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Abstract
The mammalian testis is both an endocrine and an exocrine gland. In addition to

gonadotropins and testosterone, estrogens are found in male gonads. Estrogens regulate male
gonadal functions. Estrogens perform their functions together with estrogen receptors.
Estrogens participate in functions such as pubertal growth and spermatogenesis in men. The
aromatase enzyme, a product of the CYP19 gene, is important in the conversion of androgens
to estrogens. Aromatase is present in Leydig cells, pachytene spermatocytes, and round
spermatids in the testis. Factors such as TGFpI1, TNF-a, and TH have been shown to have a
negative effect on aromatase. P450 aromatase deficiency leads to disorders such as high
testosterone, infertility, shrinkage and testicular weight, decreased ejaculation, and sperm
motility in men. In cases such as oligospermia that develops due to the increase in serum
estrogen levels, it has been observed that the level of testosterone increases by using estrogen
inhibitors. In this review, changes in male gonads in aromatase deficiency and factors
affecting aromatase are stated. As a result, it has been shown that aromatase expressed in the
testis is important for male gonad development and spermatogenesis.
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1. Aromatase microsomal heme glycoprotein, containing

heme and steroid binding site, the other is a
Aromatase enzyme, a member of the non-specific  microsomal  flavoprotein
cytochrome P450 enzyme super family, is NADPH- cytochrome P450 reductase,
involved in the irreversible conversion of which is required for the transfer of
androgens to estrogens in male gonads. It electrons from NADPH to any cytochrome
is found in the endoplasmic reticulum of P450. P450 aromatase is found on the long
cells. P450 aromatase is a microsomal arm of chromosome 15 (15¢21.2) in
enzyme complex composed of 2 protein. humans. It is the product of a single gene
One of them is cytochrome P450 called Cyp19 (1-3). In humans, aromatase
aromatase (P450arom), which is a specific is expressed in the testis, ovary, placenta,
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adipose tissue, skin and brain (4). Its
transcription is regulated by cytokines,
gonadotropins, cyclic nucleotides, growth
factors and glucocorticoids (5).
1.1 Localization of aromatase
germ cells

The cellular localization of aromatization
in the testis in rats varies with age. This
situation appears to be especially in Sertoli
cells in non-adult animals and Leydig cells
in adults (6). At the same time, P450arom
Leydig cells in adult rats as well as
pachythenic spermatocytes are
immunolocalized in round and elongated
spermatids and spermatozoa (2, 7). In a
study, aromatase localization in adult rat
testicular cells was examined by protein
(RT-PCR), mRNA (Western Blot) and cell
culture methods. Aromatase mRNA was
detected in spermatogonium, spermatocyte,
spermatid, sperm, Leydig and sertoli cells.
In RT-PCR analyzes, it was reported that
aromatase was found at the protein level in
spermatids, sperms and Leydig cells. In
cell culture, it has been shown that the
enzymatic activation of aromatase occurs
in spermatocyte, spermatid, sperm, Leydig
and Sertoli cells (7). When the aromatase
enzyme is investigated in testicular tissue
by immunohistochemistry and RT-PCR
analyzes, it is complicated in which cells
are found in which density according to
species and age. In our study, in which
aromatase expression was examined in 15-
day-old and 60-day-old rats, it was found
that expression was only in Leydig cells in
15-day-old rats. In 60-day-old rats,
expression was observed not only in
Leydig cells, but also in round and
elongated spermatids, spermatocytes and
spermatozoa. In RT-PCR analyzes, it has
been shown that the ratio of Cyp 19
MRNA in rats increased from 15 days to
60 days (8).

in male

101

2. Aromatase and Estrogens in male
germ cells

Testosterone and gonadotropins (FSH, LH)
are involved in the control of normal
testicular development and maintenance of
spermatogenesis. It is also well known that
estrogens are involved in the regulation of
male gonadal functions. Estrogen levels in
the male reproductive tract are much
higher than in the general bloodstream.(1,
9). Estrogen has a very important role in
the regulation of pubertal growth,
spermatogenesis and gonadal functions in
men. (10). It has been reported that
estrogen deficiency is due to an inactive
mutation of Cyp 19 in various cases. The
role of estrogens in male fertility is partly
related to the ratio of androgens to
estrogens and therefore it is important to
better understand the regulation of Cyp 19
gene transcription (2, 7). Accordingly,
when the regulation of the aromatase gene
in rats is examined, some factors inhibit
the expression of Cypl9 in germ cells
while others (TNF, TGF, cAMP) stimulate
(7,11, 12).

2.1 Biosynthesis of Estrogens

The biosynthesis of estrogens consists of
different steps from cholesterol to
estrogen. Steroidogenesis begins with the
entry of cytosolic cholesterol into
mitochondria via steroidogenic acute
regulatory protein (StAR). Later, different
enzymes play a role in the conversion of
cholesterol to estradiol, the active estrogen.
Aromatase (Cyp 19) catalyzes the last step
in this conversion. Androstenedione and
testosterone transforms into estrone and
estradiol, respectively, under aromatase
catalysis (Figure 1) (13-15).

2.2 Estrogen receptors (Era ve Erp) in the
male reproductive tract
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Testicular estrogens must interact with
estrogen receptors (ER) to perform their

role. This interaction should regulate the
transcription of specific genes (1).
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Figure 1: Estradiol biosynthesis and related genes and enzymes.

Estrogen receptors are present in alpha and
beta testicular cells. The estrogen
concentration exiting the testis is much
higher than that in the circulation. Estrogen
in certain doses is very important for
testicular function. High doses of estradiol
or an injection of an estrogen receptor
inhibitor are harmful to the testicle and
lead to atrophy (7, 16, 17). In addition,
estrogen receptors (ERa and ) are present
in the efferent ducts and epididymis. (18-
20). The presence of abundant estrogen
and ER in efferent ducts and epididymis
indicates that estrogen has a role in the
regulation of these tissues and thus in
changing sperm maturation and function.
The absence of ERa causes defects in the
development of the efferent duct, which
results in dysfunction, particularly in terms
of fluid absorption, resulting in fewer
sperms entering the epididymis. One
consequence of impaired fluid dynamics is
fluid accumulation in the testicle, resulting
in seminiferous epithelial damage and
impaired germ cell development. (21).

3. Aromatase Deficiency

102

Estrogens have important physiological
roles in men and women. There are
important roles in the development of
secondary gender characters in women. In
men, it has been said that it may be
important in preventing the fusion of
epiphyses and bone loss in the first years.
Understanding the role of estrogens in
mice and humans has been said to have
gained importance with the discovery of
men and women with mutations in the
CYP19A1 (aromatase) and ER (estrogen
receptor-o, ERa) genes (22-24).

Studies have shown that people with
aromatase gene defects have little or no
estrogen. While this is an autosomal
recessive condition with
pseudohermaphroditism in women, it is
known to be related to the unfused
epiphysis in men (25, 26). Mutation in the
aromatase gene also causes virilization

(hirsutism, acne, cliteromegaly, deep
voice) in  women (26). Aromatase
deficiency is most common during

pregnancy. In case of aromatase deficiency
in a pregnant mother, virilization is
observed in the fetus. There is also
testosterone in the maternal circulation
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(22). Estrogen deficiency and resistance in
males cause problems such as long stature
and delay in skeletal development apart
from the effect of pubertal growth.
Estrogens have a very critical role in bone
development in men. P450 aromatase
deficiency in men leads to
hypergonadotropism, macroorchidism,
fertility problems, and increased serum
testosterone concentrations (27, 28). In
another study, in an adult patient with
Klinefelter syndrome, aromatase was
stained in Leydig cells and Sertoli cells,
and the amount of estrogen in this patient
was found to be increased and testosterone
level decreased (29). In a different model,
AROM *, male-sterile mice decreased
androgen levels and increased estrogen
levels. At the same time, testicular weights
decreased (30).

3.1 Aromatase Inhibitors

Aromatase inhibitors were originally
developed for estrogen receptor positive
breast cancer (31). Current data suggest
that aromatase inhibitors are possibly
effective in treating patients with
aromatase excess syndrome or
testotoxicosis, partially effective in Peutz-
Jeghers and McCune-Albright syndrome,
but possibly ineffective in gynecomastia
(32). Aromatase inhibitors inhibit the last
stage of estrogen production. It is used in
the treatment of breast cancer in
postmenopausal women (33). Aromatase
inhibitors are divided into two as steroidal
and  non-steroidal inhibitors  (31).
Aromatase inhibitors are important in
reducing serum  estradiol levels.
Commonly, 3 aromatase inhibitors are
used. These; Anastrozole are letrozole
(non-steroidal,  exhibiting  competitive
binding and reversible inhibition) and
exemestane (steroidal, inactivation of
aromatase by covalent binding) (33).
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Steroidal inhibitors (exemestane) bind
irreversibly to the substrate-binding site.
Unlike steroidal inhibitors, nonsteroidal
compounds (imide, aminoglutethimide,
and letrozole) bind to the P450 region of
the aromatase complex (34). Aromatase
inhibitors have the ability to increase
endogenous  testosterone  production
without the associated increase in
circulating estrogens (35). They are used in
oligospermia and azoospermia (36). As a
result of decreasing the estrogen level with
the aromatase inhibitor, it was observed
that the luteinizing hormone (LH)
production increased and thus the level of
testosterone in the circulation increased
(37).

3.2 Testicular Function
Aromatase Deficiency
The mammalian testis has a special and
complex structure and is both an endocrine
and exocrine organ. It makes its endocrine
feature by steroid hormone synthesis. It
shows its exocrine feature with the
spermatozoon formed (38). Gonadotropins
and testosterone are responsible for the
stimulation and maintenance of
spermatogenesis. Although estrogens are
generally found in females, they are also
present in male gonads (38). There are
estrogens in the male reproductive system.
These estrogens are found in the male
reproductive  system more than the
bloodstream (9). In the study conducted
these years ago, it was shown that the
amount of estrogen at the beginning of the
rete testis and epididymis of rats was
higher than that in the circulating blood
(39).

As a result of the researches, it has been
shown that P450 aromatase mMRNA
expression decreases during rat germ cell
maturation and it is abundant in pachytene
spermatocytes and elongating spermatids

in Models of
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rather than round spermatids (2). In
humans, biologically active aromatase has
been seen in Leydig cells, immature germ
cells, and ejaculated spermatozoa (8, 40,
41). Small  testes and  severe
oligozoospermia have been seen in men
with aromatase deficiency (25).

In the study of Aromatase Knockout
(ARKO) mice, male gender-specific, and
related behaviors were evaluated. It was
observed that ARKO mice had
impairments in ejaculation, copulation, and
all other sexual behaviors. The majority of
ARKO mice also had infertility (42). This
shows that aromatase-deficient male mice
impair sexual behavior. In another study, it
was shown that fertility rate, sperm count,
round spermatid, and sperm motility were
significantly decreased in ARKO male
mice compared to normal mice (43).
Although very rare in humans, aromatase
deficiency has been reported. Several
aromatase-deficient men studied were
reported to be heterosexual with
chronically elevated luteinizing hormone
(LH), follicle-stimulating hormone (FSH),
and testosterone (T) (26, 44-46). It has
been stated that the aromatase found in the
brain is required for male sexual activity
partially dependent on testosterone, and
that brain aromatase is necessary for
negative feedback regulation of circulating
testosterone from the testis (47).

4. Molecular Mechanisms of Aromatase
Gene Expression in the Testicle

Estrogen biosynthesis occurs in the
endoplasmic  reticulum of estrogen-
producing cells by P450 armotase, the
product of the CYP19 gene. The CYP19
gene contains nine coding exons (exons I1-
X) and contains a regulatory region
upstream of exon Il (48). There are
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promoters that regulate this gene. There is
promoter Il (PIl) in human testis (3). P450
aromatase is capable of metabolizing the
three precursors, androstenedione,
testosterone, and 160-
hydroxydehydroepiandrosterone sulfate to
estrone, estradiol, and estriol, respectively
(48, 49). Estrogens are biologically
synthesized by aromatase in the rat testis
(50). Aromatase mRNA is found in
somatic cells, germ cells, spermatids, and
spermatozoa in our epididymis in the testis,
but it has not been said that there is a
relationship between transcript level and
enzymatic activity (1, 2). While the
expression of aromatase is expressed in
Sertoli cells during fetal and neonatal
periods in rat testes, it is expressed in
Leydig, spermatocyte, spermatid, and
spermatozoa in adults. (1, 51). Aromatase
expression decreases with the maturation
of germ cells. Pachytene spermatocytes
have a higher expression of aromatase than
round spermatids and spermatozoan (2). In
a study, it has been shown that the
expression of aromatase in the testis is
associated with age, cell type, and the stage
of the seminiferous tubule epithelium (50).
In the study conducted in rats, aromatase
expression reached its maximum level on
the 30th day. While it peaked in Sertoli
cells on day 20, this expression decreased
at about day 70 (52). When looking at the
effect of TGFB1 on germ cells obtained
from adult rats, it was observed that
aromatase was decreased in pachytene
spermatocytes and round spermatids. It has
been stated that smad2, 3, and 7 play an
important role in the TGFp pathway in
spermatogenesis  (11). TNF-a is an
important  cytokine  that  stimulates
spermatogenesis and decreases aromatase
activation from Sertoli cells (53). While

TNF-o has a stimulating effect on
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aromatase and a positive effect on estradiol
in pachytene spermatocytes, an inhibitory
effect on round spermatid is observed (11).
Cyclic AMP is an important regulator of
aromatase gene transcription in somatic
and germ cells in rat testis (11). In the
molecular ~ mechanisms  here,  the
steroidogenic  factor element response
(SFRE) response is known as the
extracellular regulator on aromatase,
secondly the cyclic MAP response element
(CRE), and the last as the TGFf response
element (54). External factors such as

follicle-stimulating hormone  (FSH),
luteinizing hormone (LH), insulin-like
growth factor-1 (IGF-1), and thyroid

hormone (TH) affect the expression of
aromatase in  the testis (55-58).
Steroidogenic factor-1 (SF-1) can regulate
aromatase expression within the testis. It is
found only in Leydig cells in adults (59).
Liver receptor homolog-1 (LRH-1) and
SF-1 play an important role in the
regulation of aromatase expression by
acting together with Leydig cells (60). It
was revealed that the expression of leptin,
adiponectin, and its receptors, as well as
aromatase expression, increased
significantly in  Leydig cell tumors
compared to the control. This suggests that
in human Leydig cell tumors, lipid status,
estrogen level, and signaling are
interrelated (61). Thyroid hormone (TH)
acts on aromatase. Especially in the
studies, the effects of TH in
masculinization or adding masculine
features were mentioned. In studies
conducted in fish, it has been observed that
it  stimulates  Sertoli cell and
spermatogonium proliferation in zebrafish,
and inhibits estrogen receptor and
CYP19A1 expression in adult male and
female goldfish (62, 63).
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Conclusion

Aromatase is found in Sertoli, Leydig
cells, spermatogonium, spermatocyte,
spermatid and spermatozoa. The role of
estrogens in the male reproductive system
has been shown to be important. It has
been noted that it can lead to male
infertility as a result of the lack of estrogen
and estrogen receptors. Estrogens are
notable in testicular function, fertility, and
steroidogenesis in the male genital tract.
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