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Abstract

Males primarily use testosterone as a sex hormone. Through its effects on the 
androgen receptor, it is released by the interstitial cells of the testes and is in charge 
of the male external genitalia development as well as the internal reproductive glands 
and ducts during adolescence and maturity. Additionally, testosterone is required for 
the descent of testes via the inguinal canal in the last 2 months of fetal development. 
When a Y chromosome and consequently the SRY gene are missing from an embryo, 
ovaries form. The Wolffian ducts do not mature because the fetal ovaries do not 
release enough testosterone. It is mostly used to treat male hypogonadism. Notably, 
this chapter addresses the following context: historical view of testosterone research, 
biosynthesis, secretion, metabolism, transport mechanism, biological actions, health 
benefit of testosterone, factors that promote and inhibit testosterone secretion, 
therapeutic implication as well as pathophysiology of testosterone secretion.

Keywords: testosterone, Leydig cell, sex hormone-binding globulin, GnRH, aromatase, 
cytochrome P450, 5-alpha reductase

1. Introduction

Testosterone as one of the major male hormone, is in charge of governing the devel-
opment of male sex traits, spermatogenesis, and fertility [1]. The fetus first experi-
ences the effects of testosterone. The initial 6 weeks of development result in identical 
male and female reproductive tissues. The Y chromosomes SRY (sex-related gene) 
drives the development of the testicles during week 7 of pregnancy. From sertoli cells 
in the testis cords, seminiferous tubules are produced (fetal testicles). The upper part 
of the vaginal canal, uterus, and fallopian tubes all regress as a result of a Müllerain 
inhibitory substance (MIS) secreted by the Sertoli cells (Müllerian structures normally 
present in women).
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2. Historical view of testosterone research

Scientists of Ancient days knew that removal of the testicle would take away the 
vitality and aggression of men and beast. Historically, castration (removal of testes) 
was performed on male slaves who guarded Muslim harems. It was also used on some 
male singers during boyhood to preserve a high pitched voice. The testicles are male 
gonads, or sex gland, that produces sperm and secret androgens. The production of 
androgens by the testes is controlled by certain pituitary hormones called gonado-
tropins. Testosterone, or the male sex hormone, is the most significant and active 
hormone. Testosterone is mostly produced in the testes, although it is also produced in 
minor amounts in the adrenal glands and the female ovaries.

According to Freeman et al. [2], testosterone’s origins and effects have been 
understood throughout human history.

In 1934, David et al. [3] was the first to isolate testosterone molecule and its 
structure and this won him a Noble Prize in 1935.

In 1938, the beneficial effect of testosterone on impaired glucose tolerance was 
discovered by Kenyon [4].

In 1939, a famous Scientist called Heinrich Schumann found it to improve intermit tent 
claudication and reduce angina pectoris, as well as confirming it to cure gangrene [5].

In 1945, another scientist called Waldman [6] showed its function to stop angina 
pectoris.

Hamwi [7] demonstrated in 1951 that testosterone can enhance nitrogen balance 
and boost lean muscle hypertrophy.

In 1960s, another scientist discovered it can lower cholesterol as confirmed by 
Hartgens and Kuipers [8].

In 1962, scientists called Katz and Katz [9] normalized the abnormal electrocar-
diograms of 2000 cardiac patients with synthetic testosterone.

It can help with diabetic retinopathy, according to a 1963 research by Lawrence 
et al. [10].

According to Kim et al. [11], scientists first discovered that testosterone can reduce 
diabetic patients’ need for insulin and their body fat percentage in 1964.

The Columbia University Department of Medicine stated in May 1994 that low 
levels of free testosterone are a risk factor and directly correspond with the severity of 
coronary artery disease in men [12].

2.1 Biosynthesis of testosterone

The 500 million Leydig cells, which account for about 5% of the mature testis’ vol-
ume and are situated in the interstitial region of the testis between the seminiferous 
tubules, use an enzymatic process to convert cholesterol into testosterone. The most 
common method is the de novo synthesis of cholesterol from acetate, but preformed 
cholesterol can also be received from an external source, including circulating low-
density lipoproteins, or intracellular cholesterol ester storage [13].

Two multifunctional cytochrome P450 complexes are required for the production 
of 17-hydroxylase/17,20 lyase (CYP17A1 or P450c17, which hydroxylates the C17 and 
C18 side chains) and cholesterol side-chain cleavage (CYP11A1 or P450scc, which 
produces C20 and C22 hydroxylation and C20,22 lyase activity) [13]. The regula-
tion of 17,20 lyase activity, which is active in the gonads but inactive in the adrenals 
and is independent of 17-hydroxylase activity, is tissue-specific and a critical fork 
in the steroidogenic pathways. The enzyme cofactors that have the greatest impact 
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on the directionality of the route flux are cytochrome b5 and the membrane-bound 
flavoprotein P450 oxidoreductase (POR), which serves a variety of functions as a 
reductase. One protein with several functions houses both functions [14]. Adrenal 
androgens do, however, make a far bigger proportionate contribution to the circulat-
ing testosterone in women than it does to the testosterone circulating in men [15]. 
Additionally, it has been reported that the weak adrenal androgen precursor DHEA 
can be used to produce some extragonadal testosterone and dihydrotestosterone [16]. 
In the mitochondria of Leydig cells, LH regulates the rate-limiting conversion of 
cholesterol to pregnenolone, which in turn regulates the release of testicular testos-
terone. The inner mitochondrial membrane is home to the cytochrome P450 cho-
lesterol side-chain cleavage enzyme complex, which mediates this process. Proteins 
like sterol carrier protein 2 [17] control the transfer of cholesterol to mitochondrial 
steroidogenic enzymes. This facilitates the transfer of cholesterol from the cyto-
plasm to the mitochondria along with steroidogenic acute regulatory protein [18] 
and translocator protein [19], which control cholesterol transport across the mito-
chondrial membrane. The following enzyme activity is present in the endoplasmic 
reticulum of the Leydig cell. Despite the fact that the precise physical process that 
leads to such high intratesticular testosterone and related steroid concentrations in 
the testis is still unknown, the high testicular testosterone production rate produces 
both high local concentrations of testosterone (up to 1 g/g tissue, which is roughly 
100 times higher than blood concentrations) and rapid turnover of testosterone (200 
times per day) [20].

2.2 Secretion of testosterone

In order to maintain male virilization, testosterone is secreted intermittently dur-
ing the first trimester of intrauterine life (coinciding with the differentiation of the 
masculine genital tract), as the perinatal androgen surge (with as-yet-undetermined 
physiologic significance), and continuously after puberty. The sudden increases in 
testosterone output from the testicles, which rise roughly 30-fold over levels found in 
prepubertal toddlers, women, or castrate men, are what caused the dramatic physical 
changes associated with male puberty. After middle age, circulating testosterone lev-
els gradually decline and gonadotrophin and sex hormone-binding globulin (SHBG) 
levels rise [21], with these tendencies being missing until late old age in men who 
remain in great health [22], but exaggerated by the presence of chronic illness [23]. 
Additionally, there are temporal trends, such as an increase in obesity prevalence [24] 
and variations in testosterone immunoassays due to artifactual methods that differ 
from standard mass spectrometry-based assessments [25].

Leydig cell attrition and malfunction, as well as atherosclerosis of testicular arter-
ies, are all functionally responsible for these age-related alterations brought on by 
the chronic disease accumulation [26]. Meanwhile, the ageing of the hypothalamic-
pituitary-testicular complex gradually functions abnormally on several levels, 
which together cause men to age with reduced levels of circulating testosterone 
[26]. Testosterone leaves the testis by diffusing into the bloodstream across cell 
membranes, similar to other lipophilic steroids synthesized by steroidogenic tissues. 
Smaller amounts also get to the fluid in the tubules and lymphatics. After puberty, 
males synthesize over 95% of the testosterone found in their blood by testicular 
secretion; the remaining 5% is created through extragonadal conversion of precur-
sors such dehydroepiandrosterone and androstenedione, which have relatively low 
intrinsic androgenic potencies. The liver, kidney, muscle, and adipose tissue are only a 
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few extragonadal tissues that can convert these weak androgens, which are primarily 
produced by the adrenal cortex, into bioactive sex steroids.

Endogenous adrenal androgens play a much smaller role in men’s direct viriliza-
tion than they do in women. Moreover, androgen-sensitive prostate cancer is not 
significantly affected biologically by remaining androgens in the blood and tissues 
following pharmacological or surgical castration. Although peripheral interconver-
sion of adrenal androgen precursors and direct gonadal secretion account for roughly 
equal amounts of blood testosterone, adrenal androgens are proportionally more 
responsible for the significantly lower levels of circulating testosterone (5% of men) 
in children and women [15]. Exogenous dehydroepiandrosterone cannot produce 
enough blood testosterone to replace male androgens at physiologic replacement 
dosages of 50 mg/day when supplied orally to humans [27]. It also does not elicit dose-
dependent increases in circulating estradiol in males.

Calculating the pace at which hormones are produced can be done using the 
metabolic clearance rate, mean blood levels of testosterone, testicular arteriovenous 
differences, and testicular blood flow rate (from bolus injection or steady-state isotope 
infusion utilizing high-specific-activity tracers). These methods accurately estimate a 
testosterone production rate of 3–10 mg/day under steady-state settings using tritiated 
[28] or non-radioactive deuterated [29] tracers with interconversion rates of around 
4% to dihydrotestosterone (DHT) [28] and 0.2% to estradiol (hours to days). The 
factors that these methods, which are oversimplified and focus on steady-state condi-
tions, ignore include postural influences on hepatic blood flow, episodic variability in 
circulating testosterone levels over shorter time periods (minutes to hours), pulsatile 
LH secretion, and diurnal periodicity [30]. The primary elements that are known to 
affect the metabolic clearance rate of testosterone are circulating SHBG concentration, 
diurnal rhythm, and postural effects on hepatic blood flow [29]. Significant genetic 
[31] and environmental [29] factors have been proven to have an impact on testoster-
one levels. Variations in SHBG reduce the severity of these effects.

3. Mechanism of testosterone secretion

During puberty, the hypothalamic-pituitary-gonadal axis controls gonadotropin 
levels and gonad function. LH and follicle-stimulating hormone are also secreted by 
the anterior pituitary, which receives GnRH from the brain via the hypothalamohy-
pophyseal portal system (FSH). Two gonadotropic hormones called LH and FSH act 
on gonad receptors while moving through the bloodstream. Through its effects on 
the Leydig cells, LH in particular promotes the generation of testosterone. By using 
negative feedback, testosterone controls its own secretion. High blood testosterone 
concentrations impair the anterior pituitary’s ability to respond to GnRH stimuli 
and reduce hypothalamic GnRH release [1]. Throughout the reproductive lifetimes 
of males, the hypothalamus pulses GnRH every 1–3 h. From the onset of puberty, 
when levels start to rise, until the third decade of life, when levels peak and gradually 
start to fall, average plasma levels of FSH and LH stay largely constant in spite of this 
pulsatile release. Poor testosterone levels prior to puberty are an indication of low 
gonadotropin and GnRH production. The production of GnRH increases noticeably 
throughout puberty as a result of changes in the neuronal input to the hypothalamus 
and changes in brain activity.

Cholesterol is transformed into testosterone by Leydig cells in the testes. LH 
regulates the initial stage of this process. In this mechanism, androstenedione and 
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dehydroepiandrosterone (DHEA) are two crucial intermediates. Androstenedione 
turns into testosterone thanks to the enzyme 17-beta-hydroxysteroid dehydrogenase. 
Blood plasma proteins like albumin and sex hormone binding globulin, as well as 
a large portion of the testosterone present, are bonded to one another. This major 
source of protein-bound testosterone provides the body with an overabundance 
of testosterone hormones. Low blood levels of free testosterone cause tissue-level 
responses in the seminal vesicles, bone, muscle, and prostate gland. By converting 
testosterone, the enzyme 5-alpha-reductase produces dihydrotestosterone in cells. 
Both testosterone and dihydrotestosterone can interact with cell receptors and control 
how proteins are expressed. In the zona reticularis of the adrenal gland, both men 
and women produce androgens with weak effects. One example of a weak-acting 
androgen is dehydroepiandrosterone. Despite having a lesser affinity for testosterone 
receptors, if produced in high amounts, they can be converted to testosterone in the 
peripheral tissues [32].

3.1 Transport of testosterone

Because it binds to moving plasma proteins, the amount of testosterone that cir-
culates in blood is higher than its solubility in water. Albumin, corticosteroid binding 
globulin, and 1 acid glycoprotein are low affinity proteins, whereas SHBG, a protein 
with high affinity but low capacity, is the most important binding protein. The 
circulating SHBG, a homodimer comprising two 373 amino acid long glycoprotein 
subunits, readily binds testosterone [33]. It has one highly-affinity steroid binding 
site, two N-linked and one O-linked glycosylation sites, and three glycosylation sites. 
The homodimer’s two binding sites exhibit cooperative, dynamic binding affini-
ties with subsequent androgen binding [34]. Although genetic variants can change 
SHBG’s capacity to bind testosterone, acquired liver illness has little impact on this 
feature [35]. It is yet unclear if pregnancy or other long-term illnesses have an impact 
on it (when circulating levels increase). Humans but not rodents secrete SHBG into 
the circulation through the liver. Rodent Sertoli cells release testicular androgen-
binding protein, or SHBG, into the seminiferous tubules of the testis [36]. Not the 
least of which is that the placenta may influence the increase in blood SHBG levels 
during pregnancy. The levels of circulating SHBG, a byproduct of hepatic secretion 
and a first-pass liver effect of oral medicines, including sex steroids, are significantly 
influenced by these effects. The levels of circulating SHBG (and consequently total 
testosterone) are typically increased (androgens, glucocorticoids) or decreased (first 
pass effects) as a result of producing supraphysiologic hormone concentrations at the 
liver, such as those caused by oral administration (first pass effects) or by high-dose 
parenteral androgen injections (estrogens, thyroxine).

Transdermal, depot implants, and parenteral (non-oral) distribution, which 
essentially maintain physiological circulating hormone concentrations, have no effect 
on blood SHBG levels [29], whereas endogenous sex steroids and these techniques 
do. Acute or chronic liver disease, androgen deficit, obesity, diseases that cause 
protein loss, non-alcoholic fatty liver disease, and, in rare circumstances, hereditary 
SHBG insufficiency, all have an impact on the level of SHBG in the blood [37, 38]. In 
a healthy state, SHBG binds 60–70% of the circulating testosterone, leaving 1–2% 
unbound or linked to lower affinity, high-capacity binding sites for the remainder 
(albumin, 1 acid glycoprotein, corticosteroid binding protein).

The physicochemical partitioning between the hydrophobic protein binding sites 
on circulating binding proteins, the hydrophilic aqueous extracellular fluid, and the 
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lipophilic cellular plasma membranes is the basis for the hypothesis that the transport 
of hydrophobic steroids into tissues occurs passively. The most physiologically active 
component of testosterone is thought to be the fraction that is weakly protein-bound 
but still mobile [39], whereas the majority of the moiety that is strongly coupled to 
SHBG just serves as an inert storage [34].

The free hormone hypothesis is based on the now-outdated pharmacological 
theory that drug-drug interactions result from the displacement of mutual protein 
binding. However, in molecular pharmacology, well-established physiological mecha-
nisms like the activation of the drug transporter, the stimulation of the cytochrome 
P450 enzyme, and other mechanisms unrelated to binding to circulating proteins have 
long since supplanted this theory. The free fractions may alternatively be viewed of 
as the least active and transitory since they would have easier access to regions where 
testosterone is inactivated by degradative metabolism, ultimately stopping androgen 
action. This would undermine the assumption of the free hormone hypothesis.

So far, it has not been possible to determine the free or bioavailable fractions’ 
overall biological significance. Additionally, evidence from experiments suggests that 
SHBG actively participates in cellular testosterone uptake through a number of SHBG 
membrane receptors, uptake processes, and signaling via G protein and cyclic AMP 
[40]. This is in contrast to the conventional view that SHBG is biologically inert. By 
facilitating receptor-mediated cellular uptake of SHBG laden with testosterone via 
endocytosis on cell surface membranes, megalin, a multivalent low-density lipo-
protein endocytic receptor, may change tissue androgen activity. Due to its lack of a 
physiological basis and the scant and speculative empirical data backing it [41], the 
free hormone hypothesis [42] is thus refuted by broad, prospective clinical inquiry.

Therefore, the biological importance of fractionating circulating testosterone 
into these derived forms is unknown, and their therapeutic use may be deceptive. 
The time-consuming, manual techniques necessary for the direct estimation of free 
testosterone are also only available in research or specialist pathology institutions. 
They are expensive and lack any external quality control procedures or established 
reference ranges when they are given.

3.2 Metabolism of testosterone

A very little amount of released testosterone is activated to two bioactive metabo-
lites, estradiol and DHT, by hepatic phase I and II metabolism, whereas the bulk is 
inactivated to inactive oxidized and conjugated metabolites for urine and/or biliary 
clearance [43]. The amplification pathway transforms 4% of the blood’s testoster-
one into DHT, a more potent, pure androgen. When transactivating the androgen 
receptor, DHT has a higher binding affinity and a 3–10 times greater molar potency 
than testosterone [44]. The most potent natural androgen, DHT, is produced by the 
5-reductase enzyme, which is derived from two distinct genes (I and II).

Type 1 5′-reductase is located in the liver, kidney, skin, and brain, whereas type 2 
5′-reductase is typically strongly expressed in the prostate but also found in the skin 
(hair follicles) and liver at smaller levels.

Puberty causes marked virilization, including phallic growth, normal testis 
development and spermatogenesis, bone density, and, in rare cases, masculine gender 
reorientation, despite the fact that undermasculinization and congenital 5-reductase 
deficiency cause genetic males who may be raised as females to experience a specific 
type of genital ambiguity [1]. While the prostate is still developing, the usual prostate 
condition is sparse body hair without baldness [45]. The anomalous natural history 
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makes it evident that high levels of 5-reductase expression are necessary as a local 
androgen amplification mechanism for correct development of the tissues derived 
from the urogenital sinus. The development of azasteroid 5-reductase inhibitors was 
based on this mechanism of enhanced androgen activity [46].

Blocking the type 2 5′-reductase enzyme limits the inhibition of testosterone 
action to the prostate (and other urogenital sinus tissue derivatives) without obstruct-
ing extra-prostatic androgen action because it converts over 95% of testosterone 
entering the prostate into the more potent androgen DHT. However, type 2 5′-reduc-
tase mutations result in abnormalities of urogenital sinus derived tissues in both men 
and mice, whereas genetic inactivation of type 1 5′-reductase has no male phenotype 
in mice and no mutations of the human type 1 enzyme have been observed [47]. 
Whether this denotes an unanticipated type 1 enzyme phenotype or a critical role that 
has persisted throughout evolution, it is unknown.

Through the androgen action diversification pathway, the enzyme aromatase 
converts testosterone into estradiol to activate estrogen receptors [1]. Although 
aromatization only contributes 0.2% to testosterone output, because to the increased 
molar potency of estradiol, it may represent a significant mechanism for diversifying 
androgen effect in tissues where aromatase is expressed (approximately 100 times 
higher than testosterone). The diversification route is regulated by the cytochrome 
P450 enzyme CYP19 aromatase [48]. Extratesticular aromatization is responsible for 
producing around 80% of the estradiol that is present in eugonadal men.

Beginning in the 1970s, it was shown that the local conversion of testosterone to 
estradiol inside neural tissues played a key role in mediating testosterone action on the 
brain, including negative feedback as well as activational and organizational effects 
[49]. As a result, the biological importance of aromatization in male physiology was 
acknowledged for the first time [50]. Recent studies have demonstrated the impor-
tance of local aromatization in testosterone action by demonstrating that hereditary 
aromatase inactivation, which results in a complete lack of estrogen, produces 
substantial developmental abnormalities in the bone and other tissues of men and 
mice [51]. This illness and genetic changes in mice and men that inactivate ER share a 
number of commonalities [52]. Additionally, exogenous estrogen or other estrogen-
like medicines significantly accelerated bone development in patients with aromatase 
insufficiency.

Male mice are unaffected by ER genetic inactivation, and no modifications in 
humans have been seen [53]. The expression of aromatases, which affects local tissue-
specific androgen activity via aromatization in tissues like bone [54] and the brain [52], 
may have an impact on development and function. A mature liver and muscle are two 
more tissues that exhibit minimal to no aromatase expression. Despite the importance 
of aromatization in the physiology of male bones, recent research shows that androgens 
acting through androgen receptors have significant extra direct effects on bone.

Despite having lower levels of circulating estradiol than young women, men have 
higher bone density than young women [55], non-aromatizable androgens increase 
bone density in estrogen-deficient women [56], and androgen insensitive rats with 
non-functional androgen receptors do not maintain normal male bone density [57]. 
The effects of testosterone on bone and the brain cannot be fully described as a pro-
hormone for local estradiol synthesis (and/or action via estrogen receptors and/or). 
Androgen receptor-mediated actions must be present for testosterone’s entire range of 
effects on the brain and bone to be observed. Regarding the need for aromatization to 
offset testosterone’s effects on male sexual function, conflicting information is avail-
able. Male sexual activity was not necessary for aromatization, according to a study 
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that generated estrogen deficiency using DHT and found [58]; however, a different 
study that produced estrogen deficiency using aromatase inhibitors showed partial 
dependence.

Therefore, more research is needed to completely understand how aromatization 
contributes to the maintenance of androgen activity in mature male animals. Notably, 
testosterone is metabolized to inactive metabolites in the liver, kidney, stomach, 
muscle, and adipose tissue. Phase I metabolism involves the majority of oxygen 
moieties being oxidized by hepatic oxidases, particularly those in the cytochrome 
P450 3A family. Hepatic conjugation to glucuronides during phase II metabolism 
produces compounds that are sufficiently hydrophilic for renal excretion. The UDP 
glucuronosyl transferase (UGT) enzymes UGT2B7, UGT2B15, and UGT2B17 catalyze 
the majority of the phase II metabolism (glucuronidation) of testosterone, with 
2B17 being quantitatively the most important. A functional polymorphism of UGT 
2B17, a deletion mutation that is several times more common in Asian than European 
populations, accounts for the concordant population difference in the testosterone to 
epitestosterone (T/E) ratio in a World AntiDoping Agency-approved urine screening 
test for testosterone doping in sport, which constitutes an ethnic differential, false 
negative in surveillance for exogenous testosterone doping [59].

Furthermore, increased blood levels of SHBG, decreased hepatic blood flow (from, 
for example, posture), or both can slow down the metabolic clearance rate of testos-
terone. The metabolic inactivation of testosterone could theoretically be impacted by 
medications that alter hepatic oxidase activity, however there aren’t many empirical 
instances with a big enough effect on clinical practice. The brief duration of action 
and low oral bioavailability of testosterone when taken parenterally are both brought 
on by the liver’s quick metabolic inactivation. Because of these limitations, oral 

Figure 1 
The metabolism of testosterone. Desmolase activity converts cholesterol into the steroid hormone 
 testosterone [60].
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administration methods including buccal, sublingual, and gut lymphatic must either 
prevent hepatic portal absorption or use synthetic androgens with substituents that 
prevent them from being inactivated by first pass hepatic metabolism [60] (Figure 1).

4. Biological actions of testosterone

The basic sexual processes of spermatogenesis, testicular descent, penis and testes 
enlargement, and heightened libido are all mediated by testosterone [1]. Around 7 
months during the pregnancy, the testes begin to move into the scrotum and begin 
secreting enough testosterone. Testosterone injections can assist the testes descend via 
the inguinal canals in male neonates who are born with normal, undescended testes 
that do not descend by the time they are 4–6 months old. Additionally, testosterone 
controls the secondary characteristics of males that define their masculinity. Male 
hair patterns, vocal changes, and voice deepening are examples of secondary sex 
characteristics in men, in addition to anabolic effects like puberty growth spurts 
(testosterone increases tissue growth at the epiphyseal plate early on and eventually 
causes plate closure later in puberty) and skeletal muscle growth (testosterone stimu-
lates protein synthesis) [32]. In addition to increasing erythropoiesis, testosterone 
causes men to have a greater hematocrit than women. As men age, their testicular size 
decreases, their libido declines, their muscular mass declines, their production of fat 
increases, and their erythropoiesis decreases, all of which may contribute to anemia. 
The biological actions of testosterone could be splitted into two pathway:

4.1 Non-genomic pathway of testosterone

Steroid hormones’ non-genomic effects are those steroid-mediated processes that 
are quick to respond, utilize second messengers, and do not directly involve gene 
transcription (as seen by their susceptibility to transcriptional and protein synthesis 
inhibitors) (within seconds to minutes). Non-genomic actions are distinct from 
genomic mechanisms in that they bind the steroid to an androgen receptor on the cell 
membrane or establish a connection with a plasma membrane receptor connected to 
a Pertussis toxin (PTX)-sensitive G protein rather than the more typical androgen 
receptor found in the cell’s cytoplasm before being translocated into the nucleus. In 
contrast to genomic effects, non-genomic actions of steroid hormones call for the 
hormone to be present continually. The non-genomic effects will diminish as soon as 
the hormone leaves the tissue [61–64].

• The most consistent non-genomic consequence of androgen exposure is a fast 
shift in [Ca2+], despite the fact that the evidence for non-genomic androgen 
action is sparse. It has been assumed that in order to trigger calcium modula-
tion, which happens within seconds to minutes, the androgen must attach to a 
receptor on the cell’s surface. It’s interesting to note that not all cell types that 
show a rapid androgen Numerous cell types, including osteoblasts, macrophages, 
T-lymphocytes, endothelial cells, breast cancer cells, prostate cancer cells, andro-
gens’ ability to quickly modify the function of ion channels and [Ca2+]i has been 
noted [61–63].

• Androgens may mediate a range of non-genomic actions through their struc-
tural characteristics, independent of receptors, channels, or second messenger 
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pathways. It has been discovered that androgen metabolites can pick up extra 
charges from sulfate residues, which enables them to enter the lipid/protein 
complex of the cell membrane and reduce membrane flexibility. This in turn 
affects how ATP hydrolysis-related enzymes behave [62]. As well as other second 
messenger pathways, testosterone has been shown to quickly activate calcium 
pathways. Further proving that androgens are to blame for the downregula-
tion of G activity, testosterone has been shown to decrease potassium input 
in Xenopus oocytes overexpressing G-protein inward rectifying potassium 
channels. Interestingly, the effects of T on potassium channel function were 
prevented by RNA interference-mediated downregulation of AR expression at 
low but not high T dosages [62].

• Androgens have instantaneous effects on biological systems, as is well docu-
mented. The neuroendocrine control of gonadotropin-releasing hormone is one 
area in particular where androgens and the reproductive system interact inti-
mately (GnRH). It has long been understood that androgens inhibit the anterior 
pituitary’s ability to secrete luteinizing hormone, which is directly controlled by 
the brain’s release of GnRH. Despite the fact that androgens are known to affect 
the pituitary’s sensitivity to GnRH, a new study strongly suggests a neuronal 
mechanism [1, 32].

• Despite the fact that the specific mechanism of action of androgen treatment is 
yet unknown, it has been shown that animal behavior changes swiftly in reaction 
to it. Researchers have shown that utilizing the female lordosis reflex as the end 
goal, androgens can quickly modify a female rodent’s sexual receptivity. Rodents’ 
sexual receptivity is found to be terminated by dihydrotestosterone and 3-Diol, 
and this effect is shown even when the hormone isn’t operating [62].

• Androgens’ impact on the central nervous system can be neurotoxic or neuropro-
tective. It has been determined that dihydrotestosterone can influence cellular 
development, differentiation, survival, or death through both genomic and non-
genomic signaling pathways. When employed in culture, androgens such as T 
and DHT can protect neurons from damage brought on by beta-amyloid toxicity, 
kainic acid toxicity, and serum deprivation [62].

• It is clear that testosterone has a negative impact on the cardiovascular system 
since men are more likely than premenopausal women to have cardiovascular dis-
ease. However, numerous clinical and epidemiological studies did find a contro-
versial connection between testosterone and cardiovascular disease. Additionally, 
an increasing amount of evidence points to the possibility that testosterone may 
exert its vasorelaxing properties immediately via non-genomic routes. These 
actions do not require the endothelium, but some studies do indicate an endothe-
lial function. This has a major impact on the vascular smooth muscle[65, 66].

4.2 Genomic pathway of testosterone

The ligand activated receptor is a crucial transcription factor in the genomic route 
that controls the expression of genes involved in cell division, proliferation, metabo-
lism, and apoptosis. However, the following highlights could be made of testosterone’s 
genomic effects:
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• Vascular calcification is the abnormal mineral deposition in the vascular system. 
Vascular calcification can be controlled. It can occur in the heart’s valves and 
takes on a variety of shapes, such as medial and intimal calcification. Males who 
had low or high testosterone levels had a higher chance of developing vascular 
calcification [67].

• Maintaining healthy renal and heart function. A common symptom of Fabry 
disease, which is brought on by a lack of the lysosomal enzyme—galactosidase A, 
is cardiac and renal hypertrophy [68].

• Preservation of erectile abilities. It is important to highlight that decreased 
testosterone expression may, in turn, contribute to the ED vascular phenotype 
(Figure 2) [68].

5. Health benefits of high testosterone

Men with high testosterone levels have been shown to have longer, healthier lives 
as well as to preserve their sexual potency [69, 70]. Beyond fostering aggression, body 
and facial hair, and even pattern baldness, testosterone has many other functions 
as well. Additionally, studies have demonstrated that testosterone protects against 
autoimmune disease. Since testosterone is an anabolic, it encourages the development 
of new muscle. One of the main aspects of aging in both men and women is the loss of 
lean body mass. This loss is made up by testosterone [70]. The most significant study 

Figure 2. 
Depicted the effects of testosterone on both genes and non-genes. Free bioactive testosterone interacts with the 
cytoplasmic androgen receptor (AR).
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about the link between high levels of testosterone and lowered risk of cardiovascular 
disease was published in May 1994 and found that low levels of free testosterone are a 
risk factor and directly correlate with the severity of coronary artery disease.

Lower levels of testosterone have been seen in males with dementia in several 
studies, which has prompted speculation that testosterone deficiency may contribute 
to the onset of dementia. However, other research has demonstrated that there is no 
distinction in testosterone levels between men with dementia and those without it. 
There is yet no conclusive proof that testosterone levels are correlated with a lower 
incidence of dementia. Therefore, it is doubtful that using testosterone can help lower 
your risk of developing dementia. In addition, there are dangers associated with 
hormone use that must be weighed against your own health.

5.1 Factors that promote and inhibit testosterone secretion

Certain elements can either increase or decrease testosterone levels. Since the 
building block for male sex hormones is the cholesterol molecule, a low-fat diet 
restricts the creation of testosterone. Additionally, testosterone is increased by 
rigorous exercise, but it can be decreased by overtraining [71]. Although severe stress 
or sadness can suppress testosterone, sexual activity also increases it. While many 
elderly men can still bear children, their sperm counts may be lower.

5.2 Therapeutics implications of testosterone

Male hypogonadism is mostly treated with androgen replacement therapy, which is 
the principal application of testosterone. The testosterone injectable preparation called 
testosterone undecanoate allows for injections every 12 weeks as opposed to every 
2–3 weeks as is the case with testosterone esters like testosterone cypionate or enantate. 
This testosterone injectable preparation also delivers the most consistent blood levels 
of testosterone, within the physiological range. Short-acting medications lessen the 
possibility of mood swings or emotional instability by limiting variations in blood 
concentrations [72]. To administer the hormone, testosterone undecanoate can also be 
administered orally. Additionally, a patch or gel can be used to apply it transdermally.

Additionally, testosterone is used in the treatment of breast cancer in combination 
with an aromatase inhibitor to restrict estrogen conversion since it directly inhibits 
the development of mammary cells via the androgen receptor [73]. Despite the fact 
that oral administration of testosterone effectively increases absorption, gastrointes-
tinal metabolism and significant first-pass hepatic metabolism make roughly 98% of 
the hormone inert [74]. When taken with food, testosterone undecanoate molecules 
are absorbed into chylomicrons, significantly bypassing the liver. The substance then 
travels through the intestinal lymphatic system and enters the peripheral circulation. 
However, pills with an oily testosterone composition.

Since low-fat meals have poor testosterone undecanoate absorption, the amount 
of fat in the meal has an impact [74]. Men who received four intramuscular injections 
of testosterone undecanoate at intervals of 6 weeks had serum testosterone levels 
that were consistently at or above the lower physiological limit; the upper physiologi-
cal limit was only briefly surpassed after the third and fourth doses. The half-life 
and Cmax of testosterone under prolonged therapy were 70.2 days and 32.0 nmol/l, 
respectively. To achieve physiological values of serum testosterone in nearly all men, 
it appears that a 12-week injection interval following initial loading doses of testoster-
one undecanoate at 0 and 6 weeks is sufficient [72].
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6. Pathophysiology of testosterone secretion

Overproduction, underproduction, receptor insensitivity, or poor testosterone 
metabolism are all examples of pathology connected to testosterone [75]. The more 
typical and extensively studied testosterone diseases include the ones listed below. 
The following disorders, such as polycystic ovarian syndrome (PCOS) [76], adrenal 
virilization/adrenal tumors, ovarian or testicular tumors, Cushing syndrome, and as a 
result of exogenous steroid use, can cause an overproduction of androgens. It’s crucial 
to grasp the variations between testosterone and dehydroepiandrosterone (DHEA), 
in order to properly comprehend some of these illnesses. The ovaries, testes, and 
adrenals all create DHEA, which is a relatively mild androgen. DHEA is a precursor of 
a number of hormones, including estrogen and testosterone. The adrenal glands only 
contain DHEA in its sulfated form, or DHEAS. Unusual gonadotropin-releasing hor-
mone (GnRH) secreted during polycystic ovarian syndrome increases LH secretion 
(PCOS). Women with PCOS who take LH have increased androgen produced by their 
ovarian theca cells, which results in hirsutism, a masculine escutcheon, acne, and 
androgenic alopecia. Usually, ovarian and adrenal tumors are accompanied by rapidly 
worsening androgenic symptoms (hirsutism, virilization). An ovarian tumor is most 
likely to be to blame when DHEAS is normal and testosterone levels are elevated.

When DHEAS is elevated and testosterone levels are typically normal, an adrenal 
tumor is most likely the cause. Age, some drugs, chemotherapy, problems with the 
hypothalamus-pituitary axis, intrinsic hypogonadism, cryptorchidism, orchitis, and 
genetic illnesses including Klinefelter and Kallmann syndrome can all cause reduced 
testosterone production [77]. The congenital disorder that results in primary hypo-
gonadism most frequently is Klinefelter syndrome. In Klinefelter, inhibin levels fall 
and FSH levels rise as a result of seminiferous tubule dysgenesis and Sertoli cell loss. 
Aromatase is upregulated by FSH, which speeds up the process of turning androgens 
into estrogens [78]. Because there is no negative feedback when Leydig cells die in 
Klinefelter, testosterone levels fall and LH levels rise. The Kallmann syndrome, which 
is characterized by the inability of GnRH-producing neurons to migrate, manifests 
as a lack of GnRH [78]. LH, FSH, testosterone, and sperm levels fall as a result of 
low GnRH levels. Compared to other types of hypogonadotropic hypogonadism, 
Kallmann syndrome is the only one to have defects in the sense of smell (hyposmia 
or anosmia). Dihydrotestosterone is created from testosterone by an enzyme known 
as 5-alpha reductase [65]. Due to a shortage of dihydrotestosterone, males with 
5-alpha reductase insufficiency may be born with ambiguous genitalia or with typical 
female or male genitalia. The internal male urogenital tract is present in these folks 
(anti-Mullerian hormone is still present). Teenagers with this enzyme deficit, who 
may have been raised as girls due to a lack of secondary male characteristics, begin to 
develop secondary male sex characteristics and experience primary amenorrhea at 
puberty [79]. Less DHT and a higher testosterone to DHT ratio will be present in these 
people, who will also have normal levels of LH and testosterone.

Patients with androgen insensitivity, as opposed to those with insufficient levels 
of the enzyme 5-alpha reductase, are less virilized due to the absence of functional 
androgen receptors. Similar to those who have a 5-alpha reductase impairment, these 
patients exhibit a 46 XY karyotype [66]. On the other hand, these patients have typical 
undescended testes and healthy external genitalia. During adolescence, they experience 
primary amenorrhea and the development of their breasts, but not the vocal changes or 
pubic or axillary hair growth associated with puberty. They will have a defective inter-
nal reproductive system and a blind vaginal pouch as a result of the Mullerian inhibitory 
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factor being created. These people will have very high levels of LH and testosterone. 
Several types of congenital adrenal hyperplasia (CAH) may have impaired testosterone 
metabolism as a secondary consequence [80]. In 95% of instances with typical CAH, 
which is caused by a lack of 21 hydroxylase, neonates first display ambiguous genitalia. 
Later, they experience vomiting, hypotension, acidosis, salt deficiency, and other symp-
toms. Hyperandrogenism results from a significant increase in 17-hydroxyprogesterone 
being diverted to adrenal androgen production. By dramatically raising GnRH produc-
tion, which boosts LH and FSH levels, hyperandrogenism decreases the hypothalamic 
sensitivity to progesterone. The generation of gonadal steroids increases when LH and 
FSH levels rise (17-hydroxyprogesterone, DHEA, testosterone, LH, and FSH). The 
diagnosis is made by the adrenocorticotropic hormone stimulation test, which displays 
an excessive 17-hydroxyprogesterone response.

7. Concluding remarks

Both men and women produce testosterone, which is one of the most significant 
sex hormones. Leydig cells from men’s testicles create the majority of it. In males, the 
adrenal cortex also releases it. The development of secondary sexual traits in males, 
such as increased muscle, bone mass, and body and facial hair, is widely acknowl-
edged to be heavily influenced by testosterone. Maintaining sexual potency, on the 
other hand, is critical. Furthermore, testosterone has been found in studies to protect 
against autoimmune disorders.
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