. There, they can interact with various 
coactivators, bind to the estrogen response element (ERE), and 
affect transcription (Farooq, 2015).

The structure of these receptors is highly conserved among 
vertebrates. Clones of the receptors derived from mouse uterine 
samples found that homology with rat, human, and chicken estro-
gen receptors had homology of 97%, 88%, and 77%, respectively 
(White et al., 1987). Using the most updated zebrafish assembly 
(Grcz11), homology between human and zebrafish estrogen recep-
tors hovers around 50%. However, the highly conserved functional 
domains (DBD and LBD) have sequence homology upwards of 70% 
(Bondesson et al., 2015). 

Similar to aromatase, estrogen receptors have been detected in 
a variety of tissues. In the context of development, estrogen recep-
tors were detected in a human fetus in several developing organs 
(Brandenberger et al., 1997). Intriguingly, Esr1 and Esr2 were not 
expressed at identical levels across tissues, further suggesting 
that these receptors play distinct roles. For example, Esr2 was 
highly expressed at week 19 in the spleen, while only low levels 
of Esr1 were detected. Other tissues that express Esr1 and Esr2 
include the kidney, stomach, heart, and gonads (Brandenberger 
et al., 1997). In the context of murine embryogenesis, Esr1, Esr2, 
and aromatase are expressed in the oocyte. Upon fertilization, 
aromatase expression diminishes until post-gastrulation. Esr1 and 
Esr2 expression is present in the early zygote and is then reduced 
until Esr1 expression spikes during gastrulation. Both receptors 
see an increase in expression postgastrulation (Bondesson et al., 
2015). Zebrafish have a single orthologue of Esr1, esr1, and two 
orthologues of Esr2, esr2a and esr2b, due to a genome duplica-
tion event. All three of these receptors are expressed in the brain, 
pituitary, liver, and gonads of adult animals (Menuet et al., 2002; 

Fig. 1. Canonical estrogen signaling in zebraf-
ish. During genomic signaling (left), estrogen 
(E2) or other xenoestrogens can directly enter 
the cell and bind to estrogen receptors. In the 
zebrafish, these includes receptors Esr1, Esr2a, 
or Esr2b. Acting as ligand-activated transcription 
factors, the receptors dimerize and translocate 
to the nucleus where they bind to the estrogen 
response element (ERE) and affect transcription. 
During non-genomic signaling (right), estrogen 
or other xenoestrogens can bind to a g-protein 
receptor, Gper1 in the zebrafish. This activates 
second messengers and various downstream 
signals. Created with BioRender.com.
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Gorelick and Halpern, 2011; Chaturantabut et al., 2020). esr2a is also 
expressed in neuromast cells, and esr2a and esr2b are expressed 
more in the intestine (Froehlicher et al., 2009; Menuet et al., 2002). 
Such precise control of expression further points towards unique 
regulatory roles for these receptors and aromatase.

Mammalian GPER also shares high sequence homology with 
zebrafish, similar to the other estrogen receptors (Liu et al., 2009). 
However, the structure and signaling pathway of this receptor 
differs from that of ESR1 and ESR2. Like other G protein-coupled 
receptors, GPER has seven transmembrane domains across the 
cell surface (Ji et al., 1998). Early estrogen signaling research noted 
the ability of estrogen to trigger activation of cAMP, calcium, and 
other second messengers, but years later researchers discovered 
GPER, not ESR1/2, was responsible for these responses (Filardo, 
2002; Revankar, 2005). In mice, GPER is expressed in a variety 
of tissues, including arteries, throughout the brain, stomach, the 
pituitary gland, and the adrenal gland (Isensee et al., 2009). In 
humans, GPER is expressed in the heart, placenta, lung, kidney, 
pancreas, spleen, stomach, and small intestine, among others 
(Olde and Leeb-Lundberg, 2009). In the zebrafish, gper1 exhibits 
a similar expression pattern in the brain, intestine, muscle tissue, 
and gonads (Liu et al., 2009; Romano et al., 2017; Chaturantabut 
et al., 2019). Once again, the function of GPER seems to expand 
beyond that of traditional reproductive roles that have been previ-
ously associated with estrogen signaling.

		
The zebrafish as a model for developmental biology

Studying developmental processes is a complex undertaking, 
especially in the case of mammalian models. Murine ontogeny, for 
example, occurs in utero over the course of a few weeks, preventing 
rapid live imaging experimentation. The zebrafish offer a solution 
to these barriers, as fertilization occurs ex utero, and animals 
maintain optical transparency through early developmental stages. 
These features allow for high-throughput genetic manipulation 
studies via microinjection coupled with real-time visualization of 
morphogenesis. Gastrulation begins at just 5 hours post fertiliza-
tion (hpf) with organ formation initiating by 10 hpf (Lieschke and 
Currie, 2007; Kimmel et al., 1995). This makes the zebrafish highly 
amenable for studying the workings of organogenesis. In addition, 
the genes controlling these processes are highly conserved, with 
over 80% of human disease-associated genes having a zebrafish 
orthologue (Howe et al., 2013). Zebrafish also thrive in a laboratory 
setting and can be well cared for at a reasonable cost, which has 
made them a popular developmental model over the past several 
decades (Lieschke and Currie, 2007; Kimmel et al., 1995).

		

Conservation of organ anatomy: the case of kidney seg-
mentation

Vertebrate organ anatomy is highly conserved between zebrafish 
and mammals. For example, both form kidneys that are comprised 
of structural and functional units known as nephrons (Gerlach and 
Wingert, 2013). Furthermore, nephrons exhibit similar composi-
tions, with a blood filter followed by a tubule that reabsorbs and 
secretes solutes. Nephron tubules are similarly subdivided into 
functional zones of specialized cells known as segments that 
perform discrete physiological tasks in modifying the filtrate (Fig. 
2) (Wingert et al., 2007; Wingert and Davidson, 2011). The proximal 
segments are responsible for most reabsorption activities, such as 
uptake of glucose and amino acids, though they also coordinate 
acid-base homeostasis and drug secretion. The distal segments 
are responsible for fine tuning salt levels and other electrolytes. Of 
course, differences do exist in organ structure between species; 
a notable difference with respect to the kidney is the presence or 
absence of the loop of Henle, which is responsible for water con-

Fig. 2. Nephron segmentation is conserved across vertebrates. Zebrafish 
organs exhibit fundamentally similar structure and function to those of mam-
mals. (A) The fully formed mammalian metanephric kidney is comprised of 
hundreds of thousands of nephrons (inset). (B) The thick ascending limb of 
the mammalian kidney is analogous to the distal early segment of the zebraf-
ish. These segments share similar functions and express the same suite of 
solute transporters, including ROMK (encoded by kcnj1a1.1 in zebrafish), 
ATPase Na+/K+ (encoded by atp1a1a.1 in zebrafish), NKCC2 (encoded by 
slc12a1 in zebrafish), and ClC-Kb (encoded by clcnk in zebrafish). (C) The 
zebrafish pronephros shares similar segmentation with the mammalian 
nephron (color-coding). The pronephros is comprised of the glomerulus (G), 
neck (N), proximal convoluted tubule (PCT), proximal straight tubule (PST), 
distal early (DE), distal late (DL) and collecting duct (CD).
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servation. This is missing in zebrafish which live in freshwater 
and do not concentrate their urine.

While the nephron is organized into these specialized seg-
ments, recent RNA sequencing studies have provided a new 
appreciation for the complexity of these cell types (Tang et 
al., 2017; Liao et al., 2020; McEvoy et al., 2022; Ransick et al., 
2019). This complexity is further amplified in the context of 
various disease states and cancers (Hinze et al., 2022; Zhang 
et al., 2021). The zebrafish, as a high throughput and conserved 
model, is particularly useful in interrogating genes of interest 
from these large datasets (Naylor et al., 2017). Through various 
chemical and genetic screens, researchers have garnered new 
insights to the regulatory networks controlling nephrogenesis 
(Chambers et al., 2023; Nguyen et al., 2023).

		
Roles of estrogen and ERs in organ development revealed 
by zebrafish studies

In the subsections that follow, we discuss how the zebraf-
ish has been utilized to discover new insights into the roles of 
estrogen signaling during development of the kidney, gonads, 
brain, blood and finally, the liver.

			 
Kidney

Using the zebrafish as a model to investigate developmental 
pathways of kidney formation, chemical screens have identi-
fied several chemical regulators of interest, including estrogen 
signaling (Poureetezadi et al., 2016; Wesselman et al., 2023). 
Identifying a link between estrogen signaling and nephron 
development was surprising, as estrogen has traditionally 
been considered a sex hormone, with most research focus-
ing on gonad development. Specifically, a screen of bioactive 
chemicals first revealed that E2 resulted in changes in nephron 
segmentation (Poureetezadi et al., 2016). While expression 
of specific estrogen receptors has not been detected in the 
pronephros by whole mount in situ hybridization, a transgenic 
line showing activation of the ERE indicates that estrogen sig-
naling is active in the distal pronephros (Carroll et al., 2014). 
This data suggests that ligand activated transcription factors, 
Esr1, Esr2a, and Esr2b, are of particular interest in the context 
of nephrogenesis.

In our study, we found that exogenous treatment of E2 re-
sulted in specific changes to the distal pronephros, where the 
DE was increased at the expense of the neighboring DL seg-
ment (Wesselman et al., 2023). A selective estrogen receptor 
modulators (SERM) screen revealed that this phenotype was 
largely due to Esr2 activity, as inhibition with PHTPP resulted in 
the opposite phenotype (Wesselman et al., 2023b). One caveat 
to the chemical data is that ligand specificity of PHTPP for Esr2 
has not been measured in zebrafish cells specifically. However, 
the PHTPP results were recapitulated with morpholino experi-
ments, as only esr2b knockdown, not esr2a nor esr1, resulted 
in a decreased DE and increased DL (Wesselman et al., 2023). 
Further analysis revealed that E2 signaling mediated by Esr2b 
operates upstream of essential distal transcription factors Irx3b 
and its target Irx1a (Wesselman et al., 2023). Taken together, 
Esr2b seems to regulate cell fate choice in multiple zebrafish 
tissues, as a similar phenotype was observed in liver tissue 
(Wesselman et al., 2023; Chaturantabut et al., 2020).

			 

Reproductive system
Zebrafish offer a unique perspective to studying estrogen 

signaling, as adults exhibit sex plasticity in mature gonads, which 
has been shown using treatment of androgens and aromatase 
inhibitors (Lee et al., 2017; Takatsu et al., 2013). Exogenous es-
trogen treatment throughout development results in all offspring 
becoming female, but some oocytes are unable to reach full matu-
ration (Fenske et al., 2005). Interestingly, removal of exogenous 
estrogen results in a more balanced population, where some of 
the animals become male (Fenske et al., 2005). With a combina-
tion of xenoestrogens, males exhibit a decreased sperm count, 
but there is also an increase in the number of proliferating germ 
cells (Wang et al., 2019). Interestingly, estrogen exposure alone 
promotes proliferation of undifferentiated spermatogonia but 
depletes meiotic and post meiotic germ cells (de Castro Asiss 
et al., 2018). Together, these studies suggest the potency of es-
trogen in sex determination of zebrafish, as well as its important 
in gonad function. 

In loss of function studies of each of the estrogenic nuclear 
receptors, single mutants of esr1, esr2a, or esr2b exhibit normal 
reproductive development (Lu et al., 2017). In females, double 
knockout of esr2a and esr2b results in dysfunctional follicular 
formation and a gonad reprogramming to male (Lu et al., 2017). 
Similarly, knockout of gper1 results in reduced fertility in females 
(Wu et al., 2021). Together, this suggests that the estrogen recep-
tors have some functional redundancy, especially in reproductive 
development. 

			 
Brain

Zebrafish have two isoforms of aromatase, encoded by cy-
p19a1a and cyp19a1b, which are known as ovarian aromatase 
and brain aromatase, respectively. Both forms are present in 
early development, as they decrease shortly after fertilization, 
followed by a drastic increase of cyp19a1b at 24 hours (Sawyer 
et al., 2006). This increase is likely due to the depletion of the 
maternally deposited E2 in the yolk through development, resulting 
in activation of the endogenous synthesis program. In the brain 
specifically, E2 has been shown to decrease cell proliferation and 
cell migration in the adult zebrafish, which differs from responses 
observed in mammalian models (Makantasi and Dermon, 2014; 
Diotel et al., 2013). In the context of development, low dose ex-
posure to E2 increases serotonin transmission by serotonergic 
neurons while high dose exposure had the opposite effect (Ulhaq 
and Kishida, 2018). Further, knockdown of brain aromatase spe-
cifically decreased serotonin levels, revealing its necessity for 
serotonergic neuron development in zebrafish, which in turn are 
required to control heart rate and anxiety behavior in embryos 
(Ulhaq and Kishida, 2018). Specific inhibition of gper1 resulted 
in growth retardation of the brain, with increased apoptosis, de-
creased proliferation of sensory and motor neurons (Shi et al., 
2013). GPER mutants also exhibit decreased triiodothyronine (T3) 
levels, which is an essential thyroid hormone needed to modulate 
heart rate (Romano et al., 2017). Interestingly, GPER specifically 
regulates maternal estrogen levels as well as T3 levels, which 
results in regulation of the embryonic heart rate (Romano et al., 
2017). Together, these studies point to the importance of balance 
of estrogenic hormones, as both exogenous E2 and inhibition 
of E2 signaling can result in alterations to neurogenesis and 
subsequent brain function.
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Hematopoiesis
Although hematopoietic stem cells (HSC) were not consid-

ered sexually dimorphic, recent research has found that mouse 
HSCs exhibit sex differences in cell cycle regulation (Nakada et 
al., 2014). Researchers discovered that E2 induces HSC division 
in both males and females, and that deletion of Esr1 from HSCs 
reduces divisions in females but not males (Nakada et al., 2014). 
Similarly, another study found that Esr1 is not required for the 
production of normal HSC proportions in males, but is involved in 
B cell regulation (Thurmond et al., 2000). E2 has also been shown 
to modulate the HSC niche in zebrafish by setting the ventral 
boundary of the hemogenic vascular niche (Carroll et al., 2014). 
Interestingly, treatment with exogenous E2 or xenoestrogens 
(ethinylestradiol and genistein) reduces HSC formation, while 
inhibition of E2 activity via chemical treatment (pan-inhibitor 
ZK164015 or Esr2 inhibitor PHTPP) or double knockdown of 
esr2a and esr2b increases runx1/cmyb expression, which mark 
HSPCs (Carroll et al., 2014). These alterations in HSC formation 
are linked to malformation of the hemogenic endothelial niche 
and modulation of VEGF signaling (Carroll et al., 2014). These 
data warrant further investigation into the developmental effects 
of estrogenic exposure, and may offer insight to sex differences 
observed in HSC regulation.

			 
Liver

All four estrogen receptors of the zebrafish are expressed in 
the liver at varying time points (Menuet et al., 2002; Bertrand et al., 
2007; Romano et al., 2017; Chaturantabut et al., 2019). For example, 
the adult liver expresses esr1, esr2a and esr2b as assessed by 
reverse transcription polymerase chain reaction (Menuet et al., 
2002). In the developing zebrafish liver, esr2b is detectable by 
whole mount in situ hybridization (WISH) at 72 hpf, but decreases 
shortly thereafter (Bertrand et al., 2007; Chaturantabut et al., 2020). 
By 96 hpf, gper1 is robustly expressed in the liver, as detected by 
WISH (Chaturantabut et al., 2019). This dynamic expression is in 
line with the phases of liver formation, as specification occurs 
from 6 hpf to 30 hpf, followed by budding and differentiation 
from 32 hpf to 72 hpf, and finally by outgrowth after 72 hpf (Chu 
and Sadler, 2009). 

In the early stages of development, E2 treatment prior to 72 
hpf results in decreased hepatocyte number and overall liver 
size, while blockade of estrogen signaling increases liver size 
(Chaturantabut et al., 2020). This phenotype was linked to esr2b, 
as mutants had robustly increased hepatocyte marker expres-
sion, at the expense of biliary lineages (Chaturantabut et al., 
2020). Decisions between biliary and hepatocyte cell fate were 
indeed mediated by Esr2b signaling and occurred downstream 
of BMP signaling (Chaturantabut et al., 2020). Interestingly, the 
opposite was true in larval and adult animals, as exogenous E2 
treatment increased liver size of both larval (over 120 hpf) and 
adult zebrafish, though this was due to proliferation rather than 
cell fate (Chaturantabut et al., 2019). An SERM screen revealed 
that the main driver of this phenotype was Gper1, as inhibition 
via G-15 treatment or morpholino knockdown resulted in the op-
posite phenotype (Chaturantabut et al., 2019). Additional cell cycle 
analysis of liver cells in 120 hpf animals revealed that E2 drives 
hepatocyte proliferation, cell cycle progression and liver size, and 
all phenotypes were diminished in animals lacking gper1 expres-
sion (Chaturantabut et al., 2019). Additional epistatic experiments 

revealed that PI3K-Akt pathway operates downstream of Gper1 
mediated E2 signaling, and subsequently activates mTOR signal-
ing in the context of regeneration (Chaturantabut et al., 2019). 
The same pro-proliferative effect of E2 was similarly observed 
in primary hepatocyte culture and in liver cancer (Chaturantabut 
et al., 2020). Together, these data point to the importance of E2 
modulation in both development and adulthood, and that temporal 
regulation of estrogen signaling occurs via different receptors.

			 
Conclusions and future prospects

During vertebrate development, estrogen levels are highly 
regulated. The importance of this tight regulation is highlighted 
by the potent consequences of estrogen signaling on various 
developmental tissues during embryogenesis, as discussed here 
with respect to formation of mesoderm, endoderm and ectoderm 
derivatives. There continue to be new insights as researchers con-
duct further studies, as in the case of the brain, where estrogen 
activity was recently linked to proper development of the olfactory 
sensory system (Takesono et al., 2022). In that case, inhibition of 
estrogen activity with the estrogen receptor antagonist ICI182 led 
to morphological disruptions in synaptic development of olfactory 
neurons and their interacting glia and led to altered behavior in 
larval stages (Takesono et al., 2022).

Environmental estrogens may not just impact estrogen signaling 
during gestation, but also during the early stages of life (Hsu and 
Tain et al., 2021). For example, work with zebrafish has revealed 
how bisphenol A exposure can lead to alterations in the juvenile 
brain including neuron loss, activation of microglia, and depressed 
neurogenesis, which are correlated with the emergence of social 
behavior defects (Mu et al., 2023; Yang et al., 2023). Others have 
reported that bisphenol A exposure also leads to disruptions 
in the ways that sensory information is processed (Scaramella 
et al., 2022). Understanding how endogenous and exogenous 
estrogen exposure impacts development and maturation of vari-
ous tissues will offer valuable insight into the potential effects 
of various teratogens. With the help of the zebrafish and other 
models, our appreciation for the importance of hormone signaling 
will continue to grow.
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