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Bisphenol A and 4-tert-Octylphenol Inhibit Cx46 Hemichannel

Currents

Seunghoon Oh

Department of Physiology, College of Medicine, Dankook University, Cheonan 330-714, Korea

Connexins (Cx) are membrane proteins and monomers for forming gap junction (GJ) channels. Cx46
and Cx50 are also known to function as conductive hemichannels. As part of an ongoing effort to find
GdJ-specific blocker(s), endocrine disruptors were used to examine their effect on Cx46 hemichannels
expressed in Xenopus oocytes. Voltage-dependent gating of Cx46 hemichannels was characterized by
slowly activating outward currents and relatively fast inward tail currents. Bisphenol A (BPA, 10 nM)
reduced outward currents of Cx46 hemichannels up to ~18% of control, and its effect was reversible
(n=5). 4-tert-Octylphenol (OP, 1 z M) reversibly reduced outward hemichannel currents up to ~28%
(n=4). However, overall shapes of Cx46 hemichannel current traces (outward and inward currents)
were not changed by these drugs. These results suggest that BPA and OP are likely to occupy the
pore of Cx46 hemichannels and thus obstruct the ionic fluxes. This finding provides that BPA and
OP are potential candidates for GJ channel blockers.
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INTRODUCTION

Gap junctions (GdJs) are intercellular channels that pro-
vide the direct pathways for transmission of ions, second
messengers, and cellular metabolites between adjacent
cells. GJ channels are widely observed in both excitable and
most non- excitable tissues in all animals [1]. Since first
connexin (Cx) gene (connexin32, Cx32) has been identified
from rat liver tissues [2], more than 22 members of the
connexin gene family have been identified in vertebrates
to date [3]. Cx is referred to by its predicted molecular
weight in kilo dalton (kDa) [4], although an alternative no-
menclature has been proposed [5]. Connexon (hemichannel)
is composed of six Cx subunits. Two connexons in series
forms a complete GJ channel. Except Cx31.1 [6] and Cx33
[7], all other connexins form functional intercellular channels
when examined in the Xenopus oocytes expression system.

Both Xenopus oocyte and cell line expression systems are
used to measure the ionic conductance mediated by GdJ
channels [8,9]. While macroscopic currents are obtained
from GdJ channels expressed in Xenopus oocytes, micro-
scopic currents (also called single channel conductance) are
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acquired from GJ channels expressed in cell lines. Although
single channel recordings provide more detailed in-
formation regarding channel functions, the Xenopus oocyte
expression system is still valuable in screening functional
GdJ channels in a large scale, and in accessing the kinetics
of channel functions. Since it has been reported that Cx46
form functional hemichannels in Xenopus oocytes [10] and
these hemichannels share most of their properties includ-
ing voltage dependence and channel gating with their pa-
rental GJ channels [11], Cx46 hemichannels have been
widely used to characterize the biophysical properties of GdJ
channels.

Endocrine disruptors are chemicals that function like en-
dogenous hormones and disturb the normal biological func-
tions of the endocrine system. In general, endocrine dis-
ruptors include a wide range of chemical compounds such
as pollutants, industrial by-products, pesticides, and even
compounds used in consumer products [12]. In fact, ovaries
and testes are the sites where the most connexin types are
expressed. In the ovarian follicle, multiple connexins in-
cluding Cx26, Cx30.3, Cx32, Cx37, Cx40, Cx43 and Cx45
are expressed [13,14]. Cx37 and Cx43 form GJ channels
between the oocyte and granulosa cells, while other con-
nexins form channels between granulosa cells. Likewise,
expression of multiple connexins has been observed in testis
[15]. Cx26, Cx32, Cx33, and Cx43 form intercellular chan-
nels both between Sertoli cells and between gamete and
Sertoli cell. Therefore, endocrine disruptors are next candi-
dates to be screened for GdJ blockers. Although many stud-

ABBREVIATIONS: OP, 4-tert-octylphenol; NP, nonylphenol; BPA,
bisphenol A; BP, benzo[a]pyrene; MEHP, mono-ethylhexyl phthalate;
DEHP, di-ethylhexyl phthalate; Vy, holding potential; Viep, stepping
potential.
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ies have shown that the effects of endocrine disruptors on
different experimental conditions diverse (reviewed in [16])
the studies investigating the effects of those drugs on ion
channels are particularly interesting. Among them, bisphe-
nol A (BPA) has been extensively used for examining its
effect on ion channels. For examples, BPA activates BK
(KCal.1) channel expressed in AD 293 cells in subunit-spe-
cific manner [17] while BPA inhibits voltage-gated sodium
channel (hNav1.5) expressed in HEK 293 cells [18]. BPA
also inhibits voltage-activated Ca®" channels expressed in
different cell types by directly interacting with channel pro-
tein [19]. It has also been reported that the effects of non-
ylphenol (NP) on voltage-gated K* channels and L-type Ca®*
channels in GHs rat pituitary cells [20] are biphasic; i.e.,
NP decreases K* currents and increases Ca® currents in
low concentrations while NP shows opposite effects in high-
er concentrations.

There is a growing need to identify GJ channel blockers.
Although many pharmacological agents have been used to
evaluate their potency as channel blockers, the outcomes
have not been satisfied to meet the potency and specificity
of conventional ion channel blockers [21-24]. Furthermore,
it is difficult to determine the fast kinetics of inhibition if

A

GdJ channels are used.

To examine the potency of endocrine disruptors as Gd
channel blockers, Cx46 hemichannels expressed in Xenopus
oocytes were used instead of using the Cx46 GdJ channels.
The outward currents elicited by the application of depola-
rizing potentials were measured to determine if currents
were changed after bath application of those chemicals.

METHODS
Expression of Cx46 hemichannels in Xenopus oocytes

Complementary RNA (cRNA) was synthesized from a lin-
earized plasmid template containing connexin 46 coding se-
quences using ‘mMESSAGE mMACHINE T7 kit’ (Life
Technologies, Carlsbad, CA, USA) according to the manu-
facturer’s protocol. For the preparation of oocytes and cRNA
injection into Xenopus oocytes the procedures described in
previous reports [25,26] were used. Approximately 50 nl of
1 ng/nl RNA was co-injected into Xenopus oocytes with 0.3
pmol/nl of an antisense phosphorotioate oligonucleotide
complimentary to Xenopus Cx38 [26]. After RNA injection,
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Fig. 1. Voltage-dependent gating of Cx46 hemichannel. (A) When holding the oocyte expressing Cx46 hemichannels at —70 mV, currents
were near zero level. When stepping to a depolarizing potential at +30 mV for 10 sec, slowly activating outward currents were observed.
When stepping back to the initial holding potential at —70 mV, relatively fast inward tail currents were shown. Immediately after, currents
were back to zero level. The total recording time was 40 sec. (B) Same pulse protocol used in Fig. 1A was applied to un-injected oocyte.
Slowly activating outward and relatively fast inward currents as those of Cx46 cRNA injected oocytes were not observed from the un-injected
oocyte. (C) Same pulse protocol used in Fig. 1A was applied to each sweep. One set of records included a total of nine sweeps (3 of each
control, drug, and wash phases, respectively) and were obtained from a single oocyte expressing Cx46 hemichannels. Each sweep record
was acquired immediately after the perfusion with new bath solution. Most peak currents were quite stable for the entire recording period
indicated by a dotted line. The voltage-dependence of Cx46 hemichannels represented by slowly activating outward currents and relatively
fast inward currents were observed without any change. Current traces for about 25 seconds before the next sweep were omitted for data

illustration.
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oocytes were kept in a bath solution containing 88 mM
NaCl, 1 mM KCl, 5 mM CaCls, 1 mM MgCl,, 10 mM HEPES,
0.1% glucose, and 2.5 mM pyruvate (pH 7.6).

Endocrine disruptors

Six common endocrine disruptors were used: 4-tert-octyl-
phenol (OP, M.W. 206.32), nonylphenol (NP, M.W. 220.35),
bisphenol A (BPA, M.W. 228.29), benzo[a]pyrene (BP, M.W.
252.31), mono-ethylhexyl phthalate MEHP, M.W. 278.34),
and di-ethylhexyl phthalate (DEHP, M.W. 390.56). OP, BP,
MEHP and DEHP were purchased from Tokyo Chemical
Industry (Tokyo, Japan). NP and BPA were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All stock solutions
were made in dimethyl sulfoxide (DMSO) except DEHP (in
ethanol). Final working solutions were freshly made in bath
solution before use.

Electrophysiological recordings

Macroscopic current recordings from single Xenopus oo-
cytes were obtained by employing a two-electrode voltage
clamp technique. Both voltage and current microelectrodes
were filled with 1 M KCl. The outward currents elicited
by the application of depolarizing potential were measured
with or without each endocrine disruptor. Endocrine dis-
ruptors were perfused by gravity. Macroscopic currents
were acquired at 200 Hz using OC-725C Oocyte voltage
clamp (Warner Instrument, Hamden, CT, USA) and iwx118
digidata interface and LabScribe Software (iWork/CB
Sciences, Dover, NH, USA). Peak current was determined
by the difference between maximal and minimal current
values during a 10-second pulse. All current values were
presented by means+standard deviations. The data were
analyzed by Student ¢-test with p<0.05 considered to be
statistically significant. Microcal Origin 8.0 (OriginLab

A

Corporation, Northampton, MA, USA) and CorelDRAW 9.0
(Corel Corporation, Ottawa, Canada) were used for data
analysis and illustration.

RESULTS
Voltage-dependence of Cx46 hemichannel

To examine the expression of Cx46 hemichannels in Xeno-
pus oocyte, macroscopic currents of Cx46 hemichannels
were elicited by the application of depolarizing potentials
(Fig. 1A). Currents of Cx46 hemichannels at —70 mV hold-
ing potential were near 0. When stepping voltage from a
holding potential to a depolarizing potential at +30 mV for
10 seconds, Cx46 hemichannels showed slowly activating
outward currents. It has been reported that outward cur-
rents by depolarizing potentials indicate the opening of
Cx46 hemichannels [11,27]. Repolarization to —70 mV
holding potential produced relatively fast inward tail
currents. The closure of Cx46 hemichannels is represented
by inward tail currents [11,27]. The optimized pulse proto-
col (—70 mV holding potential, +30 mV depolarizing poten-
tial for 10 seconds, and total recoding duration of 40 sec-
onds) was used throughout the experiments. Un-injected
Xenopus oocytes were used as a control group. When apply-
ing same pulse protocol, control oocytes did not show any
slowly activating outward and relatively fast inward cur-
rents as those of Cx46 cRNA injected oocytes (Fig. 1B).

To test the effect of endocrine disruptors on hemicha-
nnels, at least triple phases (control—drug—wash) of a re-
cord obtained from a single Xenopus oocyte were required.
To ensure that currents were stable for entire recording,
triple sweeps were used for each phase. To minimize both
inter-sweep and inter-phase differences, currents at each
sweep were recorded immediately after the perfusion with
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Fig. 2. The effect of BPA (10 nM) on Cx46 hemichannel currents. (A) One set of records obtained from a single oocyte expressing Cx46
hemichannels is shown. The pulse protocol included Va=—70 mV, Vge,=+30 mV for 10 sec, and a total recording time of 40 sec was used
to each sweep. In the control phase (initial three sweeps), the average peak current was 4.75+0.48 1 A. The average peak current after
applying 10 nM BPA (middle three sweeps) was 3.45£0.05 1A, indicating that BPA inhibited Cx46 hemichannel currents to 27.36% of
control. Reversible effects of BPA were observed. In the wash phase (last three sweeps) these reduced currents were returned to control
level (4.64+0.40 1 A). Overall shapes for outward and inward currents were not affected by BPA. Current traces for about 20 seconds
before the next sweep were omitted for better illustration. (B) Normalized peak currents of each phase determined by the ratio of average
peak currents of the drug (or wash) phase to those of the control phase are shown. Normalized peak currents with BPA treatment were
0.82+0.10 (n=>5). This inhibitory effect of BPA (~18% reduction) was statistically significant (*p<0.05). However, normalized peak currents
in the wash phase (1.06+0.15, n=5) were not statistically different from that of control, meaning that BPA effect was reversible.
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new bath solution. Using this recording scheme, macro-
scopic currents were measured from a single Xenopus oo-
cyte expressing Cx46 hemichannels (Fig. 1C). Most peak
currents were quite stable for entire recording periods in-
dicated by the dotted line. Since the inward tail currents
always returned to zero level within a few seconds, current
traces about 25 seconds before the next sweep were omitted
for data illustration.

Effect of Bisphenol A

Common endocrine disruptors were tested to determine
whether those drugs affected Cx46 hemichannel currents.
Drug studies using Cx46 hemichannels expressed in Xeno-
pus oocytes are not currently available. The concentrations
of endocrine disruptors used in this study were determined
based on the results of the previous studies [28-33].

Bisphenol A (BPA) was first examined to determine
whether it has the potency to affect Cx46 hemichannel cur-
rents (Fig. 2A). In the control phase (initial three sweeps),
the average peak current of the three sweeps was 4.75+0.48
1 A. After applying 10 nM BPA (middle three sweeps), the
average peak current was reduced to 3.45+0.05 A (27.36%
reduction). However, voltage dependence of Cx46 hemicha-
nnel (outward and inward current traces) was not changed
by BPA. The average peak current (4.64+0.40 xA) in the
last three sweeps (wash phase) was returned to the control
level (indicated by a dotted line), indicating that the effect
of BPA was reversible. To analyze all data obtained from
the five independent experiments, a normalized peak cur-
rent of each phase was determined by the ratio of average
peak currents of the drug (or wash) phase to those of the
control phase (Fig. 2B). Normalized peak currents with
BPA treatment were 0.82+0.10 (n=5) and this inhibitory ef-
fect (~18% reduction of control) was statistically sig-
nificant (p<0.05). Normalized peak current of the wash
phase were 1.06+0.15 (n=5) suggesting that the effect of
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BPA on Cx46 hemichannel currents is reversible.
Effect of 4-tert-Octylphenol

The effect of 4-tert-Octylphenol (OP) on Cx46 hemicha-
nnel currents is shown in Fig. 3A. The average peak current
in the control phase was 1.60+0.13 xA. This current was
inhibited by the treatment of 1 #M OP and thus the aver-
age peak current was reduced to 1.06+£0.02 xA. The reduc-
tion rate for average peak current was 33.72%. Reduced
peak currents were fully recovered by elimination of the
drug. The average peak current in the wash phase was
1.5240.06 « A, indicating that the effect of OP is as rever-
sible as BPA. Overall shapes for outward and inward cur-
rents were not affected by 1 ~M OP. Normalized peak cur-
rents from the four independent experiments are shown in
Fig. 3B. Normalized peak currents inhibited by OP were
0.72+0.10 (n=4) and the reduction rate of the current (~
28%) was statistically significant (p <0.05). The inhibitory
effect of OP was also reversible (0.99+0.07, n=4).

Effect of other endocrine disruptors

Other endocrine disruptors including nonylphenol (NP),
benzo[a]pyrene (BP), di-ethylhexyl phthalate (DEHP), and
mono-ethylhexyl phthalate (MEHP) were also tested. The
concentrations of each endocrine disruptor were 1 «M for
NP, 10 M for DEHP and MEHP, 100 «M for BP, res-
pectively. None of them appeared to block Cx46 hemi-
channel currents (Fig. 4). The average peak currents in con-
trol phase of each drug experiments were 2.61+0.01 A
for NP, 2.07+0.01 «A for BP, 1.26+0.11 «A for MEHP, and
1.86+0.03 « A for DEHP, respectively (Fig. 4A). These aver-
age peak currents in control phases were quite stable dur-
ing the entire periods of recordings indicated by dotted
lines. The average peak currents in drug phase were
2.55+0.04 «A for NP, 2.03+0.03 1A for BP, 1.14+0.01 ¢ A
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Fig. 3. The effect of OP (1 «M) on Cx46 hemichannel currents. (A) One set of records obtained from a single oocyte expressing Cx46
hemichannels are shown. The pulse protocol included Vg=—70 mV, V,=+30 mV for 10 sec, and a total duration of 40 sec was used to
each sweep. The average peak current in the control phase (1.60+0.13 xA) was reduced to 1.06+0.02 ©A by applying 1 ~M OP (middle
three sweeps). The reduction rate of currents for this particular record was 33.72% of control. The inhibitory effect of OP was reversible
by recovering reduced current back to 1.52+0.06 uA. Overall shapes for outward and inward currents were unchanged by OP. Current
traces for about 25 seconds before the next sweep were omitted for better illustration. (B) All data obtained from the four independent
experiments were analyzed by normalizing peak currents of each drug (or wash) phase to those of the control phase. Normalized peak
currents inhibited by OP were 0.72+0.10 (n=4) and this current reduction (~28% of control) was statistically significant (*p<0.05). Inhibitory

effect of OP was also reversible (0.99+0.07, n=4).
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Fig. 4. The effects of other drugs on Cx46 hemichannel currents.
(A) Representative current traces obtained from oocytes expressing
Cx46 hemichannels with drug treatments are shown. The pulse
protocol (Ve=—70 mV, Vge;=+30 mV for 10 sec, and a total duration
of 40 sec) was used for each sweep. The horizontal thick bars on
the top of current traces indicate drug phases (from the top panel,
NP, BP, MEHP, and DEHP, respectively). The average peak
currents in control phase (initial three current traces of each re-
cord) were not changed by drug treatments indicated by dotted
lines. Current traces and overall shapes for outward and inward
currents of Cx46 hemichannels were not modified by these drugs.
None of them appeared to block Cx46 hemichannel currents.
Current traces for about 20 seconds before the next sweep were
omitted for better illustration. Scale bars indicate 10 sec and 1 «A.
(B) Normalized peak currents obtained from the independent
experiments are shown. Normalized peak current of each phase
was determined by the ratio of average peak currents of the drug
(or wash) phase to those of the control phase. Normalized peak
currents with drug treatments (0.99+0.05 for NP (n=3), 1.03+0.05
for BP (n=3), 0.98+£0.07 for MEHP (n=4), 1.01+0.06 for DEHP (n=3),
respectively) were not significantly different from those of control.
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for MEHP, and 1.74+0.01 «A for DEHP, respectively. The
average peak currents in wash phase were 2.39+0.06 ©A
for NP, 1.92+0.02 «A for BP, 1.13+0.03 «A for MEHP, and
1.71£0.01 A for DEHP, respectively. In addition overall
shapes for outward and inward currents of Cx46 hemi-
channels were not affected by these drugs. These results
indicate that these drugs do not show any inhibitory effects
on Cx46 hemichannel currents. Normalized peak currents
from the independent experiments are shown in Fig. 4B.
Normalized peak currents with drug treatments were

0.99+0.05 for NP (n=3), 1.03+0.05 for BP (n=3), 0.98+0.07
for MEHP (n=4), 1.01+£0.06 for DEHP (n=3), respectively.
Normalized peak currents from wash phase of each drug
experiment were 0.95+0.05 for NP (n=3), 0.99+0.05 for BP
(n=3), 0.96+£0.05 for MEHP (n=4), 0.99+0.06 for DEHP
(n=3), respectively. Any of those values were not sig-
nificantly different from those of control indicating no in-
hibitory effects of these drugs on Cx46 hemichannel
currents.

DISCUSSION

Endocrine disruptors used in this study were selected to
screen for their potency as channel blockers. Since the peak
currents of Cx46 hemichannels were used as an indicator
of drug effect, the stability of currents for the duration of
the entire recording was very important. It has been re-
ported that there are mechanosensitive channels in Xeno-
pus oocytes [34-36]. These endogenous channels are often
activated by the stream of solution. The current contri-
bution from endogenous channels to the outward currents
of exogenous channels is often resulted in the appearance
of fluctuating peak currents [37,38]. To eliminate this un-
related effect, we applied same mechanical stimuli to each
sweep. Currents at each sweep were recorded immediately
after the perfusion with new bath solution to mimic me-
chanical stimuli. The protocol established in this study was
enough to overcome this stability issue.

BPA and OP showed their potency to reduce the peak
currents of Cx46 hemichannels in this study. Although the
inhibitory effect on hemichannel currents are induced by
the extracellular (bath) application of drugs, hydrophobic
BPA and OP are likely membrane-permeable and thus both
extracellular and intracellular domains of Cx46 hemi-
channels should be equally considered as the binding sites
for drugs. In this study, drug perfusion took about two mi-
nutes to completely replace the old bath solution. An addi-
tional few minutes were also required for inter-sweep
perfusion. Therefore, it is likely that drugs used in this
study can access to the intracellular domains of Cx46
hemichannels. Further study using mutant Cx46 hemi-
channels generated by either domain swap or site-directed
mutagenesis techniques is necessary to define the amino
acid residues of the binding site.

Endocrine disruptors used in this study have molecular
weights ranging from 206.32 Da. for OP to 390.56 Da. for
DEHP. Based on the results from both studies [9,39], the
pore diameter of Cx32 GdJ channel is between 12 and 14
angstrom whereas that of Cx43 GdJ channel is 15 angstrom.
This approximation for the pore diameter of GdJ channel
in general is confirmed by the crystal structure of Cx26 GJ
channel [40]. This Cx26 channel structure provides that the
amino-terminal regions of the six subunits make a funnel
to restrict the pore diameter to 14 angstrom. Furthermore,
the Cx26 crystal structure gives us more detailed in-
formation that the residues of the amino acids located on
both the amino-terminal regions and the first transmem-
brane domains of subunits would interact to form the circu-
lar hydrogen bond network. Although any experimental da-
ta is currently unavailable, it is reasonable to put the pore
diameter of Cx46 hemichannel within these ranges. PEG
300 (polyethylene glycol M.W. 300) is the upper limit to
be passed through Cx32 GdJ channel [9]. This means that
the molecules having a smaller molecular weight than that
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of PEG 300 could be able to occlude the pore regions of
the hemichannels. This approximation is supported by the
results from this study. The peak currents of Cx46 hemi-
channels were reduced by only BPA and OP. The other en-
docrine disruptors did not show inhibitory effects on Cx46
hemichannel currents. In fact, BPA and OP have the small-
est molecular weights among endocrine disruptors tested
in this study. The presence of either OP or BPA in the pore
region of Cx46 hemichannels is resulted in the obstruction
of ionic flow. It was determined that all other endocrine
disruptors including BP, MEHP, and DEHP were not able
to occupy hemichannel pores based on the result that those
chemicals did not affect the peak currents of Cx46
hemichannels. However, NP is categorized into a group in-
cluding OP and BPA due to its similar molecular weight,
although its inhibitory effect on currents was not observed
in this study. The molecular weight of NP (220.36) is slight-
ly smaller than that of BPA (228.29). Although the precise
molecular structures of both endocrine disruptors in sol-
ution are not available, it is assumed that a long side back-
bone of NP might not be fitted to the pore of Cx46 hemi-
channels, and thus NP did not show the blocking effect on
Cx46 hemichannels.

The effect of BPA on Cx46 hemichannel currents is par-
ticularly interesting for its concentration. Extensive studies
have shown that the health effect of BPA on human and
laboratory animals occurs in relatively low concentrations
compared with those of other known endocrine disruptors
[41]. Likewise, the effect of BPA on gap junction-mediated
intercellular communication (GJIC) in low concentration
has also been reported [42]. They showed that a 75% reduc-
tion of GJIC was observed within one hour when rat epi-
thelium-derive BICR-M1Rk cells (Cx43 is a major GJ chan-
nel in this cell) were cultured in a medium containing 400
nM of BPA. As mentioned in previous section, the assump-
tion is that all three types of GJ channels (Cx32, Cx43, and
Cx46) are pretty much similar in pore dimension. The same
assumption is equally applicable to the concentration issue.
The concentration of BPA required for blocking hemi-
channels (Cx46 in this study) is lower than that for GJ
channels (Cx43 in their study). BPA is immediately acces-
sible to Cx46 hemichannel pores through their extracellular
surface. In a GdJ channel formed by Cx43, the extracellular
site is not available because two Cx43 hemichannels join
together to form a complete Cx43 GdJ channel. The only site
for BPA to block GJIC of Cx43 GdJ channels is the intra-
cellar surface of the channel pore. Hydrophobic BPA is like-
ly membrane-permeable. It appears that higher BPA con-
centrations will be required for it to be localized to the in-
tracellular pore region of Cx43 GdJ channels. Therefore, it
is favorable that the concentration required for affecting
hemichannel currents is somewhat lower than that for GJ
channel currents.

It was observed that higher concentration of OP (1 M)
was required for blocking Cx46 hemichannels compared
with that of BPA (10 nM). Although the reduction rate of
OP is a little higher than that of BPA, a hundred-fold differ-
ence in concentration brings about another issue to be
explained. OP has a ring structure, whereas BPA has two
rings. If the structure of BPA with two phenol rings is well
fitted to Cx46 hemichannel pores, BPA will exert its block-
ing effect on hemichannel currents. Two or more ring struc-
tures from OP molecules will be required to block the hemi-
channel pores if one is not enough to properly occupy the
channel pores. More OP molecules are therefore required.

This assumption will be verified if the experimental data
showing dose-dependents effect of these drugs are avail-
able. Therefore, it is interesting to know whether the in-
hibitory effects of both BPA and OP on Cx46 hemichannel
currents are dose-dependent. Single hemichannel record-
ings employing patch clamp techniques with different con-
centrations will define the precise concentration-dependent
effect of endocrine disruptors. The experiments using mu-
tant Cx46 hemichannels will also further characterize BPA
and OP as GdJ blockers in more detail.

The molecular weights and structural compositions of
drugs tested in this study are only known information. The
interpretation of the results from this study is based on
the idea that the fitting of drugs to the pore regions of Cx46
hemichannels is important for blocking the hemichannel
currents; i.e., the drugs have to satisfy the structural re-
quirements to be effective on hemichannels. This idea is
strongly supported by a recent study [19]. This study pro-
vides that BPA directly interacts with the extracellular
binding region of voltage-activated Ca®" channels and this
interaction varies depending on both the moieties of the
carbon atom between two aromatic rings of BPA and the
angulated orientation of the two aromatic rings. Further-
more, other study [18] showing the hydrophobic interaction
between two phenol rings of BPA molecule and the biding
sites of hNav 1.5 (the human cardiac sodium channel) fur-
ther supports current interpretation. It is interesting to
know whether the hydrophobic residues of the amino acids
resided at both the amino-terminal regions and the first
transmembrane domains of Cx46 hemichannel subunits
make the hydrophobic interactions with BPA or OP. This
will be verified by using mutant Cx46 hemichannels with
different site of mutagenesis.

In summary, both BPA and OP show their inhibitory ef-
fects on the outward currents of Cx46 hemichannels ex-
pressed in Xenopus oocytes. Based on the present results
it is likely that BPA and OP occupy the pore regions of
Cx46 hemichannels and thus retard current flows. This
electrophysiological finding suggests that both BPA and OP
are potential candidates for GJ channel blockers. Single-
channel studies of GJ channels as well as conductive hemi-
channels promise to provide more a detailed mechanistic
picture of the effects of endocrine disruptors on GdJ cha-
nnels.
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