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Preface

Reproductive hormones are important derivatives of the cholesterol pathway 
with widespread implications for the human body. The production of sex steroid 
hormones is an integral product of the hypothalamic-pituitary-gonadal axis 
with gonadotropin-releasing hormone (GnRH) released in a pulsatile fashion 
from the hypothalamus. At the pituitary gland, GnRH stimulates the release of 
follicle-stimulating hormone (FSH) and luteinizing hormone (LH). FSH and 
LH bind to receptors in target tissues to increase expression of the steroidogenic 
acute regulatory protein (StAR) to transfer cholesterol to the inner mitochondrial 
membrane; a rate-determining step in sex steroid production. In this book, we 
explore the interactions of estrogens, androgens, and progestins on their receptors 
and the downstream effects on multiple organ systems.

Courtney A. Marsh MD, MPH
Associate Professor,

University of Kansas School of Medicine,
Kansas City, KS, USA
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Chapter 1

Role of Sex Hormones in Human 
Body
Nassrin Malik Aubead

Abstract

Gonadal Steroids hormones play an important role in the reproductive and 
non-reproductive systems. Estrogen has important rule in cardiovascular system 
as it has vasodilator effect and reduces or prevents platelet activation. In addition, 
it improves the profile of circulating lipoproteins. All of which may explain why 
women at premenopausal age are less likely to have heart disease than menopause 
women or men. E2 play a grate effect on the skeletal system as it is one of the stron-
gest regulators of osteoblast and osteoclast function, and it is responsible for the 
reduction of adipose tissue and regulation of the body weight, and also has derma-
tological effect,hence it stimulates the proliferation of keratinocytes and prevents 
their apoptosis, in addition to the progesterone which increases collagen synthesis. 
Estrogen is necessary for the functioning and integrity of the tissues of the urinary 
system specially of the lower urinary tract. Sex steroid are crucial for nervous 
system, as progesterone is important for production of neurosteroid, and estrogen is 
currently used in Parkinson’s and Alzheimer’s disease because of its effects on men-
tal health. The androgens also have a crucial biological effects on neural, muscle, 
bone, adipose tissue,prostate, cardiovascular, haemopoietic, and the reproductive 
systems. The gonadal steroid hormones play an important role in immune system 
and regulating the immune response against different viral or bacterial infections.

Keywords: sex hormones, cardiovascular, brain, bone, urinary tract, immunity

1. Introduction

Gonadal Steroid hormones (GSH) play an important role in reproductive and 
non-reproductive systems. As this effect occurs early in the fetus’ life, gonads are 
initially present at the fifth weeks and developed on the medial surface of meso-
nephric ridges.

Therefore, sexual development and discrimination are depending on the type 
of hormones and gonads that present. GSH play an important role in determining 
sexual function and behavior. Structures of the central nervous system, such as the 
hypothalamus, midbrain, amygdala, cortex and anterior pituitary gland, contain 
androgens and estrogen receptors. The GSH must bind to specific receptors to 
produce cellular response. While binding of receptor antagonists generally lead to 
inactivation of these receptors [1].

This chapter explain the effect of sex hormones on the human body and the 
differences in their action in both genders.
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2. Physiological effects of sex hormones

Sex hormones are chemical structures derived from cholesterol, and they are a 
group of steroidal hormones act as chemical messengers in the body. The activity of 
steroid hormones is carried out by receptors on extracellular proteins belonging to 
the family of nuclear substances. Through genomic and non-genomic action, these 
receptors intervene transduction of signals in a manner of specific context [2].

2.1 Estrogen receptor

2.1.1 Genomic activity

Estrogen binds to SHBG in the blood and in the interstitial fluid, where it pen-
etrates the cell membrane and enters the cell nucleus and binds to receptors. These 2 
genes are encoded for 2 estrogen isoforms α and β.

The hormone- receptors structures forms dimer (usually ERα-ERα, ERβ- ERβ or 
ERα- ERβ) that bind to a specific nucleotide sequence, namely, Estrogen-response 
elements (EREs) in regions that control different genes regulation of transcription 
[3] (see Figure 1).

Estrogen acts through several nuclear receptors. Estrogen affects the endome-
trium, the vagina and the breast [4]. And it interact with Calcitonin, parathyroid 
hormone, vitamin D and interleukin. Estrogen stimulates the division and growth 
of the skin cells, connective tissue and mucosal membrane [5].

2.1.2 Non genomic activities

The rapid effects of estrogen, such as the removal of Ca2+ granular cells and 
uterine blood-flow are mediated by non-genomic actions [3].

Non-genomic activity occur without bind to cellular receptors of estrogen. The 
beneficial effects of estrogen on blood vessels are an important non-genomic effect 
[5]. It affects not only blood vessels in the reproductive system, but also the cerebral, 
coronary and carotid arteries.

Figure 1. 
Genomic action of steroid hormones (estrogen) in the cell.
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Production of nitrous oxide, mediates vasodilation and endothelial protection. 
Estrogen also stimulates the production of prostacyclin vasodilating, prevents 
vasoconstriction and prevents platelet aggregation. Also Acetylcholine dilates blood 
vessels only in the presence of estrogen [6].

2.2 Progesterone receptors

Like estrogen, progesterone act through nuclear receptors, progesterone action 
is by 2 isoform of progesterone receptors (PR-A and PR-B). These 2 isoforms 
differ in fact that PR-B has an extra (164) amino acid at N-terminal region termed 
the B-upstream segment,and this is absent in PR-A.And any mutations of amino 
acids in B-upstream segment lead to loss of PRB specific gene regulation activity. 
Normally in human tissues, PR-A and PR-B are as a rule present at same levels but 
impairment of this ratio regulation lead to tissue abnormalities like that occur in 
breast cancers [7].

Like estrogen progesterone receptors has genomic and non -genomic activities as 
shown in Figure 2.

2.3 Androgen receptors

Androgen is one of steroid hormone nuclear receptor family. The location of 
androgen receptors is on the X chromosome. And these receptors composed of 
3 functional domains: the ligand binding domain, the DNA binding domain, and 
N-terminal transcriptional regulation domain (Figure 3).

The DBD is the most highly protected part among the various types of the 
steroid hormone receptors in the nucleus,while the N-terminal domain in androgen 
receptor is the mostly changeable. And due to the highly protected quality of DNA 
binding domain among steroid hormone receptors (nuclear receptors), and having 
selective androgen response elements, this will result in particular activation of the 
androgen receptors.

Figure 2. 
Mode of progesterone action by genomic and non- genomic action.
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The dihydrotestosterone bind to the androgen receptors with a twofold 
and more affinity with less dissociation of about fivefold in comparison with 
testosterone.

Like estrogen and progesterone there are 2 ways of ligand-dependent andro-
gen receptors action, DNA dependent (genomic) and DNA independent (non-
genomic) binding (Figure 4).

The androgens have a crucial biological effects on, muscle, bone, adipose 
tissue,prostate, neural, cardiovascular, haemopoietic,immune, and the reproduc-
tive systems [8].

The biological effects of the AR mutation lead to insensitivity of receptors to 
androgens in men, resulting feminization of external genitalia of the male (XY 
female) [9].

Studies in animals with AR deficiency have shown that androgenic signaling is 
associated with a greater number of women with premature ovarian senility, associ-
ated with follicular atresia. Subsequent analysis of AR-free mice showed defects in 
lutenization of the ovarian follicle [10–12].

As a result of the development of the reproductive system, androgens (especially 
testosterone and 5α-dehydrotestosterone), induces and maintain secondary sexual 
characteristics, stimulate male reproductive activity and assist in the production of 
the sperms. The prostate epithelium is also sensitive for androgen, and androgen 
signaling is necessary to maintain cell homeostasis in the adult prostate. As the 
apoptosis in epithelial cells affects the prostate, can be altered by the supplementa-
tion of androgens [13].

A predictive model of AR in the prostate showed that strategic paracrine signals 
control the proliferation of epithelial cells [14].

Figure 3. 
Functional domains of the androgen receptor (AR): N-terminal domain, DNA binding domain (DBD), ligand 
binding domain. AF-1 – Transcriptional activating function 1. AF-2 – Transcriptional activating function  
2. H – Hinge region. NLS –nuclear localization signal. NES – Nuclear export signal.

Figure 4. 
Mechanisms of ligand-dependent androgen receptor (AR) action.
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The effect of AR on the prostate pro-survival, plays a vital role in the patho-
genesis of the prostatic cancers. It has been shown 75 years ago that prostate cancer 
regeneration occurs due to androgen deprivation after castration [15].

In many ways, this is due to the transport of androgens to the prostate, which 
are involved in metabolism, in the formation of the cell cycle and in the control of 
growth factors signaling [16].

In addition, the epithelial AR signal is correlated with an ‘infection’ in the 
prostate, which is independent of the parasitic AR signal in the stroma. AR 
increases VEGF-related angiogenesis and increases prostate growth, therefore, 
AR is an important treatment for prostate cancer. AR signaling has been shown 
to cause cancers in other organs, including breast, bladder, pancreas, ovary and 
endometrium [17, 18].

3. The biological effects of sex steroids

Although estradiol and progesterone levels vary during menstruation, estrogen 
and progesterone levels are always higher in women than in men [1] (Table 1).

Estradiol and progesterone have many effects depend on its relation to the 
venereal system. All steroid hormones have a great effect on the ovaries, fallopian 
tubes, uterus, external genitalia, hypothalamus and pituitary gland. Estrogen, 
progesterone and androgen, have significant effects on non-reproductive  
tissues [1].

3.1 Cardiovascular system

A significant lower risk of CVD has shown in premenopausal women than men 
and postmenopausal women. Estrogen support the vasodilation effect through 
relaxation of smooth muscle via increases the production of nitric oxide, which 
helps maintain low platelet activity, and the angiogenesis is stimulated by estrogen 
production.

Variation in the epidemiology, incidence and sequel of cardiovascular diseases 
in both sexes indicate changes in susceptibility to hereditary cardiovascular diseases 
that can result from several factors. In other cases, gender differences are impor-
tant in expression of genes (especially X-chromosome genes), incidence of heart 
disease,as explained previously at the same age, cardiovascular disease is more 
common in men than in women [19].

Gonadal steroids Normal range, conventional units

Estradiol Women, basal 20–60 pg./mL
Women, ovulatory surge >200 pg./mL
Men <50 pg./mL

Progesterone Women, luteal phase 2–20 ng/mL
Women, follicular phase <2 ng/mL
Men <2 ng/mL

Dihydrotestosterone Women 0.05–0.3 ng/mL
Men 0.25–0.75 ng/mL

Testosterone Women <1 ng/mL
Men 3–10 ng/mL

Table 1. 
Normal ranges of sex steroid in male and female.
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Therefore, it has been suggested that variation in sex steroid hormones have the 
key role on cardiovascular pathophysiology. Androgens and estrogens are mainly 
male and female sex hormones respectively, they are found in different levels and 
with different biological effects in the body in men and women.

Unlike androgens, which are dangerous due to the risk of heart disease and 
atherosclerosis, estrogens have a protective effect. In fact, a decrease in plasma 
Estrogen and elevated androgen is associated with an increase in cardiovascular 
disease in men and women during their menopause time (average age of menopause 
is between 51 and 52 years). This indicates an enhancing risk of getting cardiovas-
cular disease in postmenopausal women and also in women who have developing 
hyperandrogenism [20, 21].

3.1.1  Characteristics of the action of sex hormones on the cardiovascular system, 
development of atherosclerosis and coagulation

Due to their metabolic and vasoactive properties, sex hormones directly or 
indirectly affect cardiac function through genomic and non-genomic mechanisms 
[22–24].

This effect is mainly depend on the receptors, such as estrogen/testosterone are 
found in different cardiac cells in humans and animals.

The contractions of the vascular walls was same in male rats (in normal and 
castrated), but it more evident in female with removed ovaries, indicating specific 
differences in vascular tone with estrogen in both sexes [25, 26].

3.1.1.1 Oestrogenic effects

Estrogen affects vascular function through genomic and non-genomic mecha-
nisms [27–29].

In fact, administration of estrogen in vivo leads to vascular dilatation that 
occurs 5 to 20 minutes after ingestion and is not associated with any change in gene 
expression. The responses shown to be sex-related. In this regard, intracoronary, 
administration of estradiol increases coronary blood flow in women, but has not 
been demonstrated in male with coronary diseases [30].

Acute vasodilation effect of estrogen is endorsed by endothelial related and 
unrelated mechanism. The properties related to estrogen retention and transport 
of secondary ions (antagonist action of this hormone on ca2+), while the endo-
thelial related mechanism are highly dependent on the types of endothelial cells 
associated with the active estrogen receptor (EPs) by the activity of endothelial 
nitric oxide.

In addition, effect of 17β-estradiol on endothelial, NO synthesis and releases 
has been suggested to be happen through ER alpha activation [31, 32], while ER-β 
shows stronger role in the non-genomic effects of estrogen include changes in blood 
vessels. The expression of extracellular genes and proteins is initiated by two differ-
ent nuclear ER (α and β) [27–29].

Both ERα and ER β have significant physiological effects on blood vessels. 
Animal studies have shown that ERα protects against vascular damage and athero-
sclerosis [33, 34].

ER- also controlled genes are involved in the regulation of blood volume and 
blood pressure [35, 36].

Since the expression of sex hormone receptors may vary with sex, and type of 
gonad, so the sex-related changes in vascular response may be related to specific 
receptor density in vascular tissue, why do women have more ER than in men [37] 
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in addition, although this activity is low in postmenopausal women, ER intensity 
decreases dramatically in women with cardiovascular and cerebrovascular disease.

These data may indicate a decrease in the protective effect of estrogen in women 
who have deprive from it for a long time. In fact, estrogen’s effects on endothelial 
function depend on duration from starting menopause rather than chronological 
age of the menopause [38, 39].

In general, estrogen dilates the systemic arteries [24, 27], improves the 
coronary artery and peripheral endothelial function, prevents coronary artery 
spasm and reduces endothelial secretion in women with coronary heart disease 
[27, 28, 40–42].

Estrogen also affects blood vessels in men. Previous studies have shown that 
defective mutations in estrogen synthesis or receptor expression are associated with 
vascular endothelial dysfunction and atherosclerosis [43, 44].

Male estrogen levels are depend on androgen production. Almost 80% of 
plasma 17-estradiol in men formed from testosterone aromatization and andro-
stendione into estrogen. In addition, estradiol is produced directly in male blood 
vessels, where it stimulates ERs of endothelial smooth muscle cells. It has been 
noted that aromatase deficiency and endothelial dysfunction in men with athero-
sclerosis, low dose of estrogen improves endothelial function [45, 46].

Furthermore, endothelial dysfunction occurs in normal men who receive aroma-
tase inhibitors [23, 47, 48].

Sex hormones can affect the level of vasomotor tones, altering different 
responses to vascular factors, such as norepinephrine, angiotensin II (AII) or 
aldosterone. In fact, norepinephrine less likely to cause constriction of blood vessels 
in women, than men.

Endogenous estrogen helps in control of blood pressure in premenopausal women 
due to its vasodilation effect. High blood pressure in women occurs after about ten 
years and is higher in older women than in men at the same age [49–51].

Human and animal studies have shown that atherosclerosis affected by gender. 
Many animal models with atherosclerosis cause early and more severe symptoms, 
regardless of male or female fat and hypertension.

Estrogen and androgen motivate metabolic, hemodynamic and humeral effect 
which affect in turn the CV profile. In addition, these hormones can directly affect 
the development of atheromas through various blood stimuli. In women, the loss of 
estrogen (menopause or after surgery) is associated with hardening of the arter-
ies. When estrogen/hormone therapy is started immediately after menopause, the 
severity of atherosclerosis decreases [52, 53].

HRT starts in younger women (50–59 years) lead to a low rate of cardiovascular 
event and lower mortality within 10 years after menopause [54, 55].

For this reason, there is sometimes a balance between the positive and 
negative effects of exogenous estrogen on blood vessels. The use of hormone 
replacement therapy prevents hardening of the arteries. Before the appearance of 
atherosclerosis, only when hormones are started before the advancing atheroscle-
rosis over time after menopause. The current concept is that there is a ‘window 
of opportunity’ in the peri-menopausal or early postmenopausal years through 
which the taking of hormonal replacement therapy might reduce the diseases and 
fatality from cardiovascular diseases by preventing the formation of atheroma 
[20, 24, 56, 57].

The significant effects of estrogen can only be achieved with oral medicines that 
are caused by first liver passages of hormones, that stimulate enzyme activity in 
the organs. In some patients, antithrombin III decreases, factor VII and X are dose 
dependent increase [58].
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3.1.1.2 Mediated Effects of testosterone

The function of the endothelium derived NO in testosterone induced vasodila-
tion is unclear in many studies. Inhibitors of NO synthesis and endothelium-
denuded tissue are used in some studies and have suggested a partial contribution, 
while other studies did not link the role of NO to vasodilation induced by testoster-
one [59, 60, 61]. Testosterone-induced, an endothelium independent relaxation,not 
related to gender, and not mediated by hormonal receptor but appear to include the 
opening of K + channels and L-type calcium channel block [62, 63].

There is a difference in the amount of estrogen in the expression of androgen 
receptors in the blood stream, which indicates the density of different types of 
receptors in men, proposing sex linked response to androgen [23, 24, 59, 64].

Although the effects of testosterone in men are not fully understood, the effects 
of androgens in women are less clear, but appear to be related to estrogen levels. 
In woman changing her sex rule to male (transsexual) who receive long-lasting 
testosterone, same plasma concentration is obtained. The diameter of brachial 
arteries is larger with impaired nitrate induced vasodilation, Nonetheless, the shape 
and pattern are similar to that in female at the same age. In postmenopausal women 
treated with estrogen, blood testosterone is about five times increase in concentra-
tion than normal levels with improved vasodilation [65, 66]. Testosterone has an 
estrogen-like effect in women [67] and, in place of estrogen levels, the estradiol/
testosterone ratio plays an important role in the androgenic effects of women with 
atherosclerosis.

Negative correlations have been found between levels of free testosterone and 
coronary heart disease in men undergoing coronary angiography [68, 69]. In addi-
tion, low androgen levels have been reported in men who have larger intima media 
thickness.

Potential androgenic effects in women are assessed based on observations from 
women with serious medical conditions, such as PCOS. Women with PCOS suffer 
from heart disease and atherosclerosis due to high testosterone levels, and elevated 
risk of having myocardial infarction (MI), a risk factor was used on (33) females 
have PCOS, and (132) with same age normal females. The risk factor sample was 
determined from independent risk factors for MI in a prospective population study 
of (1462) females done in Göteborg, Sweden, the factors were age, diagnosed 
hypertension, and diabetes mellitus, increased waist/hip circumference ratio 
(central obesity), serum level of triglyceride. A frequently elevated risk (relative 
risk of 7.4) of having MI was seen for females with poly cystic ovary syndrome in 
compression to the normal females with same age [70].

3.2 Lipid metabolism and sex hormones

Sex hormones can directly or indirectly affecting the lipid profile, lipoprotein, 
HDL, LDL, and triglycerides, the last two are important in development of CVD. 
This is mainly due to the impaired production of estrogen [71, 72]. Estrogen 
stimulates lower triglyceride levels, synthesis of HDL and apoliporotein A-I in 
the liver. It also improve reversion of transport of cholesterol. As a result, these 
hormones reduce total cholesterol levels and LDLc levels too, levels of triglycerides 
and it increases the levels of HDL. Testosterone can affect fat metabolism due to its 
specific androgenic effects and the role as aromatization substrate to Estradiol (E2).

Elevated plasma testosterone levels are believed to influence the profile of 
lipoproteins, and cardiovascular disease is more common in both sexes. Male data 
show that plasma testosterone levels correlate positively with HDL-c serum levels 
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and negatively related to triglycerides, LDL, total cholesterol, fibrinogen and  
PAI-1 [59, 73–75].

Several studies show that the overall effect on fat metabolism is part of the 
unexplained effects on excess weight and insulin resistance but clinical studies 
have shown that testosterone treatment do not affect HDL cholesterol in older men. 
The positive effects of these properties have the necessary effect [76]. The effect 
of testosterone therapy on female lipid profile (mainly by lowering HDL choles-
terol) depends on the level of estrogen and therefore estradiol/testosterone ratio. 
However, HDL-c deficiency is androgenic. The reduction in HDL-c should not be 
assumed as a direct pro-atherogenic risk factor because it can exhibit a reduction in 
sub fraction of HDL3 and therefore is not associated with a significant reduction in 
cholesterol transport [77].

3.3 Obesity

Gender differences in body fat distribution are related to sex hormones. 
Although androgens have been linked to the formation of abdominal fat,. Android’s 
fat distribution is associated with androgen deficiency [78]. The distribution and 
amount of female fat is related to ovarian function. During menstruation, women 
gain weight, fat is distributed is gynoid, with peripheral obesity, while in meno-
pause is in the middle (abdomen) [79–81].

In both genders, high abdominal circumference or waist/hip ratio are markers of 
android’s fat distribution which are associated independently with insulin resis-
tance, serum triglycerides, low-density lipoprotein cholesterol, hypertension and 
increase in sympathetic drive, in addition to participating in the negative metabolic 
changes mentioned above, also affect hormonal metabolism due to the lack of sex 
hormones [82, 83].

Male testosterone supplements are designed to reduce belly fat, stimulate 
lipolysis and thus reduce fat accumulation. Testosterone also has beneficial effects 
on metabolic parameters, such as glucose and lipid metabolism, therefore, hormone 
replacement therapy causes weight gain in women and prevents the spread of 
menopausal pattern body fat. The exact mechanism of this effect is not generally 
known [84–87].

3.4 The effect of sex hormones on bone regeneration and resorption

Deficiency of the hormone estrogen (E2) causes osteoporosis in postmenopausal 
women and helps to promote osteoporosis in older men. As E2 deficiency result in 
enhancement in the number of osteoclast cells (OC), and at the same time there 
is reduction in apoptosis of these cells and also increases their activity [88–90]. 
Sincethe formation of osteoblasts, including functional estrogen receptors (see 
Figure 5).

In 1988, the understanding of the molecular basis for estrogen activity has been 
rapid, but fragmented and incomplete. The importance of metabolism is centered 
on the specific role of cytokines: IL-1, IL6, TNF-A, granulocytes, macrophage 
stimulating factor (M-CSF) and prostaglandin E2 (PGE2) these substances Increase 
in OC volume and their activity in bone marrow [91].

An elegant study by Cenci et al [92], reported that production of TNF-α by 
T-cells increase bone resorption in overiectomized (OVX) mice.

The authors raised the hypothesis that in overiectomized animals bone loss 
can be inhibited by giving either E2, TNF-a binding protein, or by inhibiting the 
antibodies that is specific to the TNFa.
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can be inhibited by giving either E2, TNF-a binding protein, or by inhibiting the 
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T cell deficient OVX mice increase TNF-a production in T cells, which can 
increase the number of T cells instead of TNF. In this case, the tumor necrosis 
factor-α is not controlled by bone marrow monocytes. It increases the production 
of RANKL depending OC, augmenting M-CSF. TNF-a has a direct effect on OC 
precursors.

Estradiol B (E2) alters the bone protective effects of men and women, reducing 
the estrogen signal, especially in bone cells. ER A is needed to convert bone cells 
into bone marrow. However, the formation of osteocytes that require estrogen is 
difficult [93].

3.5 Sex hormones role in skin

Estrogen and progesterone, makes the skin healthy and soft and maintains 
the natural thickness of dermis and epidermis. Estrogen motivate, multiplies 
and prevent apoptotic keratinocytes. When estrogen increase collagen synthe-
sis in the skin, progesterone inhibits matrix metalloproteases and together with 
estrogen decrease breaking down of collagen. Estrogen increases the produc-
tion and accumulation of glycosaminoglucan in the dermis. Estrogen also 
promotes healing of wounds.

Several studies have shown that estrogen has an important protective function 
and is beneficial for skin physiology [94–96].

They have been shown to accelerate the healing of skin lesions [97]. Most 
women recover from inflammatory skin conditions, such as psoriasis, during preg-
nancy, also estrogen, shows some protective effect to photo aging of skin [98–105].

3.6 Effect of sex hormones on the uro-genital tract

The urogenital tract of females developed initially from the primitive urogenital 
sinuses at the 4th week of intrauterine life. The estrogen receptor is located in both 
systems, and their levels fluctuating in the circulation.

During the menstruation, the symptoms are vary, and mainly developed in 
pregnancy or after menopause, when there is genital atrophy, lower urinary tract 
and vaginal symptoms are frequently reported. Nonetheless, aging may affect these 
changes. Which result in difficulty to prove the causation [106].

Figure 5. 
Biological effect of estrogen on the bone.
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3.6.1 Pathophysiology

Estrogen receptors are steadily presented in the squamous epithelia of vagina 
and urethra in addition to the bladder-trigone in areas with metaplasia [107, 108].

However, they are not found in the epithelium of the transitional dome of 
the bladder, which clearly reflects the germinating roots of this tissue. The pelvic 
floor is also under effect of estrogens [109, 110]. In woman lower urinary tract, 
Estrogen raise the activity of cell cycle [111], and there is increment in the number 
of superficial and intermediate cells, the changes are similar to vaginal changes in 
postmenopausal women [112–114].

During menstruating, changes in cytology of urinary tract are almost identical 
with that in vaginal cytology [115]. Changes also occur in sediment after estrogen 
therapy [116]. Frequent changes in urinary symptoms during menstruation can be 
detected by the urethral pressure profilometry (UPP) [117].

The functional, anatomical, and physiological length of the urethra increases 
with mid menstruation and earlier luteal phase, indicating changes in serum 
concentration of estrogen. Changes also occur during pregnancy [118, 119], which 
sanctifies a relative increase in urinary out-put and gravid uterus pressure.

A recent article by the University of London School of Medicine suggested 
possibility of influencing hormones on bladder that mediated by progesterone 
[120]. Progesterone receptors are expressed in the lower urinary tract and may 
be associated with estrogenic status in women. Androgen receptors are found in 
the bladder and urinary tract of women, but their function is currently unknown 
[108, 121].

3.6.1.1 Estrogen and urinary incontinence

In women, during menopause are usually complaining of frequent symptoms in 
the urinary system. The most common are frequent micturition, bed wetting, stress 
and urge incontinence, they may also experience urinary tract infection and vaginal 
symptoms, such as itching or dryness. The specific diagnosis of the underlying 
pathology is based on a comprehensive clinical study and the study of urodynamic. 
There are many causes for urinary incontinence; these include bladder dysfunction, 
instability with constipation, excessive urination, fistula (between vagina and the 
bladder, or between vagina and ureter or with urethra) or due to diverticulum or 
immobility.

The causes of transient enuresis in the elderly include urinary tract infections, 
estrogen deficiency, restricted mobility, medications, and depression. The two most 
common symptoms are stress and\ or urge incontinence.

Urinary tract and pelvic tissues are sensitive to estrogen, as it play an important 
role in the storage mechanism. For a woman to be on the continent, the pressure of 
the urethra must be greater than that of the bladder. The urethra consists of four 
functional layers sensitive to estrogen that are involved in maintaining positive 
pressure, by its effect on epithelium, blood vessels, muscles and connective  
tissues [122].

Extracellular changes in the urinary epithelial layer have been reported in 
response to estrogen. There is some evidence that estrogen affects the blood vessels 
in the system, and can treat urinary incontinence in women by hypersensitivity 
to the alpha-adrenergic receptors of the ureteral smooth muscles, stimulation of 
collagen production around the urinary tract, increased sensitivity of the bladder, 
increased pressure in the urethra [123, 124].
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3.6.1.2 Estrogen to prevent and treatment of enuresis

Although less research is done, the role of estrogen in the treatment of enuresis 
is controversial. Some have shown reliable results, but this may be due to differ-
ent estrogens, different doses, and instructions over the duration. This disease is 
more difficult to treat. There are now two methods of meta-analysis to clarify the 
situation. It was the first report by the Hormones and Urogenital Therapy (HUT) 
Committee.

The use of estrogen has been discussed to treat all causes of enuresis in post-
menopausal women [125].

Of the 166 articles in English published between 1969 and 1992, only six were 
considered, but this was not the case. The results showed that real stress is a major 
psychological development for all patients with urinary incontinence. However, the 
analysis of the target parameters showed no change in urine volume. The maxi-
mum pressure to close the urethra increases, but only one test significantly affects 
the result. In the second meta-analysis [126], potentially controlled cases and 14 
indirect studies related to estrogen therapy were considered. They also found that 
estrogen therapy does not relieve stress, but it can help with sudden and recurring 
symptoms. This method can be useful for women with low stress or who need 
surgery. Estrogen to prevent rapid urination, and has been used to treat menopause 
for many years, but several controlled studies have shown its benefits. A combina-
tion of estradiol (2 mg) and 1 mg estriol (Imagine Daily) reduced urinary retention 
in 7 of 11 women, compared with 1 in 10 in the placebo group [127, 128].

3.6.1.3 Estrogen for urinary tract infections

Changes in urine production in women after childbirth increase the risk of 
developing UTI in women, especially during intercourse. The pH of the vagina 
increases and the number of lactobacilli decreases, that is colonization induces 
Gram-negative bacteria that play a pathogenic role in urine. In response to these 
changes, estrogen can be used for treatment or prophylaxis, which can occur in 
adult women with recurrent steroid intake [129].

3.7 Effects of testosterone on erythropoietin (EPO) and on muscle

High levels of testosterone, important for hemoglobin and hematocrit and 
stimulate EPO and reduction of cellular exhaustion. Testosterone increases iron 
absorption by red blood cells, stimulates EPO and restores EPO-bound  
hemoglobin [130].

As a large amount of DNA accumulates in adult muscles after birth and 
is made up of dependent cells, satellite cells, which are an important area for 
controlling muscle growth, and protein regulation in muscle fibers. Testosterone 
is a blood transporter that binds directly to muscles and therefore increases 
protein [131].

3.8 Sex hormones and brain

Estrogen is involved in many processes throughout life. Minds of men and 
women. For example, neurological developmental and synaptic changes resulting in 
sexual behavioral differentiation [132, 133].

Progesterone is important for synthesis of neurosteroid, and estrogen regulates 
rapid and prolonged neuroplastic processes in the central nervous system, including 
synaptic-cyclical changes [134, 135].
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Estrogen affects many neurological functions and behaviors, such as mood, cog-
nitive function, blood pressure regulation, motor coordination, pain and sensitivity 
to opioids. Many of these characteristics have small gender differences that lead 
to uncertainties about hormones and genetic factors, including the mitochondrial 
genome [136].

Brain aging is often associated with many diseases of the nervous system result-
ing from disorders in the workplace. Recent evidence suggests that estrogen replace-
ment therapy may reduce the risk of degenerative diseases such as Alzheimer’s 
disease and cognitive decline in women [137–139].

Estrogen is the broadest group of drugs used to prevent Alzheimer’s disease 
(AD). These steroids are powerful neurotransmitters in vitro and in vivo and have 
been shown to have similar effects in preventing attention deficit disorder. This 
includes suppression of the amyloid expression of the pro-amyloid protein (A), 
Epidemiological evidence supports the use of estrogen to lower the stress at the 
beginning of menopause and treatment of Alzheimer’s disease [140].

Epidemiological studies have shown that women are 1.5 to 2 times Lower than 
men to develop Parkinson’s disease (PD), indicating a protective effect of estrogen. 
Experimental data show that estradiol has a protective effect on neurons and dopa-
minergic proteins. Studies have shown that higher levels of estrogen are associated 
with fewer symptoms of Parkinson’s disease and an increased risk of Parkinson’s 
disease in postmenopausal women. These data indicate that estrogen may have a 
protective effect on dopaminergic neurons [141].

3.8.1 Neuromprotective effect of estrogen

Obviously, estrogen has other functions, such as stimulating nerve cells and 
protecting them from stimuli caused by other diseases, such as seizures, stroke and 
Alzheimer’s [142, 143].

The exact role of cellular nuclear ERs detected on inhibitory effect between 
neurons is unclear, but one key is the function of E2 to enhance neuropeptide 
Y (NPY) expressing and releasing, because NPY has antiexcitatory actions 
[144, 145].

The second fact that E2 is neuroprotective its function is translocate ER-β to 
mitochondria, in addition its ability to sequestrate mitochondrial Ca2+ ion, includ-
ing Bcl-2 translocation [146].

Studies on estrogen’s ability to prevent stroke and fight Alzheimer’s and 
Parkinson’s disease have shown that the brain can produce estrogen and possibly 
cholesterol [147, 148]. Like E2, androgens have a protective effect on nerve cells, 
the pyramidal neurons are an important type of CA1 AR nucleus. In men, nuclear 
ARAS may play an important role in the development of spinal synapses, not in 
NMDA, but in cholinergic activity [149–151].

3.8.2 The behavioral effects of sex hormones

Genital steroids affect children’s brains, especially the hypothalamus, and cause 
gender differences. The differences in behavior between men and women are 
related to the sexual ability of the three families of steroid hormones (estrogen, 
androgen and progesterone) in the nervous system. The classic family of receptors 
is associated with elements that act as transcription factors after the breakdown of 
layers, nuclear translation and hormonal effects of DNA [152]. Gender differences 
in the brain are usually anatomical, neurochemical or molecular.

The neurochemical change in sex occurs at the level of neurotransmitters, 
enzymes or local hormones. Molecular changes in sex, gene expression and 



Reproductive Hormones

14

3.6.1.2 Estrogen to prevent and treatment of enuresis

Although less research is done, the role of estrogen in the treatment of enuresis 
is controversial. Some have shown reliable results, but this may be due to differ-
ent estrogens, different doses, and instructions over the duration. This disease is 
more difficult to treat. There are now two methods of meta-analysis to clarify the 
situation. It was the first report by the Hormones and Urogenital Therapy (HUT) 
Committee.

The use of estrogen has been discussed to treat all causes of enuresis in post-
menopausal women [125].

Of the 166 articles in English published between 1969 and 1992, only six were 
considered, but this was not the case. The results showed that real stress is a major 
psychological development for all patients with urinary incontinence. However, the 
analysis of the target parameters showed no change in urine volume. The maxi-
mum pressure to close the urethra increases, but only one test significantly affects 
the result. In the second meta-analysis [126], potentially controlled cases and 14 
indirect studies related to estrogen therapy were considered. They also found that 
estrogen therapy does not relieve stress, but it can help with sudden and recurring 
symptoms. This method can be useful for women with low stress or who need 
surgery. Estrogen to prevent rapid urination, and has been used to treat menopause 
for many years, but several controlled studies have shown its benefits. A combina-
tion of estradiol (2 mg) and 1 mg estriol (Imagine Daily) reduced urinary retention 
in 7 of 11 women, compared with 1 in 10 in the placebo group [127, 128].

3.6.1.3 Estrogen for urinary tract infections

Changes in urine production in women after childbirth increase the risk of 
developing UTI in women, especially during intercourse. The pH of the vagina 
increases and the number of lactobacilli decreases, that is colonization induces 
Gram-negative bacteria that play a pathogenic role in urine. In response to these 
changes, estrogen can be used for treatment or prophylaxis, which can occur in 
adult women with recurrent steroid intake [129].

3.7 Effects of testosterone on erythropoietin (EPO) and on muscle

High levels of testosterone, important for hemoglobin and hematocrit and 
stimulate EPO and reduction of cellular exhaustion. Testosterone increases iron 
absorption by red blood cells, stimulates EPO and restores EPO-bound  
hemoglobin [130].

As a large amount of DNA accumulates in adult muscles after birth and 
is made up of dependent cells, satellite cells, which are an important area for 
controlling muscle growth, and protein regulation in muscle fibers. Testosterone 
is a blood transporter that binds directly to muscles and therefore increases 
protein [131].

3.8 Sex hormones and brain

Estrogen is involved in many processes throughout life. Minds of men and 
women. For example, neurological developmental and synaptic changes resulting in 
sexual behavioral differentiation [132, 133].

Progesterone is important for synthesis of neurosteroid, and estrogen regulates 
rapid and prolonged neuroplastic processes in the central nervous system, including 
synaptic-cyclical changes [134, 135].

15

Role of Sex Hormones in Human Body
DOI: http://dx.doi.org/10.5772/intechopen.95778

Estrogen affects many neurological functions and behaviors, such as mood, cog-
nitive function, blood pressure regulation, motor coordination, pain and sensitivity 
to opioids. Many of these characteristics have small gender differences that lead 
to uncertainties about hormones and genetic factors, including the mitochondrial 
genome [136].

Brain aging is often associated with many diseases of the nervous system result-
ing from disorders in the workplace. Recent evidence suggests that estrogen replace-
ment therapy may reduce the risk of degenerative diseases such as Alzheimer’s 
disease and cognitive decline in women [137–139].

Estrogen is the broadest group of drugs used to prevent Alzheimer’s disease 
(AD). These steroids are powerful neurotransmitters in vitro and in vivo and have 
been shown to have similar effects in preventing attention deficit disorder. This 
includes suppression of the amyloid expression of the pro-amyloid protein (A), 
Epidemiological evidence supports the use of estrogen to lower the stress at the 
beginning of menopause and treatment of Alzheimer’s disease [140].

Epidemiological studies have shown that women are 1.5 to 2 times Lower than 
men to develop Parkinson’s disease (PD), indicating a protective effect of estrogen. 
Experimental data show that estradiol has a protective effect on neurons and dopa-
minergic proteins. Studies have shown that higher levels of estrogen are associated 
with fewer symptoms of Parkinson’s disease and an increased risk of Parkinson’s 
disease in postmenopausal women. These data indicate that estrogen may have a 
protective effect on dopaminergic neurons [141].

3.8.1 Neuromprotective effect of estrogen

Obviously, estrogen has other functions, such as stimulating nerve cells and 
protecting them from stimuli caused by other diseases, such as seizures, stroke and 
Alzheimer’s [142, 143].

The exact role of cellular nuclear ERs detected on inhibitory effect between 
neurons is unclear, but one key is the function of E2 to enhance neuropeptide 
Y (NPY) expressing and releasing, because NPY has antiexcitatory actions 
[144, 145].

The second fact that E2 is neuroprotective its function is translocate ER-β to 
mitochondria, in addition its ability to sequestrate mitochondrial Ca2+ ion, includ-
ing Bcl-2 translocation [146].

Studies on estrogen’s ability to prevent stroke and fight Alzheimer’s and 
Parkinson’s disease have shown that the brain can produce estrogen and possibly 
cholesterol [147, 148]. Like E2, androgens have a protective effect on nerve cells, 
the pyramidal neurons are an important type of CA1 AR nucleus. In men, nuclear 
ARAS may play an important role in the development of spinal synapses, not in 
NMDA, but in cholinergic activity [149–151].

3.8.2 The behavioral effects of sex hormones

Genital steroids affect children’s brains, especially the hypothalamus, and cause 
gender differences. The differences in behavior between men and women are 
related to the sexual ability of the three families of steroid hormones (estrogen, 
androgen and progesterone) in the nervous system. The classic family of receptors 
is associated with elements that act as transcription factors after the breakdown of 
layers, nuclear translation and hormonal effects of DNA [152]. Gender differences 
in the brain are usually anatomical, neurochemical or molecular.

The neurochemical change in sex occurs at the level of neurotransmitters, 
enzymes or local hormones. Molecular changes in sex, gene expression and 



Reproductive Hormones

16

epigenetic changes in phase signaling occur with any gender difference in the 
hypothalamus regulated by the regulatory effects of estradiol.

Estrogen has long been known to have a psychoactive effect. Therefore, it is 
believed that the inappropriate metabolism of estradiol may play a role in the devel-
opment of mental illness. Differences in brain area, size, cell number or radiation 
intensity (for example, differences in cell size, neural complexity or morphology, 
dendritic cell length and number of contacts) [153].

3.9 The effect of sex hormones on the immune system

The role of estrogen in the negotiations between the internal system and the 
immune system was described about 15 years ago [154, 155].

Estrogen effects: macrophages, CD8 + lymphocytes and ERF3 B lymphocyte 
rings are also expressed in lymphoid tissue and can be membranes linked to the 
receptor. Estrogen and anti-estrogen binding sites (AEBS) are also found in lym-
phocytes [156, 157].

Regarding cytokines: TNF levels in endotoxin coatings increase significantly 
with estrogen, while levels of IL-6 (due to ethylene 17 in the blood) decrease 
[158, 159]. Active ER stimulates nuclear transcription factors and maintains NF-IL6, 
NF-ICB and C/EBPf3 [160, 161].

Physiological levels of estradiol in cultured human cells significantly increase 
the activity of the IL-1 receptor antagonist (mRNA) but it suppressed by higher 
estradiol concentrations [162]. Estradiol 17F3 produces IL-5 mRNA in vitro [163]. 
Estradiol and glucocorticoids activate secretory substances that prevent leukemia, 
sagging and overuse in humans [164].

And in uterus the uterine epithelial cells stimulate antigen secretion and pre-
serve uterine E2 cells [165].

In adults, the activity of natural killer cells increases after in vitro treatment with 
17G3-estradiol [166]. Estradiol increases the sensitivity of natural human pros-
tate killer cells in classic ER [167, 168]. Cytotoxic activity of estrogen-dependent 
CD4 + cells [169].

The chemotactic activity of human polymorphonuclear leukocytes is greatly 
reduced due to the physiological concentration of estradiol (10-IOM) [170].

In short, antiestrogens act on specific estrogen receptors and lymphocytes when 
they affect the nervous and endocrine systems and on target cells, or tissues in the 
transplant system.

As the nervous system and the immune system produce a regulatory response, 
immune changes cause changes in the nerves and vice versa. This is a phrase was 
made possible by for example, the thymus is an organ that produces the steroid 
hormone. In addition, the immune system can convert steroid precursors into active 
hormones [171].

Steroid hormones are the ones that most control the immune system, as they can 
control signaling at the level of nuclear transcription factors [172]. However, it is 
not clear whether estrogen is necessary for the normal functioning of the immune 
system or if its effect on primary levels of estrogen in the regulation of the vaccine 
varies. We are not aware of the potential differences between the different steroids 
and estrogen receptors in the immune system. Estrogen regulates immune function 
differently in men and women [170–176].

Estrogen is important for building the body’s immune system against viral infec-
tions. Stabilization of the cytokine storm has been shown to control and mediate immu-
nological changes against the influenza virus and pneumonia. Due to the effects of 
estrogen, SARS-CoV-2 is lower in women than in men. Some believe that SARS-CoV-2 
cause stress in the endoplasmic reticulum (ER), which inturn aggreviate the infection.
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This problem can controlled by estrogen as it cause degradation of phosphati-
dylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol triphos-
phate (IP3). IP3 in-fluxing Ca + 2 ions and helps activate UPR (unfolded protein 
responce). Data from 392 patients were analyzed and found that 26% of females 
and 74% of men were affected by SARS-CoV-2. It indicated that women are less 
affected due to the possible effect of E2 hormone in females [177].

4. Summary

Sex steroids roles have not limited to their reproductive function, but their roles 
are also shown to be extend to a lot off effects on other body systems including 
cardiovascular, neural, musculoskeletal, adipose tissue, dermatological, immune, 
and haemopoietic systems, The sex hormones include the androgens, estrogens, and 
progestogens, their effects are exert by either slow (genomic process) via nuclear 
receptors, or by rapid non-genomic process through membrane related receptors 
and signal cascades.

Androgens and oestrogens impact biology of the blood vessels, predominantly in a 
sex specific way. And this effect is a cardioprotective, while oestrogens having benefit 
effect in both males and females, but the effect of androgens different in the two gen-
ders. As the effect of testosterone in females rely on the estrogen levels and thereby 
on estradiol to testosterone ratio. Estrogens and androgens exert potent influences on 
the post-natal building of muscles and bones and important for their sexual dimor-
phism, these 2 hormones also vital for the homeostasis of both tissue in addition to 
the skin, adipose tissues, and regulation of body weight through adulthood, as well as 
integrity and function of female genitourinary system (specially the estrogen).

The nervous system is a target for effect of sex hormones. Estrogens, progestins, 
and androgens, all effect the function and physiology of the brain,these steroids 
are powerful neurotransmitters in vitro and in vivo and have been shown to have 
similar effects in preventing attention deficit disorder. Experimental data show that 
estradiol has a protective effect on neurons and dopaminergic proteins. Sex hor-
mones also play a vital role as modulators of the immune system, as the sex steroids 
and immunity are closely connected, and their mutual regulation is involved in the 
maintenance of immune balance.

5. Conclusion

The sex steroid are considers balance of the functions and protection of the body 
systems, and can use for prevention and treatment of many systemic disorders, and 
the possibility of applying of their effects on the incidence of many organic and 
infectious diseases.
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Abstract

Proteins belonging to Transient Receptor Potential (TRP) family are nonselective 
cation channels that play an essential role in mammalian physiology, functioning as 
transducers of several environmental signals including those of chemical, thermal 
and mechanical natures. A subgroup of these receptors is expressed in sensory 
neurons where they are activated by noxious stimuli and are key players of pain 
responses in the organism. Some TRP channels are molecular targets for the classical 
and non-classical effects of sex steroids. This chapter will describe the close rela-
tionship between nociceptive TRP channels and sex steroids as well as their impact 
on nociception and pain-related responses.

Keywords: TRP channels, nociception, steroids, pain, sensory neurons

1. Introduction

The somatosensory system is a complex network of neurons and peripheral 
receptors that encodes specific information about the state of organisms and their 
environment, providing them with the ability to detect harmful stimuli [1–3].

According to the International Association for the Study of Pain (IASP), the 
neuronal process encoding noxious stimuli is known as nociception. A subpopu-
lation of high-threshold sensory neurons known as nociceptors mediates this 
process by detecting harmful signals from chemical and physical nature Figure 1 
[1, 4]. Nociceptors are neurons with a peripheral axonal branch that innervates 
cutaneous, articular and visceral afferents, and a central axonal branch that 
innervates the dorsal horn of the spinal cord. The cell bodies of mammalian 
nociceptors are located in the dorsal root ganglia (DRG) and in the trigeminal 
ganglia (TG) and they are classified as medium and small diameter neurons. The 
axons of these nociceptors are classified as Aδ- and C-fibers depending on their 
diameter, degree of myelinization, conduction speed and the type of sensory 
stimuli that they transmit [1, 4, 5].

The Aδ-fibers are characterized by 2–6 μm diameters, are myelinated and pres-
ent a relatively fast conduction speed between 5 and 30 m/s. The central branch of 
these fibers reaches the superficial laminae of the dorsal horn. These nociceptor 
fibers allow the conduction of cold, pressure and heat signals [5].

Remarkably, C-fibers are the ones to mainly establish nociceptive innervation. 
These are unmyelinated axons with a diameter of 0.4 to 1.2 μm and a conduction 
speed between 0.5 and 2 m/s. C-fibers innervate laminae I and II of the dorsal horn 
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of the spinal cord and are activated in a polymodal fashion by mechanical, thermal 
(noxious cold or heat) and chemical stimuli [4, 5].

Diverse injurious stimuli detected by nociceptors are transformed into electrical 
activity, a process known as transduction where thermal, mechanical, or chemical 
signals are converted into ion flux through the activation of specialized ion channels 
[1]. In this way, noxious signals trigger fluctuations in the electrochemical gradient 
of nociceptors leading to membrane depolarization and subsequent action poten-
tials, as a direct consequence of changes in the activation of ion channels expressed 
in the nociceptors [6]. Action potentials reach second-order neurons housed in the 
superficial laminae of the dorsal horn that project towards the spinothalamic and/or 
spinoparabrachial tracts contributing to the perception of noxious stimuli [2, 3, 7].

The study of the impact of sex steroids on the processing of noxious stimuli has 
been relevant to our understanding of the underlying differences between females 
and males. In the last decades, growing evidence related to sexual dimorphism in 
the perception of harmful signals and the development of pain conditions has been 
highlighted [8]. Several studies in humans using mechanical, chemical, electrical, 
or thermal stimuli have suggested that women have more sensitivity to some nox-
ious stimuli than men [8–11]. However, other contrasting reports have concluded 
that there is no difference in nociception between genders [12, 13]. Even though 
these differences are still not clear, the most reasonable explanation pinpoints 
sex steroids as the most relevant effectors. For example, some conditions such as 
headache, back and temporomandibular pain increase with pubertal development 
in girls, where the gonadal steroids produce crucial changes in women physiology 
[14]. Remarkably, differences in the perception of thermal stimuli between differ-
ent sexes have also been reported, suggesting that women have greater sensitivity to 
heat than men [15]. In relation to this, an epidemiological study indicated that low 
testosterone concentrations in women are associated with an increase in the sensa-
tion of cold [16], clearly suggesting that steroids influence nociception.

Figure 1. 
Nociception. Harmful stimuli are transduced along the terminal axon of specialized pseudounipolar neurons 
(nociceptors), which are classified as unmyelinated C fibers (red) and thinly myelinated Aδ fibers (orange); 
myelinated Aβ fibers (blue) transduce innocuous stimuli. The cell bodies of these peripheral sensory neurons 
are located in the dorsal root ganglia and trigeminal ganglia. Nociceptors innervate the epidermis and viscera, 
transducing noxious stimuli through the activation of several ion channels such as members of the TRP family. 
Finally, the information is transmitted to second order neurons located in the dorsal horn: C fibers and Aδ 
fibers mainly establish contact with neurons from layers I and II, while tactile Aβ fibers end mainly in layers 
III and V.
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2. Nociceptive TRP channels

The functional properties of nociceptors are critically regulated by the activ-
ity of ion channels expressed in their plasma membrane. Some of these channels 
belong to the Transient Receptor Potential (TRP) family that play vital roles as 
detectors of a wide range of biological signals. Some TRP channels are crucial recep-
tors within nociceptors since they function as molecular machinery to transduce 
several noxious sensory stimuli [17].

In mammals, the TRP family consists of 27 members grouped into 6 subfamilies 
based on their sequence homology as follows: TRPC (canonical), TRPV (vanilloid), 
TRPM (melastatin), TRPP (polycystin), TRPML (mucolipin) and TRPA (ankyrin) 
subfamilies. A seventh group is the TRPN (no mechanoreceptor) subfamily which 
is not found in mammals, although it is found in the fruit fly, in C. elegans and 
zebrafish [18]. These receptors are nonselective cation channels that show an overall 
tetrameric structure, with each monomer being a six-pass transmembrane (S1-S6) 
protein with a hydrophilic re-entrant loop between the last two transmembrane 
segments that give rise to the ion conduction pore in the tetrameric arrangement, 
Figure 2. These channels have cytosolic N- and C- termini which are highly variable 
between the different members of the TRP subfamilies [19].

Some TRP channels are expressed in nociceptors where they display essential 
roles in the transduction of several noxious stimuli. Among these nociceptive TRP 
channels are TRPA1, TRPV1–4, TRPM2–3 and TRPM8 [17] which are activated by 
noxious thermal, chemical and mechanical signals and hence they are important 
pain-mediators, Table 1.

The TRPA1 channel, originally described as a cold sensor [20], is activated by 
several external compounds such as isothiocyanates contained in natural products 
such as wasabi, horseradish and mustard oil. Other natural TRPA1 activators are 
allicin and cinnamaldehyde, compounds found in garlic and cinnamon, respectively, 
and acrolein is also an exogenously-found compound that activates this ion channel 
[21–24]. TRPA1’s activation by temperature in humans is still controversial, since 
some reports have described that TRPA1 is an insensitive cold-channel [23, 24], 

Figure 2. 
Overall 3D-structure of a TRP channel. Tetrameric assemble for TRP channels. The colored domains represent 
conserved domains in these channels: Transmembrane domain (S1-S6); the re-entrant loop forms the ion 
conduction pore; the pre-S1 helix joins the N-terminal to the S1; TRP box localized in the C-terminus. TM and 
Cyt: transmembrane and cytosolic regions. (TRPV1 3D- structure, PDB: 3J5P).
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while several experiments have strengthened its role as a cold sensor [21, 25–27]. 
Furthermore, it has also been reported that TRPA1 channel has a redundant role as a 
noxious heat sensor in the mouse [28]. Indeed, this channel is also indirectly acti-
vated by inflammatory mediators like bradykinins and directly by lysophosphatidic 
acid (LPA, a compound released during injury tissue) and some reactive species 
produced as the 4-hydroxynonenal [24, 29, 30]. Thus, TRPA1 activation by these 
endogenous mediators produces inflammatory pain.

Among nociceptive TRP channels some members of the vanilloid recep-
tors (i.e., TRPV1–4 channels) are also included. They are activated by warm 
(TRPV3-V4) to noxious heat (TRPV1-V2) and by several chemical compounds and 
osmotic changes.

The most studied channel of the vanilloid subfamily is the TRPV1 channel, 
originally described as the capsaicin receptor, since it is specifically activated by 
this pungent compound found in chili peppers [31]. This channel is also activated 
by compounds such as allicin, resiniferatoxin (a toxin found in the cactus-like 
plant Euphorbia resinifera) and by animal toxins such as the double-knot (a peptide 
toxin from the Earth Tiger tarantula), among others [31–33]. Additionally, several 
reports have demonstrated that TRPV1 activation is achieved by extracellular acid 
and intracellular basic pHs and heat (≥42°C) [31]. Furthermore, TRPV1 activation 
is produced by diverse compounds released during inflammation and tissue injury, 
for example, some arachidonic acid- and lipoxygenase-derived products, LPA 
and anandamide [34–36]. The high expression of the TRPV1 channel in small and 
medium-diameter neurons and its polymodal activation through several endog-
enous noxious stimuli, highlight it as a portal to pain; thus, the understanding of its 

Receptor Temperature Physical
Stimulus

Natural Compounds Endogenously-
produced Compounds

TRPA1 <17°C and 
noxious heat

Stretch Allicin, Cinnamaldehyde,
Allylisothiocyanate

Androstenedione
Lysophosphatidic acid

TRPV1 ≥42°C Osmolality 
(hyper)
Stretch

Capsaicin, Allicin,
Resiniferatoxin, 

Tetrahydrocannabinol

N-arachidonoyl 
dopamine, Protons 

Lysophosphatidic acid
Arachidonic acid and 
lipoxygenase-derived 

products, Anandamide

TRPV2 ≥52°C Osmolality 
(hypo), 

Stretch, Shear 
stress

Cannabidiol _

TRPV3 30–39°C _ Camphor, Gingerol, Zingerone, 
Carvacrol, Eugenol, Thymol

Farnesyl 
pyrophospahate

TRPV4 30–43°C Osmolality 
(hypo),

Shear stress

Bisandrographolide A 5,6-epoxyeicosatrienoic 
acid

TRPM2 >35°C _ _ Adenosine diphosphate 
ribose, H2O2

TRPM3 ≥40°C Osmolality 
(hypo)

— Pregnenolone sulfate

TRPM8 10–28°C Menthol, Eucalyptol Artemin, Testosterone

Table 1. 
Nociceptive TRP channels and their main activators.
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regulation is a promising field to develop new strategies in the research field of pain 
and analgesia.

The vanilloid subfamily contains two less studied than TRPV1 members: TRPV2 
and TRPV3 channels. The former is expressed in medium- and large DRG neurons, 
activated by temperatures with a threshold of 52°C [37] and by mechanical stretch 
and osmotic swelling [38]; exogenous compounds like some cannabinoids and 
endogenous lipids as lysophosphatidyl choline are also TRPV2 activators [39, 40]. 
Interestingly, the key role of TRPV2 as a noxious sensor is related to mechanical 
nociception in the somatosensory system, where it is required for the detection of 
noxious mechanical stimuli [41].

The TRPV3 channel is expressed in keratinocytes and co-expressed with TRPV1 
channels in small-diameter sensory neurons. This channel is activated by tempera-
tures between 30 and 39°C [42, 43] and camphor and cannabidiol are exogenous 
compounds that are also TRPV3 activators [44, 45]. Interestingly, it has been 
reported that polymorphisms found in the human TRPV2 and TRPV3 genes are 
associated to the susceptibility and severity to fibromyalgia, suggesting the role of 
these channels in chronic pain disorders [46].

The other vanilloid receptor playing a nociceptive role is the TRPV4 channel. 
This channel is activated by warm temperatures (~30–43°C) and hypotonicity 
[47–49]. Among the endogenous compounds that are TRPV4 activators are some 
derivates of arachidonic acid [50, 51]. Interestingly, this ion channel transduces 
osmotic stimuli inducing nociception and it is also an important mediator of the 
pruritogens effects of some compounds like serotonin [52, 53].

Finally, another TRP channels important to nociception are some members of 
the TRPM subfamily: TRPM2-M3 and TRPM8 channels. Although the TRPM2 
channel is mainly expressed in immune cells, some expression has also been 
detected in neurons from DRG and TG [54, 55]. The TRPM2 channel is a warm 
thermo-sensor, since it is activated at 35°C [56]; other activators for this channel 
are adenosine 5′-diphosphoribose (ADPR) and H2O2 [57, 58]. The activation of this 
channel through the generation of reactive species (ROS) implicates it as an impor-
tant mediator of pain perception during stress oxidative conditions, that prevail in 
some conditions as fibromyalgia and neuropathy diabetic [59, 60].

The TRPM3 channel, initially identified in β-pancreatic cells [61] has an important 
role as a sensor of noxious heat, since it is activated by temperatures ≥40°C [62]. The 
activation of this channel can modulate glucose-induced insulin secretion and also 
nociception [61, 62]. Its role in the latter is due to high expression in small-diameter 
sensory neurons from DRG and TG [62] where it also serves as a sensor of noxious 
chemical stimuli to produce painful responses [62, 63]. Remarkably, TRPM3 together 
with TRPA1 and TRPV1 channels, form a redundant trio of sensors that mediates 
noxious heat transduction and provide protection against burn damage [28].

The group of nociceptive TRP channels also comprises the TRPM8 channel, a 
cold-transducer receptor (10–28°C) which is activated by natural compounds as 
menthol [64, 65]. This ion channel is predominantly expressed in a subpopulation 
of small-diameter sensory neurons lacking TRPV1 expression [64, 65]. TRPM8 
overactivation is related to cold allodynia and hypersensitivity, pain caused by 
an innocuous cold stimulus and pain produce by enhanced sensitivity to cold 
stimulus, respectively [66, 67]. Similarly, to other TRP channels, some endog-
enous compounds such as artemin induces pain through TRPM8 activation [66]. 
Curiously, a steroid such as testosterone directly binds to this channel and induces 
its activation [68].

Clearly, the activation of these nociceptive channels is closely related to acute or 
chronic pain development and interestingly, some of these channels are targets for 
sex steroids actions, as we will describe here.
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2.1 Estrogens and nociceptive TRP channels

Estrogens influence sexual differentiation in women and they have other 
essential functions in different biological processes as regulators of the cardiovas-
cular system, metabolism, bone resorption and neuronal physiology [69]. These 
sex steroids comprise estrone (E1) and 17β estradiol (E2) and estriol (E3) [70]. 
Similarly, to other steroids, these estrogen’s actions are exerted by their interaction 
with specific nuclear receptors, the estrogen receptors alpha and beta (ERα and 
ERβ) that act as transcription factors to trigger gene regulation through a classical 
genomic pathway [71]. Furthermore, their actions also are through the activation 
of a membrane localized receptor, the G Protein-Coupled Estrogen Receptor 1 or 
GPER1 (previously named GPR30), establishing a non-classical pathway to regulate 
molecular targets [72, 73]. Several reports have suggested that estrogens influence 
some painful conditions like fibromyalgia, migraine, irritable bowel syndrome and 
temporomandibular disorder, all of which are conditions with major prevalence in 
women than in men [74–78].

Indeed, several experiments made in pain animal models have demonstrated 
the existence of sexual dimorphism in response to pain. For example, rats from a 
diabetic neuropathy model exhibited lower mechanical pain thresholds than males. 
This difference was abolished in gonadectomized animals, highlighting the sex-
related differences in diabetic hypersensitivity [79].

These differences could be attributed to estrogen actions on different targets 
implicated in the transduction of noxious stimuli such as TRP channels, as will be 
described below.

A close relationship between estrogens and the TRPV1 channel has been demon-
strated by several reports. Initially, it was stablished through behavioral assays that 
female rats exhibited increased capsaicin pain-related responses as compared to 
males. Furthermore, ovariectomized rats increased their pain threshold to capsa-
icin, which was reverted by replacement with E2 in these ovariectomized rats [80]. 
E2 effects on the TRPV1 nociception have also been evaluated during the rat estrous 
cycle, where the rats in the proestrus phase showed higher capsaicin-pain responses 
than the rats in estrus. This observation suggested that high E2 levels exhibited in 
the proestrus, positively regulate pain associated to TRPV1 activation [80]. These 
results have also been obtained evaluating the mechanical and thermal pain thresh-
old during the mice estrous cycle, showing that mice in the proestrus displayed 
lower pain thresholds than the mice in estrus [81]. Remarkably, female TRPV1 
knockout mice exhibited comparable mechanical and thermal pain thresholds dur-
ing the proestrus and estrus [81], strongly suggesting that this channel has a pivotal 
role in the transduction of these noxious stimuli and that its activation is regulated 
by estrogen levels. A partial molecular mechanism through which estrogens regu-
late the capsaicin-evoked pain has been described. Initially, it was suggested that 
TRPV1 protein levels are downregulated in the DRG from the ERα and ERβ knock-
out mice-model [82], indicating that this ion channel is a molecular target for the 
effects of estrogen receptors, Figure 3. Furthermore, several reports have evidenced 
that TRPV1 mRNA levels are upregulated by E2. For example, primary cell cultures 
of rat TG or mice DRG neurons treated with E2 displayed increases in TRPV1 
mRNA levels [81, 83]. This TRPV1 mRNA upregulation has also been observed 
in the hippocampus from ovariectomized rats treated with E2, heightening the 
allodynia displayed in a rat inflammatory temporomandibular model [84].

The upregulation on TRPV1 gene expression has been also evidenced in syn-
oviocytes, osteoclast precursors and endometrium [85–87]. Furthermore, experi-
ments performed in cultures of human sensory neurons treated with E2 have 
shown increases in TRPV1 mRNA levels and similar results were obtained when 
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the sensory neurons were incubated with a specific agonist of the ERβ [81, 88]. The 
E2-dependent effects in the aforementioned cell systems were observed after 24 h 
of treatment, suggesting that E2 achieves its actions through the classical genomic 
pathway. This possibility is strengthened by the identification of a putative estrogen 
response element (ERE) located in the promoter region of the mouse Trpv1 gene, 
implying that ERα could interact with this gene regulatory sequence to control 
TRPV1 gene transcription [89], Figure 3. These ERα bindings sites were also identi-
fied in the promoter sequences of the Trpv3–6 genes pointing out that estrogens are 
regulators of the transcription of these genes [89]. Additionally, it has been deter-
mined that different areas of the brains of mice in the proestrus (where the estrogens 
levels are high) display augmented mRNA levels for the Trpv2, v4 and v6 genes [89]. 
In contrast, this report also showed that TRPV1 and TRPV5 mRNA levels are down-
regulated in the brain from mice in the proestrus [89].

Additionally, negative E2 effects on TRPV1 activation have been evidenced in 
ovariectomized rats, which displayed reduced production of gonadal estrogens 
and augmented neuronal mitochondrial oxidative stress [90]. This was demon-
strated using primary cultures of hippocampal and DRG neurons from these rats, 
determining that the current densities produced through TRPV1 activation are 
augmented. A similar effect was observed for the TRPA1 and TRPM2 currents [90]; 

Figure 3. 
Schematic representation of the estrogen classical genomic effect in the regulation of TRPV1 gene expression. 
The inactive estrogen receptors (ER) localized in the cytoplasm form a protein complex with the heat shock 
protein (HSP). Internalized 17β estradiol (E2) interacts with the ER, activating and targeting them to the 
nucleus where they recognize the estrogen response element (ERE), a specific sequence located in the target genes 
(i.e., TRPV1 gene), resulting in positive regulation of TRPV1 expression.
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consequently, overactivation of these channels caused rises in cytosolic Ca2+ and 
triggered apoptotic dead of these neurons. These effects were prevented in cultures 
of neurons derived from ovariectomized rats treated with E2 suggesting that this 
steroid could have neuroprotective actions, avoiding Ca2+ overload caused by the 
activation of some nociceptive TRP channels and preventing neuronal death [90].

Negative E2 actions on TRPV1 regulation have also been shown in primary 
cultures of rat DRG neurons treated with E2 or with an ERβ agonist, displaying 
decreases in capsaicin-evoked currents while TRPV1 protein levels remained 
unchanged [91]. This effect was lost using a non-permeable E2 (E2 conjugated 
to bovine serum albumin) and a slight increase in capsaicin-evoked currents was 
observed [91]. This result suggests that the role of E2 on TRPV1 activation requires 
steroid internalization in order to establish an interaction with ERβ and to nega-
tively regulate this ion channel [91]. The discrete increase in TRPV1 activation using 
the non-permeable E2 is in agreement with a previous report which showed that E2 
potentiated capsaicin-induced currents in rat DRG primary cultures [92]. Moreover, 
it was recently described that E2 potentiates TRPV1 activity in an estrogen recep-
tor independent fashion, suggesting that TRPV1 could be an ionotropic receptor 
for E2 [93]. An interesting outcome from these experimental evidences is that the 
changes observed in TRPV1 expression are achieved using low E2 concentrations 
(10–100 nM) [81, 83, 88]; however, the effects on TRPV1 activation need supra-
physiological concentrations of the steroid (1–100 μM) [93, 94]. This suggests that 
low E2 concentrations could modify TRPV1 expression through a classical genomic 
pathway, whereas a non-classical E2 effect on TRPV1 activation requires high E2 
concentrations.

Non-classical E2 actions are produced faster than the genomic effects and are 
mediated by the interaction of this steroid with the GPER1 [72, 73]. The interac-
tion of E2 with this receptor triggers different signaling pathways, such as those 
of protein kinase A (PKA) and C (PKC) [72, 95], which could produce TRPV1 
phosphorylation. The phosphorylated state of the channel decreases its activation 
threshold to several stimuli, a process known as sensitization [96]. For instance, 
a phosphorylated TRPV1 channel can be activated at innocuous heat (i.e., 37°C) 
[96, 97]. TRPV1 phosphorylation also regulates the channel’s interaction with 
proteins like tubulin [98, 99], a protein association that is important to mediate 
mechanical gating of TRPV1 [100]. Interruption of the tubulin-TRPV1 complex 
through the TRPV1 phosphorylation on serine 800 (S800), decreases TRPV1 activa-
tion through osmotic stimuli [99, 100]. Interestingly, E2 through its association with 
GPER1, triggers the activation of PKCε signaling resulting in phosphorylation of 
TRPV1 in S800 and blocking the interaction of the channel with tubulin [99]; thus, 
E2 modifies microtubule-dependent TRPV1 mechanical pain sensitization.

The above data exemplify how TRPV1 is a target of classical and non-classical 
effects of estrogens, highlighting the estrogenic influence on nociception and pain 
mediated through the TRPV1 channel.

2.1.1 Estrogens upregulate TRPA1 and TRPV1 expression in endometriosis

Endometriosis is a debilitating chronic pelvic pain where the lining layer of the 
endometrium grows out of the uterus. This condition is highly estrogen-dependent 
and the lesion displays innervation of nociceptors co-expressing the TRPV1 and 
TRPA1 channels [101, 102]. Interestingly, mRNA levels for TRPA1 and TRPV1 
are upregulated in the biopsies from women with endometriosis [88], thus it is 
feasible to consider that the overexpression of these channels could mediate the 
pain produced in this condition. The overexpression of these channels is likely to 
be through actions of estrogens, since they play a crucial role in the development 
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of this anomalous pelvic condition. Particularly, it has been demonstrated that 
female rats treated with diethylstilbestrol, a non-selective estrogen receptor agonist, 
exhibited upregulation in the TRPV1 and TRPA1 mRNA levels [86] and this expres-
sion was found in endometrial cells. Moreover, cultured primary endometrial cells 
treated with this non-selective agonist also displayed increased TRPA1 and TRPV1 
mRNA levels, whereas the treatment with E2 (which is a highly selective agonist of 
the ERα) only induced the upregulation of the TRPV1 mRNA levels [86]. The data 
suggests that these nociceptive TRP channels are regulated by the classical effects 
of estrogen receptors; additionally, these results showed the expression of these 
channels in non-neuronal cells from the rat endometria. TRPA1 and TRPV1 gene 
expression also has been demonstrated in human endometria from healthy women; 
furthermore, endometria samples from women suffering deep infiltrating endome-
triosis (one of the most severe forms of this condition) exhibit higher TRPV1 and 
TRPA1 expression, as compared to healthy women [103].

Additionally, it has been reported that hydroxylated estrogens (catechol estro-
gens) directly activate the TRPA1 channel [104]. This was evidenced using TRPA1-
expressing HEK293 cells and whole-cell patch-clamp recordings that showed that 
2-hydroxy-estrone (a catechol-estrogen) evoked currents through activation of 
TRPA1, similarly to another agonist for this channel, cinnamaldehyde. Thus, this 
hydroxylated estrogen acts as an endogenous agonist for this nociceptive channel 
[104]. Although, the physiological role of this activation has been demonstrated 
for insulin secretion in β-pancreatic cells, it would be interesting to explore if 
the excessive production of catechol-estrogens in endometriosis (as it has been 
previously reported [105]) affects the function of the TRPA1 channel expressed in 
endometrial cells and in the free nerve terminals surrounding this area. The expres-
sion of these channels in endometrial cells could represent a therapeutic alternative 
to relieve the main symptoms related to this painful condition; thus, it would be 
relevant to deepen the studies about the functional roles of TRP channels in these 
non-neuronal cells.

In addition to the above described evidence, the roles of TRPA1 and TRPV1 in 
endometriosis have been recently strengthened through the establishment of a 
mouse endometriosis model [106]. The endometriosis-like lesions induced in these 
animals displayed the presence of nerve fibers and inflammatory cells around the 
lesions. Remarkably, theses nerve fibers showed expression of TRPA1 and TRPV1 
channels [106]. Furthermore, DRG neurons isolated from mice with induced 
endometriosis exhibited higher Ca2+ influx levels than neurons from sham animals, 
and this effect was through the activation of TRPA1 or TRPV1 channels [106]. 
The upregulation of these nociceptive channels could be directly associated with 
spontaneous abdominal pain observed in mice with endometriosis. Interestingly, 
the treatment of these mice with a synthetic androgen (danazol) or an aromatase 
inhibitor (letrozole), which are estrogen reducing agents, substantially relieved the 
spontaneously induced endometriosis pain [106]. These data reinforce the crucial 
role of estrogens in the development of endometriosis and highlight the importance 
of the TRPA1 and TRPV1 channels as molecular pain mediators in this debilitating 
form of abdominal pain.

2.2 Nociceptive TRP channels that are targeted by androgen actions

Androgens are steroids that influence the development of male characteristics 
and they are produced in the gonads (testicles and ovaries) and adrenal glands 
[107]. The main endogenously produced androgens are testosterone, androstene-
dione, dehydroepiandrosterone (DHEA) and dihydrotestosterone (DHT) [108]. 
Similarly, to other steroids, testosterone and DHT act as ligands for a specific 
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protein, such as the androgen receptor (AR), while other androgens are weak 
ligands of the AR. This receptor regulates the expression of several target genes 
through a classical genomic pathway; furthermore, AR modifies cell physiology 
through non-classical and non-genomic effects [109].

Indeed, some androgens produce fast- non-genomic effects by interacting with 
other proteins like some TRP channels and modulating their function. For example, 
through whole-cell recording electrophysiological experiments, DHEA was shown 
to decrease capsaicin-dependent currents in dissociated DRG neurons [110]. DHEA 
effects seem to be direct and specific on TRPV1 channel activation, since with the 
use of a DHEA stereoisomer the inhibition of channel activation was no longer 
observed. Additionally, testosterone reduced the activation of TRPV1 to a lesser 
extent than DHEA [110]. This suggested the presence of a DHEA-binding site in 
the TRPV1 channel, which should be extracellularly localized, since the steroid was 
applied to the surface of the neurons during the electrophysiological recordings 
[110]. However, this remains undetermined and it is possible that DHEA has an 
antinociceptive role by inhibiting this channel.

The above data exemplified the rapid non-genomic effects of DHEA on TRPV1 
activation. Additionally, testosterone seems to negatively regulate the expression 
of this channel, suggesting that TRPV1 is also a target for the classical actions of 
androgens. Supporting evidence for this was obtained in dissected TG from cas-
trated male rats with orofacial myositis (induced by the Complete Freund’s adju-
vant) [111]. The trigeminal TRPV1 mRNA and protein levels from this rat model 
were upregulated. Interestingly, TRPV1 expression is unaffected in the TG from 
castrated rats subjected to testosterone replacement [111], suggesting that testoster-
one prevents the increase in TRPV1 expression, although the molecular mechanism 
for this regulation is still unknown.

The TRPA1 channel is another molecular target for the non-classical effects 
of androgens. As a first approach, it was demonstrated that synthetic aromatase 
inhibitors evoked currents through TRPA1 channels in isolated DRG neurons; 
however, these compounds were unable to produce currents in DRG neurons from 
TRPA1 knockout mice, suggesting specific actions of the aromatase inhibitors on 
the activation of this channel [112]. Indeed, it was demonstrated that the aroma-
tase inhibitors produced pain-like behavior in mice, a conduct not displayed in the 
TRPA1 knockout mice [112]. Since these compounds increase the levels of andro-
stenedione in plasma, the effects of this androgen on TRPA1 activation have also 
been studied [113]. The results showed that androstenedione produces currents 
in mouse DRG neurons that are partially dependent on TRPA1 activation [113]. 
Furthermore, remanent androstenedione currents were abolished in the pres-
ence of the TRPV1 antagonist capsazepine, suggesting that this androgen could 
activate nociceptive TRPA1 and TRPV1 channels. Although, androstenedione is 
unable to cause acute pain-like behavior in mice, the animals exhibited mechani-
cal allodynia 30 to 120 min after its intradermal injection into their paws, an 
effect that was abolished with a TRPA1 antagonist [113]. These data indicate that 
androstenedione could act as a pain sensitizing molecule leading to the activation 
of TRPA1.

Finally, the TRPM8 channel is also regulated by androgens. Interestingly, this 
channel is a target for the classical and nonclassical actions of testosterone. Initial 
evidence showed that TRPM8 is an androgen-responsive gene since testosterone 
treatment in some prostate cancer cell lines produced upregulation in the TRPM8 
mRNA levels [114, 115]. TRPM8 expression also increases in the urogenital tract 
from orchiectomized rats supplemented with testosterone, suggesting that this 
steroid positively regulates TRPM8 gene expression [116]. Bioinformatic gene 
analysis showed that the TRPM8 gene contains putative sites for the androgen 
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receptor interaction (androgen response elements, ARE) in its promoter sequence. 
Through chromatin-immunoprecipitation assays, it was confirmed that androgens 
receptors bind to these AREs located near the start transcription site of the TRPM8 
gene [117]. These data indicated that androgens regulate TRPM8 gene expression in 
a classical genomic fashion.

The TRPM8 channel also acts as an ionotropic testosterone receptor due to direct 
interaction with this ion channel, resulting in its activation [68, 118]. Experiments 
have shown that the TRPM8 channel and the androgen receptor compete for 
testosterone and dihydrotestosterone because activation of TRPM8 by these andro-
gens is lost when both receptors are co-expressed [68]. An extracellularly-located 
testosterone binding site in the TRPM8 channel has been suggested [68], and by 
using molecular docking simulation we have identified an additional intracellular 
testosterone pocket located between the firts intracellular loop (pre-S1) and the 
transmembrane segments 1 and 2 (S1-S2) of the TRPM8 protein [119]. This analysis 
has also shown that an H-bond is formed between testosterone and an arginine 
located in the TRP box, similar to the H-bond established between testosterone 
and an arginine in the aromatase enzyme [119]. The similarity in the testosterone 
pockets of the aromatase and the TRPM8 proteins could suggest that this is a 
functional binding site for TRPM8 through which activation by this steroid could be 
achieved in a non-classical and fast fashion. Interestingly, it has been demonstrated 
that topic testosterone application on humans produced cold- and pain-sensation; 
the women resulted more sensitized to the testosterone effects than men [68], sug-
gesting a sexual dimorphism in testosterone-produced nociception through TRPM8 
activation.

A third non-classical mechanism for TRPM8 regulation by testosterone has 
been demonstrated in DRG neurons where the androgen receptor and TRPM8 
channels form a protein complex in the plasma membrane [120]. High testosterone 
concentrations (100 nM) inhibit TRPM8 channel activation and the androgen 
receptor is translocated to the nucleus [120], Figure 4. The evaluation of the 
TRPM8-mediated cold perception performed in castrated mice or rats revealed a 
decrease in their threshold for mild-cold perception; interestingly, testosterone 

Figure 4. 
Testosterone regulates the TRPM8-mediated mild-cold sensitivity. The mild-cold stimulus is transduced through 
the TRPM8 channel located in the cell surface of DRG neurons where it forms a protein complex with the 
androgen receptor (AR) (upper panel). A high concentration of testosterone (100 nM) decreases activation of 
the TRPM8 channel and produces translocation of the AR to the nucleus. The physiological consequence of this 
is the loss of the mild cold sensation (lower panel).
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supplementation in these animals inhibited cold perception (temperatures 
between 16 and 18°C) [120]. This result would suggest that testosterone confers 
endurance to TRPM8-mediated mild cold perception, which could explain the 
underlying molecular mechanism for the cold sensation experienced by women 
presenting lower levels of testosterone [16].

2.3 Progesterone downregulates TRPV1 and TRPV4 channels expression

Progesterone is a steroid indispensable to the maintenance of pregnancy and 
it also plays important roles in the cardiovascular, immune, nervous systems and 
in the bones [121]. Progesterone is produced by the granulosa cells and the corpus 
luteum in the ovaries and, during pregnancy, the placenta is the major source of 
this steroid. Additionally, progesterone is produced in the nervous system, adrenal 
glands and testes [122]. The effects of progesterone are produced through nuclear 
receptors A and B (PRA/B), activating the classical genomic pathway to regulate 
gene expression. Furthermore, this steroid exerts a non-classical pathway through 
the activation of several membrane receptors (mPR) and other receptors as the 
progesterone receptor membrane components 1 and 2 (PGRMC1/2) and by the 
Sigma-1 Receptor (Sig-1R) [123, 124].

It has been demonstrated that progesterone regulates the expression of some 
TRP channels; for example, TRPV4 gene expression is negatively regulated by clas-
sical genomic progesterone effects [125]. Initial evidence for this was observed in 
epithelial and vascular cell lines and a recent report showed a correlation between 
TRPV4 expression and progesterone levels during the menstrual cycle, demonstrat-
ing that during the luteal phase when progesterone reaches its highest levels, TRPV4 
expression is downregulated in human endometrial biopsies [126]. Furthermore, 
it has also been reported that TRPV4 expression is downregulated by a synthetic 
progestin (levonorgestrel) in a human Fallopian tubal epithelial cell line and mouse 
oviducts which could affect the transport of fertilized oocytes causing ectopic 
pregnancy [127].

Our group has determined that progesterone impacts on nociception by regulat-
ing the expression of TRPV1 channels [128]. Interestingly, this regulation is through 
a non-classical mechanism that requires an intermediate protein, the Sig-1R, 
which is a dynamic chaperone mainly localized in the endoplasmic reticulum and 
that can also be mobilized to the plasma membrane and nuclear envelope [129]. 
Progesterone decreases the levels of channels localized in the cell surface in HEK293 
cells transfected with TRPV1 cDNA [128]. But how does progesterone produce this 
effect? Our results have shown that this is achieved by disrupting a protein com-
plex formed between TRPV1 channels and the Sig-1R and by affecting the proper 
folding of TRPV1. Consequently, the channels are degraded by the proteasomal 
pathway and capsaicin-evoked currents are reduced [128]. The TRPV1 downregula-
tion through progesterone actions was also observed in primary cultures of DRG 
neurons and we also demonstrated that during mice pregnancy when there are 
high progesterone levels, the threshold to capsaicin-dependent pain-like behaviors 
are augmented in comparison to non-pregnant mice, suggesting that progesterone 
confers protection to pain produced through activation of TRPV1 [128]. This 
work exemplified the antinociceptive actions that progesterone exerts through 
the decrease in the levels of TRPV1 channels localized in the plasma membrane of 
nociceptors and by the reduction of the transduction of harmful signals through 
this ion channel. Moreover, it has also been reported that progesterone disrupts 
the protein complex formed between Sig-1R and the TRPA1 and TRPM8 channels 
[130], suggesting that this steroid could impact the nociception through these 
nociceptive TRP channels.
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3. Conclusion

Nociception is a neuronal process that protects against injurious stimuli that can 
be endogenously produced during inflammation or tissue injury processes. The trans-
duction of these signals requires the activation of ion channels such as some members 
of the TRP family. In this chapter we have described how sex steroids influence noci-
ception by regulating some of the TRP channels important for this neuronal process. 
Here we have described the data showing that estrogens and their nuclear receptors 
(ERα/β) positively regulate the expression of the TRPV1 and TRPA1 genes through a 
classical genomic pathway. The reports above discussed also show that progesterone 
and its nuclear receptors (PRA/B) negatively regulate TRPV4 gene expression.

We have also compiled and discussed the evidence about androstenedione’s and 
testosterone’s non-classical effects in the regulation of the activation of TRPA1 and 
TRPM8 ion channels directly. We have suggested a testosterone binding-pocket 
in the TRPM8 channel and we have also pinpointed an androstenedione binding-
pocket in the C-terminal and pre-S1 regions of TRPV1 and TRPA1 channels [119].

These observations strengthen the notion that androgens act as direct molecular 
regulators of some nociceptive ion channels function, playing dual roles as nociceptive 
and antinociceptive molecules. For example, androstenedione has nociceptive actions 
on TRPA1 and TRPV1 activation and testosterone at low concentrations (picomolar 
range) can produce cold sensation through the TRPM8 channel, while high testoster-
one levels could improve resilience to cold sensation inhibiting the currents through 
TRPM8. Finally, the literature here reviewed shows that the nonclassical sex steroid 
effects are mediated by membrane receptors or even chaperones such as the Sig-1R, 
affecting signaling pathways and/or protein stability. This last finding exemplifies the 
antinociceptive effects of progesterone by which this hormone reduces the transduc-
tion of noxious stimuli mediated by TRPV1 channel activation. These data open a 
research field in which we will deepen our knowledge in the role of molecular sexual 
dimorphism and the interplay between nociceptive TRP channels and sex steroids.
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Abstract

The clinical literature and recent studies in our laboratory using rodent models 
demonstrate that there are individual differences in androgens’ pleiotropic effects 
across the lifespan that need to be better understood. The question to address that 
challenges the field is that levels of androgens (current and/or prior) may not 
drive differing responses to androgens. The clinical example of Post-finasteride 
Syndrome, in which side-effects persist long after treatment is discontinued, sup-
ports investigations of this novel question relating to long-term effects of androgen 
manipulations, independent of existing levels of androgens.

Keywords: steroids, neurosteroids, testosterone, 3a-Androstanediol, post-finasteride 
syndrome, traumatic brain injury

1. Introduction

Androgens have well-known trophic actions on the reproductive, nervous, skeletal, 
and cardiovascular systems throughout the lifespan. A focus in behavioral neuro-
endocrinology has been on understanding dose-dependency, brain targets, cellular 
mechanisms of testosterone (T) and its metabolites for reproduction through andro-
gen receptors. Research has challenged the existing paradigm about androgen action, 

Figure 1. 
Androgens target brain, heart, muscle, liver, kidneys, adrenals, testes, penis, bones (left) and (right) changes in 
androgens across the lifespan with a decade by decade decline naturally or by points indicated by arrows with 
pharmacological interventions or disease [1].
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as well as taking a novel approach to understand how these trophic actions in the brain 
occur in relation to growth in the body (reproductive organs). Given androgens’ per-
vasive trophic effects from early development throughout adulthood, unique studies 
are discussed that impact our understanding of androgens’ actions (Figure 1).

2. Actions of androgens

2.1 Disparate effects and mechanisms of androgens may be meaningful

Androgens have profound effects on physiological and psychological function. 
This is apparent throughout the lifespan and with normal development as well as 
in pathological situations. In early development, androgens lay the framework for 
sex differences in reproductive tissues and brain circuitry and behavior. At puberty, 
typical diurnal secretion of androgens in males is initiated. The main circulating 
androgen is T, which can be aromatized into estradiol and 5α-reduced to dihydrotes-
tosterone (DHT). DHT is further converted to 5α-androstane,3α,17β-diol (3α-diol) 
by 3α-hydroxysteroid dehydrogenase. These different androgens have varied effects 
and mechanisms that will be discussed throughout this paper (Figure 2).

2.2 Patterns of androgens and effects in men

Men experience a decade-by-decade decline in androgens, with marked andro-
gen deficiency typically observed in the 6th–8th decade of life [1]. This shift in 
balance of androgens and estrogens can contribute to some of the adverse physi-
ological effects observed in aging, such as reduced muscle mass, osteoporosis, and 
gynecomastia, as well as increase risk of prostate pathologies. The brain is also 
adversely affected by these changes as evidenced by memory impairments, reduced 
libido, and an increased risk for depression among some men. As such, many older 
men turn to androgen-based therapies to ameliorate these symptoms. However, 
androgen-based therapies may increase risk for unwanted proliferation in the 
prostate, as well as other physical and psychological side effects. Moreover, men 
are often reported to use androgen replacement therapies even in their 4th decade 
or earlier, suggesting that some men may be particularly sensitive to even modest 
androgen decline, or trophic effects of synthetic androgens (e.g. anabolic steroids). 

Figure 2. 
Metabolism- depicts T metabolism via aromatase to estradiol and 5α-reductase and 3α-hydroxysteroid 
oxidoreductase to dihydrotestosterone and 3α-diol.
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A serious concern is that such treatments have potential to increase risk for prostate 
pathologies and other unwanted effects for brain function.

2.3 Disparate effects and mechanisms of androgens may be meaningful

Some men use treatments, such as finasteride, a 5α-reductase inhibitor, to 
manipulate trophic effects of androgens (e.g. alopecia, benign prostatic hyperplasia) 
and to reduce side effects of synthetic androgens. There can be long-term effects of 
such treatment. Finasteride use has been linked to sexual dysfunctions and mental 
side effects, including depression, even months after its use is discontinued (“Post-
finasteride Syndrome”) [2–4]. The individual differences in response to androgens, 
as well as their manipulations, are not understood but will be discussed herein. Foci 
will be on androgen receptor-independent effects and mechanisms (estrogen recep-
tor β- ERβ; brain derived neurotrophic factor- BDNF) of 5α-reductase manipula-
tions and the T metabolite (3α-diol) for driving trophic effects in the brain that may 
be parsed from such effects in peripheral targets (prostate) (Figure 3).

2.4 Novel targets of androgens and why they may be meaningful

Individual differences in responses to androgens may be attributed in part to 
current and past exposure to androgens and/or their manipulation, and subsequent 
actions at ERβ and BDNF. To address this challenging question of individual differ-
ences in responses to androgens, a unique strain and species comparison approach 
has been utilized. Rat and mouse models with different androgen load, androgen 
replacement, and 5α-reductase inhibition have been utilized. Social/reproductive, 
cognitive, and affective behavior, androgen levels, and indices of growth (BDNF, 
prostate weight) has been measured to model age- and androgen manipulation-related 
changes in physical and psychological function. One-rate limiting step to elucidating 
better treatment options for androgen-related pathologies is to have animal models 
that mimic the human condition and can be used to systematically address question 
about persistent effects of androgens in the brain and peripheral targets. These studies 
address questions of clinical importance with substantial depth and breadth for human 
health, given the pervasive nature of androgens’ lifelong effects throughout the body.

2.5  The normative role of androgens for physiological and psychological 
processes

Androgens have well-known growth-enhancing effects to regulate develop-
ment and functional aspects of the reproductive, central nervous system, skeletal, 
and cardiovascular systems throughout the lifespan (thru the lifespan that include 
patterns of androgen secretion. Supported by early investigations in the field [5], 
the capacity of androgens that are secreted from the testes during early pre- or 
peri-natal development may “organize” the central nervous system, including the 

Figure 3. 
Mechanism of action of finasteride.
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neural control of post-pubertal patterns of androgen release, as well as sensitivity of 
specific brain structures to androgens in adulthood for behaviors. From birth until 
sexual maturation, androgen levels are typically low. At puberty, androgen levels 
increase and remain high until midlife when androgen levels begin to decline. Many 
of the targets of androgens have been highlighted by changes in the tissues’ func-
tions with decline in androgens. Among people, this is often assessed by determining 
age-related changes in function. Unlike the precipitous decline in ovarian function 
with reproductive senescence that is observed among women, men experience a 
decade-by-decade decline in androgens. Figure 4 displays the data from Handelsman 
et al. 1995 and show the decline in these hormones with age [6]. This decline is 
termed “andropause” and, although the nature of the decline in steroids is different 
from that observed during the menopause of women, both situations have clear 
symptomology associated with steroid decline at this time. For example, decline in 
bioactive androgens in men with aging is associated with diminished libido, fatigue, 
decreased muscle mass, osteoporosis, depression, and/or cognitive dysfunctions. 
Given the aging population and robust effect that androgens have on physiological 
and psychological function, there is now great interest in the role of androgen-based 
therapies to obviate some of these symptoms. Moreover, there are younger popula-
tions that are using synthetic androgens, such as illicit anabolic androgenic steroids 
(AAS), with or without other drugs to alter steroid metabolism (finasteride). A seri-
ous concern that limits the use of steroid-based treatments in men is their potential 
to increase risk for prostate pathologies as well as psychological effects (Figure 5).

2.6  Typical approach to understanding the normative effects of androgens – sex 
differences, seasonal and correlational effects

In behavioral neuroendocrinology, to determine the role of a hormone for a 
behavioral process, an approach is to assess endogenous changes in hormones, 

Figure 4. 
Plot of smoothed age-specific population centiles (97.5, 95, 75, 50, 25, 5, and 2.5%) for serum testosterone 
(nmol/l; upper left), DHT (nmol/l; lower left), androgen (nmol/l; right top), and E2 (pmol/l; right lower) in 
10 897 samples from men aged over 35 years from population-based studies in three Australian cities (Adelaide, 
Perth, and Sydney) using LC–MS steroid measurements from a single lab with data analyses using GAMLSS 
modeling. A full color version of this figure is available at http://dx.doi.org/10.1530/EJE-15-0380.
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extirpation of the hormone (i.e. surgical removal of the gonads), and replacement 
back of a hormone. Endogenous changes are used to assess the extent to which 
levels of the hormone in question vary with the behavioral endpoint of interest. 
This is usually assessed in males by investigating behaviors and androgens that vary 
from: 1) females (which typically have lower levels of androgens), 2) by season (e.g. 
seasonal breeders), and 3) across the lifespan (post-pubertal, with androgen decline 
in advanced aging). One example of this type of investigation would be assessments 
of reproductively relevant behavior, such as aggression, among a seasonal breeder, 
such as a deer. Male, but not female, deer begin to grow antlers (which have util-
ity for aggressive responding in this species) during mating season post-puberty. 
Aggressive behavior among male deer coincides with peak levels of androgens and 
is reduced during non-breeding season associated with androgens levels at nadir.

2.7 Typical approach to understanding the normative effects of androgens

To begin to assess the causative role of the hormone in this behavior, the second 
and third approaches of extirpation and replacement are utilized; extirpation should 
remove the hormone and result in abolishment of the behavior and then replacement 
back of this hormone should reinstate the behavior. A classic example of this approach 
is the Berthold experiment. Although this experiment predates basic knowledge 
that hormones existed, it had been known for centuries in agriculture that there are 
clear behavioral differences in male animals when their testes were removed. Dr. 
Berthold is credited with completing the first systematic study (1849) of extirpation 
and replacement of the testes (which we now know are a main source of circulating 
androgens) to investigate secondary sex characteristics and reproductive behaviors 
of roosters. Roosters were castrated and reductions in appetitive and consummatory 
aspects of mating, as well as secondary sex characteristics, were abolished. This was 
reversed when roosters were implanted with testes. Dr. Berthold hypothesized that 
these changes in behavior and phenotype were due to a substance in the testes (rather 
than actions via nerves in the body, which was the prevailing notion at the time). 

Figure 5. 
Summary of effects of loss of androgens among men https://www.guidelinesinpractice.co.uk/mens-health/
testosterone-deficiency-treat-men-who-have-bothersome-symptoms/454121.articleSigns and symptoms.
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In summary, although these methods to understand effects of hormonal variations, 
extirpation, and replacement have a long history and have clearly contributed to 
our understanding of the relationship between hormones and a hormone-mediated 
behavior, there is also individual differences in the responses of individuals that need 
to be better understood. The relationship between a behavior and hormone levels may 
not be linear, and this relationship may be mediated by individual experience (i.e. 
current/prior androgen exposure), a response first noted over 60 years ago [7].

2.8 Typical approach to understanding the normative effects of androgens

Actions of T metabolites may account for some of T’s functional effects. T, 
the primary androgen secreted from the testes, travels in circulation to the brain 
(as well as many other target organs) and then can be metabolized by enzymes 
to other neuroactive metabolites. T can be aromatized into estradiol (E2) and 
5α-reduced to DHT (Figure 6). DHT is metabolized to 5α-androstane,3α,17β-diol 
(3α-diol). A consideration in understanding the effects of androgens is novel 
sources of androgens beyond metabolism. The traditional idea is that neuroactive 
metabolites such as 3α-diol are formed following secretion of T from the testes, 
which is then converted by 5α-reductase and 3α-HSD in androgen sensitive targets, 
such as the brain.

2.9 The brain is an endocrine organ and can produce androgens

These enzymes as well as others are critical for de novo production of androgens 
in the brain (termed “neurosteroidogenesis) from precursors, such as cholesterol, 
pregnanolone, and progesterone. The biosynthetic pathway for neurosteroid pro-
duction involves many recognized factors, including the 18kDA translocator protein 
(see Figure 7): TSPO, a.k.a. peripheral-type benzodiazepine receptor), the ste-
roidogenic acute regulatory (StAR) protein, cytochrome P450-dependent C27 side 
chain cleavage enzymes (P450scc), 3β-hydroxysteroid dehydrogenase (3β-HSD), 

Figure 6. 
Metabolic pathways for formation of testosterone and its metabolites in the brain, figure provided by and 
modified from colleague Marco Bortelatto.
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5α-reductase, and 3α-HSD. TSPO and StAR have actions to transport cholesterol 
(a requisite precursor for all steroids) into the mitochondria. In the mitochondria, 
cholesterol is oxidized by P450scc to form pregnanolone, which is then metabolized 
by 3β-HSD to progesterone. Progesterone can then be metabolized to form T. A 
pathway to form 3α-diol from T involves sequential actions of 5α-reductase (an 
irreversible action that forms DHT) and then 3α-hydroxysteroid 3α-HSD. Most 
recently, we have been investigating the pregnane xenobiotic receptor (PXR) as a 
novel target for neurosteroid production [8].

2.10 ERβ and GABAA receptors as targets for androgens in brain

Here we focus on two novel targets of androgens for trophic effects, estrogen 
receptor beta (ERβ) and GABAA receptors. Androgen metabolites act at a variety 
of targets to influence psychological (affective, cognitive) and physiological 
processes (prostate). High physiological androgens are associated with improved 
affective and cognitive performance; castration (gonadectomy- GDX) increases 
anxiety-like behavior, and detriments in their cognitive abilities and effects can be 
reversed with administration of T [9–14]. These studies using the typical approach 
assessed these effects in young male rodents (with comparable lifetime exposure to 

Figure 7. 
Neurosteroidogenesis- formation of 3α-diol from cholesterol.

Figure 8. 
Receptor targets of androgens.
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androgens). Aged male rodents do not have improved cognitive or affective perfor-
mance when administered T, compared to their younger counterparts; this effect 
was associated with a reduced capacity for producing 3α-diol [14]. 3α-diol may 
be similarly effective, if not more so, than administration of T alone for decreas-
ing anxiety behavior of GDX rats [12, 13]. Blocking formation of 3α-diol through 
administration of indomethacin can reverse these beneficial effects of androgens 
on affect and cognition [12, 13, 15]. An important consideration in understanding 
the role androgens is their different mechanisms of action. See Figure 8.

2.11 The brain has multiple targets for androgens

3α-diol has novel mechanisms of action. T and DHT bind to androgen recep-
tors (ARs), and some of the proliferative effects of androgens on the prostate may 
be through this mechanism. However, it seems that non-AR mechanisms of other 
T metabolites may be important for cognitive and/or affective behavior. 3α-diol 
has actions via ERβ and GABAA receptors [16–20] (Figure 8). E2 readily binds to 
cognate ERα and ERβ, and can enhance benign prostatic hyperplasia and adenocar-
cinoma, likely via actions at ERα, not ERβ, but this is not completely understood. 
Indeed, androgens’ and estrogens’ (anti)proliferative effects may depend in part 
upon tissue type and actions at ERs subtypes, ERα and ERβ, which are differentially 
distributed across the body and brain. In the prostate, ERβ is highly expressed in 
epithelial cells. Although ERα is localized in the stroma, ERα also has been found in 
premalignant and malignant epithelium of the prostate. In the brain, ERβ expres-
sion predominates in hippocampus and cortex, regions involved in cognition and 
affect. ERβ knockout mice have prostate hyperplasia in aging, suggesting a potential 
inhibitory role of ERβ for prostate growth [21, 22]. However, the stress reducing, 
cognitive and affective behavior enhancing effects likely occur through actions 
at ERβ as male mice or rats have greater responses to androgens that have actions 
at ERβ and ERβ knockout mice show reductions in these cognitive and affec-
tive responses [17]. Mice with the tfm mutation, rendering ARs non-functional, 
respond better than do wildtype mice to administration of 3α-diol for anti-depres-
sive behavior in the forced swim test (Figure 9). Thus, trophic effects of androgens 
in the brain and body may be dissociable and involve different targets beyond the 
traditional target of androgens, the ARs.

Figure 9. 
Tfm and ERβ knockout mice show more depressive-like behavior than do wildtype mice, an effect that can be 
reversed by administration of 3α-diol in the forced swim.
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2.12  BDNF as another novel mechanism for individual differences in responses 
to androgens

In addition to mechanisms of androgens in the brain and body through ERβ, 
the proposed project will investigate brain-derived neurotrophic factor (BDNF) 
as a target for these trophic actions. BDNF is a neurotrophin that is abundantly 
expressed in many central nervous system regions, most notably in regions of inter-
est in the proposed studies for their involvement in cognitive, affective, and repro-
ductive function (prefrontal cortex, hippocampus, and hypothalamus). BDNF is 
considered a marker of brain plasticity owing to its role in synaptic reorganization, 
neurogenesis, and dendritic branching and spine formation as well as cognitive 
and affective processes. Moreover, there is growing evidence for the role of gonadal 
hormones for regulating BDNF, namely, estradiol [23]. Less is known about the role 
of androgens for BDNF, but there is some evidence for sex differences, regimen, 
and region/cell-specific effects of androgens for BDNF. For instance, it has been 
argued that T produces tonic suppression of BDNF levels in mossy fibers of the 
hippocampus among adult male rats (but the opposite occurs with estradiol among 
female rats [24]. Indeed, among male rats that do not show GDX-induced decre-
ments in cognitive performance, there is increased BDNF in mossy fibers of the 
hippocampus [25]. Enriched environment increases testosterone and BDNF levels 
in the grossly-dissected hippocampus of female, more so than male rats, compared 
to rats living under typical lab conditions [26]. However, among male mice, GDX 
decreased levels of BDNF in pyramidal neurons in the CA1 area, an effect prevented 
by T replacement [27]. Physiological dosing of T produced antidepressant effects 
that were mitigated when the BDNF target, extracellular signal-regulated kinase 2, 
is blocked [28]. We propose that some effects of T for BDNF may be related to its 
metabolite, 3α-diol. We have found that hippocampus levels of BDNF are reduced 
among mice with knockout of ERβ, coincident with lower 3α-diol levels (Figure 8). 
These findings indicate the role of androgens for BDNF is not linear, and there are 
gender, regimen, and target-specific effects (Figure 10).

2.13 Differential responses to androgens

Variations in the levels of T and its metabolites, may influence affect and/
or cognition in men. Men who have higher endogenous levels of T have a lower 
incidence of depression [29]. Conversely, young hypogonadal men, with low 
endogenous T and DHT levels, are more likely to be diagnosed with an anxiety or 
depressive disorder, and exhibit decreased performance in cognitive tasks [30, 31]. 

Figure 10. 
3α-diol administration increases BDNF levels, but not prostate weight, among wildtype mice, irrespective of 
3α-diol levels in the hippocampus. Among ERβ knockout mice, 3α-diol levels are lower and there is reduced 
BDNF in the hippocampus (but no change in prostate weight).
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Treatment for these men includes T replacement, which can increase positive, and 
decrease negative, mood, while improving cognition [32]. However, a different 
pattern is apparent with use of androgens, such as AAS, among some eugonadal 
men. AAS are the synthetic variants of T. They are abused by growing numbers 
of individuals in this country ranging from adolescents, seeking to improve their 
appearance, to professional athletes attempting to elevate their performance. The 
costs associated with AAS abuse are substantial. For the individual, AAS abuse is 
associated with many adverse physical and behavioral consequences. There can be 
dramatic cognitive and mood changes that are observed among some users of AAS 
(“‘roid rage”) and other serious, permanent side effects: kidney and liver dam-
age, liver cancer, heart disease, and hypertension, suppression of T production, 
testicular atrophy, and gynecomastia. In adolescent males, AAS abuse can hasten 
the onset of adulthood, promote early baldness, limit stature, and cause premature 
growth plate closing. Together, these data suggest that there are individual dif-
ferences in response to androgens that may be related to current hormonal state 
and/or age.

2.14 Aging and androgens

In aged men, there is a decade-by- decade decline in levels of androgens and an 
increase in bioavailable estrogens, with marked androgen deficiency most typically 
observed in the 6th–8th, even 9th, decade of life [33]. However, this shift in balance 
of androgens and estrogens can contribute to some of the adverse physiological 
effects observed in aging (termed “andropause”), such as reduced muscle mass, 
osteoporosis, and gynecomastia, as well as increase risk of prostate patholo-
gies (from benign prostate hyperplasia to prostate carcinoma). The brain is also 
adversely affected by these changes and there are increased memory impairments, 
reduced libido/sex drive, and an increased risk for depression. As such, many men 
turn to androgen-based therapies to replace back androgens to ameliorate these 
symptoms. Clinical studies have demonstrated that administration of T to some 
aged men reinstates their affective and cognitive performance [34–36]. Despite 
the notion that marked androgen deficiency is most common after 60 years of age 
among men, men are often reported to use androgen replacement therapies even in 
their 4th decade, suggesting that some men may be particularly sensitive to decline 
or age-related changes in androgens, but this is not clear.

2.15 Prostate health and androgens

T and its metabolites have trophic effects on the prostate in addition to other 
reproductive structures of males from early development. Among older men, 
decline in androgens, and an increase in estrogens, may underlie risk for prostate 
proliferation. Indeed, treatments for prostate cancer include those that alter 
androgen levels (releasing hormone or metabolism inhibitors) [37] and/or actions 
(androgen receptor antagonists). DHT binds with a higher affinity than does T to 
ARS [36], and DHT is highly active in prostate, where it may cause proliferation 
[38]. Because of this, 5α-reductase inhibitors have been used as a treatment for BPH 
and prostate cancer [39–41]. As prostate cancer progresses, carcinomas can become 
steroid-insensitive and metastasize, leaving no effective treatments. Moreover, 
there can be side effects of such androgen manipulations. For instance, men have a 
slightly decreased sex drive with finasteride, which can be reversed upon treatment 
cessation [42], among most individuals. There is a clinical situation where there is 
a prolonged response to such androgen manipulations, even when the therapy has 
ceased, that is informing present studies (below).
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2.16 Post-finasteride syndrome

The 5α-reductase inhibitor, finasteride, whose mechanism of action can be seen 
in Figure 11, is approved for treatment of benign prostate hyperplasia and male pat-
tern baldness (androgenic alopecia). It also has off-label use among men using AAS 
to decrease side effects of AAS or block detection of AAS with drug tests. Effects of 
finasteride treatment to persistently reduce levels of DHT and 3α-diol glucoronidate 
have been reported among older men assessed over a years (~75 reduction from 
baseline; [43]. Benefits of finasteride for benign prostate hyperplasia and alopecia 
generally occur after chronic administration (6+ months) and subside when the 
treatment is discontinued [44, 45]. However, a more recent report suggests that 
there are individual differences in response to finasteride for alopecia. In this study, 
men were treated with finasteride and hair growth assessed over 10 years. Men 
that had the greatest increase in hair growth were those who had started treatment 
over 30 years of age, suggesting those that had experienced longer decline in hair 
growth were most responsive to the treatment. Additionally, subjects that had the 
greatest amount of hair growth in the first year were those same subjects who had 
the greatest overall hair growth over the period of the study [46]. Together, these 

Figure 11. 
Prostate weight (top) and the latency to intromit in standard mating paradigm (bottom) among 
gonadectomized (GDX) or gonadally-intact male rats implanted with vehicle, testosterone, and/or finasteride. 
* indicates main effect of gonadal condition; † indicates main effect of T condition; ‡ indicates main effect of 
inhibitor condition, p < 0.05.
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results suggest that there are individual differences in response to manipulation of 
5α-reductase by finasteride. Additionally, there is evidence of individual differences 
in response to finasteride when considering side effects of this treatment.

The known side effects of finasteride include sexual dysfunction (e.g. loss of 
libido, impotence, ejaculatory or erectile dysfunction), gynecomastia, changes 
in cognition, and affect (including depression, which was added to the product 
package insert by Merck in 2010). Of particular interest is that there are side effects 
after finasteride is discontinued. For example, there are reports of persistent sexual 
dysfunction following discontinuation of finasteride [4, 46–48]. Additionally, 
former users of finasteride report sexual dysfunction and have high scores on the 
Beck Depression Inventory more than 3 months after cessation of finasteride use 
[2, 3]. In this study, 75% of men (61 total in the study) showing persistent sexual 
dysfunction following finasteride discontinuation had symptoms of depression 
(assessed by Beck Depression Inventory) over 3 months later. It is assumed in these 
individuals that endogenous androgen levels have normalized, so the question 
remains regarding potential mechanisms of these long-term changes in behavioral 
responses. A recent publication has shown that there seems to be a reduced capacity 
for neuroactive steroid production (as measured in cerebrospinal fluid or plasma) 
of individuals with side effects following discontinuation of finasteride for alopecia 
[49]. Studies in patients at risk for prostate cancer prescribed finasteride demon-
strate increased testosterone and decreased DHT and 3α-diol glucuronide (mainly 
produced in the liver) in circulation [43], in addition to differences in cholesterol 
profile [49]. Whether levels coincide with symptoms is not understood. We have 
collected pilot data in support of this idea in male rats. In this study, male rats were 
GDX or gonadally-intact and were administered T or vehicle chronically in conjunc-
tion with finasteride or vehicle. Rats that were GDX, compared to intact rats, had 
lower circulating T and DHT levels, smaller prostates and longer latencies to initiate 
sexual contacts with a female (as to be expected). T-replacement increased plasma 
T and prostate mass. Similar to GDX, finasteride decreased prostate weight and 
inhibited sexual behavior (Figure 11). A preliminary finding in this study was that 
the finasteride treatment had variable effects to reduce the 5α-reduced metabolite, 
DHT, and that the levels determined do not seem to coincide with the behavioral 
patterns observed. As such, the present proposal is informed by the clinical lit-
erature and preliminary results in our laboratory using an animal model. Thus, of 
clinical relevance is consideration of long-term effects of androgen manipulations 
that extend beyond the treatment period. We propose, such as with post-finasteride 
syndrome, that there may be long-term consequences of changing androgen milieu 
that may be independent of specific levels of androgens at a particular time.

One factor that seems to be linking the individual differences in responses 
to androgens is related to different current and/or prior exposure to androgens, 
rather than linear effects of androgen levels for the response; additionally, effects 
of androgens may be via novel targets, ERβ, BDNF or GABAA activity. Studies 
will be challenging the current notion in field of behavioral neuroendocrinology 
that behavioral effects are not just due to the levels at the time the behaviors are 
assessed, but that there can be persistent effects beyond this. Testing this hypoth-
esis is also a challenge to pharmacology in that effects/side effects should subside 
when the drug is discontinued. Proposed work is a challenge to the insular nature 
of science in that assessments of androgens will not only be in the brain/behavior, 
but also an investigation of brain effects in context of body (e.g. prostate growth/
sex behavio4). Overall, to address this question about long-term consequences of 
changing androgen milieu that may be independent of specific levels of androgen 
concentrations at a particular time and novel cellular targets for these effects, is a 
transformative approach to the problem that must be taken.
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Recently, the chemist who began making Viagra has appeared in daytime TV 
shows such as Dr. Oz and Dr. Phil. He has made a great deal of money for himself and 
his company, so much so that he feels guilty because Viagra is based on L-Arginine, 
which increases blood flow to all cells of the body. This was effective for ED and 
could be used by most people except those with risk for hypertension, heart attack, 
and stroke, and is readily available at low to no cost in pharmacies groceries stories. 
The investigator knew this, he only needed to figure out how to more specifically 
increase the blood flow and also had to increase not just consummatory (bigger 
and longer erections) aspects of behavior, but motivational (increase sex drive, 
sexual confidence, energy) which L-argnine itself did not do. Through my extensive 
pharmacological training and knowledge of naturopathic medicine, I suggest the use 
of Boron rather than L-Arginine so that blood flow would be more directed to the 
penis rather than the whole body, preventing potential side effects of heart attack, 
stroke, etc. Orchic could be added because it has a beneficial effect on mood patterns 
to reduce stress and promote relaxation. Saw palmetto is well known Asia to enhance 
energy, strength and stamina. Nettle extract is a known aphrodisiac that can also 
help boost testosterone levels. Biopterin is used to more rapidly enter target sites 
and boost energy, stamina, and sexual motivation. My colleague gave up most of 
the formula that increases testosterone and nitric oxide production in the penis and 
results in improved libido, sexual motivation, sexual confidence, and sexual perfor-
mance. Within days there were multiple substances on the market, most of which 
were a supplement similar to this. It is unclear what the long-term consequences are 
going to be of this supplement, however it may well be a solution to using finasteride 
for hair growth and it may help those with post finasteride syndrome as part of their 
recovery on sexual side effects and ahedonia. Like all good cooks, who occasionally 
have memory lapses, I did not include a key naturopathic ingredient in our original 
formula. We do however hope to have our product patented out and on the market 
soon, aimed at the target audiences indicated above and hitting targets that are not 
just based upon ED or consummatory aspects of finasteride syndrome but also 
will have beneficial aspects of drive and motivation (regulated by dopamine) and 
impulse control regulated by the inputs on the A8, A9, A10 dopamine cell bodies 
(GABA, GLUTAMATE), and other drive desire aspects to socialize (oxytoxin) [50].

© 2021 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

Androgen Signaling in the 
Placenta
Agata M. Parsons Aubone, River Evans and Gerrit J. Bouma

Abstract

The placenta is a multifunctional, transitory organ that mediates transport of 
nutrients and waste, gas exchange, and endocrine signaling. In fact, placental secre-
tion of hormones is critical for maintenance of pregnancy, as well as growth and 
development of healthy offspring. In this chapter, the role of androgens in placental 
development and function is highlighted. First, a brief summary will be provided 
on the different mammalian placental types followed by an overview of placental 
steroidogenesis. Next, the chapter will focus on genomic and non-genomic androgen 
signaling pathways. Finally, an overview will be provided on the current status of 
androgen signaling in the placenta during normal and abnormal pregnancies.

Keywords: pregnancy, placenta, testosterone, dihydrotestosterone, androgen 
receptor

1. Introduction

Establishing and maintaining pregnancy requires a finely regulated series of 
physiological events involving mother, fetus, and placenta. The essential role of 
steroid hormones in the production and maintenance of many of these changes is 
well characterized. For example, important effects of progesterone include prepara-
tion of the endometrium for implantation [1], modulation of the maternal immune 
response to tolerate the fetal allograft, maintenance of myometrial quiescence [2], and 
preparation of mammary glands for lactation. Estrogens appear to influence uterine 
blood flow and neovascularization, increase the expression of critical proteins that 
are involved in progesterone production and steroid metabolism and participate in 
preparation of mammary glands for lactation [3, 4]. Throughout pregnancy, levels 
of maternal circulating androgens, including testosterone (T), dihydrotestosterone 
(DHT), dehydroepiandrosterone (DHEA) and androstenedione (A4) increase, with 
concentrations three-fold higher by the third trimester when compared to non-
pregnant levels in women [5]. Although T is a well-known precursor for estrogens 
(E2) synthesis, the placenta can both be a source and a target for androgens. The goal 
of this chapter is to summarize what is known about androgens and androgen receptor 
in pregnancy and compare it between species and between different types of placenta.

2. Placenta classification

The placenta is a multifunctional, transitory organ that mediates transport 
of nutrients and waste, gas exchange, and endocrine signaling. In fact, placental 
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secretion of hormones is critical for maintenance of pregnancy, as well as growth 
and development of a healthy offspring. Despite fulfilling similar functions, there is 
a wide range of diversity in placental anatomo-histology among species.

During early embryogenesis, the first cells to differentiate are trophoblast cells, 
which form the chorion or fetal portion of the placenta. Villous trophoblast cells 
have two distinct cell populations; undifferentiated cytotrophoblast cells and dif-
ferentiated syncytiotrophoblast tissue. The syncytiotrophoblast tissue is a continu-
ous, multinucleated, specialized layer of epithelial cells, which covers the villous 
surface and is in direct contact with maternal blood. This layer is formed by fusion 
of cytotrophoblast cells.

Placental gross morphological classification is based on the shape and the area 
of contact between fetal and maternal tissue [6]. There are four commonly describe 
placental shapes among mammals:

1. Diffuse placenta, present in the horse and pig, has chorionic villi in contact 
with the uterine endometrium throughout the entire surface of the allanto-
chorion, forming either folds (pig) or microcotyledons (horse).

2. Cotyledonary placenta, present in ruminants, is made up of multiple discrete 
areas of attachment called cotyledons, which are formed by the interaction 
between the fetal allantochorion and the maternal endometrium. The fetal 
side of this type of placenta is called cotyledons, the maternal side is called 
caruncles, and the cotyledon-caruncle complexes are known as placentomes.

3. Zonary placenta, present in carnivores such as dogs and cats, has the shape of 
a complete (dog and cat) or incomplete band (ferrets and raccoons) of tissue 
surrounding the chorionic sack.

4. Discoid placenta, present in rodents and primates, is formed by a collection of 
villi on a single (mice and human) or double (rabbit) disc.

In addition to the gross morphological classification, placentas are also categorized 
by histology (Figure 1) which is based on the different number of cell layers separating 
fetal from maternal circulation [7]. Before the placenta is formed, there are a total of 
six layers of tissue separating maternal and fetal blood. Three of these layers are fetal 
extraembryonic membranes in the chorioallantoic placenta of all mammals, all of 
which are components of the mature placenta. These three layers include endothelium 
lining allantoic capillaries, connective tissue in the form of chorioallantoic mesoderm, 
and chorionic epithelium, derived from trophoblast cells. There are also three layers 
on the maternal side, but the number of these layers which are retained after placenta-
tion varies greatly among species. The three potential maternal layers in a placenta are 
endothelium lining endometrial blood vessels, connective tissue of the endometrium, 
and endometrial epithelial cells.

Based on this degree of separation, or number of layers separating the fetal and 
maternal tissues, there are four different types of placenta (see Figure 1):

1. Epitheliochorial placenta, present in pig and horse, consists of all six layers 
separating maternal from fetal blood throughout gestation. The trophoblast 
cells make contact with the uterine epithelium forming microcotyledons 
(horse) or chorionic folds (pig). Microcotyledons contain highly vascularized 
chorionic villi that extend into elaborate invaginations of the endometrium. 
Chorionic folds are formed by the lining of the chorionic villi into the wrinkled 
surface of the uterine epithelium.



75

Androgen Signaling in the Placenta
DOI: http://dx.doi.org/10.5772/intechopen.94007

2. Synepitheliochorial placenta, present in ruminants, contains the same layers 
as an epitheliochorial placenta. In this type of placenta, the uterine epithelium 
is modified by invasion and fusion of binucleate cells forming the syncytium, 
which contains embryonic and maternal nuclei. More recently, multinucleated 
trophoblast giant cells (TGC), formed by incomplete cytokinesis of mono-
nucleated trophoblast cells, are believed to remove endometrial epithelial cells 
and fuse and contribute to the syncytial trophoblast layer [8].

3. Endotheliochorial placenta, present in carnivores (cats and dogs), is formed 
when the endometrial epithelium is disrupted during placentation, and fetal 
chorionic epithelial cells come in contact with maternal endothelial cells. 

Figure 1. 
Histological classification of the placenta.
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During implantation, cytotrophoblast cells surround the central third of the 
chorioallantois and proliferate to form a syncytium called the syncytiotro-
phoblast layer. The syncytiotrophoblast layer erodes through the endometrial 
epithelium and grows around maternal capillaries. Initially, the invading fetal 
cells are in the form of villi, but villi soon coalesce to form a labyrinthine-type 
placenta. For this reason, only four tissue layers separate the maternal from the 
fetal blood.

4. Hemochorial placenta, present in humans and rodents, is the most invasive 
form of placentation. Fetal chorionic epithelium is bathed in maternal blood 
because chorionic villi have invaded through endometrial epithelium and 
eroded through maternal endothelium. The number of trophoblast layers in 
contact with the maternal circulation shows variation between species. It is 
hemomonochorial in humans, with one layer of syncytiotrophoblast, and 
hemodichorial in primates, with one layer of syncytiotrophoblast upon one 
layer of cytotrophoblast cells. Finally, it is hemotrichorial in rodents with one 
layer of cytotrophoblast and two layers of syncytiotrophoblast separating 
maternal and fetal blood.

3. Placenta steroidogenesis

A key function of the placenta is the secretion of hormones. Like other steroid 
hormones, T is derived from cholesterol and the synthesis involves several enzy-
matic steps. The first and fundamental step in its biosynthesis involves the oxida-
tive breakdown of the cholesterol side chain by the enzyme P450scc (side-chain 
cleavage), a mitochondrial cytochrome oxidase, resulting in the loss of six carbon 
atoms to give rise to pregnenolone. Only certain cell types in humans are capable of 
pregnenolone synthesis, including testicular Leydig cells, ovarian theca and corpus 
luteal cells, placental trophoblast cells, cells of the adrenal cortex, and specific cells 
in the brain, such as the pyramidal and granular neurons of the hippocampus and 
the Purkinje cells from the cerebellum [9]. The resulting pregnenolone is either 
converted to progesterone or 17 α-hydroxypregnenolone via 3β-hydroxysteroid 
dehydrogenase (HSD3B) or cytochrome P450 17A1 (CYP17A1), respectively. 
Progesterone is secreted into maternal circulation, and 17α-hydroxypregnenolone 
can be metabolized to DHEA via CYP17A1. DHEA is oxidized into A4 via HSD3B. 
A4 is then reduced to 5 α-androstenedione via 5 α-reductase (SRD5A). DHEA and 
A4 can be converted by 17 β-hydroxysteroid dehydrogenase into androstenediol and 
T, respectively. Subsequently, T is converted into DHT via 5 α-reductase (SRD5A). 
T and 5 α-androstenedione can further be metabolized to estrogens via aromatase 
(CYP19A1) [10]. A summarized overview of placental steroidogenesis is provided 
in Figure 2.

Androgens are synthesized in tissues where 17α-hydroxylase/17,20-lyase cyto-
chrome P450 (P450c17) exists. This enzyme is located in different tissues such as 
fetal and maternal adrenal glands, fetal ovaries and testes, and the corpus luteum, 
depending on to the animal species. In non-pregnant woman, 50% of all DHEA 
is secreted by the adrenal glands, 20% from the ovarian theca and 30% is derived 
from metabolism of circulating DHEA sulfate [11]. Adrenal glands and ovaries 
produce equal amounts of A4, with the total daily production rate 1.4-6.2 mg/
day [12]. 50% of T is synthesized in the ovaries and adrenals and the other half 
is produced from A4 in the peripheral tissues. Daily production rate of T in non-
pregnant women is in the order of 0.1–0.4 mg/day. Finally, the conversion of T to 
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DHT occurs in peripheral tissues, such as ovaries and skin, with a daily production 
rating between 4.3 and 12.5 mg/day.

During pregnancy, an additional source of androgens comes from the fetus and 
placenta (Figure 2). Androgens are principally synthesized in the corpus luteum 
during early stages of gestation in rats and dogs and this function is taken over by 
the placenta in late stages of gestation in rats [13]. In sheep and goats, P450c17 is 
present in the placenta [14]. Some studies revealed that the absence of P450c17 in 
human and horse placentas results in negligible androgen synthesis [15]. However, 
protein and mRNA levels of CYP17A1 have been detected in primary human tropho-
blast cells and the human trophoblast cell line JEG-3 and trophoblast cells were able 
to generate testosterone de novo [16]. Placentas associated with a male fetus at term 
have increased expression of 5 α-reductase compared to a female fetus [17]. This 
enzyme is involved in reducing T to DHT, a potent androgen with a higher binding 
affinity to AR than T, suggesting the placenta may play a role in the hormonal differ-
ences between pregnancies between female and male fetuses.

In horses, the placenta does not appear to express P450c17 and thus cannot 
convert de novo c21 progestogens (pregnenolone and progesterone) to the c19 
androgens (DEHA and A4). In this case, the fetal gonads are the main androgen 
source as estrogens precursor during mid to late gestation in the horse. Removal 
of fetal gonads results in an immediate fall in maternal plasma concentrations 
of conjugated and unconjugated estrogens whereas progestogens levels remain 
unchanged [18].

Figure 2. 
Summarized overview of the functional interaction between the placental, maternal and fetal compartments 
for the biosynthesis of progesterone, estrogens and androgens by the human placenta. Progesterone is produced 
mainly from maternal cholesterol. Progesterone can be metabolized into DHEA by the maternal and fetal 
adrenal gland. DHEA can be converted into T. Subsequently, T can further be metabolized to estrogens via 
aromatase (CYP19A1). In horses, the placenta does not appear to express P450c17 and thus cannot convert de 
novo c21 progestogens (pregnenolone and progesterone) to the c19 androgens (DEHA and A4). It is for this 
reason that the reaction occurs in the fetal adrenal.
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4. Androgen signaling and placenta function

To exert a cellular response, steroid hormones need to bind to either a membrane 
receptor or an intracellular, nuclear or cytoplasmic receptor. T and DHT can bind to 
either type of receptor, AR (encoded by AR, in the human Xq11-12), or a membrane-
bound receptor, such as G protein-coupled receptor family C group 6 member A 
(GPRC6A) [19]. DHEA and A4 require conversion to T or DHT to exert their andro-
genic effects.

AR is expressed at all levels of the female hypothalamic-pituitary-gonadal 
axis, including the brain, ovarian stroma, ovarian follicles and corpus luteum. 
Furthermore, AR is present in first trimester and term placenta, and localizes to 
the cytosol of placental villi, and in cytotrophoblast, differentiated syncytiotro-
phoblast, and placental stroma [20]. In ruminant placentomes, nuclear signals 
are predominantly observed in invasive TGC and uninucleate trophoblast cells, 
stromal cells of the chorionic villi, caruncular epithelial, and stromal cells during 
late gestation [21, 22].

AR belongs to the steroid hormone intracellular receptor family. Exon 1 of the 
AR gene encodes the N-terminal domain, which contains an activation function 1 
(AF1) region that interacts with coregulatory proteins to enhance transcriptional 
regulation of AR target genes. Exons 2 and 3 encode two distinct zinc-fingers 
(DNA-binding domain) required for interaction with a palindromic androgen 
response elements (ARE) of the core sequence, 5′-TGTTCT-3′, separated by 3 
nucleotides located within the promoter regions of AR target genes. The remaining 
exons encode a hinge region which contains the nuclear localization signal, and the 
ligand binding domain [23].

When localized to the cytoplasm, AR is bound by a number of chaperone 
proteins including heat shock protein 90 (Hsp90) as well as immunophilins. When 
ligands, T or DHT, bind to AR, there is a conformational change which exposes 
the nuclear localization signal, allowing the interaction with importin-α, which 
facilitates nuclear translocation. Once inside the nucleus, two subunits of the AR 
dimerize and bind the ARE on promoter regions of AR-target genes, resulting in 
transcriptional regulation, leading to either activation or suppression of expression. 
Co-regulatory proteins, such as histone lysine demethylases (KDMs), modulate 
transcriptional activity of AR-target genes. In sheep for example, KDMs have been 
found to act as co-regulators in trophoblast cells [22, 24]. This interaction with 
regulator factors is critical for signaling processes in the placenta.

Androgens are known to stimulate proliferation of human umbilical vein 
endothelial cells, indicating a key role for androgens during pregnancy. During 
establishment of pregnancy, androgens play a role in embryo implantation. Early in 
pregnancy, before implantation, T is converted to DHT which regulates transcrip-
tion of factors necessary for initiation of decidualization and early endometrial 
receptivity. Near the time of implantation, T itself promotes endometrial remodel-
ing, and soon after implantation it serves as an important precursor for E2 which 
regulates vascular remodeling [25]. Studies in mice reveal that insufficient andro-
gens may delay embryo implantation, whereas excess androgens lead to aberrant 
gene expression at implantation sites.

Studies on ovine placentas revealed vascular endothelial growth factor A 
(VEGFA) expression to be androgen responsive, and androgens are thought to 
regulate the expression of VEGFA and play a key role in placental angiogenesis 
[21, 23]. More specifically, AR and the KDM1A coregulator are recruited to an 
ARE in the ovine VEGFA promoter. On gestational day 90, placenta VEGFA 
mRNA and VEGFA and AR protein levels increased in testosterone-treated ewes 
compared to control placentas [22].
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In addition to the classical genomic intracellular AR mediated signaling 
pathways, androgens also act through membrane receptors. GPRC6A is a G 
protein-coupled receptor (GPCR) that functions as a membrane receptor for small 
amino acids, cations, osteocalcin, and androgens [26]. GPRC6A is known to have 
a long extracellular domain to allow for the binding of these different ligands 
[26]. GPRC6A mediates the effects of osteocalcin, a protein hormone released by 
osteoblasts, and results in the activation of the cAMP pathway and subsequently, 
testosterone synthesis by the Leydig cells of the testis. GPRC6A ligand binding can 
result in the activation of the Gαs, Gαi, and Gαq pathways (Figure 3). The presence 
of GPRC6A has been identified in placental trophoblast cell membranes, indicating 
the possibility of androgens eliciting a non-genomic effect on cells of the placenta.

Another membrane receptor that androgens elicit a non-genomic effect through 
is Zrt- and Irt-like protein 9 (ZIP9) [27]. ZIP9 is a zinc transporter that also acts as 
a receptor for androgens via G-protein coupling. Studies have revealed the presence 
of ZIP9 in ovarian tissue of Atlantic croakers, and act as a receptor for androgens 
inducing apoptosis in follicular cells, as well as promoting zinc uptake. Studies also 
show a similar action in breast and prostate tissue [28]. Ultimately, these two studies 
reveal that androgens binding to ZIP9 results in the activation of pro-apoptotic 
genes and the regulation of zinc homeostasis within target tissues [28].

Similarly, Transient receptor potential cation channel subfamily M (melastatin) 
member 8 (TRPM8) and Oxoeicosanoid receptor 1 (OXER1) bind a variety of 
ligands including androgens [29]. However, their expression during pregnancy or in 
placental cells is currently unknown.

5. Androgens and pregnancy

Androgens play a fundamental role in female physiology, particularly during 
pregnancy. In women, androgens are synthesized by cells within the ovaries, the 
adrenal glands, fat, and also in placenta, acting in an endocrine or paracrine fashion 
[30]. DHEA, mainly from the adrenal glands, acts as a crucial precursor for E2 and T 
in the ovary and other target tissues such as fat [31]. Depending on the intracellular 
availability of steroidogenic enzymes in target tissues, DHEA is converted to A4 

Figure 3. 
Androgen signaling through GPRC6A in target tissue. Image created with BioRender.com.
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which is a precursor for T, both of which can be aromatized to estrogens [32]. Some 
studies have reported an elevated level of T during pregnancy. An increase in T levels 
occurs from the first trimester of pregnancy, becoming more pronounced towards 
the third trimester, being three-folds higher than observed in non-pregnant women 
(Table 1) [36]. In contrast, maternal circulating DHEA levels decrease in pregnant 
women due to it being converted to T and E2 [37].

Steroid production varies widely among species, with these differences becoming 
more pronounced during pregnancy. Each species have their own distinct pattern of 
steroid serum levels, steroidogenic enzymes, receptors, and transporters to support 
their individual physiological requirements. For example, in dairy cows, maternal 
serum T levels increase ~100-fold during the last trimester of gestation (Table 1), as 
well as a ~50-fold increase in milk testosterone levels [38].

In the horse, T elevation during pregnancy presents a biphasic curve (Table 1). 
The first elevation is caused by luteal androgen production, which is stimulated by 
equine chorionic gonadotropin (eCG). The late rise and fall are temporally related 
to the development and regression, respectively, of the fetal gonads. The equine 
placenta has little capacity to synthesize androgens, as it lacks CYP17A1. Hence, 
androgens in the form of DHEA are substrates for E2 synthesis, and must be sup-
plied mostly by fetal gonads, forming a true feto-placental unit [39].

As androgen levels increase during pregnancy, the mother and develop-
ing fetuses usually are protected from excess bioactive androgens by increased 
secretion of sex hormone-binding and placental aromatase, which converts T 
into E2. Hyperandrogenism can result from a number of conditions, the most 
common being luteomas and theca-lutein cysts within the ovary. Luteomas are 
benign tumors that occur during pregnancy with excess androgen production in 
25-35% of the cases [33, 40, 41]. These often go unnoticed and in most cases are 
non-virilizing.

Humans Testosterone (ng/ml)

Pimiparous Multiparous

1st trimester 1.34 0.66

2nd trimester 1.98 0.73

3rd trimester 2.56 0.71

7-20 wks 0.69

21-40 wks 1.095

Horse

Days from ovulation

0-35 0.04

35-120 0.14

180–240 2.5

240-300 3.5

>300 1.5

Cow

Days from ovulation

0-90 0.020-0.050

90-270 0.22

Table 1. 
Testosterone serum levels during pregnancy in human [33], horses [34], and cows [35].
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Additional causes of excess androgen production during pregnancy are conditions 
such as polycystic ovarian syndrome (PCOS), one of the most common endocrine 
disorders in women of reproductive age, and congenital adrenal hyperplasia (CAH). 
Both conditions result in pregnancy complications, including pregnancy induced 
hypertension and pre-eclampsia, a human pregnancy syndrome characterized by 
the onset of hypertension and proteinuria after 20 weeks of gestation, and can lead 
to maternal or fetal mortality [42]. In humans, clinical observations have established 
that women with PCOS exhibit similar features as seen in classical 21-hydroxylase 
deficiency in CAH, such as anovulation, ovarian hyperandrogenism, LH hypersecre-
tion, polycystic appearing ovaries, and insulin resistance, despite normalization 
of adrenal androgen excess after birth [43]. Furthermore, animal studies have 
demonstrated that intrauterine exposure to excessive amounts of androgens can 
lead to development of PCOS after birth (reviewed in [44, 45]). In fact, prenatal 
androgenization in pregnant ewes has revealed reproductive and metabolic pheno-
types in female offspring that closely resemble PCOS in women. These observations 
suggest that androgen excess during early life, whether derived from fetal or maternal 
sources, may provide one possible mechanism to explain the occurrence of PCOS in 
adulthood.

Less common causes leading to androgen excess during pregnancy include 
placental aromatase deficiency. Aromatase is encoded by the CYP19A1 gene, and 
is responsible for converting T to E2. At least 10 different promoters have been 
identified in its regulatory region, enabling regulation in a tissue-specific man-
ner [46]. Mutations in CYP19A1 prevent aromatization of testosterone, leading 
to hyperandrogenism and phenotypes similar to androgen excess, including 
maternal and fetal virilization and development of ambiguous genitalia at birth 
[47]. Of particular interest is the observation that placental aromatase deficiency 
is associated with pre-eclampsia [48, 49]. Women with pre-eclampsia have signifi-
cantly lower levels of placental aromatase, and significantly lower levels of both 
17β-estradiol:testosterone and estrone:androstenedione ratios, as well as higher 
levels of T. In fact, this placental defect in steroidogenesis appears before clinical 
symptoms of pre-eclampsia and thus may serve as a diagnostic marker.

6. Conclusions

The focus of this chapter was on androgens and their potential role in pregnancy 
and placental development and function. Normal pregnancy in women is associated 
with increased maternal serum levels of androgens, which are derived from the 
adrenal glands, adipose tissue, ovaries, and placenta. Species differences in andro-
gen production exist reflecting species-specific needs for pregnancy maintenance 
and/or placental function. Furthermore, the placenta contains classical androgen 
receptors as well as non-classical membrane receptors, indicating the placenta is 
a target of androgen signaling. Preliminary and ongoing studies suggest a role for 
androgen signaling in trophoblast cell differentiation and placental angiogenesis.
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Chapter 5

Testosterone
Kizito Omona

Abstract

Testosterone is a hormone produced majorly by the testicles in adult human _ men. 
The hormone affects a man’s appearance and sexual development, stimulates sperm 
production and regulates a man’s sex drive. It also helps build muscles and bone mass. 
Testosterone production decreases with age. Its production is at its highest in a man’s 
early adulthood and drops slowly each year afterwards. The normal range of testoster-
one in the body is typically 300 to 1000 ng/dL for men and 15 to 70 ng/dL for women. 
A range of symptoms can occur if its production drastically drops below normal. Men 
with low T can experience a range of symptoms if its decrease becomes significant. 
Low testosterone, or low T, is diagnosed when levels fall below 300 ng/dL. A blood 
test, called ‘a serum testosterone test’, is used to determine the level of circulating 
testosterone. When the body does not produce the right amount of testosterone, the 
condition is called hypogonadism. This is sometimes called “low T”. Men diagnosed 
with hypogonadism can benefit from testosterone therapy. However, therapy is not 
usually recommended, unless testosterone level falls quite below the normal range for 
age. This is because there are some natural remedies which can help.

Keywords: low T, Hypogonadism, sex drive, erection, semen volume, mood

1. Introduction

The term Hormones refer to substances or molecules that are produced by the 
endocrine system. This system sends messages to various parts of the body and hor-
mones are the messengers used to do so. Hormones help to regulate body processes, 
like hunger, blood pressure and sexual desire, among others. Whereas hormones 
are key molecules in reproduction in human, they are fundamental to all the body 
systems [1]. Chemically, hormones may be classified as either proteins or steroids. 
All of the hormones in the human body, except the sex hormones and those from 
the adrenal cortex, are proteins or protein derivatives [2].

Hormones flow through the whole body by blood but only affect certain cells 
designed to receive their messages _ target cells. These specific cells that respond 
to a given hormone have receptor sites for the said hormone [1, 2]. This is a sort of 
lock-and-key mechanism, in that if the hormone fits the receptor site then there 
will be an effect. It is synonymous with lock and key, where if the key fits, then the 
lock opens. If a hormone and a receptor do not match, there will be no reaction. 
In some cases, target cells are localized in a single gland or organ whereas in other 
instances, they are diffuse and scattered throughout the whole body in which case 
many areas will be affected. Through modifying activities of the cells, hormones are 
able to bring about their associated effects on those target cells.

When certain types of hormones called protein hormones react with receptors 
on the surface of the target cell, the sequence of events that results in hormone 
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action is relatively fast. On the other hand, steroid hormones basically react with 
receptor sites inside a target cell. Since this method of action involves synthesis of 
proteins, the actions of these hormones are relatively slow [2].

2. The male reproductive hormones

2.1 General male reproductive hormones

Male reproductive functions are mediated by different hormones [3]. The 
‘master’ regulator hormonal axis is the hypothalamo-pituitary-gonadal/testicular 
axis which is led by the pulsatile release of hypothalamic gonadotropin-releasing 
hormone (GnRH). This, in turn, stimulates anterior pituitary trophic hormones _ 
luteinizing hormone (LH) and follicle-stimulating hormone (FSH). Luteinizing 
hormone acts upon the testicular cells, the Leydig cells for steroidogenesis while 
follicle stimulating hormone acts on the Sertoli cells to aid spermatogenesis. This 
primary axis is influenced by an array of other testicular hormones, metabolic hor-
mones and different regulatory factors. These hormonal cross-talks influence the 
intricate testicular functions, sexual behavior and semen quality in men, including 
semen volume [3]. See Figure 1 for the illustration.

Testes secrete steroids known as androgens. These androgens, in turn, are 
responsible for maintenance of male characteristics as well as male behaviors. 
Follicle stimulating hormones (FSH) released from pituitary gland stimulates the 
growth of the seminiferous tubules. Seminiferous tubules constitute much of the 

Figure 1. 
Hypothalamo-pituitary-testicular Axis and its crosstalk with other hormones in the regulation of male 
reproductive functions [3].
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structure of the testes. The hormone, FSH, promotes within seminiferous tubules 
cell divisions which will result in the production of mature sperm [4].

The luteinizing hormones (LH), also released from pituitary gland, promotes 
the development of certain endocrine tissues within the testes. These tissues are 
composed of groups of cells (interstitial tissue) between the seminiferous tubules.

Under the influence of LH, the interstitial tissues secrete the steroid hormone 
testosterone. Even though testosterone may be secreted by the adrenal cortex, the 
amount of secretion is usually insignificant [4]. Testosterone is also produced in 
ovary in females [5].

Testosterone, in the presence of normal amounts of growth hormone, promotes 
growth of the bony skeleton. This is in addition to promoting male characteristics, 
male behaviors and the maintenance of the spermatic tubules [4, 6, 9]. The secre-
tion of androgen markedly increases at puberty accounting for rapid growth at that 
stage of life [4, 7].

Illustration is shown in Figure 1.

2.2 Testosterone

Testosterone is the primary male sex hormone and anabolic steroid [6]. It is the 
main anabolic steroid hormone produced by the body but serving two main effects 
on the body:

• Anabolic effects, which promote muscle building

• Androgenic effects, which are responsible for male traits, such as facial hair 
and a deeper voice, among others.

Some athletes take testosterone to boost their performance because of its 
anabolic effects [6].

Testosterone is produced majorly by the testicles in adult human _ men [7]. In 
women, the ovaries produce the hormone [8]. The hormone affects a man’s appear-
ance and sexual development, stimulates sperm production and regulates a man’s sex 
drive, including semen volume. It also helps build muscles and bone masses [7, 8, 11].

Testosterone production decreases with age. Its production is at its highest in a 
man’s early adulthood and drops slowly each year afterwards [9]. The normal range 
of testosterone in the body is typically 300 to 1000 ng/dL (nanogram per deciliter). 
A range of symptoms can occur if its production drastically drops below normal. 
Men with low testosterone level, also known as ‘low T’, can experience a range of 
symptoms if its decrease becomes significant. Low testosterone, or low T, is diag-
nosed when levels fall severely below 300 ng/dL in male or 15 ng/dL in female. A 
blood test, called ‘a serum testosterone test’, is usually used to determine the level 
of circulating testosterone [7, 9]. When the body does not produce the right amount 
of testosterone, the condition is called hypogonadism. This is sometimes called 
“low T”. Men diagnosed with hypogonadism can benefit from testosterone therapy. 
However, therapy is not usually recommended, unless testosterone level falls quite 
below the normal range for a given age. This is because there are some natural 
remedies which can help [9].

2.2.1 Normal and abnormal levels of testosterone

A normal testosterone level range for men is 300 to 1000 nanograms per deciliter 
(ng/dL) [7]. For women, its normal level is between 15 and 70 ng/dL. However, it’s 
also considered normal to have changes in the level of testosterone throughout life [8].
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Testosterone levels can decrease naturally due to age or other health conditions. 
After the age of 40, men’s testosterone levels decrease. The decrease, on average, is 
about one percent (1%) every year. When men reach above 40 years of age, some 
symptoms of low testosterone become commonly seen. The commonest symptom 
to appear is erectile dysfunction. Irrespective of age, low testosterone levels have 
often been observed in people with obesity [8].

Hypogonadism, also called low testosterone, is the most common problem 
related to testosterone, in men.

As discussed earlier (Section 2.2), Testosterone is responsible for traits such as 
body hair, muscle mass and strength. Therefore, men with low levels of testosterone 
might notice a reduction in these traits whereas women with too much testosterone 
might notice an increase in these traits [8].

2.2.2 Chemical properties of testosterone

The molecular formula is C19H28O2 [10]. The molecular weight is 288.42 g/mol  
[11]. In medical treatment, the therapeutic testosterone is a synthetic form of 
endogenous androgenic steroid testosterone [12].

Generally speaking, in vivo, testosterone is converted into dihydrotestosterone 
(DHT) in the target tissues irreversibly by the enzyme 5-alpha reductase. The 
testosterone or DHT ligand-androgen receptor complexes then act as transcription 
factor complexes. In this way, it stimulates the expression of various responsive 
genes. In comparison, DHT binds with higher affinity to androgen receptors than 
testosterone, thus activating gene expression more efficiently. Testosterone, in 
addition, is irreversibly converted to estradiol by the enzyme complex aromatase. 
This occurs particularly in the liver and adipose tissue. Both testosterone and DHT 
promote the development and maintenance of male sex traits related to the internal 
and external genitalia, skeletal muscle and hair follicles. On the other hand, estra-
diol promotes epiphyseal maturation and bone mineralization. However, because of 
rapid metabolism by the liver, therapeutic testosterone is generally administered as 
an ester derivative (Figure 2) [11].

Figure 2. 
Chemical structure of testosterone [5].
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2.2.3 The role of testosterone

In males, testosterone is the predominant sex hormone [6, 9]. It plays a number 
of important roles. These roles include;

a. Development of penis and testes

b. Deepening of voice at puberty

c. Appearance of facial and pubic hair at puberty. It starts at puberty but later in 
life, it may play a role in balding

d. Building muscle mass and strength

e. Bone growth and strength

f. Sex drive (libido)

g. Sperm production, including semen volume

Therefore, males in adolescent stages of life, who have too little testosterone may 
not experience normal masculinization. The genitals of such males may not enlarge, 
as well as their facial and body hair may be scanty. The voice may also not deepen as 
normally expected [5].

Notably, testosterone also helps in the maintenance of normal mood [7]. 
Scholars have argued that there may be other important functions of this hormone, 
testosterone, that have not yet been discovered [5].

To control the production of testosterone in men, signals have to be sent from 
the hypothalamus in the brain to the pituitary gland at the base of the brain. In 
turn, the pituitary gland then relays signals to the testes to produce testosterone [4]. 
Thus, a “feedback loop” closely regulates the amount of this hormone in the blood. 
Notably, when the level of testosterone rise too high, the brain (hypothalamus) then 
sends signals to the pituitary to reduce the production [5]. See Figure 1 about the 
‘Hypothalamo-pituitary-testicular Axis’.

For normal working of the ovaries in females, there must be proper balance 
between testosterone and estrogen. It is a known fact that androgens also play an 
important role in normal brain functions, including mood, sex drive and cognitive 
functions, although these areas may still require more studies [1–5].

2.2.4 Too little testosterone

A range of symptoms can occur if testosterone production drastically drops 
below normal [7]. In past few years, scholars have focused on the effects of tes-
tosterone deficiency among men. As already known, that as men grow older, their 
levels of testosterone drop gradually, about 1–2% each year. The rate of this drop is 
slower compared to the relatively rapid drop in estrogen in females that culminates 
in menopause [5]. Majority of men, more than a third, who are above 45 years of 
age, have reduced levels of testosterone [5].

The following symptoms of deficiency of testosterone in adult males occur: they 
are but not limited to;
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a. Reduced body and facial hair

b. Loss of muscle mass

c. Low libido, impotence, small testicles, reduced sperm count and infertility

d. Increased breast size

e. Hot flashes

f. Irritability, poor concentration and depression

g. Loss of body hair

h. Brittle bones and an increased risk of fracture

Indeed some men who have testosterone deficiency have related symptoms or 
conditions. These symptoms or conditions appear to improve when testosterone 
replacement is done [4, 5, 9].

Therefore, in a nutshell, men with low levels of testosterone might notice a 
reduction in body hair, muscle mass and strength, while women with too much 
testosterone might notice an increase in these traits [8].

2.2.5 Too much testosterone

Having too much naturally-occurring testosterone is not a common problem 
among men [5]. Too much testosterone is common only in male athletes who inject 
themselves with the hormone in order to make use of its anabolic effects. This is 
because anabolic steroids, testosterone or related hormones, increase muscle mass 
and athletic performance [5].

Thus, problems associated with abnormally high testosterone levels in men 
include but not limited to;

a. Low sperm counts, shrinking of the testicles and impotence

b. Heart muscle damage and increased risk of heart attack

c. Prostate enlargement with difficulty urinating

d. Liver disease

e. Acne

f. Fluid retention with swelling of the legs and feet

g. Weight gain, perhaps related in part to increased appetite

h. High blood pressure and cholesterol

i. Insomnia

j. Headaches
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k. Increased muscle mass

l. Increased risk of blood clots

m. Stunted growth in adolescents

n. Uncharacteristically aggressive behavior

o. Mood swings, euphoria, irritability, impaired judgment and delusions

On another hand, women with too much testosterone may grow facial hair, 
develop a deeper voice or experience decreased breast size. Too much testosterone 
in women can also cause acne [8].

Among women, perhaps the most common cause of a high testosterone 
level is polycystic ovary syndrome (PCOS). It affects 6–10% of premenopausal 
women [5, 7].

Therefore, women with too much testosterone might notice an increase in these 
traits; body hair, muscle mass and strength [8].

2.2.6 Misuse of testosterone in athletes

As already discussed, the effects of testosterone in the body are two; (1) ana-
bolic effects and (2) Virilizing or androgenic effects. Anabolic effects are related 
to protein synthesis and growth [13]. Male athletes who inject themselves with the 
hormone in order to make use of its anabolic effects tend to do so to make use of 
this advantage. This is because anabolic steroids, testosterone or related hormones, 
increase muscle mass and athletic performance [5]. Anabolic effects involve growth 
of muscle mass, increased bone density, as well as stimulation of linear growth and 
bone maturation [13].

Meanwhile, the Virilizing effects, also called androgenic effects, are related 
to the biological development of male sexual traits. This includes maturation of 
sex organs, specifically growth of penis and formation of scrotum in male fetus. 
However, at puberty, testosterone also coordinates development of masculine 
characteristics such as deepening of the voice and growth of facial hair [13].

2.2.7 Diseases and conditions affecting testosterone

As shown in Figure 1 about the ‘Hypothalamo-pituitary-testicular Axis’, men 
will experience drop in testosterone when a disease or condition affects the axis. 
Thus, conditions or diseases affecting the testes, pituitary and hypothalamus glands 
also affect testosterone levels in the body.

• Testes – Conditions or disease of testes affecting testosterone include direct 
injury, castration, infection, radiation treatment, chemotherapy and tumors

• Pituitary and hypothalamus glands – Conditions or disease of pituitary and 
hypothalamus affecting testosterone include tumors, HIV/AIDS, certain infec-
tions and autoimmune conditions and lastly medications. These medications 
include steroids, morphine or related drugs and major tranquilizers, such as 
haloperidol, among others.

Klinefelter syndrome and hemochromatosis also affect testosterone levels. 
Klinefelter syndrome is a genetic disease in which a man has an extra x-chromosome 
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whereas hemochromatosis is a genetic disease in which an abnormal gene causes 
excessive iron to accumulate throughout the body. These two conditions can also 
affect testosterone.

On the other hand, women may have a testosterone deficiency due to diseases 
of the pituitary, hypothalamus or adrenal glands, in addition to removal of the 
ovaries [5].

Therefore, high T levels can indicate ovarian or testicular cancer. Low T levels 
can indicate chronic illness or a problem with the pituitary gland, which releases 
hormones [8].

2.2.8 Testosterone therapy

Therapy Option: Currently, testosterone therapy is approved primarily for 
the treatment of delayed male puberty, low production of testosterone and certain 
inoperable female breast cancers [5].

Testosterone treatment can improve symptoms in men with significantly low 
levels of active testosterone, such as:

• Generalized weakness

• Low energy

• Disabling frailty

• Depression

• Problems with sexual function

• Problems with cognition.

The most common treatment for low testosterone is testosterone replacement 
therapy (TRT). TRT is given as an injection, a skin patch, or a topical gel containing 
testosterone that replaces the testosterone missing from the body [8].

Currently, there is no serious risk from acute poisoning with testosterone 
replacement therapy but chronic use can cause harm. Major risks of using the 
hormone are those of excessive androgens [12]. These are menstrual irregularities 
and virilization in women and impotence, premature cardiovascular disease and 
prostatic hypertrophy in men. It must be noted that both men and women can 
suffer liver damage with oral anabolic steroids containing a substituted product, 
17-alpha-carbon. Again, psychiatric changes can occur during use or after cessation 
[12]. TRT falls against the recommendations by American College of Obstetricians 
and Gynecologists (ACOG) [14].

No Therapy Option: There’s no magic solution for boosting testosterone but 
some natural remedies [9] may help;

a. Get eight hours night’s sleep daily

b. Lose that excess weight _ weight reduction

c. Eat food rich with enough Zinc _ Zinc supplements

d. Reduce dietary sugary intake

e. Do regular physical exercise
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These five remedies can be of help [9].
Eight (8) hours of sleep in every 24 hour is sufficient [9]. However, reduced 

hours of sleep have tremendous effects on testosterone level [15].
Low levels of testosterone have been discovered in overweight individuals. 

For this matter, weight reduction is paramount the no therapy option for treating 
testosterone related problems.

Scholars [9] have coined that men with hypogonadism often have zinc deficien-
cies. In other literature [16], it is coined that testosterone deficiency is associated 
with late-onset hypogonadism. Micronutrients [16], such as copper and zinc influ-
ence testosterone synthesis. These coupled with reduced dietary sugary intake and 
regular physical exercise can treat most of your testosterone related problems [9].

2.2.9 Performing testosterone test

A normal testosterone level for men is a range of 300 to 1000 nanograms per 
deciliter (ng/dL) [7]. For women, its normal level is between 15 and 70 ng/dL.  
However, it is considered normal to have changes in the level of testosterone 
throughout life [8].

To have testosterone levels checked requires a simple blood test. The test is usu-
ally performed in the morning, when T levels are highest. Sometimes, the test needs 
to be re-taken to confirm the measurements [8].

Some medications affect testosterone levels and so, the clinician or doctor may 
require one to stop taking such medication before testosterone test is performed. 
The medications below can artificially increase testosterone levels. They are;

• Steroids (T levels fall rapidly after one has stopped using steroids)

• Anticonvulsants

• Barbiturates

• Androgen or estrogen therapies

Opiates, in particular, are known to artificially decrease the levels of 
 testosterone [8].

Studies, have confirmed that saliva offers a relatively accurate measurement of 
testosterone levels. This is especially true when diagnosing male hypogonadism 
[17]. In an earlier study, it was shown that salivary testosterone, dropped by 47% in 
1454 males aged 20-89 years during their life time. However, in a later study (sec-
ond), it was found that salivary testosterone was strongly correlated with bioavail-
able testosterone (p < 0.000001). It was also strongly correlated with calculated free 
testosterone (p < 0.00001) and total testosterone (p < 0.002). Hence forth, salivary 
testosterone was significantly related to hypogonadal symptoms [17].

However, American College of Obstetricians and Gynecologists Committee 
(ACOG) and other scholars, recommend against salivary testing for hormone 
replacement in females [14].

3. Conclusion

Men and women need the proper amount of testosterone to develop and func-
tion normally. Checking testosterone levels is quite important. The levels usually 
vary and for that matter, single low level may not be meaningful, except in the 
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presence of symptoms related to low T. It is even more meaningless if the level of 
testosterone was normal at one time. To know when to measure level of testoster-
one, how best to respond to the results of measurement and when it is necessary 
to accept the risks of treatment are all areas of more research. Anything less of 
research might not be helpful.
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Syndrome
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Abstract

Polycystic Ovary Syndrome (PCOS) is the most common endocrine disorder 
in reproductive-aged women. Clinical or biochemical signs of androgen excess is a 
cardinal feature of the syndrome and are present in approximately 80% of women 
with PCOS. Increased blood pressure and insulin resistance, two major cardio-
vascular risk factors, are frequently present in women with PCOS. This chapter 
aims to highlight the fundamental role of androgens in mediating the increased 
blood pressure and insulin resistance in women with PCOS. This chapter is also a 
call for action to develop new pharmacological therapies that target the androgen 
synthesis and androgen receptor activation dysregulation present in women with 
PCOS. These novel therapies will allow to prevent or mitigate the excess androgen-
mediated cardiovascular risk factors that affect women with PCOS.

Keywords: polycystic ovary syndrome, androgens, androgen receptor,  
blood pressure, insulin resistance

1. Introduction

Polycystic Ovary Syndrome (PCOS) is the most common endocrine disorder 
and cause of androgen excess in reproductive-age women [1, 2]. The etiology of 
the syndrome is unknown, and the pathophysiological characteristics are complex. 
There are three different sets of diagnostic criteria available to diagnose PCOS; the 
Rotterdam criteria is the most commonly used. The key difference among those 
three criteria is that hyperandrogenism is considered an essential component of the 
syndrome for the Androgen Excess Society guidelines [3] and National Institutes 
of Health (NIH) [4], but not for the Rotterdam criteria [5]. More recently, the 
Rotterdam criteria for PCOS diagnosis were endorsed by the NIH at an NIH-
sponsored workshop [6] as well as by the International evidence-based guideline for 
the assessment and management of PCOS [7]. Insulin resistance (IR) is frequently 
present in lean and obese women with PCOS, but it is not included in the diagnostic 
criteria. Women with PCOS may seek medical care due to a broad range of clinical 
manifestations such as infertility, menstrual dysfunction, excessive hair growth or 
hirsutism, alopecia, or acne. More recently, it became clear that the cardiometabolic 
risk factors, such as IR, increases in blood pressure (BP), and obesity affect a high 
percentage of women with PCOS compared to normal cycling women [8–11]. 
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Importantly, in women with PCOS, plasma levels of androgens positively correlate 
with BP and IR. Whether and how androgen excess causes increased BP and IR in 
women with PCOS is unknown. Unfortunately, limited effective evidence-based 
therapeutic agents are available to treat those cardiovascular risk factors in PCOS 
patients. Furthermore, the use of antiandrogens in PCOS is often only recom-
mended to manage the dermatological manifestations of the syndrome, but neither 
the IR nor increases in BP [12]. This chapter aims to highlight the fundamental role 
of androgens in mediating increases in BP and IR in women with PCOS and the lack 
of therapeutic options to ameliorate the hyperandrogenism and cardiometabolic 
complications in these patients.

2. Androgen synthesis in PCOS

In women, the concentration of plasmatic androgens is higher than of estrogens 
[13]. Excess androgens are secreted by the ovaries in most women with PCOS, 
but in 20–30% of them, excess androgens are also secreted by the adrenal gland. 
Plasma levels of total and free testosterone (T), dihydrotestosterone (DHT), 
dehydroepiandrosterone (DHEA), DHEA sulfate (DHEAS), and androstenedione 
are significantly elevated in PCOS [2, 14]. Androstenedione, DHEA, and DHEAS 
are pro-hormones synthesized by the adrenal gland, they circulate at a higher 
concentration than T. Those pro-hormones could be converted into more potent 
T and DHT in the adipose tissue, liver, and the skin [3, 15]. Depending on the 
type of androgens measured, hyperandrogenemia is present in ~80% of PCOS 
diagnosed cases [16]. Recently, a study showed that the 11-oxygenated androgens, 
11β-hydroxyandrostenedione, 11-ketoandrostenedione, and 11-ketotestoster-
one, represent the majority of circulating androgens in women with PCOS [17]. 
Moreover, 11β-hydroxyandrostenedione, 11-ketoandrostenedione circulating levels 
positively correlate with circulating insulin and IR assessed by the Homeostatic 
Model Assessment of Insulin Resistance (HOMA-IR) in women with PCOS [17]. 
The HOMA-IR is an index of IR calculated according to the formula: fasting insulin 
(microU/L) x fasting glucose (nmol/L)/22.5 [18]. The HOMA-IR is extensively 
used in epidemiological studies, but rarely in the clinical setting. On the other 
hand, the hyperinsulinemic eulgycemic clamp is considered the gold standard to 
determine IR; but, unfortunately, it is impractical for routine use in the clinic [19]. 
Local production or activation of androgens at the tissular level have been reported, 
and they may constitute a key factor in the cardiometabolic abnormality in these 
patients. For example, the subcutaneous adipose tissue in women with PCOS has a 
higher concentration of androgens than in control subjects [20, 21]. Testosterone 
can be converted to its more biologically active form, DHT, by the 5α-reductase, and 
to estradiol by the aromatase. DHT is more biologically active than testosterone, 
binding to the androgen receptor (AR) with a 2-fold higher affinity and a 5-fold 
decreased dissociation rate compared to testosterone [22]. The synthesis of andro-
gens in women is complex. The local activation of androgens is not well understood 
during normal physiology or diseases such as PCOS.

3. Androgen receptor in PCOS

AR is a member of the steroid hormone receptor superfamily, a class of receptors 
that function through their ability to regulate the transcription of specific genes. 
It contains an N-terminal transactivation domain, a central DNA-binding domain, 
and a C-terminal ligand-binding domain [23]. Androgens act by binding to the 
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AR and subsequently translocate to the nucleus to act as a transcription factor and 
promote gene expression. The unbound AR is inactive in the cytoplasm as a large 
dynamic heterocomplex, together with heat shock proteins (Hsp70 and Hsp90) 
and their co-chaperones [24]. Ligand binding dissociates the AR from heat shock 
proteins, causing its activation and translocation to the nuclei to exert its transcrip-
tion regulatory role.

Androgen actions in the cardiovascular system could be genomic or non-
genomic [25], although most of the basic research data available derived from 
experiments performed in male rats. The activity of AR is modulated by a poly-
glutamine tract of variable size in its N-terminal transactivation domain. This 
polyglutamine tract is encoded by a highly polymorphic CAG repeat sequence in 
exon 1 of the AR gene located on the X-chromosome. Shorter CAG repeats lengths 
in exon 1 of the AR gene are associated with a stronger transcriptional activity of 
the AR. The shorter CAG repeats have been associated with the androgen actions 
in male conditions such as prostate cancer [24] and benign prostatic hyperplasia 
[26]. Moreover, abnormal expansion of the CAG repeat length leads to Kennedy’s 
disease, which is associated with hypogonadism and impaired spermatogenesis in 
men [27, 28]. However, studies in women with PCOS did not find significant dif-
ferences in the mean values of CAG repeat sizes compared to controls [29, 30]. The 
fundamental role of AR in the development of metabolic and reproductive features 
of PCOS was demonstrated by the lack of effect of DHT in AR knockout (ARKO) 
mice, supporting the fundamental concept that androgen excess, via AR activation, 
is a key factor in PCOS [31]. More recent studies further demonstrated that AR 
signaling pathways within the brain and adipocytes are key in the physiopathology 
of metabolic PCOS characteristics [32]. Pharmacological strategies safely targeting 
the brain and adipocyte AR-could constitute a novel and effective way to ameliorate 
the cardiometabolic complications in PCOS.

4. Cardiovascular disease in PCOS

Several studies have shown that the odds ratio for cardiovascular disease (CVD) 
is significantly higher in women with PCOS compared to the control women 
[33–35]. Whether women with PCOS suffer from higher mortality from CVD is 
still unclear, pending high-quality data. Obesity is frequently observed in women 
with PCOS, but, even after BMI adjustment, the increased risk for cardiovascular 
events in PCOS persists, suggesting that additional factors play a role in mediating 
the higher prevalence of CVD in women with PCOS [35]. Hypertension, the most 
important modifiable cardiovascular risk factor for cardiovascular disease, is com-
monly diagnosed in women with PCOS. Moreover, insulin resistance, another risk 
factor for CVD, is also frequently present in women with PCOS, and independent 
of those subjects’ BMI. Data from clinical and basic research suggest that hyperan-
drogenism may underlie these cardinal cardiovascular risk factors in patients with 
PCOS. Below we describe whether and how androgens mediate the increases in BP 
and IR in women with PCOS.

5.  Hyperandrogenism is a key factor mediating increases in blood 
pressure in women with PCOS

Increased BP remains the leading risk factor for death globally, accounting 
for 10.4 million deaths per year [36]. There is a sexual dimorphic relationship 
between androgens and BP in women compared to men. Free androgen index 
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(FAI), a measure of bioavailable androgens, is positively correlated with systolic 
and diastolic blood pressure [37]. A recent meta-analysis reported a greater risk of 
developing hypertension in reproductive age women with PCOS [38]. In contrast, 
epidemiological studies have shown an inverse relationship between androgens 
and BP in men, and this association persisted after adjusting for age and body 
mass index [39]. The mechanisms behind the elevated BP in response to hyperan-
drogenism in women remain unclear. Some of the possible mechanisms involved in 
androgen-mediated regulation of BP are discussed below.

6.  Potential mechanisms that could mediate increases in blood pressure 
in PCOS

The kidneys are a key regulator of long-term BP control and body fluid homeo-
stasis in the body. The renin-angiotensin-aldosterone system (RAAS) plays a 
major role in several forms of hypertension, and it is composed of the classical and 
non-classical arms with opposite physiological effects [40, 41]. The classical RAS 
pathway starts with angiotensinogen (AGTN) which is enzymatically cleaved to 
Angiotensin I (ANG I) by renin. ANG I is then cleaved by angiotensin I converting 
enzyme (ACE) to Angiotensin II (ANG II), which binds to the ANG II receptor 
type 1 (AT1R) and ANG II type 2 receptor (AT2R). High levels of ANG II had been 
related to metabolic disorders. The non-classical pathway, the angiotensin I con-
verting enzyme 2 (ACE2) reduces Ang II levels by transforming it in Angiotensin 
(1–7) (ANG (1–7)), which also can be generated from ANG I passing through 
Angiotensin (1–9) (ANG (1–9)) by the action of the endopeptidases: prolyl-
endopeptidase and neutral endopeptidase. The main known biological effects of 
ANG (1–7) are associated with Mas receptor activation, causing an improvement in 
metabolic syndrome, obesity, and hypertension.

The rate-limiting step of the RAS is the conversion of AGTN to ANG I by renin 
[42]. Women with PCOS have hyperreninemia [43], and blockade of the AT1R is 
effective in decreasing their BP [44]. We and others have shown that androgens 
stimulate the synthesis of intrarenal AGTN in male and female rats [45–48]. In the 
kidney, the AR is highly expressed in proximal tubule cells [49], glomerular endo-
thelial cells [50], and podocytes [51]. Moreover, the enzymes involved in androgen 
biosynthesis are expressed and active in the kidney [52]. In experimental models 
of hypertension, androgens can shift the pressure-natriuresis curve to the right, 
promoting sodium reabsorption [53, 54]. Androgens could also directly increase 
sodium reabsorption via upregulation of epithelial sodium channel (ENaC) α, β, 
and γ subunits expression [55]. Renal medullary blood flow and the sensitivity of 
the pressure-natriuresis response are regulated by various paracrine and humoral 
factors known to play an important role in the control of renal function and BP. 
Those regulatory factors include ANG II, kinins, prostaglandins, atrial natriuretic 
peptide (ANP), and nitric oxide (NO). Whether changes in the renal medulla 
microcirculation play a role in mediating the increases in BP under excess of andro-
gens in women with PCOS remains unclear.

Plasma ACE2 activity is low in healthy subjects but elevated in patients with 
cardiovascular risk factors or cardiovascular disease. Hypertensive men have a high 
higher level of plasma ACE2 compared to women [56]. The role of increased levels 
of plasmatic ACE2 in men remains unknown. It has been reported that male mice 
have higher renal ACE2 mRNA and protein expression, as well as higher ACE2 
activity, than their female counterparts [57, 58]. However, the effect of androgen 
excess in the non-classical RAS pathway is still not well understood. Androgens 
downregulate AT2R expression levels in the aorta, in vivo, and ex vivo [59]. ACE2 is 
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the receptor for SARS-CoV and SARS-CoV-2 [60, 61]. SARS-CoV and probably 
SARS-CoV-2, Spike protein binding to the ACE2 receptor causes its downregulation 
through internalization [62]. SARS-CoV causes an imbalance in ACE/ACE2 and 
consequently ANG II/ANG (1–7) that leads to lung injury [62]. Men have suffered 
a higher rate of severity and mortality from COVID-19 [63]. Whether such sex 
difference in COVID-19 outcomes is due to ACE2 expression modulation by andro-
gens remains unknown. Further research is needed to elucidate whether and how 
androgens modulate the non-classical RAS pathway in PCOS and how its regulation 
could impact COVID-19 outcomes in this population.

Our research teams’ studies focus on the cardiometabolic complications associ-
ated with androgen excess in female rats. The hyperandrogenic female (HAF) rat, 
an animal experimental model of PCOS, is generated by the chronic administra-
tion of the non-aromatizable androgen DHT. This model exhibits upregulation 
of intrarenal angiotensinogen and ACE mRNA expression, which are associated 
with a ~ 10 mmHg increase in BP compared to control female rats [46]. When 
HAF rats are treated with enalapril, an ACE inhibitor, their BP is lowered to values 
comparable to that of control rats, suggesting that the RAAS activation has a role in 
mediating androgens’ effect on BP [64]. The stimulatory effect of androgens upon 
the intrarenal RAAS persisted after discontinuation of androgen exposure in female 
rats, suggesting a cardiometabolic androgenic memory in female rats. Interestingly, 
in the kidney medulla, AGTN and AT1R were still elevated after six months of DHT 
withdrawal [65]. AT1R blockers or ACE inhibitors are widely used as antihyperten-
sive drugs. Women should be advised about the potential teratogenic and fetotoxic 
risks of ACE inhibitors or AT1R blockers if they become pregnant. ACE inhibitors 
and AT1R blockers use in the first trimester of pregnancy may not present signifi-
cant risks for malformations in live births but a high risk of miscarriage [66]. Novel 
and tissue-selective RAAS inhibitors that do not cross the placental barrier are 
warranted to ameliorate the increases in BP in women with PCOS in the future.

In the US, a frequent finding in PCOS patients is an increase in body mass index 
(BMI), with up to 80% being either overweight or obese [67]. There is a strong 
link between adiposity and hypertension, with multiple mechanisms being sug-
gested [68]. Hypertrophy of adipocytes is associated with local hypoxia, leading 
to increased oxidative stress and inflammatory cytokines, followed by capillary 
rarefaction [69, 70]. These processes can lead to a positive feedback loop, ultimately 
releasing more inflammatory cytokines and reactive oxidative species into the 
systemic circulation. Chronic inflammation can ultimately lead to increased BP. In 
HAF rats, there is increased fat mass and BP coupled with increased plasma tumor 
necrosis factor-alpha and renal mRNA expression of NADPH oxidase 4 [46, 71]. 
Increased adiposity is also associated with increased circulating adipokines, such 
as leptin [69]. Chronic hyperleptinemia is known to stimulate the sympathetic 
nervous system [72], which could lead to vasoconstriction. It has been reported that 
in women with PCOS, leptin levels can be elevated [73]. Furthermore, using heart 
rate variability as a measure of autonomic dysfunction, women with PCOS have 
increased sympathetic activity compared to control women matched for body mass 
index, systolic and diastolic BP [74]. Additionally, leptin is linked to activation of 
the RAAS via the renal sympathetic nervous system [72]. All the findings men-
tioned above suggest that BP control is complex and depends on multiples pathways 
in women with PCOS.

Endothelial dysfunction refers to the impaired function in the endothelium, 
the inner lining of blood vessels, which could lead to inappropriate vasoconstric-
tion and atherosclerosis [75]. Endothelial dysfunction frequently occurs under 
chronic inflammation conditions or high oxidative stress, which interfere with 
the nitric oxide production needed for vasodilation [76]. Interestingly, this occurs 
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not just in obese females but also in lean females with PCOS. A recent study found 
that normotensive lean females with PCOS, even without insulin resistance, had 
increased endothelial dysfunction compared to controls [77]. One of the major 
vascular oxygen-derived free radicals is superoxide anion. Superoxide is routinely 
scavenged by superoxide dismutase (SOD). Superoxide can also combine with nitric 
oxide (NO), which results in quenching of NO and, theoretically, can induce vaso-
constriction. There is an interaction between NO and oxidative stress to maintain 
endothelial function. We previously showed that an intact NO system is necessary 
for antioxidants to elicit a BP-lowering effect [78]. Furthermore, Huirliman and col-
leagues demonstrated that the presence of endothelial dysfunction and IR develops 
in pair-fed DHT-treated female rats, suggesting an obesity-independent mechanism 
[79]. Increased endothelial dysfunction has also been found in transgender men 
compared to cisgender women matched for body mass index [80], suggesting a 
broader link between endothelial dysfunction and female androgen excess in addi-
tion to women with PCOS. Another study with lean females with PCOS also found 
that they had decreased plasma total antioxidant status [81]. This reduced ability to 
handle oxidative stress can contribute to the endothelial dysfunction in hyperan-
drogenic females.

Cardiovascular diseases are the leading cause of death in women. Furthermore, 
there have been an overall decline in CVD mortality over the past 40 years; how-
ever, the mortality in younger women has plateaued since 2000 [82]. Increases 
in BP is a primary cardiovascular risk factor. The carotid artery intima-media 
thickness (cIMT) has emerged as an important surrogate marker of target organ 
damage in hypertensive heart disease. A recent prospective cross-sectional study in 
PCOS women showed that cIMT was significantly increased in women with PCOS 
compared to controls, and this increase was independent of BMI, age, and smoking 
status [83]. Consequenly, the cIMT could be used to determine the cardiovascular 
risk profile in women with PCOS.

In summary, hyperandrogenemia in females has multiple mechanisms of 
causing increased BP and impaired vascular function. Pharmacological agents that 
target multiple pathways could constitute effective therapeutic agents to be used in 
women with PCOS.

7.  Hyperandrogenism is a key factor mediating insulin resistance  
in PCOS

IR is recognized as a significant contributor to metabolic homeostasis distur-
bances in women with PCOS, especially in obese individuals, due to increased 
lipid accumulation in muscle and liver from impaired insulin signaling. Decreased 
insulin sensitivity and glucose tolerance have been reported in women with PCOS 
versus healthy individuals in several studies [84]. Additionally, both metabolic 
syndrome and hyperinsulinemia have a characteristic increase in low-grade inflam-
mation markers [85], which has also been observed in women with PCOS [86]. IR 
prevalence among women with PCOS is varied between different measurement 
methods but is reported to be between 40% and 70%, approximately [87]. Women 
with insulin receptor mutations, and thus high levels of insulin, develop severe 
hyperandrogenemia [88].

Hyperandrogenism and or hyperandrogenemia is present in about 80% of 
women with PCOS [89]. Both circulating testosterone and its precursor andro-
stenedione have been shown in positive association with the severity of metabolic 
dysfunction in women with PCOS [90]. The prevalence of type 2 Diabetes Mellitus 
(T2DM) in the US is 10-times higher among young women with PCOS compared to 
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age-matched, normal-cycling women [91]. Insulin and insulin signaling can influ-
ence androgens in women with PCOS. Insulin can stimulate the ovaries of theca 
cells to produce androgens. This dysfunctional androgen stimulation is suggested to 
induce hyperandrogenism in women with PCOS in a positive feedback mechanism 
with hyperinsulinemia. Specifically, the P450c17 (CYP17A1) enzyme in the theca 
cells has been addressed as having modulated activity in response to insulin and 
IGF. This is specifically relevant to PCOS because the enzyme is necessary for the 
production of androgens [92]. Additionally, high circulating plasma insulin may 
itself influence androgen availability due to its suppression of sex hormone-binding 
globulin (SHBG) synthesis, a steroid transport protein, and subsequent increase in 
the bioavailability of unbound testosterone [93]. PCOS patients have been shown 
to have reduced SHBG level [94], that could lead to increases in free T. In addition 
to its role in glucose homeostasis and metabolism, in the central nervous system 
insulin can effectively modulate food intake and signal satiety. Insulin has also been 
shown to influence gonadotropin-releasing hormone (GnRH) in the hypothalamic 
neurons by increasing its expression and activity [95]. In PCOS, GnRH pulse 
frequency modifications and subsequent LH timing alterations have been suggested 
as another potential trigger to prevent inhibition of androgens and lead to their 
increased biosynthesis [96, 97]. This relationship illustrates the importance of the 
interplay between the neuroendocrine system, insulin, and androgen production in 
women with PCOS. Clinically, in a randomized controlled trial, women with PCOS 
treated for three months with Resveratrol, a natural polyphenol able to reduce 
androgen production via CYP17A1, showed a 30% reduction in fasting insulin and 
increased insulin sensitivity [98]. Together, these findings suggest the potential 
therapeutic importance of androgen targeted drugs to treat IR in PCOS patients.

The main target tissues of insulin action and subsequent insulin resistance and 
dysfunction include white adipose tissue, skeletal muscle, and the liver. Androgens 
play a significant role in each of these insulin-responsive target tissues in women.

7.1 Androgen actions on the adipose tissue

Androgens regulate several different aspects of adipose cell function and lipid 
accumulation and are themselves synthesized by the adipose tissue. Adipose tissue 
is known to play a role in whole-body insulin sensitivity, inflammation, and intra-
cellular stress. The adipose tissue is crucial for the storage of lipids, and adipocytes 
are the primary storage cells to serve this purpose. The adipose tissue can also 
release adipokines, like leptin and adiponectin, which may directly influence insu-
lin sensitivity, inflammatory response, fatty acid oxidation, sex steroids, and even 
energy expenditure. Several adipokines are dysregulated in PCOS [99]. Women 
with high androgens have been shown to display a fat distribution pattern more 
similar to men, with increased abdominal visceral adipose accumulation [100]. 
Although the expansion of the subcutaneous adipose depot is also associated with 
PCOS [101]. Additionally, after administration of androgen antagonists, women 
with PCOS were shown to lose visceral adiposity, which suggests that androgens 
have a role in fat distribution [102]. This increased adiposity is considered to be 
due to a hypertrophic adipocyte expansion compared to a hyperplasic response, 
which is more highly indicative of metabolic syndrome. Hypertrophy of adipo-
cytes is influenced by androgens directly by increasing visceral adipocyte mass. 
Women with PCOS have an increase in adipocyte size [103]. Androgens influence 
adipogenesis by limiting the differentiation of preadipocytes. In preadipocytes 
taken from the subcutaneous adipose depots of healthy women were shown to have 
impaired insulin-induced glucose uptake in response to testosterone [104]. This 
study suggests that androgens, via the androgen receptor, mediate insulin resistance 
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in adipocytes. Interestingly, the relationship between circulating testosterone and 
elevated fasting insulin in PCOS is independent of adiposity [105], supporting that 
insulin resistance is intrinsic to PCOS and may be mediated by hyperandrogenemia 
independently of obesity.

7.2 Androgens actions on the skeletal muscle

Glucose can be used as a primary fuel source in the skeletal muscle when insulin 
is high, instead of fatty acids, or can be stored in the form of glycogen for future 
periods of exercise. Glucose may enter the skeletal muscle in response to insulin by 
the specific cell surface transporter GLUT4. Skeletal muscle alone may show insulin 
resistance, which is defined as a reduced ability for glucose uptake and glycogen 
storage in response to insulin. Skeletal muscle serves as a primary organ for glucose 
disposal [87].

Several studies suggest that adiponectin and lower AMPK phosphorylation may 
be important in skeletal muscle-specific insulin resistance in PCOS [106], even 
in non-obese hyperandrogenic women. Adiponectin is an adipokine that has an 
inverse relationship with a degree of adiposity. Adiponectin has both insulin-sensi-
tizing properties, including skeletal muscle, and is decreased by androgens [107].

Androgens have been shown to alter lean muscle mass. Both healthy and women 
with PCOS who exercised using resistance strength training, which focuses on 
skeletal muscle contractions, along with aerobic training showed reduced fasting 
glucose concentration and serum testosterone profiles [108]. Together, this sug-
gests the potential to target the skeletal muscle to improve insulin-sensitive tissue 
sensitivity and improve hyperandrogenemia.

7.3 Androgens actions on the liver

Of crucial importance following a meal, glucose is allowed entry into the liver 
and stored as glycogen in the liver due to the effects of insulin. In a healthy adult, 
storage is especially important to help varying energy levels in the body to prevent 
blood glucose from changing rapidly between meals and allow it to be released 
when energy is needed.

Hyperandrogenemia in PCOS has been associated with several different 
disturbances of the liver. Alanine aminotransferase (ALT), often used as a clini-
cal biomarker of liver injury, has been shown in positive association to androgen 
levels in young women with PCOS [109]. Women with PCOS with high androgens 
display a distinct metabolic phenotype different than women with normal levels 
of androgens. There is evidence that women with PCOS are at an increased risk of 
developing a spectrum of nonalcoholic fatty liver disease, the most common liver 
disease. Women with PCOS and obesity have an increased risk for NAFLD [110]. 
Interestingly, even after adjusting for BMI, other PCOS cohorts have shown that 
hyperandrogenemic women with PCOS have a significantly higher liver fat than 
women with normal levels of androgens [111]. Those findings suggest that andro-
gens may be an independent risk factor for steatosis and the development of NAFLD.

8.  Pharmacological management of cardiometabolic complications  
in women with PCOS

Recent studies have shown that women with PCOS frequently report long delays 
in the syndrome’s diagnosis, dissatisfaction with information and care provided, 
and distrust in primary care providers’ opinions [112, 113]. Those patients’ concerns 
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with their diagnosis and health care providers are shocking, considering that PCOS 
is the most common endocrine disorder in reproductive-age women. We described 
below the current therapeutic options for the management of cardiometabolic 
complications in women with PCOS.

8.1 Oral contraceptives

Oral contraceptives (OCPs) are the first-line therapy in women with PCOS to 
improve their irregular menstrual cycles. OCPs reduce circulating androgens by 
suppression of Luteinizing Hormone and stimulation of sex hormone-binding 
globulin (SHBG), leading to a decrease in free testosterone plasma levels. In some 
women, OCPs can exacerbate hypertension and are associated with a 2-fold increase 
in the risk of cardiovascular diseases in the general female population [114]. 
Exogenous estrogens can stimulate the production of AGTN by the liver in female 
rats [115, 116], which theoretically could lead to higher levels of ANG II. OCPs are 
contraindicated for smokers due to the higher risk of cardiovascular diseases in 
this population [117]. OCPs do not seem to affect glucose and insulin homeostasis 
in healthy individuals [118]. However, the effect of OCPs on women with PCOS 
remains controversial, mainly due to the heterogeneity of the studies, as shown in 
a recent meta-analysis [119]. Furthermore, several clinical studies have suggested 
that the use of oral contraceptives may aggravate insulin resistance and worsen 
hyperglycemia in obese women with PCOS [120–123]. The long-term impact of 
OCPs in IR and cardiovascular diseases in women with PCOS remains unknown. 
Interestingly, previous use of OCPs was associated with an increased risk of devel-
opment of CVD in PCOS in a Danish study [33]. Prospective randomized long-term 
clinical trials analyzing the effect of OCPs on cardiovascular morbidity and mortal-
ity in women with PCOS, obese and lean, are lacking and desperately needed.

8.2 Androgen receptor blockers

Recommendations from the International evidence-based guideline for the 
assessment and management of Polycystic Ovary Syndrome [7] recommend that 
AR blockers be used mostly towards the dermatological manifestations of the 
syndrome, not the metabolic ones. AR blockers can be used in addition to OCPs and 
insulin sensitizers to ameliorate excessive hair growth or hirsutism. Antiandrogen 
monotherapy is not recommended because of its teratogenic potential [124]. In 
the US, the AR blocker most commonly used in the clinic is spironolactone [124]. 
Spironolactone is also a progesterone and mineralocorticoid receptor blocker. 
Blockade of the mineralocorticoid receptor causes a diuretic effect that potentially 
can cause serious side effects such as hyperkalemia and hypotension [124]. Other 
potent antiandrogens are flutamide and cyproterone acetate. Cyproterone acetate 
is not currently available in the US and recently has been linked to an increased risk 
of meningioma among high dose users [125]. Flutamide use has been associated 
with severe hepatoxicity, and it is not FDA-approved for use in women with PCOS. 
Bicalutamide, an androgen receptor blocker, has been used in combination with 
OCPs in a study where hirsutism was the primary endpoint [126]. Safe, effective, 
and specific AR blockers are necessary to positively impact the management of the 
cardiometabolic risk factors in women with PCOS.

8.3 Insulin sensitizers

Metformin is the most frequent insulin sensitizer agent used in women with 
PCOS [124, 127]. Obesity exacerbates the IR in women with PCOS, and weight loss 
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in women with PCOS ameliorates it. However, weight loss is very difficult to achieve 
and sustain. Since insulin resistance is present in obese and lean women with PCOS, 
it has been proposed to be the key factor in mediating the adverse cardiovascular 
risk profile observed in PCOS subjects. Metformin has been used for years to treat 
insulin resistance in women with PCOS. The effectiveness of metformin to improve 
IR and prevent T2DM in women with PCOS is unclear. Metformin reduces the 
risk of progression from insulin resistance to T2DM in only 30% of patients in the 
Diabetes Prevention Trial [128]. Metformin can lower testosterone levels; thereby, 
some of the beneficial effects in women with PCOS may be due to lowering their 
androgen levels [129]. A recent metanalysis showed no effect of metformin on 
indexes of fasting insulin, homeostasis model assessment of insulin resistance, sex 
hormone-binding globulin, high-density lipoprotein cholesterol, total cholesterol, 
triglycerides, fasting blood glucose, and androstenedione in overweight women 
with PCOS [130]. Long-term prospective randomized controlled trials assessing 
the effect of metformin on cardiovascular morbidity and mortality in women with 
PCOS are not available at present.

8.4 Incretins

Glucagon-like peptide-1 (GLP-1) is an incretin that potentiates the food-
mediated release of insulin leading to a decrease in plasma glucose levels and 
delaying gastric emptying, and exerting satiety effects. Several short-term clinical 
trials showed that administration of GLP-1 receptor agonists caused significant 
improvement in metabolic abnormalities and also cause weight loss in women with 
PCOS [131]. Similar beneficial effects of GLP-1 were observed in hyperandrogenic 
female rats [132]. In contrast, we recently reported that administration of the GLP-1 
receptor agonist (GLP-1 RA) liraglutide to a model of postmenopausal PCOS, elicits 
several beneficial metabolic effects but the BP-lowering effect of GLP-1 RA was 
blunted compared with control rats [64]. These results suggest that GLP-1 RA treat-
ment could improve DHT-induced metabolic and BP abnormalities in reproductive-
aged PCOS. It is possible to hypothesize that GLP-1 RA’s BP-lowering effect in 
PCOS animals could be mediated by estrogens, which are significantly decreased in 
postmenopausal PCOS rodents, leading to the lack of effect in those aging animals. 
This concept of a role for estrogens in the age-differential effect of GLP-1 RA in BP 
regulation in PCOS is an exciting hypothesis that needs to be tested.

8.5 SGLT2 inhibitors

Among therapies in clinical trials for women with PCOS are the sodium-glucose 
cotransporter-2 inhibitors (SGLT2i), which are antidiabetic agents. SGLT2i has 
recently been shown to be superior to metformin for weight loss in women with PCOS 
[133]. Additionally, SGLT2i is cardioprotective in patients with T2DM or with heart 
failure [134]. For example, in the EMPA-REG trial, SGLT2i reduced the relative risk of 
cardiovascular death by 38% in patients with T2DM on the background of the block-
ade of the renin-angiotensin system (RAS) [135]. A possible mechanism to explain 
why SGLT2i has dramatic cardiovascular protection includes its interactions with the 
RAS, which is affected by sex steroids and is a major regulator of BP [45, 136].

9. Conclusions

PCOS, the most common endocrine disorder in reproductive-aged women, is 
associated with increases in BP and IR. Excess of androgens, a cardinal feature of 
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the syndrome, may underlie those cardiovascular risk factors in PCOS. Effective 
and safe pharmacological agents that target the androgen excess and the androgen 
receptor are desperately needed to treat the cardiometabolic abnormalities found in 
women with PCOS.
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Chapter 7

Serum Sex Hormone Profiles in 
Potentially Resectable Esophageal 
Cancer
Waleed Al-Khyatt and Syed Yusuf Iftikhar

Abstract

Esophageal cancer (EC) affects men far more commonly than women. 
Numerous epidemiological studies have suggested that the hormonal milieu may 
play a role in this gender bias. However, there is little known about circulating 
sex hormone levels in relation to the risk of EC development. In this chapter, the 
correlation between circulating sex hormone levels and mRNA expression of 
estrogen receptors (ER) in normal esophageal mucosal samples and EC biopsies 
from patients with potentially resectable EC is studied. Moreover, the association of 
serum sex hormones levels with and clinico-pathological features of EC is analysed.

Keywords: esophageal, cancer, squamous, adenocarcinoma, sex hormones, estrogen, 
testosterone, estradiol

1. Introduction

Sex steroid hormones are essential for normal reproductive health in both 
sexes. Estrogens in women and androgens in men are crucial for development of 
sexual organs and regulation of gametogenesis. They also play vital roles in regulat-
ing physiological functions of other non-target tissues and organs. For instance, 
estrogens are involved in the maintenance of bone mass, regulation of lipoprotein 
synthesis, prevention of urogenital atrophy, regulation of insulin responsiveness, 
and maintenance of cognitive function.

Sex steroids hormones are also linked with development, progression, or 
treatment of several cancers that include breast, uterine, prostate, and testicular 
cancer [1].

Indeed, the correlation between endogenous sex steroid hormones and the risk 
of developing breast cancer is well described in the literature. Besides, the use of 
anti-estrogenic therapy is associated with better local control and survival outcome 
in patients with breast cancer [2].

Esophageal cancer (EC) is the eighth most common cancer and the sixth most 
common cause of cancer mortality worldwide [3]. Despite developments in treat-
ment modalities, estimated overall five-year survival rate for patients with EC is still 
poor, one of the characteristic features of EC, especially esophageal adenocarcinoma 
(EAC) is a persistence gender bias over several decades, in all races and across the 
world [3–5]. Although EC is not a hormone-dependant tumour, several epidemiologi-
cal studies suggested that female sex hormones may have a protective role against 
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the development of this aggressive malignancy [6, 7]. There is mounting evidence 
that the male predominance associated with oesophageal cancer is age dependent. 
The gender ratio is at its highest at a younger age, whereas the incidence difference 
between older men and women is smaller afterwards [8, 9]. This gender ratio seems to 
have been consistent during the last decades, despite the increasing incidence in EAC.

Several epidemiological studies investigated the possible association between 
the endogenous and exogenous sex hormonal exposure and EC. Lindblad et al. 
suggested that the use of HRT was not associated with a reduced risk of EC of 
any histological type [10]. Similarly, two recent studies examined the association 
between the use of HRT and the risk of EAC and squamous cell carcinoma (ESCC) 
in postmenopausal women [11, 12]. Freedman et al. found that the use of HRT was 
significantly associated with lower risk of ESCC and with a non-significant lower 
risk of EAC. Moreover, older age at menopause was inversely associated with ESCC. 
This risk reduction was more evident in women with intact uteri and who received 
estrogen and progestin containing HRT. Therefore, it was suggested that higher 
estrogen and progesterone levels may be related inversely to EC and in this way 
help explain the lower incidence rates in women compared to men [11]. In contrast, 
another study of 161,086 postmenopausal women involved in the Women’s Health 
Initiative (WHI), showed that the risk of ESCC was only lower among HRT users 
with a decreased risk mainly among current users of estrogen and progestin con-
taining HRT. No association was observed between the use of HRT and the risk of 
EAC. Also, no other reproductive or hormonal factors were significantly associated 
with the risk of either ESCC or EAC [12].

A nested case–control study within a prospective UK cohort and meta-analysis 
found that women prescribed HRT had a reduced risk of OC (adjusted RR for 
HRT versus no HRT prescriptions, 0.68, 95% CI 0.53–0.88; p < 0.004) [13]. There 
were no significant differences in cancer risk by HRT type, estimated duration 
of HRT use or between past and current users [13]. Recently, the Million Women 
Study (MWS) by Green et al examined risk of esophageal and gastric cancers in 
relation to reproductive factors in a large UK cohort [14]. They have shown that 
risks of both esophageal and gastric cancers were higher in postmenopausal than in 
pre- or peri-menopausal women, and, among postmenopausal women, risks were 
higher the younger the women were at menopause [14]. In contrast to some studies 
where no association of childbearing on the risk of AEC was identified [15], the 
MWS demonstrated that the association between parity and risk of EC was more 
significant for ESCC than for EAC and age at menarche was significantly associated 
with EAC but not ESCC [14]. Green et al therefore suggested that the reduced risks 
associated with menopausal status and with hormone therapy use are consistent 
with a hypothesis that exposure to estrogens reduces the risk of EC [14].

On the other hand, in a large population-based cohort of 87, 323 postmenopausal 
women with breast cancer, the potential effects of tamoxifen (Selective ER modulator 
mostly acts as an anti-estrogen) used for breast cancer treatment was evaluated. In this 
study, there was no increase in the risk of developing EC in breast cancer patients who 
received adjuvant tamoxifen treatment in comparison to the control group [16, 17]. 
However, a different large population-based study of 138,885 women (by Chandanos et 
al.) suggested a 60% risk increase of EAC among the exposed group but did not achieve 
statistical significance. In contrast, there was an increased risk of ESCC and lung cancer 
observed only in the unexposed cohort, indicating that the confounding factor of 
smoking might explain the increased incidence during the unexposed period [18].

Interestingly, a dose-dependent risk reduction in EC by breastfeeding was sug-
gested [19]. In a recent study, based on pooled data from several large case–control 
studies, endogenous reproductive factors and exogenous factors were evaluated 
in women. Breastfeeding was associated dose-dependently with a reduced risk of 
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EAC, while parity, menstruation, history of pregnancy, use of oral contraceptives or 
of HRT were not associated with the risk of developing this tumour [20, 21].

In a cohort of patients with prostate cancer, a reduced risk of EAC but not of 
ESCC was noted. Hence, it was suggested that a diagnosis of prostate cancer may be 
linked with aetiological factors that are negatively associated with EAC, or anti-
androgen therapy may influence the development of EAC [22]. In contrast, estrogen 
exposure in a national cohort of men with prostate cancer did not show any reduced 
risk of a second AEC [23]. Despite these efforts to explain the relation between 
female reproductive factors and risk of development of EC, the results are rather 
unclear and contradict each other. This could be partially explained by the fact that 
the number of women with EC included in those studies was relatively small, which 
could have the affected potential significance of the results [24].

Recently, it has suggested that the ER system is involved in EC progression and 
thus may provide a novel target for the treatment of EC [25]. However, there is little 
known about sex hormones levels in relation to the risk of EC development. In this 
study we aimed to:

1. Describe sex hormones profiles in a cohort of patients with established OC.

2. Identify whether there is any correlation between circulating sex hormone 
levels and mRNA expression of estrogen receptors (ER) in normal esophageal 
mucosal samples and EC biopsies.

3. Analyse the correlation between circulating sex hormone levels and clinic-
pathological features of EC.

2. Material and methods

2.1 Patient cohort

Joint ethical approval for the research protocol was acquired from the Derbyshire 
Research Ethics Committee and Derbyshire Hospitals Research and Development 
office. Written, informed consent was obtained from all patients included in this study. 
EC samples and matched normal tissue taken from adjacent macroscopic mucosa from 
the same patient were collected from resected EC specimens of 34 patients [EAC: n = 
28; ESCC: n= 6] who underwent esophagectomy. Normal samples were microscopi-
cally examined by a consultant pathologist to confirm normal features.

2.2 mRNA analysis by qRT-PCR

Total RNA was extracted from tissue samples (30 mg), ground in liquid N2 with 
a pestle and mortar and from cell lines (104 cells) using the RNeasy Mini kit method 
(QIAGEN, UK) as per manufacturer’s protocol. 300 ng of total RNA was reverse tran-
scribed with (+RT) or without (-RT) reverse transcriptase (RT) using the high-capac-
ity cDNA reverse transcription kit (Life Technologies, Paisley, UK). 2 μl of cDNA 
were amplified by real time PCR with commercially available TaqMan assays (Life 
Technologies, Paisley, UK) for ESR1 (Hs00174860_m1), ESR2 (Hs01100353_m1), and 
the reference genes GAPDH (Hs02758991_g1), PGK1 (Hs00943178_g1), and ACTB 
(Hs01060665_g1) in a Chromo 4 thermal cycler (Bio-Rad Laboratories LTD, Hemel 
Hempstead, UK). Expression of ESR1 and ESR2 was quantified relative to the geo-
metric mean of three reference genes and reported as relative to max using the GenEX 
software Version 5 (MultiD, DE) in accordance with MIQE guidelines [26].
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2.3 Immunohistochemistry

Immunohistochemistry (IHC) slides were prepared in the Histopathology 
Department at the Royal Derby Hospital. Normal mucosa and EC samples were 
stained using ERα and ERβ antibodies (NCL-L-ER-6F11 and 6007907, respectively, 
Novacastra, Newcastle, UK). ERα and ERβ positive breast cancer samples were 
used as positive controls. The ‘H-score method was used to measure the strength 
of ER-staining in normal esophageal mucosa and matched tumour samples [27]. 
Positive staining was defined as an H-score ≥ 10 in this study.

2.4 Blood samples

Blood samples were collected from 34 patients with histologically proven EC. 
Once the patient was anaesthetised, 10 ml of central venous blood was taken using 
gold-top Vacutainer Serum Separation Tubes (BD Vacutainer® SST™). Blood 
samples were immediately transported to the Clinical Chemistry laboratory in Royal 
Derby Hospital for analysis. Fasting serum level of testosterone, luteinizing hormone 
(LH), follicle stimulating hormone (FSH), sex hormone binding globulin (SHBG), 
17-β oestradiol (E2) were measured using ElectroChemiLuminescence ImmunoAssay 
(ECLIA, Roche) and as per manufacturer’s protocols. Elecsys and Cobas e immunoas-
say 411 analyzer was used for running of ECLIA (Roche-diagnostic, USA). The free 
androgen index (FAI) was calculated as the total testosterone to SHBG ratio [28].

2.5 Statistical analysis

For qRT-PCR on primary tissues, the two-tailed Wilcoxon signed rank test was 
used for matched cases while the two-tailed Mann-Whitney U test was used for 
non-matched variables. Either the two-tailed Mann-Whitney U test or Kruskal-
Wallis test, as appropriate, was used to establish relationships between hormone 
levels, ER mRNA and clinico-pathological features. Correlation coefficient (r) was 
calculated using two-tail Spearman correlation. Statistical differences were calcu-
lated using SPSS Statistics® for Windows™ v21 software from IBM SPSS Statistics 
(Feltham, UK) and GraphPad Prism® v6 (La Jolla, CA, USA). A value of p ≤ 0.05 
was considered as statistically significant.

3. Results

3.1 Clinico-pathological characteristics of recruited patients

The clinico-pathological characteristics of EC patients included in the analysis are 
summarised in Table 1. Median age was 65 years (range, 30 – 79 years). There were 
28 males and 6 females with male-to-female ratio of 5.7:1. Of those 34 patients, 28 
patients had EAC and 6 patients had ESCC. One-year disease specific survival was 
approximately 73.5%. Twenty-five (74%) patients received neoadjuvant therapy.

3.2 Sex hormones profiles

The median (Inter quartile range) (IQR) of the serum sex hormones levels (34 
patients) against their corresponding laboratory reference ranges (Derby Hospital 
biochemistry department) is summarised in Table 2. Median serum levels of FSH 
and LH hormone were higher than normal. However, the median of serum levels of 
E2, progesterone, testosterone, and SHBG were within the normal ranges Table 2.
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In a gender-based analysis, there were significant higher median (IQR) levels of 
LH and FSH in female patients compared to LH and FSH levels in male patients. In 
contrast, women had significantly lower median levels E2, testosterone compared to 
men. There was no significant difference in serum levels of progesterone and SHBG 
between men and women (Table 3).

3.3  Correlation between serum sex hormones level and estrogen receptor 
expression

The results of correlation between serum sex hormones and ERα and ERβ 
expression at mRNA are summarised in Tables 4 and 5. There was no significant 
correlation between the expression of ERα or ERβ mRNA in normal mucosa or 
tumour samples and serum level of LH, FSH, E2, Testosterone, FAI, or SHBG. 
In analysis of the correlation of hormones levels with estrogen receptors expres-
sion in both genders, we found that there was significant inverse correlation 
between testosterone level and ERβ mRNA expression in normal mucosa from 
male patients (r = - 0.41, p = 0.03) (Table 6). In female patients, there was 
significant inverse correlation between progesterone level and ERα mRNA 
expression in EC samples (r = - 0.87, p = 0.04) level (Table 7). No correlation 
was demonstrated between the levels of rest of sex hormones and ERs expres-
sion in either gender (Tables 6 and 7).

Patients recruited 34

Median age (years) 65 (range, 30-79)

One-year disease-specific survival 73.5%

Gender Male 28 (83%)

Female 6 (17%)

Histology EAC 28 (76%)

ESCC 6 (24%)

Tumour depth (T-stage) T1 8 (24%)

T2 3 (9%)

T3 23 (67%)

Nodal involvement No (N0) 15 (44%)

Yes (N1) 19 (56%)

Tumor differentiation Moderate 25 (74%)

Poor 9 (26%)

Vascular invasion No 21(62%)

Yes 13 (38%)

Barrett’s Metaplasia No 13 (46%)

Yes 15 (54%)

Circumferential resection margin Not involved 23 (68%)

Involved 11 (32%)

Preoperative chemotherapy No 9 (26%)

Yes 25 (74%)

Table 1. 
Patient Characteristics.
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Hormone (reference range) Median (IQR) of serum level

Male (n = 28) Female (n = 6) p value*

LH (1.7 – 8.6 IU/L) 9.5 (6.5 – 12) IU/L 33.5 (21 – 45.5) IU/L 0.004

FSH (1.5 – 12.4 IU/L) 13 (7.8 - 23) IU/L 62 (40 – 90) IU/L 0.001

E2 (28 – 167 pmol/L) 78 (59 – 98) pmol/L 50 (35 – 50) pmol/L 0.002

Progesterone (0.7 – 4.3 nmol/L) 1.2 (0.8 – 2.4) nmol/L 0.9 (0.8 – 1.5) nmol/L 0.51

Testosterone (8.3 – 27.8 nmol/L) 14 (8 – 20) nmol/L 0.5 (0.3 – 1.1) nmol/L 0.0001

SHBG (14.5 – 48.4 nmol/L) 54 (32 – 65) nmol/L 40 (28.5 – 89) nmol/L 0.84

FAI (34 – 106 %) 21.5% (16% – 35%) 1% (0.5% – 3%) 0.001

LH, luteinizing hormone; FSH, follicular stimulating hormone; E2, 17β-Oestradiol; SHBG, serum hormone binding 
globulin; FHI, free androgen index.
*Calculated using two-tail Mann Whitney U test.

Table 3. 
Gender-based comparison of serum sex hormones levels in patients with EC.

Hormone (reference range) Median (IQR) of serum level

LH (1.7 – 8.6 IU/L) 9.9 (7, 17) IU/L

FSH (1.5 – 12.4 IU/L) 17 (9.6, 28) IU/L

E2 (28 – 167 pmol/L) 73 (50, 95) pmol/L

Progesterone (0.7 – 4.3 nmol/L) 1.1 (0.5, 1.15) nmol/L

Testosterone (8.3 – 27.8 nmol/L) 12 (6.5, 16.5) nmol/L

SHBG (14.5 – 48.4 nmol/L) 52 (32, 68) nmol/L

FAI (34 – 106 %) 20.5% (12%, 31%)

LH, luteinizing hormone; FSH, follicular stimulating hormone; E2, 17β-Oestradiol; SHBG, serum hormone binding 
globulin; FHI, free androgen index.

Table 2. 
The median (IQR) of serum sex hormones levels of patients with EC (n = 34).

Hormone ESR1 (ERα) mRNA expression

Normal mucosa Tumour

r p-value* r p-value*

LH 0.08 0.69 0.16 0.41

FSH - 0.16 0.38 0.04 0.83

E2 0.11 0.55 0.03 0.99

Progesterone 0.2 0.26 0.22 0.2

Testosterone 0.10 0.56 0.10 0.57

SHBG - 0.2 0.32 0.08 0.68

FAI 0.31 0.11 - 0.08 0.7

LH, luteinizing hormone; FSH, follicle stimulating hormone; E2, 17β-Oestradiol; SHBG, serum hormone binding 
globulin; FHI, free androgen index; r, the correlation coefficient.
*Calculated using two-tail Spearman correlation.

Table 4. 
Correlation between serum sex hormones levels and ERα mRNA expression.
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Hormone ESR2 (ERβ) mRNA expression

Normal mucosa Tumour

r p-value* r p-value*

LH - 0.22 0.24 - 0.01 0.94

FSH 0.08 0.67 - 0.03 0.85

E2 0.02 0.92 - 0.16 0.38

Progesterone 0.08 0.66 - 0.18 0.33

Testosterone - 0.03 0.08 - 0.14 0.43

SHBG 0.07 0.7 0 1

FAI - 0.14 0.49 - 0.25 0.21
LH, luteinizing hormone; FSH, follicle stimulating hormone; E2, 17β-Oestradiol; SHBG, serum hormone binding 
globulin; FHI, free androgen index; r, the correlation coefficient.
*Calculated using two-tail Spearman correlation.

Table 5. 
Correlation between serum sex hormones levels and ERβ mRNA expression.

Hormone ESR1 (ERα) mRNA expression ESR1 (ERβ) mRNA expression

Normal mucosa Tumour Normal mucosa Tumour

r p-value* r p-value* r p-value* r p-value*

LH 0.13 0.53 0.19 0.36 - 0.26 0.21 - 0.06 0.77

FSH - 0.13 0.52 - 0.04 0.85 0.07 0.72 - 0.17 0.41

E2 0.07 0.73 0.08 0.69 0.05 0.80 - 0.07 0.73

Progesterone - 0.13 0.54 0.08 0.71 - 0.27 0.19 0.10 0.62

Testosterone 0.09 0.64 0.26 0.19 - 0.41 0.03 - 0.03 0.88

SHBG 0.13 0.52 0.08 0.69 - 0.01 0.99 - 0.07 0.74

FAI 0.35 0.11 0.09 0.68 - 0.22 0.36 - 0.14 0.53
LH, luteinizing hormone; FSH, follicle stimulating hormone; E2, 17β-Oestradiol; SHBG, serum hormone binding 
globulin; FHI, free androgen index; r, the correlation coefficient.
*Calculated using two-tail Spearman correlation.

Table 6. 
Correlation between serum sex hormones levels and estrogen receptors mRNA expression in male  
patients (n = 28).

Hormone ESR1 (ERα) mRNA expression ESR1 (ERβ) mRNA expression

Normal mucosa Tumour Normal mucosa Tumour

r p-value* r p-value* r p-value* r p-value*

LH - 0.80 0.20 - 0.80 0.20 - 0.40 0.60 0.40 0.60

FSH - 0.36 0.55 -0.22 0.74 0.10 0.87 0.31 0.61

E2 0.71 0.18 0.71 0.18 - 0.35 0.56 0.35 0.56

Progesterone - 0.62 0.27 - 0.87 0.04 - 0.21 0.74 0.36 0.55

Testosterone 0 1.0 - 0.20 0.75 0.60 0.29 - 0.70 0.19

SHBG - 0.56 0.32 - 0.15 0.81 0.46 0.43 - 0.21 0.74

FAI 0.37 0.54 0 1.00 0 1.00 - 0.16 0.80

LH, luteinizing hormone; FSH, follicle stimulating hormone; E2, 17β-Oestradiol; SHBG, serum hormone binding 
globulin; FHI, free androgen index; r, the correlation coefficient.
*Calculated using two-tail Spearman correlation.

Table 7. 
Correlation between serum sex hormones levels and estrogen receptors mRNA expression in female  
patients (n = 6).
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Hormone Histology 
(EAC vs 
ESSC)

T-Stage LN-stage Grade VI BM CRM

LH r 0.04 - 0.08 0.21 0.18 0.04 - 0.01 - 0.06

p-value* 0.87 0.71 0.30 0.39 0.83 0.98 0.78

FSH r - 0.03 - 0.18 0.25 - 0.13 - 0.28 - 0.02 - 0.16

p-value* 0.88 0.36 0.21 0.61 0.16 0.943 0.50

E2 r - 0.27 - 0.125 0.12 0 0.10 -.018 0.02

p-value* 0.17 0.53 0.54 1.00 0.61 0.93 0.92

Progesterone r - 0.25 - 0.21 0.39 0.27 - 0.16 - 0.06 - 0.25

p-value* 0.28 0.32 0.05 0.19 0.46 0.77 0.23

Testosterone r 0.21 0.18 0.15 0.12 0.06 - 0.04 0.05

p-value* 0.28 0.35 0.44 0.53 0.78 0.86 0.81

SHBG r 0.24 0.13 0.08 0.13 - 0.09 - 0.17 - 0.01

p-value* 0.24 0.51 0.69 0.53 0.65 0.39 0.96

FAI r - 0.17 - 0.08 - 0.24 - 0.22 - 0.15 0.20 - 0.50

p-value* 0.61 0.72 0.29 0.33 0.61 0.37 0.02

LH, luteinizing hormone; FSH, follicle stimulating hormone; E2, 17β-Oestradiol; SHBG, serum hormone binding 
globulin; FHI, free androgen index; T-stage, tumour depth; LN-stage, lymph node involvement; VI, vascular 
invasion; BM, barrett’s metaplasia; CRM, circumferential resection margin; r, the correlation coefficient.
*Calculated using two-tail Spearman correlation.

Table 9. 
Correlation between serum sex hormones levels and pathological features in male patients (n = 28).

Hormone Disease specific one-year survival

Males Females

LH R - 0.33 R 0.26

p-value* 0.10 p-value* 0.74

FSH R 0.12 r 0.36

p-value* 0.56 p-value* 0.55

E2 R 0.32 r 1.000**

p-value* 0.10 p-value* < 0.0001

Progesterone R 0.16 R 0.36

p-value* 0.46 p-value* 0.55

Testosterone R 0.19 R 0.35

p-value* 0.37 p-value* 0.56

SHBG R 0.21 R 0.36

p-value* 0.29 p-value* 0.55

FAI r 0.21 r 0.19

p-value* 0.35 p-value* 0.76

LH, luteinizing hormone; FSH, follicle stimulating hormone; E2, 17β-Oestradiol; SHBG, serum hormone binding 
globulin; FHI, free androgen index; r, the correlation coefficient.
*Calculated using two-tail Spearman correlation.

Table 8. 
Correlation of serum sex hormones level & 1-year disease specific survival.
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3.4  Correlation between serum sex hormones levels and clinico-pathological 
features

Gender-based analysis of correlation between serum hormones levels and 
survival outcome at one year and pathological features after intended curative 
resection was performed using two-tail Spearman test. There was highly significant 
positive correlation between 1-year disease survival outcome and serum E2 level in 
female patients (r = 1, p < 0.0001) (Table 8). However, no significant association 
was determined between sex hormones levels and 1-year disease specific survival in 
male patients (Table 7).

No correlation was demonstrated between serum hormonal levels and patho-
logical features of EC from either male or female patients (Tables 9 and 10).

4. Discussion

In this study, we investigated sex steroid hormones profiles in patients with 
established EC. Our results demonstrated that there was no correlation between 
serum level of LH, FHS, E2, SHBG, or FAI and ER expression in normal esophageal 
mucosa or EC from both genders. Whilst 1-year disease survival is significantly cor-
related with high E2 level in female patients, no significant correlation is identified 
between survival outcome and sex hormones level in male patients.

The disparity in the incidence of EC between males and females has always 
raised the question regarding the role of sex hormones and sex EC in esophageal 
carcinogenesis. In an in vitro study, Matsuoka et al. were first to investigate the 

Hormone Histology 
(AEC vs 

ESSC)

T-Stage LN-stage Grade VI BM CRM

LH r - 0.78 - 0.78 0.78 - 0.26 0.78 - 0.78 0

p-value* 0.23 0.23 0.23 0.74 0.23 0.23 1.00

FSH r - 0.18 - 0.74 0.74 0.18 0 -.725 - 0.15

p-value* 0.77 0.15 0.15 0.77 1.00 0.17 0.81

E2 r - 0.25 - 0.41 0.41 0.25 - 0.41 0.25 - 0.61

p-value* 0.69 0.50 0.50 0.69 0.50 0.69 0.27

Progesterone r - 0.73 - 0.44 0.44 - 0.18 0.74 - 0.73 0.15

p-value* 0.17 0.45 0.45 0.77 0.15 0.17 0.81

Testosterone r 0 0.58 - 0.58 0.71 0.87 - 0.35 0.87

p-value* 1.00 0.31 0.31 0.18 0.06 0.56 0.06

SHBG r 0.73 0 0 - 0.18 - 0.44 - 0.18 0.15

p-value* 0.17 1.00 1.00 0.77 0.45 0.77 0.81

FAI R 0.56 0.15 - 0.15 0.56 0.76 - 0.19 0.30

p-value* 0.33 0.81 0.81 0.33 0.14 0.76 0.62

LH, luteinizing hormone; FSH, follicle stimulating hormone; E2, 17β-Oestradiol; SHBG, serum hormone binding 
globulin; FHI, free androgen index; T-stage, tumour depth; LN-stage, lymph node involvement; VI, vascular 
invasion; BM, barrett’s metaplasia; CRM, circumferential resection margin; r, the correlation coefficient.
*Calculated using two-tail Spearman correlation.

Table 10. 
Correlation between serum sex hormones levels and pathological features in female patients (n = 6).
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effect of E2 and testosterone on the growth of newly established cancer cell lines of 
ESCC origin, which expressed both ER and androgen receptor (AR). They found 
that the growth rate of the cell lines was inhibited by estrogen and enhanced by 
testosterone [29]. In a similar way, Utsumi et al. suggested that the presence of ER 
arbitrates the inhibitory effect of estrogen when it was noted that the growth of 
ER positive transplanted tumour was significantly greater in male than it was in 
female nude mice. Such a difference was not observed for ER negative tumour. Also, 
the growth rate of ER positive tumours was enhanced in oophorectomised female 
mice and significantly suppressed with a physiological dose of E2 compared to ER 
negative cancer [30, 31]. Likewise, Ueo et al studied sex hormone dependency and 
hormone responsiveness on both ER positive (KSE-1) and ER negative (KSE-2) 
ESCC cell lines transplanted in male and female nude mice. They found that the 
administration of E2 significantly inhibited the growth of KSE-1 tumours in both 
males and females in conjunction with an increase in E2 levels. No similar influ-
ence on KSE-2 growth was identified. Therefore, they suggested that the growth of 
human EC cells with sex hormone receptor is influenced by circulating hormone 
levels and can be manipulated by systemic E2 administration [32].

EAC often expresses ER, which suggests a possible biological involvement of 
steroid hormones. Wang et al. suggested that ER and their signalling could have a 
role in EC development when he found that 43.75% (21/48) and 20.83% (10/48) of 
EC cases were positive for ER and progesterone receptor (PR) respectively, while 
these receptors were negative in esophageal tissues taken from normal subjects [33]. 
Similarly, Tiffin et al suggested that the role of ER may warrant further investiga-
tion when they identified mild to moderate ER staining in most of their esophageal 
tissue samples. However, the author did not discriminate between the ER subtypes 
detected [34]. Interestingly, Nozoe et al found that ERα expression was signifi-
cantly higher in male patients with ESCC in comparison to females. Also, a positive 
expression of ERα plus negative expression of ERβ was found to be an unfavourable 
independent prognostic indicator in patients with ESCC. Therefore, they suggested 
that hormonal therapy using estrogen may have a role in improving the outcome in 
this type of cancer and its possible anti-tumour effect requires more in depth both 
laboratory and clinical based investigations [35]. Akgun et al. studied the expression 
of ERβ in Barrett’s metaplasia and associated EAC. They concluded that all EAC and 
most precursor lesions, Barrett's metaplasia with or without dysplasia, express ERβ 
in a significantly high percentage of the cells. These findings raise the possibility that 
EAC may benefit from treatment and/or chemoprevention by SERM [36]. Likewise, 
Liu et al. found that ERβ1, ERβ2, ERβ3 and ERβ5 are overexpressed in EAC com-
pared to its precursor lesion Barrett’s metaplasia negative for dysplasia, suggesting 
a significant biological role [37]. In contrast, Kalayarasan et al. studied the expres-
sion of ERα and ERβ as well as Progesterone Receptors (PR) in both tumour tissue 
and adjacent normal mucosa samples of 45 cases of EC (ESCC = 30 cases, EAC= 
15 cases). They found neither tumours nor normal mucosa expressed ERα or PR. 
However, all cases of EAC, irrespective of their stage/grade, were strongly positive 
for ERβ and the intensity of staining in tumours was significantly higher than in 
normal adjacent mucosa. Therefore, they suggested that estrogen may have an effect 
on the growth of EAC and this effect may be mediated by ERβ [38]. Despite numer-
ous studies assessing the role of sex hormones in AEC development, the findings are 
still featured by some inconsistency. It seems therefore important that the molecular 
mechanisms of ER in esophageal carcinogenesis are further clarified.

Recently, Zuguchi et al found that there is increased nuclear ERβ reactivity in 
human ESCC in comparison to matched normal mucosa [39]. Moreover, increased 
ERβ expression seems to have unfavourable correlation to the histo-pathological 
stage of the disease [39]. Therefore, they concluded that EC is an estrogen dependant 
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malignancy and ERβ might provide an additional therapeutic target for treatment 
of ESCC [39]. Another study by Sukocheva et al demonstrated that tamoxifen and 
raloxifen inhibited the growth of esophageal AC cell lines proliferation by inducing 
apoptosis and cell cycle arrest [40]. However, the study did not differentiate between 
the role of each receptor, especially when we know for fact that SERMs have different 
agonist and antagonist function of ER in different body tissues.

Several studies demonstrated that women undergoing curative EC resection 
have better long term survival outcome compared to men [6, 7]. In a case control 
study, Wang et al, found that there was a low serum E2 level from healthy controls 
from an area with a high incidence of ESCC compared to counterparts from a 
low incidence area in China [41]. Hence, they suggested that the discrepancy in 
incidence of ESCC may be explained by the lack of a protective E2 effect [41]. In 
another study, Petrick JL et al identified a high ratio of androgens to estrogens – 
particularly testosterone:estradiol ratio – was more common in EAC patients than 
controls, including after restriction to cases without weight loss in the previous 5 
years [42]. The lack of association between circulating E2 and ER expression in this 
study may reflect the theoretical possibility that ER expression is influenced more 
by intra-tumor E2 rather than circulating hormone concentrations [43, 44]. For 
instance, Recchione et el found that E2 level in breast cancer samples is significantly 
higher compared to serum level of E2. Similarly, in a comparison of blood and 
breast cancer tissue concentrations sex steroids by Secreto et al showed that there 
was significantly higher level of E2 in the tumours than in the blood [45].

Recently, Xie, S-H et al found that an increased disease-specific mortality with 
lower SHBG levels and higher FSH levels in male EAC patients without surgical 
treatment. No clear associations were observed for dehydroepiandrosterone sul-
phate, LH, prolactin, testosterone, 17-OH-progesterone, progesterone, E2, andro-
stenedione, testosterone:estradiol ratio or free testosterone index [46]. In our study, 
there was no correlation between sex hormones level and pathological features. 
However, we found higher serum E2 level had significant positive correlation with 
1-year disease specific survival in women. This may indicate that E2 may play anti-
proliferative effect and in turn reduce the risk of developing distant micro metasta-
ses. For example, high dose estrogens, like diethylstilbestrol found to paradoxically 
inhibit breast cancer growth by activation of Fas/FasL apoptotic pathway [47]. In 
another in vitro study, Al-Khyatt et al found that ERs antagonists induced apoptosis 
in EC cell lines proliferation. Thus, they concluded that their findings may indicate 
that the ER system is involved in OC progression and thus may provide a novel 
target for the treatment of OC [25].

In a study by Awan et al [48], a raised testosterone level had a positive correla-
tion with the presence of EC compared to control group. Furthermore, serum tes-
tosterone levels decreased after surgical resection of the tumour [48]. In this study 
it was demonstrated that testosterone had an inverse correlation with ERβ mRNA 
expression in normal mucosa from male patients. Several studies investigated the 
role of androgens in the pathogenesis of estrogen-dependant cancers like breast 
cancer [49]. Nevertheless, the significance of cross-talk between androgens and ER 
in EC is not clear and warrants further investigation [50].

The number of patients used in this study is relatively small, especially female 
patients. This could be the reason behind the lack of any association between serum 
sex hormones and ER expression or pathological features. Another limitation is 
there was no matched healthy control. The serum sex hormones levels of healthy 
controls could have been used for comparison as well as studying the correlation 
between hormones levels and risk factors profiles for EC.

In summary, in this study, there was no association between sex hormones 
profiles and the expression of ER or pathological features of EC in both genders. 
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Interestingly, survival outcome was better in women with increased serum level 
of E2. Current published evidence supports that sex hormones may play a role in 
esophageal carcinogenesis. Hence, future research work may include a population-
based study looking into the correlation of sex hormones and risk factors profiles 
for EC in healthy volunteers and patients is required. Likewise, a well-designed 
in vivo study to address the potential therapeutic role of ERα and ERβ in treatment 
of EC is warranted.

© 2021 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 8

Small Molecules Inhibit 
Extranuclear Signaling by 
Estrogen: A Promising Strategy 
to Halt Breast Cancer Progression 
and Metastasis
Imaobong Etti, Chukwuemeka Nwafor and Grace Essien

Abstract

The sex hormone estrogen plays critical roles in reproductive and sexual  
development. It regulates the expression and activity of key signaling molecules 
critical in various cellular signaling pathways. These signals are mediated by its 
binding to estrogen receptors alpha (ERα) and beta (ERβ). ERα has been shown to 
greatly participate in extranuclear signaling, inducing tumorogenesis and breast 
cancer metastasis. Small molecules from plants are reported with better selectivity 
toward tumorigenic cells with negligible toxicity when compared to their synthetic 
counterpart. The molecules used in this study were first probed for their drug-
likeness and their pharmacokinetic profile was elucidated before docking them to 
the ligand binding domain of the human ERα followed by a post docking prime 
analysis. All tested molecules had good drug-like and pharmacokinetic properties 
when compared to about 95% of orally available drugs as predicted by qikprop. The 
docking results revealed a strong binding interaction with ERα, influenced mostly 
by the vicinal diol groups of the studied molecules. These resulted in a conforma-
tional change, inducing receptor dimerization and altering the interactions of the 
sex hormone with other proteins. The studied ligands are promising in strongly 
inhibiting the binding of estrogen to ERα, thus limiting its extranuclear signaling.

Keywords: sex hormones, human estrogen receptor alpha (hERα), molecular 
docking, pharmacokinetics, extracellular signaling, breast cancer

1. Introduction

Estrogen plays an important role in mammary gland development and has 
been implicated in the initiation and progression of breast cancer [1]. There are 
two major receptors with which this sex hormone binds to mediate its biological 
activities. These receptors are estrogen receptors, alpha and beta (ERα and ERβ). 
ERα is present mainly in mammary gland, uterus, ovary (thecal cells), bone, male 
reproductive organs (testes and epididymis), prostate (stroma), liver, and adipose 
tissue. By contrast, ERβ is found mainly in the prostate (epithelium), bladder, ovary 
(granulosa cells), colon, adipose tissue, and immune system. Both subtypes are 
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markedly expressed in the cardiovascular and central nervous systems. The alpha 
subtype has a more prominent role on the mammary gland and uterus, as well as on 
the preservation of skeletal homeostasis and the regulation of metabolism. The beta 
subtype seems to have a more profound effect on the central nervous and immune 
systems [2]. In terms of sequence homology, the ERβ shows a high homology to ERα 
in the DBD (more than 95% amino acid identity) and in the LBD (~55% amino acid 
identity) [3, 4]. However, the NTD of ERβ is shorter than that of ERα with a very 
poor sequence homology of only ~15% compared to that of ERα (Figure 1A and B).

The major ER subtype is the ERα which has been reported in about 70% of 
breast cancer cases [7]. In addition to the well-studied nuclear functions of ERα, 
it also participates in extranuclear signaling which involve growth factor signaling 
components, adaptor molecules and the stimulation of cytosolic kinases [8]. ERα 
extranuclear pathways have the potential to activate gene transcription, modulate 
cytoskeleton, and promote tumor cell proliferation, survival, and metastasis. 
Inhibition of ERα extranuclear actions is, thus, a promising strategy to curb breast 
tumor progression and may be useful in preventing ERα positive metastasis.

Commonly used endocrine therapies include: selective estrogen receptor modu-
lators (such as tamoxifen, raloxifene, toremifene), aromatase inhibitors (such as 
anastrozole, letrozole and exemstane) and selective estrogen receptor downregulators 
(such as fulvestrant). Unfortunately, tumor cells readily develop resistance to these 
therapies in a progressive manner, a major obstacle limiting the success of breast 
cancer treatment. Resiatance may be de novo or acquired and has been shown to be 
influenced by complicated crosstalks. These resistance to available therapies combined 
with their undue toxicities provoke the search into small molecules from plant, deemed 

Figure 1. 
Sequence organization of estrogen receptors, ERα and ERβ (A and B) and the 3D structures of studied ligands 
(C). (A) Shows different domains highlighted in different colors: NTD = amino terminal domain (in red); 
DBD = DNA binding domain (in green); hinge region in blue; LBD = ligand-binding domain (in yellow);  
F region located towards the C-terminal end (in gray). Amino acid sequence position is given for each domain. 
(B) Shows 3-dimensional structures of ERα (left) and ERβ (right) bound to estradiol (PDB structures 1A52 [5] 
and 3OLS [6]. (C) Shows 3D structures of all studied ligands.
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to be less toxic [9] which can destabilize and/or downregulate the commonly impli-
cated estrogen receptor (hERα) in a bid to intercept the complicated crosstalks [10].

There are critical steps in the development of effective pharmacotherapy, with 
many phases and stages within each of them. The first step which is discovery and 
development involve target discovery and validation, lead refinement as well as 
preclinical development. This is often followed by preclinical research, which tests the 
new drug on non-human subjects for efficacy, toxicity, and pharmacokinetic (PK) 
information with unrestricted dosages. Preclinical research involves in vivo, in vitro, ex 
vivo and in silico assays. The next step is the clinical development and involves clinical 
trials and volunteer studies to fine-tune the drug for human use before submitting for 
a holistic FDA review. The final critical step is the FDA post-market safety monitor-
ing. It cost so much before a suitable drug candidate finally gets to the market and 
failure which frequently taunts the process can better be imagined than experienced.

Several promising drug candidates have failed to reach the market due to their 
poor pharmacokinetic properties. Many compounds with promising pre-clinical 
medicinal properties may not even stand a chance of being tried because of their 
non-drug-likeness except after rigorous improvement which may end up increas-
ing toxicity. Today, with the advancement in medical and pharmaceutical sciences, 
computational techniques has proven useful for early prediction of the absorption, 
distribution, metabolism, excretion and toxicity (ADMET) profile of potential drug 
molecules before subjecting them to rigorous pre-clinical and clinical testings [11]. In 
silico approaches like molecular docking has been successfully applied in the screen-
ing and selection of potent drugs in the treatment of diseases [12]. These techniques 
are now extensively employed by pharmaceutical companies for screening for lead 
compounds to facilitate entrance of potential drug molecules with good drug-like-
properties into the market while eliminating molecules with poor profile [13]. The 
purpose of this study was to investigate the pharmacokinetic properties and drug-
likeness of the selected small molecules and investigate its inhibitory potential to the 
ERα, with the view of mitigating this sex hormone’s receptor extranuclear signaling.

2. Materials and methods

2.1 Computer hardware and software

The molecular docking simulation was performed on the Lenovo Precision 
workstation 6.1.7600 running Intel® Core™ i5 Duo Processor, 4.0GB RAM, 
436 GB hard disk and AMD Radeon graphics card (Lenovo PC HK Limited, China). 
The 3D structures of the small molecules were obtained from the National Centre 
for Biotechnology Information, Pubchem database www.ncbi.nlm. nih.gov/
pccompound) in SDF format and prepared with Maestro, using ligprep version 
3.6 (LigPrep 2015). The solution x-ray crystal structure of the human ERα (3UUD, 
1.60 Å resolution) was retrieved from the protein databank (www.rcsb.org) using 
Discovery Studio visualizer 4.5 (Accelryls, USA). Protein-ligand docking simula-
tion was performed using the Schrodinger molecular docking suite version 2018-4.

2.2 Preparation of ligands and protein

The ligands were prepared using LigPrep, a utility of Schrodinger software suit 
that combines tools for generating 3D structures from 1D (Smiles) and 2D (SDF) 
representation. Molecular mechanics force fields, optimized potentials for liquid 
simulations-2005 (OPLS_2005) with default settings were employed for the ligand 
minimization and the ligands were thereafter filtered for computational studies.
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The crystal structure of hERα (3UUD) was prepared using Schrodinger protein 
preparation wizard tool (Glide), which performed the following steps: assigning of 
bond orders, addition of hydrogens, optimization of hydrogen bonds by flipping 
amino side chains, correction of charges and minimization of the protein complex. 
All the bound water molecules, ligands and cofactors were removed (preprocess) 
from the protein and the output file was saved in maestro format. The idle side 
chains were neutralized before restrained minimization of co-crystallized complex, 
which reoriented side chain hydroxyl groups and alleviated potential steric clashes. 
The complex obtained was minimized using OPLS_2005 force field with Polack-
Ribiere Conjugate Gradient (PRCG) algorithm. The minimization was terminated 
when the energy gradient converged below 0.05 kcal/mol [14].

2.3 Prediction of pharmacokinetic properties and drug-likeness

The molecular weight, number of hydrogen bond donor, number of hydrogen 
bond acceptor and octanol–water partition coefficients were used to verify the com-
pounds adherence to Lipinski’s rule of five which qualifies their drug-likeness. To 
nominate drug candidates, certain pharmacokinetics descriptors that portray their 
drug-likeness [15] were investigated using the QikProp module of the Schrodinger 
Suite, a program designed by Professor William L. Jorgensen [16]. In addition to 
predicting physically significant and pharmaceutically relevant molecular descrip-
tors, QikProp also provides ranges for comparing predicted descriptors of each 
compound with those of 95% of drugs known for oral use. The pharmacokinetic 
descriptors evaluated were: molecular weight(Mwt), total solvent accessible surface 
area (SASA), Donor hydrogen bond (DonorHB), number of acceptable hydrogen 
bond (Accept HB), predicted octanol/water partition coefficient (QPlogPo/w), 
predicted aqueous solubility (QPlogS), predicted apparent Caco-2 cell permeability 
(QPPCaco), predicted brain/blood partition coefficient (QPlogBB), number of 
likely metabolic reactions(#metab), human oral absorption, van der Waals surface 
area of polar nitrogen and oxygen atoms (PSA) and prediction of plasma protein 
binding(Khsa). Cytochrome P450 inhibitory promiscuity and inhibition of the 
human either-a-go-go-ralted gene was also accessed via admerSAR web server. The 
analysis in the present study was run on QikProp at the normal processing mode 
with default settings (QikProp 2018). The prepared ligands were used as input 
structures and their pharmacokinetics profiles with respect to properties shared 
by 95% of drugs known for oral use were evaluated. Compliance or deviant of the 
tested potential drug candidates to the Lipinski’s rule of five was also examined 
before they were considered drug-like [17].

2.4 Docking studies

Docking studies were carried out using Glide XP of the Schrodinger Suite 
(Maestro Version 11.8 and Glide version 8.0, 2018-4) docking program following 
the reported standard procedures [18]. Each ligand was individually docked onto 
the LBD of the hERα using Glide extra precision (XP) mode. In the course of the 
docking, several binding poses were generated for each ligand and the best binding 
pose was selected at the end of the docking process.

2.5  Calculation of ligand free energy of binding with the hERα using the 
MM-GBSA approach prime energy analysis

The Prime MM-GBSA or ‘molecular mechanics energies combined with the 
generalized Born and surface area continuum solvation’ approach was used in the 
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post-assessment of free energy of binding of ligands-hERα complex [19]. This 
approach uses the OPLS_2005 all-atom force field for protein residues, ligands and 
cofactors [20, 21]. The input structures for these calculations were taken from a 
pose viewer file Glide output after the docking study.

The following descriptors were generated by the prime MM-GBSA approach:

1. MM-GBSA_∆G_bind (ligand binding energy ( bindG∆ ))

2. MM-GBSA_E_complex (energy of the complex ( complexG ))

3. MM-GBSA_E_protein (energy of the receptor without the ligand ( proteinG )) and

4. MM-GBSA_E_ligand (energy of the unbound ligand ( ligandG )).

The total free energy ( bind)∆G  of binding is expressed as:

 ( )–bind complex protein ligandG G G G∆ = +  (1)

The other parameters for the complex were:

1. Prime Coulomb energy ( bindG∆ coulomb)

2. Prime Van der Waals energy ( bindG∆ vdW)

3. Prime Hydrogen Bond ( bindG∆  H-bond)

The MM-GBSA scoring and experimental binding affinity data of the binding 
site for the molecules on hERα were recorded.

3. Results

3.1 The structures of the protein and studied ligands

The 3D structures of the studied ligands are as shown in Figure 1c. Complete 
X-ray structure of of the hERα (Figure 2A) and its binding amino acids depicted 
with green sticks are as shown in Figure 2B above.

Figure 2. 
(A) Complete X-ray structure of hERα shown as ribbon (B) active amino acids shown in green sticks at the 
catalytic site of hERα.
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3.2 Pharmacokinetic profile of tested ligands

All the tested compounds obeyed the Lipinski’s rule of five (see Table 1). From 
the result of cell permeability using the caco-2 model, estradiol, pinostrobin and 
tamoxifen showed a great permeability prediction while moderate permeation 
was observed with catechin, pinobankskin, pinocembrin and gelagin (Table 1). 
Myrecetin, on the other hand showed very poor predicted cell permeability. All 
studied ligands had good predicted aqueous solubility (log S), and their blood brain 
barrier prediction, surface area of solvent absorption, predicted number of pos-
sible metabolic transformations, as well as polar surface area was within the range 
set for orally available drugs (see Table 1). For the prediction of plasma protein 
binding, tamoxifen had a score of −7.4, which was not within the stipulated range of 
−1.5-1.5, howbeit, other ligands had a good plasma protein prediction. Pinostrobin, 
tamoxifen, estradiol and pinocembrin had high predicted oral bioavailabilities 

Figure 3. 
3D and 2D molecular interaction of gelagin (a, a1), myrecetin (b, b1) and pinobanksin (c, c1) with crucial 
amino acids at the ligand binding domain of hERα.
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while moderate oral bioavailabilities were observed with Gelagin, pinobanksin, and 
catechin. Myricetin had the least predicted human oral availability.

3.3 Protein-ligand interactions

Structurally, each of the studied ligand contained the basic flavone skeleton 
linked by a three-carbon chain forming a closed pyran ring. Considering hydrogen 
bond interactions of the studied molecules with active amino acids of the estrogen 
receptor, from the results, the 7-OH of gelagin (Figure 3 (a & a1)) formed one 
hydrogen bond with Glycin 521 at a distance of 1.89 Ǻ and a π-cation interactions 
with phenylalnine 404 and histidine 524. The 31- OH and 41- OH groups of myricetin 
each established 1H bond with glutamic acid 353 residue at distances of 1.59 Ǻ and 
1.74 Ǻ respectively. A firm interaction was also observed with Arginine 394 by the 
41- OH of myricetin at distances of 1.97 Ǻ and 2.26 Ǻ. The 8- OH of myricetin also 
established 1H bond with histidine 524 and glycin 521 at 1.90 Ǻ. There was also a 
π-interaction of this ligand with phenylalanine 404 and histidine 524 (Figure 3 (b 
& b1)). In Figure 3 (c & c1) 1H bond each was established between the 8- OH of 

Figure 4. 
3D and 2D molecular interaction of pinostrobin (d, d1), pinocembrin (e, e1) and with crucial amino acids at 
the ligand binding domain of hERα.
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pinobankskin and Glycine 521 and Methionine 388 at distances of 1.78 Ǻ and 1.89 Ǻ 
respectively. A pi-pi interaction was also observed between the ligand and phenyala-
nine 404 as well as histidine 524. A pi-pi interaction was formed between pinostrobin 
and phenyalanine 404 of the hERα while its 8- OH group formed one hydrogen 
bond with glycine 521 at 1.78Ǻ (Figure 4 (d & d1)). Pinocembrin (Figure 4 (e & e1)) 
established a pi-cation interaction with phenylalanine 404 and histidine 524 while 
its 5-OH group formed 1H bond with leucine 387 at 1.89 Ǻ. A strong interaction was 
observed between its 8- OH group and glutamate 353 at 1.57 Ǻ. Tamoxifen, on the 
other hand, established 1H bond with Arginine 394 at 2.34 Ǻ and a pi-cation interac-
tion with phenylalanine 404 and histidine while estradiol, the native ligand had  
1H bond each with glutamate 353 and histidine 524 at distances of 1.80Ǻ and 2.04Ǻ 
respectively (Figure 5 (f and g)). A pi-pi interaction was also observed with histidine 
524 and phenylalanine 404.

3.4 Post docking prime analysis of studied ligands

From the prime energy calculations, the quantity of free energy of binding, 
bindG∆  calculated from Eq. (1) was in the following order: estradiol>myricetin>cate

chin>gelagin>pinobankskin>pinocembrin>pinostrobin (Figure 6). Other compo-
nents which contributed to the electrostatic interaction like the quantity of prime 
coulomb energy of the complex ( bindG∆ coulomb), prime van der Waals energy of 
the complex interaction ( bindG∆ vdW), the quantity of prime hydrogen bonding 
interaction are as presented in Table 2.

Figure 5. 
Molecular interaction of tamoxifen (f) and estradiol (g) with crucial amino acids at the ligand binding 
domain of hERα.

Figure 6. 
The free energy of binding ΔGbind (kcal/Mol) for the studied ligands with the hERα binding site.
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4. Discussion

Estrogen, a major sex hormone plays an important role in mammary gland 
development and in the initiation and progression of breast cancer. The activities 
of estrogen are being mediated via its unique receptors, ERα and ERβ. The former 
(ERα), is the major ER subtype in the mammary epithelium. Upon activation of the 
hERα following its occupation, the receptor translocates to the nucleus, where it inter-
acts with the target gene promoters of estrogen response element to mediate nuclear 
as well as extranuclear signaling [8, 22]. This results in the regulation of numerous 
critical cellular processes and is implicated in the dilemma of breast cancer. Research 
reveals that ERα extranuclear pathways, which are incited by undue activation of 
hERα have the potential to activate gene transcription, modulate cytoskeleton, and 
promote tumor cell proliferation, survival, as well as metastasis. The expression of 
extranuclear components ERα is deregulated in tumors, thus, serving as an impor-
tant target for tumorigenic and metastatic control. Resistance to available endocrine 
therapies provokes metastasis and frustrates the management of this disease, thus, 
reducing the survival rate of patients bearing such tumors [23, 24]. This study evalu-
ated the inhibitory potential of the reported small molecules from nature against 
hERα in a bid to suppress its downstream signaling.

The high attrition rate of new chemical entities has been attributed majorly to 
poor pharmacokinetic profile [25]. The reported ligands have been shown to be 
drug-like, having satisfied the Lipinski’s rule of five [17] and also possess pharma-
ceutically relevant properties when compared to 95% of orally available drugs [16]. 
Hence, these compounds are fit in their current state to be developed into drugs 
without any modification/optimization except myricetin. Myricetin showed poor 
human absorption when examining its caco-2 permeability and human oral bio-
availability. This observed poor absorption of myricetin will retard how quickly and 
how much of it will reach its intended target (site) of action. Hence, this phytocon-
stituent will require optimization to prevent its failure in the market [26].

Aqueous solubilities and human oral absorption are critical for oral dosage 
formulation and their in silico prediction had been reported to correlate well with in 
vivo bioavailabilities [27]. According to Bergström 2005 [28], aqueous solubility and 
intestinal permeability are the two rate-limiting barriers for oral drug absorption 
while the therapeutic potential of a drug is dependent on its bioavailabilty [29]. All 
the tested compounds showed positive human intestinal absorption.

Following absorption, the drug or intended drug molecule will circulate through 
the body, permeating different tissues at varying speed, depending on its ability to 
cross membranes. Some drugs migrate very slowly from the bloodstream because 

Molecules ΔGbind
Coloumb

ΔGbind
Hbond

ΔGbind lipophilic ΔGbind vdW

Myricetin −34.6588 −2.2352 −34.5106 −33.2389

Estradiol −20.0967 −2.04811 −66.6318 −47.0585

Catechin −28.643 −2.94963 −39.0821 −23.3243

Pinobanksin −13.6085 −0.092 −36.3471 −35.5581

Pinocembrin −14.97 −0.99013 −36.5651 −26.7548

Gelangin −9.44593 −0.16506 −34.4349 −37.5343

Pinostrobin −5.32169 −0.2392 −41.3577 −25.8845

Table 2. 
Output properties from a prime MM-GBSA calculation for the studied ligands.
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they get tightly bound to proteins circulating in the blood. Others quickly leave the 
bloodstream and enter other tissues because they are less tightly bound to blood 
proteins. There are also possibilities for virtually all molecules of a drug to bind 
tightly to blood proteins. It is worthy of note that irrespective of how promising a 
drug molecule is, its efficacy will be lost if its maximum concentration gets bound 
to plasma proteins. This will eventually result in the decrease of effective concentra-
tion at the site of action in the tissues, as only unbound drugs can be available for 
pharmacological activity [14]. To predict the distribution of the studied ligands, 
their plasma protein binding and blood brain barrier penetration was investigated. 
Unlike all compounds which showed good distribution, tamoxifen, however, did 
not comply within the range, indicating its high potential binding to albumin. 
This observation was in line with previous report on the high binding affinity of 
tamoxifen to serum albumin [30, 31]. Considering blood brain barrier permeation, 
studied compounds showed no tendency of crossing it. This can be explained by the 
lipophobicity of the studied ligands. It therefore means that they will not provoke 
any significant central effect that will result in subsequent toxicity.

Another key parameter is metabolism, which is responsible for the elimination 
of drugs from the body. Through metabolism, drug molecules can also be converted 
into pharmacologically more active substrates. In this study, the molecules were 
investigated to predict their possible number of biotransformation which could 
point to potential toxicities [32, 33]. From the results, all the compounds complied 
with the range of metabolic reactions displayed by 95% of orally available drugs. 
Some of the phytoligands were predicted to possess cytochrome P450 (CYP 450) 
inhibitory promiscuity, revealing their capacity to bind to and decrease or diminish 
the activity of multiple different CYP 450 isoform enzymes [34]. It should be noted 
that all the molecular descriptors predicted by qikprop are exclusively for drugs 
intended for oral delivery. This route of drug administration is still the most pre-
ferred route for new chemical entities (NCEs) in spite of advances in drug delivery 
methods. Oral mode of drug delivery is convenient, cheap and has high patient 
compliance. Using the in silico prediction of pharmacokinetics-related profile of 
intended drug molecules helps to reduce the rate of attrition of new chemical enti-
ties in clinical trial and reduces the cost of bringing a candidate drug to the market.

In modern drug discovery, molecular docking has been gainfully employed in 
the screening and selection of potent inhibitors [35] especially when the anticancer 
target has been identified. In this study, structurally similar phytochemicals from 
plant origin were used to probe for binding interaction with the human estrogen 
receptor α. As a prerequisite, the molecular docking protocol was validated. From 
the results, the redocked binding pose of the native ligand was correctly reproduced 
within the root mean square tolerance of 2 Å. This distance is an indication of an 
appropriate reproducibility for a docking experiment [36, 37]. This reproduc-
ibility of the redocked native ligand was similar to the poses of the docking control 
reported by Hocker et al. (2013) [38].

Inhibiting hERα is a valid approach in ameliorating the progression of breast 
cancer. This study revealed strong binding affinities of the investigated compounds 
to the hERα. This interaction which was depicted in their free energy of binding 
was greatly influenced by the vicinal diol groups. The residues of estrogen receptor 
which partook in this binding interaction was earlier reported to play critical roles 
in the inhibition of the ligand binding domain of the hERα [39, 40]. The interaction 
of these compounds with the binding domain of hERα, created a conformational 
change in the receptor, inducing its dimerization, thus, interrupting its down-
stream signaling as well as crosstalks [41]. The conformational change observed 
in the estrogen receptor upon interaction with the studied ligands will also impair 
phosphorylation on hERα specific residues, impairing ligand-independent estrogen 
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receptor activation. It is promising that these interactions with the sex hormone’s 
receptor, hERα with provoke breast cancer cell death, thus halting its progression to 
immortality [42].

5. Conclusion

The potential of the studied drug-like small molecules to inhibit estrogenic sig-
naling is a vital approach that should be exploited in the management of metastatic 
breast cancers.
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Abstract

The hydromineral homeostasis is fundamental to survival due to maintenance 
constant the osmotic properties of the plasma and proper tissue perfusion pressure, 
being maintained primarily through the regulation of the ingestion and urinary 
excretion of water and electrolytes, mainly sodium. The Renin-Angiotensin System 
(RAS) plays an essential role in the maintenance of hydromineral homeostasis 
by eliciting sodium and water intake and by inducing sodium urinary retention 
through aldosterone release and hemodynamic effect via angiotensin II a key 
component of the RAS. The hypothalamus-pituitary system also plays a funda-
mental role in the maintenance of body fluid homeostasis by secreting vasopressin 
(AVP) and oxytocin (OT) in response to osmotic and non-osmotic, and volemic 
stimuli. Furthermore, some studies report that besides reproductive function and 
sexual behavior, ovarian gonadal hormones, mainly 17β-estradiol (E2), modulate 
other non-reproductive functions such as cardiovascular system, body fluid bal-
ance, mood, mental state, memory, and cognition. Estradiol is known to mediate 
hydromineral homeostasis and blood pressure mainly by attenuating RAS actions. 
On the other hand, estradiol modulates neurohypophysial hormones secretion in 
many different ways. In this chapter, we will discuss the main non-reproductive 
effects of E2 on the control of hydromineral homeostasis, focusing on ingestive 
behavior and neurohypophyseal hormonal release.

Keywords: angiotensin II, cell signaling, thirst, sodium appetite, vasopressin, 
oxytocin

1. Introduction

Because sodium is the most abundant cation in the extracellular fluid (ECF) 
and is an osmotically effective ion, sodium body content is the pivotal determinant 
of ECF volume. Then, when sodium moves between extracellular and intracellular 
compartments, water moves together in favor of the osmotic gradient. The osmolal-
ity and volume of body fluids are maintained, respectively, through the regulation 
of the ingestion (gain) and urinary excretion (loss) of water and electrolytes, 
mainly sodium (for review see [1]). The constancy of the sodium concentration and 
the osmolality of extracellular body fluid are essential to hydromineral homeostasis 
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and are therefore fundamental to survival since is very important for proper tissue 
perfusion pressure and osmotic gradient across the cellular membrane [1].

1.1 Renin-Angiotensin System role on the hydromineral homeostasis

The Renin-Angiotensin System (RAS) plays an essential role in the maintenance 
of the hydromineral homeostasis by eliciting sodium and water intake and by 
inducing sodium urinary retention through aldosterone release and hemodynamic 
effect via angiotensin II a key component of the RAS [2, 3]. The octapeptide 
hormone angiotensin II (ANGII) induces its effects on body fluids control mainly 
by acting on its angiotensinergic receptor type 1 (AT1) [4, 5]. The AT1 receptor is 
a member of the G-protein (heterotrimeric guanine nucleotide-binding protein)-
coupled receptor (GPCR) superfamily of integral membrane proteins and is 
coupled to the Gq. Then, its stimulation leads to the activation of phospholipase 
C, protein kinase C (PKC), and members of the mitogen-activated protein kinase 
family (MAPK) as extracellular signal-regulated kinases 1 and 2 (ERK1/2), p38 
MAPK and c-Jun N-terminal Kinase (JNK) (for review see [6]). Hines et al. [7] 
showed that the activation of MAPKs, mediated by AT1, can be PKC dependent or 
independent according to the activated conformations that the receptor may adopt. 
Recently, some studies have postulated that these intracellular signaling pathways 
from the AT1 receptor are involved in different ingestive behavioral responses. In 
this context, ANGII-induced sodium intake requires the PKC-independent ERK1/2 
signaling pathway while water intake requires PKC, JNK, and the mechanistic target 
of the rapamycin complex 1 (mTORC1) signaling pathways [8–10].

ANGII induces rapid and prominent water and sodium intake when injected 
centrally even in normohydration animals, as well in response to hypovolemic 
and hyponatremic stimuli [3]. In the brain, peripheral and central ANGII induces 
sodium and water intake by binding to AT1 in important forebrain structures 
involved in the generation of fluid intakes, such as the organum vasculosum of 
the lamina terminalis (OVLT), the median preoptic nucleus (MnPO), and the 
subfornical organ (SFO) [11, 12]. The SFO is a key sensory circumventricular organ 
(CVO) involved in the control of body fluids homeostasis, that receives, integrates, 
and responds to both blood-borne and central nervous system (CNS) signals [5]. 
The CVOs are specialized structures of CNS, comprising the SFO, area postrema, 
OVLT, median eminence, and neurohypophysis, which lack the normal blood–brain 
barrier and thus provide essential communication between the circulation and the 
CNS [13]. The increase in the circulating and central ANGII levels enhances the 
neural activity of the SFO, which sends axonal projections to the anteroventral 
third ventricle region (AV3V), particularly the OVLT and MnPO ventral, and to the 
hypothalamus as the supraoptic nucleus (SON), and the paraventricular nucleus 
(PVN) (for review see [5]).

1.2  Hypothamalo-neurohypophysial system role on the hydromineral 
homeostasis

Magnocellular neurosecretory neurons of the PVN and the SON synthesize 
vasopressin (AVP) and oxytocin (OT) which are released into the circulation from 
the neurohypophysis [14]. OT, beyond its classic effects on uterine contraction 
and myoepithelial cells of the breast alveoli, participates in body fluid control by 
eliciting natriuresis and sodium appetite inhibition [15–17]. The antidiuretic action 
of AVP is the main physiological effect of this hormone on body fluid control, 
exerting an important role in osmolality urinary regulation. The hypothalamo-neu-
rohypophysial system plays a fundamental role in the maintenance of hydromineral 
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homeostasis by secreting AVP and OT in response to osmotic and non-osmotic, and 
volemic stimuli (for review see [11]). Furthermore, in response to AT1 receptor 
activation, SFO efferent angiotensinergic projections increase the excitability of 
vasopressinergic and oxytocinergic neurons in the PVN and SON, leading to AVP 
and OT secretion [18]. ANGII also can directly increase AVP and OT secretion by 
acting on its AT1 receptor expressed in the PVN [19]. Concerning the ANGII signal-
ing pathway in neurohypophysial secretion, Felgendreger et al. [20] showed that 
the ERK1/2 activation induced by endogenous ANGII is not involved in AVP and OT 
secretion in male rats. However, PKC involvement was not analyzed in this study.

1.3 Interaction of body fluid balance with blood pressure control

The balance of body fluid involves a close correlation with blood pressure 
control, and thus, disturbances in one of these imply adjustments in the other. The 
proper maintenance of cardiovascular functions, such as peripheral vascular tone, 
cardiac activity, and, consequently, blood pressure involves orchestrated activities 
of the sympathetic and parasympathetic nervous system. The sympathetic activity 
also exerts an important control renal function in the regulation of plasma volume 
and osmolality, which influence cardiovascular function [11]. Moreover, some of 
the key brain regions that are involved in the control of hydromineral homeostasis 
also promote adjustments in the neuroendocrine and autonomic mechanisms 
of blood pressure control. For example, the peripheral portion of the SFO sends 
projections to areas important for fluid balance (magnocellular neurosecretory 
neurons in the PVN and SON) while the core projects to areas involved in blood 
pressure control (parvocellular presympathetic neurons in the PVN) [5]. Thus, dur-
ing disturbances of hydromineral homeostasis that lead to increased peripheral and 
central ANGII results in activation of neurosecretory and presympathetic neurons 
in the PVN, via afferent projections from the SFO, inducing an increased systemic 
AVP release and renal sympathetic outflow which act together to restore hydromin-
eral balance [11]. AVP from neurosecretory neuronal populations also modulates 
sympathetic outflow and consequently blood pressure by increasing the activity of 
the presympathetic neurons within the PVN that project to the rostral ventrolateral 
medulla, a region responsible for the sympathetic system control on the cardiovas-
cular function [21]. In addition, both circulating ANGII and AVP modulate blood 
pressure through its effects on peripheral vascular tone, inducing potent vasocon-
striction and consequently increased total peripheral resistance [6, 11].

Taken together, SFO and hypothalamus, particularly PVN, play an important 
role in the generation of integrative homeostatic responses through orchestrated 
activities of neuroendocrine and autonomic networks [5, 11, 22]. An imbalanced 
interaction among these circuits results in maladaptive responses that can lead to an 
increased risk of developing cardiovascular disease, such as hypertension [23].

1.4 Estradiol regulation of the hydromineral homeostasis

It is well known that besides reproductive function and sexual behavior, ovarian 
gonadal hormones, mainly 17β-estradiol (E2), modulate other non-reproductive 
functions such as cardiovascular function, body fluid balance, feeding, sleep cycles, 
temperature regulation, mood, mental state, memory, and cognition [3, 24–30]. 
Nevertheless, in this chapter, we will discuss the main non-reproductive effects of 
estradiol on the control of hydromineral homeostasis, focusing on ingestive behavior 
and neurohypophyseal hormonal release.

Mounting evidence reports changes in the hydromineral balance associated with 
the different phases of the reproductive cycle, gestation period, and reproductive 
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senescence [3, 31, 32]. Receptor for estrogens (ER) is expressed in several tis-
sues that play pivotal roles in hydromineral homeostasis, comprising the kidney, 
adrenal gland, blood vessels, and brain structures such as lamina terminalis (i.e., 
OVLT, MnPO, and SFO), and hypothalamus (PVN and SON) (for review see [33]). 
ER expression in the tissues that are involved in body fluid control supports the 
hypothesis that estrogens modulate hydromineral homeostasis control. Thus, the 
study of the influence of E2 on hydromineral homeostasis has been widely appreci-
ated in recent decades, although the precise mechanism of its control is not always 
in agreement.

1.5 Estrogen receptor signaling

Upon entering the cell, due to their lipophilic character, estrogens bind to their 
classical intranuclear receptors, which are classified as ER type alpha (ERα) and 
beta (ERβ), and mediate the regulation of genes and transcription factors, compris-
ing their classic genomic signaling pathway. However, several studies have shown 
that estrogens can also trigger non-genomic events by binding plasmatic mem-
brane-associated ER (mER), inducing rapid effects [34, 35]. In addition to other 
proteins, ER stimulation activates members of the MAPK family, such as ERK1/2, 
JNK, and p38 MAPK [30, 36, 37] as well increases PKC and PKA activities [38].

Importantly, most evidence supports that ERα and ERβ are trafficked to the 
membrane and also activated membrane estradiol cell signaling. Moreover, there 
are estrogen membrane-binding proteins that mediate estradiol non-genomic 
signaling, such as G protein-coupled estrogen receptor (GPER/GPR30), a putative 
receptor (ER-X), and splice variants of ERα and/or ERβ receptors (for review see 
[35]). However, the role of these mERs in estradiol signaling and effects remain to 
be better characterized.

2. Estradiol effects on the fluid intake

Thirst and sodium appetite and the water and sodium intake resulting comprise 
motivated behaviors involved in the regulation of the hydromineral and cardiovas-
cular homeostasis [3]. A number of epidemiological, clinical, and genetic studies 
in humans and animals have been showing a link between chronically high salt 
consumption and the development of hypertension (for review see [24]). Although 
the involved mechanisms are not fully understood, it is known that occurs increased 
in the sympathetic and RAS activities, besides be associated with a reduced ability 
of the kidney to excrete large amounts of salt [23, 24]. Nevertheless, women during 
their reproductive period have a lower incidence of hypertension than age-matched 
men [39, 40]. On the other hand, women and females tend to have salt sensitivity and 
increased blood pressure at postmenopausal or reproductive senescence, suggesting 
sex differences in body fluid balance and blood pressure regulation [3, 24]. In fact, E2 
is known to mediate hydromineral homeostasis and blood pressure mainly by attenu-
ating RAS activity (Figure 1). E2 replacement therapy decreases ANGII-induced 
water and sodium intake [3, 9, 41]; blood pressure increased induced by ANGII and 
development of hypertension in spontaneously hypertensive rats (for review see 
[40, 42]); angiotensin-converting enzyme (ACE) and renin activities [43–45]; AT1 
mRNA expression, ANGII-AT1 binding, and ANGII-induced Fos immunoreactivity 
in the OVLT and SFO [28, 46–48]. Moreover, women during reproductive period 
have lower (pro)renin and renin plasma levels than men [49]. In rats, females at 
proestrus and estrus respond less to RAS activation and ANGII administration than 
at other stages of the cycle [3, 50].
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Although E2 and progesterone have complementary actions in reproductive 
function, regarding RAS, studies have shown that progesterone has an oppo-
site effect of E2 [43, 51] and is not involved in water regulation in response to 
ANGII [52].

2.1 Interaction between E2 and ANGII signaling on the fluid intake

Interestingly, in ovariectomized (OVX) rats and during their period of most 
active, i.e., at night, both water and sodium intakes induced by ANGII require p38 
MAPK, JNK, and PKC signaling pathways. ANGII-induced sodium intake also 
requires ERK1/2 signaling pathway PKC-independent in female [9, 41]. These 
observations corroborate with Coble et al. [53], which also showed that PKC is 
involved in both ANGII-induced water and sodium intake in the SFO in male mice. 
However, Daniels et al. [8] showed that PKC signaling is exclusively involved in 
ANGII-induced water intake in male rats. Thus, these divergent results suggest a 

Figure 1. 
Schematic summary displays the cascade leading to peripheral ANGII formation and subsequent AT1 receptor 
activation and the E2 influence on RAS components. Importantly, all these RAS components are also expressed 
within the brain, leading to central ANGII formation [19].
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sexually dimorphic aspect to the AT1 signaling pathway involved in fluid intake 
induced by ANGII. Indeed, several studies report that the RAS is differentially 
regulated in males and females [3, 39, 40, 42].

In the brain, ERα is extensively distributed in the neurons of the nuclei of the 
basal forebrain, such as lamina terminalis. SFO neurons have been shown to express 
both AT1 and ERα [5, 33]. Evidence from our group showed that E2 impairs ANGII 
signaling [9, 41, 54] besides decreased AT1 mRNA expression in the SFO [28]. 
For example, E2 attenuates JNK phosphorylation as well as prevents p38 MAPK 
phosphorylation induced by ANGII in the lamina terminalis. Moreover, E2 attenu-
ates ANGII-induced ERK1/2 phosphorylation within the SFO. These mechanisms 
can explain, at least in part, the E2 inhibitory effect on the fluid intake induced 
by ANGII.

An important feature of GPCRs is that they are rapidly phosphorylated by 
specific GPCR kinases (GRKs) in their serine and threonine residues within the 
intracellular loop and carboxyl-terminal tail domains. GRK family members selec-
tively phosphorylate agonist activated GPCRs, promoting the binding with cyto-
solic cofactor proteins termed arrestins, which uncouple GPCRs from G proteins, 
interrupting the signaling pathway. This process is referred to as desensitization, 
which occurs within seconds to minutes (for review see [55, 56]). Nevertheless, it is 
currently known that arrestins can also act as scaffolds to recruit signaling mol-
ecules, such as ERK1/2 and JNK, to increase the repertoire of receptor responses. 
When β-arrestin binds to the AT1 receptor that is phosphorylated by GRK5 or 
GRK6, it functions as an intracellular signaling adapter leading to robust ERK1/2 
activation [57, 58]. In this context, evidence from our group showed that E2 reduced 
the expression of GRK5 in the lamina terminalis [54]. This observation suggests that 
E2 may also impair the ANGII signaling pathway by decreasing the activation of 
ERK1/2 via negative regulation of the GRK5, which can be relevant to the inhibitory 
effect of E2 on sodium intake induced by ANGII.

Furthermore, Almeida-Pereira et al. [9] showed that the inhibitory effect of 
E2 on ANGII-induced water and sodium intake requires the ERK1/2 and JNK 
signaling pathways. Because these inhibitory effects of E2 were quickly reversed 
by the central inhibition of ERK1/2 and JNK activities, suggesting that there is 
the involvement of a non-genomic effect of ER agonism. E2 replacement therapy 
also induces ERK1/2 and JNK phosphorylation in the lamina terminalis [9], and 
these proteins are involved in the AT1 receptor desensitization process [59, 60]. 
These observations point to the idea that ERK1/2 and JNK activation from E2 
signaling may contribute to the AT1 receptor desensitization process in the lamina 
terminalis.

Regarding PKC signaling, central PKC inhibition maintains the inhibitory 
effect of E2 on ANGII-induced fluid intake, and when analyzing PKC activation, 
E2 induced an increase in PKC (specifically alpha isoform) translocation to the 
plasmatic membrane in the lamina terminalis structures. Thus, perhaps PKC is 
not involved in the inhibitory effect of E2 on fluid intake induced by ANGII or E2 
may change other protein activation from the sequence of PKC signaling cascade. 
Indeed, E2 prevents p38 MAPK phosphorylation induced by ANGII and does not 
activate p38 MAPK in the lamina terminalis [41]. In addition, as already described, 
E2 attenuates ERK1/2 and JNK phosphorylation in response to ANGII. Lastly, 
besides GRK, it is known that PKC also phosphorylates the AT1 receptor, exposed 
or not to agonists, inducing its desensitization [56]. Taken together, these findings 
lead to the hypothesis that E2 can modulate AT1 desensitization by PKC activation 
in the lamina terminals. A summary of all these signaling interactions is provided in 
Figure 2.
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3. Estradiol effects on the neurohypophysial hormone release

It is widely known that OT plays a pivotal role in parturition and lactation by 
inducing contractions of the uterus and myoepithelial cells of the breast alveoli. 
In addition, OT participates in the hydromineral balance as a regulator of blood 
volume by eliciting natriuresis and sodium appetite inhibition [15–17]; and par-
ticipates in the blood pressure control through its vascular and cardiac relaxation 
effects [61, 62]. In the central nervous system, OT acts as a neurotransmitter 
involved in sex and maternal behavior (for review see [63]).

The plasma hyperosmolality is the major stimulus for AVP secretion following 
by hypotension or decreased blood volume [64]. Thus, through its main antidiuretic 
effect, AVP plays a fundamental role in hydromineral homeostasis as a regulator 
of plasma osmolality [11]. Regarding blood pressure control, as described previ-
ously, AVP increases sympathetic outflow and peripheral vascular tone by eliciting 
vasoconstriction and increase consequently the blood pressure [11, 21].

In situ hybridization studies reported a wide distribution of mRNA expression 
for ERβ in the brain of rats, including in the neurons of SON and the parvo and 
magnocellular divisions of PVN [65, 66]. Hrabovszky et al. [67] showed that OT 
and AVP neurons from PVN and SON co-express mRNA for ERβ. These findings 
provide a neuroendocrine basis for E2 influence on the hypothalamo-neurohypo-
physial system by acting directly on the PVN and SON neurons. Importantly, E2 can 
also regulate neurohypophysial hormone release through ERα activation present in 
the lamina terminal structures and via connections with PVN and SON [33]. In this 
context, E2 is known to modulate OT release positively, besides increases mRNA 
expression for OT in the PVN and SON [68–70]. Conversely, the influence of E2 on 
AVP secretion is complex with controversial data in the literature. Nevertheless, in 
general, studies point out that there is a positive correlation between AVP secretion 
and E2 plasma levels associated with body water retention. Moreover, E2 decreases 
the osmotic threshold for AVP stimulation during dehydration without affect renal 

Figure 2. 
Schematic summary of the proposed interaction between E2 and ANGII signaling within lamina terminalis 
structures involved in water and sodium intake. E2 impairs MAPKs phosphorylation in response to ANGII 
by inducing AT1 desensitization, reduced GRK5 expression, and (or) phosphatase activation (not identified), 
which leads to ANGII-induced fluid intake reduction. A possible explanation for the E2-induced AT1 
desensitization is through ER-mediated ERK1/2 and (or) JNK signaling. Another is through PKC activation 
mediated by ER inducing AT1 phosphorylation and, consequently, its desensitization. Legend: continuous arrow 
indicates stimulation and dashed arrow indicates inhibition.
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free water clearance, suggesting that E2 may alter renal sensitivity to AVP or even 
interfere with AVP action in the kidney [71–73].

3.1 Interaction between E2 and ANGII signaling on the OT and AVP secretion

A decrease in blood volume and increased renal sympathetic outflow stimulate 
renin release from the kidney, which results in increased circulating levels of 
ANGII [3, 11]. Furthermore, during hypovolemia and hypotension, AVP secretion 
is stimulated mainly by neural (from cardiac baroreceptors and afferent inputs 
from the brainstem that project to the SON and PVN) and humoral (i.e., ANGII) 
signals. In dehydration and hyperosmolality conditions, both AVP and OT secretion 
are stimulated by an osmoregulatory circuit comprising osmoreceptors activation 
and axonal projections from the basal forebrain to the PVN and SON besides the 
intrinsic osmosensitivity of magnocellular neurons of the PVN and SON [11, 64]. 
Thus, hypovolemia (from hemorrhage or dehydration) and hyperosmolality (from 
dehydration) stimulate RAS activation as well as AVP and OT secretion.

Evidence from our group provides interesting insights that neurohypophysial 
secretion in response to ANGII involves distinct signal transduction pathways in 
OVX rats. We reported for the first time that PKC/p38 MAPK signaling is involved 
in ANGII-induced OT release while AVP release requires ERK1/2 and p38 MAPK 
signaling PKC-independent [9, 41]. However, Felgendreger et al. [20] showed that 
the ERK1/2 activation induced by endogenous ANGII is not involved in AVP secre-
tion in male rats. These divergent results suggest a sexually dimorphic aspect to 
the AT1 signaling pathway involved in ANGII-induced AVP secretion. As already 
described, several studies reported that the RAS is differentially regulated in 
males and females, which can be attributed to differences in gonadal and steroid 
profiles [3, 39, 40, 42].

Concerning E2 modulation on ANGII-induced AVP and OT release, it was 
observed that E2 inhibits AVP and OT secretion in response to ANGII by impairing 
ERK1/2 and p38 MAPK phosphorylation, respectively, in the PVN and SON [9, 41]. 
MAPK proteins are inactivated by phosphatases, such as mitogen-activated protein 
kinase phosphatases (MKPs). MPKs are dual-specificity protein phosphatases (also 
known as DUSPs) that dephosphorylate both tyrosine and threonine residues on 
MAPK members [74]. MAPK phosphatase 1 (MKP-1) was the first of the MKPs 
to be characterized and is known for dephosphorylating all three major classes of 
MAPK (ERK, p38 MAPK, and JNK) being expressed in the brain besides many oth-
ers tissues [75]. MKP-1 is under the positive regulation of E2 in the PVN and SON 
and thereby can participate in the inhibitory effect of E2 by eliciting ERK1/2 and 
p38 MAPK dephosphorylation [9]. In addition, it was hypothesized that E2 inhibits 
ANGII-induced AVP release via PKC-mediated MKP-1 induction and consequent 
ERK1/2 dephosphorylation, involving E2 non-genomic signaling [54]. A summary 
is provided in Figure 3.

Importantly, ANGII can also stimulate AVP and OT release by acting in the 
lamina terminalis structures which send angiotensinergic projections to magnocel-
lular neurons of the PVN and SON [5, 13]. Thus, E2 can indirectly modulate AVP 
and OT release induced by ANGII via afferent inputs from the basal forebrain that 
project to the SON and PVN. Nevertheless, as E2 increases MKP-1 specifically in the 
PVN and SON and not in lamina terminalis structures, it is suggested that E2 plays 
an important direct modulation on AVP and OT release induced by ANGII in hypo-
thalamic nuclei [9, 41]. In the same sense, Vilhena-Franco et al. [76] showed that E2 
modulates AVP secretion in response to water deprivation via a direct mechanism 
mediated by ERβ expressed in the SON and PVN. Additionally, others studies have 
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demonstrated that E2 modulates OT and AVP release directly via its ERβ or mER 
(mainly AVP release) in magnocellular neurons of the PVN and SON [77–79].

3.2 Interaction between ovarian hormones, phoenixin and AVP release

A novel peptide, conserved across species, was recently described and named 
phoenixin (PNX). PNX is produced in the brain and heart binding selectively in 
the pituitary gland, ovary, and brain. The hypothalamus was identified to produce 
the most PNX of all tissues examined as well as presented the highest binding of 
labeled PNX [80]. PNX has been implicated to play an important role in the hypo-
thalamic–pituitary-gonadal axis control by increasing the gonadal release hormone 
(GnRH) expression and its receptor in the hypothalamus besides increasing lutein-
izing hormone (LH) release [80, 81]. Using a deductive ligand-receptor matching 
strategy (U.S. Patent #9, 146, 240, B2), the orphaned G protein-coupled receptor 
(GPR)173 was identified to be a candidate PNX receptor [82].

The novel reproductive neuropeptide PNX and its receptor, GPR173, were also 
identified in magnocellular neurons of the PVN and SON, suggesting the partici-
pation of PNX on the hypothalamo-neurohypophysial system control and hence of 
the hydromineral homeostasis. [80, 82]. In fact, Gasparini et al. [83] demonstrated 

Figure 3. 
Schematic summary of the regulatory mechanisms of E2 proposed on ANGII-induced OT and AVP release. 
Top: E2 can indirectly modulate AVP and OT release induced by ANGII via angiotensinergic afferent inputs 
from the lamina terminalis structures that project to the SON and PVN. E2 impairs ANGII signaling in 
neurons of the lamina terminalis leading thereby to the OT and AVP neurons decreased activity in the SON 
and PVN. Bottom: E2 directly acts in OT and AVP neurons in the PVN and SON, preventing MAPKs 
phosphorylation through PKC/MKP-1 signaling pathway. Legend: continuous arrow indicates stimulation and 
dashed arrow indicates inhibition.
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that PNX induces AVP release through its candidate receptor, GPR173, besides 
depolarizes magnocellular neurons of the PVN. Interestingly, PNX does not 
modulate OT release. Despite there are no differences between males and females 
on PNX-induced AVP release, a potential estrogen response element (ERE) 
upstream of PNX was identified, suggesting that ovarian hormones, especially E2, 
can modulate PNX [80, 83]. Consistent with this idea, ovarian failure induced by 
OVX induces downregulation of PNX compared with intact females in the hypo-
thalamus [84].

Circulating levels of ovarian steroids progesterone, and, mainly 17β-estradiol, 
increase throughout the pregnancy, reaching maximum values at the end of preg-
nancy in women [85, 86]. On the other hand, in rats, peripheral plasma levels of 
estradiol increase across pregnancy with a concomitant decrease in progesterone 
[87]. However, in both humans and animals, it is observed changes in hydromineral 
homeostasis over the pregnancy, such as blood volume expansion and low osmo-
lality associated with a reduced threshold for hyperosmotic stimulation of AVP 
secretion. Thus, AVP secretion is paradoxically elevated during this hypervolemic 
and hyponatremic state of the pregnancy [32, 88] although is important to maintain 
water homeostasis offsetting AVP that is metabolized by vasopressinase in humans 
[89]. A dysfunction in the metabolism of vasopressinase and AVP can predispose 
women to develop cardiovascular diseases associated with hydromineral imbal-
ance, as pregnancy-induced hypertension, that occurs after the second trimester of 
pregnancy [89, 90].

In this context, our group demonstrated upregulation of GPR173 during late 
post-puberty in the PVN, and importantly, upregulation during the last third of 
pregnancy in the hypothalamus. Moreover, it was observed an increase in the hypo-
thalamic levels of PNX and AVP across pregnancy compared with levels present 
during diestrus with a positive correlation between both peptides [84]. Thus, these 
results suggest an important role of PNX on AVP release during late pregnancy, 
which can help to provide potential pharmacological targets for preventing the 
development of cardiovascular diseases across pregnancy.

4. Conclusions

Estradiol replacement therapy initiated at the time of or prior to menopause is 
usually employed for decreasing the risk of cardiovascular and neurodegenerative 
diseases [91–93]. Nowadays, the high composition of salt in the contemporary 
diet constitutes an important public health concern, since uncontrolled sodium 
consumption increases the risk of hypertension [24], particularly in women in 
later menopause, who have a greater risk of developing cardiovascular disease 
[3, 24]. The increased central and peripheral RAS activity is involved in the 
pathophysiology of hypertension. Given the wide complexity of the crosstalk 
signaling pathways, cellular and molecular studies are important to better eluci-
date the mechanisms of the interaction between E2 and ANGII signaling as well 
as mapping out the potential benefits of E2 replacement and its action on the 
central nervous system. In this context, advanced evidence has been contributed 
to the further understanding of E2 and ANGII interaction in the hydromineral 
homeostasis, which can reveal potential pharmacological targets to prevent cardio-
vascular diseases, with uncontrolled salt consumption as a predisposing factor, 
during female reproductive senescence. Taken together, E2 impairs ANGII signal-
ing besides induces the downregulation of AT1 receptor. E2 attenuates MAPKs 
phosphorylation involved in ANGII physiological actions in the lamina terminalis 
structures and hypothalamic nuclei, namely, PVN and SON.
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Kisspeptin: Role in Female 
Infertility
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Abstract

Kisspeptin is a neuropeptide encoded by the kisspeptin gene (Kiss1) and located 
in different brain regions, primarily in the hypothalamus. Kisspeptin and its 
receptor G-protein-coupled receptor-54 (GPR54), are also found in behavioural 
brain regions such as the hippocampus and cortex. Kisspeptin, a very power-
ful neuropeptide that stimulates the secretion of follicle-stimulating hormone 
(FSH) and luteinizing hormone (LH) from the pituitary, does this by increasing 
gonadotropin-releasing hormone (GnRH) levels. In recent studies, it has been noted 
that kisspeptin is effective on reproductive functions. Globally 8 to 12% of couples 
have infertility problems, and the majority are residents of developing countries. 
Approximately 70% of infertility cases are caused by fertility problems in women. 
The frequency of infertility in women continues to increase every year and the 
underlying factors require further research. Bearing this problem in mind, this 
review examines the possible role of kisspeptin in female infertility. In doing so, it 
aims to find out how future application of kisspeptin may potentially unravel the 
neural reproductive disorder.

Keywords: kisspeptin, metastin, GPR54, Kiss1, Kiss1r, infertility, nitric oxide,  
sex streoid, progesterone, GnRH, LH, FSH

1. Introduction

Infertility is the inability to get pregnant despite regular sexual intercourse 
for one year or more (without contraception or the impairment of a person’s or 
a couple’s fertility) [1]. Fertility and pregnancy rates decrease due to ageing in 
women. For this reason, it is recommended that women aged 35 and above start 
receiving infertility treatment after 6 months of conception attempt. After the age 
of 40, this period should not be waited for treatment. Many factors cause female 
infertility. These can be listed as medical history (family history, previous treat-
ments, menstrual history, sexual history, etc.), physical factors (weight, body 
mass index, etc.), diminished ovarian reserves, ovulatory dysfunction (hypotha-
lamic–pituitary axis (HPG axis) disorders, ovarian disorders, thyroid disorders 
and hyperprolactinemia, etc.), tubal factors, uterine factors and unexplained 
causes [2, 3]. More than 186 million people worldwide suffer from infertility, and 
the majority of them are residents of developing countries [4].

Kisspeptin was discovered in 1996 as the product of the kisspeptin gene (Kiss1), 
which is a metastatic tumour suppressor gene; therefore, it was initially called 
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metastin [5]. Kisspeptins are a family of neuropeptides in RF-Amide structure 
[(neuropeptides containing arginine-phenylalanine (Arg-Phe) at the C-terminal are 
defined as RF-Amides)] [6]. Two years later, the connection between kisspeptin-54 
and G-protein-coupled receptor-54 (GPR54) was shown for the first time [7]. In 
2003, inactivating mutations of GPR54 were found in people with hypogonado-
tropic hypogonadism [8]. The respective receptor was previously called the GPR54, 
it is also identified as the kisspeptin receptor (Kiss1r) nowadays [9].

The detection of the role of the kisspeptin receptor mutation in leading to 
idiopathic hypogonadotropic hypogonadism paved the way for further investiga-
tions about the roles played by the kisspeptin, Kiss1, and Kiss1r systems in the field 
of reproductive endocrinology [10]. Many studies have shown that kisspeptin plays 
key roles in the regulation of different aspects of reproduction [11–17]. This review 
examines the possible role of kisspeptin in female infertility. In doing so, it aims to 
find out how future application of kisspeptin may potentially unravel the neural 
fertility disorder.

2. Kisspeptin

The Kiss1 gene encodes the neuropeptide kisspeptins. They, originally identified 
as metastasis suppressors, were later found to play a central regulatory role in repro-
duction [18]. The gene is located on human chromosome 1q32. This gene contains 
2 non-expressed and 2 partially expressed regions and four exons, assembling the 
leader peptide consisting of 145 amino acids [19]. This precursor protein transforms 
into various active forms of kisspeptin with lengths of 54, 14, 13, and 10 amino 
acids through various post-translational modifications (Figure 1) [20]. These 
forms belong to the RF-amide peptide hormone family, which is closely associated 
with energy metabolism and reproduction. The members of the RF-amide peptide 
hormone family contain the common Arg-Phe-NH2 moiety at the C-terminal [21].

Kisspeptin receptors were first discovered in 2001 in studies about cancer, and 
they were named as the GPR54. Today, they are identified as the Kiss1r [9]. Kiss1r 
is a 396-amino acid receptor and a member of G protein-coupled receptors. The 
minimum length required to activate GPR54 is a 10-amino acid carboxyl terminal 
sequence (Kisspeptin-10) [22].

3. Kisspeptin’s mechanism of action

As a result of the kisspeptin binding to the GPR54/Kiss1r receptor, activates the 
G-protein (Gq/11) and phospholipase-C (PLC). Subsequently, diacylglycerol and 

Figure 1. 
Amino acids sequence of human kisspeptin isoforms [23, 24].
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inositol trisphosphate (IP3) are formed from phosphatidylinositol bisphosphate 
(PİP2), resulting in elevated Ca+2 concentrations. Activation of this mechanism 
results in the closure of the potassium channels and opening of the cation channels 
(TRP channels), leading to the depolarization of GnRH neurons. Consequently, 
GnRH neurons start secreting hormones [25]. Kisspeptin increase apoptosis and 
decrease cell proliferation and metastasis by stimulating the mitogen-activated 
protein kinase pathway (MAPK) via protein kinase C (PKC) and the extracellular 
signal-regulated kinase (ERK) pathway (Figure 2) [26].

4. Distribution of kisspeptin neurons and effects on the HPG axis

Kisspeptin gene neurons are involved in several actions including steroid hor-
mone feedback, metabolic signalling, and photoperiodic information regulation. It 
is suggested that, compatibly with their mediator role in steroid hormone feedback 
mechanisms, Kiss1 neurons are involved in the expression of estrogen receptors 
(ERα and ERβ) and progesterone receptors [21].

Kiss1 neurons are located in the periventricular nucleus (PeN), arcuate nucleus 
(ARC) and anteroventral periventricular nucleus (AVPV) which are located in the 
preoptic area of the hypothalamus (POA) in the brain and which are the regions 
that regulate the secretion of the GnRH hormone in mouse [28]. Kisspeptins are 
secreted by these nuclei. However, AVPV displays sexual dimorphism. Kiss1 mRNA 
expression is higher in AVPV in females compared to males. This indicates that the 
role of kisspeptin neurons in AVPV varies by gender [29].

The different patterns of Kiss1 mRNA regulation in the forebrain nuclei are 
important in the emergence of the different physiological effects of Kiss1 on the 
HPG axis. ARC acts as the negative feedback regulation centre for the GnRH and 
gonadotropin secretion, while AVPV acts as the positive feedback regulation centre 
responsible for the LH surge in females. ERα, ERβ, and progesterone receptors are 
abundant in AVPV. When these receptors bind to their ligands; they increase LH 
secretion, resulting in the LH surge. Furthermore, Kiss1 neurons in AVPV synapse 
with GnRH neurons; Kiss1 mRNA expression in AVPV peaks simultaneously 
with the GnRH/LH release, and the estrogen-dependent Kiss1 mRNA induction 
in females is involved in the GnRH/LH surge during preovulation [30]. While 
gonadal steroids inhibit Kiss1 neurons in ARC (negative feedback), they stimulate 
Kiss1 neurons in AVPV (positive feedback) [23]. Signals arising from kisspeptin 

Figure 2. 
Cellular action mechanism of kisspeptins [27].
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binding to GPR54 receptors of the hypothalamic GnRH neurons induce the release 
of GnRH to the pituitary circulation. GnRH induces the release of gonadotropins 
(FSH, LH) from the pituitary by binding to the GnRH receptors in the pituitary 
gland (Figure 3) [31, 32].

The molecular mechanisms underlying the different effects of estrogen on the 
Kiss1 expression in ARC and AVPV is yet to be known. However, progesterone 
receptors are also thought to be involved in this phenomenon. Kiss1 neurons 
are colocalized with or stand very close to progesterone neurons in mouse. 
Tyrosine hydroxylase and Kiss1 mRNAs are colocalized in AVPV but not in ARC. 
Consequently, it is thought that dopamine is also involved in the induction of 
estrogen-dependent Kiss1 expression in AVPV [33].

In mouse, ARC Kiss1 neurons synthesize Tachykinin (TAC), neurokinin-B 
(NKB), and dynorphin (Dyn) in variable quantities depending on species; there-
fore, they are also known as KNDy (Kisspeptin/Neurokinin/Dynorphin) neurons. 
NKB and Dyn have been shown to mutually act on kisspeptin neurosecretion [34].

5. The effect of kisspeptin on puberty

The detection of the role of the kisspeptin receptor mutation in leading to 
idiopathic hypogonadotropic hypogonadism paved the way for studies to further 
investigate the other roles played by the Kisspeptin, Kiss1, and Kiss1r systems in the 
field of reproductive endocrinology [10]. The direct/indirect effects of kisspeptin 
on GnRH neurons leave no doubt that kisspeptin plays a critical role in pubertal 
activation. Indeed, studies on various species have shown that the Kiss1 and/or 
Kiss1r expression increases significantly with the onset of puberty [21]. In a study 
on mice, it was shown that the Kiss1 mRNA expression significantly increased in 
AVPV during puberty [35]. Also, centrally or peripherally administered kisspeptin 
in juvenile female rats shortened the timing of vaginal opening by stimulating 
LH release and ovulation [36, 37]. Similarly, the increase in kisspeptin-54 signal 
frequency in primates occur at the beginning of puberty, supporting the findings 
associated with the pubertal increase in kisspeptin secretion [38]. Kiss1 mRNA 

Figure 3. 
Kiss1 signalling in mouse brain [32].
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expression increases in ARC during puberty along with an associated increase in LH 
secretion in Rhesus monkeys [39].

Kisspeptin receptor damage impair normal sexual development and to result in 
the failure of starting puberty. Despite the synthesis of GnRH at normal levels in 
the hypothalamic GnRH neurons, LH/FSH secretions do not occur and pituitary 
gonadotropic cells remain unresponsive to externally administered GnRH in such 
cases [40]. The emergence of problems in the process of starting puberty in the 
presence of kisspeptin deficiencies has led to the idea that kisspeptin may be an 
important factor for the start of sexual maturation. This idea has been confirmed by 
significantly increased levels of released GnRH via kisspeptin injections in mam-
mals and by the acceleration of pubertal start via repeated Kisspeptin injections 
in juvenile rats. Thus, it has been proven that Kisspeptin certainly participates in 
pubertal development [41].

A cerebral antibody binds and inactivates kisspeptin in the female rats, impair-
ing or even stopping reproductive functions. Also, the administration of kisspeptin 
in fasted rats sustains the release of GnRH and that mammals suspend their repro-
ductive functions during states of long-term hunger in order to spend energy only 
enough to maintain physiological requirements. Nonetheless, the administration of 
kisspeptin reverses this natural process and restarts reproductive functions [42].

Nitric oxide (NO) is another potential mediator that can affect the onset of 
puberty since it is a mediator involved in several vital functions such as gonado-
tropin release, steroidogenesis, folliculogenesis, ovulation, luteal development, 
luteolysis, and pregnancy [43, 44]. Neuronal nitric oxide synthase (nNOS) is one of 
the three forms of an enzyme that oxidizes L-arginine to L-citrulline and NO. nNOS 
neurons in mice and rats contain high densities of ERα [45]. In rats, NO stimulates 
LH and GnRH release. In mice, deletion of nNOS causes infertility and hypogonad-
ism [46]. Furthermore, recent evidence suggests that kisspeptin may directly act on 
the release of NO. In adult female mice, kisspeptin close-contacts to nNOS neurons 
have been observed in the ARC and preoptic region; however, Kiss1r is expressed 
only from nNOS neurons in the preoptic region [47].

6. Kisspeptin in female infertility

Kisspeptin and neurokinin-B agonists can be used to stimulate the HPG axis in 
conditions associated with infertility due to central nervous system causes if the 
system of GnRH neurons is intact. Kisspeptin and neurokinin-B may offer a novel 
therapeutic approach to treat failures associated with increased/reduced gonadotro-
pin pulsatile secretion. Kisspeptins may be associated with a lower risk of ovarian 
hyperstimulation syndrome (OHSS) compared to human chorionic gonadotropin 
(hCG) injections [48]. In polycystic ovary syndrome (PCOS), kisspeptin antago-
nists can help normalize LH hypersecretion along with ovulation and follicular 
development [49].

In a study on patients with unexplained infertility (UI), PCOS, and male factor 
infertility (MFI); In PCOS group kisspeptin levels were measured and found to be 
significantly higher compared to the MFI and UI groups. The investigators sug-
gested that IU can be treated with kisspeptin injections and that high kisspeptin 
levels can be a reliable indicator to estimate the antral follicle count (AFC) and to 
diagnose PCOS [50].

In women with functional hypothalamic amenorrhea (HA) due to low body 
weight, the administration of kisspeptin-54 acutely stimulates secretion of gonado-
tropin and that the effect on gonadotropin secretion is significant after the first 
injection but diminishes considerably (tachyphylaxis) after injections for two 
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weeks [51]. Nevertheless, the frequency of injections was changed from twice a 
day to twice a week in another study, and gonadotropin response was sustained 
[52]. Eight-hour intravenous infusion of kisspeptin-54 has been shown to tempo-
rarily increase LH pulse frequency and amplitude in women with hypothalamic 
 amenorrhea [53].

Hyperprolactinemia is one of the leading causes of female infertility as it 
causes hypogonadotropic anovulation [54]. Since kisspeptin neurons have recently 
been shown to express prolactin receptors, kisspeptin has been identified as the 
key mediator involved in this system [55]. In mice, hyperprolactinemia causes 
anovulation through decreased gonadotropin and GnRH secretion and low levels 
of kisspeptin expression. Kisspeptin administration in these mice repairs ovarian 
cycle and gonadotropin secretion. It suggests that kisspeptin neurons have a role in 
hyperprolactinemic anovulation [56].

Endometriosis is a disease that causes infertility in women [57]. A study 
conducted in 2012 about endometriosis reported that Kiss1 expression could not 
be detected in any sample taken from endometriosis patients [58]. In one study, 
researchers found that the level of Kiss1 expression was statistically significantly 
higher in endometriosis lesions compared to the level determined in eutopic 
glandular endometrium and concluded that Kiss1 might have a possible role in the 
pathogenesis of endometriosis [59]. Another study reported that Kiss1r mRNA 
levels were statistically significantly higher in the cumulus cells of endometriosis 
patients compared to healthy oocyte donors. In consequence, researchers argue that 
the increased Kiss1r expression may be one of the many factors involved in the root 
cause of endometriosis and related infertility [60].

A study in women suffering from infertility, investigating the genetic associa-
tion between the neurokinin (TAC3/TAC3R) systems and kisspeptin (Kiss1/Kiss1r) 
and investigating the expression of these systems, found that the expression of 
Kiss1, TAC3, and TAC3R was downregulated in the cumulus cells. Similarly, these 
three genes have been reported to be downregulated in older women with age-
related infertility [60]. In that study, these findings could only be attributed to age 
because infertile patients were significantly older than healthy donors and because 
the endometriosis patients were younger and showed just an opposite expression 
profile compared to all other patients, including patients with age-related infertility 
and low responders [61].

7. Conclusion

This review has examined the association of kisspeptin with female infertility 
and concluded that kisspeptin has a key role in the HPG axis and can be potentially 
used for the treatment of reproductive disorders including hypogonadism, ovarian 
hyperstimulation syndrome (OHSS), polycystic ovary syndrome (PCOS), unex-
plained infertility (UI), male factor infertility (MFI), hypothalamic amenorrhea 
(HA), and endometriosis. The literature review revealed that no adverse effects 
were reported after kisspeptin administration in healthy individuals and patients. 
Therefore, kisspeptin can be used safely in both healthy and infertile individuals. 
Especially its positive effects on GnRH and its key role in the initiation of physi-
ological events in the hypothalamic–pituitary-gonadal axis (HPG axis) show that 
kisspeptin has a say in fertility. For this reason, kisspeptin is an option that should 
be focused on in the solution of infertility cases that develop in mammals (humans 
and especially livestock) and are one of the diseases of the age.
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Chapter 11

Neuroendocrinology of 
Pregnancy: Participation of Sex 
Hormones
Luz Irene Pascual Mathey

Abstract

Pregnancy is characterized by hormonal changes, critical for the mother’s 
physiological adaptation, exercising a role in the fetus’s development, maintenance, 
protection, and nutrition. Since born, the neuroendocrine system’s involvement is 
necessary to prevent the embryo from being rejected by the mother’s immune sys-
tem. These changes are regulated by fluctuations in hormones such as Progesterone, 
Testosterone, Androstenedione, Dehydroepiandrosterone, Estradiol, Prolactin, 
human Placental Lactogen, human Chorionic Gonadotropin, and Thyroid hor-
mones, which promote the mother’s development and the fetus (maternal-fetal 
development). Therefore, given the great importance of these hormones during 
pregnancy, this chapter will explain the preclinical and clinical participation of sex 
hormones in maternal-fetal development.

Keywords: pregnancy, hormonal changes, maternal-fetal development

1. Introduction

During pregnancy, the neuroendocrine system undergoes significant hormonal 
fluctuations determined by stimulatory and inhibitory inputs from the mother 
and fetus to maintain the internal environment (milieu). This process is regulated 
mainly by both the maternal brain and the placenta, acting through the maternal-
placental-fetal unit (MPFU). It also serves as a protection system against stress and 
immune responses [1, 2].

Interestingly, the neuroendocrine responses generate a feedback circuit  regulated 
by the placenta. This organ begins its development in days six-seven after conception. 
It has been considered a passive organ for many years, acting as a barrier between the 
mother and the fetus, provide nourishing and eliminate metabolism products such 
as urea, uric acid, and creatinine. However, the placenta is a neuroendocrine organ 
that can synthesize and release hormones, neuroactive factors, and other mediators, 
allowing the proper development of the fetus’s maternal tissues to ensure an optimal 
pregnancy, allowing the fetus to adapt and survive under conditions of stress, infec-
tions, hypoxia, and malnutrition [3, 4]. This neuroendocrine mechanism involves at 
least three different endocrine axes; the hypothalamus-pituitary-gonads axis (HPG), 
the hypothalamus-pituitary–adrenal gland axis (HPA), and the hypothalamus-
pituitary-thyroid axis (HPT), to ensure optimal maternal-fetal development [1].

Specifically, the HPG axis, which is the central axis involved in regulating 
the reproductive function in vertebrates by a releasing pulsing of GnRH at the 
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hypothalamus and placenta, has a decisive role in the different stages of pregnancy. 
In this sense, it plays a central role in regulating MPFU development through posi-
tive and negative regulation of sex hormones [1].

2.  Gonadotropin-releasing hormone (GnRH), FSH, and LH, primary 
mediators of sex hormones releasing

The GnRH is a hormone synthesized by the hypothalamic neurons. It travels 
through the portal-pituitary-system to bind to its receptors (GnRHR-I) in pituitary 
cells (gonadotrophs), activating the synthesis of FSH (Follicle-stimulating hormone) 
and LH (Luteinizing hormone). These hormones are released into the systemic circula-
tion to act on sex organs regulating both oogenesis and spermatogenesis. Interestingly, 
GnRH isoforms (GnRH-I and GnRH-II) have also been identified in other tissues, 
including the testicles, prostate, mammary gland, endometrium, and placenta. In these 
organs, it has been shown that GnRH-II acts by binding to GnRHR-II receptors [5].

The functions associated with these isoforms are the production of the β-human 
chorionic gonadotropin (β-hCG) by the syncytiotrophoblast in the early stages of 
pregnancy. Here, β-hCG intervenes in at least two vital functions, avoiding lute-
olysis and ensuring Progesterone’s production (P4) until the placenta is implanted. 
Thus, specific conditions that interfere with this endocrine axis before weeks seven 
to nine of gestation would culminate in pregnancy loss [5].

Moreover, recent evidence indicates that GnRH is involved in the maternal-fetal 
environment’s remodeling (milieu) that allows the fetus’s correct implantation. This 
process is accompanied by increased proliferation of trophoblasts, which invade 
the decidua and form the outer and inner layers of syncytiotrophoblast, directly 
contacting maternal tissue. In this condition, the expression of specific metal-
loproteinases (MMP) is affected. Preclinical studies have shown that both isoforms 
(GnRH-I and GnRH-II) modify cellular matrix metalloproteinases’ expression. Two 
of them, MMP-2 and MMP-9, are the most directly involved in the migration and 
invasion of trophoblasts [5].

In addition to the above, it has been shown that both isoforms can produce 
proangiogenic cytokines, playing a central role in the rerouting of immune system 
cells involved in the restructuring of the arteries in the maternal-fetal interface [5]. 
Therefore, GnRH’s direct participation is vital for all physiological, hormonal, and 
structural changes that will culminate in the fetus’s correct implantation.

On the other hand, GnRH causes the stimulation of the pituitary hormone’s 
LH and FSH to regulate the sexual function. However, preclinical studies showed 
that both hormones are inhibited because of Progesterone and Estrogen increased 
production during pregnancy. Moreover, FSH and LH level rises on day ten after 
birth, which correlates to the decrease in sex hormones. In this sense, it has been 
established that the reduction of sex hormones after delivery performs negative 
feedback, which can achieve the complete reestablishment of reproductive function 
two months later after birth [6].

Interestingly, these data provide information valuable in understanding the posi-
tive and negative feedback mechanisms that play the sexual hormones during the 
pregnancy to maintain the MPFU.

3. Progesterone, the “pregnancy hormone”

Progesterone (P4) is considered the “pregnancy hormone” because it is critical for 
gestational maintenance [3]. During this stage, P4 is produced mainly by the ovary’s 
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luteal body until the twelfth week of pregnancy. After that, its release is principally 
maintained by the placenta, reaching levels of up to 3 μg/g, while blood concentra-
tions range from 100 to 500 nM, being four to six times its basal levels [7, 8]. These 
values rise significantly as gestational age progresses. It is involved in both the main-
tenance and development of the endometrium and inhibiting the uterus’ smooth 
muscle from preventing premature contractions (spontaneous abortion) [8].

Interestingly, the increase in this hormone’s levels seems to be regulated by an 
independent mechanism that generally restricts the synthesis of this hormone, 
being produced by the placental trophoblast cells in response to the stimuli 
produced in the uterine-fetal microenvironment [9]. At this level, its synthesis 
is carried out by converting the maternal cholesterol to the pro-hormone preg-
nenolone into the mitochondrial cytochrome P450. After that, by the action of 
3-β-hydroxysteroid dehydrogenases (HSD), it is metabolized to Progesterone. Of 
the total synthesized Progesterone, 90% go into the maternal circulation, and the 
remaining 10% goes into fetal circulation [10].

Placental P4 plays an essential role in establishing a pregnancy, as it is respon-
sible for inhibiting uterine contractions that occur at the myometrium’s smooth 
muscle. In this context, the deficiency of this hormone during the luteal phase has 
been widely related to infertility and loss of the pregnancy, presenting abortion, a 
situation that can occur at any stage of pregnancy [8, 9]. Besides, it is involved in 
the formation of decidua (a layer that coats the endometrium). In this sense, P4 is 
involved in the structural changes that the uterus undergoes during this period by 
increasing blood vessels’ permeability and endometrial density. Moreover, it has 
been suggested that the increase in decidual density is related to a lower likelihood 
of miscarriage. Also, P4 ensures the integrity of the fetus-maternal interface during 
the process of trophoblastic invasion and placenta formation [8, 11, 12]. What is 
more, P4 blocks the early production of T-cell lymphopoiesis protective role intra-
uterine environment’s immune system (milieu). For that reason, it has been sug-
gested that Progesterone acts as an immunosteroid since a satisfactory pregnancy 
depends on maternal tolerance to the fetal ‘semi-allograft’ [8].

Similarly, it has been suggested that the increase in P4 levels induces changes in 
gene expression in the uterine endometrium, indirectly favoring embryo growth 
[12]. Furthermore, it is a crucial factor between the endocrine and immune system 
since it has been shown that this hormone is involved in the implantation of tissue, 
preventing it from being rejected by the mother, a mechanism that appears to be 
mediated by Th cells (helper T cells), as well as by the interleukins (IL) IL-3, IL-4, 
IL-5, and IL-10, in such a way, it has been suggested that through inhibition of Th 
1 cells and increased production of interleukins, Progesterone is involved in the 
implantation of the fetus and its maintenance [7, 8].

On the other hand, P4 is involved in regulating the expression of uterine den-
dritic cells. These are known as antigen-presenting cells (APCs) involved in innate 
immune response and tolerance maintenance. However, in immature stages, these 
cells have a tolerogenic phenotype characterized by the low expression of co-stimu-
lating molecules and pro-inflammatory cytokines. Thereby, it has been shown that 
in the early stages of pregnancy, Progesterone prevents dendritic cells’ maturation. 
All these previous actions contributed to the maintenance of pregnancy [8].

More interesting, it has been shown that P4 is also involved in reducing ges-
tational stress. In this sense, it has been shown that it can over-express the mPRα 
gene, which encodes for a membrane receptor present in Cytolytic T lymphocytes 
CD8 + T cells, and whose increase has been linked to a protective effect against 
stress-induced abortion [7].

Finally, it is known that P4 levels decrease at the end of pregnancy, a phenom-
enon that is related to the onset of labor. Hence, an excellent regulatory mechanism 
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of P4 (both at the endocrine and immunological level) from the beginning to the 
culmination of pregnancy, it is necessary to the implantation, maintenance, and 
completion of this [12, 13].

4.  The modulatory hormones in pregnancy; testosterone (T), 
androstenedione (A4), and dehydroepiandrosterone (DHEA)

The androgenic hormones T, A4, and DHEA, plays a central role in regulating 
reproductive processes in many mammalian species. Besides, the presence of andro-
gen receptors has also been demonstrated in different tissues such as the ovary, the 
myometrium, and placenta, where they are known to participate in implanting the 
fetus and placentation. In this sense, it has been shown that, once pregnancy occurs, 
androgen synthesis takes place in the small luteal cells (SLC) of the corpus luteum 
by stimulation of the human chorionic gonadotrophin (hCG) [3, 14]. In addition 
to the above, once the placenta has been established, it becomes an independent 
androgen production source [14]. In this aspect, placental syncytiotrophoblast uses 
the circulating DHEA, provided by the maternal and fetal adrenal glands, turning 
it into A4 and T. Which, in turn, as will be discussed later, can be converted to estro-
gens by different routes to regulate embryonic development [3, 15]. Interestingly, it 
has been suggested that myometrium could be another important source of andro-
gens during pregnancy; a recent in vitro study showed that this tissue could also 
produce T and A4 [15].

Suppressively, these hormones are coordinated synthesized during pregnancy. 
Specifically, it has been shown that T levels increase in the first trimester of preg-
nancy, reaching a plateau in the second trimester, to later decrease slightly, rising 
considerably in the last month of pregnancy [14, 15]. Concerning A4, the study 
carried out by Satué et al. (2018) in mares shows that this hormone rises during ges-
tation, from the second month of pregnancy, reaching a peak maximum in the first 
stage of pregnancy, and, in the second state, it reduces significantly, reaching its 
lowest levels in the last month of gestation. However, a clinical study conducted by 
Makieva et al. (2014) showed that A4 remains stable throughout pregnancy without 
significant fluctuations. About DHEA, it increases progressively from the first to 
the fifth month of pregnancy, reaches its highest levels, then begins to decrease 
between months 6 and 7, reaching its lowest levels in the last month of pregnancy 
in mares, which is agree with the observed in pregnant women, with levels up to 
50% lower than those observed in non-pregnant women, an effect associated with 
negative E2 feedback to the maternal adrenal glands [14, 15].

The fluctuations in these hormones have specific functions during pregnancy. 
The significant increase observed in the first months of gestation is associated 
with the function of the corpus luteum, which uses T for estrogens’ production 
(analyzed in the next topic), regulating the implantation and decidualization. 
Later, the decrease observed in the middle of the gestation is related significantly 
to the development of the fetal gonads, providing the necessary substrates for the 
synthesis of placental estrogens. So, the primary site of estrogen synthesis at this 
stage could be the fetus. Finally, T’s elevation in the last stage of pregnancy, but not 
of A4 and DHEA, could be associated with the restructuring that the cervix must 
undergo to be prepared for the moment of delivery. At this stage, it has been shown 
that the cervix can   convert T into another metabolite, Dihydrotestosterone (DHT), 
through the action of 5-alpha-reductase. This androgen is involved in restructuring 
the cervix’s extracellular matrix tissue, including the structural changes that allow 
the myometrium’s contractility [14, 15].
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Therefore, these interesting data confirm the surprising interrelation and 
interdependence between estrogens and androgens produced by MPFU to protect 
and ensure pregnancy’s proper development.

5. Estrogens in pregnancy, an orchestral regulatory mechanism

Estrogens are a group of four different steroid hormones: Oestrone (E1), 
17β-Oestradiol (E2), Oestriol (E3), and Oesterol (E4), cyclically synthesized in 
response to changes during the ovarian cycle, specifically during the pre-ovulation 
phase, favoring folliculogenesis. However, estrogens also play a central role in the 
growth of the uterus and mammary gland. It increases the blood flow indispensable 
for transporting nutrients between the uterus and the fetus [16]. During pregnancy 
and up to the time of delivery, significant amounts of estrogens are released by the 
maternal-fetus-placental unit, formed by the luteal body, placenta, and the fetal 
adrenal cortex [3], suffering significant adjustments between the weeks seven to 
nine of pregnancy, reaching its highest levels at the time of delivery [17, 18].

17β-Oestradiol (E2) is the most abundant hormone synthesized during preg-
nancy. In connection with this, until the third month of pregnancy, significant 
levels of E2 are released by the luteal body, a period from which the primary site of 
estrogen production is the placenta [3]. It should be noted that the placenta has no 
autonomic innervation, so these increases occur in response to close communica-
tion between the mother and the fetus, where the hormone acts in an autocrine-
paracrine form in the development of the mammary gland and uterus, as well as in 
the development of sexual characteristics in the fetus. This connection allows the 
placenta and fetus to exchange and share steroid precursors, thus achieving their 
hormonal self-regulation [18].

Several studies have shown that the increase in estrogen levels is the result of a 
mutual exchange between the mother and placenta, in which the placenta uses the 
circulating androgen DHEA produced by the adrenal glands of the MPFU, where 
it is converted to Testosterone and Androstenedione and then metabolized to E1 
and E2 with the help of the cytochrome cyp450 aromatase enzyme [3, 7]. In such a 
way, both the mother and the fetus contribute to the increase in estrogen synthesis, 
regulating their production. In addition to this, and due to the high maintenance 
of this hormone throughout pregnancy, there is sufficient evidence to suggest that 
regulation in levels of this hormone could also be at the neural level, where E2 could 
act as a trigger factor of the HPA gland axis. So, the adaptive changes that occur 
in the mother-fetus are regulated by a positive feedback mechanism, in which the 
binding of E2 to their receptors at the brain could be sending signals to the adrenal 
glands for producing a more significant amount of DHEA, thus maintaining their 
constant levels [19]. Therefore, it seems clear that estrogen levels regulation during 
pregnancy occurs both locally, by an interaction of the placental-fetal unit and in an 
autonomic way, with the direct participation of the Central Nervous System.

Concerning its functions, estrogen has been shown to act through binding to 
nuclear receptors, participating in multiple processes to ensure the maintenance 
of pregnancy having different roles: in human endometrial explant cultures, they 
are involved in uterine vascular restructuring by binding to their nuclear recep-
tors present in epithelial and stromal cells of the cervix and endometrium, acting 
regulating the expression of different genes that control intrauterine growth, matu-
ration of vital organs such as mammary glands for breastfeeding and childbirth 
[16–18, 20]. Besides, it promotes the processes of angiogenesis and vasodilation that 
allow the transfer and exchange of nutrients and oxygen between the placenta and 
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the fetus through uterine and fetal circulation, a process associated with an increase 
in endothelial production of nitric oxide [3, 21].

On the other hand, in the primary culture of endometrial-epithelial cells (ESC), 
it has been found that E2 plays an essential role at the beginning of pregnancy by 
acting in processes such as differentiation and cell proliferation through the secre-
tion of insulin growth factor type 1 (IGF-1) [22]. Also, it increases the rate at which 
the fertilized egg travels through the fallopian tube, so low estrogen levels promote 
ectopic pregnancies because the egg stays longer in the fallopian tube [23].

In addition to the above, estrogens E1, E3, and E4, also, play a central role in 
pregnancy. E1 is the most abundant conjugated estrogen (estrone sulfate) during 
pregnancy; it increases from the first trimester of pregnancy, reaching its maximum 
peak in the 35th week of gestation; among its functions, the decrease of estrogenic-
ity has been indicated in the time of delivery [24]. E3 (Oestriol) is also considered 
a derivative of estradiol, whose primary role during pregnancy is increased utero-
placental blood flow during pregnancy. However, a specific function has also been 
suggested in the induction of myometrial cells’ contractions through the increase 
of connexin-4, allowing the restructuring of the myometrium that will trigger the 
initiation of labor [3]. On the other hand, Oesterol (E4) has an uncertain function 
during pregnancy since it is produced exclusively by the fetal liver starting up from 
the ninth week of pregnancy, reaching its significantly elevated levels after week 
30, with a peak at week 40. Although its function is unclear, preclinical studies have 
shown that it can bind to estrogen and progesterone receptors at the uterus, produc-
ing histological structural changes and biochemical fluctuations, essential during 
the differentiation of endometrial cells in pregnancy and delivery [25].

Therefore, during pregnancy, the hyperestrogenic state plays a significant role 
in maternal-fetal development, being a key piece in fetal growth. Hence, all these 
actions make the estrogen pleiotropic essential hormones in pregnancy.

6. Prolactin in pregnancy, more than a lactation hormone

Prolactin (PRL) is a protein hormone synthesized by the lactotroph cells of the 
anterior pituitary gland. Unlike other pituitary hormones, its release is inhibited by 
Dopamine (DA), a hypothalamic factor produced by dopaminergic neurons located 
in the arcuate nucleus, which has not only been shown to be able to regulate the 
release of PRL but can act at the lactotrophic cells, regulating their proliferation [1]. 
In addition, PRL can control its release, directly stimulating dopaminergic neurons 
and through direct and indirect mechanisms regulated by E2 [23].

In this sense, a preclinical rat model study showed that in the different repro-
ductive stages, PRL intervenes in a coordinated manner with E2 and Dopamine 
in regulating the proliferative activity of lactotrophic cells. In this collaborative 
process, these cells’ activity is elevated in the estrus and delivery stages. But it is 
decreased during the early stages of pregnancy and lactation, even though PRL 
levels are increased in all these reproductive stages. In this context, it has been sug-
gested that E2 participates in stimulating the release of PRL during the early stages 
of pregnancy and lactation by acting at the hypothalamic level regulating both the 
increase in prolactin levels and the activity of the lactotroph cells when DA is not 
present, play a dual role in the release of this hormone [23, 26].

Evermore, during pregnancy, essential adaptations occur to allow the release of 
significant amounts of this hormone by the stimulation caused by the mammary 
gland and the luteal body [27], with substantial elevations from the twentieth week 
of pregnancy, until after childbirth [26]. Specifically, PRL has been shown to play a 
vital role in regulating IL-10 and IL-12 interleukins (essential regulators of immune 



195

Neuroendocrinology of Pregnancy: Participation of Sex Hormones
DOI: http://dx.doi.org/10.5772/intechopen.95774

responses during inflammatory processes). On the one hand, IL-12 interleukin has a 
pro-inflammatory function, activating itself in response to situations such as stress. 
On the other hand, IL-10 is an anti-inflammatory cytokine, which intervenes in the 
regulation of the expression of IL-12. In this sense, it has been shown that, during 
pregnancy, PRL increases the concentration of IL-10, an effect suggested is associ-
ated with the proper maintenance of this [28].

At the clinical level, this hormone has been shown to provide luteotropic support 
to the luteal body by intervening in the biosynthesis of P4 for its maintenance in the 
first three months of pregnancy, having an indirect function in the implantation of 
fetus in the uterus, as well as in the induction of vascular factors necessary for the 
increase in the volume of the luteal body [1, 29]. On the other hand, it acts directly 
on the mammary gland, determining the growth and development of alveoli, 
promoting the expression of genes related to milk synthesis and lactopoiesis. It also 
helps maintain the luteal body’s integrity and decidual cell survival [30]. Moreover, 
it is involved in the synthesis of relaxin, a hormone responsible for dilating the 
cervix during labor, thus facilitating the fetus’s expulsion [27].

PRL, it has been shown to play an essential role in regulating leptins expression 
in the gestational stage [31]. Leptins are hormones produced mostly by adipocytes, 
whose central role is related to the regulation of body weight, appetite, and energy 
homeostasis. The increase in their plasma levels is associated with the rise in the 
amount of body fat. However, during the gestational stage, vast quantities of leptins 
are released by the ovary and placenta, remaining constant throughout pregnancy, 
intervening in the regulation of fetal weight and growth, and with the develop-
ment of gestational diabetes [32]. In this sense, the increase in PRL levels has been 
suggested to inhibit the receptor to leptins (LepR), thus blocking the signaling 
pathways that regulate the development of gestational diabetes [31].

Finally, it has a central role in mother–child recognition by increasing the 
generation of neurons at the olfactory bulb level, which is essential for such recog-
nition [29]. For that reason, PRL recognizes like a multifaceted hormone, with dual 
actions during and after delivery.

7.  Human placental lactogen, an exclusive metabolic hormone  
in pregnancy

The human placental lactogen hormone (hPL), known as human Chorionic 
somatomammotropin, is a polypeptide hormone elevated during pregnancy and is 
produced exclusively by the placenta [3]. hPL levels are detected between the first 
and second weeks of placenta gestation. However, it is released into the maternal 
circulation between the third to sixth week of pregnancy, being possible its detec-
tion, which increases until reaching its constant levels with a significant increase at 
the end of pregnancy with substantial effects after delivery [3].

Although there is controversy regarding its participation during pregnancy, it 
has been suggested that its primary function is the regulation of maternal metabo-
lism of lipids and carbohydrates, being crucial to maintaining energy homeostasis 
between mother and fetus. In this sense, at the preclinical level, it has been shown 
that it stimulates the production of the IGF-1 factor in maternal hepatocytes. It 
modulates intermediate metabolism by increasing food intake (orexigenic drive), 
which favors the increase in glucose available for transfer to the fetus and prevents 
the development of gestational diabetes caused by peripheral resistance, typical at 
this stage [1, 3].

Moreover, it has been suggested that it has a central role in intrauterine growth 
because more than 50% of neonates with stunted growth have shown a deficiency 
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in hPL levels. It is also believed that, by stimulating the uptake of glucose, glycerol, 
and free fatty acids, it could significantly participate in fat deposits, serving as an 
energy-saving mechanism for the fetus [1, 3].

Furthermore, it is well documented that in a normal state of pregnancy, insulin 
sensitivity decreases with the advance of the gestational state, which allows the 
fetus to maintain energy, an effect caused by a joint inhibitory action of peptide 
hormones (C-reactive protein, leptins, and hPL) on insulin levels causing dysfunc-
tion of pancreatic β-cells, named “diabetogenic condition.” However, a clinical study 
conducted by Ngala et al. (2017) showed that, throughout pregnancy, important 
maternal factors could predict the development of gestational diabetes mellitus 
(GDM) in addition to the already known factors of obesity and family history. 
In this sense, the levels of glucose, insulin, glycosylated hemoglobin (GHb), and 
hPL, among others, are increased in pregestational pregnant women, an effect not 
observed in non-diabetic pregnant women. Interestingly, under this condition, 
E2 and P4 levels decreased in pre-diabetic women, while in healthy women, the 
levels of both hormones are increased. On the other hand, between weeks 24–28 
of gestation, an increase in Progesterone, Estradiol, Leptins, GHb, and Fasting 
blood glucose (FBG) was observed in developing GMD, an effect associated with 
the increased insulin resistance. Controversially, although there is little informa-
tion linking hPL with the development of GDM, it is believed that the decrease 
in the levels of this hormone after delivery is associated with the reduction in 
glucose resistance and with the increased risk of diabetes-prediabetes in nursing 
 mothers [33, 34].

Interestingly, hPL participates in lactation by stimulating the breast epithelium, 
facilitating breast development during the gestational stage. In this process, both 
hormones (hPL and PRL) act in maternal behavior, suppressing stress responses in 
the last stage of pregnancy and lactation [1]. In this sense, it has been shown that 
dopaminergic neurons’ activity can be maintained by hPL [23].

All these results confirm the metabolic action of hPL in pregnancy and lactation, 
alone or together to other placental and maternal hormones.

8.  Human chorionic gonadotropic (hCG), the placental essential 
hormone

HCG is considered one of the essential hormones during gestational develop-
ment, having similarities with other members of the same family of glycoproteic 
proteins such as LH and pituitary FSH. Its synthesis is regulated by the luteal body 
and placenta, exercising a pleiotropic role during gestation by autocrine and para-
crine mechanisms [3]. It is possible to detect significant levels from day eight after 
fertilization, reaching its maximum levels around the tenth week of development. 
After which, it maintains at constant levels when the placenta is fully developed. At 
this point, the luteal body’s secretions are no longer necessary [3].

It participates in the process of steroidogenesis and in the restoration-mainte-
nance of the luteal body, where it acts as a relay system, whose purpose is to prevent 
menstruation by increasing the synthesis of P4, allowing that the embryo can be 
implanted in the uterine endometrium, ensuring pregnancy until placental produc-
tion of Progesterone is well established [3].

The hCG has also been shown to have a structure like Thyroid stimulating 
hormone (TSH) to bind to the same receptors, having implications for regulating 
thyrotropic activity. Preclinical studies have shown that maternal TSH decreases at 
the end of the third trimester of pregnancy. This decrease correlates with increased 
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placental hCG and fetal thyroxine-binding globulin (TGB) [1]. In vitro studies have 
shown that it can have angiogenic effects; it increases vascular-endothelial growth 
factor (VEGF) and placental microvascular endothelial cells [3].

Moreover, clinical studies have shown that it is also involved in the differentia-
tion of cytotrophoblast in syncytiotrophoblast, constituting an essential factor 
in the secretion of relaxing decidual production of PRL. On the other hand, it has 
androgenic properties. It can promote the synthesis of DHEA by the fetal adrenal 
cortex, regulating both testicular function and fetal male differentiation during the 
first weeks of gestation [35]. In addition, it has been suggested that it has partici-
pated in other functions; in the immune system, stimulates the production of the 
anti-inflammatory interleukins IL-8 and IL-10, and inhibits lymphocyte response, 
preventing rejection of the fetus, suggesting an immunosuppressive role of hCG 
during pregnancy; it stimulates testicular Leydig cells for testosterone production 
and provides nutrients and hormones for optimal maintenance of intrauterine 
microenvironment [3, 35]. So, the metabolic implications of this hormone sug-
gested it like a metabolic hormone in pregnancy.

9. Cortisol and glucocorticoids; is it just stress in pregnancy?

The secretion of cortisol levels during pregnancy is regulated by the placenta, 
which, by secreting the corticotropin-releasing hormone (CRH), produces an expo-
nential increase in cortisol from the eighth week of gestation up to three times above 
systemic values [5, 36]. It is present in both the maternal and fetal phases but at 
different levels; under normal conditions, cortisol levels reach 200 ng/ml at the end 
of pregnancy, while fetal levels range from around 20 ng/ml [37]. These differences 
are due to the presence of a natural barrier that prevents maternal cortisol, whose 
molecular composition can cross the placenta, quickly reaches fetal space [38, 39].

This barrier corresponds to the uterus/fetus interface and is mainly com-
posed of maternal decidua and fetal placenta chorion. Here the regulation of 
cortisol is carried out through placental glycoprotein P, as well as the enzyme 
11-β-hydroxysteroid-dehydrogenase (11-β-HSD) type 2 of trophoblastic and fetal 
cells, which inactivates cortisol by converting it into cortisone to avoid exposure 
of the fetus to high levels of cortisol [37, 40]. However, because of its role in organ 
maturation and labor, fetal cortisol increases towards the end of pregnancy by 
several mechanisms: a) decrease of 11-β-HSD type 2 in fetal tissues, b) increased 
synthesis of cortisol by the fetal adrenal gland, and c) increased 11-β-HSD type 1 in 
fetal tissues, which converts cortisone, into active cortisol [41].

As for the functions of cortisol during pregnancy, glucocorticoids (GC) have 
been described as participating in the processes of implantation and formation of 
decidua, as well as in fetal development and maturation, and initiation of childbirth 
[17, 36, 42]. Elevated levels of GC present during pregnancy are involved in the 
suppression of inflammation of the uterus, placenta, and fetal membranes, which 
contributes to maintaining the homeostasis necessary for the maintenance of preg-
nancy [42]. Moreover, recent evidence suggests that significant increases in cortisol 
levels play a critical role in the baby’s growth in the postnatal stage [43]. In this 
sense, studies have shown that high concentrations of cortisol during the fetal phase 
positively correlated with weight gain within the first five years of postnatal growth, 
indicating that the higher increase in placental cortisol levels, the more significant 
weight gain can be observed in children during this stage, suggesting that hormonal 
changes within the maternal-fetal environment have repercussions in post-birth 
stages, a highly relevant endocrinological aspect [43].
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Conversely, cortisol is also involved in developing pregnancy complications, 
being responsible for the so-called “Hypothalamic Stress Amenorrhea,” whose 
consequence is the generation of miscarriages [8, 44]. On the one hand, it has been 
shown that low maternal cortisol levels compromise the placenta’s structure. In 
contrast, elevated levels can lead to miscarriages, uterine contractions from placen-
tal CRH deregulation, the elevation of fetal cortisol levels, and obstetric alterations 
by activation of the HPA gland axis [14, 36, 38, 45]. In this sense, two main axes, the 
HPA, and the sympathetic nervous system-adrenal medulla exerts a negative effect 
on the reproductive system when activated in stressful situations. In this feedback 
mechanism, the CRH that is produced at the pituitary can act, in a short negative 
feedback mechanism, directly inhibiting GnRH at the hypothalamus.

Even more, cortisol act at the pituitary to inhibit the release of LH and FSH, and, 
consequently, inhibits steroidal ovarian hormones, Estrogen, and P4, resulting in 
abortion. It has been confirmed in preclinical and clinical studies, where exposure 
to stressors, such as noise, has been verified to induce miscarriages, with a signifi-
cant decrease in P4 levels [8, 44]. More interesting, stress increases the excitability 
of the sympathetic nervous system, resulting in a decrease in blood flow supply to 
the placenta caused placental hypoxia and increased generation of reactive oxygen 
species, causing damage to trophoblasts; the outer layer of the blastocyst, respon-
sible for providing nourishing to the embryo [44].

Finally, it has also been suggested that high cortisol levels could mediate a 
disbalance in T helper cells Th 1 and Th 2, with a specific impact in the decrease of 
adaptative immune system responses that allow the fetus’s maintenance. However, 
more studies are needed to confirm this [44]. So, it is evident that cortisol is not just 
a “stress hormone”; it has several functions supporting the MPFU.

10. Thyroid hormones in pregnancy; regulation by sex hormones?

During pregnancy, high estrogens and corticosteroids induce an increase in 
TGB levels in the liver, which is significant from week twenty of gestation, reach-
ing its maximum level from week twenty to twenty-four. The rise in TGB during 
the first half of pregnancy is related to further deiodination of the inner ring of 
the hormones T4 (Thyroxine) and T3 (Triiodothyronine) at the placenta, which is 
responsible for the physiological effect attributed to them [46, 47].

As far as the fetus is concerned, it has been shown that there are at least two 
mechanisms for it to contribute to thyroid hormones: the development of the fetal 
thyroid gland and the maternal thyroid gland. More interesting, the increase in 
concentrations of T4 in the first half of pregnancy and the expression of receptors 
to thyroid hormones in the brain, suggesting its participation in the development of 
brain structures of the fetus. Moreover, from weeks twelve-fourteen, in which the 
fetal thyroid begins to synthesize T4, its levels increase progressively, until reaching 
its maximum levels between week thirty-four to thirty-six, remaining elevated until 
the delivery time [46].

About iodine levels begin to be detected from ten to eleven weeks of gestation, 
a stage in which the fetal thyroid can concentrate. Around the twelfth week, the 
pituitary starts to produce and synthesize TSH and TRH (Thyrotropin-releasing 
hormone) by the hypothalamic neurons [46].

Before the fetal thyroid develops, the placenta has a particular involvement in 
maternal-fetal thyroid regulation. It is responsible for exchanging thyroid hormones 
to the fetus, suggesting an essential role in early fetal growth. Among the functions 
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attributed to thyroid hormones are the brain’s development and the acceleration of 
fetal pulmonary maturation. The effect has been demonstrated in preclinical and 
clinical models in which fetal pulmonary growth has been shown to increase after 
intraamniotic injection of T3 or T4. On the other hand, the effect at the brain level 
has been demonstrated in intrauterine hypothyroidism conditions. It is related to 
irreversible damage to the brain and mental disability in children born under these 
conditions [46, 47].

Interestingly, clinical studies conducted in children whose mothers suffered 
from hypothyroidism, a condition that occurs in 0.05–0.02% during pregnancy, 
have shown that these irreversible changes specifically affect neurodevelopment. In 
this sense, it has been demonstrated that any situation that leads to the development 
of clinical hypothyroidism (generally associated with Graves’ disease) and hypo-
thyroxinemia (associated with overtreatment of antithyroid drugs) that can occur 
during the first trimester of pregnancy can lead to a cognitive delay in children, 
learning disorders, maturational delay, encephalopathy, and seizures among other 
conditions [48].

Significantly, the increase in TSH, T3, and T4 during pregnancy could have 
protective effects against fetal anemia because it has been suggested that they may 
have cardiotonic effects by direct activation of the sympathetic-adrenal nervous 
system, in addition to being shown to stimulate the production of erythropoietin, 
which is involved in the production of red blood cells and therefore in the release of 
oxygen to tissues [47].

In this sense, it is fascinating to understand that sex hormones regulate the 
release of thyroid hormones and the vital functions involved, like brain develop-
ment, being crucial during pregnancy and childhood.

11. Conclusions

Pregnancy is a physiological state characterized by critical hormonal changes. 
Collective participation of the endocrine system is necessary to carry out adequate 
development and maintenance of both the mother and the fetus. This system is 
responsible for generating an optimal environment that provides an adequate 
microenvironment of communication between the maternal-placental-fetal unit, 
facilitating the exchange of nutrients, hormones, and oxygen, essential throughout 
the gestational period. These neuroendocrine processes are produced thanks to the 
synchronous and fluctuating production of sex hormones regulated by endocrine, 
paracrine, and autocrine mechanisms. Their function is essential before, during, 
and after the gestational period to ensure the fetus’s correct development and 
growth.
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Nomenclature

MPFU Maternal-placental-fetal unit
HPG Hypothalamus-pituitary-gonads axis
HPA Hypothalamus-pituitary–adrenal gland axis
HPT Hypothalamus-pituitary-thyroid axis
GnRH Gonadotropin-releasing hormone
GnRHR-I and GnRHR-II Gonadotropin-releasing hormone receptors I and II
FSH Follicle-stimulating hormone
LH Luteinizing hormone
β-hCG β-Human chorionic gonadotropin
P4 Progesterone
MMP Metalloproteinases
3β-HSD 3-β-hydroxysteroid-dehydrogenases
11β-HSD 11-β-hydroxysteroid-dehydrogenase
Th cells Helper T cells
IL Interleukins
APCs Antigen-presenting cells
T Testosterone
A4 Androstenedione
DHEA Dehydroepiandrosterone
E1 Oestrone
E2 17β-Oestradiol
E3 Oestriol
E4 Oesterol
ESC Endometrial-epithelial cells
IGF-1 Insulin growth factor type 1
PRL Prolactin
DA Dopamine
LepR Leptin receptors
hPL Human placental lactogen hormone
TSH Thyroid Stimulating Hormone
TGB Thyroxine-binding globulin
VEGF Vascular-endothelial growth factor
CRH Corticotropin-releasing hormone
GC Glucocorticoids
T4 Thyroxine
T3 Triiodothyronine
TRH Thyrotropin-releasing hormone
SLC Small luteal cells
GDM Gestational diabetes mellitus
GHb Glycosylated Hemoglobin
FBG Fasting blood glucose
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