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Abstract. 2-Methoxyestradiol, an endogenous metabo-thoxyestradiol on ionic currents may contribute to its
lite of 17B-estradiol, is known to have antitumor and effects on functional activity of endothelial cells.
antiangiogenic actions. The effects of 2-methoxyestra-

diol on ionic currents were investigated in an endothelialkey words: 2-Methoxyestradiol — Endothelial cells —
cell line (HUV-EC-C) originally derived from human BK., channels — Membrane potential — Patch-
umbilical vein. In the whole-cell patch-clamp configu- clamping technique

ration, 2-methoxyestradiol (0.3—30m) reversibly sup-

pressed the amplitude of Koutward currents. ThiCs, )

value of the 2-methoxyestradiol-induced decrease in outlntroduction

ward current was M. Evans blue (3@um) or niflumic o

acid (30 uM), but not diazoxide (3Qum), reversed the Z-Methoxyestradlol is known to be an endoge_:nous and
2-methoxyestradiol-induced decrease in outward curren@ctive metabolite of 13-estradiol. Recent studies have
In the inside-out configuration, application of 2-me- demonstrated that this compound may not only inhibit
thoxyestradiol (3pM) to the bath did not modify the Mammary carcinogenesis (Pribluda & Green, 1998; Zhu
single-channel conductance of large-conductanc&-Ca & Conney, 1998; Tsutsui et al., 2000) but also exert a
activated K (BK.,) channels; however, it did suppress variety of other actions. _Thgse _effec'gs include the _|nh|-
the channel activity. 2-Methoxyestradiol (3v) pro- bition of the neovascularization in so_hd_tumor (Fotsis et
duced a shift in the activation curve of BKchannels to  al., 1994; Klauber et al., 1997; Banerjeei et al., 2000), the
more positive potentials. Kinetic studies showed that thdnduction of apoptotic endothelial cell death (Yue et al.,
2-methoxyestradiol-induced inhibition of BK channels ~ 1997; Tsukamoto et al., 1998), and the induction of mi-
is primarily mediated by a decrease in the number ofcrotubule dlsrupfuon (Cushman et al., 1.995; Hamel et al.,
long-lived openings. 2-Methoxyestradiol-induced inhi- 1996). In addition, 2-methoxyestradiol was recently
bition of the channel activity was potentiated by mem- found _to have antl-prollfe_ratlve effects_ on vascular en-
brane stretch. In contrast, neithergt@stradiol (10m) dothelial qells and on gnglotumor cell Imes. (Josefsson &
nor estriol (10um) affected BK., channel activity, Tarkowski, 1997; Reiser et al., ;998; Lippert et al.,
whereas 2-hydroxyestradiol (30v) slightly suppressed 2000). However, none of the stu@es have Fhus far dem-
it. Under current-clamp condition, 2-methoxyestradiol ©nstrated the underlying mechanism of actions of estro-
(10 pm) caused membrane depolarization and Evan§/en metabo_lltes m<_:|u<_j|ng 2-meth_0xyestrad|(_)l and 2-hy-
blue (30 um) reversed 2-methoxyestradiol-induced de-droxyestradiol, on ionic currents in endothelial cells.
polarization. The present study provides evidence that Large-conductance Caactivated K (BKc,) chan-
2-methoxyestradiol can suppress the activity of BK nels differ from most of other Kchannels in that their

channels in endothelial cells. These effects of 2-me-Activation is under dual control, i.e., switched on by ei-
ther depolarization or by an increase in intracellular

C&". BK,channels present in smooth myocytes com-
- prise two dissimilar subunits, i.e., a pore-formiggub-
Correspondence td:.-T. Chiang unit and a regulatory-subunit that forms a modulatory
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site sensitive to intracellular Ga(Vogalis et al., 1996; in5 mlof Ham's F-12K nutrient medium supplemented with 10% fetal
Tanaka et al., 1997). Recent studies showed that there R§vine serum (v/v), 10.g/ml heparin, and 30 to 5ag/ml endothelial
a lack of B—subunits expressed in vascular endothelialce” growth supplement. Cells were passaged once a week, and a new

. . stock line was generated from frozen cells (frozen in 10% dimethyl
cells (Papassotlrlou etal, 2000)' More |mp0rtantly, thesulfoxide in cultured medium) every 3 months. The experiments were

activity of BKc, channels expressed in endothelial cellsperformed after 5 or 6 days of subcultivation (60 to 80% confluence).
plays a role in modulating some of endothelial function.

For example, the activity of G&activated K channels

present in vascular endothelial cells can contrbkifflux ELECTROPHYSIOLOGICAL MEASUREMENTS

and affect the K concentration in myoendothelial gap
junctions (Edwards et al., 1998; By, 1999). Increased

BK . channel activity has been noted to facilitate theIrr_1med|ate|y before eaf:h experiment, t_he cells were dissociated, ar_)d an
aliquot of cell suspension was placed into a recording chamber affixed

release of nitric oxide from endothelial cells that haVeto the stage of an inverted phase-contrast microscope (Diaphot-200;

been stimulated by application of shear stress on celikon, Tokyo, Japan). Cells were bathed at room temperature (20—
membrane (Hoyer et al., 1994; Busse & Fleming, 1998)25°C) in normal Tyrode’s solution containing 1.8vmCaCl. The

A previous report also showed an increase in the expresvhole-cell or inside-out recordings were performed by the standard
sion pattern and activity of endothelial Teactivated K “giga-seal” patch-clamp technique, using a patch-clamp amplifier (RK-

channels existing in endothelium from patients with co-40%: Bio-Logic, Claix, France) (Hamil et al., 1981; Wu et al., 2000b).
lonic adenocarcinoma, suggesting that a disease-relat (ﬁxtch pipettes (3 to 5 M in bathing solution) were made from boro-
! Si

. . . . icated glass capillary tubes (Kimble Products, Vineland, NJ) using a
alteration _'n the expres'5|on pattern onCactlyated K two-step pipette puller (PB-7; Narishige Scientific, Tokyo, Japan), and
channels in cancer patients could be associated with efpe tips were heat-polished with a microforge (MF-83; Narishige).

dothelial function during angiogenesis (Kler et al., The signals, consisting of voltage and current tracings, were dis-
2000)_ In addition, it has been reported thaté}éhan- played on a digital storage oscilloscope (model 1602; Gould, Valley
nels expressed in endothelial cells induced an elevate¥iew. OH) and on-line recorded in a digital audiotape recorder (model

ca&* entry (Kamouchi, Droogmans & Nilius, 1999)_ 1204; I__’>|0-Log|c)_. After the experiments, the data were feq back and
stored in a Pentium Ill-grade computer (Lemel, Taipei, Taiwan) at 10

Previous observations at our Iaboratory have ShoWnkHz through an analog/digital interface (Digidata 1320A; Axon Instru-

that BKc, channels were expressed in human vasculakents, Foster City, CA) using the Clampex subroutine of the pCLAMP
endothelial cells (Wu et al., 1999; Wu, Li & Lo, 2000). 8.02 software (Axon Instruments). Current traces were filtered using a
The K' selectivity, single-channel conductance, voltage-cut-off frequency of 1 kHz for plotting.

dependence, and pharmacological properties of these The stretch of a membrane patch was elicited by applying nega-
channels are similar to those of %g(channels, as re- tive pressure to the back end of the patch pipette through the suctio_n
ported previously in other types of endothelial cells port of the pipette holder. The pressure level was established by moni-

. . toring the height of weight in a U-shaped tube. One end of the tube was
(N'I'US' Viana & Droogmans, 1997)' Therefore, the PUr- 4t room air pressure, and the other end that was connected to the pipette

pose of this study was (1) to determine whether 2-mevyas at the desired pressure. Change in pressure was produced with a
thoxyestradiol affects Ca-activated K currents in cul-  manually operated valve system that switched the pipette holder be-
tured endothelial cells of human umbilical veins; (2) to tween the U tube and room air.
examine the effect of 2-methoxyestradiol on Bjchan-
nel activity, (3) to address the issue whether 2-me-
thoxyestradiol affects the kinetic properties of BK  SINGLE-CHANNEL ANALYSIS
channels, and (4) to study whether membrane stretch
modifies the z'me_thOXyEStradIOI'!nd_uced effeCtS,onSingle—channel currents were analyzed using Fetchan and Pstat sub-
BKca channel activity. The results indicate that, unlike routines in the pCLAMP 8.02 software (Axon Instruments). The
17B-estradiol, 2-methoxyestradiol can directly suppressingle-channel conductance was calculated by a linear regression using
BK, channels in vascular endothelial cells. mean values of the current amplitudes measured at different voltages.
To determine the effect of 2-methoxyestradiol on the activation curve
of BK, channels, the ramp pulses from +20 to +120 mV with a

. duration of 1 sec were digitally applied with the aid of a programmable
Materials and Methods stimulator (SMP-311; Bio-Logic). This made it more efficient to mea-
sure single-channel conductance or channel activation (Carl & Sanders,
1990; Wu, Li & Chiang, 2000a). The activation curves were calculated
by averaging current amplitudes in response to 20 voltage ramps and
dividing each point of the mean current by the unitary amplitude of
each potential after each leakage component was corrected. To count
The clonal strain HUV-EC-C cell line, an endothelial cell line origi- the numbeiN of active channels in the patch, a high Kolution with
nally derived from the vein of a normal human umbilical cord, was 100 um C&* was perfused at the end of the experiments. The number
obtained from Culture Collection and Research Center (CCRC-60016was then used to normalize the opening probability obtained at each
Hsinchu, Taiwan) (Wu et al., 2000b). Endothelial cells were grown in potential. The relationships between the membrane potentials and
monolayer culture in 50-ml plastic culture flasks at 37°C in a humidi- opening probability of B, channels with or without the application
fied environment containing 5% Cf®5% air. Cells were maintained of 2-methoxyestradiol (3wm) were plotted and fitted with the Boltz-

CELL PREPARATION
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Fig. 1. Inhibitory effect of 2-methoxyestradiol on"Koutward currentl() in cultured endothelial cells of human umbilical veins (HUV-EC-@)). (
Superimposed current traces in control, during the exposure to 2-methoxyestradiol (1, 3anpd@ after washout of 2-methoxyestradiol. The
cells, bathed in normal Tyrode’s solution containing 1.8 @aCl, were held at —40 mV and voltage pulses from -50 to +70 mV in 20-mV
increments were delivered. The uppermost part indicates the voltage protocol. Arrow heads denote the zero-currejit demélolf ©) 1 pm
2-methoxyestradiol;d) 3 wm 2-methoxyestradiol;d): 10 wm 2-methoxyestradiol;g): washout. B) AveragedI-V relations ofl, measured at the

end of voltage pulses in contro®], during exposure to Jum (H), 3 wm (), and 10pMm (A) 2-methoxyestradiol (2-ME), and washout of
2-methoxyestradiol®) (mean +sem; n = 6-10 for each point).&) Concentration-dependent inhibition lpf by 2-methoxyestradiol. The relation
between the percent inhibition of Koutward current and the concentration of 2-methoxyestradiol is illustrated. Each cell was depolarized from —40
to +50 mV with a duration of 300 msec. Various concentrations of 2-methoxyestradiol (Qud3@ere applied. The amplitude of outward current
during the exposure of cells to 2-methoxyestradiol was compared with the control value (i.e., in the absence of 2-methoxyestradiol). Each point
represents mean geM (n = 5-9). The percent inhibition of 2-methoxyestradiol lanwas plotted. The smooth line represents the best fit to the
Hill equation as described in Materials and Methods. The valuéSgfand maximally inhibited percentage of iutward current in the presence

of 2-methoxyestradiol were @m and 98%, respectively. The Hill coefficient was 1.2.

mann equation using a nonlinear regression analysis: reldtie, = Student’st-test and ANOVA with a least-significance difference
n/{1 + exp[-(V — V;,»)/K]}, where m = the maximalN - P, level,V = method for multiple comparison were used for the statistical evaluation
the membrane potential in m\¥/;,, = the voltage at which there is of differences among means. Differences between the values were
half-maximal activationk = the slope factor of the activation curve. considered statistically significant whéhwas <0.05.
Open lifetime distribution of BI, channels measured before and
after the addi_tion_of 2-methoxyestradi0| was fitted with a logarithmi- DRUGS AND SOLUTIONS
cally scaled bin width using the method of McManus, Blatz & Magleby
(1987). When the square root of the number of events in a bin is2-Methoxyestradiol, 2-hydroxyestradiol, @-éstradiol, estriol, Evans
plotted against the open lifetime, each component of the open lifetimeblue, and diazoxide were purchased from Sigma (St. Louis, MO). Ni-
distribution appears as a clear peak and the respective time constafitmic acid, 8-bromo-cyclic AMP, A23187, NS1619 (1,3-dihydro-1-
falls in the vicinity of this peak. [2-hydroxy-5-(trifluoromethyl)phenyl-5-(trifluoromethyl)-2H-
To calculate the percentage inhibition of 2-methoxyestradiol onbenzimidazol-2-one] and iberiotoxin were obtained from Research Bio-
K™ outward currentlg), each cell was depolarized from —40 to +50 chemicals (Natick, MA). Paxilline was purchased from Biomol
mV, and current amplitudes obtained in the presence of 2-methoxyesiPlymouth Meeting, PA). Tissue culture mediaglutamine, penicil-
tradiol were compared with the control value. The concentration oflin-streptomycin, fungizone, and trypsin were obtained from Life Tech-
2-methoxyestradiol required to inhibit 50% of current amplitude was nologies (Grand Island, NY). Endothelial cell growth supplement was
determined using a Hill functiory = E, /{1 + (IC50/[C]™)}, where purchased from Upstate Biotechnology (Lake Placid, NY). All other
[C] is the concentration of 2-methoxyestradioCGs, and n are the  chemicals were of analytical grade. The twice-distilled water that had
half-maximal concentration of 2-methoxyestradiol required to inhibit been de-ionized through a Millipore-Q system was used in all experi-
I and Hill coefficient, respectively; anf,,., is 2-methoxyestradiol- ments. The composition of normal Tyrode’s solution was (im)m
induced maximal inhibition of current amplitude. NaCl 136.5, KCI 5.4, CaGl1.8, MgCl, 0.53, glucose 5.5, and HEPES-
To determine the effect of 2-methoxyestradiol on the stretch-NaOH buffer 5.5 (pH 7.4). To record *Kcurrents or membrane po-
stimulated Bk, channels, the relationships between the channel ac+tential, the pipettes were filled with (inm): K-aspartate 130, KCI 20,
tivity and the level of negative pressure obtained in the absence antigCl, 1, EGTA 0.1, NgATP 3, NaGTP 0.1, and HEPES-KOH 5 (pH
presence of 2-methoxyestradiol were fitted with the Boltzmann func-7.2). For inside-out patch-clamp recording, the highlthing solu-
tion of the form: relativeN - P, = m/{1 + exp[P,,, — P)I/’k}, wherem tion contained (m): KCI 145, MgCl, 0.53 and HEPES-KOH buffer 5
is the maximum relativeN - P, k is the slope factor of the stretch- (pH 7.4), and the pipette solution containedvjmKCl 145, MgCl, 2,
induced activation, andP,,, is the pressure at which there is half- and HEPES-KOH buffer 5 (pH 7.2). The value of free?Caoncen-
maximal activation. tration was calculated assuming the dissociation constant for EGTA
All values are reported as meanssem. The paired or unpaired and C&* (at pH 7.2) at 0.1um.
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Results A
INHIBITORY EFFECT OF 2-METHOXYESTRADIOL ON K* o e i
OutwARD CURRENT (l) IN CULTURED ENDOTHELIAL \ ‘

CeLLs oF UmsiLicaL VEINS (HUV-EC-C)

> > » J2-ME,2-ME+D
The whole-cell configuration of the patch-clamp tech- lomsl:fo pA
nigue was performed to investigate the effect of 2-me- 700 -
thoxyestradiol on ionic currents in these cells. In these ~ 600l T B
experiments, cells were bathed in normal Tyrode’s solu- <
tion containing 1.8 m CaCl, and pipette solution con- § 500
tained a low concentration (0.1nof EGTA and 3 nw £ 4007 o
ATP. As shown in Fig. A, when the cell was held at the E 300+ koK
level of =40 mV, the voltage pulses from =50 to +70 mV £ 2001 . * ﬂ ’—L‘ «
with 20-mV increments elicited a family of outward cur- 5 100
rents. The amplitudes of these outward currents were  © 0 ﬁ ﬁ ’_l—l
increased with greater depolarization. Within 1 min of @ () (© @) () ©

exposing the cells to 2-methoxyestradiol, the amplitude
of outward currents was reduced throughout the entireig. 2. Effect of 2-methoxyestradiol on the amplitude kf in the
range of voltage-clamp steps (Fig. ]_)_ For example, withabsence and presence of Evans blue, niflumic acid and diazoxide. Each
a voltage step from —40 to +50 mV, 1, 3 and ceI_I \'NaT depola;ritzed fron?1—4(_) tOtESO r;fN §30fozmsefhin dur::\tic?).l ((2

H H s riginal current traces showin e eflect ol Z-methoxyestraalo -
2-methoxyestradiol significantly decreased the currenﬁlE? 10 ) with and without fddition of Evaine e (EVB; 100,
amplitude to 370 + 45, 308 + 40 and 210 + 32 PA, g mic acid (NA; 10 um), o diazoxide (D: 10um). (B) Bar graph
respectively, from a control value of 513 + 65 pA & showing the effect of 2-methoxyestradiol on the amplitudédf the
8). This inhibitory effect was readily reversed on the absence and presence of Evans blue, niflumic acid, or diazoxje. (
washout of 2-methoxyestradiol. The average current<ontrol; ©): 2-methoxyestradiol (1Quv); (c): iberiotoxin (200 nM);
voltage (-V) relations of these currents in the absence(d): 2-methoxyestradiol (1@.m) plus Evans blue (1@.m); (€): 2-me-
and presence of 2-methoxyestradiol are illustrated in Figthoxyestradiol (1Quw) plus niflumic acid (10um); () 2-methoxyes-
1B. Fig. I1C shows the relationships between the Con_tradlol (10 um) plus diazoxide (3Qum). Each point represents mean +
centration of 2-methoxyestradiol and the percent inhibi-
tion of I,. The half-maximal concentration required for
the inhibitory effect of 2-methoxyestradiol dp was 3
M, and 30pwm 2-methoxyestradiol almost completely difference in the current amplitude between 2-me-
suppressed the current amplitude. These results indihoxyestradiol alone and 2-methoxyestradiol plus Evans
cated that 2-methoxyestradiol had a depressant effect dolue was observed (113 £ 23 pA,= 7,vs.368 = 34 pA,
I« in a concentration-dependent manner in these cells.n = 7). However, there was no significant difference in
the amplitude of « between 2-methoxyestradiol (304)
alone and 2-methoxyestradiol plus diazoxide (2@)
(112 + 36 pA,n = 6,vs.114 £ 32 pA,n = 6). In
addition, NS1619 (3@um), a blocker of BK-, channels,
reversed the 2-methoxyestradiol-induced increask.in
These results suggest that these currents suppressed by
2-methoxyestradiol are Ghactivated K currents that
can be stimulated by Evans blue or niflumic acid (Wu et
al., 2000).

sem (n = 5-8). *Significant difference from control group. **Signifi-
cant difference R < 0.05) from 2-methoxyestradiol alone group.

COMPARISON OF THEEFFECT OF 2-METHOXYESTRADIOL
ON THE AMPLITUDE OF | IN THE ABSENCE AND
PrESENCE OFEvANS BLUE, NiIFLumic AcID

OR DIAZOXIDE

We examined whether the inhibitory effect of 2-me-
thoxyestradiol onl, can be altered by the presence of
Evans blue, niflumic acid, or diazoxide. Evans blue and
niflumic acid were reported to enhance BKchannel
activity, whereas diazoxide was known to be an openeErFecT oF 2-METHOXYESTRADIOL ON BK -, CHANNELS

of ATP-sensitive K channels (Wu et al., 1999; Li et al., IN INSIDE-OUT PATCHES

2000). As shown in Fig. 2, when the cells were depo-

larized from -40 to +50 mV, 2-methoxyestradiol (10 To determine the inhibitory effect of 2-methoxyestradiol
M) or iberitoxin (200 m) significantly suppressed the on I, single-channel experiments with an inside-out
amplitude ofl,. In addition, Evans blue (1@w) or  configuration were also performed. Interestingly, in this
niflumic acid (10 um) significantly reversed 2-me- configuration, bath application of 2-methoxyestradiol (3
thoxyestradiol-induced inhibition of.. When cells um) was found to suppress BK channel activity. As
were depolarized from -40 to +50 mV, a significant shown in Fig. 3, when the patch pipette containeanl
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A was no significant difference in the amplitude of unitary
current between the absence and presence of 2-me-
C?”Frél 2-ME (3 uM) - 2-ME (10 “M)IZOM thoxyestradiol (Fig. ). These results indicate that
050 msec 2-methoxyestradiol reversibly suppressesBkhannel
./\a bk h Ll .m.l /\u_ activity in these cells. It is also possible that the 2-me-
e L Ul — ——— thoxyestradiol-mediated decrease in the activity ofBK
oo dodonn e ol L channels does not require the presence of cytoplasmic
e L U B R S A factors and is mainly due to the result of direct binding to
1000 msec the channel.

B In order to testify whether the effects of 2-me-
> 05 2-ME (10 M) Fhoxyestradiol_shown at very positive potentials have,
= 2-ME (3 \M) indeed, some impact at the level of reasonable membrane
Q% = potential, additional experiments, in which the holding
S potential was set at -20 mV, were conducted with an
a inside-out configuration. Patch pipettes were filled with
2 5.5 mm KCI, and bath medium contained 145vnKCl
c and 1um Ca*. 2-Methoxyestradiol (1Quv) applied in-

2 D A YRR EIRRIER ; tracellularly was also found to decrease channel activity
© " 20 40 60 80 100 from 0.212 + 0.008 to 0.032 + 0.004 (= 5).
Time (sec)
C EFFECT OF2-METHOXYESTRADIOL ON THE ACTIVATION

CurVE OF BK, CHANNELS

Figure 4A shows the activation curve of BK channels
in the absence and presence of 2-methoxyestradiol (3
wM). In these experiments, the activation curves of
BK, channels were obtained with the aid of the voltage
ramp protocols. The ramp pulses were delivered from
Current amplitude (pA) +20 to +120 mV with a duration of 1 sec. The plots of
Fig. 3. Effect of 2-methoxyestradiol on BK, channel activity re- opening prObablht.y of B, channels as a f.unCtlor.] of
corded from an inside-out patch of human vascular endothelial (HUV—rrlembrane pOtent_laI were Cons_trUCted and fitted Wlth the
EC-C) cells. The experiments were conducted with a symmetrical K BOltzmann equation as described under Materials and
concentration (145 m). The bath solution containedim C&* and ~ Methods. In controin = 0.99 +0.04V,,, = 76.1+1.8
the membrane potential was held at +80 m&). Qriginal currenttrace mV, andk = 11.2 £ 0.7 mV ( = 7), whereas in the
showing the chapge in the activity of %lgghannels after addition of presence of 2-methoxyestradiol (81), m = 0.45 %
2-methoxyestradiol (2-ME). Channel openings are shown as an upwalr(:_})_o:_;,'vll2 = 86.8+2.1mV, ank = 11.4 + 0.7 mV (‘

deflection. The lower parts show the current traces obtained in ex-__ _ .
panded time scale. Note that there are a few, brief openings in the _ 6). Thus, the presence of 2-methoxyestradioh.(8

presence of 2-methoxyestradioB)(Opening probability for BK, not Onl_y. produced a reduction in the ma?<|mal opennjg

channel activity shown in panel A plotted against time of recording. pro_bablllty of BKc, channels, but also Shlf’[ed. Fhe actl-

Bin width is 0.5 sec. Horizontal bars shown in the panel indicate thevation curve of these channels to a more positive poten-

application of 2-methoxyestradiol (3 and #®). (C) Amplitude his-  tial by approximately 10 mV. In contrast, no significant

tograms measured in the absence or presence of 2-methoxyestradiol g¥fect of 2-methoxyestradio| on the slope (,@ of the

M), All points shown in the amplitude histograms were fitted by one activation curve was found. These results indicate that

or more Gaussian distribution. The closed state corresponds to the peaé< h diol h - f

at 0 pA. -methoxyestradiol suppresses the activity of BK
channels in a voltage-dependent fashion in these cells.

Events

C&" and the potential was held at +80 mV, bath appli-LAck oF EFFECT OF 2-METHOXYESTRADIOL ON

cation of 2-methoxyestradiol caused a drastic decrease IBNGLE-CHANNEL CONDUCTANCE OF BK s, CHANNELS
channel activity. The opening probability of BKchan-

nels was significantly decreased from a control value ofWe examined whether 2-methoxyestradiol affects the
0.226 + 0.0121f = 8) to 0.114 + 0.007( = 8) and  single-channel conductance of BKchannels. To con-
0.022 £ 0.004 14 = 7) after the addition of 3 and @m  struct the plot of current amplitude as a function of mem-
2-methoxyestradiol, respectively. The channel activitybrane potential, the voltage ramp pulses from 0 to +80
was significantly increased to 0.203 = 0.007 € 5) mV with a duration of 1 sec were applied at a rate of 0.1
after the washout of 2-methoxyestradiol. However, thereHz. Fig. 4B illustrates thel-V relationships of Blg,
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Fn 16
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Membrane potential (mV) Fig. 5. Open-time histograms of B, channels in the absence and
) ) presence of 2-methoxyestradiol. The mean open-time histograms of
Fig. 4. Voltage-dependency of 2-methoxyestradiol onKhannels gk . channels were obtained befor) (and after B) the addition of
in human vascular endothelial cells. These experiments were Cond“Cteﬂ-methoxyestradiol (3M). Under a symmetrical K(145 mv) condi-
with a symmetrical K concentration (145 m). Under the inside-out  {jon the holding potential was +80 mV in an inside-out configuration
configuration, the holding potential was +60 mV and bath medium 5 the bath solution containedus C&?*. Data were obtained from a

. . .
contained Lum Ca". (A) Effect of 2-methoxyestradiol (2-ME) on the  jeasurement of 676 channel openings with a total recording time of 1
activation curve of BI¢,channels. The activation curves were obta_med min in the control &), whereas data obtained during the exposure to 3
by use of the ramp pulses that were from +20 to +120 mV with @ ,; 2> methoxyestradiol§) were measured from 521 channel openings
d_urat_lon of 1 sec. The smooth lines showed Boltzmann fits of the datgyi, 4 total recording time of 2 min. Open-time histograms were fitted
yielding aV,, of 76 mV for control and 87 mV when the detached py 4 one- or two-exponential function. The values of time constants are
patch was intracellularly exposed tqu1 2-methoxyestradiol (2-ME).  shown in each panel. Note that the abscissa and ordinate show the

(B) Lack of effect of 2-methoxyestradiol on the single-channel con- logarithm of apparent open time (msec) and the square root of the
ductance of BK, channels. Under a symmetrical" Kondition, the number of eventsn’?), respectively.

holding potential was +60 mV in an inside-out configuration and bath

solutions contained fum Ca*. The voltage ramp pulses from 0 to +80

mV with a duration of 1 sec were used to measure single-channel

conductance. The straight lines with a reversal potential of 0 mV rep-EFFECT OF 2-METHOXYESTRADIOL ON KINETIC BEHAVIOR

resent thé-V relationships of B, channels in the absence or presence OF BKCA CHANNELS
of 2-methoxyestradiol (2-ME; 1 and |3v).

Because it was observed that 2-methoxyestradiol tends to
channels in the absence and presence of 2-methoxyegeduce the open-time duration of BKchannels, the ef-
tradiol (1 and 3um). The single-channel conductance of fect of 2-methoxyestradiol in kinetic properties of BK
BK,channels calculated from the linda¥ relationship  channels in these cells was further characterized. As
in control (i.e., in the absence of 2-methoxyestradiol)shown in Fig. B, in the absence of 2-methoxyestradiol,
was 145 + 7 pSr{ = 11), with a reversal potential of 0 the open-time histogram of these channels at +80 mV
+ 2 mV (n = 11). The value of single-channel conduc- could be fitted to a two-exponential curve. The time
tance for these channels was found to be similar to thatonstants for the fast and slow components of the open-
reported previously (Wu et al., 1999, 2000; Li, Chen & time histogram were 5.6 + 0.7 and 17.5 £ 1.2 msee(

Wu, 2000); however, it did not significantly differ from 5). However, the presence of 2-methoxyestradiqli{g

that (14 + 7 pS;n = 10) measured in the presence of was found to decrease the lifetime of the open state. A
2-methoxyestradiol (3uwm). Thus, it is clear that the single-exponential function was sufficient to fit the open-
single-channel currents inhibited by 2-methoxyestradioltime histogram obtained in the presence of 2-methoxyes-
displayed no decrease in single-channel conductance. tradiol (3 um) (Fig. 5B). When the inside-out patches
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Fig. 6. Effect of membrane stretch on 2-methoxyestradiol-induced inhibition of Bannel activity. £) BK, channel activity beforel¢ft) and

after (ight) bath application of 3um 2-methoxyestradiol (2-ME). An inside-out configuration was performed with a holding potential of +60 mV,

and bath solution contained Oplv C&*. Single-channel currents were recorded when the detached membranes were at the different negative
pressures denoted at the left side of each current trace. Upward deflections are the opening events of theB)Relia¢bifships between open
probability of BK., channels and membrane stretch in the abse@geafd presence() of 3 pm 2-methoxyestradiol (2-ME). The opening
probability of BK-,channels in the presence of —10 kPa was considered to be 1.0. The smooth lines represent the best fit to the Boltzmann equation
as described in Materials and Methods.

were exposed to 2-methoxyestradiol (&) extracellu- tradiol suppresses the activity of BK channels in a
larly, the open-time histogram was fitted by a single- pressure-dependent fashion in these endothelial cells.
exponential curve with a mean open time of 4.1 + 0.5

msec (i = 5). Thus, the presence of 2-methoxyestradiol COMPARISON BETWEEN THEEFFECTS OF

can reduce endothelial BK channel activity by decreas- 2-METHOXYESTRADIOL AND THOSE OF 17B-ESTRADIOL,

ing the number of channel openings and the open-timéSTRIOL, 2-HYDROXYESTRADIOL, 8-BRomO CycLic
duration. AMP AND PAXILLINE

Effects of 1B-estradiol, estriol, 2-hydroxyestradiol and
paxilline on the activity of Bk, channels in HUV-EC-C
endothelial cells were also examined and compared. As
Because the activity of endothelial BK channels in  shown in Fig. 7, neither J¥-estradiol (1Qum) nor estriol
response to membrane stretch was detectable (Hoyer €0 um) applied intracellularly had any effect on the
al., 1994), we also investigated the effect of 2-me-channel activity, whereas 2-hydroxyestradiol ({L®)
thoxyestradiol on stretch-induced activation of BK produced a slight inhibition of BK, channels by about
channels in these cells. The plots of relative open-22%. 2-Hydroxyestradiol, one of the metabolites of
probability of BK-, channels as a function of the pres- 173-estradiol, can be degraded to 2-methoxyestradiol via
sure applied to the pipette were constructed and fittedD-methylation (Zhu & Conney, 1998). In addition ,8-
with a Boltzmann function as described in Materials andbromo cyclic AMP (100um), a membrane-permeable
Methods (Fig. 6). In controln = 0.97 £ 0.03,P,,, = cyclic AMP analogue that elevates levels of cyclic AMP,
4.6 £ 0.2 kPak = 1.8 + 0.1 fi = 5), whereas in the did not affect the channel activity significantly. How-
presence of 2-methoxyestradiol {a&1), m = 0.46 £ ever, paxilline (1), applied intracellularly, was found
0.02,P,, =55+02k=16+0.16=4). Thus,in to be potent in suppressing the channel activity. Paxil-
the presence of 2-methoxyestradiol (&), not only a line was reported to be a blocker of BK channels
decrease in the maximal opening probability of BK (Sanchez & McManus, 1996; Wu et al., 2000). These
channels but also a shift of the stretch-induced activatiomesults indicate that, unlike 2-methoxyestradiol, neither
curve to more negative values was found. However17B-estradiol nor estriol affected BK channel activity
there was no significant effect on the slope (il 6f the  in these cells. BK,channels thus appear to be the main
stretch-induced activation curve in the presence of 2-meeomponent responsible for a decreasé,irobserved in
thoxyestradiol. These results indicate that 2-methoxyesthe presence of 2-methoxyestradiol.

EFFECT OF2-METHOXYESTRADIOL ON THE
STRETCHSTIMULATED CHANNEL ACTIVITY



N
=
o

H.-T. Chiang and S.-N. Wu: Effect of 2-Methoxyestradiol on&IChannels

> -20-
=
% 1.2 251
a ™ ® 2-ME (3 uM
O 1.0 = oL ) < 3] 2 ME (3 u)
Q 0.8 ©) c
8) -0 T - -35-
c 0.6+ (9) :—S -404
[0) & c
g o ® Sl
o 0.2 T 8_200 50 100 150 200 250
-% 0.0 o ] 2-ME (3 puM)
' —~ — o — —~ — © - ~
© = = =2 = S = 5 25 Evans blue (30 uM)
o = 3 3 3 3 32 = —
© 2 2 2 g < 5 o]
s = Z = f—’, ) =
5 8 8 o 4 £ -351
T T £ T =
72 £ 8 &8 2 3 -40-
O 0 n o o
z 2 e o T i —
s T X E 0 50 100 150 200 250 300
° S c% Time (sec)
= T @
N o Fig. 8. Effect of 2-methoxyestradiol on membrane potential in human

umbilical vascular endothelial cells. The cells were bathed in normal

Fig. 7. Comparison between the effect of 2-methoxyestradiol and that!yrode’s solution containing 1.8 m CaCl,. The change in resting

of 17B-estradiol, estriol, 2-hydroxyestradiol, 8-bromo cyclic AMP, and membrane potential was measured under current-clamp condition.
paxilline on BK., channel activity recorded from the inside-out patch Horizontal bars shown in each panel denote the application of 2-me-
of cultured endothelial cells of human umbilical veins. The potential thoxyestradiol (2-ME; 3um) or Evans blue (3Qum). Note that the

held at each detached patch was +80 mV, and the bath medium corrésence of Evans blue can reverse the membrane depolarization
tained 1um Ca2*. The channel activity in the absence of each agentcaused by 2-methoxyestradiol.

was considered to be 1.0, and the relatNe P, obtained in the

presence of each agent was compared and plotted. The parentheses

shown on each bar denote the number of cells examined. Mean.x ~ A23187 (10um), a C&" ionophore, can reverse mem-

*Significantly different from controls. brane depolarization caused by 2-methoxyestradiol (3
wM) (data not showh Thus, the stimulators of BK,
channels can counteract the 2-methoxyestradiol-induced

EFFECT OF 2-METHOXYESTRADIOL ON RESTING membrane depolarization in these cells.

MEMBRANE POTENTIAL IN UMBILICAL VASCULAR
ENDOTHELIAL CELLS

Discussion
The effect of 2-methoxyestradiol on membrane potential
in the absence and presence of Evans blue was also stuthe results presented here showed that: (1) in HUV-
ied. This type of endothelial cells had a resting mem-EC-C cells, 2-methoxyestradiol can reversibly suppress
brane potential of -1+ 7 mV (n = 23) under current- the amplitude of K outward currentslf) in a concen-
clamp condition. As shown in Fig. 8, 2-methoxyestra-tration-dependent manner; (2) 2-methoxyestradiol de-
diol (3 ™) reversibly caused membrane depolarization.creased the activity of BK, channels without altering
The further application of Evans blue (3®1) was found  the single-channel conductance; (3) 2-methoxyestradiol
to reverse 2-methoxyestradiol-induced membrane depdnhibited the channel activity in a voltage- and pressure-
larization. During the exposure of cells to 2-methoxyes-dependent manner; and (4) the 2-methoxyestradiol-
tradiol (3 M), the cells were significantly depolarized to induced reduction in the opening probability may be
—-33 £ 6 mVfrom a control value of -2+ 7 mV (n = caused mainly by a decrease in the number of long-lived
8). In continued presence of 2-methoxyestradigh{8, openings. This inhibitory action may cause membrane
Evans blue (3QwMm) hyperpolarized the cells from —29 + depolarization, thus affecting functional activity of en-
5t0 -38 £+ 8 mV (1 = 7). The application of niflumic  dothelial cells, if the 2-methoxyestradiol actions in vivo
acid (30um) also produced a significant change in the are the same as those shown in this study.
resting membrane potential from64 6 to —49 £ 7 mV The ICg, value for 2-methoxyestradiol-induced in-
(n = 5). NS1619 (3Qum) also hyperpolarized endothe- hibition of BK, channels in these vascular endothelial
lial cells significantly. Similarly, the presence of cells was 3um. This value is higher than that which
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induced apoptosis in bovine pulmonary artery endothefor the migration of transformed epithelial cells or
lial cells (ECg, value = 0.45 pm) or inhibited the mi-  glioma cells (Schwab & Oberleithner, 1996; Bordey,
gration of these celldCsyvalue = 0.71pm) (Yue etal.,  Sontheimer & Trouslard, 2000). Unlike f#estradiol,
1997). However, the 2-methoxyestradiol concentration2-methoxyestradiol is also more potent in exerting anti-
used to suppress the growth of HU-VEC-C cells wasangiogenic activity in vascular endothelial cells (Reiser
found to be close to itiC, value for inhibition of BK., et al., 1998; Lippert et al., 2000). Thus, it would be of
channels (Reiser et al., 1998). Thus, there seems to bei@portance to determine whether 2-methoxyestradiol-
link between the effects of 2-methoxyestradiol on endo-mediated modulation of BK, channels is responsible for
thelial cells and its inhibitory effect on Bk, channel the inhibitory effects on the growth of tumor vessels in
activity. VIVO.

The data presented in this study could be interpreted ~ The 2-methoxyestradiol-induced inhibition &f in
as conflicting with previous reports showing thatpt7 these cellg may arise from the d|ffere_nt types of single-
estradiol enhanced BK channel activity in vascular en- channel kinetic behavior. Because single-channel con-
dothelial cells (Rusko, Li & van Breemen, 1995). How- ductance was unaffected by 2-methoxyestradiol, the re-
ever, our results are compatible with recent findingsduced responsiveness of the channel to 2-methoxyestra-
showing a lack of effect of 1F-estradiol on the activity diol is likely to b(_e secondary to the alterations remote
of endothelial BK., channels (Papassotiriou et al., 2000; from the pore region of the channel. Moreover, the pres-
Valverde et al., 2000). This discrepancy could be relate@t résults showing that 2-methoxyestradiol applied in-
to the possibility that there may be different splice Vari_t'racellularly produced'a dgcrease in the ”“”!ber. of long-
ants of the channel or auxiliary subunits expressed irl'VEd openings, resultln_g n a ?'”g'e open Kinetic state,
different types of vascular endothelial cells. Neverthe-c3" mainly account for_lts inhibitory effec_t dﬂ.' Taken
less, because endothelial BKchannels reported here together, the observations that the application of 2-me-

) i . ..~ thoxyestradiol to bath medium in an inside-out mem-
may not contair-subunits, it is possible that the binding bran):a patch suppressed endothelial BEhannels are in
of 2-methoxyestradiol to thex-subunits reduces the : .
o . agreement with the results observed in the whole-cell
probability of BK-, channels to open and that its inhi-

- . s . experiments.
bition of endothelial Blgachann_els is not strictly depen- In summary, we have presented evidence to demon-
dent on the presence @fsubunits.

. strate that 2-methoxyestradiol can directly suppress
It has been reported that 2-methoxyestradiol can af y y supp

. . ) BK, channel activity in vascular endothelial cells. 2-
fect the level of intracellular cyclic AMP in MCF-7 hu- - yioihoxvestradiol that is endogenously derived from the
man breast cancer cells (Lottering, Haag & Seeger

Srapid and sequential degradation of catechol estrogens
1992). However, the present study showed that 2-mep,5 4150 modify the effects of Brestradiol or its me-
thoxyestrad_lo_l caus_ed a decrease in endpthellaj:aBK tabolites on Bk, channel activity (Zhu & Conney,
channel activity, while a cell-permeable cyclic AMP ana- 199g). Bk, channels respond directly to shear stress or
logue, 8-bromo-cyclic AMP, had no effect on it. Thus, 3 nymber of vasoconstrictors and vasorelaxants (Hoyer
the 2-methoxyestradiol-induced increase in the channel; 5. 1994; Nilius, Viana & Droogmans, 1997; Busse &
activity seen in these cells did not seem to result from itsrjeming, 1998). Therefore, assuming that 2-methoxyes-
effeCt on the Change in the leVel Of intracellular CyCliC tradioi can exert a Significant effect on the in ViVO g&(
AMP. On the other hand, 2-hydroxyestradiol was re-channel, even normal homeostatic responses to other
ported to interact witlx-adrenergic receptors to suppress agents that affect vascular tone, or responses to change in
insulin release in pancreatic islet cells (Etchegoyen et al.shear stress or membrane stretch might be compromised.
1998). However, it is unlikely that the 2-hydroxyestra- In addition to 1B-estradiol, 2-methoxyestradiol seems
diol- or 2-methoxyestradiol-induced inhibition bf seen  to be useful in helping to characterize the properties of
in these cells is mediated by the bindingateadrenergic  BK, channels.
receptors, because the intracellular exposure of the de-
tached patches to 2-methoxyestradiol suppressed,BK The authors are grateful to Hui-Fang Li and Yen-Hwa Hung for their
channel activity. ;ecf;nii:eil Ist:jpport. .The a_IL_th]hors alsotacknlzjwledgng(rj. tC):hung-l;%e? Jan

H ; or nelptul discussions. e present work was aide rants rrom
15 F:R/Otlér :tgggits/-ems:)lt]gégglsl;a'glglgég\?;tfgr? (?usr\l;gtc())ff Nationgl Science Counc_il (NSF()3-89-2320-B-07SB-016) ar)ldgKaohsiung

. Veterans General Hospital (VHGKS-90-06, VGHKS-90-73, VTY-89-

BKcachannels. Therefore, 2-methoxyestradiol can suppz.»3), Taiwan, ROC.
press channel activity in a voltage-dependent fashion.
Additionally, we found that membrane stretch applied in
these endothelial cells could potentiate the inhibitory ef-
fect on BKc, channel activity caused by 2-methoxyes- ganerjeei, S.K., Zoubine, M.N., Sarkar, D.K., Weston, AP., Shah,
tradiol. Recent studies have demonstrated that oscillat- jH., campbell, D.R. 2000. 2-Methoxyestradiol blocks estrogen-
ing activity of BK., channels appeared to be important induced rat pituitary tumor growth and tumor angiogenesis: pos-
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