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Interactions of androgens, green tea catechins and the
antiandrogen flutamide with the external glucose-binding site of the
human erythrocyte glucose transporter GLUT1
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1 This study investigates the effects of androgens, the antiandrogen flutamide and green tea
catechins on glucose transport inhibition in human erythrocytes. These effects may relate to the
antidiabetogenic effects of green tea.

2 Testosterone, 4-androstene-3,17-dione, dehydroepiandrosterone (DHEA) and DHEA-3-acetate
inhibit glucose exit from human erythrocytes with half-maximal inhibitions (K;) of 39.2+8.9,
29.6+3.7, 48.1+10.2 and 4.8+0.98 uM, respectively. The antiandrogen flutamide competitively
relieves these inhibitions and of phloretin. Dehydrotestosterone has no effect on glucose transport,
indicating the differences between androgen interaction with GLUT1 and human androgen receptor
(hAR).

3 Green tea catechins also inhibit glucose exit from erythrocytes. Epicatechin 3-gallate (ECG) has a
Kigcg of 0.14+0.01 uM, and epigallocatechin 3-gallate (EGCG) has a Kiggeg of 0.97+0.13 uM.
Flutamide reverses these effects.

4 Androgen-screening tests show that the green tea catechins do not act genomically. The high
affinities of ECG and EGCG for GLUT1 indicate that this might be their physiological site of action.
5 There are sequence homologies between GLUT1 and the ligand-binding domain (LBD) of hAR
containing the amino-acid triads Arg 126, Thr 30 and Asn 288, and Arg 126, Thr 30 and Asn 29, with
similar 3D topology to the polar groups binding 3-keto and 17-f OH steroid groups in hAR LBD.
These triads are appropriately sited for competitive inhibition of glucose import at the external
opening of the hydrophilic pore traversing GLUTI.
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Introduction

Androgens are known to inhibit glucose transport in human
erythrocytes (Lacko et al., 1975; Krupka & Devés, 1980; May
& Danzo, 1988). Androgens, for example, testosterone, also
produce a number of clinical effects that are consistent with
the inhibition of glucose transport in peripheral tissues
(Woodard et al., 1981). Dehydroepiandrosterone (DHEA) is
an androgen secreted in relatively large amounts by the
adrenal, and is used as a nutritional supplement. DHEA and
other androgens, for example, DHEA, epiandrosterone and
DHEA 3 —sulphate, are known to be uncompetitive anta-
gonists of glucose 6-phosphate dehydrogenase (G6PD) (Gor-
don et al., 1995). DHEA inhibits growth and induces apoptosis
in BV-2 cells in the absence of glucose, but these effects are
reversed by the addition of glucose (5—20 mM) to the growth
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medium (Yang et al., 2000). These inhibitions are independent
of DHEA inhibition of G6PD (Biaglow et al., 2000; Yang
et al., 2002). It is unclear as to whether DHEA exerts a
significant inhibition of glucose transport in vivo.

Low insulin sensitivity is commonly found in congenital
adrenal hyperplasia, and in polycystic ovarian disease.
Both conditions lead to testosterone hypersecretion, and are
often accompanied by hypersecretion of insulin, hyperlipidae-
mia and hirsuitism (Speiser et al., 1992; Livingstone and
Collison, 2002). These clinical signs improve after treatment
with the antiandrogen flutamide (Ibanez er al., 2000).
Flutamide is a nonsteroidal antiandrogen, known to antag-
onise testosterone binding to the androgen receptor (Benten
et al., 1999; McDonald et al., 2000; Poujol et al., 2000). It is
used mainly in the treatment of androgen-sensitive prostatic
adenomas, some of which regress after treatment (Alberts &
Blute, 2001).



488 R.J. Naftalin et a/

Androgen and antiandrogen effects on glucose transport

Although the main actions of androgens are thought to be
via a specific nuclear receptor that acts on DNA, nongenomic
actions of androgens are also recognised. Membrane-bound
androgen receptors have been reported in the brain, macro-
phages and aorta (Benten ez al., 1999; Perusquia & Villalon,
1999; Zhu et al., 1999; Matias et al., 2000). They are thought to
activate Ca>*-dependent cell signalling pathways (Perusquia &
Villalon, 1999). Some of these nongenomic effects are also
sensitive to flutamide (Zhu et al., 1999), others not (Benten
et al., 1999; Perusquia & Villalon, 1999).

We decided to investigate if the antiandrogen flutamide
antagonises androgen-sensitive inhibition of glucose transport
in erythrocytes. We have also explored the structure—affinity
relationships of a number of androgens on glucose transport.
Although the physiological concentrations of circulating
androgens are lower than those used here, much higher local
concentrations ~100 x can occur in the ovary and testis
(Jarow et al., 2001; Burger, 2002). The reported nongenomic
effects of androgens on Ca>* channels occur in the 10—100 uM
range of androgens (Benten ef al., 1999; Perusquia & Villalon,
1999).

Several reports indicate that the green tea polyphenols,
albeit at very high concentrations, for example, epicatechin
gallate, reduce the intestinal absorption of sugars via the Na™-
dependent glucose transporter, reduce glycosuria in diabetics
(Ki epicatechin gatiate = 0.38 mM)  (Kobayashi er al., 2000), and
reduce the activation of enzymes causing gluconeogenesis
(Waltner-Law et al., 2002). Green tea polyphenols have also
been reported to reduce prostatic enlargement in benign
prostatitis, and in testosterone-dependent metastatic prostatic
tumours in a mouse model (Gupta ez al., 2001). Here we show
that the whole green tea extract and the major catechin gallates
present in green tea inhibit glucose transport in erythrocytes in
vitro at the same site as androgens, at concentrations
equivalent to those found in tea drinkers’ plasma.

Additionally, as the effects of androgens on glucose
transport show high specificity, the possibility that there are
sequence homologies between GLUTI1 and the androgen
receptor has also been explored similarly to the way in which
we investigated oestrogen—GLUT] interactions (Afzal er al.,
2002). Here we show that there are good matches in the
outside-facing regions of GLUT!1 with the ligand-binding
domain (LBD) of the androgen receptor. These may provide a
structural basis for the observed interactions between andro-
gens and the glucose transporter. These findings suggest that
many of the membrane-associated nongenomic effects of
androgens may occur at mimetic sites to the androgen receptor
ligand-binding domain (hAR LBD), rather than to the
receptor itself.

Methods
Solutions

The erythrocyte suspension medium was phosphate-buffered
saline (PBS) adjusted to pH 7.4. D-glucose, phloretin,
flutamide, cyproterone acetate, testosterone, dihydrotestoster-
one, Sc-androstan-17f-ol-3-one, Sw-androstan-3f8, 17f-diol,
epiandrosterone (Sx-androstan-3f-ol-17-one), androsterone
(5a-androstan-3o-o0l-17-one) (androstenedione 4-androstene-
3, [17-dione), etiocholano-3a-0l-17-one, dehydroepiandro-

sterone-3-acetate (DHEA acetate) and dehydroepiandro-
sterone-3-sulphate (DHEA sulphate), and all the pure cate-
chins were obtained from Sigma Chemicals Ltd, Poole, Dorset.
DHEA and 3p, 17f-dihydroxyandrostenediol were purchased
from Steraloids, Inc. (Newport, Rhode Island 02840, U.S.A.).
Green tea extract contains, in percent gg ' extract, 51.94%
epigallocatechin gallate, 19.45% epicatechin gallate, 4.99%
epicatechin, 4.62% epigallocatechin, 85.4% total catechins,
and 99.2% tea polyphenols, with less than 0.1% caffeine. The
extracts were analysed at 30°C by HPLC, mobile phase,
water : methanol : phosphoric acid=27:78:0.1, using a UV
absorption detector at 280nm. The extracts were
obtained as a gift from Mr Tang Ping Yuan, China Herb
Company, 210-504, 4th District, Fuxiang Nan, Yuyao,
Zhejiang, 315400, China, http://www.china-tea.com, E-mail:
Chinaherb@hotmail.com. A recent report shows that the
K; of caffeine-dependent inhibition of 3-O-methyl-glucose
uptake into normal human red cells is 1.5mM (Ho et al.,
2001). This means that the very low xanthine content of the
green tea extracts used in this study can be excluded as pos-
sible inhibitors of glucose transport; hence, the only inhibitors
of glucose transport in green tea extract are catechins. The
low caffeine content of the tea extract permits us to exclude
this as a possible source of inhibition.

Cells

Fresh human erythrocytes were obtained by venepuncture, and
then washed three times in isotonic PBS by repeated
centrifugation and resuspension. The cells were then sus-
pended in PBS solutions with 100 mM D-glucose added, final
haematocrit 10%, and incubated for at least 2h at 37°C. The
cells were then recentrifuged in 100 mM D-glucose saline to
obtain a thick cell suspension ca. 95% haematocrit. This cell
suspension was kept at 4°C until required. Cells were always
used within 72h of collection. Aliquots of prewarmed cells
(7.5 ul) were added to a 1cm? fluorescence cuvette containing
3ml of saline solution, which had been prewarmed to 24°C.
The cell suspensions were mixed vigorously, and photometric
monitoring was started within 5s of mixing.

Photometric monitoring: glucose exit

The exit rates of D-glucose from cells were monitored
photometrically using a Hitachi 2000-F fluorescence spectro-
meter with a temperature-controlled and monitored cuvette;
E..=E.,=650nm. The output was recorded and stored with
a MacLab 2e (AD Instruments). Data were collected at a rate
of 0.33—5pointss~!, depending on the time course of exit; each
run consisted of 200-2000 data points. The photometric
response was found to be approximately linear for osmotic
perturbations +50mM NaCl. In the absence of glucose, an
osmotic change results in a step change in output, which
remains stationary for at least 30 min, indicating that there is
no secondary cause of volume change other than sugar
movement.

The time courses of D-glucose exit were fitted to mono-
exponential curves of the form y,=A{1—Bexp(Ct)}, using
Kaleidagraph 3.6 (Synergy Software), where the voltage y, was
recorded at elapsed time (¢s); the coefficient 4 is a scaling
factor that fits the curves to the voltage signal y,, and B and C
are the monoexponential coefficients. These fits gave
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correlation coefficients »>0.98, and standard errors of the
means of the rate coefficients. Where the net glucose rate was
measured in solutions containing glucose at concentrations
>0mM, the rate coefficient C was multiplied by the factor
D = (100—[glucose].,, mM)/100 to account for the decreased
extent of the net decrease in intracellular glucose rate; that is,
v, = A{1—Bexp(DCt)}. Strictly, coefficient 4 is redundant, but
it permits the curve-fitting programme to operate within a
narrow range of B and C coefficients, and thus to fit the curves
without altering the initial coefficient estimates.

In all cases, the cells were exposed to test substances only
during the period of glucose exit. Pre-equilibration for 1 h with
varying concentrations of testosterone makes no difference to
the inhibition of glucose exit. The external androgen concen-
tration is the determinant of the inhibition constant.

Statistics

All the statistical probabilities were estimated from two-tailed
Student’s #-values for unpaired means. The n values were
estimated from the number of degrees of freedom, and all data
points were obtained from the means of 3—5 sets of data.

The K; values for direct inhibitors of glucose exit were
obtained by nonlinear regression of the change in the
exponential exit rate of glucose exit, C, against the inhibitor
concentration [/], using the equation y=V,.K/(K;i+[I]),
where K; is the inhibitor concentration giving 50% decrease
of the rate of exit obtained in the absence of inhibitor. The
regression coefficient is expressed as the mean+s.e.m. Each
K ;100 Was obtained from the means of glucose exit rates against
at least 3—4 inhibitor concentrations, that is, typically 16—20
glucose exit rates were determined per estimate of each K.
Each K; estimate was repeated 3—4 times.

Monitoring the affinity of glucose at the external site
(infinite cis K,,,) and the maximal rate of glucose exit
(zero-trans V,,)

With nominally zero glucose concentration in the external
solution, exit is defined as the zero-frans net exit condition,
and monitors the maximal rate of glucose net exit V..

To measure the affinity of glucose for the external side of the
transporter, the rates of glucose exit were obtained with
varying concentrations of glucose in the external solution. The
glucose concentration in the external solution that was
required to reduce the rate of net glucose exit by 50% is the
infinite cis K. This mode of exit where the inside concen-
tration is fixed (infinite cis), but the rate of exit varied, was first
introduced by Sen & Widdas (1962). The K, is obtained by
least-squares fit of the equation v=K,,V,,/(K, + G.), where
V. is the maximal rate of glucose exit in the uninhibited state,
K., 1s the concentration of glucose in the external solution G,
required to reduce the exit rate to 50% of the uninhibited rate
and v=CD (see above). Androgens were also tested to
determine whether they alter the affinity of glucose for the
external site, for example, (Kii.). The K ic gtucosestesty 1S Obtained
by observing the increase in the apparent K, of glucose
binding to the external site as a function of testosterone
concentration. This was obtained by plotting the apparent
Ko i glucose) versus [testosterone]. The K e gucose/test) 1S Obtained
from the intercept/slope+s.e.m. of the linear regression line.

The K; values for indirect inhibition, for example, the effect
of flutamide on testosterone, were obtained by linear regres-
sion of the apparent K; values against the inhibitor concen-
tration [[].

As K,p=Ki(1 +[]/K), K, is the concentration of
modulator, for example, flutamide, required to raise Kj, of
the primary inhibitor (e.g. testosterone (test)) two-fold. This
was obtained from (intercept/slope)+s.e.m. of the linear
regression line of K., versus [1].

Screening for androgen and antiandrogenic activity

Androgenic and antiandrogenic activities were investigated
using an androgen-inducible yeast screen (Saccharomyces
cerevisiae) expressing the human androgen receptor, and
containing expression plasmids carrying androgen-responsive
sequences controlling the reporter gene lac-Z. This yeast screen
was originally developed in the Genetics Department of Glaxo
Wellcome plc (Stevenage, Herts, U.K.), and was a gift from
Professor J. Sumpter, Brunel University, U.K. Androgenic
activity was determined from the metabolism of chlorophenol
red-D-galactopyranoside, by monitoring the absorbance at
540 nm, using 5-a-dihydrotestosterone (DHT) as a standard.
Antiandrogenic activity was determined by the ability of test
compounds to block the stimulation of 1.25x 10™°M DHT
(Sohoni & Sumpter, 1998). A standard antiandrogen response
was obtained by observing the decrease in a half-maximal
response to DHT with flutamide. At concentrations above
0.1 mM, catechins were cytotoxic to the yeast expression
system; and so no further action of these agents could be
demonstrated above these concentrations.

Searching for sequence homologies between the LBD of
the androgen receptor and GLUT1

Homologies were sought between sequences close to the LBD
of the human androgen receptor (hAR-LBD) primary
accession number P/0275, and in GLUT1 using the Swissprot
database GLUT-1 (SLC2A1) human primary accession
number P11166 as follows:

The program FASTA (Pearson & Lipman, 1988) was used
to identify and evaluate the partial matches between GLUT1
and sequences in the hAR LBD that were adjacent to the
ligand-binding cleft (Weatherman et al., 1999; Matias et al.,
2000; Poujol et al., 2000; Singh et al., 2000; Sack et al., 2001;
Marhefka et al., 2001). The searches were restricted to regions
matching the outside-facing regions of GLUT]I, as predicted
by the hydropathy plots (Mueckler er al., 1985). This
constraint was observed as the kinetic interactions between
phloretin, testosterone, androstenedione and flutamide show
that these ligands bind exclusively to the glucose import site on
the outside of GLUTI. The matches were applied to the 3-D
template structure of GLUT-1 (Zuniga et al., 2001). The
atomic coordinates and structure factors (code 1JAS5) are in the
Protein Data Bank, Research Collaboratory for Structural
Bioinformatics, Rutgers University, New Brunswick, NI,
U.S.A. (http://www.rcsb.org/), and can be viewed with
Swiss-Pdb viewer, http://www.expasy.ch/spdbv.
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Results
Effects of androgens on glucose transport

Several androgens inhibit zero-frans net glucose exit (see
Methods) (Table 1), as determined by the decreased rates of
100mM glucose exit from human erythrocytes at 21°C with
increasing concentrations of androgens. The K; for testo-
sterone is 39.2 +8.9 uM, androstenedione 29.6+3.7 uM, andro-
sterone 44.0+22uM and DHEA acetate 4.8+0.98 uM.
Flutamide also has a weak inhibitor effect on glucose exit
flux, K;=73.4+11.7uM (Table 1). Although low concentra-
tions of flutamide in the range 0—5 uM have negligible effects
on glucose exit, these lower concentrations competitively
antagonise the inhibitor effects of androstenedione, andro-
sterone, testosterone and DHEA acetate on glucose exit
(Table 1). This is evident from the increases in the apparent
K’s of these androgens in the presence of increasing
concentrations of flutamide, and the increased rates of glucose
exit seen in the presence of both flutamide and androgens
compared with the rates seen with androgen alone (Figure 1a,
b). For example, with flutamide=0uM, the K;estosterone) 1S
39.24+89uM; with flutamide=0.25uM, the K;(estosterone)
is 52.1+11.3 uM; with flutamide = 0.5 uM, the K qestosterone) 1S
121.0+29.6 uM and with flutamide =1 uM, the K (estosterone) =
141.3 +£34.5 uM. Similarly, the Kjndrostenedioney iRCreases from
29.6+3.7uM in the absence of flutamide to 119.6+27.7 uM,
with 0.5 uM flutamide present. The Ki’s of flutamide against
testosterone Kj est/ry =0.35+0.17 uM and against androste-
nedione K und/Fiuy =0.1440.05 uM are similar (n.s.) (Table 1).

Infinite cis exit

Glucose exit experiments were carried out where the glucose
concentration in the external solution [G.] was varied
according to the technique first employed by Sen & Widdas
(1962). The concentration of glucose in this external solution
that reduces the rate of glucose exit to half the uninhibited rate
measures the affinity of glucose for the external surface
‘Sen—Widdas K,,’; see Methods (K icexic=1.2+0.3 mM).

Androgens reduce the affinity of glucose, as is apparent
from the androgen-dependent increases in the K, of glucose at
the external surface. This is consistent with the inhibitor acting
on glucose exit at the external surface of the transporter, for
example, testosterone (Kiicest=42.84+0.8uM). This K; is
indistinguishable from the Ki,cro-mransiest fOr inhibition of V,
of net glucose exit at an initial intracellular [glucose] = 100 mM.
This competitive inhibitor effect of testosterone on the infinite-
cis K., is also relieved by flutamide (Kiic (esypue = 1.1£0.2 uM)
(Table 1). Competitive inhibition of glucose binding to the
external side of the glucose transport system by testosterone is
corroborative evidence that it binds externally.

Comparison of the effects of flutamide on phloretin-,
genistein- and oestradiol-induced inhibitions of glucose
exit

Additional evidence that flutamide acts at the external site of
the glucose transporter is provided by the experiment showing
that it antagonises phloretin action (Table 1). The apparent K;
of phloretin inhibition of zero-trans glucose exit is shifted from
0.48 +£0.07 uM with zero flutamide to 1.10+0.18 uM with 2 uM

flutamide present (P<0.001). The KipniorctinFuy 1S
1.75£0.22um (Table 1). Although this K;pnioretin/Fruy 1S
5—10 x higher than the Kjesrny for flutamide-dependent
reversal of testosterone, or androstenedione inhibition of
zero-trans net glucose exit, it is similar to the K; of flutamide
antagonism of testosterone action on infinite-cis glucose exit
(see Table 1). This demonstrates that the drug acts at the
external face of the transporter, possibly at a site adjacent to
the phloretin-binding site (LeFevre & Marshall, 1959) (see
below). Further evidence for this view is provided by the
finding that low concentrations of phloretin competitively
inhibit testosterone action on glucose exit (Table 1).
Phloretin, like flutamide, increases the K; of testosterone
inhibition of  zero-trans glucose exit  (Kjiesyphioretin =
76.3+10.9 nM) although, unlike flutamide, it also reduces the
rate of glucose exit (Figure 2) (Basketter & Widdas,
1978). These findings, together with those described above,
indicate that phloretin and testosterone bind to contiguous
sites.

Effects of flutamide on oestradiol and genistein-induced
inhibition of glucose exit

Flutamide is without effect on either oestradiol, or genistein-
induced inhibition of glucose exit (data not shown). These
compounds have been shown to act at the inside face of the
glucose transporter (Afzal er al., 2002). This signifies that
flutamide’s inhibitor actions on glucose transport are specific
to steroids acting on the outside face of the glucose transporter
(see below).

Effects of green tea catechins and flutamide on glucose
transport in erythrocytes

Application of a mixed green tea extract to the erythrocyte
suspension inhibits zero-trans exit and reduces the affinity of
glucose K (e greenteay (Figure 3; Table 2). These effects of green
tea extract are reversed by flutamide (Ki(green tca/Fluy =
0.65+0.2uM). The K; of green tea is obtained on the basis
that the average molecular weight of green tea catechins is
~ 500 Da.

The effects of several pure green tea catechins were tested on
zero-trans glucose exit. The Ki’s of these substances on glucose
exit are shown in Table 2. The catechin with the highest
affinity is  epicatechin = 3-gallate (ECG) Kigco) =
0.1440.01 uM; the major constituent of green tea, epigallo-
catechin 3-gallate (EGCG), has a K gGcc)=0.97+0.13 um.
Both the inhibitions of ECG and EGCG are competitively
reversed by flutamide (Table 2). These effects are identical to
those with the whole green tea extract, and indicate that the
major constituents of green tea have the most potent effects on
glucose transport. Like testosterone, EGCG competitively
inhibits glucose binding on the external face of the carrier, as is
evident from its effect on the Kirccs) =0.9010.03 uM
(Table 2). Ungallated catechins, epicatechin and epigallo-
catechin have only weak effects on glucose transport.

Another flavonoid, quercetin, strongly inhibits glucose exit
(Table 2), but flutamide is without any antagonist effect on this
inhibition.
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Table 1 Structure and affinities of androgens to the human erythrocyte glucose transporter

Inhibitor K, (zero trans exit)

Testosterone
(4-androsten-178-0l-3-one)
K;39.2 £ 8.9 uM (zero-trans)
K;42.8 £ 0.8 uM (infinite cis)

Sa- Dihydrotestosterone
No effect

Androstenedione
(4-androstenedione-3,17-dione)
K;29.6 £3.7um

S-androstenediol
(Sa-androsten-3B-178- diol)
K; 50+ 14.0 pum

Androsterone
(Sa-androstan-3a-ol -17-one)
K;440+22 um

Epianderosterone
(5a.-androstan -3B -0l -17-one)
K;33.0£5.0um

Etiocholanalone
(5B-androstan 3a-ol -17-one)

K125+ 15 um

Dehydroepiandrosterone
(Sa-androsten-3p-0l-17f -one)
K; 48.1+10.25uM

Dehydroepiandrosterone 3-acetate
(3 B-acetoxy-5-androsten-17-one - 3-acetate)
K;48+098 um

Dehydroepiandrosterone-sulphate
Sa-androsten-3f-0l-17-one sulphate)
K;189.1+£273 um

Phloretin
K;0.48 £0.07uM

Flutamide
K;734+11.7 um

B %

%%

)

I
O

8

NaO,

8

—0

OH

o)
&
&
3

0=0
4

Q

pak

Antagonist

Flutamide
Phloretin
Flutamide
(infinite cis)
Flutamide

Flutamide

Flutamide

Flutamide

Flutamide

Flutamide

Flutamide

Flutamide

Flutamide

Flutamide

Antagonist K,

0.35+0.1um
21+ 5nm
1.1+ 0.2um

ND

0.14 £0.05uMm

0.11£0.03um

0.12 £0.05uM

0.11 £0.04um

0.16 +0.003 um

0.11 £0.05um

1.75+£022 um
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Figure 1 (a) Effect of flutamide on testosterone-induced inhibition

of glucose exit from erythrocytes. Inhibitions of glucose exit by
testosterone from human erythrocytes loaded with 100 mM glucose
into glucose-free isotonic PBS at 21°C and the effects of flutamide
on this inhibition. The rates are estimated by monoexponential
fitting, as described in Methods. The lines drawn through the points
estimate the K; as follows: y =V, K;/(I+ K;), where y is the rate of
glucose exit (s7'), V,, is the maximal rate of glucose exit with zero
inhibitor present and K; is the concentration of inhibitor that inhibits
the rate by 50%. The best-fit lines shown in the figure obtained using
the fitting procedures in Kaleidagraph 3.5 (Synergy Systems). The
lines show the effects of varying concentrations of testosterone in the
absence and presence of flutamide at different concentrations. The
Ki (testosterone) INCTEASES as the concentration of flutamide is increased;
with flutamide =0 uM, the K (esiosterone) 18 39.2+8.9—-52.1+11.3 um;
with  flutamide =0.25uM, the  Kj(esosterone)  IDCreases  to
5214113 uM;  with  flutamide=0.5uM the K (estosterone) 1S
121.0+29.6 uM; and with flutamide=1puM, the K;eswosterone) 1S
141.34+34.5 uM. Each data point collected is the average of 3—5
separate fluxes and was repeated at least 4 times i.e. 12—16 fluxes per
point. The data shown are from the averaged fluxes of all
experiments collected. (b) Comparison of the effects of flutamide
on androstenedione and testosterone induced inhibition of glucose
exit from erythrocytes. The replots of the Ki’s of androstenedione
and testosterone with increasing concentrations of flutamide
obtained in (b) (androstenedione exit data are not shown) are fitted
to a linear regression line and the K; of flutamide (i.e. the
concentration of flutamide that increases the K; of androstenedione
and testosterone 2 x ) is estimated from the intercept/slope.
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Figure 2 Effects of varying concentrations of phloretin on the
apparent K; (testosterone) OT) glucosg C?(IF. (a) The Ki(.esms.emne) increases
as the concentration of phloretin is increased: with 0 uM phloretin,
the apparent Kigeoserone i 334 1.6uM; with 100nM phloretin,
Ki(lesloslerone) 18 857i]2,uM5 with 250 nM phloretlna Kl(.leslos!erone) 1S
132+25uM; and with 500 uM phloretin, K esiosteroney 15 288 +52.
Each point is the average of 3—5 separate fluxes and each point at
each concentration is the average of three experiments.
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Figure 3 Effects of varying concentrations of green tea extract
(estimated average mol wt = 500) on zero-trans glucose exit at 21°C
in the presence or absence of Flutamide (1.0 uM). The K; of green tea
extract on zero-trans net glucose exit from human red cells loaded
with 100mM is obtained as described in Methods. K;(green tca) 1S
1.31+0.11 uM and with flutamide (1uM) present, Kjgreen tea) 1S
3.4940.76 uM. Each point is the average of 3—5 separate fluxes, and
each point at each concentration is the average of four experiments.
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Table 2 Effect of catechins and flutamide on glucose transport

K; zero trans) K; linf cis] K; (uvx)
Green tea whole extract 1.31+£011 um 1.04 +£0.58 um 0.65+0.2 um
Epigallocatechin 3-gallate 0.97+0.13 uM 0.90+0.03 uM 1.0+£0.1 um
OH
-OH
OH
Epicatechin 174 £ 24 um
OH
OH - -
O J
oH
OH
Epicatechin 3-gallate 0.14+0.01 um 1.1£0.1 um
OH
OH
HO O 0 O OH -
0—C H
OH 3 :<<
OH
Epigallocatechin 111+ 7um
OH
OH
s K - -
OH
OH
Quercetin 1.04+0.36 um
ND

Lack of androgenic and antiandrogenic effects of green
tea catechins

Screening for androgenic and antiandrogenic effects of green
tea catechins shows that in comparison with a standard
androgen, dihydrotestosterone (DHT) and a standard anti-
androgen, flutamide, the green tea catechins are virtually

inactive (Figure 4). The yeast screen responses to DHT and
flutamide are similar to those obtained by Sohoni & Sumpter
(1998). DHT induces a positive dose-responsive increase in
galactosidase expression in the yeast, whereas the antiandro-
gen flutamide inhibits the dose response generated by the ICs
of DHT = 15nM. It should be noted that all the antiandrogen
responses were carried out using a background of 15nM DHT,
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Figure 4 Demonstration of the absence of any antiandrogen effect
of green tea catechins. The androgen-screening test shows that DHT
activates and flutamide inhibits chlorophenol red-D-galactopyrano-
side metabolism. All the results are normalised to the maximal
response obtained with DHT. No significant androgenic or
antiandrogenic effects were obtained with any of the catechins or
flavones. A number of other compounds were tested, among which
were epicatechin, epigallocatechin, quercetin and cyproterone. This
experiment was repeated three times. Each point is the average of
three estimates. The results of a single experiment are demonstrated.
The other experiments gave similar results.

so that an inhibition can be observed. In all cases where
antiandrogen activity is being observed, there is a background
androgenic response of the assay. None of the catechins, or the
flavone quercetin (not shown), which is also a strong inhibitor
of glucose transport (K;=1.04+0.04 uM) (Table 2), have any
androgenic or antiandrogenic activity, as determined by the
yeast assay. Although the assay cannot be used at catechin
concentrations >0.1 mM, it shows that there is no significant
androgenic or antiandrogenic activity in the concentration
range 0.1—5 uM, where there is significant inhibition of glucose
transport.

Cyproterone, a nonsteroidal antiandrogen (Singh et al.,
2000), was found to have a weak androgenic effect with the
screening test (data not shown). It has no significant effect on
testosterone inhibition of glucose transport in red cells.

Sequence homologies between GLUTI and AR

Searches for homologies between the ligand-binding sequences
of hAR (Weatherman et al., 1999; Matias et al., 2000; Poujol
et al., 2000; Sack et al., 2001) and the equivalent sequences in
GLUTI1 were made using a similar strategy to that previously
described for oestradiol interactions with GLUT1 (Afzal et al.,
2002). Good matches were obtained between the GLUTI
sequences in transmembrane helical regions TMs 1, 5, 6, 7 and
8, and in the extracellular linker segments joining TMs 3, 4, 9
and 10 (Figure 5).

The essential H-bonding linkages between the steroid and
the LBD in hAR are at Arg 752, which H-bonds to the A ring

3-oxy group, Asn 705 and Thr 877 residues which H-bond to
the D ring 17-OH of dihydrotestosterone (Sack et al., 2001).
These three H-bonding amino acids anchor the two polar ends
of the steroid ligand in the ligand-binding cleft. The separations
in hAR were measured using Swiss-Pdb Viewer (Table 3). Asn
29 and Thr 30 in TM1, Ser 285 and Asn 288 in TM7 and Asn
317 and Thr 318 in TMS fall within a sphere of radius 18A
centred on the guanidinium group of GLUT1 Arg 126. These
could all make suitable second anchoring points for the
antipodal D-ring 17-f OH group of testosterone, the OH
residues of the gallate group of EGCG, or the phenolic OH
groups of phloretin (Tables 2, 3).

The importance of Arg 126 and Thr 30 in the function of
GLUTI1 is indicated by the fact that these groups are
conserved in all species currently in the Swissprot database,
namely in GLUTI1 from mouse, rat, cattle, sheep, pig, rabbit
chicken and human. A mutation in human GLUTI, where
Arg 126 is substituted for Leu, R126L, generates GLUT-1
deficiency syndrome (Wang et al., 2000). Children with
this mutation have maximal transport rates of 3-O-methyl-
glucose entry into erythrocytes that are only 15-20% of the
wild type.

Discussion

Evidence that androgens and flutamide bind to the
external surface of GLUTI

Previous studies (Krupka & Deves, 1980; May & Danzo, 1988)
on androgen interaction with the erythrocyte transport system
concluded that testosterone and androstenedione bind to an
internal glucose export site. The basis for these conclusions is
that testosterone and androstenedione are better inhibitors of
the low-affinity sugar D-xylose exit, than of the higher affinity
D-glucose exit. In contrast, the action of a sugar transport
inhibitor binding exclusively to the external site, for example,
phloretin, would be equally effective against both exiting
sugars, independent of their affinity for the transporter
(LeFevre & Marshall, 1959; Basketter & Widdas 1978; Krupka
& Devés, 1980).

May & Danzo (1988) showed that incorporation of labelled
androstenedione into the glucose transporter protein was
inhibited by cytochalasin B. This finding was taken to
corroborate the view that androgens bind at the inside of
GLUT]I.

The opposite view can be deduced from the results here and
previously found (Lacko et al., 1975). Testosterone reduces the
V. of net glucose exit and the affinity of glucose at the external
site, consistent with competitive inhibition at the outside site
(Table 1). An inhibitor binding to the inside site would alter
the V7, of exit without affecting glucose affinity at the external
solution (Basketter & Widdas, 1978; Krupka & Deves, 1980).
Secondly, flutamide does not alter the affinity of oestradiol or
genistein (Table 1), which bind to the inside glucose export site
(King et al., 1991; Vera et al., 2001; Afzal et al., 2002).
However, flutamide competitively inhibits testosterone, andro-
stenedione, DHEA 3-acetate, DHEA and phloretin-dependent
inhibition of glucose exit. Additionally, phloretin competi-
tively reduces the affinity of testosterone inhibition of
glucose transport (Figure 2). Since glucose in the external
solution and phloretin bind at an outside-facing site
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Figure 5 Schematic representation showing the predicted transmembrane domains of GLUT1 with homologous sequences colour
coded to those of the hAR ligand-binding domain. For correspondences between eight colour-coded sequences and positions in the
3D structure of hAR LBD and the putative model of GLUT1 (Mueckler et al., 1985), see (b—d). The colours in the GLUT1
sequence are coded to show the equivalent positions in the LBD of hAR. (b—d) 3-D structures of the ligand-binding domain of the
hAR with dihydrotestosterone in the binding cleft. (b) The homologous sequences to GLUT 1 in the ligand-binding domain are
shown as colour-coded chains surrounding the ligand-binding cleft of hAR. Colours correspond to sequences shown in (a). The view
shows these homologous sequences in the LBD of hAT with H-bonds linked to 3-oxy from Arg 752 and Thr 807, and Asn 705 to the
17-OH groups. The distances between these three anchoring amino acids, as estimated by Swiss Prot Viewers, are also shown; see
Table 3. (c) The colour-coded homologous sequences in GLUT1 to hAR are shown in close view of the outside surface of GLUTI,
as modelled by Zuniga et al. (2001). (d) A distance view of homologous sequences in GLUT1, showing their position relative to the

outside of the transporter.

(LeFevre & Marshall, 1959), we conclude that androgens
and flutamide also bind to an external site and not to an
internal site.

The findings of May & Danzo (1988) may be explicable in
terms of allosteric protection of the external sites by
cytochalasin B rather than androstenedione binding to an
internal site (Hamill et al., 1999; Cloherty et al., 2001).
Testosterone was found to have less definitive effect in
competition for D-xylose and D-glucose exit than cytochalasin
B, which competitively inhibited the low-affinity xylose exit
more than glucose at the inside (Krupka & Devés, 1980).

Comparison of androgen binding to the erythrocyte and
androgen receptors

The mammalian androgen receptor has a higher affinity for
DHT than testosterone (Wilson & French, 1976). Androgen
binding to human erythrocytes does not conform to the
specificity of the hAR. However, two other types of AR have
been described in fish (Sperry & Thomas, 1999) and recently
isolated (Cavaco et al., 2001). Fish AR1 has a higher affinity
for testosterone than DHT, whereas fish AR2 has a similar
specificity to mammalian AR. It should be noted that kelpbass
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Table 3 Xy* of the deviations from the distances between H-bonding anchoring amino acids in AR-LBD and their
equivalents in the putative androgen-binding domains in GLUTI1

Arg Distance Arg[thr or ser (A) Thr/ser Distance Arg|Asn (A) Asn Distance Thr/Asn (A) y?
126 16 30 11.5 288 4.8 0.03
126 16 30 11.5 29 5.3 0.06
126 16.4 285 15 288 8.3 0.74
126 16.4 285 17.5 317 8.3 0.82
126 22.7 318 15 288 12.4 3.4

126 22.7 318 17.5 317 12.8 3.9

AR2 also has a high affinity for xenobiotics, such as the
hydroxylated polychlorodiphenols, which have similar chemi-
cal structures to catechins (Sperry & Thomas, 1999). Other
similarities between the human erythrocyte ‘AR’ (herAR) and
fish ARI are the higher affinity of 3-keto-4-ene androgens, for
example, androstenedione, androsterone, than either DHT or
other 3-keto-androstans (Table 1).

Comparison of the affinities of the steroids herAR tested
indicate the following:

(a) Delocalised electrons at the 3-keto group, resulting from
a 4,5-ene in the A ring, for example, testosterone, or
an acetoxy group at the 3f position, for example,
DHEA-3 acetate, increase steroid affinity by > 10-fold in
comparison with a lone 3-keto group of DHT (P<0.001)
(Table 1).

(b) Substitution of strong electronegative 3-O-sulphate in
place of a 3-O-acetate decreases the affinity of DHEA-3-
sulphate by more than 30-fold over the high-affinity ligand
DHEA-3 acetate (P<0.001).

(c) Saturation of the 4,5 position (e.g. 4-androsten-3,17-dione,
to 5-f-androstan 3o-ol 17-one, reduces steroid affinity by
~3-4-fold (P<0.0025)(Table 1).

(d) Alteration from 5¢ to 5f decreases steroid affinity by 3—4-
fold c.f. So-androstan and S5p-androstan 3-ol-17-one
(P<0.0025) (see androsterone and etiocholanalone,
Table 1).

In summary, the following steroid ligand-binding properties
in herAR and hAR are similar; 5« in preference to a 5f
conformation, unsaturation at either the 4 or 5-position and
either a 17f-one, or 17-0l group in the D ring (Ojasoo et al.,
1995).

Androgen interactions with the G6PD have similar relative
affinities to those shown in Table 1. The Kj’s of DHEA,
epiandrosterone and DHEA sulphate acting as uncompetitive
antagonists of glucose-6-phosphate interaction with G6PD are
8.940.3,3.0+0.1 and 511470 uM, respectively (Gordon et al.,
1995). These findings indicate that DHEA is a more potent
inhibitor of G6PD than of glucose transport, and that the
negative charge of DHEA 3-sulphate similarly reduces binding
affinity by ~30-fold to both the glucose transporter and to
G6PD.

Modelling flutamide action on glucose transport in
erythrocytes

A 3-D structural model of GLUT1 shows that the 12« helical
transmembrane domains (TMs) are arranged around a
hydrophilic core, through which glucose permeates (Zuniga

et al.,2001). A similar 3-D structure for GLUT?3 has also been
described (Dwyer, 2001). Scanning cysteine mutagenesis
studies indicate that there is an open cleft in the extracellular
surface of GLUT, which permits the hydrophilic alkylating
reagents like parachloromercuribenzoic acid sulphonate
(PCMBS) to penetrate at least 50% of the distance across
the pore (Mueckler & Makepeace, 1997; 2002).

X-ray crystallography shows that in the hAR Arg 752
H-bonds to the A ring 3-keto group and Asn 705 and Thr 877
residues H-bond to the D ring 17-OH of dihydrotestosterone
(Alberts & Blute, 2001) (Figure 5b). The best match between
the topology of the double-anchor amino-acid triad Arg 752,
Asn 705 and Thr 877 in the binding cleft of the LBD of hAR
and GLUT1 is with Arg 126, Asn 288 and Thr 30 (P<0.05)
(Table 3, Figure 5c). These putative steroid-binding sites for
androgens are on the rim of the hydrophilic cleft in the
external face of GLUTI. In this position, testosterone would
obstruct glucose entry into the hydrophilic cleft, and thus
behave as a competitive inhibitor of glucose entry.

The 3-D model of GLUTI1 (Zuniga et al., 2001) indicates
that the external androgen-binding site and oestrogens at the
inside surface (Afzal et al., 2002) are separated by 35-45A
(4-5 glucose diameters) (Figure 5d). This large separation
distance between the alternate binding sites indicates that the
transporter is likely to be a two-site rather than a one-site
model (Naftalin ez al., 2002).

Green tea catechins and flavones on glucose transport

Comparison of the effects of the various catechins tested on
glucose transport from erythrocytes indicates that gallation of
epigallocatechin to EGCG, and of epicatechin to epicatechin-
3-gallate increases the affinities of the catechins for the glucose
transporter by two to four orders of magnitude (Table 2).
Comparison of the structure of EGCG with testosterone
shows that the distance between the oxygens in the 3-keto and
17-OH positions is similar to distances between the 5-OH in
the catechin A ring and the hydroxyls of the gallate group
(1.0-1.1nm). The similar separation distances between the
antipodal OH groups of EGCG and androgens may permit
them to compete for similar sites on GLUTI (Table 3).

Since neither the green tea catechins nor the flavone
quercetin (not shown) act as androgens or antiandrogens at
a genomic level (Figure 4), it is evident that the reported
antiandrogenic actions of green tea are unrelated to their
genomic effects (Gupta et al., 2001).

In human subjects, a single oral dose (1.5 mmol) of green tea
catechins is readily absorbed into plasma, reaching a
concentration in the range 1-2uM in plasma within 2—-5h
(Van Amelsvoort et al., 2001). The results here show that the
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gallated catechins EGCG (60% gg~' catechin in whole tea
extracts) and ECG (23% gg~! catechin in whole tea catechins)
act in similar ways to androgens on human erythrocyte glucose
transport, albeit with much higher affinities for the external
site than most androgens. The evidence for this comes from the
findings that (a) flutamide competitively antagonises the
inhibitory effect of green tea on glucose exit, as well as of
ECG and EGCG (Table 2); (b) EGCG inhibits glucose binding
to the external site, as deduced from its effect on the infinite-cis
K., of glucose binding to the external site (Table 2). Ungallated
catechins, epicatechin EC (5.5% gg~' catechin in whole tea
extracts) and epigallocatechin EGC (6% gg~' catechin in
whole tea extracts) only have weak effects on glucose
transport, as previously shown by Park (1999).

Physiological response to catechins

There are several possible sites where catechins may act to
cause their antidiabetogenic effects. However, most catechin
effects at these putative sites are observed only at 1-3 orders
of magnitude higher concentration than realistic levels found
in the blood of habitual tea drinkers, ~1uM. The leptin-
sensitive appetite control centre can be eliminated, as green tea
catechins produce a similar weight loss in both lean and obese
Zucker rats. This latter strain does not express leptin receptor
(Kao et al., 2000). High doses of green tea catechins, enough to
raise plasma levels to 1 mM EGCG, reduce the elevation of
serum glucose levels in normal rats given 2 g glucose kg™' body
weight by gavage (Sabu et al., 2002). In alloxan-treated rats,
catechins (20—50 uM) reduce plasma glucose concentration
(Sabu et al., 2002). These findings suggest that the observed
antidiabetic effects of green tea catechins are due to inhibition
of intestinal glucose transport and/or inhibition of renal
glucose absorption. However, they are obtained with much
higher concentrations of catechins, than are physiological. At
these high concentrations, antioxidant effects also feature
catechin action, but not within the physiological concentration
range.

Another view is that relatively high concentrations of
EGCG (>10uM) prevent hyperglycaemia by inhibiting
gluconeogenesis in heptocytes, due to inhibition of the
synthesis of phosphoenolpyruvate kinase (Waltner-Law et al.,
2002). However, this catechin concentration is also higher than
that normally observed in human plasma (Van Amelsvoort
et al., 2001) and so may not be of much relevance to the
observed hypoglycaemic effects of green tea in man (Kao et al.,
2000). It is possible that the inhibition of gluconeogenesis seen
with high concentrations of EGCG could in part be due to
inhibition of glucose exit from hepatocytes (Waltner-Law et al.,
2002). However, there is no information on the catechin-
dependent inhibition of glucose transport in these cells, which
have a low-affinity GLUT isoform GLUT?2.

The main physiological effect of catechins in rats is appetite
suppression. Following feeding rats with green tea catechins,
reduced food intake accounts for most, although not all, of the
reduction in testosterone levels and a concomitant reduction in
testis and prostatic weights (Kao et al., 2000; Kobayashi et al.,
2000). The green tea catechin-induced prostatic atrophy and
retarded development of murine prostatic carcinogenesis
(Gupta et al., 2001) may relate to catechin inhibition of
glucose transport in Leydig cells (Khanum et al., 1997).

Since the expected concentration of these compounds in
human circulation after a moderate oral intake exceeds the
concentration of gallated catechins that cause half-maximal
inhibition of glucose transport (Van Amelsvoort et al., 2001),
it seems likely that glucose transport is a target for these drugs
in vivo.

The blocking of glucose uptake into Leydig cells inhibits
androstenedione conversion to testosterone due to depletion of
ATP (Khanum et al., 1997). Other similar flavones, e.g.
quercetin and myricetin in addition to catechins, have been
shown to directly inhibit cellular glucose transport K; for
glucose uptake ~10uM (Park, 1999), as is confirmed here
(Table 2).

Possible conflict between antiandrogen action of flutamide
and catechins

The main site of anti-androgen action is on the LBD of the
androgen receptor (Weatherman et al., 1999; Matias et al.,
2000; Alberts & Blute, 2001; Sack et al., 2001).

Since, in erythrocytes at least, flutamide antagonises the
inhibition of glucose transport by green tea catechins, it is
possible that there could be a therapeutic conflict between the
action of tea catechins and flutamide when simultaneously
applied in the treatment of prostatic hyperplasia. Flutamide is
given clinically at a dose of 0.5-3mmolday~' (Kolvenbag
et al., 1998). This gives an average plasma concentration of
hydroxyflutamide, ~1 uM. Hydroxyflutamide is a more active
metabolite of flutamide (Niopas and Daftsios, 2001). If tea
catechins block glucose uptake into Leydig cells, thereby
inhibiting testosterone production (Khanum ez al., 1997), and
flutamide in the uM concentration range antagonises this effect
of catechins, then Flutamide may exert a physiological
antagonism by preventing the catechin-dependent inhibition
of glucose transport into Leydig cells and hence of testosterone
synthesis.

Possible mechanisms of insulin resistance in
hyperandrogenism

The clinical improvement of polycystic ovarian syndrome
(PCOS) patients treated with Flutamide could arise from direct
actions of the drug on GLUTSs. However, the current view is
that reduced insulin sensitivity, that is, hyperglycaemia with
hyperinsulinaemia, in PCOS results from a reduction in insulin
receptor substrate proteins rather than on GLUTs (Collison
et al., 2000). The plasma concentrations of the most prevalent
steroid DHEA and its derivatives in PCOS are 5-10 uM. The
other androgens have concentrations at least 2—3 orders lower
than their K;s for the inhibition of glucose transport
(Livingstone & Collison, 2002). It therefore seems unlikely
that raised androgen concentrations in PCOS are aetiological
factors of the disease via inhibition of GLUTs.

Conclusions

Several androgens inhibit glucose exit from human erythro-
cytes and compete with glucose binding at an external site of
the transporter.

The antiandrogen flutamide competitively antagonises the
androgen inhibitions of glucose transport. Flutamide also
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antagonises the inhibition of glucose exit by phloretin, which is
known to bind to the external site of the glucose transporter.

Additionally, the major constituents of green tea, that is,
EGCG and EGC are strong competitors of glucose binding to
the external site of GLUTI. Flutamide also antagonises these
effects of EGCG and ECG.
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