
A
h

O
L
a

b

c

a

A
R
R
A

K
M
A
A
E
N
C
H

1

l
d

A
f

0
d

Journal of Steroid Biochemistry & Molecular Biology 113 (2009) 290–295

Contents lists available at ScienceDirect

Journal of Steroid Biochemistry and Molecular Biology

journa l homepage: www.e lsev ier .com/ locate / j sbmb

ndrogen metabolism and biotransformation in nontumoral and malignant
uman liver tissues and cells

razia M. Granataa, Letizia Cocciadiferoa, Ildegarda Campisi a, Vitale Miceli a, Giuseppe Montaltob,
ucia M. Politoa, Biagio Agostarac, Giuseppe Carrubaa,∗

Experimental Oncology, Department of Oncology, “M. Ascoli” Cancer Hospital Center, ARNAS-Civico, Palermo, Italy
Department of Clinical Medicine and Emerging Pathologies, University of Palermo, Italy
Clinical Oncology, Department of Oncology, “M. Ascoli” Cancer Hospital Center, ARNAS-Civico, Palermo, Italy

r t i c l e i n f o

rticle history:
eceived 28 November 2008
eceived in revised form 16 January 2009
ccepted 19 January 2009

eywords:
etabolism

ndrogen
romatase
strogen
ormal liver
irrhosis
CC

a b s t r a c t

There is indirect multiple evidence that hints at a potential role of sex steroids in development and pro-
gression of human hepatocellular carcinoma (HCC). In the present study, we have investigated androgen
metabolism in a panel of human liver cancer cell lines (HA22T, Huh7, HepG2) and in normal, cirrhotic
and malignant human liver tissues aiming to dissect the potential impact of individual enzyme activities
and their products in normal and diseased human liver, both in vivo and in vitro. Using our intact cell
analysis we were able to assess rates and pathways of androgen metabolism in living conditions. Overall,
incubation of cultured cells or tissue minces with either testosterone (T) or androstenedione (Ad) used
as precursor resulted in a large extent of 17�oxidation of T to Ad (cells: 28–77%; tissues: 35–50%). In
malignant liver cell lines, both HA22T and Huh7 cells showed consistent amounts of the 5�-reductase
enzyme products (18% and 15%, respectively), while 5�-reductase activity was more pronounced in Huh7
cells (18%) than in HA22T cells (1.8%). Interestingly, a significant extent of estrogen formation could be
observed in Huh7 cells (5.4–11.5%), while no aromatase activity could be detected in HA22T cells. In HepG2
cells, along with a relatively high proportion of Ad, estrogens represented the most prominent (50–55%)
end product of androgen metabolism, regardless of the precursor used. In liver tissues, equivalent results
could be obtained, with a consistent proportion of 17�oxidation of T to Ad (35–50%) being observed in the
majority of samples. However, while normal liver tissue samples exhibited a minor proportion of bioac-
tive androgens (3.4%) with no aromatase products, HCC tissues showed a significant extent of aromatase
activity (nearly 20%) with estrogen representing the most prominent metabolic product after 24 h incu-
bation with either T or Ad. HCV and alcoholic cirrhotic tissues displayed different patterns of androgen
metabolism. The former produced limited amounts of bioactive androgens (5.3%) and considerable levels

of the intermediate aromatase product 19OH-Ad (up to 28%), the latter exhibited a prevalence of andro-
gen degradation through the 5�-reductase pathway (9.8%) and a significant extent of aromatase activity
(16% as a whole). In conclusion, three major metabolic states could be depicted, depending on prevalent
pathways of androgen metabolism and steroid receptor status: estrogenic, androgenic, and mixed. This
model supports the idea that local estrogen biosynthesis may be implicated in human HCC and provides
a basis for the exploitation of aromatase inhibitors and/or ER antagonists or selective estrogen receptor

new
modulators (SERMs) as a

. Introduction
Primary hepatocellular carcinoma (HCC) represents the fifth
eading cancer and the third most common cause of cancer
eath worldwide [1]. In Italy, mortality rates have been drastically
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therapeutic strategy in HCC patients.
© 2009 Elsevier Ltd. All rights reserved.

increasing from 4.8 deaths/100.000 in 1969 up to 11.0/100.000 in
1994, with even higher values in the South of Italy (Italian ISTAT
database).

The most clearly established risk factors for HCC are chronic
infections with hepatitis B virus (HBV) or hepatitis C virus (HCV),
cirrhosis, alcohol abuse, exposure to dietary aflatoxin and male

sex [1]. Independent of race and geography, HCC incidence in men
is in fact two to three times higher than in women, with a more
pronounced sexual dimorphism in high-risk regions, including our
own. This hints at a potential role for sex steroids in HCC devel-
opment and progression. Clinical observations and death statistics

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:lucashbl@unipa.it
dx.doi.org/10.1016/j.jsbmb.2009.01.013
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ave indicated that chronic viral hepatitis B and C progress more
apidly in males that in females, and that cirrhosis is largely a
isease of men and postmenopausal women [2]. On the other
and, a positive association between circulating testosterone and
isk of HCC has been reported [3]. In addition, there is consistent
vidence that androgen receptor (AR) levels are significantly
igher in malignant than in nontumoral human liver [4,5]. Based
n this combined evidence, human HCC has been considered an
ndrogen-dependent tumor.

Previous evidence revealed that estrogen receptors (ER) are
xpressed in primary HCC [6]. Two major ER types exist, the classical
R� and the recently discovered ER� [7]. Their balance appears to
e important to determine the biological impact of estrogen in tar-
et tissues and cells. Some study suggests that ER� is an antagonist
f ER�-regulated gene transcription in the mice liver [8]. Moreover,
tudies in human liver tissues to assess the clinical significance of
R� and ER� have indicated that both receptors are expressed at
igher levels in patients with chronic liver disease compared with
hose with HCC and that an excess of the variant ER�5 is associated
ith wild-type ER� in patients with severe liver disease and/or HCC

9].
Different clinical trials have investigated the potential impact of

ntiestrogen (tamoxifen) treatment on the survival of patients hav-
ng HCC. From these studies, there is evidence that tamoxifen is of
o benefit in prolonging survival of HCC patients [10,11]. This, how-
ver, could be partly due to the presence of mutant ER� forms, as
reviously described [12]. Recently, the use of synthetic progestins
megestrol) for treatment of patients having inoperable HCC char-
cterized by mutant liver ER resulted in a significant increase of
edian survival of patients [13].
The human liver represents a major site for biotransformation,

onjugation and catabolism of gonadal steroids, being featured by
he presence of key steroid enzymes, including 17�-hydroxysteroid
ehydrogenases, 5�-reductase, and aromatase. A diverse expres-
ion and/or activity of these enzymes may eventually lead to a
ifferential accumulation of more or less biologically active steroids

n liver tissues and, therefore, may affect differently proliferative
ctivity of hepatocytes.

We have previously reported that both expression and activity
f the aromatase enzyme, that converts androgen into estro-
en, is elevated in malignant human liver tissues and cells, as
pposed to nontumoral hepatic tissues and nonmalignant liver cells
here it remains undetectable [14]. Furthermore, we have recently

ndicated that metabolic patterns of androgens may diverge sub-
tantially in different human malignant liver cell model systems
15].

In this study, we have assessed the activity of key enzymes
overning metabolic pathways of androgens, including aromatase,
7�- and 3�-hydroxysteroid dehydrogenases (HSD), 5�- and 5�-
eductase, in a panel of malignant human liver cell lines and
n normal, cirrhotic and HCC human liver tissues. This aiming
o dissect the contribution of individual enzyme activities to

etabolic profiles of androgens and, hence, their potential biolog-
cal impact in normal and diseased human liver, both in vivo and
n vitro.

. Materials and methods

.1. Cell cultures
The HepG2 and Huh7 cells (ATCC, Rockville, MD) and HA22T/
GH (generously provided by Prof. M. Levrero, Rome Italy) were
aintained in RPMI-1640 medium supplemented with 10% fetal

alf serum and l-glutamine (2 mM) and DMEM medium supple-
ented with 10% fetal calf serum and sodium pyruvate (1 mM)
y & Molecular Biology 113 (2009) 290–295 291

l-glutamine (2 mM), respectively, and grown in a humidified 5%
CO2 atmosphere in air at 37 ◦C.

Cells having a narrow range of passage number were used for
all experiments. To determine rates and direction of androgen
metabolism, cells (5 × 105 cells/dish) were seeded in 30 mm Petri
dishes and processed as described below.

2.2. Tissue samples

Tissues of HCC (n 8), and of either HCV (n 6) or alcoholic (n
4) cirrhosis, were obtained from patients undergoing liver surgi-
cal resection. Histologically normal liver tissues (n 5) were also
obtained from patients during surgery for benign liver disease (e.g.
colelithiasis). Written informed consent was obtained in all cases.
Fresh tissue samples were collected at the surgical theatre and
immediately transported to cell culture unit in routine medium on
ice. Tissues were scraped to remove most of the soft adipose tissue
and carefully minced in small fragments, using a scalpel, onto a glass
Petri dish. Tissue minces were then resuspended in fresh medium
and seeded onto 30 mm Petri dishes to assess steroid metabolism
(see below).

2.3. Androgen metabolism

The methods and procedures used to assess metabolic rates
and pathways of sex steroids (intact cell analysis) have been origi-
nally established and optimized in our laboratories [16–18]. Briefly,
cell or tissue cultures were washed twice with phosphate-buffered
saline (PBS)-A and incubated for either 24 or 72 h in FCS-free,
phenol red-free RPMI medium containing 1 nM tritiated androgen
([1,2,6,7-3H(N)]-testosterone, S.A. 92.4 Ci/mmol, or [1,2,6,7-3H(N)]-
androstenedione, S.A. 84.5 Ci/mmol; DuPont de Nemours Italiana
SpA, Milan, Italy) as precursor. For cultured cells, following incuba-
tion medium was transferred to plastic tubes and stored at −80 ◦C
until analysis. As far as tissue cultures are concerned, minced tissues
were resuspended in the incubation medium, transferred to a plas-
tic tube and centrifuged at 2000 rpm for 5 minutes. The resulting
pellet was gently homogenized using a glass-glass Dounce homoge-
nizer (Kontes Co., Vineland, NJ) in 3 ml of PBS, while the supernatant
(incubation medium) was transferred to a separate tube. Both the
homogenate and the medium were stored at −80 ◦C until steroid
extraction. Medium and cells were therefore processed as described
below.

2.4. Steroid extraction and chromatographic analysis

Steroid extraction was carried out on the incubation medium,
since we have previously shown it contains proportionally greater
amounts of radioactive steroids than those found in either cell
or tissue homogenates [19]. Extraction of steroids was performed
with SPE method in Vac-Elut apparatus using C18 cartridges on
1 ml aliquots of medium, as previously described [20]. Briefly,
two fractions were collected: in the first, conjugate (sulfate and
glucuronide) steroids were eluted using water–methanol solu-
tion (60:40, v/v); in the second, the free (unbound) steroids were
eluted using water–methanol solution (15–85, v/v). The two frac-
tions were dried in a SVC100H Speed Vac evaporator-concentrator
(Savant Instruments Inc, Farmigdale, NY) and conjugate steroids
were hydrolized at 37 ◦C for 18 h, in 1 ml of a solution consisting
of 970 �l of 0.2 M acetate buffer (pH 5.0) and 30 �l of Glusu-
lase enzyme mixture (duPont Co, Wilmingon, DE). The hydrolized

steroids were extracted again with SPE method using ethylac-
etate and evaporated to dryness, as described above. Both free
and conjugate steroids were analyzed in RP-HPLC using a Beck-
man 324 model HPLC system equipped with an UV detector set at
280 nm, and an on line Flo-One/beta (500TR Series) three-channel
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Table 1
Metabolic conversion rates of androgens in malignant human liver cells.

HA22T/VGH Huh7 HepG2

T Ad T Ad T Ad

T 3.3 – 4.2 4.4 4.0 2.3
Ad 77.0 81.5 52.7 55.3 27.6 31.7
DHT – – 9.2 8.8 – –
5�Adione 14.7 15.7 – – – –
EpiA 1.0 1.1 2.3 1.5 – –
A 2.2 1.7 1.3 – – –
3�Etio – – 17.5 18.6 13.3 15.6
3�Etio 1.8 – – – – –
19OH-Ad – – 7.3 – 3.2 3.0
E2 – – 0.5 – – –
E1 – – 1.0 – – –
E2-S – – – 0.7 7.8 2.9
E1-S – – 3.9 10.8 44.0 44.5

Cells were incubated 24 h in the presence of either testosterone (T) or
androstenedione (Ad) used as precursor and metabolic conversion rates
determined as described in Section 2; results represent average conver-
sion rates from triplicate experiments; abbreviations: T, testosterone; Ad,
androstenedione; DHT, dihydrotestosterone; 5�Adione, 5�-androstanedione;
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conditions used for in vitro studies.
These studies were conducted on a series of normal, cirrhotic

(HCV and alcoholic), and malignant human liver tissues. As reported
in Table 2, all tissues exhibited a consistent proportion of T oxi-
dation into Ad, with a range of 35–50%. Despite the considerable
�/3�diol, 3�/3�-androstanediol; Epi-A, epiandrosterone; A, androsterone;
�Etio, etiocholan-3�-ol-17-one; 3�Etio, etiocholan-3�-ol-17-one; 19OH-Adione,
9hydroxy-androstenedione; E2, estradiol; E1, estrone; E2-S, estradiol-sulfate; E1-S,
strone-sulfate.

ow scintillation analyzer (Packard Instrument Co, Meriden, CT).
teroids were eluted under isocratic condition using a Ultras-
here ODS column (250 × 4.6 I.D. mm) and an optimized mobile
hase consisting of acetonitrile: tetrahydrofuran: 0.05 M citric acid
39: 6: 55, v/v/v) at a flow rate of 1 ml/min. Radiometric detec-
ion was performed using a 1 ml flow cell and Ultima-Flo-M
Camberra-Packard) scintillation mixture at flow rate of 4 ml/min.
outine data integration was achieved by the Flo-One radio-HPLC
orkstation software package (Packard) and computed in net

pm, after correction for both residence time and background
ubtraction.

. Results

In this work we have assessed rates and direction of androgen
etabolism in cultured human liver cancer cells and in nontumoral,

irrhotic and malignant human liver tissues.

.1. Androgen metabolism in malignant human liver cell lines

Overall, data from our in vitro studies reveal that activities of
teroid enzymes, including aromatase, sulfotransferase, 17�HSD,
�- and 5�-reductases, are markedly divergent in malignant
epG2, Huh7 and HA22T/VGH human liver cell lines.

Results of 24 h incubation of cells with either testosterone (T) or
ndrostenedione (Ad) as androgen precursor are reported in Table 1.

In the first place, all the three cell lines showed a remark-
ble extent of androgen metabolism, with on average only 3.6% of
ither precursor remaining unconverted after incubation. Secondly,
esults of 24 h incubation with T and Ad were strictly comparable
n all cell lines.

Both HA22T and Huh7 cells showed a largely prevalent oxidative
etabolism, the Ad being the predominant androgen metabolite

fter 24 incubation with either T (HA22T: 77%; Huh7: 53%) or
he same Ad (HA22T: 82%; Huh7: 55%). Also 5�-reductase activ-
ty was comparable in the two cell lines, accounting on average

or 18% and 12% of all androgen metabolites, respectively. However,
hile 5�Adione was the major 5�-reduced androgen in HA22T cells

over 15%), Huh7 cells produced significant amounts (around 9%) of
he biologically active androgen DHT. This finding was equivalent
sing either T or Ad as precursor. Furthermore, products of the 5�-
y & Molecular Biology 113 (2009) 290–295

reductase pathway were present in both cells lines, although to a
much lower extent in HA22T cells (3�Etio: 1.8%) than in Huh7 cells
(3�Etio: 18% as a mean). More importantly, Huh7 cells exhibited a
remarkable extent of aromatase activity (12.7% and 11.5% using T
and Ad as precursor, respectively), while aromatase could not be
detected in HA22T cells. Interestingly, Huh7 cells incubated 24 h
with T displayed 5.4% of estrogen formation, while the remaining
part of aromatase products (7.3%) was represented by the interme-
diate aromatase metabolite, the 19OH-Ad. Conversely, when Huh7
cells were incubated with Ad, the totality of aromatase products was
represented by estrogens, notably estrone, in their sulfated forms
(11.5%).

As far as HepG2 cells are concerned, the extent of 17�oxidation,
leading to Ad accumulation, was apparently lower than in the
other two cell lines, with rates of Ad ranging from 28% to
32% after 24 h incubation with T or Ad, respectively. In addi-
tion, 5�-reductase pathway eventually led to formation of 3�Etio
(respectively 13% and 16% using T and Ad as precursor), while no
5�-reductase activity could be detected. However, aromatase was
by far the most prominent enzyme activity in this cell line, with
aromatase products representing 55% and 50% of all radioactive
metabolites respectively using T and Ad as precursor. With the
exception of a 3% formation of the intermediate metabolite 19OH-
Ad, the vast majority of aromatase products were represented
by estrogens and, likewise in Huh7 cells, by estrogen (notably
estrone) sulfate. This pattern was independent of the precursor
used.

Major pathways of androgen metabolism in vitro are illustrated
in Fig. 1. As it can be seen, 5�-reductase (20%) was the most
prominent enzyme activity in HA22T cells, being 10 times and
6 times greater than 5�-reductase and 3�HSD, respectively. The
Huh7 cells showed a more balanced picture, with 3�HSD activity
being greater than 5�-reductase, while an equivalent extent (nearly
13%) of 5�-reductase and aromatase could be detected in this cell
line. Conversely, aromatase activity (over 50%) was largely preva-
lent (3.9-fold greater) over both 5�-reductase and 3�HSD in HepG2
cells.

3.2. Androgen metabolism in human liver tissues

Patterns of androgen metabolism were also investigated in
minced liver tissue samples, under exactly the same experimental
Fig. 1. Pathways of androgen metabolism in malignant human liver cell lines. Cells
were incubated for 24 h with tritiated T as precursor and metabolic conversion rates
assessed as described in Section 2. Data represent mean ±SD (error bars) of percent
conversion rates from triplicate experiments conducted in duplicate.
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Table 2
Metabolic conversion rates of androgen in nontumoral, cirrhotic and malignant human liver tissues.

T recursor and metabolic conversion rates determined as described in Section 2; results
r : Normal, healthy liver; HCV, hepatitis C virus; HCC, hepatocellular carcinoma, T, testos-
t anediol; 5�Adione, 5�-androstanedione; Epi-A, epiandrosterone; A, androsterone; Etio,
e e; 19OH-Ad, 19hydroxy-androstenedione; E2, estradiol; E1, estrone.
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Fig. 2. Pathways of androgen metabolism in nontumoral, cirrhotic, and malignant
human liver tissues. Rates and patterns of androgen metabolism were assessed in
liver tissue minces under exactly the same experimental conditions used for in vitro
studies (see Section 2). Data represent mean ±SD (error bars) of percent conver-
issue minces were incubated 24 h in the presence of testosterone (T) used as p
epresent conversion rates (mean ± SD) from triplicate experiments; abbreviations
erone; Ad, androstenedione; DHT, dihydrotestosterone; 3�/3�diol, 3�/3�-androst
tiocholanolone; 3�Etio, etiocholan-3�-ol-17-one; 3�Etio, etiocholan-3�-ol-17-on

xtent (35%) of 17�oxidation of T to Ad, normal liver tissue samples
id not exhibit detectable amounts of either estrogen or interme-
iate products (19OH-Ad) of the aromatase enzyme. Overall, in
hese tissues, formation of biologically active androgens, including
HT and 3�/3�diols, was limited (3.3% as a sum), while andro-
en degradation through the 5�-reductase pathway accounted for
ore than 16% as a whole. In HCV-cirrhotic tissues, similar pro-

les of androgen metabolism could be observed, with a limited
roportion (around 5%) of bioactive androgen and a slightly lower
xtent of 5�-reductase (13%) being seen at 24 h. Interestingly, a
emarkable formation (over 28%) of the intermediate aromatase
roduct, the 19OH-Ad, was observed, but no estrogen production
ould be detected. Conversely, in alcoholic cirrhosis tissues, no
etectable amounts of bioactive androgens could be found and,
verall, major androgen metabolic pathways, including both 5�-
nd 5�-reductase, were markedly lower than in normal and HCV
iver tissues. On the other hand, aromatase products consisted of
oth 19OH-Ad (nearly 12%) and estrogen (estradiol and estrone:
.2% as a sum) and they represented over 16% of all radioactive
etabolites. In HCC tissues, the production of bioactive androgens

nd 5�-reductase activity were in the range of that observed in
oth normal and HCV tissues. In contrast, 5�-reductase was 1.9, 2.6,
nd 3.1 times lower than that measured in alcoholic cirrhosis, HCV
irrhosis, and in normal tissue samples, respectively. More impor-
antly, a significant extent of estrogen formation (nearly 20% as a
um) was observed, while no detectable amounts of 19OH-Ad could
e revealed.

Overall, major androgen enzyme activities were significantly
ifferent among normal, cirrhotic and malignant liver tissues.
s illustrated in Fig. 2, normal liver and HCV-cirrhosis showed
omparable profiles of androgen metabolism, with the 3�HSD
eing the leading enzyme activity (22% and 18%, respectively).

n both conditions, the respective extent of 5�-reductase, 5�-
eductase, and 3�HSD was in the same order of magnitude (namely
� < 5� < 3�HSD), while no aromatase activity could be detected.

A significantly lower proportion of 3�HSD activity was observed

n alcoholic cirrhosis (7.3%) and HCC (9.6%), along with a progres-
ively lower extent of 5�-reductase (9.8% in alcoholic cirrhosis; 5.2%
n HCC). As far as aromatase is concerned, estrogen formation was
bserved in both alcoholic cirrhosis (4.2%) and, to a larger extent
19.7%), in HCC tissues.
sion rates from triplicate experiments conducted in duplicate. Normal, healthy liver;
HCV, hepatitis C virus cirrhosis; alcoholic, alcoholic cirrhosis; HCC, hepatocellular
carcinoma. *p < 0.05; **p < 0.01.

4. Discussion

In spite local metabolism may dictate the ultimate biological
impact of sex steroids in peripheral target tissues and cells, studies
on androgen metabolism in either normal or malignant human liver
are surprisingly rare. In the present study we have assessed rates
and patterns of androgen metabolism in different liver cancer cell
lines and in normal, cirrhotic and malignant human liver tissues,
using our intact cell analysis that permits the simultaneous mea-
surement of several steroid enzyme activities in living conditions.
The major objective of this study was to determine the potential
association of different androgen metabolic pathways with indi-
vidual cell and/or tissue model systems.

In the first place, comparable data were obtained in vitro and
in vivo. Androgen precursors were actively metabolized, with a
remarkable extent of 17�HSD oxidative activity being observed
especially in vitro but also in vivo. The 17�oxidation of testosterone
to androstenedione ranged in fact from 35% to 50% in vivo and from

28% up to 77% in vitro. A moderate production of biologically rel-
evant androgens (DHT, 3�diols) could be observed in both normal
and HCV-cirrhotic liver tissues, while it was undetectable or negligi-
ble in alcoholic cirrhosis or HCC tissues, respectively. The enzymatic
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Fig. 3. Major androgen metabolic pathways in human liver tissues and cells.
Abbreviations: 5�RED, 5�-reductase; 3�HSD, 3�-hydroxysteroid dehydrogenase;
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ontrol of intratissue levels of bioactive androgens, apart from the
�-reductase enzyme, is mostly a consequence of the type 1 3�HSD,
ound exclusively in the liver, and the more widely expressed type 3
�HSD enzymes (AKR1C4 and AKR1C2, respectively) [21]. The sig-
ificantly higher 3�HSD activity we detected in normal liver tissues
s compared to cirrhosis and, especially, to HCC supports the con-
ept that formation of bioactive androgens is associated with cell
ifferentiation and inversely related to liver injury and damage.

On the other hand, the 5�-reductase enzyme activity, that gov-
rns the production of inactive androgen derivatives, consistently
ecreased from normal liver to cirrhotic and HCC tissue samples,
ith an inverse relationship with aromatase activity and estrogen

ormation. It is important to note that the 5�-reductase enzyme
an negatively regulate the intracellular concentrations of other
ioactive steroid hormones, including progesterone and, to a lesser
xtent, mineralcorticoids and glucocorticoids [22]. The significant
ecrease of 5�-reductase activity observed in alcoholic cirrho-
is and HCC tissues may also result in liver injury due to the
ccumulation the cytotoxic intermediate metabolite 7-�-hydroxy-
-cholesten-3-one in bile acid synthesis [23].

The evidence that alcoholic cirrhosis is associated with a
ecrease of bioactive androgen production and a corresponding
ppearance of aromatase activity and estrogen formation is in
greement with previous studies reporting a significant increase
f circulating levels of estrogens either in male alcoholic cirrhotic
atients or in postmenopausal women with a higher consumption
f alcohol, even in the absence of liver disease [24,25]. Interestingly,
o estrogen formation could be observed in the HCV-cirrhosis tis-
ues, in spite of the elevated levels (28%) of the intermediate 19-ol
romatase product. This finding could be a result of the presence
f aromatase mutant(s) that are unable to complete the third step
aromatization) of the enzymatic reaction, as previously reported
26].

In conclusion, as depicted in Fig. 3, three major metabolic path-

ays of androgens could be identified: (a) the 5�-reductase and

he 3�HSD pathways, both leading to the formation of biologi-
ally relevant metabolites including DHT and 3�diols, respectively;
b) the 5�-pathway, governing androgen degradation to inactive
erivatives; and (c) the aromatase pathway, responsible for local

ig. 4. Major metabolic conditions in human liver tissues and cells: a hypothetical mod
iver cell growth through ER-mediated, either genomic or nongenomic, effects. (B) Androg
roliferation through AR-mediated mechanisms. (C) Mixed: aromatase activity is yet pre
E1 and/or E2) being primarily responsible for regulation of liver cell growth. ARO, aromat
�-pathway; E2, estradiol; E1, estrone.
5�, 5�-reductase. DHT, dihydrotestosterone; 3�/3�diol, 3�/3�-androstanediol;
A, androsterone; Epi-A, epiandrosterone; Adione, 5�-androstanedione; T, testos-
terone; Ad, androstenedione; E2, estradiol; E1, estrone; Etio, etiocolanolone; 3�Etio,
etiocholan-3�-ol-17-one; 3�Etio, etiocholan-3�-ol-17-one.

biosynthesis of estrogens from either testosterone or androstene-
dione. The extent of individual pathways was markedly diverse
comparing malignant cell lines and different liver tissues. Over-
all, production of biologically relevant androgens, originating from
the 5�RED and/or the 3�HSD pathway, is largely dominant in nor-
mal and HCV-cirrhotic liver tissues as like as in malignant HA22T
cells. Conversely, aromatase-driven estrogen formation is consis-
tently prevalent in HCC tissues and HepG2 hepatoma cells. An

intermediate picture could be observed in both alcoholic cirrho-
sis and Huh7 liver cancer cells, with a more balanced proportion
of bioactive androgens and estrogens being formed. Based on this
combined evidence, three major metabolic states can be depicted
(see Fig. 4). In the estrogenic condition (Fig. 4A), aromatase activ-

el. (A) Estrogenic: aromatase is largely prevalent and the E1 produced may affect
enic: no aromatase activity can be detected, while bioactive androgens control cell

valent, as bioactive androgens are inactivated by the 5�-reductase, with estrogens
ase; AR; androgen receptor; ER, estrogen receptor; 5�, 5�RED/3�HSD pathway; 5�,
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ty is largely prevalent and gives rise to locally elevated estrogen
estrone) that may in turn regulate liver cell growth through ER-

ediated, either genomic or nongenomic effects. In the androgenic
ondition (Fig. 4B), while aromatase activity is either absent or
mpaired, the production of bioactive androgens is the predominant

etabolic pathway, with androgen derivatives controlling cell pro-
iferation through androgen receptor-mediated mechanisms. In the

ixed condition (Fig. 4C), aromatase-driven estrogen formation is
ower than in the estrogenic state but yet prevalent over biologically
elevant androgens as they are being inactivated by a more pro-
ounced 5�-reductase enzyme. In this latter condition, estrogens
estrone and/or estradiol) may primarily be responsible for regu-
ation of liver cell growth through either genomic or nongenomic
ignaling.

This hypothetical model, while is in accord with our previous
tudies indicating that aromatase is overexpressed in malignant
uman liver tissues and cells, it supports the assumption that local
strogen biosynthesis may be important in human HCC devel-
pment and/or progression. This may provide an experimental
asis for the exploitation of selective therapeutic strategies in HCC
sing aromatase inhibitors and ER antagonists or selective estro-
en receptor modulators (SERMs) in both estrogenic and mixed
onditions, and 5�-reductase inhibitors and antiandrogens in the
ndrogenic state. In this framework, aromatase expression/activity
ould be used as a surrogate marker to predict response of HCC
atients to endocrine treatment.
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