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Estradiol (E2) is produced locally in adipose tissue and could play an important role in fat distribution
and accumulation, especially in women. It is well recognized that aromatase is expressed in adipose
tissue; however the identity of its estrogenic 17�-hydroxysteroid dehydrogenase (17�-HSD) partner is
not identified. To gain a better knowledge about the enzyme responsible for the conversion of estrone
into estradiol, we determined the activity and expression levels of known estrogenic 17�-HSDs, namely
strogen
dipogenesis
teroidogenesis
ifferentiation

types 1, 7 and 12 17�-HSD in preadipocytes before and after differentiation into mature adipocytes using
an adipogenic media. Estrogenic 17�-HSD activity was assessed using [14C]-labelled estrone, while mRNA
expression levels of types 1, 7 and 12 17�-HSD were quantified using real-time PCR and protein expression
levels of type 12 17�-HSD was determined using immunoblot analysis. The data indicate that there is a
low conversion of E1 into E2 in preadipocytes; however this activity is increased ∼5-fold (p < 0.0001) in
differentiated adipocytes. The increased estrogenic 17�-HSD activity is consistent with the increase in

of 17
protein expression levels

. Introduction

There is increasing evidence showing that adipose tissue is a site
f steroid metabolism [1], including the interconversion of estrone
E1) and estradiol (E2) [2]. The presence of both estrogen receptors
ER� and ER�) in preadipocytes and mature adipocytes strongly
uggests a role for active estrogen in these cells [3–8]. Accordingly,
n postmenopausal women, in whom the production of E2 from
varian source is absent, there is an increasing accumulation of
dipose depot in the abdomen [9], similar to the situation found
n men, while E2 treatment in postmenopausal women can reduce
bdominal adiposity [10]. This E2-mediated reduction of adipose
issue mass is in agreement with data from studies using ER� [11,12]
nd aromatase [13] knock-out mice models, which have shown that

hese animals develop larger adipose tissue depots when compared
ith controls.

The role of E2 in the control of obesity and in fat distri-
ution is however complex. On one hand, it has been shown
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that E2 plays a major role in the regulation of food intake and
energy expenditure [14]; on the other hand, E2 clearly exerts
important effects on the adipocyte metabolism itself. Indeed, it
has previously been shown that there is a relationship between
the lack of ovarian hormones in postmenopausal women and an
increase in the omental/subcutaneous lipoprotein lipase activity
ratio [15]. Other evidence supports that E2 down-regulates lipopro-
tein lipase expression and/or activity in adipocytes, and doing this,
may influence the adipose tissue distribution [16–18]. In addi-
tion, E2 has been reported to affect preadipocyte proliferation
[19].

The two specific steps in the biosynthesis of E2 are the aromati-
sation of 4-androstenedione into E1 followed by the transformation
of E1 into E2 by estrogenic 17�-HSD enzymes. This last step indi-
cates that estrogenic 17�-HSD enzymes are essential partners of
aromatase in E2 biosynthesis. It is often described in the literature
that E2 is produced by aromatisation of testosterone, suggesting
that the step of 17-ketosteroid reduction of C19-steroid precedes
the step of aromatisation. The recent cloning of separate 17�-HSD

enzymes, specific for androgen (types 3 [20] and 5 [21,22] 17�-
HSD) or estrogen (types 1 [23], 7 [24,25] and 12 [26,27] 17�-HSD),
their tissue-specific distribution and the fact that the affinity of
enzyme aromatase for 4-androstenedione (Km = 12 nM) is higher
than for testosterone (Km = 41 nM) strongly suggest that the step of

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:van.luu-the@crchul.ulaval.ca
dx.doi.org/10.1016/j.jsbmb.2009.01.002
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romatisation precedes the step of 17-keto reduction of C18-steroid
28].

Since aromatase is already well recognized to be present in adi-
ose tissue [29,30], in this report, we assess the role of estrogenic
7�-HSD enzymes in the local formation of E2 in subcutaneous and
mental fat depots obtained from women undergoing abdominal
ysterectomies, using preadipocytes and differentiated adipocytes

n culture. The estrogenic 17�-HSD activity as well as expres-
ion levels of types 1, 7 and 12 17�-HSD were determined in
readipocytes and differentiated adipocytes coming from both fat
epots.

. Materials and methods

.1. Subjects

Women of this study were recruited through the elective
urgery schedule of the Gynecology Unit of the Laval University
edical Center (Table 1). The study included 26 women aged

3.4–49.5 years undergoing abdominal gynaecological surgery; not
ll women were pre-menopausal. Women of the study elected
or a total (n = 26) or subtotal (n = 1) abdominal hysterectomies,
ome with salpingo-oophorectomy of one (n = 3) or two (n = 2)
varies. Reasons for surgery included one or more of the fol-
owing: menorrhagia/menometrorrhagia (n = 12), myoma/fibroids
n = 17), incapacitating dysmenorrhea (n = 5), pelvic pain (n = 1),
ndometriosis (n = 7), ovarian cyst (n = 3), uterine bleeding (n = 2),
elvic adhesion (n = 1). Medication included non-steroidal anti-

nflammatory drugs (n = 5), antidepressants (n = 3), anti-fibrinolytic
n = 3) and asthma (n = 3), aspirin (n = 3), anti-hypertensive therapy
n = 2), hormone therapy (n = 1), lipid lowering (n = 1), anti-seizure
n = 1), anti-oedema (n = 1) and proton pump inhibitor (n = 1). This
tudy was approved by the medical ethics committees of Laval
niversity and Laval University Medical Center. All subjects pro-
ided written informed consent before their inclusion in the
tudy.

.2. Adipose tissue sampling

Paired subcutaneous and omental adipose tissue samples were
ollected during the surgical procedure and immediately carried
o the laboratory in 0.9% saline preheated at 37 ◦C. A portion of the
iopsy was used for preadipocyte isolation and the remaining tissue
as frozen at −80 ◦C for subsequent analyses.

.3. Preadipocyte isolation and primary cultures

Samples of whole subcutaneous and omental fat tissue were
sed for the isolation of preadipocytes, according to a modified ver-
ion of the Rodbell method (1964). Adipose tissue biopsies were

ashed in PBS, then chopped and digested with collagenase type
in Krebs–Ringer–Henseleit buffer for 45 min at 37 ◦C. Adipocyte
uspensions were filtered through nylon mesh and washed thrice
ith KRH buffer. For cell size measurements, mature adipocyte sus-
ensions were visualized using a contrast microscope attached to

able 1
haracteristics of women of the study (n = 27).

ariable Mean ± S.D. Range

ge (years) 43.7 ± 3.9 33.4–49.5
eight (kg) 62.0 ± 13.1 42.4–104.1

MI (kg/m2) 23.6 ± 4.4 17.6–36.0
aist circumference (cm) 86.7 ± 12.2 69–118

ubcutaneous adipocyte diameter (�m) 99.4 ± 16 76.9–128.1
mental adipocyte diameter (�m) 79.8 ± 15.4 58.6–113.2
y & Molecular Biology 114 (2009) 129–134

a camera and a computer interface. Pictures of the cell suspensions
were taken and the Scion Image software was used to measure the
size (diameter) of 250 adipocytes for each tissue sample.

Preadipocytes were isolated using a modification of a method
previously described [31]. Briefly, the residual KRH buffer of the
adipocyte isolation was centrifuged and the pellet was washed in
Dulbecco’s modified Eagle’s medium (DMEM)-F12 without phe-
nol red, supplemented with 10% charcoal-stripped fetal bovine
serum, 0.25 �g/ml amphotericin B and 50 �g/ml gentamicin. These
cells were treated with erythrocyte lysis buffer (154 mM NH4Cl,
10 mM KH2PO4, and 0.1 mM EDTA pH 7.5). DMEM-F12 was added
and preadipocytes were subsequently filtered through 140 and
30 �m nylon mesh to remove endothelial cells, placed in culture
plates and cultured at 37 ◦C under a 5% CO2 atmosphere. Subcu-
taneous preadipocytes were maintained in DMEM-F12 containing
10% fetal calf serum, while omental preadipocytes were cultured in
serum-free DMEM-F12, supplemented with insulin, panthotenate,
transferrin, T3, hydrocortisone, fibroblast growth factor and biotin,
in order to eliminate any residual endothelial cells. Medium was
changed every 2–3 days.

Since our study is aimed at comparing 17�-HSD reductase activ-
ity and expression levels of 17�-HSD12 in primary cell cultures
before and after in vitro differentiation, no additional cell line was
tested for these parameters.

2.4. Differentiation of preadipocytes

To avoid the effect of the status and treatment of women
involved in the study, we use in vitro differentiation of
preadipocytes into mature adipocytes using adipogenic media.
Briefly, preadipocytes were plated near confluence in 12-well cul-
ture plates and then subjected to differentiation stimuli 24–48 h
later. To achieve this, cells were exposed to a commercially avail-
able adipogenic media containing glucocorticoids, insulin and
3-isobutyl-1-methylxanthine (IBMX) (Zen Bio, Inc., Research Tri-
angle Park, NC), for 16–20 days. For each differentiated well, one
control well was maintained in basal media, throughout this period.
These cell preparations were used for enzymatic assays, RNA extrac-
tion and immunoblot analysis. Pictures of differentiated adipocytes
and preadipocytes were taken with an inverted and phase-contrast
microscope (Diaphot, Nikon, Canada) in order to evaluate differen-
tiation level. Typical morphology of undifferentiated preadipocytes
and differentiated adipocytes is illustrated in Fig. 1.

2.5. Determination of enzymatic activity

Estrogenic 17�-HSD activity was determined in preadipocytes
and differentiated adipocytes primary cultures, as previously
described [25]. To have a better comparison between the two
types of cells, preadipocytes were equally split in 2 wells; one well
was submitted to differentiation while the other well was kept
undifferentiated in basal media. To avoid proliferation, cells were
plated at near confluence. At the end of the differentiation pro-
cess, 50 nM of [14C]-labelled-E1 was added to both undifferentiated
and differentiated cells and was incubated for 48 h at 37 ◦C in a
final volume of 2 ml, to determine the estrogenic 17�-HSD activ-
ity.

After incubation, steroids were extracted from culture media
using ether and the organic solvent was evaporated under air
stream. Steroids were dissolved in 50 �l dichloromethane and
applied to Silica Gel 60 thin layer chromatography (TLC) plates

(Merck). Commercial [14C]-E1 and E2 were used as standards.
The separation of steroid metabolites was performed using a
toluene–acetone (4:1) migration solvent system. Radioactivity was
detected and quantified using a Storm 860 PhosphorImager System
(Molecular Dynamics Inc., Sunnyvale, CA).
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ig. 1. Photographs of cultured preadipocytes and differentiated adipocytes. Prea
btained from exposition of preadipocytes to an adipogenic media for 16–20 days; b
n differentiated adipocytes. Those cultures were used for enzymatic activity determ

.6. mRNA quantitation using real-time PCR

Total RNA was isolated using RNeasy Lipid tissue kit (Qia-
en, Missisauga, Ontario), from preadipocytes and differentiated
dipocytes cultures. Assessment of the quality of extracted total
NA was performed using the Bioanalyzer apparatus (Agilent
echnologies, Santa Clara, CA). First strand cDNA synthesis was
ccomplished using 1–5 �g total RNA in a reaction containing 200
nits of Superscript III RNase H-reverse transcriptase (Invitrogen,
urlington, Ontario), 300 ng oligo(dT)18, 500 �M dNTPs, 10 mM
ithiothreitol, and 34 units porcine RNase inhibitor (Amersham
harmacia Biotech Inc.) in a final volume of 50 �l incubated at 50 ◦C
or 2 h. The resulting products were then treated with 1 �g RNase

for 30 min at 37 ◦C and purified with Qiaquick PCR purification
its (Qiagen, Missisauga, Ontario). A LightCycler PCR (Hoffman-La
oche Inc., Nutley, NJ) was used to measure quantitative expres-
ion using sets of primers shown in Table 2. The FastStart DNA
aster SYBR green kit (Roche Diagnostics) was used in a final

eaction volume of 20 �l containing 4 mM MgCl2, 20 ng of each
rimer and 20 ng of the cDNA template. The PCR was carried
ut according to the following conditions: 95 ◦C/10 min, 40 cycles
95 ◦C/10 s, 62 ◦C/5 s, 72 ◦C/11 s, 81 ◦C/3 s), and temperature tran-
ition was 3 ◦C/s for all reactions. PCR results were normalized
ccording to ATP5o expression levels. A specific standard curve
as generated for each gene, with perfect efficiency (i.e. efficiency

oefficient E = 2.00), using cDNA amounts of 0, 102, 103, 104, 105,
nd 106 copies. The crossing points (Cp) to calculate the amount of
opies in initial cDNA specimens were determined with the double-
erivative method [32]. For each sample, the Cp value of the gene
uantified was divided by that of the housekeeping gene. To further
inimize inter-assay variability, this Cp ratio was then multiplied

y the average Cp generated for housekeeping gene amplifications
f all the samples examined in the present experiment.
.7. Immunoblot analysis

Protein expression levels of type 12 17�-HSD in preadipocytes
nd differentiated adipocytes were determined by immunoblot

able 2
pecific primers used for real-time PCR analysis.

ene Primers

SD17b1 5′-TTCTTTGTCCCCTGGGTCTGTGT and
5′-ATGGGGGTCTCACTGTGTTGCT

SD17b7 5′-TCCACCAAAAGCCTGAATCTCTC and
5′-GGGCTCACTATGTTTCTCAGGC

SD17b12 5′-GGCTGGTCTTGAAATCGGCAT and
5′-TGCCACTGCCAGATGAAATGTT

TP5o 5′-ATTGAAGGTCGCTATGCCACAG and
5′-AACGACTCCTTGGGTATTGCTTAA
ytes (B) were cultured in basal media, while differentiated adipocytes (A) were
ltures are from the same patient and depot. Clear lipid droplets have been observed
on, mRNA quantitation and immunoblot analysis. Bar indicates 200 �m.

analysis, as previously described [33], using an antibody raised
against purified type 12 17�-HSD [34], and antiserum raised against
type 1 17�-HSD [35]. An antibody raised against the transferrin
receptor was used as a loading control (Zymed, San Francisco, USA).
Briefly, cells were disrupted by sonication and electrophorized
on 12% SDS–polyacrilamide gel. Separated peptides were trans-
ferred to a nitrocellulose filter using Bio-Rad power supply for 1 h
at 100 V. Blots were treated using 5% fat-free milk in phosphate
saline buffer (PBS) containing 0.2% NP-40 (Sigma–Aldrich Canada,
Oakville, Ontario) for 1 h. Primary antibodies were added at a dilu-
tion of 1:500 and the blots were further incubated at 4◦ for 18 h.
After incubation, immunoblots were washed thoroughly in PBS-
NP-40 buffer, secondary antibodies conjugated with horseradish
peroxidase (Amhersham Biosciences, Pistacaway, NJ) were added
at a dilution 1:10000 and incubated for 1 h at room tempera-
ture. Blots were washed again in PBS-NP-40 buffer and revealed
using enhanced chemiluminescent kit (PerkinElmer Life Science,
Waltham, MA).

2.8. Statistical analysis

Data are expressed as mean ± SEM. The analysis was performed
using the JMP statistical software (SAS Institute, Cary, NC, USA).
Paired t-test procedure was used to compare enzymatic activi-
ties and mRNA abundance in undifferentiated and differentiated
adipocytes.

3. Results

3.1. Estrogenic 17ˇ-HSD activity in preadipocytes and
differentiated adipocytes

To determine whether there is a difference in the ability
to produce active estrogens in preadipocytes and differentiated
adipocytes, and whether this ability is related to subcutaneous or
omental depot, we prepared primary preadipocytes and differen-
tiated adipocytes from 12 subcutaneous and 9 omental adipose
tissue biopsies and determined their estrogenic 17�-HSD activity
converting E1 into E2, as described in Section 2. As illustrated in
Fig. 2, preadipocytes from both subcutaneous and omental depots
showed a low E1 conversion rate. Upon differentiation, adipocytes
were found to exhibit a much higher (∼5-fold) 17�-HSD activity
converting E1 into E2, in cells from both depots (p < 0.0001).
3.2. Determination of types 1, 7 and 12 17ˇ-HSD mRNA
expression levels using real-time PCR

To identify the enzyme that is responsible for the estrogenic
17�-HSD activity described above, we performed the quantifica-
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Fig. 2. Determination of estrogenic 17�-HSD activity in preadipocytes and differen-
tiated adipocytes. Graphs showing the conversion of E1 into E2 in paired cultures of
preadipocytes and differentiated adipocytes, obtained from subcutaneous (sc) and
omental (om) adipose tissues biopsies. Experimental procedures were as described
in Section 2. * indicates p < 0.0001 for differentiated adipocytes vs. preadipocytes.

Fig. 3. Quantification of mRNA expression levels of estrogenic 17�-HSD enzymes.
mRNA expression levels of type 1 17�-HSD (17�-HSD1), type 7 17�-HSD (17�-HSD7)
and type 12 17�-HSD (17�-HSD12) in paired cultures of preadipocytes and dif-
ferentiated adipocytes from subcutaneous (sc) and omental (om) fat depots were
quantified using real-time PCR as described in Section 2. Expression levels of 17�-
H
e
t

t
e
a
r
t
1
d
t
w
t

been identified as a duplicate gene of type 3 17�-HSD, the enzyme

F
(
i

SD enzymes are expressed as relative values using the housekeeping gene ATP5o
xpression levels as control. * indicates p < 0.05 and ** indicates p < 0.01 for differen-
iated adipocytes vs. preadipocytes.

ion of the mRNA expression levels of types 1, 7 and 12 17�-HSD
nzymes, using real-time PCR, in 11 and 6 paired undifferentiated
nd differentiated adipocytes of subcutaneous and omental depots,
espectively. As shown in Fig. 3, the mRNA expression levels of
ype 12 17�-HSD are much higher than those of types 1 and 7
7�-HSDs. Type 12 17�-HSD expression levels are also increased in

ifferentiated adipocytes as compared to preadipocytes. In contrast,
he mRNA expression levels of type 1 17�-HSD remain unchanged
hile those of type 7 17�-HSD appear to be decreased throughout

he differentiation process.

ig. 4. Determination of type 12 17�-HSD protein level using immunoblot analysis. Weste
P), using a rabbit antibody raised against human type 12 17�-HSD; transferrin receptor an
n Section 2.
y & Molecular Biology 114 (2009) 129–134

3.3. Determination of type 12 17ˇ-HSD protein level using
immunoblot analysis

The increase in type 12 17�-HSD mRNA expression levels (∼1.5-
fold) found in differentiated adipocytes vs preadipocytes appears
of lower amplitude than that of the estrogenic 17�-HSD activity
(∼5-fold) (Fig. 2). To determine whether this could be due to the
difference of transcription and translation of 17�-HSD12, we per-
formed immunoblot analysis using rabbit antibody raised against
type 12 17�-HSD. As illustrated in Fig. 4, type 12 17�-HSD pro-
tein levels in differentiated adipocytes are much higher than those
in preadipocytes. In contrast with the mRNA results, the data of
type 12 17�-HSD protein levels appear to be in good agreement
with the estrogenic 17�-HSD activity. In addition, immunoblot
analysis using antibody raised against type 1 17�-HSD [35] did
not permit to detect type 1 17�-HSD in these cells (data not
shown).

4. Discussion

In the present study, we show that estrogenic 17�-HSD activ-
ity is increased following the differentiation of preadipocytes into
adipocytes. This increased activity corresponds with an increase in
protein (Fig. 4) expression of type 12 17�-HSD, and a high mRNA
expression levels of type 12 17�-HSD as compared to the very
low mRNA expression levels of two others estrogenic 17�-HSD
enzymes, namely types 1 and 7 17�-HSD (Fig. 3). The results suggest
that type 12 17�-HSD is probably involved in the local conversion
of E1 into E2 in differentiated adipocytes. Indeed, type 12 17�-HSD
catalyzes selectively the transformation of E1 into E2 in humans
[27] and in primates [36] while it catalyses the transformation of
both androgens and estrogens in the mouse [37] and in C. elegans
[38].

In addition of its estrogenic 17�-HSD activity, it has been sug-
gested that type 12 17�-HSD is involved in the elongation of fatty
acids [26]. Whether the main physiological activity of type 12 17�-
HSD is to perform estradiol biosynthesis or fatty acid elongation, or
both, is still in investigation. Some recent data obtained in breast
cancer cell lines are arguing against an estradiol-producing role for
enzyme 17�-HSD12, mainly because they have found that type 1
17�-HSD is responsible for this activity in those cells [39]. Never-
theless, accumulated data obtained from our group suggest that
type 12 17�-HSD might be an important 17�-HSD involved for
intracrine estradiol biosynthesis. Indeed, since type 12 17�-HSD has
responsible for male pseudohermaphrodism in boys having a defi-
ciency of testicular 17�-HSD activity, the former is most likely also
involved in steroidogenesis [27,40]. In agreement with their role
in the formation of active sex steroids in human, type 3 17�-HSD

rn blots of 4 paired differentiated adipocytes (A) and undifferentiated preadipocytes
tibody was used as a loading control. The experimental procedure was as described
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s highly expressed in the testis, while type 12 17�-HSD is ubiqui-
ously expressed, with higher expression levels in the mammary
land than types 1 and 7 17�-HSD [27]. The ability of type 12 17�-
SD to convert E1 into E2 is also observed in the mouse [37] and in
. elegans [38]. It is noteworthy that although let-767, the C. elegans
rtholog of type 12 17�-HSD, is able to catalyze the transformation
f E1 into E2, this organism does not possess estrogen receptors
41,42], thus suggesting that estrogen is not an active steroid in this
rganism. However, we [38] and others [43] have shown that let-
67 is necessary for the transformation of cholesterol derivative
nto active compound crucial for C. elegans development. On the
ther hand, recent data have clearly shown that let-767 is required
or the production of branched chain and long chain fatty acids
44]. Altogether, these data support that let-767 and most prob-
bly type 12 17�-HSD are multi-substrate enzymes able to catalyze
he elongation of fatty acid [26] as well as the transformation of
ex steroids and cholesterol [27,36,45]; the main activity of these
nzymes in a typical cell type and tissue will depend on substrate
vailability.

Human and animal preadipocytes and adipocytes express both
R� and �, suggesting that local production of E2 could be involved
n the modulation of ER� and � activity. It has been reported that
2 stimulates the proliferation of preadipocytes, as in mouse 3T3-
1 cell line [46] and in rat and human primary preadipocytes [47].
n contrast, the effects of E2 on adipocyte differentiation remain
omehow controversial. Studies in rats have suggested that E2 stim-
lates the differentiation of preadipocytes into adipocytes [47].
owever, Lea-Currie et al. have shown that E2 can inhibit the dif-

erentiation rate in mouse 3T3-L1 preadipocytes [46]. In addition
f preadipocytes, similar results have been obtained with other
tem-like cell lines: estradiol treatment of mouse preosteoblastic
S483 cells has been shown to enhance their differentiation into
steoblasts while it inhibits their differentiation into adipocytes
48], while mouse stromal osteoblast ST2 cell line treated with
2 have also revealed an inhibition of adipogenesis [49]. Simi-
arly, using human bone marrow stromal cells, Heim et al. have
hown that treatment with E2 inhibits adipogenic gene expression
n differentiating cells; indeed, E2 appeared to downregulate sev-
ral genes that display different expression profiles, PPAR�2 and
/EBP� being highly expressed early in the differentiation process
day 3) while LPL and adipsin being maximally expressed at the
nd of the differentiation (day 21) [50]. In this context, our find-
ng that type 12 17�-HSD is maximally expressed at the end of
he differentiation in human adipocytes could represent a mecha-
ism that allows a time-dependent and cell type-specific regulation
f estrogen production. This way, estradiol generation and its
nhibitory effects regarding adipogenesis could be avoided during
he differentiation process, while in adipocytes a high estradiol
roduction would become possible, in order to regulate expres-
ion levels of important genes such as LPL and adipsin [50], as well
s other crucial genes such as the �3-adrenergic receptor, which
as already been shown to be stimulated by estradiol in adipocytes
51].

As mentioned above, the estrogenic 17�-HSD activity is
ncreased ∼5-fold in differentiated adipocytes. This increase of type
2 17�-HSD activity appears to correspond with the increase of type
2 17�-HSD protein expression levels Fig. 4. However, we cannot
ule out the existence of an additional enzyme that could contribute
o the conversion of E1 into E2 in differentiated adipocytes.
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