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estradiol by aromatase in endothelial cells:
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We previously reported that testosterone attenuated athero-
genesis in LDLR~/~ male mice, and that this effect of testoster-
one was most likely caused by its conversion to estradiol.
Estradiol inhibits vascular cell adhesion molecule-1 (VCAM-1)
expression, and expression of VCAM-1 is one of the early events
in atherogenesis. We assessed the cellular mechanism(s) in-
volved by which testosterone attenuates atherogenesis. We
evaluated whether testosterone inhibited TNFa-induced
VCAM-1 expression via its conversion to estradiol by the enzyme
aromatase in human umbilical vein endothelial cells (HUVEC).
Aromatase mRNA was dedected by reverse transcription-PCR in
these cells. Testosterone (30 nM-1 M) attenuated VCAM-1
mRNA expression in a concentration-dependent manner. The
non aromatizable androgen, dihydrotestosterone, had no effect
on VCAM-1 mRNA expression. Testosterone was less effective in
attenuating VCAM-1 expression in the presence of anastrozole,
an inhibitor of aromatase, indicating that testosterone inhibited
VCAM-1 via conversion to estradiol. Estradiol also attenuated
VCAM-1 mRNA expression, but this action was not abolished in
the presence of anastrozole, indicating that anastrozole itself
did not modulate VCAM-1 mRNA expression. The effect of
testosterone on VCAM-1 mRNA expression was inhibited in the
presence of the estrogen receptor antagonist, 1CI-182780. Tes-
tosterone also attenuated TNFa-induced VCAM-1 protein ex-
pression, and this attenuation was abolished in the presence of
anastrozole. In conclusion, testosterone inhibited VCAM-1
mRNA and protein expression in HUVEC by its conversion to
estradiol via the enzyme aromatase present in the endothelial
cells. Results from our study may help explain the mechanism by
which testosterone may have beneficial effects on the cardio-
vascular system.
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M en are twice as likely as women to die from coronary
artery disease, probably because men lack the protection
afforded by endogenous or exogenous estrogens (1, 2). Gen-
erally, it has been assumed that high levels of androgens in men
are detrimental to the cardiovascular system (3). Testosterone
administration has been associated with an increase in both
total cholesterol and low density lipoprotein (LDL) levels,
both of which correlated positively with coronary artery
disease (4). However, the effects of testosterone administra-
tion on atherogenesis are controversial. Testosterone admin-
istration has been reported to increase the extent of athero-
sclerosis in subhuman primates (5) and in rabbits (6). On the
other hand, its administration has also been reported to cause
a decrease in atherosclerosis in castrated male rabbits (7) and
in LDL-receptor knockout (LDLR™/7) mice (8). Similarly,
androgens seem to have an antiatherogenic effect in men (9),
and testosterone has been reported to be an effective antian-
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ginal agent (10). These differences may in part be because of
the type of androgens administered and the route of admin-
istration.

We had previously speculated (11) that testosterone may
attenuate early atherogenesis, at least in part by being con-
verted to estradiol by the enzyme aromatase which is expressed
in endothelial cells (12, 13). We subsequently demonstrated
this possibility in LDLR ™/~ male mice and further demon-
strated that this attenuating effect of testosterone on athero-
genesis was abolished in the presence of an inhibitor of
aromatase (8). The present work was undertaken to elucidate
the cellular mechanism by which testosterone attenuates
atherogenesis.

Materials and Methods

Materials. The culture medium M199, penicillin-G sodium,
streptomycin sulfate, amphotericin B, heparin, Hepes buffer,
and collagenase-type 1 from porcine skin were obtained from
Invitrogen. Gelatin, endothelial-derived growth factor, testos-
terone, 17B-estradiol, dihydrotestosterone, diethylpyrocar-
bonate, Salmon testes DNA, Denhardt’s solution (0.02%
polyvinylpyrrolidone /0.02% Ficoll/0.02% BSA), SDS, and
tumor necrosis factor-a (TNFa) were obtained from Sigma;
charcoal-dextran-treated FBS was obtained from HyClone;
FBS was obtained from Atlas (Fort Collins, CO), and ICI-
182780 was obtained from Tocris Cookson (Ballwin, MO).
Anastrozole was supplied as a gift from Zeneca Pharmaceu-
ticals (Cheshire, U.K.).

The primer used for reverse transcription (RT)-PCR for
aromatase was obtained from Custom Primers (GIBCO/BRL).
Monoclonal antibodies to human vascular cell adhesion mole-
cule-1 (VCAM-1) was obtained from American Qualex, San
Clemente, CA)

Cell Culture. Human umbilical vein endothelial cells (HUVEC)
were isolated from freshly collected umbilical cords (female
fetus), as described (14). The cells were cultured on 0.1%
gelatin-coated 75-mm flasks in M199 medium supplemented
with 20% FBS/5 pg/ml endothelial-derived growth factor,/100
pg/ml heparin/100 units of penicillin G sodium/100 pg/ml of
streptomycin sulfate/0.25 ug/ml of amphotercin-B/10 mM

Abbreviations: LDL, low density lipoprotein; TNFe, tumor necrosis factor-o; VCAM-1,
vascular cell adhesion molecule-1; HUVEC, human umbilical vein endothelial cells; RT,
reverse transcription; ER, estrogen receptor; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase.
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Hepes buffer, pH ~7.5. Before the experiments, cells were
shifted to phenol red-free M199 medium supplemented with 2%
charcoal-dextran-treated FBS and the antibiotics mentioned
above. Only second or third passage cells were used in all of the
current studies.

RT-PCR and Southern Blot Analysis for Aromatase. RNA extraction
and purification were done by using RNeasy mini kit as
described by the manufacturer’s protocol (Qiagen, Chats-
worth, CA). Total cellular RNA (3 ng) was used for RT-PCR
analysis of human aromatase with 50 units of Moloney murine
leukemia virus reverse transcriptase at 42°C for 25 min, as
described (8). The resulting cDNA samples were PCR-
amplified with the Gene Amp RNA PCR kit (Perkin-Elmer)
according to the manufacturer’s protocol. Oligonucleotide
primers were designed for PCR amplification of specific DNA
fragment contained in human aromatase P450 (15, 16) using
the following set of primers: Forward primer se-
quence 5'-GAA TAT TGG AAG GAT GCA CAG ACT-3/,
reverse primer sequence 5'-GGG TAA AGA TCA TTT
CCA GCA TGT-3'. The PCR product (aromatase 293 bp)
was size-fractionated on 1.5% agarose gel and trans-
ferred to nitrocellulose membranes. Membranes were hybrid-
ized with [a-3?P]dCTP-labeled human aromatase cDNA
probes (Research Genetics, Huntsville, AL; gene accession no.
H66129).

Northern Blot Analysis for VCAM-1 mRNA. Ten micrograms of total
RNA was loaded on a 1% agarose-formaldehyde gel, electro-
phoresed, and transferred to Hybond membrane (Amersham
Pharmacia) overnight by capillary action. The RNA was UV
crosslinked by using GS Gene Linker (Bio-Rad). VCAM-1
(Research Genetics) cDNA was labeled with [a-3?P]dCTP
(ICN) by using the random priming method. Membranes were
prehybridized at 42°C overnight followed by hybridization with
respective labeled probes for another 24 h at 42°C. The
membranes were washed twice at room temperature with 2X
sodium chloride and sodium citrate (SSC) buffer and 0.5%
SDS followed by washing at 65°C for 30 min twice with 0.5X
SSC and 0.1% SDS; the respective bands were quantitated by
using PhosphorImager (Molecular Dynamics). For visualiza-
tion, Kodak X-Omat AR films were exposed at —70°C for 12
to 24 h. The VCAM-1 band was normalized with the glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) band as an
internal control.

VCAM-1 Detection by ELISA. Endothelial cells were plated into
96-well plates and initially were incubated for 48 h at 37°C with
or without testosterone. This procedure was followed by
addition of either TNF-« (10 ng/ml) or vehicle for 4 h. The
wells then were rinsed with PBS, which then was followed by
fixation in 4% (wt/vol) paraformaldehyde for 20 min at room
temperature. After adding the fixative, the cells were thor-
oughly rinsed with PBS containing 0.1% BSA (0.1% APBS).
To block nonspecific binding, the cells were incubated in 3%
APBS for 1 h at room temperature. Cells then were incubated
overnight at 4°C with monoclonal antibodies to human
VCAM-1 (1 pg/ml in 1% APBS) (American Qualex, La
Mirada, CA). After the incubation with primary antibody, the
wells were rinsed and blocked thoroughly before they were
exposed to a horseradish peroxidase-conjugated secondary
antibody. After the incubation, the cells were rinsed with PBS
followed by double-distilled water. The peroxidase color re-
action was developed in the dark by using orthophenylenedia-
mine dihydrochloride (catalog no. P8787, Sigma). The plate
was then read on a Molecular Devices kinetic microtiter plate
reader with a Softmax 881 L-1 end-point program at an OD of
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Fig. 1. Southern blot analysis (B) of RT-PCR products of aromatase (A) in
human umbilical vein endothelial cells from three separate experiments
(lanes 2-4).
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490 nm. The antibody concentration and incubation times were
optimized to ensure testing in the linear range (17).

Data Analysis. Values are expressed as means + SE obtained from
at least three separate experiments in each group. Differences
between groups were assessed by one-way ANOVA and
Newman-Keuls multiple comparison test where appropriate. P
values <0.05 were considered as significant.

Results

Expression of Aromatase in HUVEC. Aromatase mRNA levels were
too low to be detected by Northern analysis in HUVEC.
However, aromatase mRNA was detected by RT-PCR and
confirmed by Southern blot analysis of RT-PCR products

(Fig. 1).

Effect of Various Concentrations of Testosterone and Dihydrotestos-
terone on TNFa-Stimulated VCAM-1 Expression. Second and third
passage HUVEC, which were used for all our studies, ex-
pressed both estrogen reeptor (ER)a and ERB mRNA (data
not shown). No basal VCAM-1 mRNA expression was de-
tected in the unstimulated cells or those treated with testos-
terone and dihydrotestosterone. Preliminary experiments in-
dicated that HUVEC when exposed to 10 ng/ml TNF« for 4 h
led to maximal VCAM-1 mRNA expression. This concentra-
tion and exposure time to TNFa was, therefore, used for all of
the experiments. The effects of preincubation of HUVEC with
different concentrations of testosterone (1 nM, 3 nM, 10 nM,
30 nM, 100 nM, 300 nM, and 1 uM) for 48 h on TNFa-induced
VCAM-1 mRNA expression are shown in Fig. 2. Testosterone
at concentrations ranging from 30 nM to 1 uM significantly
attenuated the TNFa-induced VCAM-1 expression in a con-
centration-dependent manner, whereas lower concentrations
did not have any significant effect when compared with that
observed with TNF« alone. The effects of preincubation of
HUVEC with different concentration of dihydrotestosterone
(3 nM, 10 nM, 30 nM, 100 nM, 300 nM, and 1 uM) for 48 h
on TNFa-induced VCAM-1 mRNA expression are shown in
Fig. 3. Dihydrotestosterone did not have any effect on
VCAM-1 mRNA expression at any of the concentrations
tested.

Effect of Aromatase Inhibitor on Testosterone-Induced Reduction of
VCAM-1 mRNA. To clucidate whether testosterone itself or its
conversion to estradiol was responsible for the attenuation of
TNFa-induced VCAM-1 expression, we assessed the effects of
testosterone (100 nM, 300 nM, and 1 uM) in the absence and
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Fig.2. Representative picture of a Northern blotanalysis showing the effects

of different concentrations of testosterone on TNFa-induced VCAM-1 and
GAPDH mRNA expression (A) and quantitation by Phosphorlmager (B). Quan-
titation is expressed as means = SEM of arbitrary densitometric units obtained
from three separate experiments. GAPDH was used as internal control. *,
Significant difference (P < 0.05) from TNF«-only treated cells.

presence of the aromatase inhibitor anastrozole (100 nM).
These concentrations of testosterone were selected as they
caused attenuation of VCAM-1 mRNA expression in a
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Fig.3. Representative picture of aNorthern blot analysis showing the effects

of different concentrations of dihydrotestosterone on TNFa-induced VCAM-1
and GAPDH mRNA expression (A) and quantitation by Phosphorimager (B).
Quantitation is expressed as means = SEM of arbitrary densitometric units
obtained from three separate experiments. GAPDH was used as an internal
control. No significant difference (P < 0.05) from TNFa-only treated cells was
found.
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Fig. 4. Representative picture of a Northern blot analysis demonstrat-
ing the effects of different concentrations of testosterone (100 nM, 300
nM, and 1 puM) on TNFa-induced (10 ng/ml) VCAM-1 and GAPDH
MRNA expression in the presence and absence of an aromatase inhibi-
tor, anastrozole (100 nM) (A) and quantitation by Phosphorimager (B).
Anastrozole was added to the culture medium containing HUVEC 60 min
before the addition of testosterone. Quantitation is expressed as means =+
SEM of arbitrary densitometric units obtained from three separate exper-
iments. GAPDH was used as an internal control. *, Significant difference
(P < 0.05) from values in preceding lane obtained in the absence of
anastrozole.

concentration-dependent manner (Fig. 2). The concentration
of anastrozole selected was based on studies by other investi-
gators who demonstrated significant aromatase inhibition in
vitro at this concentration (18). Anastrozole was added 60 min
before the addition of testosterone. Testosterone at concen-
trations of 300 nM and 1 uM was less effective in attenuating
VCAM-1 mRNA expression in the presence of anastrozole
when compared with values obtained in the absence of
anastrozole (Fig. 4).

Effect of the Aromatase Inhibitor Anastrozole on Estradiol-Induced
Reduction of VCAM-1 mRNA. To confirm further that the effect of
anastrozole in antagonizing testosterone-induced reduction in
VCAM-1 mRNA expression was specific for this aromatizable
androgen, we assessed the effect of estradiol, the byproduct of
aromatization of testosterone, on TNFa-induced VCAM-1
expression in the absence and presence of anastrozole (100
nM) added 60 min before the addition of estradiol. HUVEC
incubated with estradiol (20 nM) for 48 h significantly atten-
uated TNFa-induced VCAM-1 expression, and this attenua-
tion was similar to that observed in the presence of anastrozole
(Fig. 5).

Effect of Testosterone on VCAM-1 Protein Expression in the Presence
and Absence of the Aromatase Inhibitor. Next, we assessed the
effects of testosterone on VCAM-1 protein expression in the
absence and presence of anastrozole (100 nM) added 60 mins
before the addition of testosterone. We observed some basal
VCAM-1 protein expression in unstimulated cells. Exposure
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Fig. 5. Representative picture of Northern blot analysis showing the effects
of 20 nM estradiol on TNFa-induced (10 ng/ml) VCAM-1 and GAPDH mRNA
expression in the absence and presence of an aromatase inhibitor (anastro-
zole, 100 nM) (A) and quantitation by Phosphorimager (B). Quantitation is
expressed as means + SEM of arbitrary densitometric units obtained from
three separate experiments. GAPDH was used as internal control. *, Signifi-
cant difference (P < 0.05) from TNFa-only treated cells. Anastrozole was
added to the culture medium containing HUVEC 60 min before the addition
of estradiol.

of these cells to TNFa (10 ng/ml) for 4 h significantly
increased VCAM-1 protein expression. Testosterone at a
concentration of 1 uM significantly attenuated TNFa-induced
VCAM-1 protein expression. In the presence of anastrozole,
this attenuating effect was not observed, similar to that seen
with VCAM-1 mRNA expression (Fig. 6).

Effect of the ER Antagonist ICI-182780 on Testosterone-Induced At-
tenuation of VCAM-1 mRNA Expression. Further, we wanted to
confirm whether the attenuating effect of testosterone on
TNFa-induced VCAM-1 mRNA expression was mediated by
conversion of testosterone to estradiol, which in turn acted
through the ER. Therefore, we assessed this effect of testos-
terone on VCAM-1 mRNA expression in the absence and
presence of the ER antagonist ICI-182780 (300 nM and 1 uM)
which was added 60 min before the addition of testosterone.
The effect of testosterone (1 wM) in attenuating TNFa-
induced VCAM-1 mRNA expression was significantly atten-
uated in the presence of ICI-182780 (Fig. 7). ICI-182780 did
not affect either basal or TNFa-induced VCAM-1 mRNA
expression (data not shown).

Discussion

The primary objective of this study was to elucidate the cellular
mechanism(s) by which testosterone attenuates atherogenesis.

4058 | www.pnas.org/cgi/doi/10.1073/pnas.052703199
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Fig. 6. Effect of 1 uM testosterone in the absence and presence of an
aromatase inhibitor, anastrozole, on TNFa-stimulated (10 ng/ml) VCAM-1
protein expression as analyzed by ELISA. Values represent absorbance (OD) at
490 nM. Quantitation is expressed as means = SEM, obtained from three
separate experiments. +, Significant difference (P < 0.05) from TNFa-only
treated cells. *, Significant difference (P < 0.05) from the value in the preced-
ing lane obtained in the absence of anastrozole (100 nM). Anastrozole was
added to the culture medium containing HUVEC 60 min before the addition
of testosterone.

Previously, we had demonstrated that the action of testoster-
one in attenuating atherogenesis in LDLR ™/~ male mice was
not observed when the animals were treated simultaneously
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Fig.7. Representative picture of a Northern blot analysis showing the effect
of 1 uM testosterone on TNFa-induced (10 ng/ml) VCAM-1 and GAPDH mRNA
expression in the absence and presence of two different concentrations (300
nM and 1 uM) of an ER antagonist (ICI-182780). The ER antagonist was added
to the culture medium containing HUVEC 60 min before the addition of
testosterone.
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with an aromatase inhibitor, and, on this basis, we speculated
that testosterone most likely attenuated atherogenesis by being
converted to estradiol (8). Also, we had demonstrated previ-
ously that estradiol in vivo attenuates atherogenesis by inhib-
iting the adhesion of monocytes to endothelial cells, which is
one of the early steps in the initiation of atherogenesis; this
action of estradiol was associated with decreased expression of
VCAM-1 (11).

Therefore, we decided to assess the effects of testosterone on
VCAM-1 mRNA and protein expression in the presence and
absence of an aromatase inhibitor. Testosterone is converted to
estradiol by the enzyme aromatase and to dihydrotestosterone by
the enzyme Sa reductase. Our results and those of others
indicate that both aromatase (8, 12, 13) and 5« reductase (19)
are present in HUVEC. We elected, therefore, to compare the
effects of testosterone on VCAM-1 expression with that of
dihydrotestosterone, which is a nonaromatizable androgen, to
delineate further whether the effect of testosterone on VCAM-1
was caused by its conversion to estradiol or by an action mediated
through the androgen receptor.

Our observation that testosterone caused a concentration-
dependent decrease in the expression of TNFa-stimulated
VCAM-1 mRNA is similar to that produced by estradiol (11,
14, 20). However, this effect was not observed with dihydrotes-
tosterone, which indicated that the action of testosterone was
most likely due to its conversion to estradiol by aromatase in
the endothelial cells. Other investigators (21) have reported
that dihydrotestosterone amplified the adhesion of monocytes
to endothelial cells stimulated by IL-18 or TNF« in vitro, and
that this was associated with increased expression of VCAM-1
protein when compared with cells treated with either IL-IB or
TNFa alone. The lack of amplification of TNFa-stimulated
VCAM-1 mRNA expression by dihydrotestosterone in our
study may be due to maximal stimulation of VCAM-1 mRNA
expression by the concentration of TNFa used in our study, as
well as to slight differences in our experimental protocol.
Pretreatment of the endothelial cells with the aromatase
inhibitor anastrozole abolished the effect of testosterone in
attenuating the TNFa-stimulated VCAM-1 mRNA and pro-
tein expression, indicating that this action of testosterone must
be caused by its conversion to estradiol. Estradiol also de-
creased TNFa-induced VCAM-1 mRNA expression, which
was unaffected in the presence of the aromatase inhibitor. This
finding indicated that the aromatase inhibitor did not have any
intrinsic activity of its own in modulating VCAM-1 mRNA
expression. This action of testosterone in reducing VCAM-1
mRNA expression was abolished in the presence of the ER
antagonist ICI-182780, which further confirmed that testos-
terone was converted to estradiol, which then acted to atten-
uate VCAM-1 mRNA and protein expression by an action
mediated via the ER.

In this study, we did not assess the mechanism(s) by which
estradiol attenuated VCAM-1 expression, although various
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mechanisms may be involved (20). Our observations taken
together with those of others may help explain some of the
contradictory reports with regard to the role of testosterone
in atherogenesis. It seems that the extent of aromatiza-
tion of testosterone or other androgens may determine
whether testosterone is antiatherogenic by being converted to
estradiol or proatherogenic by being converted to dihydro-
testosterone. Our findings would explain, therefore, why
low-dose transdermal testosterone therapy to men with
chronic stable angina prolonged the time to myocardial isch-
emia (10), and why testosterone has vasodilatory effects on the
coronary circulation (22, 23). Furthermore, local conver-
sion of circulating testosterone to estradiol by the aromatase
in endothelial cells would help explain why the vasodilatory
effects on the coronary circulation after testosterone admin-
istration were not reflected in an increase in circulating
concentration of estrogens (10). On the other hand, abuse
of extremely high doses of anabolic steroids has been linked
to cardiac death, leading many to believe that the physiolog-
ically high levels of androgens in men have a deleterious
effect on the male cardiovascular system (3). Thus, excessive
doses of aromatizable androgens like testosterone also may be
diverted to the Sa reductase pathway, leading to the formation
of dihydrotestosterone. This result would have adverse effects
on atherogenesis, as has been suggested by other investiga-
tors (5, 6, 21). In addition, many nonaromatizable synthetic
androgens may have only deleterious effects on the cardio-
vascular system rather than the beneficial effects seen with
testosterone.

Testosterone administration has been shown to improve
libido in postmenopausal women (24), a population that is
more prone to clinically significant atherosclerosis. It would be
interesting to assess whether testosterone administration ei-
ther alone or in conjunction with low doses of estrogens is able
to decrease cardiovascular mortality and morbidity in post-
menopausal women. Postmenopausal women with intact ova-
ries continue to produce aromatizable androgens (25) for
several years, unlike women after surgical menopause. It
would, therefore, be interesting to assess in postmenopausal
women who have never been on hormone replacement therapy
whether the rate of progression of atherogenesis and the
associated vascular dysfunction is greater in women who have
undergone menopause after surgical removal of the ovaries
compared to women who have undergone natural menopause
and have their ovaries intact.
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