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Preface

Estrogens - Recent Advances provides updated information on the sex steroid hormone 
estrogen and the many roles it plays in the body. Most readers may be familiar with 
the function of estrogen in the hypothalamic–pituitary–ovarian/uterine axis. With 
this book, we move beyond the traditional role of estrogen action on the ovaries and 
uterus and discuss exciting areas of new research.

Chapter 1 “Introductory Chapter: Estrogen – Sex Steroid Hormone in Ovary and 
beyond” by Dr. Courtney Marsh reviews the many roles of estrogen in the human 
body.

In Chapter 2, “The Research Advances in G-Protein-Coupled Estrogen Receptor”, 
Dr. Zhang Hongbing et al. explore the role of G proteins and the G-protein estro-
gen receptor in the human body. The author reviews the role of G-protein estrogen 
receptor agonists and antagonists in the context of potential modalities for patient 
treatment. The author also discusses various signaling pathways, including nuclear 
factor kappa B, Hippo, mitogen-activated protein kinase, phosphatidylinositol 
3-kinase, and extracellular signal-regulated kinase, as they relate to human disease 
processes. This chapter highlights the key role between understanding receptor 
signaling and disease process to better understand the role of estrogen in the 
human body.

In Chapter 3, “Effect of Hypoestrogenism on Oral Cavity”, Dr. Pitu Wulandari 
explores the effect of estrogen on the oral cavity. The author reviews a variety of oral 
disease states and discusses the effect of declining estrogen with menopause on oral 
health. In Chapter 4, “Functional Roles of Estradiol in the Olfactory and Vomeronasal 
Mucosae of Mammals: A Working Hypothesis”, Shigeru Takami and Sawa Horie 
discuss the role of estrogen in olfactory mucosae and uses animal models to explore 
the novel topic of estrogen signaling as a potential model for human health. Both 
chapters look beyond the traditional role of estrogen in the ovary and uterus and 
focus on how estrogen affects oral and olfactory health.

Finally, in Chapter 5, “Permissive Role of Estrogens in Prostate Diseases”, José Locia 
Espinoza and Luz Irene Pascual Mathey discuss the role of estrogen in the prostate. 
He reviews estrogen signaling in the prostate as well as disease states that are modified 
by estrogen.

Overall, this book provides the reader with a better understanding of the variety 
of effects estrogen has on the body. Thank you to all the authors and to the staff at 
IntechOpen for making this highly informative, novel book!
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Chapter 1

Introductory Chapter:  
Estrogen – Sex Steroid Hormone  
in Ovary and beyond
Courtney Marsh

1. Introduction

1.1 Non-reproductive health effects of sex steroid hormones

Estrogens are members of the estrane family of sex steroid hormones essential to 
reproductive and ovarian function. Estranes are derived from cholesterol (specifically 
low-density lipoprotein) and undergo a series of enzymatic modifications to reduce the 
number of carbons contained in the molecule from 27 (cholestanes) to 18 (estranes) [1]. 
The movement of cholesterol from the mitochondrial outer membrane of the cell to the 
inner membrane is the rate-limiting step for steroidogenesis and estrogen production.

Estrone, estradiol, estriol, and estetrol are all estrogens in the estrane family and 
vary according to molecular structure and biological activity. Estrone (E1) has only 
one hydroxyl group and is mainly produced by peripheral aromatization from andro-
gens. Of the estranes, estrone is predominant in postmenopausal women. In terms 
of bioactivity, estrone is a weak estrane. Estradiol (E2) has two hydroxyl groups and 
is the main estrane found in reproductive age persons with ovaries. Estradiol is also 
produced by the testes, liver, adrenal glands, breasts, and placenta. Estradiol has high 
bioactivity and rapidly declines with ovarian aging and menopause. Estriol (E3) has 
three hydroxyl groups and is the main estrane of pregnancy. Estriol is derived from 
androstendione, estrone, and estradiol. Although estriol has a lower affinity to the 
sex hormone binding globulin and higher bioavailability, it is a weaker estrange than 
estradiol [2]. With four hydroxyl groups, estetrol is produced solely through the fetal 
liver by 15 alpha and 16 alpha hydroxylation. Estetrol is a metabolite of estriol and 
estradiol and is found in serum and urine with peak levels at the end of pregnancy [3].

For reproductive function, estradiol is mediated through the hypothalamic– 
pituitary-gonadal axis. Gonadotropin-releasing hormone is released in a pulsatile 
fashion from the hypothalamus to stimulate follicle-stimulating hormone (FSH) from 
the anterior pituitary. FSH then stimulates gonads for folliculogenesis in the ovary 
and spermatic production in the testes.

Estrogen action is mediated through estrogen receptor signaling. Estrogen action 
can occur through genomic effect (estrogen receptor complex binding to DNA 
promoter) and non-genomic effect (no direct binding of estrogen receptor complex 
to DNA) [4]. Various signaling pathways are involved with the G-protein estrogen 
receptor including nuclear factor-kappa B, hippo, mitogen-activated protein kinase, 
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phosphatidylinositol 3-kinase, and extracellular regulated kinase. These pathways are 
involved in many disease processes outside of the reproductive tract.

Estrogens – Recent Advances provides an in-depth look at the role of estrogen and 
the multiple organ systems it affects. As most are familiar with the role of estrogen 
in the ovary and uterus, this book moves beyond these organs to explore estrogen’s 
effect on cancers, prostate, oral mucosa, and olfactory mucosa to provide an excellent 
review of the sex steroid hormone. By understanding the extensive role of estrogen in 
multiple organ systems, we may uncover novel management and treatment options 
for individuals in the future.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

The Research Advances in 
G-Protein-Coupled Estrogen 
Receptor
Hong-Bing Zhang, Yao Wang and Bing Wang

Abstract

Estrogen binds to the typical estrogen receptor (ER) ERα or ERβ and is  
translocated to the nucleus, where it binds directly to the estrogen response element 
of the target gene to induce transcription and regulate gene expression, and the 
whole process is completed in several hours to several days. The G protein-coupled 
estrogen receptor (GPER), a type that is structurally distinct from typical ERα and 
ERβ, rapidly induces most non-genomic effects within seconds to minutes. GPER 
regulates cell growth, migration, and programmed cell death in a variety of tissues 
and has been associated with the progression of estrogen-associated cancers. Here, 
the characteristics, cell signal transduction, and the latest research progress of GPER 
in estrogen-associated tumors and retinal diseases are reviewed.

Keywords: estrogen receptor, G protein-coupled estrogen receptor, G-protein coupled 
receptor 30, GPER, GPR30

1. Introduction

Estrogen, the main sex hormone in cisgender women, plays an important role in 
regulating various physiological and pathological processes in the body and affects 
mood, bone strength, and even heart health beyond fertility and sex-related func-
tions. Typical estrogen receptor (ER) includes ERα and ERβ. After combined with 
ERα or ERβ, estrogen transfers in nucleus and directly binds to the estrogen response 
element in the promoter region of target gene and then induces transcription and 
regulates gene expression, and this process is called estrogen genomic effect, which 
usually takes several hours to several days to complete this process [1].

Besides, by combined with a novel type of ER, G protein-coupled ER (GPER), 
an alternate ER with a structure distinct from the two canonical ERα and ERβ, can 
also induce rapid non-genomic effects in seconds to minutes and mediate most of the 
non-genomic effects of estrogen.

GPER triggers several downstream pathways that exert vital biological roles in 
the regulation of cell growth, migration, and programmed cell death in a variety 
of tissues. In particular, there is a significant correlation between GPER and the 
progression of estrogen-related cancers. Therefore, better understanding the role 
of GPER in physiological function, especially in estrogen-related cancers, may help 
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identify new biological regulatory targets, as well as cancer therapeutic targets. In 
this review, we summarize the characteristic and cell signaling and detail the func-
tions of GPER, as well as the latest research progress of GPER in estrogen-related 
cancers.

2. Brief overview of GPER

2.1 G-protein and GPCR

G proteins, also called as guanosine nucleotide-binding proteins, are proteins 
that are involved in delivering a variety of stimuli from extracellular environment 
to intracellular organelle. G protein-coupled receptors (GPCRs) are a general name 
of membrane protein receptors, which locate on cell membranes and are the largest 
family of proteins encoded by the human genome [2]. The unique feature of this kind 
of GPCRs is that there are seven transmembrane α helices in the stereo-structure of 
the receptor, and there are G protein-binding sites on the C-terminal of the peptide 
chain and the intracellular ring (the third intracellular ring) connecting the fifth and 
sixth transmembrane helices (starting from the N-terminal of the peptide chain). 
Endogenous ligands of GPCR include many compounds, such as amines, carbohy-
drates, lipids, peptides, proteins, hormones, neurotransmitters, chemokines, and 
even photons and odors. GPCR has been linked to type 2 diabetes, obesity, depres-
sion, cancer, Alzheimer’s disease, and other diseases [3].

2.2 ER

Estrogen receptor (ER) is a steroid receptor, belonging to a superfamily of pro-
teins, whose function is to regulate transcription of gene pools in other cells. The 
estrogen receptors such as ERα, ERβ, and GPER are located in the tissues of the female 
reproductive tract and breast, as well as in a variety of tissues such as bone, brain, 
liver, colon, skin, and salivary glands, exerting the effects of estrogen compounds on 
their target tissues [4].

2.3 GPER

In 1996, the third estrogen receptor, G-protein coupled receptor 30 (GPR30), 
was discovered in breast cancer tissues for the first time [5, 6]. GPR30 is a member 
of GPCR family, which can be exclusively bound to by estrogen and estrogen-like 
molecules, and it is involved in rapid non-genomic estrogen effects [7–9]. GPR30 
also has another name GPER or GPER1 [10]. The function of this receptor provides 
an important basis for expounding the rapid response of estrogen. The human GPER 
gene, including a 1128 bp open reading frame that encodes 375-amino acid receptors, 
is located on chromosome 7 [6, 11].

GPER is expressed in various tissues, such as nerve, reproductive, digestive, and 
muscle organs [12], as well as in brain pericellular, cortex, dentate gyrus, anterior 
pituitary, and adrenal medulla cells [13]. The expression of GPER is not limited to the 
cell surface, and the binding domain of this receptor is also expressed in the endoplas-
mic reticulum [14].

In normal tissue, GPER was expressed markedly in the cortex and the anterior 
pituitary, islets and pancreatic ducts, fundic glands of the stomach, the epithelium 
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of the duodenum and gallbladder, hepatocytes, proximal tubules of the kidney, the 
adrenal medulla, and syncytiotrophoblasts and decidua cells of the placenta [15].

2.4 GPER agonists and antagonists

There are synthetic and natural estrogen compounds that can interact with 
GPER. GPER agonists can be categorized as follows: (1) natural estrogens including 
17β-estradiol (E2, a general ER agonist) and 2-methoxy-estradiol; (2) phytoestro-
gens including genistein, quercetin, equol, and resveratrol; (3) selective estrogen 
receptor modulators (SERMs), which includes tamoxifen (TMX), 4-hydroxytamoxi-
fen, and raloxifene; (4) selective estrogen receptor downregulation agents (SERDs), 
which include fulvestrant and pesticides; (5) plastic compounds as endocrine 
disruptors, which include atrazine, bisphenol A, zearalenone, nonylphenol, and 
ketone. GPER antagonists can be categorized as follows: (1) natural estrogens, which 
include 2-hydroxyoestradiol and estriol; and (2) synthesis of compounds such as 
MIBE [15–17].

In addition, there are highly selective GPER ligands, which include GPER agonist 
G-1 and GPER antagonists G-15 and G-36 [18, 19]. G-1, also known as Tespria, is a 
nonsteroidal compound and a selective GPER1 agonist. In vitro cell experiments have 
shown that G-1 has no binding affinity for ERα and ERβ [20, 21]. Moreover, G-1 regu-
lation is involved in intracellular calcium [Ca2+] and phosphoadenosine 3-kinases 
(PI3Ks) signaling pathways. G-15 is a selective GPER1 antagonist with high binding 
affinity to GPER1 and less binding to ERα and ERβ [19, 22, 23]. As another selective 
GPER1 antagonist, G36 also owns poor binding ability to ERα and ERβ as well as G15, 
whereas G36 is more powerful than G15 in binding to GPER1 and then modulates 
Ca2+ mobilization and PI3K signaling [18].

3. GPER-related signaling pathway

3.1 Nuclear factor-Kappa B (NF-κB) signaling pathway

When epithelial cells undergo epithelial-mesenchymal transition (EMT), mastitis 
may be aggravated. GPER1 activation inhibits EMT of goat mammary epithelial cells 
through NF-κB signaling pathway, thus impeding the occurrence of mastitis [24]. 
Okamoto et al. [25] delineated that lipopolysaccharide (LPS)-induced interleukin-6 
(IL-6) overexpression in mouse macrophages is negatively regulated by GPER agonist 
G-1 via NF-κB signaling pathway, which is associated with anti-inflammatory effects 
of estrogen.

3.2 Hippo signaling pathway

Zhou et al. [26] determined that, compared with adjacent normal tissue, the 
expression of GPER is highly upregulated in the cancer cells of breast invasive ductal 
carcinoma, and key downstream signals of GPER are associated with the Hippo/
YAP (Yes-associated protein 1)/TAZ (transcriptional coactivator with a PDZ-binding 
domain) pathway, which plays an important role in breast tumorigenesis. YAP is a 
pivotal effector of Hippo pathway, and Deng et al. [27] exhibited that bisphenol S 
activates YAP, upgrades YAP nuclear accumulation, and regulates its downstream 
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genes in triple-negative breast cancer cells. By inhibiting GPER, the effect of bisphe-
nol S-induced Hippo/YAP signal pathway can be weakened.

3.3 Mitogen-activated protein kinase (MAPK) signaling pathway

Triclosan can act on GPER to induce estrogen effect. It has been found that 
triclosan can upregulate the expression of mir-144 by activating GPER, which leads 
to abnormal regulation of neuro-related genes and neurodevelopmental toxicity, 
and this process is closely related to the activation of downstream protein kinase C 
(PKC)/MAPK signaling pathway [28]. In ER-positive breast cancer cells, the activa-
tion of GPER and its downstream MAPK/ERK signal pathway increase the expression 
level of TRIM2 protein, which leads to the reduction of Bim protein in tamoxifen-
resistant breast cancer cells, providing a new idea for solving tamoxifen resistance in 
ER-positive breast cancer cells [29].

3.4 Phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway

The nuclear ER is negative in breast cancer SKBR-3 cells, while GPER is positive. 
Using the SKBR-3 cells, Shi et al. [30] demonstrated that the expression of PI3K and 
p-AKT can be downregulated by cryptotanshinone (an active compound of tradi-
tional Chinese medicine Danshen), and the inhibitory effect of cryptotanshinone 
on SKBR-3 cells is carried out by inhibiting GPER-mediated PI3K/AKT pathway. 
Additionally, cryptotanshinone can mediate the downregulation of PI3K/AKT path-
way and induce apoptosis in breast cancer MCF-7 cells by activating GPER [31].

3.5 Extracellular signal-regulated kinase (ERK) signaling pathway

Hepatocellular carcinoma (HCC) is a malignant tumor, whose cell lines HCCLM3 
and SMMC-7721 express high levels of GPER. The research by Qiu et al. [32] pre-
sented that compared with GPER-negative patients, GPER-positive HCC patients 
were closely related to the following factors, such as female, negative hepatitis B 
surface antigen, smaller tumor size, lower serum alpha-fetoprotein level and longer 
overall survival, and treatment of HCC cell lines HCCLM3 and SMMC-7721 with 
GPER-specific agonist G1 resulted in the activation of epidermal growth factor recep-
tor (EGFR)/ERK and EGFR/AKT signaling pathways. In a murine Crohn’s disease 
model induced by trinitrobenzene sulfonic acid, activation of GPER exerts the anti-
inflammatory effects and lowers the mortality of mouse and C-reactive protein level, 
and this activation is accompanied by regulating ERK signaling pathway [33].

4. Physiological effects of GPER

4.1 GPER roles in inflammation

In a mouse model, the GPER selective agonist G-1 was found to reduce circulating 
levels of inflammatory cytokines tumor necrosis factor α (TNFα), monocyte chemoat-
tractant protein-1 (MCP-1), and IL-6 and to lower the expression of inflammatory 
genes in a variety of metabolic tissues, when administered over a long period of time 
[34]. In microglia, GPER is involved in the anti-inflammatory process when genistein 
was administered to inhibit lipopolysaccharide (LPS)-induced microglia activation [35].
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4.2 GPER roles in cardiovascular system

The blood pressure of male Sprague-Dawley (SD) rats can be significantly lowered 
by GPER1 activation with G1 [36]. Blood pressure is lowered in ovariectomy (OVX) 
SD rats and OVX mRen2 Lewis rats after chronic systemic administration with G-1 
[37, 38]. The downstream of GPER1 activation involves signaling pathways such as 
nitric oxide (NO), which can mediate vasodilation occurrence and is a well-known 
vasodilator [39–41]. Downstream of GPER1 activation is also involved in renin angio-
tensin aldosterone system (RAAS), which controls blood pressure and glomerular 
filtration rate through renin and angiotensin I, II and aldosterone [42–44].

It is GPER1, while not ERα and ERβ, plays an important role in estrogen-
responded heart rate regulation [45, 46]. GPER1 activation has a cardioprotective 
effect on heart failure in male mice and myocardial inflammation in male spon-
taneously hypertensive rats (SHRs), adriamycin-induced cardiotoxicity in male 
rats can be alleviated by GPER1 activation, and myocardial cell death can also be 
protected by GPER1 activation [47–50]. Moreover, in stress-induced cardiomyopa-
thy, also known as Takotsubo syndrome, GPER activation exerts a protective role 
through balancing β2 adrenergic receptor (β2AR) with the Gαs and Gαi signaling 
pathways [51].

In short, it is worth noting that the current studies on the physiological effects 
of GPER are mainly from GPER knockout (KO) mice, which may have certain 
limitations. Therefore, when using GPER KO mice to study the mechanism of GPER-
mediated action, the possibility of systemic compensation in mice should be taken 
into account [52].

4.3 GPER roles in stress

Endoplasmic reticulum stress (ERS) has been linked to several diseases such as 
cancer and diabetes and may be one of the possible inducers of pathological cell 
death and dysfunction [53, 54]. Icariin, an active constituent of epimedium, can 
inhibit ERS pathway through promoting the expression of GPER in diabetic kidney 
disease, and GPER is negatively related to the expression of endoplasmic reticulum 
response stress protein [55]. ERS pathways can be activated by GPER agonist, which 
leads to cancer cell death [56, 57]. GPER agonist G-1 can inhibit the increase of 
colonic crypt cell apoptosis in the colitis model [58] and improve epithelial cells after 
intestinal injury [59], and the protective effect of GPER is at least partially correlated 
with the inhibition of ERS.

Oxidative stress refers to the imbalance between oxidation and antioxidant effects 
in the body. Oxidative stress can occur when overexposed to reactive oxygen and 
nitrogen species, leading to damage of proteins, lipids, and DNA [60, 61]. Icariin 
also inhibits oxidative stress and promotes experimental diabetic nephropathy repair 
through GPER-mediated degradation of Keap1 protein and activation of Nrf2 protein 
[62]. Studies using a male rat model with traumatic brain injury-induced liver injury 
found that oxidative stress was significantly inhibited by 17β-estradiol [63–65]. In 
human skin fibroblasts, keratinocytes, and hepatic cells’ 17 β-estradiol is also involved 
in inhibiting oxidative stress through the participation of GPER [66–68].

The range of cytoskeletal variation can be modulated by GPER, which is thought 
to be involved in mechanical transduction [69, 70]. When mechanical stress-mediated 
chondrocyte apoptosis occurs, chondrocyte apoptosis in osteoarthritis can be attenu-
ated by GPER via causing the inhibition of Piezo 1 protein [71].
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5. GPER in cancer

5.1 GPER in gynecological tumors

Bubb et al. [15] found that GPER is expressed in hepatocellular, pancreatic, renal 
and endometrial cancers, pancreatic neuroendocrine tumors, and pheochromocyto-
mas by using GPER antibody 20H15L21. GPER is found to be expressed in 50–60% 
of breast cancer tissues [72–74], and is thought to be involved in the development 
of tamoxifen resistance in ERα-positive breast cancer [75, 76]. GPER can inhibit 
YAP1 phosphorylation by shutting down the Hippo pathway in breast cancer [27]. 
An immunohistochemical study of 1245 patients with primary invasive breast 
cancer showed that low expression of GPER was significantly related not only to 
clinicopathological and molecular characteristics of invasive behavior but also to 
poor survival in patients with breast cancer [77]. Chan et al. [78] showed that GPER 
induces phosphorylation of PKA and BAD-Ser118 to maintain breast cancer stem cells 
through activation of its ligands, which include tamoxifen (TMX) and GPER agonists 
increase cell proliferation and the number of breast cancer stem cells through the 
p-PKA/p-BAD signaling pathway.

GPER is expressed in cell lines such as human ovarian cancer cell line SKOV3, 
OVCAR-3, and OVCAR5 [79, 80], in both malignant and benign ovarian tumors, 
and overexpressed in some malignant ovarian tumors [81]. GPER is found in serous 
and mucinous ovarian adenocarcinoma biopsies. G-1 controls ovarian cancer cell 
proliferation, inhibits G2/M cell cycle progression, and promotes ovarian cancer 
cell apoptosis [79]. Zhu et al. showed that nuclear GPER is an independent negative 
marker for the prognosis of ovarian cancer patients, particularly for patients with 
highly malignant ovarian cancer [82].

Fujiwara et al. [83, 84] found that high GPER expression is related to poor prog-
nosis in ovarian cancer patients, and lower GPER expression was positively correlated 
with overall survival time. However, in contrast to the results mentioned earlier, the 
study by Ignatov et al. found that high GPER expression positively affected 2-year 
disease-free survival in ovarian cancer patients [79]. The relation between GPER and 
ovarian cancer needs more studies to clarify.

5.2 GPER in tumor of male reproductive system

Concentrations of 17B-estradiol (E2) in the testis are 10 to 100 times higher than 
in the blood [85]. Although the molecular mechanisms by which estrogen and its 
receptors play a role in spermatogenesis are not fully understood, it is no doubt that 
estrogen is crucial in spermatogenesis [86]. GPER regulates the balance between 
testosterone and estrogen and is associated with the male reproductive system. GPER 
is predominantly located in the basal epithelium and mediates estrogen action, and 
the level of GPER expression is low in prostate tumor cells and in benign prostate 
tissue [87]. The expression of GPER was negatively correlated with the differentiation 
of prostate tumor cells [88]. In addition, it has been reported that GPER is a tumor 
suppressor that activates ERK1/2 and C-Jun/C-FOS signaling and thus inhibits PC3 
cells, a cell line characteristic of prostatic small cell carcinoma and from arresting 
in G2 phase [89]. Lau et al. reported that GPER-specific agonist G1 binds to GPER 
to maintain ErK1/2 activation, thereby inhibiting prostate cancer cell growth and 
regulating metastasis characteristics [90].
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Testicular germ cell carcinoma (TGCC) is a malignant solid tumor and is account 
for the main reason of death in young men. 17β-estradiol inhibits the proliferation of 
human seminoma cell lines by an ERβ-dependent mechanism, which is stimulated in 
vitro by GPER activation of ERK1/2 and protein kinase A. GPER is not expressed in 
non-seminoma, whereas GPER is exclusively overexpressed in seminoma, which is 
linked to the downregulation of ERβ, and may also be associated with genetic varia-
tions such as single-nucleotide polymorphisms [91].

It is worth mentioning that, regarding the potential sex-specific effects of GPER-1, 
there was no significant prognostic value of GPER-1 in the group of male breast cancers, 
which is contrary to what was expected in the studies of female breast cancers [92].

5.3 GPER in other cancer

Liu et al. [93–95] demonstrated that both cytoplasm-GPER (80.49%) and nucleus-
GPER (53.05%) were detected in non-small-cell lung cancer (NSCLC) samples 
through immunohistochemical analysis, GPER activation promotes the growth 
of NSCLC cells via YAP1/QKI/circNOTCH1/m6A-methylated NOTCH1 pathway, 
and GPER antagonist G15 administration can reverse estrogen-induced progress of 
NSCLC cells, and these results suggest that blocking GPER signaling by G15 may be 
a new therapeutic target in NSCLC. In addition, the role of GPER in adrenal cortical 
carcinoma is related to mitochondria-related signal transduction, and GPER posi-
tively regulates mitochondrial apoptotic pathways through the EGR-1 pathway and 
ROS/EGR-1/BAX pathway, thereby inhibiting adrenocortical cancer cell growth [96].

6. GPER in retinal disease

Retinopathy of prematurity (ROP), characterized by abnormal growth of imma-
ture retinal blood vessels, is one of the leading causes of blindness and visual impair-
ment in children worldwide. High incidence of ROP is intimately related to improved 
perinatal life care and poor ophthalmological special management in many develop-
ing countries, which lifts the survival rate of infants with ROP, and simultaneously, 
total infants with ROP [97].

Our research group has studied the role of GPER in ROP. The expression of GPER 
was found in endoplasmic reticulum of mouse retinal microglia, retinal ganglion cells, 
and retinal astrocytes. By GPER activation, hyperoxia-induced autophagy and apop-
tosis in these cells were reduced markedly, hyperoxia-induced decrease of the viability 
in these cells was reversed significantly, the high activity of inositol-1,4, 5-triphosphate 
receptor in these cells was reduced significantly also, and simultaneously, high calcium 
levels induced by hyperoxia in the endoplasmic reticulum was lowered again in these 
cells. These changes were reversed after the use of GPER antagonist G15. Thus, ERS 
irritated by hyperoxia was mitigated by G1 administration. These results suggest that 
GPER agonists may have therapeutic potential in the early stage of ROP [98–100].

7. Future directions

The key scientific issues that GPER needs to be further addressed as a key node 
are as follows: (1) the relationship between drugs (such as phytoestrogens, active 
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ingredients of phytochemicals) and GPER and its signaling pathways needs to be 
systematically studied; (2) the interaction parameters and kinetics between GPER 
and ligands need to be further studied; (3) more work needs to be done to fully 
understand the potential of GPER1 in health regulatory mechanisms; and (4) the 
relationship between GPER and estrogen-related cancers, and the research on GPER 
as a therapeutic target for estrogen-related cancers needs to be carried out, which may 
unveil new therapies aimed at improving clinical outcomes of the diseases related to 
estrogen.
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Chapter 3

Effect of Hypoestrogenism on Oral 
Cavity
Pitu Wulandari

Abstract

Postmenopause is the period or period that occurs after women enter menopause. 
Menopause is the cessation of menstruation for 12 consecutive months. Menopause 
occurs due to the cessation of ovulation and hypoestrogenism or a decrease in the 
hormone estrogen, in this case, estradiol, a potent hormone owned by women. 
Hypoestrogenism causes various changes, including changes in the oral cavity. Some 
changes in the oral cavity are reduced salivary flow so that the mouth becomes dry. 
Dry mouth or xerostomia can increase the prevalence of caries in the oral cavity. In 
addition to decreased salivary flow, there is also a thinning of the gingival epithelium, 
which facilitates bacterial invasion and reduces alveolar bone mineral density associ-
ated with bone resorption, thereby increasing the risk of tooth mobility and even 
tooth loss. Prevention and treatment of periodontal destruction need to be done at 
this time, considering this is one of the factors that can improve the quality of life.

Keywords: postmenopause, hypoestrogenism, oral cavity, gingival, alveolar bone

1. Introduction

Postmenopause is the period after menopause in which the ovaries are no longer 
functioning. The level of the hormone estradiol is usually between 20 and 30 pg/ml 
[1, 2]. In postmenopausal, low estrogen hormone or hypoestrogenism causes andro-
gens to maintain estrogen by changing androgens in peripheral fat (adipose) tissue so 
that the more subcutaneous fat a woman has, the higher the estrogen level [3]. After 
menopause, physiologically, women will enter the postmenopausal period; this period 
is marked by an increase in follicle-stimulating hormone (FSH) in the blood due to 
the ovaries being no longer active in producing hormones and the end of menstrua-
tion. This period begins with the end of menopause [4, 5].

The end of the menopausal transition is marked by amenorrhea (cessation of 
menstruation) at 60 days or more. The menstrual cycle at the end of the menopausal 
transition is characterized by increased cyclical variability, extreme hormone fluctua-
tions, and an increased prevalence of anovulation. At this stage, FSH will increase, 
and sometimes the amount is the same as in the early reproductive years, which 
is associated with high estradiol levels. According to international standards and 
research data, the total FSH level is >25 IU/L at the end of the transition period or 
according to the standard pituitary gland; the average number is more than 40 IU/L 
[6, 7]. After menstruation stops for 12 months or enters menopause, women will 
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undergo a postmenopausal period characterized by increased FSH in the blood and 
decreased estrogen hormone [5].

Factors that can affect menopause are as follows: (a) maternal age at menopause; 
(b) age at menarche; and (c) gestational age, and in this case, the women have first 
pregnancy at a later age has been related to the onset of menopause; (d) irregular 
menstrual cycles in women at forties as a marker of perimenopause or irregular cycles 
between the age 20 and 30 years had later age at menopause because prolongation of 
erratic menstrual functioning or delayed depletion of viable oocytes; (e) use of oral 
contraceptives; (f) number of pregnancies; (g) body mass index (BMI); (h) smoking 
and drinking alcohol; (i) physical activity; (j) serum lead levels; (k) polyunsaturated 
fat consumption; (l) socioeconomic status; (m) levels of education; (n) genetics; and 
(o) area of residence [8–10].

2. The process of postmenopause

Biological changes in women are broadly divided into two things: before enter-
ing the menstrual period and after the cessation of menstruation, which is directly 
influenced by hormonal changes. Hormones are specific molecules that regulate and 
potentially affect the development and integrity of tissues in the body. A woman’s life 
is a complex biological journey from entering puberty to entering menopause. After 
menopause, women will experience a postmenopausal period [11, 12].

During puberty, sex hormone production will increase significantly during the 
reproductive period. After entering puberty, which is marked by the menstrual phase 
where there is an increase in the production of estrogen and progesterone secretions 
in a cyclic pattern that begins the onset of puberty, this cycle is called the reproduc-
tive or menstrual cycle [12]. Females change physically through the production of sex 
hormones at puberty. It begins with the secretion of increased dilation of blood ves-
sels, thereby increasing permeability and increasing the production of prostaglandins 
by the anterior pituitary of gonadotropin hormones (follicle-stimulating hormone 
and luteinizing hormone), which causes the ovaries to initiate cyclical production and 
secretion of female sex hormones (estrogen and progesterone) [13].

Menopause is a biological condition due to ovarian failure, diagnosed when men-
struation has stopped for 12 months. This condition cannot be explained through a 
pathological process, but it is associated with increased FSH in the blood of more than 
40 IU/L; after that, women will experience a postmenopausal period. The physiology 
of menopause is the reduction of primary oocytes in the ovaries with atresia due to 
aging coupled with decreased sensitivity of the remaining oocytes to gonadotropins 
[14, 15]. Millions of women have undergone the menopausal transition; this period 
often has clinical implications that significantly affect women’s health conditions. 
Changes during menopause occur due to hypoestrogenism, especially estradiol (E2), 
the most potent estrogen in the body. Estrogen and progesterone are responsible for 
the physiological changes of women in every phase of their life [16, 17].

Hormones fluctuate rapidly when women enter menopause. Changes in the mean 
values of FSH and estradiol indicate that FSH will continue to increase while estradiol 
will continue to decline for about 2 years. This is a critical factor in responding to 
symptoms related to the oral cavity. Raviraj et al. showed that oral symptoms were 
more common in postmenopausal women than in andropause men [18]. Female 
sex hormones and neuropathic factors are related to each other, so it is thought that 
neuropathic sensory fibers from the oral mucosa use discomfort in the oral cavity. 
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Women experienced more dental caries, abrasion, erosion, burning mouth sensation, 
and dentin hypersensitivity [2, 19].

3. Changing the oral cavity in postmenopausal

The mouth is a mirror of overall health, strengthening that oral health is an 
integral part of general health. In the elderly population, poor oral health has been 
considered a risk factor for public health problems. On the other hand, parents are 
more susceptible to disorders [20]. The oral cavity is a complex of many anatomical 
structures with different functions. It is made of soft and hard tissue, and the scope of 
its activity is vast. The oral cavity is susceptible to mechanical and chemical stimuli. 
Therefore, diseases in this area are often very unpleasant and burdensome to the 
patient. Awareness of oral health during the menopausal period is critical to minimize 
the inevitable discomfort due to hormonal changes [18, 21].

3.1 Burning mouth syndrome

Menopause initiates several physiological changes in women. One of them is a 
change in oral health. Discomfort in the oral cavity is found in menopausal women. 
Symptoms that often arise are dry mouth, pain in the mouth due to various causes, 
and burning mouth syndrome. Burning mouth syndrome is one of the main compli-
cations in menopause and postmenopause. It is a chronic condition characterized by 
a burning sensation of the oral mucosa, with or without dysgeusia (distortion of the 
sense of taste) and xerostomia in the absence of clinical lesions, laboratory abnor-
malities, or systemic causes [22]. The postmenopausal period affects the maturation 
of oral epithelial cells; this causes the epithelium to atrophy so that it is ultimately sus-
ceptible to inflammation complaints of the burning mouth that are often complained 
of in postmenopause. Some salivary functions are mediated by the level of expression 
of estrogen and estrogen receptors in the blood. Women also frequently complain of 
xerostomia associated with reduced estrogen [23].

Hormones fluctuate rapidly when women enter menopause. This is a key factor in 
responding to symptoms related to the oral cavity. Cell growth and function regulated 
by estrogen receptors, namely ERa and ER, are mediated by estrogen receptors. The 
soft tissues of the mouth and salivary glands will express ERβ receptors. This suggests 
that estrogen can play an important role in maintaining homeostasis in the oral cavity 
and salivary glands [18]. Inhibition of estrogen occurs after women complain of dry 
mouth due to decreased salivary secretion and sensation of burning of the mouth and 
tongue. Some women develop a condition known as menopausal gingivostomatitis, 
characterized by dry and shiny gingiva, bleeding easily, and varying in color from 
pale to erythematous [24, 25].

3.2 Xerostomia

Diseases of the oral mucosa often have a significant impact on the emotional state 
of the patients who experience them. Further aggravation of the unpleasant oral 
condition that accompanies menopause is associated with activation of the autonomic 
nervous system caused by chronic emotional anxiety. Oral health awareness dur-
ing the menopausal period is critical to minimize the inevitable discomfort due to 
hormonal changes. Dry mouth or xerostomia is one of the most common symptoms 
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women report in menopause. Xerostomia is a dry mouth condition most often caused 
by a decrease in saliva or when salivary factors are standard but with fewer compo-
nents [21]. Besides hormonal factors, drugs such as antidepressants, antihistamines, 
antihypertensives, and diuretics, which are taken continuously in postmenopausal 
women, also cause reduced salivary flow [25]. Reduced salivary flow (intrinsic clean-
ing mechanism) and poor oral hygiene (extrinsic cleaning mechanism) can accumu-
late heavy plaque on the teeth and denture surfaces. It is a condition that predisposes 
to and increases periodontal disease and dental caries [20, 26].

3.3 Dental caries

Saliva plays an important role in defense of tissues in the oral cavity and avoid-
ing foreign objects entering the body. When saliva flow is reduced, the tendency to 
experience disturbances in the oral cavity will increase [27]. Decreased secretion 
of saliva, a compelling defense of the oral cavity, can cause many problems, such as 
increased dental caries, oral infections, dysphagia, impaired taste, and increased 
mucosal sensitivity against mechanical injury. The normal flow of unstimulated and 
stimulated saliva is essential to ensure adequate and continuous lubrication of the 
oral tissues. The salivary fluid’s characteristics are critical for forming a food bolus, 
dissolving taste substances, and transporting them to taste receptors. It also facilitates 
chewing, swallowing food, and talking. Insufficient saliva can disrupt the balance of 
microbes that benefit pathogens, such as Candida albicans and Streptococcus mutans, 
because a moist environment is also essential for the colonization and growth of 
microorganisms on the oral surface [21, 28, 29].

Salivary glands also depend on reproductive hormones, contributing to salivary 
secretion and consistency changes. This condition affects the teeth and increases the 
risk of caries. Postmenopausal women with hormone therapy have an improved qual-
ity of life as oral discomfort decreases. This is partly due to the increased secretion of 
salivary flow. Postmenopausal and premenopausal saliva composition appears to be 
estrogen-dependent. However, hormone therapy does not affect the total number of 
bacteria in saliva in premenopausal or postmenopausal [21, 30].

Rukmini et al.’s research showed a significant difference in dental caries between 
postmenopausal women and women who were not yet menopausal. The average 
number of caries sufferers in postmenopausal women was higher than those who 
had not experienced menopause [27]. Slowed secretory activity in postmenopause 
will facilitate bacterial and fungal colonization, which increases dental caries and 
increases the risk of pathogen access in the subepithelial mucosa due to the weak 
ability of saliva to perform self-cleaning The level of sex hormones in the saliva is also 
related to the number of hormones in the blood [31].

Hypoestogenism in postmenopausal affects the salivary flow rate, which at 
the same time also affects the condition of microorganisms in the oral cavity. The 
decreased salivary flow will affect the composition of salivary fluid and gingival 
crevicular fluid. Saliva is a factor that plays a role in maintaining the pH of the oral 
cavity by neutralizing acids from food and drink as well as bacterial activity to reduce 
the risk of periodontal disease [32].

3.4 Periodontal change

After menopause, women become more susceptible to periodontal disease. This 
is partly due to estrogen deficiency which causes gingival inflammation and bone 
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resorption. Estrogen and androgen hormones are present in the periodontium, so 
postmenopausal hormone imbalances will affect the periodontium. The decrease in 
the hormone estrogen causes changes in immune function and the ecology of micro-
organisms in the body, especially in the oral cavity [33–35]. Microcirculation in the 
postmenopausal oral cavity shows that the diameter of the loops, tortuosity of blood 
vessels in the labial mucosa, and changes in the density of the periodontal mucosa 
predispose to periodontal inflammation [36].

Chronic disease conditions increase the sulcus depth, so food debris and peri-
odontal pathogens accumulate in the sulcus. This is harmful to the periodontal liga-
ment fibers attached to the gingiva and teeth. If the microbial accumulation persists 
in the sulcus for a long time, the bacteria will penetrate, and gingival inflammation 
occurs and ultimately destroys the connective tissue and periodontal ligament fibers. 
This process will continue, causing the sulcus to deepen and form a periodontal 
pocket [37, 38].

In postmenopause, changes in the oral cavity that occur due to hormonal changes 
are a picture of physiological aging in oral tissues, so this has the potential to cause 
periodontitis [33, 39]. The increase in postmenopausal pro-inflammatory cytokines 
causes changes in anti-inflammatory cytokines, which are associated with weakened 
monocyte and macrophage function due to estrogen deficiency. This is the beginning 
of the influence of menopause on tissue function [40, 41].

3.4.1 Gingival

The role of estrogen in periodontal tissue is that estrogen can stimulate the prolif-
eration of gingival fibroblasts, stimulate the synthesis and maturation of the gingival 
connective tissue, increase gingival inflammation without increasing plaque, increase 
cellular proliferation in blood vessels, and reduce keratinization through an increase 
in epithelial glycogen, causing narrowing/shrinking of the epithelial barrier. It also 
decreases T cells that mediate inflammation, suppresses the number of leukocytes 
(leukopoiesis) in the bone marrow, stimulates phagocytosis of polymorphonuclear 
(PMN)), inhibits PMN chemotaxis, and inhibits pro-inflammatory cytokines 
released by the bone marrow [11, 42–44]. There are two theories for the action of 
steroid hormones on gingival cells: (a) changes in the effectiveness of the epithelial 
barrier against bacterial attack and (b) effects on collagen maintenance and repair. 
Estrogen receptors are located in the oral mucosa, so changes in this hormone will 
directly affect the oral cavity. Postmenopausal oral health affects general health and 
requires attention and other factors [18, 22, 45].

Steroid sex hormones have been shown to, directly and indirectly, influence cell 
proliferation, differentiation, and growth of target tissues, including keratinocytes 
and fibroblasts in the gingiva [46]. Different with the stimulatory effect of estrogen 
on gingival fibroblast proliferation, collagen and non-collagen protein production was 
reduced when physiological concentrations of estradiol were introduced to fibro-
blasts. Collagen reduction and non-collagen protein production occur by strained 
fibroblasts. Therefore, estrogen does not affect collagen synthesized by gingival 
fibroblasts [47].

3.4.2 Cementum and periodontal ligaments

The periodontal tissue’s complex histological structure becomes affected during 
women’s postmenopausal fluctuations in sex hormones. The components involved 
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include the gingival epithelium and the underlying connective tissue as well as the 
extracellular matrix, the periodontal ligament, the alveolar bone and cementum of 
the tooth roots, the vascular endothelium, and circulating immune cells that explicitly 
reflect the various activations whose actions are systemically influenced by female sex 
hormones [48].

Menopause is a physiological phenomenon that occurs in aging women. 
Periodontal disease is related to changes that occur when entering menopause, one 
of which is alkaline phosphatase (ALP) which plays a role in the replacement of bone 
and periodontal tissue in general. Calcium and alkaline phosphatase (ALP) are bone 
markers associated with accelerated postmenopausal bone loss. Alkaline phosphatase 
forms the periodontal tissue’s periodontal ligament, cementum, and homeostasis. 
During the acellular cementum apposition mechanism, vigorous ALP activity was 
found in the periodontal ligament, so postmenopausal ALP changes also affect peri-
odontal conditions, including cementum [49, 50]. In menopause, the periodontium is 
directly affected by a neural mechanism against estrogen deficiency. The integrity of 
the periodontal tissue is regulated by several factors, including the ability of the peri-
odontal ligament to differentiate into osteoblasts or cementoblasts. Hypoestrogenism 
substantially impacts the etiology, manifestation, and severity through the expression 
of osteoprotegerin and receptor activator of nuclear factor kappa-B ligand (RANKL) in 
periodontal ligament cells via ER [36, 51].

The significant role of estrogen in the differentiation of periodontal ligament stem 
cells (PDLSCs) is to exhibit hypoestrogenism on alveolar bone resorption during 
menopause. In human periodontal ligament cells, there is a decrease in collagen 
synthesis in fibroblasts due to the influence of estrogen levels. A gradual reduction in 
estrogen will induce a dependent intensification of procollagen production. Estrogen 
modulates the activity of target cells to bind to intracellular estrogen receptors. These 
hormone receptors will assist in the regulation of cell growth and cell differentiation 
in response to estrogen. When estrogen levels decrease, it will interfere with osteo-
genic differentiation of periodontal ligament cells, inhibit osteoblast differentiation 
of human periodontal ligament cells, and interfere with the formation of mineral 
nodules in the periodontal ligament [52, 53].

3.4.3 Alveolar bone

Periodontitis is a multifactorial infection characterized by a destructive inflamma-
tory process in the supporting tissues of the teeth, causing the formation of periodon-
tal pockets and alveolar bone resorption, which can lead to tooth loss. Periodontal 
bacteria are the main cause of periodontitis which initiates periodontitis; the host 
response also determines the progression and severity of the disease. Alteration of 
the immune response of the host and surrounding cells by periodontal pathogens and 
their virulence factors results in a complex network of pro- and anti-inflammatory 
cytokines that play a role in periodontal disease [54, 55].

In patients suffering from progressive periodontitis, the patient must accept the 
treatment plan given to them to prevent further periodontal destruction. Methods 
to detect periodontal disease can be done through a diagnostic process, namely 
interviews, patient history taking, clinical examination, and radiographic examina-
tion. The periodontal examination should be standard practice, since it is needed to 
identify patients at risk and rule out bacteria early on [37]. Low estrogen production 
after menopause is associated with increased production of interleukin 1 (IL-1), IL-6, 
IL-8, IL-10, tumor necrosis factor-alpha, granulocyte colony-stimulating factor, and 
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macrophages-stimulating factor that stimulates mature osteoclasts, modulates bone 
cell proliferation, and induces skeletal and alveolar bone resorption. Age, smoking, 
socioeconomic factors, and systemic conditions can play essential roles as confound-
ers of the relationship between menopause and tooth loss. The causes of missing teeth 
are complex but reflect the cumulative state of oral health over time [53, 56].

Swelling of endothelial cells and pericytes of the venules, attachment of granulo-
cytes and platelets to the vessel wall, and proliferation of blood vessels are associated 
with variations in estrogen levels. Decreased estrogen activity is the leading cause of 
decreased alveolar bone remodeling. Disruption of positive feedback on the hypotha-
lamic–pituitary axis to the ovary leads to increased alveolar bone resorption [36, 57]. 
Osteoporosis is the most common cause of estrogen deficiency in postmenopausal 
women. The risk of osteoporosis and fracture is a dynamic process involving metabo-
lism and bone remodeling that compromises the health of the periodontium [51].

Postmenopausal estrogen deficiency is a critical factor in the pathogenesis of 
osteoporosis and is involved in rapid bone resorption rather than bone formation and 
is associated with increased alveolar bone loss resulting in a high risk of tooth loss [53, 
58]. Systemic factors are also responsible for postmenopausal osteoporotic bone loss 
combined with other factors such as periodontal disease, thereby increasing alveo-
lar bone loss. The decrease in bone mineral density in menopause is related to the 
trabecular pattern and the speed of bone resorption, which predisposes to periodontal 
disease. The increased cytokine production and bone turnover make the host more 
susceptible to periodontal disease, so treatment is carried out to reduce the rate of 
alveolar bone loss and the progression of postmenopausal periodontal disease [58].

4. Conclusion

Diseases of the oral cavity, especially periodontitis and dental caries, are best diag-
nosed early, so treatment can be started more quickly and tooth loss can be prevented. 
Periodontal therapy in postmenopausal will be successful if the clinician understands 
the disease process to establish the right diagnosis to maintain the patient’s oral 
health. Estrogen is the potential hormone that participates in maintaining stability of 
their oral health, especially in postmenopausal people who are prone to experiencing 
diseases in the oral cavitiy due to changes in reproductive hormones. Adequate oral 
care is one thing that can improve postmenopausal quality of life.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 4

Functional Roles of Estradiol in 
the Olfactory and Vomeronasal 
Mucosae of Mammals: A Working 
Hypothesis
Shigeru Takami and Sawa Horie

Abstract

It has been known that androgens and estrogens, which are referred to as sex 
 steroids, make many effects on two major nasal chemosensory mucosae such as 
olfactory mucosa and vomeronasal organ. Our studies conducted in rodents have 
demonstrated that two of the constituent cells in the olfactory mucosa, sustentacular 
cells and acinar cells in the associated glands of the olfactory mucosa, Bowman’s 
glands, express four different enzymes involved in the biosynthesis of estradiol-17β 
(E2). Furthermore, our ongoing study has shown that olfactory sensory cells contain 
immunoreactivity for an estrogen receptor (beta-type). In case of vomeronasal 
organ, vomeronasal sensory cells express two enzymes that catalyze conversion of 
E2 and estrone, and that of testosterone and androstenedione. In addition, vomero-
nasal sensory cells contain an estrogen receptor (alpha-type). These results strongly 
suggest that de novo synthesis of E2 and metabolism of E2 take place in the olfactory 
mucosa and vomeronasal organ, respectively. With special emphasis of subcellular 
characteristics of steroid-producing cells, such as presence of large amount of smooth 
endoplasmic reticulum and vesicular mitochondria, we will introduce our findings 
and present working hypotheses for E2 functions in the olfactory mucosa and vom-
eronasal organ.

Keywords: olfactory sensory cell, olfactory sustentacular cell, Bowman’s glands, 
smooth vomeronasal sensory cell, smooth endoplasmic reticulum, estradiol-17β, 
estrogen receptor

1. Introduction

The major chemosensory mucosa in mammalian species is olfactory mucosa 
(OM). Olfactory sensory cells (OSCs) that detect odorants and are housed in the OM 
share not only common physiological and morphological features of sensory cells but 
also those of bipolar neurons [1–4]. Electrical signals induced by odorants are con-
ducted through axons to the surface of main olfactory bulb (MOB) and transmitted 
into olfactory bulbar neurons, such as mitral and tufted cells via chemical synapses 
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[3]. In addition to the OM, many land-living mammals contain vomeronasal organs 
(VNOs) that are bilaterally located at the base of the nasal septum [5–8]. Sensory cells 
of the VNO, vomeronasal sensory cells (VSCs), which are bipolar neurons as well, 
mainly detect species-specific odorants including pheromones and transmit their 
odorant information to projection neurons in the accessory olfactory bulb, so-called 
mitral/tufted cells [9]. Other than the OM and VNO, septal organ and Gruenberg 
ganglion [8] contain chemosensory cells that have been found at least rodent species 
[10]. Locations of these four chemosensory mucosae and their primary brain centers 
are schematically shown in Figure 1A. In this chapter, we will focus on two of them, 
OM and VNO, to demonstrate experimental data using rats to suggest de novo synthe-
sis of estradiol-17β (E2) in the OM and metabolizing of E2 in the VNO.

By a radioautographic technique, Stumpf and Sar [11] demonstrated the incorpo-
ration of 3H-labeled estradiol into cell nuclei of OSCs, duct cells of Bowman’s glands, 
and mitral cells in the main olfactory bulb where synaptic terminals of OSCs are 
present. They suggested that these cells contain estrogen receptors and are influenced 
by estradiol. In ferrets, sex steroids including estradiol increased ferrets’ responsive-
ness to low concentrations of odors emitted from anal scent glands [12]. Conspecific 
odor preference by male rats was influenced by estradiol [13]. Bakker et al. [14] 
demonstrated in aromatase knockout male mice that exogenous estrogens restore 

Figure 1. 
Schematic drawing showing four chemosensory nasal mucosae (A), transmission electron microscopic (TEM) 
images of a Leydig cell in the rat testis (B–D). A. Schematic drawing showing the location of Greuenberg ganglion 
(GG), vomeronasal organ (VNO), olfactory mucosa (OM), and septal organ (SO) and their brain centers. Axon 
bundles originating from the GG, OM, and SO make their terminals in the main olfactory bulb (MOB), whereas 
those from the VNO end in the accessory olfactory bulb. Adapted from [10] with permission (partially changed). 
B. Low magnification of a Leydig cell that contains cell nucleus (N) and cytoplasm (Cyp). C. The area of smooth 
endoplasmic reticulum (SER) in the Cyp of the Leydig cell in B. D. Mitochondrion (Mi) with vesicular inner 
structures (arrowheads) and SER. Note that single cisterna of SER (asterisk) is closely associated with the outer 
membrane of a Mi. Ly, lysosome.
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male olfactory investigation of volatile body odors. On the other hands, it has been 
reported that estradiol makes various effects on the VNO. The volume of VNO in male 
rats was reported to be significantly larger that of female rats. This sexual dimor-
phism in rat VNO is established in the perinatal days when estradiol is converted from 
gonadal testosterone and makes an organization effect on VSCs [15, 16]. Estradiol 
induced increased immunoreactivity (IR) for immediate early gene in specific popu-
lation of VSCs in mice [17]. Expression of VNO receptors is sexually dimorphic and 
influenced by estradiol and testosterone [18].

Steroid hormones are produced and secreted by endocrine cells in the adrenal 
cortex [19], Leydig cells or intestinal cells of Leydig in the testis [20], granulosa cells 
of the ovulatory follicle and cells of the corpus luteum in the ovary [21], and brain 
cells [22]. One of the subcellular properties of steroid-producing cells is the presence 
of extremely developed smooth endoplasmic reticulum (SER, [23–25]). Images of 
rat Leydig cells that were obtained by transmission electron microscope (JEM1230, 
JEOL, Akishima-shi, Tokyo, Japan) are shown in Figures 1–D. In addition to tubular 
cisternae of SER (Figure 1C), swollen vesicular mitochondria are seen and associated 
with cisterna of SER (Figure 1D). In fact, Al-Amri et al. [26] demonstrated in Leydig 
cells in the house gecko, hemidactylus flaviviridis, that swollen vesiculated mitochon-
dria are associated between SER. Lysosomes, which are described in the cytoplasm of 
Leydig cells [27], are frequently seen in the rat Leydig cells (Figure 1D).

All of steroid-producing cells express the cholesterol side chain cleavage enzyme 
(P450scc), which converts cholesterol into pregnenolone [28]. In Leydig cells of the 
testes, for example, pregnenolone is eventually converted into testosterone, which 
is the most potent androgen, via metabolic pathways containing 17β-hydroxysteroid 
dehydrogenases (HSDs). Based on several references [19, 20, 29–31], the main 
pathway of steroidogenesis from cholesterol to E2 is shown in Figure 2. The terminal 
enzyme in the sex-steroid-producing pathway is aromatase (CYP19 or P450arom). 
Granulosa cells of the ovulatory follicle and cells of the corpus luteum in the ovary, 
for instance, express aromatase (P450arom, [21]). Aromatase converts testosterone 

Figure 2. 
Biosynthetic pathways of sex-steroids based on [20, 21, 29–31]. Enzymes involved in catalyzed changes are 
highlighted in blue color. P450scc, cholesterol side-chain cleavage enzyme; HSD, hydroxysteroid dehydrogenase; 
P450c17, steroid 17alpha-hydroxylase: CYP19, cytochrome P450 family 19.
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to E2, an active type of estrogen [20]. The above enzymes are expressed by the cells in 
the ovary [21]. Mindnich et al. [29] introduced two major roles of 12 17β-HSDs; one, 
for example, 17β-HSD type 1 (17β-HSD-1) is involved in conversion of an inactivated 
estrogen, estrone, into an activated estrogen, estradiol, and 17β-HSD type 2 (17β-
HSD-2) is involved in its opposite reaction.

Among constituent cells of the OM, olfactory sustentacular cells (SCs) sur-
rounding OSCs are rich in SER [1–3, 32, 33]. Also, Frisch [32] reported in mice as 
experimental models that acinar cells (ACs) of the Bowman’s glands (BGs), which are 
associated glands of the OM, contained large amount of SER. Before describing our 
findings relating to E2 in the OM, we will briefly introduce constituent cells of the rat 
OM, and ultrastructure of olfactory SCs and ACs.

2. Anatomy of olfactory SCs and ACs of BGs

A schematic drawing showing constituent cells of the rodent OM is shown in 
Figure 3A. The olfactory epithelium (OE) contains olfactory SCs mature and imma-
ture OSCs, globose and horizontal basal cells, and microvillar cells. Olfactory SCs and 
dendrites of mature OSCs are located side by side. Although duct cells of BGs pen-
etrate into the OE and reach the epithelial surface, ACs are exclusively located in the 
lamina propria (LP) below the basement membrane. Using a field-emitted scanning 
microscope (FE-SEM, JSM6700F, JEOL), we were able to understand relationships 
between olfactory dendrites and SCs three-dimensionally. For example, a cylindri-
cal dendrite between two SCs goes up to the epithelial surface to make a dendritic 
terminal (DT) can be seen (Figure 3B).

By transmission electron microscopy (TEM), cilia originating from dendritic 
terminals of OSCs are clearly seen (Figure 3C and D). Olfactory cilia are divided 
into a short proximal portion (about 400 nm at maximal width/diameter) and long 
distal one (100–50 nm at diameter). The proximal cilia tend to extend diagonally 
upward from the dendritic terminal and begin to narrow at around 1–1.5 μm and 
shift to the distal portion of cilia. By contrast, microvilli (about 100 nm at maximal 
width) extend substantially straight from the apical membranes of olfactory SCs 
(Figure 3C). At cross-sectional plate, proximal cilia extend radically from the den-
dritic terminals and distal cilia run approximately parallel to the epithelial surface 
(Figure 3D, [10]).

Using mice as experimental models, Makino et al. [33] classified the SER of 
olfactory SCs into two types, stacked lamellar and reticular-shaped SER. Using 
adult Sprague–Dawley rats (Rattus norvegicus) as experimental animals, we reported 
that the supranuclear region of olfactory SCs contained well-developed SER with a 
reticular form and myeloid bodies (MBs) [34]. The MBs are generally seen in retinal 
pigment epithelial cells of many species [35–39]. The MBs in olfactory SCs are com-
posed of rows of narrow cisternae bounded by flat membranes, which were narrower 
than the cisternae of the SERs. They were stacked from 5 to 20 rows, ranging between 
200 and 700 nm in width, and arranged mainly parallel to the lateral membrane of 
the olfactory SCs. The supranuclear region of the OE and SERs and MBs are shown 
in Figure 4A and B, respectively. Each cisterna of a MB, averaging 11 nm in width, 
frequently contains electron-dense material. We demonstrated that MBs and SERs 
are interchangeable (see Figure 5a of [34]). Vesicular mitochondria and associated 
cisternae, which are shown in Leydig cell (Figure 2C), are seen in the olfactory SCs as 
well (Figure 4C). In combination with the osmium-DMSO-osmium procedure [40] 
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and FE-SEM technique, we can see internal structures and relationships between MB, 
SER, and rough endoplasmic reticulum (RER) three-dimensionally (Figure 4D). Our 
ongoing study conducted in the OM of Suncus (Suncus murinus) has demonstrated 
the large amount of SER and characteristic mitochondria (Figure 4E).

Figure 3. 
Morphology of rodent olfactory mucosa(OM). A. Schematic drawing of constituent cells and tissue components 
in the olfactory epithelium (OE) and in the lamina propria (OE) of the OM. mOSC, mature olfactory sensory 
cell; iOSC, immature OSC; SC, olfactory sustentacular cell; GBC, globose basal cell, HBC, horizontal basal cell; 
MvC, microvillar cell; BM, basement membrane: BV, blood vessel; ONB, olfactory nerve bundle; DC, duct cell 
of a Bowman’s gland (BG); AC, acinar cell of a BG. Adapted from [10] with permission (partially changed). B. 
Field-emitted scanning microscopic (FE-SEM) image of an apical part of the OE, lateral view. A dendrite (De) 
extends upward between two olfactory sustentacular cells (SCs), reach the epithelial surface to form a terminal, 
dendritic terminal (Dt). C, D. TEM images of the apical part of the OE at same, with a scale bar indicated 
in C. adapted from reference [10] with permission (slightly changed). At longitudinal plane, proximal portion 
of olfactory cilia (OC-P) extending from a DT is seen, whereas microvilli (SC-mv) extend from the apical 
membrane of a SC (C). At tangential plane of the epithelial surface, OC-Ps extending radially from DTs and one 
of them continued to a thinner distal cilium (OC-D) are seen (D).
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Figure 4. 
TEM images (A, B, C, E) and FE-SEM image (D) of olfactory sustentacular cells. (SCs). A. Low-
magnified TEM image of the apical part of rat olfactory epithelium (OE), showing olfactory SCs, dendrites 
(De), cross sectioned olfactory cilia (OC), and microvilli of SC (SC-mv). Enlargement of a box is shown 
in B. B. Enlargement of the box in A, TEM image. Next to well-developed SER, myeloid bodies (MB) that 
characterize pigment epithelial cells in the retina are seen. C. TEM image of a rat OE showing mitochondria 
(Mi). Granular structures near the Mi are glycogen particles. D. FE-SEM image of partially digested 
cytoplasm of a rat SC. Adjacently located rough endoplasmic reticulum (RER), SER, and MB drawn by 
different colors are seen. E. TEM image of the Suncus OE showing two olfactory SCs and one dendrite 
(De) filled in-between them. Well-developed SER and swollen and vesicular Mi characterize the cytoplasm 
of SCs.
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Figure 5. 
Light microscopic (A) and TEM (B–F) images of Bowman’s glands of rats. A. Toluidine blue-stained semi-thin 
Epon-Araldite section showing olfactory epithelium (OE) and underlying lamina propria containing a Bowman’s 
gland (BG). Acinar cells (ac) of the BG are located below the basement membrane (arrowheads) of the OE. B. 
Acinar cells that contain nuclei (N) and secretory granules (sg). Note that some of secretory granules line adjacent 
to the lumen (L). Collagen fibers (cf) are seen near the basal membrane of the acinar cells. C. The cytoplasm 
of a acinar cell that is close to the cell nucleus (N). Close association between the nucleus and cisternae of rough 
endoplasmic reticulum (RER) are seen. The cisternae of the RER appear to be continued to those of smooth 
endoplasmic reticulum (SER). Some of cisternae of the SER are closely associated of the outer membrane of 
mitochondria (Mi) that contain intenral microtubular structures (small arrows). D. Close association of cisternae 
of SER and mitochondria (Mi). Double or triple-layered cisternae of SER are attached to the outer membrane 
of Mi. E. Apical region of two acinar cells (AC) showing an aggregation of secretory granules (SG). The 
enlargement of the box area is shown in F. F. Close association of cisternae of SER, are even mitochondria (Mi), 
and secretory granules (SG). Note that cisternae of SER are even attached to the membrane of secretory granules.
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BGs (Figure 3A) are called attached glands of the OE and provide serous and 
mucous products. The secretions from these glands provide most of the mucus 
covering the olfactory epithelial surface, which protects the epithelial surface from 
drying and temperature extremes and helps to prevent damage caused by infectious 
agents and noninfectious particles [3]. Thus, it does make sense that BGs secrete 
secretory immunoglobulin A and J chain, lactoferrin, and lysozyme [41]. It has been 
demonstrated that secretory products of rodent BGs contain sulfated carbohydrate 
substances [42, 43]. By lectin histochemical technique, we demonstrated that secre-
tory granules of rat BGs contain glycoconjugates with internal N-acetyl glucosamine 
(GlcNAc) residues [44].

Our ongoing study on rat BGs has indicated that ultrastructural characteristics of 
ACs of BGs are very similar to those in steroid-producing cells [23–26]. For example, 
light and transmission electron microscopic images of rat BGs are shown in Figure 5. 
ACs of a BG are located in the lamina propria below the basement membrane of OE 
(Figure 5A). Secretory granules (SGs) are seen in the supranuclear region of an AC 
(Figure 5B). The rough endoplasm reticulum (RER) that contains double- or triple-
layered cisternae attached with ribosomes is easily seen in the perikaryal region and 
is connected with SER (Figure 5C). The presence of considerably well-developed 
RER may be a reflection of GlcNAc-containing glycoconjugates present in SGs of 
rat BG-ACs [44], because addition of GlcNAc residues to the backbone proteins of 
GlcNAc-containing glycoconjugates takes place in the RER [45, 46]. In contrast to 
SER in olfactory SCs, cisternae of SER of ACs appear to be filled with considerably 
high-dense materials (Figure 5C and D). Also, Mi containing internal microtubular 
structures are prominently seen (Figure 5C). Furthermore, inner cisterna of double- 
or triple-layered SER cisternae is attached to the outer membrane of Mi (Figure 5D). 
SGs are not homogenous in electron density (Figure 5E and F) and appear to be fused 
in the juxtaluminal region. In addition, cisternae of SER are even attached to the 
membrane of SGs (Figure 5F). Therefore, we would make a statement that we have 
extended Frisch’s observation [32] on mouse ACs of BGs in that they contain well-
developed SER and provided new ultrastructural characteristics of rat ACs.

3.  Expression of P450scc, 17β-HSD-1, 17β-HSD -2, and aromatase  
in the rat OM

Using RT-PCR analyses, we demonstrated that P450scc, 17β-HSD-1, 17β-HSD -2, 
and aromatase are expressed in the nasal mucosae of both sexes of adult rats that 
contain the OM and respiratory mucosa [34]. These results strongly suggest that OM 
cells express mRNA for P450scc, 17β-HSD-1, 17β-HSD-2, and aromatase. Specific 
antisera against P450scc, 17β-HSD-1, and 17β-HSD-2 were used for Western blot 
(WB), a combination of multi-labeling immunofluorescence (IF) and confocal laser-
scanning microscopic (CLSM) techniques, and immunoelectron microscopic (IEM) 
analyses. By WB analyses on nasal tissue specimens of both male and female adult 
rats, we detected single band at 49 kDa for anti-P450scc antiserum, that at 34.5 kDa 
for anti-17β-HSD-1, and that at ~43 kDa for anti-17β-HSD-2 antiserum 17β-HSD -2 
[34]. These results strongly suggest that the OM cells produce proteins for P450scc, 
17β-HSD-1, and 17β-HSD-2.

Antiserum to olfactory marker protein (OMP) equivocally immunostains mature 
OSCs [47, 48]. Using antiserum to OMP and one of the antisera of the above three 
enzymes, we determined that both olfactory SCs and cells in BGs contain IF for 
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P450scc, 17β-HSD-1, and 17β-HSD -2. However, no IF was detected in mature OSCs, 
immature OSCs, basal cells, and olfactory nerve bundles (Figure 6) [34]. By IEM 
analyses conducted on OE cells, we demonstrated that immunoreactivity (IR) for 
P450scc is mainly localized in mitochondria of olfactory SCs, whereas SERs and 
MBs of these cells contain IR for 17β-HSD-1 and 17β-HSD-2 [34]. Similar subcellular 

Figure 6. 
Images obtained from rat OM sections by a CLSMF (A-C) and a scheme showing OM cells exhibiting 
immunofluorescence (IF) for P450scc, 17β-HSD-1, 17β-HSD-2, and olfactory marker protein (OMP, D). A. 
Section double-labeled with antisera to OMP (red) and P450scc (green). IF for OMP is seen in somata and 
dendrites of mOSCs within the OE and ONB in the LP, whereas prominent IF for P450scc is seen in the apical 
region of the OE that is corresponding to the supranuclear cytoplasm of olfactory SCs, and cells in the BGs in the LP. 
B. Section double-labeled with antisera to OMP (red) and 17β-HSD-1 (green). Localization of IF for OMP and 
17β-HSD-1 is similar to that for OMP and P450scc in A. C. Section double-labeled with antisera to OMP (red) 
and 17β-HSD-2 (green). Localization of IF for OMP and 17β-HSD-2 is similar to that for OMP and P450scc in A. 
D. Scheme of OM in which cells containing IF for P450scc, 17β-HSD-1, and 17β-HSD-2 are indiated in green on 
OMP in pink. See abbreviations for the nomenclature of cell types and tissues components in Figure 3A.
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immunolocalization of P450scc and HSDs were reported in the adrenal gland and 
gonads [49–51].

4. Expression of estrogen receptor β (ERβ) in the OM

The above findings strongly suggest that olfactory SCs and ACs of BGs produce 
E2. It is known that E2 utilizes three types of receptors, such as estrogen receptor 
alpha (ERα), estrogen receptor beta (ERβ), and G-protein coupled estrogen receptor 
1(GPER1). Both ERα and ERβ exist as cell membrane associated form and intracellular 
form, whereas GPER1 exists as a transmembrane receptor [52]. Based on the results 
of pilot experiments, we first examined expression and cellular localization of ERβ in 
adult rats of both sexes. The outline of gene structure of ERβ, which is composed of 
eight exons, is shown in Figure 7A. Forward and reverse primers of 35 bases for reverse 
transcription-polymerase chain reaction (RT-PCR) were chosen from cDNA sequences 
between exon 7and 8. By RT-PCR, ERβ was expressed in nasal mucosae of both sexes as 
well as ovaries as a positive control (Figure 7B). By WB analysis using a commercially 
available antiserum against rabbit ERβ, ERβ protein was detected from nasal mucosae 
of both sexes as well as ovaries (Figure 7C). These results strongly suggest that OM 
cells in both sexes express and produce ERβ. Using antisera against OMP and ERβ, and 
4′6-diamidine-2′-phenylindole dihydrochloride (DAPI) that binds to cell nucleus, 
triple-labeling IF technique was applied to cryostat-cut sections of OMs. Observation 
by a confocal laser-scanning fluorescence microscope (CLSFM, FLUOVIEW FV500-
IX-UV, Olympus, Shinjuku-ku, Tokyo, Japan) indicated that mature OSCs contained 
very intense IF for ERβ in DTs and moderately intense IF in their supranuclear cyto-
plasm. Furthermore, dendrites of mature OSCs were ERβ-immunoreactive (Figure 
8A–C). However, olfactory SCs were immune-negative for ERβ. At subcellular level, 
post-embedding immunogold TEM technique demonstrated that gold particles that are 
reflection of ERβ immunoreactivity were localized on cell membranes of both proximal 
and distal portions of olfactory cilia (Figure 8D–F). The above results [53] strongly 
suggest that mature OSCs, at least, contain both membranous and cytosolic ERβ.

5. E2 actions in the OM

Based on the above results, we present our working hypothesis in Figure 9. Since 
our unpublished study have demonstrated that olfactory SCs are immunoreactive 
for cholesterol receptor (low-density lipoprotein receptor), it is likely that the SCs 
take up cholesterol via capillary just beneath the basement membrane of the OE. 
They convert it to pregnenolone using P450scc. Since the SCs produce 17β-HSD-1, 
and probably aromatase as well, SCs finally produce E2 that makes biological effects 
on OSCs via the ERs, although the presence and cellular localization of at least 
two enzymes used from pregnenolone to androstenedione need to be determined 
(see Figure 2).

6. Morphological features of SER in VSCs

Presence of large amount of SER was described for the first time by Altner 
et al. [54]. Since then, this ultrastructural feature has been confirmed in many 
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VNO-possessing animals such as amphibians [55, 56], reptiles [55, 57–60], rodents 
[61–64], and prosimian primates [65]. However, bioactive molecules produced by 
SER in VSCs had not been determined.

In each VSC soma located in the basal part of the vomeronasal sensory epithelium 
(VNSE) of adult rats, the area occupied by SER is very large (Figure 10A). Clusters of 
SER appear to be present in both supra- and infra-nuclear cytoplasm. An example of 

Figure 7. 
A. Brief locations of 8 exons within rat estrogen beta (ERβ) gene, and sequences of primers for RT-PCR analyses 
conducted in [53]. B. Expression of ERβ in nasal mucosae from males and females, and ovaries of adult rats, by 
a RT-PCR analysis. Note that bands with the same size are seen in nasal mucosae and ovaries as positive control 
tissues. C. Representative data by Western blot (WB) analysis using an antiserum to ERβ. Note that two bands 
detected from nasal mucosae from male and female adult rats, and rat ovaries as positive controls are the same in 
protein size.
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Figure 8. 
A–C. CLSMF images of a rat OM section triple-labeled with antisera to OMP and ERβ, and DAPI. Somata 
and dendritic terminals of OSCs that exhibit intense IF for OMP (A) contain intense IF for ERβ (B, C). D–F. 
TEM images of the apical part of the rat OE. D. Gold particles surrounded in orange, which are reflection of 
immunoreactivity for ERβ, are localized mainly in membranes of the proximal portion of olfactory cilia (oc-p) 
that are projected from a dendritic terminal (DT), by a post-embedding immunogold procedure. Gold particles 
surrounded in orange. E. A result of a negative control experiment in which the primary antiserum was omitted 
from staining protocol. No gold particles are found in the entire part of this image. F. In the distal portion of 
olfactory cilia (oc-d), gold particles are present in ciliary membranes and their vicinity.
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supranuclear region of a VSC soma is shown in Figure 10B. By TEM tomography (for 
details see [64]) using 200–300-thick sections, a unit volume of 700 x 700 x 150 nm 
of each SER area was analyzed to demonstrate microstructures of SER. Some parts 
of SER cisternae contained arc- and circle-like units that are complicated each other. 
Furthermore, some of them appeared to form tiny loops (Figure 10B–E).

7. Localization of 17β-HSD-1 in VSCs

By immunohistochemical techniques utilizing three antisera against 17β-HSD-1, 
specific staining was detected in the VNSE of adult rats (Figure 11A and B). In par-
ticular, intense immunoreactivity was seen in the perikaryal region of VSCs and in the 
apical region of the VNSE (Figure 11C). However, no specific staining was seen when 
the primary antiserum was omitted from the immunostaining protocol (Figure 11D). 
Using digoxigenin (Dig)-labeled cDNA antisense and sense probes for 17β-HSD-1, in 

Figure 9. 
Hypothetical pathway of estradiol formation and its function in the OE. A. Schematic view of the olfactory 
mucosa showing major cellular components. Olfactory sensory cell (OSC) is located in-between sustentacular cell 
(SC). Foot process of SC (SC-FP) lies down the basement membrane (BM). Blood vessel (BV) is present in the 
LP just beneath the BV. B. Apical part of the OE. Cilia (ci) and dendrite of the ORC (ORC-De) are seen. Major 
molecules in the box area is schematically shown in C. C. Estardiol-17β (E2) is produced in the mitochondria 
(Mi), SER and MB and secreted and reacted with estrogen receptors (ER) that are located on the lateral 
membrane of ORC. D. Basal part of the OE. Major molecules in the box area is schematically shown in E. E. 
Low density lipoprotein receptors (LDLR) are circulated within the blood vessel (BV) just beneath the basement 
membrane (BM) and provided to the cytoplasm of the SC-FP.
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Figure 10. 
TEM images (A–C) of VSCs and results by TEM tomography (D, E). A. Low-magnified TEM image showing 
longitudinally-cut somata of VSCs. SERs are colored in green, nuclei in blue, and cell boundaries in magenta. 
Note that the cytoplasm of VSCs is largely occupied by SER. B. Conventional TEM image of a supranuclear 
region in a VSC. Enlargement of box C within the SER area is shown in C. C. Higher magnification of box C in 
panel B. Arc-and circle-like units that are numbered 1–6 in box D are clearly seen. Reconstructions of the image 
in box D by TEM tomography are shown in D and E. D. reconstruction of the image in box D in panel C by 
TEM tomography showing units 1–6. E. Reconstruction of image in box D in panel C in partially transparent 
mode. Complex 3D structures of units 1–6 and their looped characteristics are visible. Adapted from [64] with 
permission.
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situ hybridization (ISH) technique demonstrated that some of VSCs express 17β-
HSD-1 gene (Figure 11E and F; [66]).

After confirming the presence of 17β-HSD-1 protein in the VNO by WB analyses 
(Figure 11G, insert), subcellular localization of its immunoreactivity was examined 
by a post-embedding immunogold TEM technique [64]. We demonstrated that gold 
particles, which are reflection of 17β-HSD-1 immunoreactivity, were localized in 
narrow cisternae of SER. Two representative images are shown in Figure 11G and H. 
The region shown by these images is equivalent to that analyzed by TEM tomography 
(Figure 10B–E).

Figure 11. 
Expression of 17β-HSD-1 in VNSE of adult rats. A–D. Immunolocalization of 17β-HSD-1 in the VNSE 
and vomeronasal non-sensory epithelium (VNNE). At low magnification, intense immunoreactivity (IR) 
is detectable in the VNSE (A), whereas no staining is found in negative control section in which the primary 
antiserum was omitted from the staining protocol (B). At higher magnification, prominent IR is present in the 
apical part c (arrowhead) and the perikaryal region (arrow) of VSCs (C), E, F. Expression of 17β-HSD-1 in 
the VNSE of a rat. Using an anti-sense probe, prominent staining is seen in the perikaryal region of VSCs (E), 
whereas no staining is seen in a section when a sense probe was used (F). G, H. subcellular immunolocalization 
of 17β-HSD-1 in a VSC SER. G. Low magnification showing the location of SER. Boxed area is enlarged in H. 
N. nucleus. Insert. WB analysis for 17β-HSD-1 in a male VNO, female VNO, testis, and ovary. All tissues, thick 
bands of about 34–35 kDa are detected (indicated by an arrowhead). H. Higher magnification of the box in 
panel G showing the localization of gold particles (arrows), which reflect IR for 17β-HSD-1, localized in cisternae 
membranes of the SER. A–F are adapted from [66] and G and H from [64] with permission.
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In summary, it is most likely that VSCs of adult rats express 17β-HSD-1 that 
catalyzes conversion from androstenedione to testosterone, and that from estrone to 
E2. Since 17β-HSD-1immunoreactivity seems to be more intense in basally located 
somata of VSCs, it would be important to assess if regional difference for expression 
of 17β-HSD-1 is present in the VNSE.

8. VSCs express estrogen receptor α (ERα)

The VNO is known to be a pheromone-detecting sensory apparatus in rodents 
[5–8, 10, 67]. Hatanaka and Kiura [68] demonstrated that sensitivity of VSCs to 
pheromones was much more decreased in castrated mice, when compared to control 
mice. This data indicate that gonadal sex steroids modify physiological activities of 
VSCs. Setting a hypothesis that modification of sex steroids is mediated by steroid 
receptor, we first examined the presence of ERα in the VNO of adult rats.

Representative images from an immunohistochemical study are shown in 
Figure 12. Intense immunoreactivity for ERα is seen in the surface of the VNSE, 
whereas moderately intense immunoreactivity is seen in the inside of the epithelium 
(Figure 12A and B). Uterine glands, which are positive control tissues, contain 
intense immunoreactivity in cell nucleus (Figure 12C). It is interesting to point out 

Figure 12. 
Immunolocalization of ERα in the VNO (A, B, D) and uterine glands (C) as positive control. A. At lower 
magnification, intense IR is seen in the surface of VNSE (arrows) and its inside (asterisk). B. At higher 
magnification, it is clear that the surface of the VNSE contains very intensely stained loci (arrows) and less 
intensely stained ones. Moderated IR is also seen in somata. C. Uterine glandular cells exhibiting IR for ER. Most 
intense IR is seen in cell nucleus (arrows) of these cells. D. Negative control section adjacent to B. Omission of the 
primary antibody from the staining protocol resulted in no staining in both VNSE and VNNE.
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that immunoreactivity is also seen in the apical part of vomeronasal non-sensory 
epithelium (VNNE, Figure 12B). No specific staining is seen both in the VNSE and 
VNNE, when the primary antiserum was omitted from the immunostaining protocol 
(Figure 12D).

Representative CLSFM images from an IF study in which antisera against OMP 
and ERα, and DAPI were used are shown in Figure 13. Since dendrites and dendritic 
terminals (DTs) of VSCs exert intense IF for OMP (Figure 13A), it is apparent that 
DTs contain IF for Erα (Figure 13B). Optical sections containing apical dendrites 
show that intense IF for ERα is seen in DTs and apical dendrites just below the DTs 
(Figure 13C–H).

Representative data from a WB analysis is shown in Figure 14. Bands at 66 kDA 
that is equivalent to the size of ERα protein are detected both pellet and supernatant 
(sup.) specimens of VNOs and uteri that contain uterine glands.

9. Actions of sex steroids in the VNO

TEM and FE-SEM images of VSCs are shown in Figure 15. In contrast to OSC, 
many microvilli extend from the DT (Figure 15A and B). Microvilli extending from 
the apical membrane of vomeronasal sustentacular cells (SCs) are thicker than those 
of VSC (Figure 15B). Since intense IF for ERα was detected the apical surface of 
VNSE (Figure 13), it is most likely the both membranes and cytoplasm of microvilli.

Figure 13. 
CLSMF images showing colocalization of IF of OMP and ERα. A. Optical section obtained by opening a channel 
for OMP IF. Intense IF is seen in dendrites (De) and dendritic terminals (DT) of VSCs. B. The same section in 
A, obtained by opening channels for both OMP and ERα. Colocalized loci in yellow (double arrowheads) are DTs 
in this image. C, D, E. three serial optical sections with 0.5 μm-interval along the Z-axis, obtained by opening the 
channels for both OMP and ERα. Colocalized loci in yellow are continuously seen in Des and DTs. F, G, H. The 
same optical sections in C, D, E, obtained by opening the channel for ERα and shown in intensity-coded mode/see 
intensity-coded scale bar).
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Using digoxigenin Dig-labeled cDNA antisense and sense probes for 17β-HSD-2, 
ISH technique demonstrated that some of VSCs express 17β-HSD-2 gene (Figure 16 
[66]). Thus, it is most likely that VSCs of adult rats produce 17β-HSD-2.

Also, we have examined immunolocalization of E2 in the rat VNSE. Antiserum 
to protein gene product 9.5 (PGP) is an excellent marker for both mature and imma-
ture VSCs (iVSC) [5, 69]. Using antiserum to E2, PGP, and DAPI, triple-labeling IF 
technique was applied to cryostat-cut sections of VNOs, and then, these sections were 
observed by the CLSFM. As demonstrated in Figure 17, intense IF for E2 is present in 
somata and dendrites of VSCs in a granular fashion. By contrast, moderately intense 
IF was diffusely seen in the supranuclear region of vomeronasal SCs. These findings 
would provide supporting evidence that E2 per se is present in both VSCs and SCs.

A hypothetic scheme showing origins and actions of E2 in the VNSE is presented 
in Figure 18. Since rodent VNSE contains intraepithelial capillaries [5, 62], a mature 
VSC (mVSC) can uptake E2 or estrone from intraepithelial capillary and give E2 to 
immature VSC (iVSC) via ERα. Conversion between E2 and estrone takes place in 

Figure 15. 
A. TEM image showing the apical part of the VNSE. A dendrite (De) of a VSC reaches a lumen (L) to form a 
dendritic terminal (DT) from which microvilli (vmc) are extended. Adjacently located sustentacular cells (SC) 
have microvilli (SC-mv), as well. B. FE-SEM image of the surface of the VNSE showing DT, vm, and SC-mv. 
Note that short microvilli are extending radially from the DT. Adapted from [10] permission (slightly changed).

Figure 14. 
Representative data by WB analysis using antiserum to ERα. A band at 66kDA, which is corresponding to 
molecular weight of ER protein, is detected from VNO and uterus pellet specimens that contain cell nuclei, and 
from their supernatants (sup.) that contain cell membranes and internal unit membrane structures, as well.
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SER where both 17β-HSD-1 and 17β-HSD-2 work as catalytic enzymes. It would hap-
pen that E2 from mVSC bind to growing dendritic terminal. Since brain centers of the 
vomeronasal system express aromatase and other steroidogenic enzymes [70], E2 may 
be retrogradely transported to the mVSC via neural connections.

Figure 16. 
Expression of 17β-HSD-2 in the VNSE of an adult rat by ISH histochemistry. VSC perikarya containing intense 
staining are seen in the peripheral region of the VNSE.

Figure 17. 
CLSMF images of a section triple labeled with antisera to protein gene product 9.5 (PGP) and E2, and DAPI. 
A. Optical section by opening the channels for both PGP and DAPI. Intense IF for PGP are seen in the perikaryal 
regions of VSCs (VSC-P), dendrites (De) above the layer of sustentacular cell nuclei (N-SC), and dendritic 
terminals (arrows). B. Optical section by opening the channels for both E2 and DAPI. Both SCs and VSCs 
contains E.
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10. Conclusions

Although our studies suggest that both OM and VNO are greatly influenced by E2, 
relationships between cell types and enzymes/estrogen receptors are different from 
each other (Table 1) and further experiments remain to be carried out to identify cells 
expressing other E2-related molecules. However, at least two conclusions could be 
proposed here; (1) both OM and VNO are capable for producing E2, and (2) it is most 
likely that OSCs and VSCs contain both membrane-bound and cytosolic E2 receptors. 
Thus, it is most likely that cross-talk between membrane- and nuclear-initiated estro-
gen signaling takes place in the OM and VNO, as demonstrated in hypothalamus [71].

OSCs and VSCs are very special sensory cells, because they are bipolar neurons, 
but replaced by newly developed cells throughout life [3–5, 72, 73]. It is known that 
E2 promotes neurogenesis [74, 75], axonal [74–76], and dendritic growth [77, 78], 
rescues neurons [79], and promotes neuroregeneration [74, 75]. Therefore, rodent 
OM and VNSE are excellent experimental models for studying actions of E2, because 
differentiation from neuroblasts, dendritic and axonal growth, and neuronal death 
continuously occur in these neuroepithelia even at adult years.

Rodent OSCs share many cytochemical properties with those of human OSCs 
[80–84]. Thus, it is likely that E2-related enzymes and E2 receptors are expressed 

Figure 18. 
Hypothetical scheme showing the metabolism of E2 in the VNSE. Since some somata of VSCs (VSC-A) are 
located in the close association with intraepithelial capillaries (IEC), these cells are able to take up estrone and E2 
from the blood stream if they express estrogen receptors. Since VSCs express both 17β-HSD-1 and 17β-HSD-2 in 
their SER, they are able to convert estrone to E2, and E2 to estrone depended on physiological conditions. Also, it 
is likely that E2 in VSC-A is transported into other VSC, such as VSC-B at the levels of somata, and/or dendritic 
terminal (DT) and microvilli (mv) after transportation via dendrite (DE). It is possible that E1 is provided form 
via retrograde neuronal transport.
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by human OM cells, although new studies need to be initiated to examine if these 
molecules are present in human OM tissues. A common but striking feature in adult 
human OE is that patches of respiratory epithelium often appear in what was thought 
to be a purely olfactory region [85, 86]. Nakashima et al. [85] reported that the size of 
these patches varied case to case. Differential sizes of these respiratory patches may 
depend on differential supply of E2 on human OSCs. Parallel studies utilizing both 
rodent and human OMs would give us new knowledge about E2 functions, as well as 
new questions to be solved.
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Olfactory mucosa Vomeronasal organ

Sensory cell Sustentacular cell Acinar cell Sensory cell Sustentacular cell

P450scc − + + − −

17β-HSD-1 − + + + −

17β-HSD-2 − + + + −

ERα − − − + −

ERβ + − − − −

Abbreviations: P450scc, cholesterol side-chain cleavage enzyme; 17β-HSD-1, 17β-hydroxysteroid dehydrogenase type 1; 
17β-HSD-2, 17β-HSD type 2; ERα, estrogen receptor alpha-type; ERβ, ER beta-type.

Table 1. 
Cellular localization of E2-related molecules in the olfactory mucosa and vomeronasal organ of adult rats.
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Chapter 5

Permissive Role of Estrogens in 
Prostate Diseases
José Locia Espinoza and Luz Irene Pascual Mathey

Abstract

Estrogens are steroid hormones that act through their receptors (ER) α and β. They 
are involved mainly in female physiology but, in males, influence the homeostasis of 
some tissues like the prostate. In this organ, estrogens promote or limit cell prolifera-
tion depending on the activated receptor, with implications for the pathophysiology 
of benign prostatic hyperplasia (BPH) and prostate cancer (PCa). ERα promotes 
proliferation while ER β is a protective factor against proliferative diseases. However, 
in the advanced stages of PCa, ERβ has a permissive role in prostate cells, increasing 
patient mortality. These effects are mediated by activating androgen-independent 
signaling pathways that promote proliferation. Another essential aspect of ER actions 
is the regulation of its expression. Steroid hormones participate in this process, but 
some non-steroid factors, like environment and epigenetic marks, influence the 
prostate’s physiopathology. Knowledge of these and other aspects of estrogenic action 
in the prostate will contribute to developing strategies for treating and preventing 
BPH and PCa. For this reason, this chapter will review the main aspects of estrogens’ 
permissive role in prostate diseases.

Keywords: Estrogen receptors, permissive role, prostate physiology

1. Introduction

Estrogens are steroid hormones that have a very well-characterized morphogenic 
role since they participate in the development of the ovary, uterus, mammary gland, 
prostate, lungs, and brain, among others [1]. The primary estrogen identified is 
Estradiol (E2), to which most of the actions of estrogens are attributed, which act 
through binding to specific receptors, the ER [2]. It has been shown that the diverse 
functions in which estrogens intervene depend on the adequate balance in the signal-
ing of their ER (ERα and ERβ). Although the actions of estrogens have been well 
characterized in female physiology, it has a central role in the maintenance of male 
sexual function and the development of prostate diseases [3]. Concerning the above, 
estrogenic stimulation can cause the activation of different intracellular signaling 
pathways that can influence the development of the prostate gland both in the embry-
onic stage and in adulthood and intervene in the development of pathologies [2, 4]. 
Therefore, this review will address the role of estrogens and their receptors in prostate 
pathophysiology.



Estrogens - Recent Advances

70

2. Estrogens: essential hormones in female and male physiology

Estrogens are steroid hormones that bind to specific receptors, the nuclear recep-
tor (ER) superfamily, ligand-inducible transcription factors that can bind to DNA 
at sites called estrogen response elements (EREs), activating different responses. 
Estrogens are generally recognized for stimulating cell proliferation, apoptosis, and 
differentiation. Although its presence has been reported in both men and women, 
there are three main estrogens in women, 17β-estradiol (E2) and its two metabolites 
(estrone and estriol), which, despite their high affinity to ER, it exerts less potent 
effects [1].

E2 is the most abundant; its primary source is the ovary, although it is also pro-
duced in smaller quantities in other tissues, such as the adrenal glands and adipose 
tissue. Estrogens are considered mainly feminizing hormones due to their effects on 
the female’s reproductive functions; however, recently, they have also been shown 
to play an essential role in men, finding elevated levels of this hormone in rete testis 
fluid and semen where one of the most studied estrogenic effects being the nega-
tive feedback they exert on Testosterone (T) secretion [3, 4]; the production of this 
hormone is controlled at the hypothalamus by the Gonadotropin Releasing Hormone 
(GnRH), which binds to gonadotroph cells in the pituitary gland, stimulating the 
release of Luteinizing Hormone (LH). In addition, this hormone is released through 
the hypophyseal portal system, joining to their receptors in the Leydig cells located at 
the seminiferous tubules in the testis, where they promote the synthesis of T. So, the 
inhibition process that estrogen exerts on the T implies a negative feedback mecha-
nism on the secretion of LH at the pituitary gland, causing the consequently lower 
secretion of T by the testicular Leydig cells [4, 5].

About their role, estrogens have been shown to participate with androgens in the 
maintenance of sexual behavior and testicular developmental processes. But the most 
critical estrogenic effect is possibly the control of the reabsorption of fluids at the 
epididymis, a process that causes an increase in the number of sperm in the semen 
and, therefore, an increase in the probability of fertilization occurring. Another 
vital tissue for estrogen action in men is the prostate gland, whose development and 
estrogenic activities influence function by controlling androgen production through 
ER activation. Here, the primary source of estrogen is the testis, in which Leydig cells 
T is transformed into E2 through an aromatization reaction catalyzed by enzymes of 
the cytochrome p-450 (CYP450) complex called aromatases. The E2 thus obtained 
is poured into the systemic circulation and reaches the target tissues, where it can be 
metabolized and interact in a specific way by joining the ER and intervening in direct 
and indirect actions [4].

3. RE: proteins responsible for the direct and indirect actions of estrogens

Two primary ER (α and β) have been identified. However, the first ER to be 
discovered in the 1950s was ERα, while ERβ was found almost four decades later, in 
1996 [1]. These transcription factors are classified within class II of the superfamily 
of nuclear receptors for steroid hormones. They have a tertiary structure that includes 
six functionally distinct domains designated with the letters “A” to “F”; an N-terminal 
domain (“A/B” domains); a DNA-binding domain “C,” which is the part of the recep-
tor that binds to DNA (DNA-Binding Domain, DBD); a “D” domain, which acts as 
a hinge region; the “E” corresponds to the Ligand Binding Domain (LBD) and is the 
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site of recognition and binding to the specific hormone and other related molecules; 
as well as a C-terminal “F” domain, whose function, although poorly understood, is 
believed to be involved in the conformational stability of receptors [4, 6].

It has been shown that, in the absence of a ligand, the ER remains inactive since 
they are bound to chaperone proteins (HSP, Heath Shock Proteins), which are 
responsible for maintaining the receptors in a conformation that hides their nuclear 
localization signal (NLS). Thus, the binding of the receptor with the corresponding 
hormone generates conformational changes whose consequence is the release of HSP 
and the appearance of nuclear localization signals; This enables the translocation 
of the ERs to the nucleus and the activation of the transcription of target genes by 
interaction with their response elements (ERE). Concerning the above, it is known 
that EREs are palindromic sequences with the structure 5’-GGTCAnnnTGACC-3′, 
where “n” represents any nucleotide. Genes with an ERE in their structure are called 
“estrogen-responsive” [4].

However, some genes, even lacking these sequences, can be transcribed by estro-
genic signaling activated by indirect mechanisms, which will be discussed later. In 
this type of signaling, ERs interact with other transcription factors such as Jun, Fos, 
AP-1, and SP-1, causing their activation and subsequent translocation to the nucleus, 
where they bind with their response elements and induce gene expression. The 
interaction with other transcription factors is different depending on the type of ER 
involved, which has been proposed as an explanation for the fact that the activation 
of ER by identical ligands can cause other effects depending on the tissue and cellular 
context. These signaling mechanisms are believed to explain the actions in which ERs 
are involved [4, 6].

4. ERα and ERβ: receptors involved in the balance of the estrogenic effect

The discovery of estrogen receptors was made after almost four decades. This 
finding also required tremendous advances in the field of genetic engineering. Since 
the first estrogen receptor (ERα) was discovered, it was believed that this was the only 
one responsible for the estrogenic effects, an idea that was modified when the first 
transgenic mice were designed (known as “ERKO mice” < Estrogen Receptor Knock 
Out>) and observed that they continued to show a response to estrogenic stimulation, 
despite having ERα silenced. In this sense, when a patient who did not express ERα 
was reported in 1994, speculation began about the existence of more than one type of 
ER. Confirmed this assumption in 1996, the year in which the discovery of a second 
molecule capable of being activated by binding to its ligand (E2) and other estrogens 
is evidenced. Identified this new ER in rat prostate and ovary and, from then on, the 
first ER was named ERα, while the second is known as ERβ [1].

Both receptors are expressed on different chromosomes and show determining 
structural characteristics; ERα is approximately 600 amino acids long and has a 
molecular weight of 67KDa, while ERβ is around 500 amino acids long and weighs 
55KDa, sharing about 47% amino acid sequence homology [4, 5]. Similarly, of the 
different domains that have been identified, the “C” domain (DBD) is the one with 
the most significant similarity concerning both receptors (>95%), which explains, in 
part, the high affinity that both receptors have for DNA [1, 6].

Specifically, although it has been reported that both receptors similarly bind 
to their ligands, the evidence indicates that the affinity for E2 is similar with both 
receptors (α and β). However, they show significant differences in binding to other 
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natural or synthetic steroids. For example, it has been demonstrated that ERβ shows a 
high affinity for endogenous steroids and certain phytoestrogens (e.g., genistein). In 
addition to the above, it has been reported that estrogen receptors can activate differ-
ent intracellular signaling pathways, which leads to their involvement in such diverse 
biological effects [6].

5.  Ligand-dependent and ligand-independent signaling pathways 
activated by ERs

In general, it is known that ERs can use at least four different pathways at the 
cellular level. The first three pathways are ligand-dependent, and the fourth is ligand-
independent. In the first “the classic route,” it is known that the ligand-receptor 
interaction can cause ER heterodimerization, a configuration in which they can bind 
directly to the EREs sequences in DNA through specific binding, regulating gene 
expression. A second route consists of the interaction of the heterodimer after the 
activation of the ligand, with specific proteins, i.e., with transcription factors such as 
Fos/Jun, by interacting with DNA, promoting gene activation indirectly [1, 6].

In the third pathway (called the “non-genomic” type), the ligand activates the 
receptor to activate other transmembrane and cytoplasmic proteins, within which 
another receptor may be included, as well as various proteins that act as second 
messengers. This interaction, yet not fully elucidated, results in the opening of ion 
channels and the flow of ions, as well as the generation of rapid responses, including 
the activation of nitric oxide (NO), which has been suggested to be responsible for 
the physiological effects attributed to this signaling route. Finally, the fourth pathway 
(ligand-independent) involves crosstalk mechanisms, in which ERs are activated by 
other signaling pathways, such as the growth factor signaling pathway. In this case, 
the binding of the growth factor to its receptor promotes the activation of kinases, 
which, in turn, cause the phosphorylation of the ERs and their subsequent dimeriza-
tion and binding to the EREs elements in the DNA [1, 6].

6.  Participation of ERs in the proliferation and morphogenesis of the 
prostate

The different mechanisms of intracellular communication carried out by the inter-
action of estrogens with their ER allow them to act in several tissues, intervening in 
multiple functions, such as cell morphogenesis, proliferation, and differentiation. As 
already mentioned, it was considered that the main effects of estrogens were focused 
on female physiology. However, the literature had shown that the administration of 
environmental estrogens (xenoestrogens) from synthetic sources (e.g., bisphenol 
A or BPA, methoxychlor, and atrazine); pharmaceuticals (e.g., diethylstilbestrol or 
DES, and Ethinyl estradiol) or natural (e.g., genistein, and daidzein), caused “in 
utero” abnormalities in the urogenital tract of both males and females, with similar 
results being obtained when these drugs were administered at different stages of 
development. In addition, some studies reported other alterations in male physiology, 
including low semen quality, testicular neoplasia, and prostate diseases [1, 3].

In the prostate gland, both receptors have been demonstrated in epithelial cells, 
which control and regulate epithelial proliferation. In this sense, it has been sug-
gested that while ERα promotes cell proliferation, ERβ limits it, so several studies 
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have considered ERβ as a protective factor against the development of prostate 
diseases, while ERα could act as a promoter by being overexpressed in cancer cells; 
In this sense, it has been reported that the expression of ERβ is elevated in healthy 
tissue, while its expression decreases in damaged tissue, while the expression of ERα 
increases. Although the mechanisms that regulate the expression of these receptors in 
both conditions are unknown, it is suggested that ERβ could reduce cell proliferation 
by inhibiting the expression of genes involved in DNA replication and the cell cycle. 
In this sense, the cyclin D1 gene has been suggested as a factor that controls the transi-
tion between the G1 and S phases of the cell cycle. Another inhibition mechanism 
could be through direct interaction with its promoter regions or through the indirect 
mechanisms in which ERβ interacts with other transcription factors (AP1 and SP1, for 
example), stimulating or repressing the expression of their target genes. The previous 
is possible because some genes whose expression is controlled by ERβ activation lack 
EREs in their promoters. Finally, another process in which ERβ could intervene to 
regulate prostate cell proliferation in carcinomatous and normal cells is the expression 
of androgen receptors (AR), explained later in this chapter [4].

7. Estrogens and their participation in the physiology of the prostate

Development, proliferation, and function of the prostate gland depend on andro-
gens (mainly through its primary metabolite, Dihydrotestosterone <DHT>), which 
require binding to its receptor (RA) for the transcription of target genes; however, it 
has been recognized that the prostate is sensitive to other hormones, such as steroids, 
which have a central role in growth, homeostasis, and in the generation of prostatic 
diseases [3, 7]. In this sense, it has been established that men exposed to high con-
centrations of xenoestrogens, whether of natural or synthetic origin, during fetal 
life or at some other stage of development, such exposure has a significant impact on 
the development of the prostate gland, so it has been shown that although estrogens 
can modulate epithelial morphogenesis and differentiation during prostate develop-
ment, this exposure can also influence the outcome of diseases, including the benign 
prostatic hyperplasia (BPH) and Prostatic Cancer (PCa) [3].

As previously mentioned, these effects are regulated by the expression of ERs. 
Specifically in the prostate, ERα is expressed mainly in a small portion of adult pros-
tatic stromal cells in humans, dogs, monkeys, and rodents; however, there is evidence 
reporting its presence in periurethral epithelial cells [6]. Furthermore, its expression 
is elevated in the uterine stage, declining during adolescence and adulthood, increas-
ing again as the concentration of androgens decreases, playing a fundamental role in 
the changes in the prostate due to the imbalance between the T and E2 [6].

On the other hand, ERβ has been located mainly in the prostatic epithelium; 
Although its expression varies during fetal development, its expression increases 
from week 7, remaining present in low amounts throughout pregnancy, including the 
postnatal stage. From this period, its levels begin to rise together with the process of 
cytodifferentiation, reaching high levels in puberty, where it participates in prostatic 
epithelial differentiation [3, 7, 8].

Although it has been suggested that ER-ligand signaling is not as essential for 
prostate development, it is crucial for developing pathologies. As already mentioned, 
early treatment (especially in the prenatal stage) with estrogens or xenoestrogens pro-
duces alterations in the development and differentiation of the prostate. Furthermore, 
these changes occur permanently (chronic inflammation, epithelial hyperplasia, 
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precancerous lesions, and adenomas), a process called developmental estrogenization 
or estrogen imprinting, which we will discuss later [7, 9]. Interestingly, it has been 
shown that these alterations are mediated by the signaling exerted by ERs (α and β), 
suggesting that the expression of these receptors can carry out antagonistic actions [2].

8.  Antagonistic actions between ERβ and ERα in the generation of 
pathologies in the prostate

The antagonism of ERs in controlling prostate cell proliferation and differentiation 
has implications for the development, progression, and treatment of cancer in various 
tissues. There is evidence that ERα promotes while ERβ limits cell proliferation, so 
some studies suggest that ERβ acts as a protective factor against cancer. In contrast, 
ERα could be an oncogene overexpressed in carcinomatous cells [10, 11].

Evidence of this has been shown in other types of cancer, such as breast, where 
an absence of the chromosome that codes for ERβ has been observed, suggesting that 
this absence is a crucial factor in the proliferative process that accompanies tumor 
development. Similarly, when comparing ER expression in prostate cancer tissue, an 
increase in ERα expression and a decrease in ERβ expression have been observed, with 
a direct relationship between the reduction of this receptor and the increase in the 
degree of proliferation, as well as PIN (prostatic intraepithelial neoplasia) in localized 
prostate cancer tissues, which indicates that the absence of this receptor promotes 
tumor proliferation and possibly the metastatic process, having a high expression in 
normal epithelial cells, lower in tissue samples with BPH and very low or absent in 
carcinoma cells [4, 6, 12].

As we have already mentioned, this decreased expression is accompanied by 
an increase in the expression of ERα [10]. In this sense, it has been shown that the 
epithelial cells in the periurethral prostatic duct consistently express ERα in BPH 
tissue. Although the mechanisms accompanying these antagonistic effects are not 
precisely known, it is suggested that the signaling mediated by the ERβ could reduce 
cell proliferation by inhibiting the expression of genes involved in DNA replication 
and the cell cycle. Among the latter is the cyclin D1 gene, a factor that controls the 
transition between the G1 and S phases of the cell cycle [11].

Moreover, ERβ could inhibit the expression of these genes by directly interacting 
with their promoter regions and preventing their transcription or through indirect 
mechanisms in which ERβ interacts with other transcription factors (AP1 and SP1, 
for example) and causes stimulation/repression of their target genes. The last is 
possible because some genes whose expression is controlled by ERβ activation lack 
EREs in their promoter regions. More aggressive PCa have recently been found to be 
associated with the presence of an acquired chromosomal mutation. In this transloca-
tion, the promoter region of the Serine-Protease Transmembrane-2 (SPT2) gene 
is fused with the coding region of some transcription factors of the Erythroblast 
Transformation-specific (EST) family. Chromosomes with this fusion (SPT2-EST) 
are susceptible to the action of ERs. Specifically, activation of ERα has been shown to 
promote an increase in SPT2-EST gene expression, while activation of ERβ promotes 
a decrease [4, 10].

Another process in which ERβ intervenes to regulate proliferation in both car-
cinomatous and normal cells is the expression of ARs; cell proliferation depends 
mainly on androgens, which require their receptor to exert their effects by activating 
the target gene transcription [4]. Some studies show that one of the functions of ERβ 
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is to maintain AR expression at adequate levels to prevent excessive cell prolifera-
tion. For example, in βERKO mice, there are higher amounts of AR than in healthy 
mice, as well as an increase in cell proliferation. Similarly, treating human prostate 
cancer cell cultures with ERβ-specific ligands results in decreased AR expression 
[10]. In this context, it is possible to promote an increase in the expression of AR by 
administering specific agonists of the ERα, which constitutes another evidence of the 
antagonism between these two receptors in the development of pathologies. In the 
same way, because the ERβ can act in different stages of development, intervening 
in processes such as cell differentiation, antiproliferative, anti-inflammatory, and 
antioxidant actions is a good candidate for developing therapeutic strategies in tumor 
processes [4, 6].

9.  Environment, epigenetics, and estrogens; how this influences  
prostate development

The morphogenic development of the prostate gland depends on the participation 
of multiple components, including hormones and a wide variety of factors, among 
which the Homeobox genes stand out, which includes the Hox and NK family genes. 
Within these genes are Hoxb-13 and Nkx3, whose expression is essential for prostatic 
epithelial differentiation. Interestingly, it has been shown that steroid hormones can 
regulate these genes. Specifically, exposure to the xenoestrogen DES has resulted in 
the downregulation of Hoxb-13 gene expression and suppression or downregulation of 
the Nkx3 gene. The last is correlated with a loss of prostatic epithelial differentiation 
and suppression of secretory genes, triggering alterations related to the estrogeniza-
tion process that occurs in later stages [7, 8]. In addition to the above, embryogenesis 
requires the presence of proteins expressed at the level of epithelial-mesenchymal tis-
sue cells, as well as the signals exchanged by these tissues. Bmps proteins act as inhibi-
tors of proliferation during development; specifically, the Bmp4 mRNA is expressed 
in mesenchymal tissue during embryonic development, declining in the first days of 
postnatal development. Interestingly, exposure to estrogens in the prenatal period 
causes Bmp4 protein levels to remain elevated for a prolonged period after birth (day 
15), the direct consequence of which is associated with prolonged suppression of pros-
tate tissue, which contributes to the development of a hypomorphic phenotype [7, 8].

Similarly, other morphogenic developmental regulators are the Shh and Fgf 10 
proteins. On the one hand, Shh is a secretory glycoprotein produced by epithelial cells 
in developing tissues. At the same time, the Fgf 10 factor has a central role in stimulat-
ing prostatic budding, ductal outgrowth, and branching morphogenesis. As expected, 
the presence of prenatal estrogens produces an inhibition of both molecules (Shh and 
Fgf 10), which results in an inhibition of branching morphogenesis [7, 8].

Furthermore, in the adult stages of development, other epigenetic factors influ-
ence the appearance of prostate alterations; In this sense, reports are indicating that in 
cancerous tissues, the ERα gene is methylated, which leads to a silencing of this gene, 
triggering different types of alterations, ranging from the development of BPH to 
varying degrees of tumor lesions. Therefore, it has been suggested that the risk of PCa 
is highly associated with polymorphisms in the ERα gene, particularly in populations 
such as the Japanese and African, which are more susceptible to estrogenic actions 
[6]. Similarly, it has been reported that the absence/decrease in the expression of the β 
receptor that occurs as the cancerous proliferative process progresses could be associ-
ated with a hypermethylation process, which has been shown to appear in the CpG 
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islands of the promoter region of the gene that codes for this receptor, causing the 
silencing of this gene and its transcription. This effect is reversed with demethylase 
treatment, an epigenetic mark involved in the progression of prostate tumors [13].

10. Conclusions

The prostate is a gland responsive to estrogens, which are involved in the normal 
development of this organ (morphogenesis) and the development of pathologies. 
These actions are regulated at different stages of development by the presence/
absence of ERs (α and β) and the pathways activated by them, participating both in 
normal tissue development and in the generation of pathologies.
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Acronyms and abbreviations

ER α/β estrogen receptors α and β
BPH benign prostatic hyperplasia
PCa prostate cancer
E2 17β-estradiol
EREs estrogen response elements
T testosterone
GnRH gonadotropin releasing hormone
LH luteinizing hormone
CYP450 cytochrome p-450
DBD DNA-binding domain
LBD ligand binding domain
NLS nuclear localization signal
HSP heath shock proteins
ERKO estrogen receptor knockout mouse
NO nitric oxide
BPA bisphenol A
DES diethylstilbestrol
AR androgen receptor
DHT dihydrotestosterone
PIN prostatic intraepithelial neoplasia
SPT2 serine-protease transmembrane-2 gen
EST erythroblast transformation-specific factor
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