
Overview of The Physiology of Aromatase Enzyme Actions and Substances That
Inhibit its Activities

I. C. Okoli1*, U. C. Ezetoha1, M. N. Opara1, C. T. Ezeokeke1 and F. C. Iheukwumere2

 1Tropical Animal Health and Production Research Lab., Department of Animal Science and Technology, Federal
University of Technology, P.M.B. 1526, Owerri, Imo State.

2Department of Animal Science/Fisheries, Abia State University, Uturu, Abia State, Nigeria
(Submitted: February 29, 2008; Accepted: January 27, 2009)

Abstract
Steroid hormones are synthesized through the mediations of a number of enzymes. Estrogen, the  female
steroid hormone is biosynthesized from androgen by aromatase enzyme. Aromatase is found mainly in
estrogen producing cells of the body of mammals and in breast cancer tissues. It plays a role in follicular
development where it produces estrogen that causes the growth and maturation of follicles. Its activity can
be inhibited in the embryo of avian species to cause phenotypic sex reversal and in hormone dependent
breast tumours to lower the growth stimulating effect. Numerous inhibitors of aromatase activity exist and
are grouped into steroidal and non-steroidal inhibitors.
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reproduction (Purves et al. 2004).

In this paper, we discuss the pathway leading to the
production of steroid hormones, the biochemistry
and activity of aromatase enzyme and substances
that inhibit its actions.

2.0 Overview of the structure and biosynth-
sis of steroid hormones

2.1 Structure of steroid hormones

Steroid hormones are derivatives of cholesterol that
are synthesized by a variety of tissues, most
prominently the adrenal glands and gonads. They
are classified into five groups of molecules based
primarily on the receptor to which they bind (Bowen
2001). These include glucocorticoids, mineralocorti-
coids, androgens, estrogens and progestogens or
progestins. Steroid hormones have a basic nucleus
or ring structure called cyclopentanoperhydrophen-
anthrene ring (see Hafez 1987; Okeudo 2000; Esonu
2000).

As shown in Figure 1, this nucleus consists of three,
six-membered fully hydrogenated (perhydro)
phenanthrene rings designated A, B and C; and
onefive-membered cyclopentane ring designated D
(Hafez 1987; Okeudo 2000). The nucleus has a flat

1.0 Introduction

An organism is a living chemical system in which
substances are constantly changing. Underlying every
change in the living world are chemical reactions.
These include molecular reactions that may end in
transformations into other kinds of molecules as well
as materials break downs and reorganizations. We
known that enzymes are critically involved in the
starting and sustenance of these chemical processes;
most chemical reactions would take place too slowly
to sustain life if it were not for enzymes (Wessell and
Hopson 1988). One of such is the synthesis of
hormones.

The importance of hormones in the living organism
cannot be over-emphasized. They produce and co-
ordinate anatomical, physiological and behavioral
changes in an animal (Purves et al. 2004). The male
and female gonads as hormonal glands produce
androgens and estrogens, which are steroids
synthesized from cholesterol. Both males and females
can synthesize androgen but females have higher level
of the aromatase enzyme which is needed to convert
androgen to estrogen. Without aromatase activity,
female secondary sexual characteristics will not
develop, accessory sex glands and mammary glands
development will be affected, estrus cycle will not
occur, uterine activity will be impeded and hence no
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structure with some substitute groups projecting
above or below it. Groups above are denoted by
solid lines and are called beta (β) while those below
are indicated by dotted lines and are termed alpha
(α). Carbon atoms are numbered as shown in Figure
1, and methyl side chains are linked to carbon atoms
10 and 13.

Figure 1: Cyclopentanoperhydrophenanthrene
ring.
(Source: Okeudo 2000).

Differences in biological activities of the various
steroid hormones are accounted for by the
attachment of O

2 ,
 OH, CH

2 
or CH

3
CH

2 
 molecules

at positions 3, 11 and 17 (Bath et al., 1978), and
by the number of carbon atoms present in them
(Hafez, 1987). For example, an 18-carbon steroid
will have estrogen activity, 19-carbon steroid will
have androgen activity and 21 –carbon steroid will
have progesterone property.

2.2 Biosynthesis of steroid hormones

The biosynthesis of steroid hormones requires a
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Common name Old name Current name

Side- chain cleavage enzyme; desmolase P450Scc CYPIIAI

3beta-hydroxysteriod dehydrogenase 3 beta-HSD 3-beta HSD

17alpha-hydroxylase/17,20 lyase P450c17 CYP17

21-hydroxylase P450C21 CYP21A2

11 Beta-hydoxylase P450CII CYPIIBI

Aldosterone synthase P450CIIAS CYPIIB2

*17beta- hydroxysteroid dehydrogenase 17 beta-HSD 17 beta-HSD

Aromatase P450arom CYP19

* Not included in the original table. Source: Bowen (2001).

battery of oxidative enzymes located in both
mitochondria and endoplasmic reticulum of the cell
(see Table 1). Each enzyme is responsible for the
conversion of one steroid to another. Cholesterol-
containing low density lipoprotein is predominantly
used in steroidogenesis. Within the cell, an enzyme,
cholesterol ester hydrolase converts cholesterol ester
to free cholesterol and this is mobilized to the
mitochondria and internalized (CRRA 2000). This
is the rate limiting step for the general steroidogenic
pathway and is mediated by the steroidogenic acute
regulatory protein (StAR).Once inside the
mitochondria, cholesterol is converted to
pregnenolone by the enzyme cytochrome P450
cholesterol side chain cleavage (P450SCC)
(Okeudo 2000).

Pregnenolone is not a hormone, but is the immediate
precursor for the synthesis of all steroid hormones
for all species and all tissues (CRRA 2000; Bowen
2001). Pregnenolone could be converted to
progesterone by the enzyme 3 β-hydroxysteroid
dehydrogenase (3β-HSD), or to 17 α -
hyroxypregnenolone by the cytochrome P450 17α-
hydroxylase (P450

17-OH
).

In ruminant follicles, the expression of the
enzyme,3β-HSD in the luteal and granulose cells
leads to the production of progesterone from preg-
nenolone, while the activities of P45017-OH, 3β-
HSD and 17β-HSD lead to the synthesis of
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androgens, androstenedione and testosterone. A
good portion of these secreted androgens are ab-
sorbed by the neighboring granulosa cells and are
converted to estrogens. The granulosa cells prefer
to metabolize androstenedione to estrone by the en-
zyme, cytochrome P45O aromatase (P450arom)
before estrone is metabolized to estradiol by 17β-
HSD. Alternatively,
testosterone could be metabolized to estradiol by
P450arom (CRRA 2000).

The enzymes involved in steroidogenesis are regu-
lated by the gonadotropins-follicle stimulating hor-
mone (FSH) and lituenizing hormone (LH) and some
growth factors (Armstrong and Webb 1997; CRRA
2000; Webb et al. 2004). The enzymes expressed
in luteal and theca cells are in general regulated by
LH, while FSH  regulates the activities of P450

scc

andP450
arom

.Hence, LH stimulates progesterone
secretion from luteal cells and androgens from th-
eca cells, whereas FSH stimulates progesterone and
estradiol secretion from granulosa cells (see
Frandson 1981).

3.0 The Estrogen Synthetase-Aromatase

Aromatase is the enzyme involved in the production
of estrogen and acts by catalyzing the conversion of
an androgen to an estrogen. It is predominantly
found in estrogen producing cells of the adrenal
glands, ovaries, placenta, adipose tissues and brain
as well as human breast tissue (Bulun et al. 1993;
Anonymous 1996; Miller et al. 1997; Brueggemier
et al. 2005).

Aromatase is a cytochrome P4SO enzyme complex.
Cytochrome P (CYP) enzyme complex is a suite of
enzymes that use iron to oxidize things, often as part
of the body’s strategy to dispose of harmful
substances by making them more water soluble
(Anonymous 2000). They are usually found in the
microsomal part of the cell and catalyses varieties
of reactions. CYP component of the microsome of
the cell strongly absorbs light at a wavelength of
450 nm when exposed to carbon monoxide, after
extraction of the microsomal portion and adding
haem-reducing agents (Simpson et al. 1994).

Aromatase is comprised of two major proteins
(Simpson et al. 1993; Simpson et al. 1994). These

include cytochrome P4S0
arom,

 a hemoprotein that
converts C

19 
steroids to C

18 
steroids containing a

phenolic A ring (Kellis and Vickery 1987). A
hemoprotein contains a haem group as the prosthetic
component (Okeudo 2000). The heam group is a
porphyrin molecule (large heterocyclic organic ring)
complexed with one atom of iron. It functions in
retaining oxygen and delivering it for enzymatic
reactions (Wikipedia 2006).

The second protein in aromatase is NADPH-
cytochrome P450 reductase, which transfers
reducing equivalent to cytochrome P45O

arom
.

NADPH-cytochrome P450 reductase (CPR) is a
flavoprotein containing both flavine adenine
dinucleotide (FAD) and flavin mononucleotide
(FMN), and is the electron donor protein for several
oxygenase enzymes found on the endoplasmic
reticulum of most eukaryotic cells (Porter 2001).

3.1 Gene expression

The aromatase gene, designated CYP19, encodes
the cytochrome P450arom, and this gene is located
on chromosone 15q 21.1. The coding region is
approximately 30 kb in size, and the regulatory
region is approximately 93 kb (Simpson et al. 1993;
Bulun et al. 2004). The aromatase gene consists of
10 exons and its full length cDNA of 3.4 kb encodes
for a protein of 503 amino acids. The aromatase
protein is a glycosylated protein with a molecular
mass of 58,000 daltons (Gartner et al. 2001).

The regulation of aromatase is complex in various
tissues, and several tissue-specific promoter regions
have been identified upstream from the CYP19 gene
(Dowsett 1993; Zhao et al. 1997). A promoter
region is the site at which an RNA polymerase
attaches to DNA and initiates transcription. These
tissue-specific promoters include P1.1, P1.3, P1.4,
P1.6, P1.7 and P11. Promoter P1.1 is the major
promoter used in placental tissues and is the farthest
upstream. Promoters P1.3, P1.4, P1.6 and P1.7
are the promoters used in extra-glandular sites. P1.4
is the primary promoter used in normal adipose tissue
and is responsive to glucocorticoids and cytokines.
Promoters P1.3 is also present in adipose tissues
such as normal breast tissue and is elevated in breast
cancer tissues. Promoter P11 is used in ovary and
in breast cancer tissues and it contains a cAMP
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responsive element (Zhao et al. 1996 and 1997).

4.0    Aromatase action in Estrogen biosynthe
sis

Estradiol, the most endogenous estrogen is
biosynthesized from the androgens by the aromatase
enzyme. The preferred substrate for the synthesis of
estradiol is androstenedione, which it converts to
estrone. Estrone is then acted upon by 17β-HSD
to produce estradiol -17β. In the conversion of one
mole of substrate into one mole of estrogen product,
three moles of reduced form of NADPH and three
moles of oxygen are used (Brueggemeier et al.
2005). Androstenedione is aromatized via three
successive oxidation steps. The first two steps are
the hydroxylations of the angular C-19 methyl group,
while the final oxidation step proceeds with the
aromatization of the A ring of the steroid and loss of
the C-19 carbon atom as formic acid. This third step
in the aromatase reaction oxidatively cleaves the C

10

–C
19 

bond (Brueggemeier et al. 2005).

4.1  Aromatase expression in follicular
development

During early follicular development, FSH binds to
granulosa cells of primary follicles to stimulate
production of estradiol by the enhancement of
aromatase synthetase (Tonetta and Di Zerga 1989).
Estradiol, in turn, induces the proliferation of
granulosa cells and increases the sensitivity of the
follicle to further gonadotropin stimulation. It can
synergize with gonadotropins to increase ovarian
weight, enhance proliferation of granulosa cells, and
promote growth of preantral follicles and antrum
formation (Frandson 1981; Tonetta and Di Zerga
1989).

However, as the synthesis of this steroid increases,
it directly stimulates follicular growth. Estradiol not
only enhances gonadotropin stimulations of LH and
FSH receptors in granulosa cell but is also required
for FSH induction of FSH receptors, increasing the
number of its own receptor as well as increasing it
own production by stimulating aromatase activity.
Through two positive feedback loops (one at the
pituitary and one at the ovary), it maintains the
dominant follicle and ensure ovulation.

In the cattle (and other domestic animals), follicular
growth occurs in waves and it is marked by
changesin steriodogenic activities. Price et al. (1995)
noted that small follicles contain relatively little
estradiol, and that follicular fluid estradiol
concentrations increases with follicle size in healthy
growing follicles. Its concentration decreases in
subordinate follicles while the dominant follicle is
growing. But once the dominant follicle reaches
maximum diameter, follicular fluid estradiol
concentrations fall dramatically and decreases further
once the follicles start regressing (Price et al. 1995).
Examination of steroidogenic enzyme mRNA levels
at different stages of development determines the
point in the pathway that is responsible for increased
or decreased secretion of estradiol by the follicle
(Bao and Garverick 1998).

CRRA (2000) noted that during the pre-anatral and
early antral stages, the granulosa cells express only
FSH receptors and are thus steroidogenically
inactive. However, Tonetta and di Zerga (1989) and
Webb et al. (2004) noted that pre-antral follicles
are capable of producing estradiol. Soon after the
formation of theca cell layer, mRNA for LH
receptors, P450

SCC
, P450

17-0H 
and 3â-HSD are first

expressed (CRRA 2000; Webb et al. 2004). Thus,
the theca cells are able to make progesterone and
androgens.

5.0   Late Antral follicular stage

In the cattle, the later stage of antral development is
characterized by two or three waves of follicular
growth during each estrous cycle and each wave of
growth is characterized by recruitment of follicles
which continue to grow to about 6-8mm in diameter
with an increase in FSH secretion (Webb et al.
2004).

When the follicles are recruited, there is induction of
mRNA expression for P450

SCC
 and P450

arom 
in

granulosa cells, and an increase in mRNA of the
gonadotrophin receptors and steriodogenic enzymes
with increasing follicular size. Thus, the granulosa
cells can synthesize pregnenolone and convert
androstenedione to estrone but cannot synthesize
progesterone since they lack 3β–HSD. A study
carried out on hypogonadotropic cattle (Garverick
et al. 2002) showed that antral follicle growth at
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this stage is under gonadotropic control.

5.1 Dominant follicular stage

In monovulatory species, one follicle is selected for
continued growth and becomes dominant. As a
growing follicle becomes a dominant follicle, the
granulosa cells start to express mRNA for LH
receptors and 3β–HSD (CRRA 2000). Thus, the
cells are able to synthesize progesterone and respond
to LH which is essential for dominant follicle
maturation. As the dominant follicle grows, there are
also increases in mRNA for P450

arom 
in granulosa

cells and StAR protein in theca cells. There is a
decrease in all steriodogenic enzymes in granulosa
cells of subordinate follicles which causes them to
regress.

When the dominant follicle reaches the static phase
of growth (maximum diameter: >8 mm), there is a
reduction in mRNA for P450

SCC 
in granulosa cells

though there are no changes in P450
arom 

mRNA.
Thus, the follicle secretes less estradiol than growing
follicles due to reduction in androgen precursor
supply to granulosa cell. If the dominant follicle
undergoes atresia, there is no further loss of mRNA
that codes the steroidogenic enzymes in the theca
cells but, granulosa cells suffer a loss of P450

SCC,

P450
arom

, LH receptor and 3β –HSD mRNAs. Thus
estradiol decreases further once the follicle starts
regressing (CRRA 2000).

6.0 Aromatase expression in Avian Embryo

In mammals, the phenotype of the homogametic sex
(female) develops in the (relative) absence of steroids
while that of the heterogametic sex (male) is imposed
by the early action of steroids(7th week of
development in human embryo). Until the time of
the action of steroids, the embryo has the potential
to develop into either sex.  The presence of a Y
chromosome normally causes the undifferentiated
embryonic gonads to begin to produce androgens
at the time. In response to the androgens, the
reproductive system develops into that of a male.But
if androgens are not produced at that time, female
reproductive structures develop (Purves et al.
2004). The opposite situation exists in birds.

The heterogametic sex in avian species is the female

and the presence of estrogens and their receptors
plays a crucial role in female sexual differentiation
(Bruggeman et al. 2002). Investigations on the time-
and sex- dependent expression of  the enzymes
involved in steroidogenesis which determine the ratio
of androgens to estrogens produced by the  gonads
show that lack of estrogen synthesis in the male
appears to be due to the extremely low levels of
17β–HSD and P450 aromatase expression. In the
females, there is extensive expression of the
aromatase gene at about day 5-6 of incubation
leading to estrogen synthesis, and specific expression
of the estrogen receptor mRNA in the left gonad
results in the development of a functional ovary
(Bruggeman et al. 2002).

If the production or synthesis of estrogen is hindered
at early period of incubation (especially before the
fifth day), the sex of the developing embryo will be
reversed phenotypically. This has been attempted
by the use of aromatase inhibitors anti-estrogens,
androgen and synthetic steroids.

6.1 Aromatase in Breast Cancer Tissues

Aromatase has been measured in the stromal cell
component of normal breast and breast tumors; and
has also been detected in the breast epithelial cells
in vitro (Bulun et al. 1993; Reed et al. 1993; Miller
et al. 1997; Quinn et al. 1999). Expression of
aromatase is highest in or near breast tumor sites
(Miller et al. 1997). Hormone dependent breast
cancer contains estrogen receptors, and requires
estrogen for tumor growth.

The increased expression of aromatase observed in
breast cancer tissues is associated  with a switch in
the major promoter region used in gene expression
with promoter PII (and P1.3) being the predominant
promoter (Zhao et al. 1996). As a result of the use
of   alternate promoter, the regulation of estrogen
biosynthesis switches from one controlled primarily
by glucocorticoids and cytokines to a promoter
regulated through cAMP-mediated pathways (Zhao
et al. 1996). Prostaglandin E

2 (
PGE

2)
 increases

intracellular cAMP levels and stimulates estrogen
biosynthesis.The growth stimulatory effect of
estrogen in breast cancer could therefore be reduced
by the use of anti-estrogens and aromatase inhibitors.
Anti-estrogens compete for binding to the estrogen
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receptors and hence reduce the number of receptors
available for binding to the steroid (Jordan 1995;
Carmicheal 1998). Example of such is the drug-
tamoxifen. Aromatase inhibitors on the other hand
help to decrease the circulating levels of estrogen.
Effective aromatase inhibitors have been developed
(Harvey et al. 1982; Banting et al. 1989; Cole and
Robinson 1990; Brueggemeier 1994; Brodie et al.
1999; Santen and Harvey 1999; Simpson 2001).

6.2 Aromatase Inhibitors

Aromatase inhibitors work by preventing the
synthesis of estrogens in the body. Investigations on
the development of aromatase inhibitors began in
1970s and have expanded greatly in the past three
decades (Brueggemeier et al. 2005). Effective
aromatase inhibitors have been developed, and are
grouped into steroidal and non-steroidal inhibitors.

6.2.1 Steriodal Inhibitors

Steroidal inhibitors build upon the basic
androstenedione nucleus and incorporate chemical
substitutions at varying positions on the steroid.
Modifications at certain positions in the androstane
steroid molecule will result in the inhibition of the
enzyme. They are classified as competitive inhibitors
and mechanism-based inhibitors.

6.2.2 Competitive Enzyme Inhibitors

The development of aromatase inhibitors began with
the synthesis and biochemical evaluation of
competitive inhibitors (Schwarzel 1973; Siiteri and
Thompson 1975; Brueggemeier et al. 1978).
Competitive inhibitors are molecules that compete
with the substrate androstenedione for non covalent
binding to the active site of the enzyme to decrease
the amount of product formed. They bind to the
enzyme in the same manner as the substrate
androstenedione. 4-Hydroxyandrostenedione (4-
OHA) was the prototype agent, but was later
discovered to be a mechanism based enzyme
inhibitor. Other examples include;
        i 1-substituted aromatase inhibitors such as

1-methyl androstra -1, 4-diene-3, 17-dione
(Henderson et al. 1986).

ii 7- substituted inhibitors which include 7α–
(4-amino) phenylthio-4-androstene-3,17-

    dione (Brueggemeier et al. 1992); and
iii 19-substituted inhibitors such as thiiranes

and oxiranes (Kellis et al., 1987), and thiol
and amino analogs (Bednarski 1985; Wright
et al. 1985).

6.2.3 Mechanism based enzyme inhibitor or
suicide inactivators:

A mechanism-based inhibitor mimics the substrate,
is converted to a reactive intermediate and results in
the inactivation of the enzyme. The inhibitor contains
a chemical functionality that is acted upon by the
enzyme during the normal catalytic process
(Brueggemeier et al. 2005). They produce time
dependent inactivation of the enzyme only in the
presence of a cofactor, such as NADPH. The
inactivation that occurs is due to irreversible,
covalent binding of the inhibitors to the enzyme
protein. Examples include 10-propargyl-4-estrene-
3, 17-dione or MDL18, 962(see Metcalf et al.
1981; Marcotte and Robinson 1982), 4-Hydroxy-
4-androstene-3, 17-dione or formestane (see Brodie
et al., 1981; Wiseman and Goa, 1996) and 6-
methyleneandrost-1, 4-diene-3, 17-dione or
exemestane (see Giudici et al. 1988; Zaccheo et
al. 1989).

6.3 Nonsteroidal Inhibitors

These inhibitors possess a heteroatom (non carbon
atom in a heterocyclic compound) as a common
chemical feature and interfere with steroid
hydroxylation by the binding of this heteroatom with
the heme iron of the cytochrome P450 enzymes.
Initial non-steroidal inhibitors were fewer enzymes
specific and inhibited to varying degrees, other
cytochrome P450-mediated hydroxylations of
steroidogenesis. They include aminoglutethimide-like
molecules, imidazole/triazole derivatives; and
flavonoid analogs.

6.3.1 Aminoglutethimide and Imidazole/
Triazole Derivatives

Aminoglutethimide was the prototype for
onesteroidal aromatase inhibitors (Cocconi 1994).
It is referred to as first generation aromatase
inhibitors. It is effective at decreasing aromatization
but inhibits a number of other steroidogenic CYP450
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enzymes which result in toxicity. It also has inhibiting
effects on cortisol and aldosterone (Cocconi 1994).

Imidazole derivatives contain two nitrogen atoms in
their five- membered aromatic ring. Example is
Fadrazole (Trunet et al. 1997). It is referred to as
the second generation inhibitor. It is more selective
than aminoglutethimide, and its inhibitory activity is
more potent but it still has some non selective
inhibitory activity with respect to aldosterone,
progesterone and corticosterone biosynthesis.

Several non-steroidal aromatase inhibitors containing
a triazole ring (five-membered aromatic ring structure
with three nitrogen atoms) have been developed.
An example is Vorozole (Vanden et al. 1990;
Wouters et al. 1994). Other triazole analogs are
anastrozole or arimidex (Plourde et al. 1994) and
letrozole (Bhatnagar et al. 1990). Invitro studies
have shown that letrozole and anastrozole have no
effect on the biosynthesis of other steroids and are
more active inhibitors than aminoglutethimide.

6.3.2 Flavonoid derivatives

Flavonoids are found in plants. They are present in
many food sources, such as fruits, vegetable, legumes
and whole grains. The class of flavonoids
encompasses flavones, isoflavones, flavonones and
flavonols. They possess the benzopyranone ring
system as the common chemical feature
(Brueggemeier et al. 2005). Several flavonoids
demonstrate inhibitory activities of the aromatase
enzyme, thus lowering estrogen biosynthesis and
circulating estrogen levels (Ibrahim and Abul-Haji
1990; Adlercreutz 1995; Kao et al. 1998; Le Bail
et al. 1998; Pouget et al. 2002).

7.0 Conclusion

Aromatase have been shown to be one of the
enzymes involved in steriodogenesis. Its action on
androstanedione or testosterone leads to the
production of estrogen; estradiol being the most
potent endogenous estrogen. The estrogen
produced has several functions in female animals
including the development of ovarian follicles and in
bird, it induces sexual differentiation in the embryo.
When the activity of the enzyme is inhibited, estrogen
biosynthesis is hindered and its level is drastically

reduced.

This has been used in effecting phenotypic sex
reversal in birds and in treatment of hormone
dependent tumors in humans. Inhibitors used recently
include steroidal inhibitors such as formestane, 1-
methyl-ADD and exemestane and non steroidal
inhibitors such as aminoglutethimide, fadrazole,
letrozole and flavonoids.

References

Aldercreutz, H. 1995, “Phytoestrogen: epidemiolo-
gy epidemiology and a possible role in cancer prot-
ection,” Environ. Health Perspect, 103 (Suppl.7):
103-112.

Anonymous 1996, “Aromatase http:// www.medt-
erms.com/script/main/ art.asp?articlekey =15844
 Medicine Net Inc. 1996-2006.
Anonymous (2000). Cytochrome P450(CYP).
  http://www.anaesthetist.com/physiol/basic/metabl/

cyp/cyp.htm. 2006-6-25
Armstrong, D. G., and Webb, R. 1997, “Ovarian
  Follicular dominance: the role of intraovarian grow-
th factors and novel proteins”, Rev. Reprod,2,
139-146.

Banting, L., Nicholls, P.J., Shaw, M.A., and Smith,
  H.J. 1989, “Recent Developments in aromatase
  inhibition as a potential treatment for estrogen-dep-
pendent breast cancer”, Prog. Med.Chem., 26,

  253-298.
Bath, D.L., Dickinson, F.N., Tucker, H.A., and
  Appleman, R.D. 1978, “ Dairy Cattle: Principles,
Practices, problems, profits”, Lea and Febiger,
Philadelphia.

Bednarski, P.J., Porubek, D.J., and Nelson, S.D.
  1985, “Thiol-containing androgens as suicide subst-
rates of aromatase”, J. Med. Chem., 28, 775-779.

Bhatnagar, A.S., Hausler, A., Schieweck, K.,Lang,
M., and Bowman, R. 1990, “Highly selective
inhibition of estrogen biosynthesis by CGS 20267,
a new non-steriodal aromatase  inhibitor”, J.Steriod
Biochem. Mol. Biol., 37, 1021-1027.

Bao, B. and Garverick, H.A. 1998, “Expression of
steriodogenic enzymes and gonadotropin receptor

genes in bovine follicles during ovarian follicular
  waves: a review”, J. Anim. Sci., 76, 1903-1921.
Bowen, R. A. 2001, “Steriodogensis”. http://arbl.cv-
mbs.colostate.edu/Handbook/pathphys/endocrine.

  endocrine.

36                                                                                                                                                                                  Okoli et al.



Brodie, A., Lu, Q., and Long, B. 1999, “Aromatase
and its Inhibitors”, J. Steriod Biochem. Mol. Biol.,
69, 205-210.

Brodie, A. M., Garrett, W. M., Hendrickson, J. R.,
   Tsai-Morris, C. H., Marcotte, P. A., and Robinson
C. H. 1981, “Inactivation of aromatase invitro by
4-hydroxy-4-androstene-3,17-dione and sustained
effects in viro.Steroids, 38, 693-702.

Bruggeman, V., Van  As, P. and Decuypere, E. 2002,
“Development  Endrocrinology  of the reproductive
axis in the chicken embryo,” http://
www.medscape.com/medline/abstract/
11897195?p...Comp. Biochem. Physiol. A. Mol.
Integr. Physiol., 131(4), 839-46.

Brueggemeier, R.W. (1994). “Aromatase inhibitors
–mechanisms of steroidal inhibitors”, Breast Cancer
Res. Treat., 30, 31-42.

Brueggemeier, R.W., Floyd, E.E., and Counsell,
  R.E. 1978, “Synthesis and biochemical evaluation
of inhibitors of estrogen biosythesis”.J. Med.
Chem., 21,1007-1011.

Brueggemeier, R.W., Hackett, J.C., Diaz-Cruz, E.S.
2005, “Aromatase inhibitors in the treatment of

breast cancer”, http://edrv.endojournals.org/cgi/
content/full/26/3/33// Endocrine Reviews 26(3),
331-345.

Brueggemeir R.W., Katlic, N.E., Kenreigh, C.A.
  and Li, P.K. 1992, “Aromatase Inhibition of 7-
   substituted steroids in human choriocarcinoma cell
culture”, J. Steriod Biochem. Mol. Biol.,41, 85-

   90.
Bulum, S.E., Takayama, K. Suzuki, T., Sasano,H.
Yilmaz, B., and Sebastin, S. 2004, “Organizati-
on of the human aromatase P450(CYP19) gene,”
Semin. Reprod. Med., 22, 5-9.

Bulun, S.E., Price, T.M., Aitken, J., Mahendroo,M.
S., and Simpson, E.R. 1993, “A link between brea-
st cancer and local estrogen biosynthesis suggested
by quantification of  breast adipose tissue aromatase

cytochrome P450 transcripts using competitive
polymerase chain reaction after reverse
transcription”, J. Clin. Endo. Metab., 77,1622-
1628.     

Carmichael, P.L. 1998, “Mechanisms of action of
anti-estrogens: relevance to clinical benefits and
risks”, Cancer Invest., 16, 604-611.

Cocconi, G. 1994, “First Generation aromatase
inhibitors aminoghitethimide and testoloacetone”,
Breast Cancer Res. Treat., 30, 57-80.

Cole, P.A., and Robinson, C.H. 1990, “Mechanism

   and inhibition of cytochrome P-450 aromatase”,
J. Med. Chem., 33, 2933-2942.

CRRA 2000, “Follicular Steriodogenesis in
Ruminants: The steriodogenic pathway”, http://
www.medvet .umontrea l .ca /cr ra_ang/
CAP_steriodogenesis, Animal Reproduction
Research Centre (CRRA), Faculty of Veterinary
Medicine, University of Montreal.

Dowsett, M., Macaulay, V., Gledhil, J., Ryde, C.,
Nicholla, J., Ashworth, A., Mckinna, J.A., and
Smith, I.E. 1993, “Control of aromatase in breast
cancer cells and its importance for tumor growth”,
J. Steriod Biochem. Mol. Biol., 44, 605-609.

Esonu, B.O. 2000, “Animal Nutrition and feeding.
A functional approach”, Rukzeal and Ruksons
Associates, Owerri, Nigeria.

Frandson, R. D. 1981, “Anatomy of farm animals”,
Lea and Febiger, Philadelphia.

Gartner, C.A., Thompson, S.J., Rettie, A.E. and
Nelson, S.D. 2001, “Human aromatase in high
yielding and purity by perfusion chromatograph
and its characterization by difference spectroscopy
and mass spectrometry”, Protein Expr. Purif., 22,
443-454.

Garverick, H.A., Baxter, G., Gong, J. Armstrong,
D.G., Campbell, B.K., Gutierrez, C.G. and Webb,
R. 2002, “Regulation of expression of ovarian
mRNA  encoding hypogonadotrophic cattle”.
Reproduction, 123: 651-661.

Giudici, D., Ornati, G., Briatico, G., Buzzetti, F.,
Lombardi, P. and DiSalle, E. 1988, “6Methylenan-
drosta-1,4-diene-3,17-dione (FCE24304): A new
irreversible aromatase inhibitor”, J. Striod.
Biochem., 30, 391-394.

Hafez, E.S.E. 1987, “Reproduction in Farm animals
(5th edition),” Lea and Febiger, Philadelphia.

Harvey, H.A., Lipton, A., and Santen, R. J. 1982,
“Aromatase: New perspectives for breast
cancer”,Cancer Res., 42 (suppl), 3261s-3467s.

Henderson, D., Norbisrath, G and Kerb, U, 1986,
“1-METHYL-1, 4-androstadiene-3, 17-DIONE
(SH 489): Characterization of an irreversible
inhibitor of estrogen biosynthesis”, J. Steriod
Biochem., 24, 303-306.

Ibrahim, A.R., and Abul-Haji, Y.J. 1990,
“Aromatase inhibitors by flavonoids”, J. Steriod
Biochem. Mol. Biol., 37, 257-260.

Jordan, V.C. 1995, “Tamoxifen: Toxixities and drug
resistance during the treatment and prevention of
breast cancer”, Annu. Rev. Pharmacol Toxicol.35:

Overview of The Physiology of Aromatase...                                                                                                                         37



195-211.
Kao, Y.C., Zhou, C., Sherman, M., Laughton, C.A.,
and Chen, S. 1998, “Molecular basis of the inhibi-
tion of human aromatse (estrogen synthesis) by
Flavones and isoflavone phytoestrogens: a site
–directed mutagenesis study”, Environ. Health
Perspective, 106,85-92.

Kellis Jr., J.J. and Vickey, L.E. 1984, “Inhibition of
human estrogen synthesis (aromatase) by flavone”,
Science, 225,1032-1034.

Kellis, J.T. Childers, W.E., Robinson, C.H., and
Vickey, L.E. 1987, “Inhibition of aroamtase cyto-
chrome P-450 by 10-oxirane and 10-thirrane subs-
tituted androgens, Implications of the structure of
the active site”, J. Biol. Chem., 262, 4421-4426.

Kellis, J.T., and Vickery, L.E. 1987, “Purification
and characterization of human placental aromatase
cytochrome”, P-450. J. Biol. Chem., 262, 4413-
4420.

Le bail, J.C., Laroche, T. Marre-Fournier, F., and
Habioux, G. 1998, “Aromatase and 17β-Hydroxy-
steriodal Dehydrogenase inhibition by flavonoids”,
Cancer Lett., 133,101-106.

Marcotte, P.A., and Robinson, C.H. 1982, “Synthe-
sis and evaluation of 10 â-substituted 4 estrone-3,
17-diones as inhibitors of human placental
microsomal aromatase”, Steroids, 39, 325-344.

Metcalf, B.W., Wright, C.L., Burkhart, J.P., and
Johnston, J.O. 1981, “Substrate –induced
inactivation of aromatase by allenic and acetylenic
steroids”, J. Am. Chem. Soc., 103, 3221-3222.

Miller, W.R., Mullen, P., Sourdaine, P., Watson, C.,
Dixon, J.M., and Telford, J. 1997, “Regulation of
aromatase acivity within the breast”, J.Steriod.
Biochem. Mol. Biol., 61,193-202.

Okeudo, N.J. 2000, “Introductory Biochemistry,”
T’Afrique Internatioal Associates (W.A.), Owerri,
Nigeria.

Plourde, P.V., Dyroff, M., and Dukes. M. 1994,
 “Arimidex: a potent and selective fourth-
generationaromatase inhibitor”, Breast Cancer
 Res. Treat., 30, 103-111.
Porter, T.D. 2001, “Cytochrome P450 reductase”,
  http://www.uky.edu/pharmacy/ps/porter.cpr.htm.
  Universtiy of Kentucky Chandler Medical Centre
September 27, 2001 modified.

Pouget, C., Fanere, C., Basly, J.P., Besson, A.E.,
Champavier, Y., Habrioux G., and Chulia, A.J
2002, “Syntheis and aromatase inhibitory activity
of flavone”, Pharm. Res., 19, 286-291.

Price, C.A., Carriere, P.D., Bhatia, B. and Groome,
  N.P. 1995,  “A Comparison of hormonal and
  histological changes during follicular growth, as
   measured by ultrasonography, in cattle”, J. Reprod.
  Fert., 103, 63-68.
Purves, W.K., Sadava, D., Orians, G.H. and Heller,
  H.C. 2004, “Life the Science of Biology”,  (Seventh
Edition), Courier Companies Inc. USA.

Quinn, A.L., Burak, W.E., and Brueggemeier, R.w.
1999, “Effect of Matrix Components on
aroamtase activity in breast stomal cells in culture”,

  J. Steriod. Biochem. Mol. Biol., 70, 249-256.
Reed, M.J., Topping, L., Coldham, N.G., Purohit,
   A., Ghilchik, M.W., and James, V.H. 1993,
   “Control of Aromatase activity in breast cancer
   cells: the role of cytokines and growth factors”, J.
   Biochem. Mol. Biol., 44, 589-596.
Santem, R.J. and Harvey, H.A. 1999, “Use of
   aromatase inhibitors in breast carcinoma, Endocr.
   Relat. Cancer, 6, 75-92.
Schwarzel, W.C., Kruggel, W.G., and Brodie, H.J.
  1975, “Studies on the mechanism of estrogen
  biosynthesis 8. the development of inhibitors of
the enzyme system in human placenta”,
Endocrinology, 92, 866-880.

Shih, M.J., Carrell, M.H., Carrell, H.L., Wright,
C.L., Johnston, J.O., and Robinson, C.H. 1987,
“Stereo selective inhibition of aromatase by novel
epoxysteriods”, J. Chem. Soc. Chem. Comm.,
213-214.

Simpson E.R. 2001, “Aromatase 2000”, Sixth
international aromatase conference”, J. Steriod
Biochem Mol. Biol., 79, 1-314.

Simpson, E.R., Mahendroo, M.S., Means, G.D.,
Kilgore M.W., Corbin, C.J. and Mandelson, C.R.
1993, “Tissue-specific promoters regulate”,

Simpson, E.R., Mahendroo, M.S., Means, G.D.,
Kilgore, M.W., Hinshelwood, M.M., Graham
Lorence, S., Amarneh, B., Ito, Y., Fisher,
C.R., and Micheal, M.D. (1994). “Aroamatase
Cytochr-ome P450, the enzyme responsible for
estrogen biosynthesis”, Endocr. Rev.,15, 342-355.

Sitteri, P.K., Thompson, E.A. 1975, “Studies of
human placental aromatase”, J. Steriod Biochem.,
6, 317-322.

Tonetta, S.A., and Di Zerga, G.S. 1989,
“Intragonadol regulation of follicular maturation”,
http://edrv.endojournalar.org/cgi/content/abstract/
10/2/205,  Endo, Rev., 10, 205-209.

Trunet, P.F., Vreland, F., Royce, C., Chaudri, H.A.,

38                                                                                                                                                                                  Okoli et al.



Cooper, J., and Bhatnagar, A.S. 1997, “Clinical
use of aroamtase inhibitors in the treatment of
advanced breast cancer”, J. Steriod. Biochem,
Mol. Boil., 61, 241-245.

Vanden Bossche, H., Willemsens, G., Roels, I.,
  Bellens, D., Moereels, H., Coene, M.c, Le Jeune,
L., Lauwers, W., and Janssen, P.A.1990, “R76713
and enantioners: selective, non-steriodal inhibitors
of the cytochrome P450-dependent oestrogen
biosynthesis”, Biochem. Pharmacol., 40, 1707-
1718.

Webb, R., Garnsworthy, P.C., Gong, J.G., and
Armstrong, D.G. 2004, “Control of follicular grow-
th: Local Interactions and nutritional influences”,
http://www.animal.science.org/cgi/content/full/82/
13_suppl/E63. J. Anim. Sci., 82:E63-E64.

Wikipeidia 2006, “Heme.hhtp://en.wikipeida.org/
wiki/heme”, 9/6/2006 modified.

Wessells, N. K. and Hopson, J. L. 1988, “Biology”,
Random House Inc. New York, USA.

Wiseman, L. R., and Goa, K.L. 1996, “Formestane.
A review of its pharmacological properties and
clinical efficacy in the treatment of postmenopausal
breast cancer”, Drugs Aging, 9, 292-306.

Wouters, W., Snoeck, E., and Decoster, R. 1994,
“Vorozole a specific non-steriodal aromatase
inhibitors”, Breast Cancer Res. Treat., 30, 89-94.

Wright, J.N. Calder, M.R. and Akhtar, M. 1985,
“Steroidal C-19 sulfur and nitrogen derivatives
designed as aromatase inhibitor”, J. Chem. Soc.
Chem. Comm., 1733-1735.

Zaccheo, T., Giudici, D., Lombardi, P., and Di Salle
E. (1989, “A new irreversible aromatase inhibitor,
6-methyleandrosta-1, 4-diene-3,17-dione (FCE
24304): antitum or activity and endocrine effects
in rats with DMBA-induced mammary tumours.
Cancer chemother”, Pharmacol., 23, 47-50.

Zhao, Y., Agarwal, V.R., Mendelson, C.R., and
Simpson, E.R. 1997, “Cyp19 gene (aromatase)
expression in adipose stromal cells in primary
culture”, J. Steroid. Biochem. Mol. Biol., 61, 203
210.

Zhao, Y., Agarwal, V.R., Mendelson, C.R., and
Simpson, E.R. 1996, “Estrogen biosynthesis
proximal to a breast tumour is stimulated by PGE

2

via cyclic AMP, leading to activation of promoter
11 of the CYP19 (aromatase) gene”, Endocrinolo-
gy,” Endocrinology, 137, 5739 – 5742.

Overview of The Physiology of Aromatase...                                                                                                                         39


