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Abstract

We investigated the potential involvement of connexin hemichannels in cadmium ions (Cd**)-elicited cell injury.
Transfection of LLC-PK1 cells with a wild-type connexin43 (Cx43) sensitized them to Cd**-elicited cell injury.
The cell susceptibility to Cd*" was increased by depletion of glutathione (GSH) with DL-buthionine-[S,R]-
sulfoximine, and decreased by N-acetyl-cysteine or glutathione reduced ethyl ester. Fibroblasts derived from
Cx43 wild-type (Cx43+/+) and knockout (Cx43-/-) fetal littermates displayed different susceptibility to Cd**.
Cd** induced a higher concentration of reactive oxygen species, a stronger activation c-Jun N-terminal kinase,
and significantly more severe cell injury in Cx43+/+ fibroblasts, as compared with Cx43-/- fibroblasts. Cd**
caused a reduction in intracellular GSH, whereas it elevated extracellular GSH. This effect of Cd** was more
dramatic in Cx43+/+ than Cx43-/- fibroblasts. Treatment of Cx43+/+ fibroblasts with Cd** caused a Cx43
hemichannel-dependent influx of Lucifer Yellow and efflux of ATP. Collectively, our study demonstrates that
Cx43 sensitizes cells to Cd**-initiated cytotoxicity, possibly through hemichannel-mediated effects on intracel-
lular oxidative status. Antioxid. Redox Signal. 14, 2427-2439.

Introduction

C apmium (Cd**) is one of the major metal pollutants. Tt
can be easily accumulated in the vital organs because of
its widespread presence and the long half-life (16-33 years).
Accumulation of Cd** causes a variety of pathological sit-
uations, including neurodegeneration, dysfunction of liver,
lung, and kidney, as well as disorders in blood and vascular
systems (13, 15). Cd*" is toxic to multiple cell types. Most of
the toxic effects of Cd>* are mediated by oxidative stress (26,
52). Cd** promotes the formation of oxygen free radicals
(12) and decreases the concentration of the important anti-
oxidant glutathione (GSH) (23, 29). Modulation of intracel-
lular redox status or inhibition of the stress-related signal
such as c-Jun N-terminal kinase (JNK) has been documented
to attenuate and even prevent Cd**-initiated cell injury (37,
40, 52).

Gap junctions are specialized membrane regions composed
of aggregates of channels that permit the direct exchange of
ions, secondary messengers, and small signaling molecules
among neighboring cells. Each gap junction channel is com-
posed of two hemichannels that reside in the plasma mem-

brane of two closely apposed cells. The proteins that form the
gap junctions are called connexin (Cx). Up to now, more than
20 different Cx molecules have been identified. Among them,
Cx43 has been extensively investigated because of its ubiq-
uitous expression in a variety of cell types.

Intercellular communication via gap junctions is thought to
play an important role in regulation of cell functions including
cell proliferation, migration, differentiation, and survival. The
majority of the biological effects of gap junctions are mediated
by the direct transmission of signaling molecules among
neighboring cells. Gap junctions also exert biological effects
by mechanisms independent of cell-to-cell communication
(35, 46, 48).

Gap junctions have been implicated in various pathological
situations, including those caused by oxidative stress. Gap
junctions, on the one hand, are subjected to the regulation of
oxidative stress (1, 3-5). On the other hand, they impact cell
responses to oxidative stress-initiated cell injury (2, 19, 32).
Depending on the type and extent of injuries, as well as the
nature of insults, gap junctions can either attenuate or exac-
erbate the cell injury (2, 24, 25, 32). At present, little infor-
mation is available as to how gap junctions influence
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oxidative stress. Besides intercellular gap junction channels,
the nonjunctional Cx hemichannels may participate in the
regulation of cell death and survival through the release of the
mediators as ATP, NAD(+), or glutamate (9). The open
hemichannels have been reported in a variety of pathological
situations, including those involving oxidative stress, such as
ischemia (32, 41). We therefore asked whether gap junctions
and/or hemichannels could contribute to Cd**-initiated ox-
idative stress and cell injury. Using a cell culture model, we
tested this possibility. Here we present our evidence showing
that Cx43 affects cell responses to Cd**, possibly due to the
hemichannel-mediated efflux of antioxidant GSH. Targeting
Cx molecules could be a promising therapeutic strategy
for prevention and treatment of oxidative stress-initiated cell
injury.

Materials and Methods
Reagents

GSH-Glo™ assay kit was purchased from Promega (Ma-
dison, WI). Fetal bovine serum, trypsin/EDTA, antibiotics, N-
acety-1-cysteine (NAC), 2/, 7’-dichlorofluorescein diacetate
(DCE-DA), cadmium chloride (CdCl,), DL-buthionine-[S,R]-
sulfoximine (BSO), and glutathione reduced ethyl ester
(GSHee), heptanol, lindane, lucifer yellow (LY) and all other
chemicals were obtained from Sigma (Tokyo, Japan). Anti-
bodies against the J]NK protein were obtained from Cell Sig-
naling Inc (Beverly, MA).

Cells

Porcine kidney epithelial cell line LLC-PK1 was purchased
from American Type Culture Collection (Rockville, MD).
Mouse embryonic fibroblasts were derived from the fetal
offspring of mating pairs of heterozygous Cx43 knockout
mice (B6, 129-Gjal <tm1Kdr + /- mice; Jackson Laboratories,
Bar Harbor, ME),using a method described by Ehlich et al.
with minor modifications (8, 14). Briefly, both mouse fore-
limbs were taken from fetuses at day 18 of gestation, minced
and digested in DMEM/F12 containing 0.1% collagenases for
30 min. Freed cells were collected and cultured in DMEM /F12
medium containing 15% FBS. Cells at passages between 5 and
15 were used for this study. Genotypes of individual mice and
established cell lines were analyzed by PCR.

Formazan assay

The cell viability was assessed by formazan assay using
Cell Counting Kit-8 (Dojindo Laboratory, Kumamoto, Japan)
as described before (51, 52).

Western blot analysis

Total cellular protein was extracted by suspending the
prewashed cells in SDS lysis buffer (62.5mM Tris-HCl,
2%SDS, 10% glycerol) together with freshly added proteinase
inhibitor cocktail (Nacalai Tesque, Kyoto, Japan). Lysates
were incubated on ice for 30 min with intermittent mixing and
then centrifuged at 12,000 rpm for 10 min at 4°C. Supernatant
was recovered and protein concentration was deter-
mined using the Micro BCA Protein Assay Kit (Pierce, Rock-
ford, IL).
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Western blot was performed by the enhanced chemilumi-
nescence system (14, 52) Briefly, extracted cellular proteins
were separated by 10% SDS-polyacrylamide gels and elec-
trotransferred onto polyvinylidine difluoride membranes.
After blocking with 3% bovine serum albumin in PBS, the
membranes were incubated with anti-phospho-JNK antibody
(Cell Signaling, Beverly, MA). After washing, the membranes
were probed with horseradish peroxidase-conjugated anti-
rabbit IgG (Cell Signaling), and the bands were visualized by
the enhanced chemiluminescence system (Amersham Bios-
ciences, Buckinghamshire, UK). The chemiluminescent signal
is captured with a Fujifilm luminescent image LAS-1000 an-
alyzer (Fyjifilm, Tokyo, Japan) with an exposure time of 3 min
and quantified with densitometric software Fujifilm Image
Gauge. To confirm equal loading of proteins, the membranes
were stripped with 62.5mM Tris-HCI (pH 6.8) containing 2%
SDS and 100mM f-mercaptoethanol for 30 min at 60°C and
reprobed for total JNK protein or f-actin.

Detection of reactive oxygen species

The generation of reactive oxygen species (ROS) was de-
tected by dichlorofluorescin fluorescence. Cells grown in 96-
well plates were loaded with ROS-responsive fluorescent probe
DCF-DA for 1h and then stimulated with Cd** for 2h. After
that, the immunofluorescence image was visualized using a
fluorescent Olympus IX71 inverted microscope (Olympus,
Hachioji-shi, Tokyo, Japan). DCF fluorescence intensity was
also quantified (excitation=485, emission=510nm) using a
fluorescence multiwell plate reader (Bio-Tek Instruments®).

ATP measurement

ATP was measured using a luciferin/luciferase biolumi-
nescence assay kit (Molecular Probes, Eugene, OR). The in-
tensity of chemiluminescent signal was determined by a
luminometer (Gene Light 55; Microtech Nition, Chiba, Japan)
as described before (47).

Calcein-AM/Propidium lodide Cell-Survival Assay

Cell viability was evaluated by calcein AM/propidium
iodide (PI) double staining following the manufacturer’s in-
struction (Dojindo Laboratory, Kumamoto, Japan) (14).

Cytotoxicity assay

Cytotoxicity was evaluated by the release of lactate
dehydrogenase (LDH) using an LDH cytotoxicity detection
kit (Takara Bio Inc., Otsu, Shiga, Japan), as described previ-
ously (49).

Transfection of Cells with Cx43

Wild-type Cx43 pEGFP1 and mutant Cx43-pEGFP vectors
were kindly gifted by Dr. Oyamada (Department of Pathol-
ogy, Kyoto Prefectural University of Medicine, Kyoto, Japan).
The wild-type Cx43 pEGFP vector was constructed by liga-
tion of the Dral fragment of rat Cx43 cDNA into the Smal site
of the pEGFP-NT1 vector (Clontech, Palo Alto, CA). The mu-
tant Cx43-pEGFP, which lacks 24 bases corresponding to
amino acid residues 130-137 of rat Cx43 (A130-137 Cx43),
was designed according to the initial report of Krutovskikh
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et al. (22, 28). Previous studies demonstrated that cells carry-
ing the mutant vector cannot form active gap junctional in-
tercellular communication (GJIC) (21, 22, 27, 28, 44).

These vectors were transfected into LLC-PK1 cells by using
Lipofectamin Plus reagent (Invitrogen, Carlsbad, CA), fol-
lowing the manufacturer’s instruction (14, 28). To obtain LLC-
PK1 cell clones stably expressing Cx43-EGFP, the selective
medium containing 200 ug/ml G418 was added into the cul-
ture and renewed at the 4-day intervals. Clones with high
levels of GFP were selected under the fluorescence micro-
scope and used for this study.

Transient Transfection of Cells with siRNA

Fibroblasts were transiently transfected with siRNA spe-
cifically targeting Cx43 (Mm_Gjal_2 HP siRNA; Qiagen,
Japan) or a negative control siRNA (AllStars Negative Control
siRNA) at a final concentration of 20 nM using Hyperfect
transfection reagent for 48 h. After that, cells were either left
untreated or exposed to 30 uM Cd>* for additional 24 h. Cell
viability was then evaluated by formazan formation. Cellular
proteins were used for analysis of Cx43 levels.

GSH measurement

GSH activity was measured by using GSH-Glo™ assay kit
(Promega) (52). Briefly, cells at confluent culture in 96-well
culture plates were exposed to 30 uM Cd** for 6h. The su-
pernatants were collected for measurement of extracellular
GSH. The remaining cells were used for evaluation of intra-
cellular GSH according to the protocols provided by the
manufacturer.

Dye uptake assay

The presence of functional hemichannels was evaluated by
LY uptake as described previously (32, 36). Fibroblasts in the
normal culture media were exposed to 30 uM Cd** in the
presence or absence of Cx channel inhibitor heptanol (3 mM)
or lindane (100 uM) for 12 h. After the treatment, cells were
exposed to 0.1% LY in the same medium for an additional
5min. The cells were then rinsed and fixed with 3% parafor-
maldehyde and photographed.

Statistical analysis

Values are expressed as mean+S.E. Comparison of two
populations was made by Student t-test. For multiple com-
parisons, one-way analysis of variance (ANOVA) followed by
Dunett’s test was employed. Both analyses were done by
using the SigmaStat statistical software (Jandel Scientific, San
Rafael, CA). P<0.05 was considered to be a statistically sig-
nificant difference.

Results

Exogenous expression of Cx43 sensitizes
gap junction-deficient LLC-PK1
cells to Cd** -induced cell injury

Gap junctions influence cell survival in various pathologi-
cal situations (2, 14, 19, 24, 25, 32). To evaluate the roles of gap
junctions in Cd>*-elicited cell injury, a previously well-
investigated renal epithelial cell line LLC-PK1 was used. Be-
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cause this cell line did not express Cx43 nor had the functional
GJIC (14, 45), we transfected the cells with a wild-type or a
communication-free mutant Cx43-EGFP gene (14, 28). Their
responses to Cd>* were compared. As shown in Figure
1A,LLC-PK1 cells positively transfected with wild-type Cx43-
EGFP showed plaque-like or linear localization of the fusion
protein on the plasma membrane between adjacent cells,
whereas the cells with mutant Cx43 displayed the fusion
protein both in the cytoplasm and on the plasma membrane.
This observation is well consistent with the previous report by
Oyamada et al. (28).

Exposure of these cells to Cd** caused an obvious loss of
cell viability in wild-type Cx43 cells, but not in mutant Cx43
LLC-PK1 or untransfected control cells (Fig. 1B). Time-course
analysis also demonstrated a greater loss of cell viability in
wild-type Cx43 LLC-PK1 cells (Fig. 1C). Furthermore, Cd?*-
elicited cell injury in wild-type Cx43 LLC-PK1 cells was pre-
ceded by an appearance of round-shaped cells (Fig. 1D). These
observations suggest that expression of a functional Cx43
increases the sensitivity of LLC-PK1 cells to Cd**-induced cell
toxicity.

In further support of a role of gap junctions, treatment of
wild-type Cx43 LLC-PK1 cells with Cx channel inhibitors
heptanol (3mM) (39, 43) or lindane (100 uM) could largely
abrogate Cd**-elicited cell injury (Figs. 1E and 1F). Besides
the cytotoxic effects, Cd** also had the ability to stimulate
LLC-PK1 cell survival. Treatment of cells with 50 uM Cd>* for
3h significantly enhanced formazan formation (Fig. 1C).
Lower concentration of Cd** also tended to increase cell
survival (10 uM for 9 h in Fig. 1F), although there were some
variations in results among different batches of experiments
(Fig. 1B).

Cd?* -elicited cell injury is mediated by oxidative stress

Accumulating evidence indicates that Cd**-elicited cell
injury involves oxidative stress (12, 29, 37). We, therefore,
tested whether the cell injury triggered by Cd** could be
influenced by the major antioxidant GSH. As shown in Figure
2, depleting intracellular GSH by incubation of cells with a
specific GSH synthesis inhibitor BSO (2.5 mM) exaggerated
Cd**-induced cell injury, as indicated by the increased
number of the round-shaped and/or shrunken cells, as well as
the decreased cell survival. On the other hand, increasing
intracellular GSH by supply of cells with a GSH precursor
NAC (2.0mM) or a membrane-permeable glutathione re-
duced ethyl ester (GSHee; 2.0mM) attenuated cell injury
(Figs. 2A-2C). These results suggest that oxidative stress un-
derlies the Cd* " -elicited cell injury and that intracellular GSH
concentration influences cell susceptibility to Cd**.

As a downstream signal of oxidative stress, c-Jun N-
terminal kinase (JNK) has been reported to mediate Cd**-
initiated cell injury (40, 52). Consistently, we also found that
JNK inhibitor SP600125 attenuated the Cd>*-elicited cell in-
jury (Supplementary Fig. S1; Supplementary Data are avail-
able online at www.liebertonline.com/ars). In this context,
the degree of cell response to Cd** should be associated with
altered JNK activation. We therefore examined JNK activa-
tion. As shown in Figure 3A, Cd** induced a similar early
activation of JNK in both mutant and wild-type Cx43 LLC-
PK1 cells, which peaked at 0.5-1h and returned to near basal
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FIG. 1. Altered cell re-
sponse to Cd** after trans-
fection of LLC-PK1 cells
with a wild-type Cx43 gene
(Cx43-WT). (A) Cellular lo-
calization of Cx43 wild-type
and mutant fusion protein in
LLC-PK1 cells. LLC-PK1 cells
were transfected with a vec-
tor encoding mutant or wild-
type Cx43 EGFP and clones
expressing a high level of fu-
sion protein were selected.
The expression and localiza-
tion of Cx43-EGFP was
shown. (B) and (C) Effects of
Cd*" on cell viability. LLC-
PK1 cells were treated with
various concentrations  of
Cd** for9h (B) or 50 uM Cd>*
for the indicated times (C). Cell
viability was measured by
formazan assay. The data were
expressed as percent of the re-
spective control at zero point
(mean=*SE, n=4), *p<0.01 vs.
Cx43-mutant LLC-PK1 cells,
#p<0.01 vs. respectlve Zero
point control. (D) Cd**-eli-
cited cell shape change. LLC-
PK1 cells were exposed to
50 uM Cd>* (Cd) for 6h and
cell morphology was recorded
(X4002. (E) and (F) Prevention
of Cd**-induced cell injury by
Cx channel inhibitors. (E) Ef-
fect of Cx channel inhibitors on
cell shape. Cx43-WT LLC-PK1
cells were pretreated with or
without 3mM heptanol or
100 M lindane for 30 min be-
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(Magnification, X400). (F) Cx
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channel inhibitors on cell sur-

vival. Cx43-WT LLC-PK1 cells were exposed to Cd>" inthe presence or absence of 3 mM heptanol or 100 M lindane for 9 h. Cellular
V1ab111ty was determined by formazan assay. The data were expressed as percent of the respective control at zero point (mean + SE,
n=6), *p<0.01 vs. respective Cd>*-treated control, #p <0.01 vs. respective zero point control. (To see this illustration in color the
reader is referred to the web version of this article at www .liebertonline.com/ars).

levels afterward. However, JNK activation in wild-type Cx43-
LLC-PK1 cells rebounded after 6h. A clear activation of JNK
could be observed at 12h in wild-type Cx43 LLC-PK1 cells,
but not in mutant Cx43 cells (Fig. 3A). Concentration-effect
analysis revealed that Cd** induced a much stronger acti-
vation of JNK in wild-type Cx43 LLC-PK1 cells than Cx43-
mutant cells at the time point of 6 h (Figs. 3B and 3C).

In support of a close link between oxidative stress and JNK
activation, modification of intracellular redox status with
GSH-regulating agents caused a corresponding change in
JNK activation. Depleting the intracellular GSH with BSO
enhanced, whereas increasing intracellular GSH with NAC or
GSHee decreased JNK activation (Figs. 3D-3F).

Collectively, these observations indicate that oxidative
stress plays an important role in Cd>*-induced cell injury.

Fibroblasts derived from Cx43 wild-type, heterozygous
and knockout littermates display different
vulnerability to Cd®*

To further establish the role of gap junctions in Cd**-
elicited cell injury, we cultured fetal forearm fibroblasts from
Cx43 wild-type (Cx43+/+), heterozygous (Cx43+/-) and
knockout (Cx43-/-) littermates. In the previous studies, we
and others have shown that these cells express different levels
of Cx43 and displayed different capacity in GJIC (8, 14, 45).

Incubation of fibroblasts with Cd®* also caused a
concentration-dependent loss of cell viability. This is evi-
denced by the decreased number of calcein AM-stained living
cells (Fig. 4A) and the increased number of Pl-stained dead
cells (Fig. 4B). The extent of cell injury was much more severe
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FIG. 2. Effects of GSH-
regulating agents on Cd**-
induced cell injury. (A)
GSH-regulating agents on cell
shape change. Cx43-WT LLC-
PK1 cells were pretreated
with 25mM BSO for 4h,
2mM GSHee or 2mM NAC
for 1h, and exposed to 50 uM
Cd** for additional 6h. The
cell morphology was photo-
graphed (magnification, X
400). (B) and (C) GSH-regu-
lating agents on cell viability
in Cx43-WT (B) and Cx43-
mutant LLC-PK1 cells (O).
Cells were exposed to Cd** in
the presence or absence of
GSH-regulating agents as de-
scribed above for 9h. Cell vi-
ability was determined by
formazan assay. The data
were expressed as percent of
untreated  blank  control
(mean=*SE, n=4), *»<0.01 vs.
respective control without
Cd?+ treatment.

& 200
A —-cd
E - +Cd
.E - E 150
o [
0% 8
k]
2 100
5
{% 50
3 s | B
sl | 0
Control BSO GSHee NAC
Cxd3-WT
200
1 -cd
3_; - - Cd
% . B 150
Qs §
5
= 100
s *
s 3
r.% =2 *
O \
<
=z 0
Control BSO GSHee NAC
Cx43-mutant

in Cx43-positive fibroblasts (Cx43+/+ and Cx43-/-) than
Cx43-/- fibroblasts.

The staining results were confirmed by determination of
cell viability using the formazan assay. As shown in Figures
4C and 4D, Cd?* elicited a concentration- and time-dependent
loss of cell viability in all three types of fibroblasts. The cy-
totoxic effect of Cd** was significantly more severe in Cx43-
positive fibroblasts than Cx43-/- cells. Interestingly, similar to
LLC-PK1 cells, Cd?* at the lower concentrations also pro-
moted formazan formation. Ten micromolar Cd** caused a
significant increase in formazan formation in all three types
of fibroblasts, while 20 uM Cd>* caused an elevation in
Cx43+ /- and Cx43-/- cells (Fig. 4C). At present, the mecha-
nisms underlying this effect of Cd** are still unclear. Because
we wanted to focus our study on the roles of Cx43 in cell
injury, further investigation on this effect of Cd?* has not been
done.

In further support of the involvement of Cx43 in Cd*"-
initiated cell injury, downregulation of Cx43 in Cx43+/+
fibroblasts with Cx43 siRNA oligos significantly elevated
cell resistance to Cd** (Fig. 4E). The effectiveness of Cx43
siRNA in downregulation of Cx43 protein was confirmed
by Western blot analysis. The blot is shown in the inset of
Figure 4E.

To assess the role of oxidative stress in the altered cell re-
sponse to Cd?*, we measured ROS concentration in Cx43+ / +,
Cx43+ /-, and Cx43-/- fibroblasts by using a ROS-responsive
fluorescence probe, DCF-DA (52). As shown in Figure 5A,
under the basal situation, a minimal level of fluorescence sig-
nals was detectable among all the fibroblasts tested. However,
in the presence of Cd**, the intensity of fluorescence was en-
hanced. The increment was more pronounced in Cx43+/+
fibroblasts than in Cx43-/- fibroblasts. In a separate experi-
ment, quantification of the DCF fluorescence intensity using a

multiplate reader revealed that Cd** addition significantly
increased ROS concentration in Cx43 + / + fibroblasts, but not
in Cx43-/- fibroblasts (Supplementary Fig. S2).

Consistent with the different concentrations of ROS, the
degree of JNK activation among these fibroblasts was also
different. As shown in Figures 5B and 5C, Cd** triggered a
time- and concentration-dependent activation of JNK, which
was more pronounced in Cx43+ / + fibroblasts than Cx43-/-
cells. There was a significance difference in JNK activation
between Cx43+ /+ and Cx43-/- fibroblasts at the 6 h point.
JNK activation by 30 uM Cd** was 1.00+0.18 in Cx43-/-
fibroblasts, whereas it was 2.41 £0.25 in Cx43 + / + fibroblasts
(mean=*SE; n=4, P<0.01). It appeared that the levels of
phosphorylated JNK were closely related to Cx43 levels
among these fibroblasts (Figs. 5D and 5E). These observations
further indicate that Cx43 contribute to Cd**-elicited oxida-
tive stress and cell injury.

Similar to LLC-PK1 cells, the extent of JNK activation could
be modulated by GSH-regulating agents (BSO, NAC, and
GSHee) (Figs. 5F and 5G). Furthermore, GSH-regulating
agents also altered fibroblast susceptibility to Cd**. As shown
in Figures 6A and B, depleting intracellular GSH in Cx43 + / +
(Fig. 6A) or Cx43-/- fibroblasts (Fig. 6B) with BSO signifi-
cantly exaggerated, whereas elevating intracellular GSH with
NAC or GSHee completely prevented the cytotoxic effect of
Cd**. Of note, GSHee alone significantly stimulated the basal
formazan formation in both Cx43 + / + and Cx43-/ fibroblasts
(#P <0.01 vs. control).

The effects of GSH-regulating agents on cell viability were
associated with an obvious change in intracellular GSH con-
centrations. As shown in Figure 6C, incubation of Cx43+ / +
fibroblasts with 2.5mM BSO caused a time-dependent de-
crease in GSH concentrations. On the contrary, treatment of
cells with 2mM NAC pronouncedly elevated intracellular
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GSH concentrations. The similar regulatory effects on intra-
cellular GSH and cell susceptibility to Cd** were also ob-
served in Cx43-/- fibroblasts (Fig. 6D). These results further
confirmed the pivotal role of GSH in cell defense against the
cytotoxicity of Cd*™.

Cd?* induces opening of gap junction hemichannels

The central role of GSH in the regulation of cell response to
Cd** prompted us to ask whether the sensitizing effects of
gap junctions were exerted via regulation of intracellular
GSH. To test this possibility, we examined the influence of
Cd?* on GSH concentrations. As shown in Figures 7A and 7B,
incubation of Cx43 + / + fibroblasts with Cd** caused a time-
dependent decrease in intracellular GSH, but an increase
in extracellular GSH. In comparison of GSH concentrations
between Cx43+/+ and Cx43-/- fibroblasts, we found
Cx43+/+ fibroblasts displayed a significantly more pro-
nounced elevation in extracellular GSH concentrations (Fig.
7C), but reduction in intracellular GSH (Fig. 7D), as compared
with Cx43-/- cells. This observation suggests that Cx43 may
contribute to Cd?*-elicited alteration in intra- and extra-
cellular GSH concentrations.

Given opening of Cx hemichannels could lead to extracel-
lular release of small signal molecules such as ATP and GSH
(6,32, 33, 38), we therefore examined the influence of Cd>** on
hemichannel opening. As shown in Figure 8A,treatment of
Cx43+ / + fibroblasts with 30 uM Cd>" for 12h increased LY
uptake, which was largely prevented by Cx channel inhibitors
heptanol and lindane. The increase in LY uptake was also
observed in Cx43+ /+ fibroblasts after 6h treatment with
50 uM Cd>* (Fig. 8B). In accordance with hemichannel
opening, Cd** triggered a more pronounced release of ATP in
Cx43-positive fibroblasts than Cx43-negative fibroblasts (Fig.
8C). Of note, Cd?* under the above experimental conditions
(30 uM Cd** for 12h or 50 uM for 6h) did not induce an in-
crease in LDH release (Figs. 8D and 8E).

Discussion

In this study, we demonstrated, for the first time, that gap
junction hemichannels affect cell susceptibility to Cd**. This
conclusion is supported by the observations that the cells
expressing Cx43 were more sensitive to Cd** and that
downregulation of Cx43 with siRNA or inhibition of Cx43
function with channel inhibitors could significantly enhance
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FIG. 4. Responses of dif-
ferent types of fibroblasts to
Cd**-elicited cell injury and
its influence by Cx43 siRNA.
(A-D) Cd2 +-elicited cell in-
jury in different types of fi-
broblasts. (A-C) Fibroblasts
expressing different amounts
of Cx43 were exposed to the
indicated concentrations of
Cd** for 24h. The living (A)
and dead cells (B) were
identified by calcein AM/PI
staining. (C) and (D) Con-
centration and time-course
effect of Cd®* on cell viabil-
ity. Fibroblasts were exposed
to the indicated concentra-
tions of Cd** for 24h (C) or
30 uM Cd>* for the indicated
time (D). The cell viability
was evaluated by formazan
assay. The data are expressed
as percent of control at
zero point (mean=*SE, n=4),
*»<0.01 wvs. Cx43-/- fibro-
blasts, #p<0.05 vs. respec-
tive zero point control. (E)
Downregulation of Cx43 on
cell response to Cd**. Cx43 + /
+ fibroblasts were treated
with Cx43 siRNA or control
siRNA (Con-siRNA) for 48 h.
Cellular proteins were ex-
tracted and subjected to
Western blot analysis of
Cx43. Equal loading of pro-
tein was verified by reprob-
ing the blot with anti-f-actin
antibody. Note the obvious
reduced level of Cx43 protein
in Cx43 siRNA-treated cells
(inset). The transfected fibro-
blasts were also examined for
cell viability after incubation
with 30uM Cd** for 24h.
Data are expressed as per-
centage of living cells against
the respective untreated con-
trol. *p<0.01 vs. siRNA and
blank control. (To see this
illustration in color the reader
is referred to the web ver-
sion of this article at www
liebertonline.com/ars).
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cell resistance to Cd?*. Our results also indicate that the effect  increased concentration of ROS, decreased concentration of
of Cx43 was correlated with their effects on the intracellular ~ GSH, activation of JNK, and abrogation of cell injury by GSH
oxidative status. Consistent with the previous reports (26,52), (18, 37). Therefore, the different oxidative status among Cx43-
Cd**-elicited cell injury in LLC-PK1 and fibroblasts was positive and -negative cells, as revealed by the different levels
mediated by oxidative stress. This is well evidenced by the of ROS, GSH, and JNK activation, should underlie the varied
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FIG. 5. Cd**-initiated
oxidative stress in Cx43+/+,
+/-, and -/- fibroblasts. (A) Ef-
fect of Cd** on ROS formation.
Fibroblasts were loaded with
10 uM DCE-DA for 1h. Cells
were stimulated with 30 uM
Cd** (Cd) for 2 h and subjected
to fluorescent microscopy.
(Magnification, X 200). (B-D)
Cd?*-induced JNK activation.
Fibroblasts were exposed to
30uM Cd>* for the indicated
times (B) or various concentra-
tions of Cd** (C) for 6h. (D)
JNK activation in different
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cell responses to Cd**. The question arises as to how Cx43
affected Cd**-initiated oxidative stress and subsequent cell
injury. Gap junctions exert multiple pathophysiological
functions through communication-dependent and/or -inde-
pendent mechanism (35, 46, 48). In this study, the cell sus-
ceptibility to Cd** was enhanced by expression of wild-type
Cx43 in LLC-PK1 cells, but not a communication-free mutant
Cx43 (14, 21, 22, 27, 28, 44), indicating an involvement of
functional Cx43. Because Cd*" caused cell shape change be-
fore the occurrence of cell injury (a phenomenon that has been
observed in multiple cell types and considered to be a result of
Cd?**-elicited damage of tight junction; 29-31), Cx43-channels
in these poorly contacting cells were likely to exist as hemi-

.com/ars).

channels. Indeed, the influx of LY and efflux of ATP was
observed in Cd**-treated Cx43-positive cells, supporting the
existence of functional Cx hemichannels. As for molecules
responsible for the hemichannel-mediated effects on oxida-
tive stress, GSH could be the likely candidate. GSH has been
documented to be depleted in Cd?*-treated cells (23). As a
major oxygen radical scavenger, GSH provides the first line of
defense against Cd>*-elicited oxidative stress and cell injury
(20). Consistently, we also observed that JNK activation and
Cd** toxicity could be up- and downregulated by modulation
of intracellular GSH concentrations. Besides the results from
the direct measurement of GSH, several observations also
suggested an existence of an additional loss of GSH in Cd**-
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FIG. 6. Effects of GSH-
regulating agents on Cd**-
induced cell injury and
intracellular GSH concen-
tration. (A, B) Influence of
GSH-modulating agents on
Cd**-elicited cell injury in
Cx43+/+(A) and Cx43-/-
fibroblasts (B). Fibroblasts
were pretreated with 2.5mM
BSO for 4h, 2mM GSHee or
2mM NAC for 1h and ex-
posed to 30 uM Cd** for ad-
ditional 24h. Cell viability
was determined by formazan
assay. The data were ex-
pressed as percent of un-
treated blank control
(mean+£SE, n=4), *p<0.01 vs.
Cd*"  control, #p<0.01 wvs
untreated blank control. (C)
Time-course effects of GSH-
modulating agents on intra-
cellular GSH concentrations
in Cx43+ /+ fibroblasts. (D)
Comparison of the effects of
GSH-modulating agents on
intracellular GSH between
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Cx43+ / + and Cx43-/- fibroblast. Fibroblasts were exposed to 2.5 mM BSO or 2mM NAC for the indicated time period (C) or
3h (D). GSH concentrations were measured as described in Methods. The data are expressed as relative change against the

untreated control (mean+SE, n=6). *p <0.01 vs. the respective blank control.

treated Cx43-positive cells. First, the GSH-depleting agent
BSO was less effective in potentiation of Cd**-triggered JNK
activation and cytotoxicity in wild-type Cx43 LLC-PK1 cells.
Second, JNK activation rebounded after 6h treatment of
Cd**, which may reflect a severe deficiency of antioxidant
GSH at this time point. Intriguingly, it was well coincident

FIG. 7. Effects of Cd*" on
intra- and extracellular GSH
concentrations. (A, B) Cd**
on intra- and extracellular
GSH concentrations. Cx43
+/+ fibroblasts were ex-
posed to 30 uM Cd>* for the
indicated times. GSH con-
centrations in cellular lysates
(A) and culture supernatants
(B) were measured as de-
scribed in Methods. (C, D)
Change in extra- (C) and in-
tracellular (D) GSH concen-
trations between Cx43+/+
and Cx43-/- cells after Cd>*
addition. Cells were exposed
to 30 uM Cd>** for 6h. GSH
was measured as described
above. The data are ex-
pressed as relative change
against the untreated control
(mean=*SE, n=4), *p<0.01.

with the time of hemichannel opening. Therefore, it can be
assumed that the loss of GSH through Cx43 hemichannels
could behind the increased cell vulnerability to Cd**.

The increased cell susceptibility to Cd?* could also result
from an elevation in the uptake and retention of Cd?**,and/or
a decrease in the elimination of the Cd**. At present, the
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FIG. 8. Induction of hemi-
channel opening by Cd>*.
(A) LY uptake in Cx43+/+
fibroblasts. Cx43+ /+ fibro-
blasts were treated with
30 uM Cd** (Cd) in the pres-
ence or absence of Cx channel
inhibitors 3 mM heptanol and
100 uM lindane for 12h, and
then exposed to 0.1% LY for
uptake assay. The immuno-
fluorescent signals were pho-
tographed (magnification,
X200). (B) LY uptake in
Cx43+/+ and Cx43-/- fibro-
blasts. Cx43+/+ fibroblasts
were treated with 50 uM Cd**
for 6h and then exposed to
0.1% LY for uptake assay. The
immunofluorescent  signals
were photographed (B). (C)

C D Cd**-induced ATP release in
=007 (e 0257 —-cd fibroblasts expressing differ-
% =1 Cxd3+/- =+cd T ent levels of Cx43. Cells were
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o 60 @ 0.15 ATP concentration in culture
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2 20 * 3 0.051 (mean+SE, n=4). *p<0.01 vs.
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E 030 50uM Cd** for 6h. (E)
Cx43+ /+ fibroblasts were
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S 12h. LDH activity in culture
% 0.20 1 medium was measured. The
& 015 data are expressed as optical
3 density (OD) values (meanz
I 0.10 SE, n=4). (To see this illus-
9 tration in color the reader is
0.051 referred to the web version
0.00 . . of this article at www

- Cd2+ + Cd2+ Jiebertonline.com/ars).

information on these aspects is still limited. One recent pub-
lication showed that hemichannel can promote toxicity of
cigarette smoke extract through facilitating the direct entry of
toxic molecules (32). The similar scenario may occur in this
study. More detailed analysis is required to have a clear
conclusion.

The molecular events leading to hemichannel opening are
presently unclear. Hemichannel can be opened by membrane
depolarization, mechanical stimulation, metabolic stress, re-
duction in extracellular calcium, and an increase of cytoplas-
mic calcium (6, 7, 9, 36, 38, 43, 50, 53). In our preliminary
study, we noticed that alleviation of oxidative stress with
GSH-elevating agents or blockade of JNK activation with
SP600125 could largely prevent Cd**-elicited release of ATP
(Supplementary Fig. S3),indicating a possible causative role of
oxidative stress in hemichannel opening. In line with this
notion, a previous report has described that oxidative stress

opens gap junction hemichannel via depolarization of the cell
membrane (32). In addition, metabolic inhibition-elicited
hemichannel opening has been shown to be related to oxidant
stress and can be reduced by elevated intracellular GSH
concentration (34). In this context, the initial depletion of in-
tracellular GSH concentration by Cd** could play a critical
role in hemichannel opening.

In this study, we reconfirmed the central role of GSH in
protection of cells against oxidative stress. Cd**-induced
JNK activation and subsequent cell injury could be com-
pletely blocked by GSH-elevating agents. As discussed
above, depletion of GSH by Cd** through induction of ROS
production might participate in the activation of Cx43
hemichannels, resulting in a further loss of GSH and “a vi-
cious cycle’ between decreased GSH and hemichannel
opening. Interestingly, GSH has also been documented to
mediate the inhibitory effect of H,O, on GJIC. The depletion
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of intracellular GSH with BSO completely abolished the in-
hibitory effect of HyO, on GJIC (42). Thus, oxidative stress,
gap junctions, and Cx hemichannels could be interlinked by
GSH as an integral component of cellular responses to var-
ious oxidants. This concept needs to be tested in the future
studies.

Of note, several previous studies have demonstrated that
Cd** was able to suppress Cx expression and inhibit GJIC (11,
16, 17). There is also a report documenting that Cd** exerted
different effects on gap junctions, depending on cells, iso-
forms of Cx tested, as well as time of Cd?>* stimulation. In that
report, short-term incubation with cd?* promoted Cx43
phosphorylation and decreased Cx32 expression in normal
Balb/3T3 A31 cells, whereas long-term treatment promoted
expression of Cx43 and Cx32 in the transformed cells (10). We
also examined the influence of Cd** on Cx43 protein levels
and GJIC in fibroblasts. Our results indicated that the levels of
Cx43 tended to increase after exposure of Cx43+ /+ fibro-
blasts to high concentrations of Cd**, or after long periods of
Cd** treatment, whereas the function of gap junctions was
not greatly altered by Cd** within 4 h period (Supplementary
Fig. S4). At presently, the reasons for the different effects in
different cell types and the possible links between the altered
Cx43 and hemichannel opening remain to be clarified.

Collectively, our studies characterized Cx43 hemichannel
as a presently unrecognized factor affecting cell responses to
Cd**. Incubation of cells with Cd** caused oxidative stress
and opening of Cx hemichannels. The efflux of the major
antioxidant GSH via the channels will weaken the anti-
oxidative defense, thus sensitizing cell to oxidative stress-
induced cell injury. Our findings may have important clinical
implications. Beside Cd**, oxidative stress is induced by
many insults and has been implicated in a variety of patho-
logical situations. Implication of Cx43 hemichannels in oxi-
dative stress suggests that hemichannel opening could be an
important pathogenic factor in these situations. Regulation of
hemichannel opening could be a novel approach to prevent
and alleviate the stress-associated cell injury.
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Abbreviations Used

BSO = DL-buthionine-[S,R]-sulfoximine
Cd?*" = cadmium ions
CdCl, = cadmium chloride
Cx = connexin
Cx43 = connexin43
Cx43-MU = mutant connexin43
Cx54-WT =wild-type connexin43
DCF-DA =2’, 7’-dichlorofluorescin
diacetate
GJIC = gap junctional intercellular
communication
GSH = glutathione
GSHee = glutathione reduced
ethyl ester
JNK = c-Jun N-terminal kinase
LDH =lactate dehydrogenase
LY = Lucifer Yellow
NAC = N-acetyl-cysteine
PI =propidium iodide
ROS = reactive oxygen species
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