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BACKGROUND AND PURPOSE
Gap junctions play important roles in the regulation of cell phenotype and in determining cell survival after various insults.
Here, we investigated the role of gap junctions in aminoglycoside-induced injury to renal tubular cells.

EXPERIMENTAL APPROACH
Two tubular epithelial cell lines NRK-E52 and LLC-PK1 were compared for gap junction protein expression and function by
immunofluorescent staining, Western blot and dye transfer assay. Cell viability after exposure to aminoglycosides was
evaluated by WST assay. Gap junctions were modulated by transfection of the gap junction protein, connexin 43 (Cx43), use
of Cx43 siRNA and gap junction inhibitors.

KEY RESULTS
NRK-E52 cells expressed abundant Cx43 and were functionally coupled by gap junctional intercellular communication (GJIC).
Exposure of NRK-E52 cells to aminoglycosides, G418 and hygromycin, increased Cx43 phosphorylation and GJIC. The
aminoglycosides also decreased cell viability that was prevented by gap junction inhibitors and Cx43 siRNA. LLC-PK1 cells
were gap junction-deficient and resistant to aminoglycoside-induced cytotoxicity. Over-expression of a wild-type Cx43
converted LLC-PK1 cells to a drug-sensitive phenotype. The gap junction inhibitor a-glycyrrhetinic acid (a-GA) activated Akt
in NRK-E52 cells. Inhibition of the Akt pathway enhanced cell toxicity to G418 and abolished the protective effects of a-GA.
In addition, gentamycin-elicited cytotoxicity in NRK-E52 cells was also significantly attenuated by a-GA.

CONCLUSION AND IMPLICATIONS
Gap junctions contributed to the cytotoxic effects of aminoglycosides. Modulation of gap junctions could be a promising
approach for prevention and treatment of aminoglycoside-induced renal tubular cell injury.

Abbreviations
a-GA, a-glycyrrhetinic acid; Cx, connexin; G418, gentamicin 418; GJIC, gap junctional intercellular communication;
GZA, glycyrrhizic acid; LY, Lucifer Yellow; PKA, protein kinase A

Introduction

The kidney is a major organ for filtration, secretion,
re-absorption and ultimately excretion of drugs
or drug metabolites. This makes it particularly
vulnerable to several drugs. These drugs include

aminoglycoside antibiotics (gentamycin), immuno-
suppressive agents (cyclosporin) and anti-tumour
drugs (cis-diamminedichloroplatinum; cisplatin).
Among them, the aminoglycosides are particularly
well known for their cytotoxicity to renal tubular
epithelial cells. Accumulation of aminoglycosides in
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renal tubular cells causes acute tubular cell necrosis,
which accounts for significant morbidity after clini-
cal use (Fillastre et al., 1983; Mingeot-Leclercq and
Tulkens, 1999). These serious side effects markedly
limit the use of the drugs in the clinic. It is therefore
important to identify and characterize potential
factors that control tubular cell susceptibility to
aminoglycosides and to design novel preventive and
therapeutic strategies.

Gap junctions are clusters of transmembrane
channels that permit the direct intercellular
exchange of ions, secondary messengers and small
signalling molecules between cells. Intercellular
communication via gap junction is thought to play
an important role in the control of a variety of
cellular functions, including cell growth, migration,
differentiation and survival (Kumar and Gilula,
1996; Saez et al., 2003; Yao et al., 2007a; 2009). Gap
junctions are formed by a family of specialized pro-
teins called connexins (Cx) and, so far, more than
20 different Cx proteins have been identified.
Among them, Cx43 is predominantly expressed in a
variety of cell types and has been extensively inves-
tigated. Recently, gap junctions have been shown to
be critically involved in various pathological situa-
tions and these junctions can either attenuate or
exacerbate the damage, depending on the properties
and extent of injuries, as well as the nature of insults
(Azzam et al., 2001; Huang et al., 2001; Krutovskikh
et al., 2002; Nakase et al., 2003; 2004; Garcia-Dorado
et al., 2004).

In vivo and in vitro studies have demonstrated the
presence of gap junction proteins in a variety of
renal cell types including proximal tubular epithe-
lial cells (Hillis et al., 1997; Haefliger et al., 2001).
However, information regarding gap junctions in
the nephrotoxic effects of drugs is still lacking.
Given that gap junctions are critically involved in
the regulation of cell survival in various pathologi-
cal situations, it was possible that gap junctions
were involved in injury to renal tubular cells,
induced by aminoglycosides. Here, we present evi-
dence showing that gap junctions were up-regulated
by aminoglycosides and contributed to the propa-
gation of renal tubular cell injury. In addition,
we identified the gap junction inhibitor
a-glycyrrhetinic acid (a-GA) as a promising
agent for the prevention and treatment of
aminoglycoside-induced tubular cell injury.

Methods

Cell culture
Tubular proximal epithelial cell lines, NRK-E52 and
LLC-PK1 (from the American Type Culture Collec-

tion, Rockville, MD, USA), were maintained in Dul-
becco’s modified Eagle’s medium/F-12 (Gibco-BRL,
Gaithersburg, MD, USA) supplemented with
100 U mL-1 penicillin G, 100 mg mL-1 streptomycin,
0.25 mg mL-1 amphotericin B and 5% fetal bovine
serum.

Measurement of gap junctional intercellular
communication (GJIC)
GJIC was assessed by transfer of the membrane-
impermeant fluorescent dye, Lucifer Yellow (LY),
after single cell microinjection with an automated
microinjection system (Zeiss Oberkochen, Jene,
Germany) (Yao et al., 2000; 2002; 2005; 2006).

Transfection of cells with wild-type Cx43
Wild-type Cx43-pEGFP1 (Cx43 labelled with
enhanced green fluorescent protein) or control
pEGFP-N1 vector were transfected into LLC-PK1
cells by using Lipofectamine Plus reagent (Invitro-
gen, Carlsbad, CA, USA), following the manufactur-
er’s instruction. For transient transfection
experiment, cells were exposed to stimulants 24 h
after transfection. To obtain LLC-PK1 cell clones
stably expressing EGFP or WT-Cx43-EGFP, the selec-
tive medium containing 700 mg mL-1 G418 was
added into the medium and renewed at 4 day inter-
val. Clones with high levels of GFP or Cx43 were
selected under the fluorescence microscope and
used for this study.

Western blotting
Levels of Cx43 and Akt were evaluated by Western
blot analysis as described before (Yao et al., 2000;
2005; 2006; 2007b).

Immunocytochemistry
Immunocytochemical staining for Cx43 was per-
formed by using an anti-Cx43 antibody as described
previously (Yao et al., 2000; 2005; 2006; Yaoita et al.,
2002).

Assessment of cell viability
NRK-E52 and LLC-PK1 cells in confluent culture
were exposed to various stimuli for the indicated
time intervals. Cell viability was evaluated by a
WST-1 Assay Kit (MBL, Nagoya, Japan) following the
instructions provided by the manufacturers.

Transient transfection of cells with siRNA
NRK cells were transiently transfected with siRNA
specifically targeting Cx43 (Rn_Gja1-1 or 5_HP vali-
dated siRNA; Qiagen, Japan) or a negative control
siRNA (AllStars Negative Control siRNA) at a final
concentration of 20 nM using Hyperfect transfec-
tion reagent for 24 h. After that, cells were either left
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untreated or exposed to G418 or hygromycin for the
indicated time. Cellular protein was extracted and
subjected to Western blot analysis for Cx43. Cell
viability was evaluated by WST assay.

Statistical analysis
WST assays were performed in quadruplicate, and
data were expressed as means � SE or SD. Statistical
analysis was performed using one-way ANOVA and
the Dunnett test. Comparison of two populations
was performed by Student’s t-test. P < 0.05 was con-
sidered to be a statistically significant difference.

Materials
A wild-type Cx43-pEGFP expressing vector was a gift
from Dr M. Oyamada (Department of Pathology and
Cell Regulation, Kyoto Prefectural University of
Medicine, Kyoto, Japan). This vector was con-
structed by ligation of the DraI fragment of rat Cx43
cDNA into the SmaI site of the pEGFP-N1 vector
(Clontech, Palo Alto, CA, USA) (Oyamada et al.,
2002). Anti-phospho-Akt and anti-Akt were pur-
chased from Cell Signaling (Beverly, MA, USA). The
selective Akt inhibitor (Akti-1/2) was obtained from
Calbiochem (LaJolla, CA, USA). TITC-conjugated
swine anti-rabbit immunoglobulin was obtained
from DAKO (Glostoup, Denmark). All other
reagents including anti-Cx43 and anti-b-actin anti-
bodies were purchased from Sigma (St. Louis, MO,
USA).

All nomenclature for the proteins and receptors
used in the study follows Alexander et al. (2009).

Results

NRK-E52 and LLC-PK1 cells display different
susceptibility to G418 and hygromycin
Gentamicin 418 (G418) and hygromycin are ami-
noglycoside antibiotics similar in structure and
function to gentamycin. They are widely used for
selection of eukaryotic cells that acquire corre-
sponding resistance genes in transfection studies.
During clone selection experiments, we accidentally
noticed that two proximal tubular epithelial cell
lines, NRK-E52 and LLC-PK1, displayed different
susceptibility to these antibiotics. NRK-E52 cells
were far more vulnerable than LLC-PK1 cells. As
shown in Figure 1A and B, treatment of NRK cells
with G418 or hygromycin for 48 h caused a
concentration-dependent loss of cell viability, as
evaluated by WST assay. However, they had little
effects on LLC-PK1 cells.

NRK-E52 and LLC-PK1 cells differ in gap
junction expression and function
As gap junctions affect the response of cells to a
range of stresses (Azzam et al., 2001; Huang et al.,

2001; Krutovskikh et al., 2002; Nakase et al., 2003;
2004; Garcia-Dorado et al., 2004), we assessed the
role of the gap junctions in the different cell
responses to the aminoglycosides. To test this
hypothesis, we first compared the expression and
function of gap junctions in NRK-E52 and LLC-PK1
cells. Immunofluorescent staining revealed the pres-
ence of abundant gap junction protein Cx43 in NRK
cells, which was localized at cell-to-cell contacts in a
linear pattern. Moreover, the NRK-E52 cells had
functional GJIC. Single cell injection of immunof-
luorescent dye, LY, led to diffusion of the dye from
the injected cells to more than 10 surrounding cells
(Figure 1C, upper panel). In contrast, LLC-PK1 cells
had neither Cx43 nor GJIC (Figure 1C, lower panel).
These results indicate that NRK-E52 and LLC-PK1
cells differed in the expression and function of gap
junction proteins.

G418 promotes GJIC in NRK-E52 cells
We then examined whether aminoglycoside-
induced NRK-E52 cell injury was preceded by
altered gap junction expression and function. As
shown in Figure 2A, incubation of NRK-E52 cells
with G418 (100–500 mM) for 24 h caused morpho-
logical changes, manifested by the enlargement of
lysosomes, a phenomenon that has been well
described in gentamycin-injured tubular epithelial
cells (Fillastre et al., 1983; Mingeot-Leclercq and
Tulkens, 1999). This was associated with clearly
altered Cx43 distribution and GJIC. In contrast to
the punctate and linear distribution of Cx43 in
control cells, Cx43 molecules in G418-treated cells
were displayed at cell-to-cell contacts as aggregated
particles (Figure 2B). Assay of LY dye transfer dem-
onstrated that G418 treatment increased GJIC
(Figure 2C and D). There were significantly more
dye-coupled cells in G418-treated NRK cells than in
control cultures. In addition, active dye transfer
between morphologically normal and abnormal
cells could be observed (Figure S1). Western blot
analysis revealed that G418 promoted the conver-
sion of Cx43 from a non-phosphorylated to a hyper-
phosphorylated form (Figure 2E). Similar findings
were found in cells treated with hygromycin (Fig-
ure S2). These results indicate that aminoglycosides
increased Cx43 phosphorylation and promoted
GJIC in NRK-E52 cells.

Gap junction inhibitors and Cx43 siRNA
attenuate aminoglycoside-induced tubular cell
injury in NRK-E52 cells
To examine whether the enhanced GJIC contributed
to aminoglycoside-triggered cell injury, we mea-
sured cell viability in the presence or absence of
gap junction inhibitors. First, we confirmed the
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effectiveness of the gap junction inhibitor a-GA in
blocking GJIC. Exposure of NRK-E52 cells to a-GA
(5 mM) for 30 min led to a rapid decrease of GJIC, as
evaluated by the number of dye-coupled cells (P <
0.01; Figure 3A). Consistent with this finding, a-GA
suppressed Cx43 protein levels, especially those of
phosphorylated Cx43, as revealed by Western blot
analysis (Figure 3B). Immunofluorescent staining
demonstrated that the accumulation of Cx43 mol-
ecules at cell-to-cell contacts was greatly reduced in
the presence of a-GA (Figure 3C).

Using a-GA, we then evaluated the roles of gap
junctions in aminoglycoside-induced cell injury. As
shown in Figure 4A and B, a-GA attenuated the
loss of cell viability induced by G418 in a
concentration-dependent manner. This effect was
mimicked by an active structural analogue of
a-GA, carbenoxolone, that can disrupt GJIC, but
not the inactive analogue, glycyrrhizic acid (GZA;
Figure 4C) (Ozog et al., 2002). Furthermore, a

similar effect was achieved by the structurally dif-
ferent gap junction inhibitors, heptanol and
lindane (Figure 4D). Additionally, cytotoxicity
induced by a clinically used aminoglycoside, gen-
tamycin, in NRK-E52 cells was similarly prevented
by a-GA and its active analogue carbenoxolone
(Figure 4E).

The prevention by gap junction inhibitors of the
cytotoxic effects of G-418 was also assessed by mea-
surement of cell detachment or staining of cells with
ethidium homodimer-2. These results are shown in
Figures S3 and S4.

To exclude possible non-specific effects of gap
junction inhibitors, we examined responses of NRK-
E52 cells to G418 after down-regulation of Cx43
with siRNA. As shown in Figure 5A, Cx43 siRNA
markedly suppressed Cx43 protein levels and sig-
nificantly elevated cell resistance to hygromycin
(Figure 5B) and G418 (Figure 5C). In contrast,
control siRNA had no effects. These results indicate

Figure 1
NRK-E52 and LLC-PK1 differ in response to aminoglycosides and in gap junction protein expression and function. (A and B) G418 and hygromycin
induced cell injury in NRK-E52 and LLC-PK1 cells. NRK-E52 or LLC-PK1 cells in confluent cultures in 96-well plates were exposed to various
concentrations of G418 or hygromycin for 48 h and cell viability was evaluated by WST assay. Data are expressed as percentage of living cells,
compared with the untreated control. *P < 0.01 versus LLC-PK1 cells treated with respective G418. (C) Microscopic analysis of dye coupled cells
and immunofluorescent staining of Cx43. Lucifer Yellow (LY) was pressure-injected into a single cell (arrow). Diffusion of LY into adjacent cells was
recorded. Magnification, ¥320. Expression of Cx43 was evaluated by staining the cells with an anti-Cx43 antibody. Magnification, ¥400.
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that gap junctions were critically involved in the
cellular response to aminoglycosides.

Overexpression of Cx43 in LLC-PK1 cells
sensitizes them to aminoglycoside-elicited
cell injury
If gap junctions contribute significantly to drug-
elicited tubular cell injury, one would expect that
over-expression of Cx43 in the gap junction-
deficient LLC-PK1 cells would sensitize them to the
aminoglycosides. To test this possibility, LLC-PK1
cells were transfected with wild-type Cx43-EGFP

or control pEGFP-N1 vector either transiently
(Figure 6A) or permanently (Figure 6B). Because the
vectors contain a neomycin phosphotransferase
gene that makes the transfectants resistant to G418,
we only examined the cytotoxic effect of hygromy-
cin in these experiments. As shown in Figure 6, 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 (micrographs). These cells exhibited a
much higher sensitivity to hygromycin than control
cells transfected with a control plasmid (pEGFP-N1).

Figure 2
G418 elevates Cx43 expression and promotes GJIC in NRK-E52 cells. (A) Change of cell morphology in G418-treated NRK-E52 cells. NRK-E52 cells
in confluent culture were either left untreated (control) or exposed to G418 (500 mg mL-1) for 24 h. Cell morphology was recorded by a CCD
camera. Magnification, ¥600. (B) Cx43 staining in G418-treated NRK-E52 cells. NRK-E52 cells in confluent culture were exposed to different
concentrations of G418 for 24 h and subjected to immunofluorescent staining for Cx43. Magnification, ¥400. (C) Functional GJIC in G418-treated
cells. NRK-E52 cells in confluent culture were either left untreated (control) or exposed to G418 (500 mg mL-1) for 24 h. Lucifer Yellow (LY) was
pressure-injected into a single cell. Diffusion of LY into adjacent cells was recorded by a CCD camera. Magnification, ¥320. (D) Quantitative
analysis of dye-coupled cells. The number of cells into which LY was transferred from the injected cells within 3 min is shown. Data are presented
as the mean � SD (n = 8), *P < 0.01 versus basal control. (E) Expression of Cx43 in G418-treated NRK-E52 cells. NRK-E52 cells were exposed to
various concentrations of G418 for 24 h. Cellular proteins were extracted and subjected to Western blot analysis using an anti-Cx43 antibody. NP
and P denote non-phosphorylated and phosphorylated Cx43, respectively. Equal loading of protein per lane was verified by reprobing the blots
with an anti-b-actin antibody.
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Akt activation contributes to the
cytoprotective effects of the gap junction
inhibitor a-GA
Because Akt is one of the well-known signal mol-
ecules involved in drug and apoptosis resistance
(Krystal et al., 2002; Vivanco and Sawyers, 2002;
Chung et al., 2006), we tested the contribution of
Akt activation to the protective effects of the gap
junction inhibitors. As shown in Figure 7A, expo-
sure of NRK-E52 cells to a-GA resulted in a time-
dependent activation of Akt. This action of a-GA
was independent of G418, and could be mimicked
by the active structural analogue carbenoxolone,
but not the inactive analogue, GZA (Figure 7B).

To evaluate the role of Akt activation in the cyto-
protective effects of the gap junction inhibitors, we
next examined cell responses to G418 after blocking
the phosphatidyl 3-kinase (PI3K)/Akt pathway. As
shown in Figure 8A and B, inhibition of PI3K with
LY294002 or wortmanin, or inhibition of Akt with
the selective Akt inhibitor, Akti-1/2, clearly sensi-
tized cells to the cytotoxic effects of G418. These
results indicate that the PI3K/Akt pathway func-
tioned as a survival mechanism for NRK-E52 cells
against G418-elicited cell injury.

To show a direct involvement of Akt in the pro-
tective effects of gap junction inhibitors, we exam-
ined cell viability in the presence of the Akt
inhibitor. As shown in Figure 8C, inhibition of Akt
with Akti-1/2 completely abolished the cell protec-
tive actions of a-GA and carbenoxolone on G418-
elicited cytotoxicity in NRK-E52 cells.

Discussion and conclusions

In this study, we demonstrated that gap junctions
were one of the major determinants governing the
susceptibility of renal tubular cell to aminoglyco-
sides. This conclusion was supported by several
observations. First, gap junction-rich NRK-E52 cells
were found to be much more sensitive to aminogly-
cosides G418 and hygromycin than gap junction-
deficient LLC-PK1 cells. Second, treatment of NRK-
E52 cells with G418 or hygromycin increased Cx43
phosphorylation and promoted GJIC. Third, down-
regulation of Cx43 or disruption of GJIC in NRK-E52
cells with gap junction inhibitors or Cx43 siRNA
significantly attenuated aminoglycoside-initiated
cell injury. Lastly, over-expression of a wild-type
Cx43 in gap junction-deficient LLC-PK1 cells
converted them to an aminoglycoside-sensitive
phenotype.

The precise mechanisms by which gap junctions
regulated cell susceptibility to aminoglycosides are
presently unclear. In tumour therapy, gap junction-

Figure 3
The gap junction inhibitor a-GA disrupts GJIC and decreases Cx43
protein levels. (A) Effect of a-GA on GJIC. NRK-E52 cells in confluent
culture were either left untreated (control) or exposed to a-GA
(5 mM) for 30 min. Lucifer Yellow (LY) was pressure-injected into a
single cell. The number of cells into which LY was transferred from
the injected cells within 3 min was counted. Data are presented as
the mean � SD (n = 8), *P < 0.01 versus basal control. (B) a-GA on
Cx43 levels. NRK-E52 cells were treated with a-GA (5 mM) for the
indicated times and cell protein was extracted and subjected to
Western blot analysis by using an anti-Cx43 antibody. Equal loading
of protein per lane was verified by reprobing the blot with an
anti-b-actin antibody. (C) Immunofluorescent staining for Cx43
shows a decrease in NRK-E52 cells exposed to a-GA (5 mM) for 24 h.
Magnification, ¥200.
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mediated bystander cell killing have been exten-
sively documented. Gap junctions can transfer the
toxic metabolites of ganciclovir from HSV-TK-
expressing cells to the surrounding cells that do not
express it (Dilber et al., 1997; Marconi et al., 2000).
Gap junctions also transmit damage signals from
irradiated to non-irradiated cells (Azzam et al.,

2001). In addition, apoptotic and inflammatory
signals can also pass through gap junctions (Kru-
tovskikh et al., 2002; Krysko et al., 2004; Parthasar-
athi et al., 2006). In vivo studies have shown that gap
junctions were critically involved in the propaga-
tion of ischaemic cell injury (Garcia-Dorado et al.,
2004). Similarly, gap junction-mediated amplifica-

Figure 4
Gap junction inhibitors attenuate aminoglycosides-elicited cell injury in NRK-E52 cells. (A and B) Attenuation of drug-elicited cytotoxicity in
NRK-E52 cells by a-GA. (A) NRK-E52 cells in confluent culture were exposed to various concentrations of G418 with or without a-GA (5 mM) for
48 h. (B) NRK-E52 cells were cultured with 1000 mg mL-1 G418 in the presence or absence of the indicated concentrations of a-GA for 48 h. (C)
Effects of different analogues of a-GA on G418-elicited cytotoxicity. NRK-E52 cells were exposed to G418 (1000 mg mL-1) in the presence of 10 mM
of a-GA, carbenoxolone (CBX), or glycyrrhizic acid (GZA) for 48 h. (D) Effect of different gap junction inhibitors on G418-elicited cytotoxicity.
NRK-E52 cells were exposed to 1000 mg mL-1 G418 or 300 mg mL-1 hygromycin in the presence or absence of a-GA (5 mM), heptanol (2 mM) or
lindane (100 mM) for 48 h. (E) Effects of different analogues of a-GA on gentamycin-elicited cytotoxicity. NRK-E52 cells were exposed to
gentamycin (15 mg mL-1) in the presence of 10 mM of a-GA, CBX, or GZA for 48 h. Cell viability was evaluated by WST assay. Data are expressed
as percentage of living cells, compared with the untreated control. *P < 0.01 versus untreated control.
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tion of renal tubular cell in this study could also be
ascribed to the intercellular spread of ‘toxic signals’.
In support of this speculation, G418-initiated cell
death was preceded by elevated GJIC. In addition,
direct communication between morphologically
normal and abnormal cells was observed. Further-
more, the gap junction inhibitor heptanol that
disrupts intercellular communication without
affecting Cx43 (Takens-Kwak et al., 1992; Cronier
et al., 2003) also attenuated cell injury. All these

pieces of evidence point to an involvement of the
communication-dependent mechanism in the
propagation of the renal cell injury. The nature of
the signal molecules transmitted by the gap junc-
tions remains to be characterized. The possible can-
didates may include superoxide and calcium ions.
These molecules have been described to be able to
pass through gap junctions to propagate toxic
responses in several different pathological situations
(Lin et al., 1998; Azzam et al., 2001; Krutovskikh
et al., 2002). Moreover, production of superoxide
and induction of Ca2+ release from endoplasmic
reticulum by aminoglycosides have been previously
reported (Jin et al., 2004; Sha and Schacht,
1999).

Gap junctions also have communication-
independent actions (Zhang et al., 2003). For
example, transfection of glioblastoma tumours with
a wild-type Cx43 increased cell susceptibility to che-
motherapeutic drugs, presumably through the
communication-independent down-regulation of
anti-apoptotic Bcl2 levels (Huang et al., 2001).
However, the participation of this pathway in the
current investigation was less likely. Our prelimi-
nary studies demonstrated that transfection of LLC-
PK1 cells with a communication-free, mutant, Cx43
did not alter the cell response to hygromycin (Fig-
ure S5). In addition, the gap junction inhibitor hep-
tanol that disrupts GJIC through decreasing
membrane fluidity, without affecting Cx43 (Takens-
Kwak et al., 1992; Cronier et al., 2003), also pre-
vented G418-elicited cell death.

The effect of Cx43 on the increased cell suscep-
tibility to aminoglycoside could also result from an
increase in drug uptake and retention, and/or
decreased elimination of the drugs. Indeed, the gap
junction protein Cx32 enhanced vinblastine-
elicited cytotoxic effects in renal carcinoma cells
through suppression of a multidrug resistant gene-1

Figure 5
Cx43 siRNA attenuates aminoglycoside-elicited cell injury in NRK-E52
cells. (A) Down-regulation of Cx43 protein levels by Cx43 siRNA.
NRK-E52 cells were transfected with Cx43-siRNA or control siRNA for
48 h. Cell proteins were extracted and subjected to Western blot
analysis by using an anti-Cx43 antibody. Equal loading of protein per
lane was verified by reprobing the blot with an anti-b-actin antibody.
(B) Effect of Cx43 siRNA on hygromycin-induced cell injury. NRK-E52
cells were transfected with either Cx43 siRNA or control siRNA for
36 h and then exposed to hygromycin (150 mg mL-1) for an addi-
tional 48 h. (C) Effect of Cx43 siRNA on G418-induced cell injury.
NRK-E52 cells were transfected with either Cx43 siRNA or control
siRNA for 36 h and then exposed to the indicated concentrations of
G418 for an additional 48 h. The cell viability was evaluated by WST
assay. Data are expressed as percentage of living cells, compared
with the untreated control. *P < 0.01 versus siRNA control.
�
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product, P-glycoprotein (an energy-dependent
transport pump capable of decreasing the intracel-
lular drug concentrations) (Sato et al., 2007). The
participation of similar mechanisms in the current
study is likely and more detailed studies of this
aspect will be needed in the future.

In the present investigation, we found that the
gap junction inhibitor a-GA could significantly
prevent the cytotoxic effects of aminoglycosides on
NRK-E52 cells. This effect of a-GA must be due to its
action on gap junctions, because a similar protec-
tion was also provided by Cx43 siRNA and by other
gap junction inhibitors. In addition, as found in
type II alveolar cells (Guo et al., 1999), a-GA dis-
rupted GJIC and decreased Cx43 levels, especially
the phosphorylated form of Cx43 in NRK cells.
Interestingly, a-GA also activated the Akt pathway, a
major survival mechanism that is closely associated
with drug and apoptosis resistance in various cell
types (Vivanco and Sawyers, 2002; Chung et al.,
2006; Kuwana et al., 2008; Meier et al., 2008). An
earlier report indicated that the inhibition of Akt

sensitized tumour cells to traditional chemothera-
peutic agents (Krystal et al., 2002) and we found that
the inhibition of Akt exacerbated G418-elicited cell
injury and abolished the protective effect of a-GA.
At present, the mechanisms responsible for Akt acti-
vation and relationship between Akt activation and
gap junction disruption by a-GA are still unclear.
Considering the important roles of Akt activation in
cell survival, activation of Akt could be a novel
mechanism contributing to the cytoprotective
effects of a-GA.

Another novel finding in this study is that the
aminoglycosides increased GJIC and increased Cx43
phosphorylation in NRK-E52 cells. The mechanisms
involved are still unclear. One possibility is that
aminoglycosides regulates Cx43 via interfering with
Cx43 degradation. Aminoglycosides have been
reported to induce enlargement of lysosomes and
the suppression of several lysosomal enzymes (Fil-
lastre et al., 1983; Mingeot-Leclercq and Tulkens,
1999). As the lysosome is one of the major
organelles involved in Cx43 degradation (Qin et al.,

Figure 6
Over-expression of wild-type Cx43 in LLC-PK1 renders them vulnerable to hygromycin. (A) Transient transfection of LLC-PK1 cells with wild-type
Cx43 on hygromycin-elicited cytotoxicity. LLC-PK1 cells were transiently transfected with a vector encoding GFP protein (pEGFP) or Cx43
(Cx43-EGFP) and cell response to G418 was evaluated by exposing the cells to different concentrations of hygromycin for 48 h. The expression
of GFP and Cx43 is shown in the micrographs above the bar graphs. (B) Permanent transfection of LLC-PK1 cells with wild-type Cx43 on
hygromycin-elicited cytotoxicity. LLC-PK1 cells were transfected with pEGFP or Cx43-EGFP and clones expressing a high level of GFP and Cx43
were selected, and analyzed for the cell response to hygromycin. The expression of GFP and Cx43 is shown in the micrographs above the bar
graphs. Note the linear distribution of Cx43-GFP at the regions of cell-to-cell contacts. Magnification, ¥400. *P < 0.01 versus respective control.
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2003), inhibition of this organelle could lead to
Cx43 accumulation and hence, increased GJIC
(Guan and Ruch, 1996).

It is worth noting that the aminoglycosides
induced phosphorylation of Cx43, a molecular
event that has been shown to be closely related to
the functional status of gap junctions (Laird, 2005;
Lau, 2005; Solan and Lampe, 2009). Usually,
increased Cx43 phosphorylation is associated with a
decrease of GJIC (Laird, 2005; Lau, 2005; Pahujaa
et al., 2007). However, there are a growing number

of publications with different results (Imanaga et al.,
2004; Laird, 2005; Lampe et al., 2006; Procida et al.,
2009; Shintani-Ishida et al., 2009). For example,
phosphorylation of Cx43 by protein kinase A was
associated with an elevated GJIC (Imanaga et al.,

Figure 7
The a-GA activates Akt in NRK-E52 cells. (A) Activation of Akt by
a-GA. NRK-E52 cells in confluent culture were exposed to a-GA
(10 mM) in the presence or absence of G418 (500 mg mL-1) for the
indicated time intervals. Cell proteins were extracted and subjected
to Western blot analysis using an anti-phospho-Ser473-Akt-specific
antibody (upper panel) or anti-Akt antibody (lower panel). (B) Effects
of different analogues of a-GA on Akt activation. NRK-E52 cells were
exposed to G418 (500 mg mL-1) in the presence of 10 mM of a-GA,
carbenoxolone (CBX) or glycyrrhizic acid (GZA) for 24 h.

Figure 8
The PI3K/Akt pathway protects NRK-E52 cells from G418-elicited cell
injury. (A and B) Effect of PI3K/Akt inhibition on G418-elicited cell
injury. (A) NRK-E52 cells in confluent culture were exposed to the
indicated concentrations of G418 in the presence or absence of
LY294002 (50 mM) or Akti-1/2 (10 mM) for 48 h. (B) NRK-E52 cells
were treated with 500 mg mL-1 G418 in the presence of the indicated
concentrations of wortmannin for 48 h. The cell viability was evalu-
ated by MTT assay. Data are expressed as percentage of living cells,
compared with the control. # and *P < 0.05 versus cells treated with
G418 alone. (C) Influence of Akt inhibition on the protective effect of
a-GA and carbenoxolone (CBX). NRK-E52 cells were exposed to
G418 (1000 mg mL-1) in the presence of a-GA, CBX or glycyrrhizic
acid (GZA) (all 10 mM) with or without Akti-1/2 (10 mM) for 48 h.
Cell viability was evaluated by WST assay. Data are expressed as
percentage of living cells, compared with the untreated control. *P <
0.01 versus untreated control.

�
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2004). At present, the reasons for this divergence in
results are still unclear. One explanation is that
Cx43 molecule has multiple tyrosine and serine sites
and phosphorylating different sites could have dif-
ferent effects on GJIC. Thus, phosphorylation of
Cx43 at serine 368 by PKC decreased GJIC (Lampe
et al., 2000), whereas phosphorylation of Cx43 at
serine residues 306, 325, 328 and/or 330 of Cx43
increased GJIC (Lampe et al., 2006; Procida et al.,
2009). Therefore, in this study, it is likely that an
elevated Cx43 phosphorylation could lead to an
enhanced GJIC. At present, the signalling mecha-
nisms involved in Cx43 phosphorylation and the
functional role of phosphorylated Cx43 in
aminoglycoside-elicited cell injury are still unclear.
Further studies are needed to clarify these points.

Our findings may have important clinical impli-
cations. Renal tubular epithelial cells express several
gap junction proteins including Cx43 (Hillis et al.,
1997; Haefliger et al., 2001). However, the patho-
logical roles of these proteins remain obscure. Using
a cell culture model, we have characterized gap
junctions as a hitherto unrecognized factor
controlling tubular cell responses to aminoglyco-
sides. Regulation of gap junctions could be an
important mechanism contributing to the cytotoxic
effects of aminoglycoside. In addition, we identified
a-GA as a promising agent for prevention and treat-
ment of the drug-initiated renal tubular cell injuries.
The a-GA could not only restrict the propagation of
‘toxic signal’ through disruption of gap junctions,
but also enhance cell resistance to the toxic agents
through activation of the cell survival Akt signalling
pathway. It remains to be determined whether our
in vitro findings could be confirmed in vivo. This will
be the focus of our future investigation. Addition-
ally, our findings may explain why cells of different
types vary in their responses to G418 and hygromy-
cin during clone selection. It appeared that the regu-
latory effects of gap junction on cell sensitivity to
drugs were not cell-type specific. The similar
protective effects of a-GA on G418-elicited cell
damage could be observed in mesangial cells (data
not shown). Furthermore, a close correlation
between Cx43 levels and cell susceptibility to G418
was established by using fetal fibroblasts derived
from Cx43 wild-type (Cx43+/+), heterozygous
(Cx43�) and knockout (Cx43-/-) littermates
(Figure S6).

In conclusion, we have demonstrated that gap
junctions control the susceptibility of renal tubular
cells to aminoglycosides. Regulation of gap junc-
tions could be a novel mechanism implicated in the
cytotoxic effects of some drugs. Targeting gap junc-
tions could be a novel and promising strategy
against drug-elicited cell injury.
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Supporting information

Additional Supporting Information may be found in
the online version of this article:

Figure S1. Dye transfer between morphologically
normal and abnormal NRK-E52 cells. NRK-E52 cells
were exposed to 500 mg·mL-1 G418 for 24 h. A scrape
line on the monolayer was made with a surgical
blade. Lucifer Yellow (LY) was added and allowed for
diffusion for 3 min. After washing out background
fluorescence, the cells were fixed and photographed
with a digital camera attached to the Olympus fluo-
rescent microscope (Hachioji-shi, Tokyo, Japan).
The micrography of cell morphology and LY diffu-
sion into cellular monolayer after scrape-loading
were shown (upper panel: magnification, ¥200;
lower panel: magnification, ¥400). Note that there
was no interruption in LY diffusion between mor-
phologically normal and abnormal cells. No clear
boundary was observed (arrow).
Figure S2. Effect of hygromycin on Cx43 protein
levels. NRK-E52 cells were exposed to various con-
centrations of hygromycin for 24 h. Cellular pro-
teins were extracted and subjected to Western blot
analysis using an anti-Cx43 antibody NP and P
denote nonphosphorylated and phosphorylated
Cx43 respectively. Equal loading of protein per lane
was verified by reprobing the blots with an anti-b-
actin antibody. Note the obvious shift of Cx43 from
NP to P after hygromycin treatment.
Figure S3. Effect of a-glycyrrhetinic acid (a -GA)
on G418-elicited cytotoxicity in NRK cells, as
revealed by Dead Red (Ethidium Homodimer-2)
Staining. NRK cells in 96-well plates were exposed to
1000 mg·mL-1 G418 for 48 h. The cell viability was
assessed by a Cell Viability Assay Kit from Invitrogen
following the manufacturer’s instruction (LIVE/
DEAD Viability/Cytotoxicity Kit, Invitrogen, Carls-
bad, CA, USA). The red fluorescent cells represent
the dead cells. Note the obvious reduced number of
dead cells in the presence of 5 mM a -GA. Magnifi-
cation, ¥200.
Figure S4. Effect of various gap junction inhibitors
on G418-induced cell toxicity in NRK-E52 cells.
NRK-E52 cells in 12-well plates were exposed to the
indicated concentration of G418 in the presence or
absence of 5 mM a-glycyrrhetinic acid (a -GA),
3 mM heptanol or 100 mM lindane for 48 h. The
detached cells were washed out and the adherent
cells were photographed. Note the obvious more
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attached cells in the presence of gap junction inhibi-
tors. Magnification, ¥200.
Figure S5. Forced expression of mutant Cx43 in
LLC-PK1 cells does not affect cell susceptibility to
hygromycin. LLC-PK1 cells were transfected with a
vector encoding GFP protein (pEGFP), wild-type
Cx43 (Cx43-EGFP) or mutant Cx43 (D130–137 Cx43
by Oyamada et al., 2002) and clones expressing a
high level of GFP or Cx43 were selected and analy-
sed for their responses to hygromycin. Cells were
treated with the indicated concentrations of hygro-
mycin for 48 h. Cell viability was evaluated by WST
assay. Data are expressed as percentage of living cells
against the untreated control. Note that forced
expression of the mutant Cx43 in LLC-PK1 cells did
not sensitize them to hygromycin.
Figure S6. Close correlation between Cx43 protein
level and cell susceptibility to G418. (A) Cx43
protein levels in fetal forearm fibroblasts derived
from Cx43 wild-type (Cx43+/+), heterozygous
(Cx43+/–) and knockout (Cx43–/–) littermates. Cel-
lular protein was extracted from primarily cultured
fetal fibroblasts and subjected to Western blot analy-
sis of Cx43. Note the different levels of Cx43 in
fibroblasts from Cx43+/+, +/– and –/– littermates. (B)

Gap junctional intercellular communication (GJIC)
in fetal fibroblasts. Fibroblasts were confluently cul-
tured. A scrape line on the monolayer of fibroblasts
was made with a surgical blade. Lucifer Yellow (LY)
was added and allowed for diffusion for 3 min. After
washing, the cells were fixed and photographed
with a digital camera attached to the Olympus fluo-
rescent microscope (Hachioji-shi, Tokyo, Japan).
Note the different ability in GJIC among Cx43+/+,
+/– and –/– fibroblasts. (C) G418-elicited cell injury
in fetal fibroblasts expressing different amounts of
Cx43. Fibroblasts were exposed to the indicated
concentrations of G418 for 48 h. Cell viability was
evaluated by WST assay. The data were expressed as
percent of control (mean + s.e., n = 4). *P < 0.01.
Note that the degree of cell injury induced by G418
was closely correlated with the levels of Cx43, being
severe in Cx43+/+ cells, less severe in Cx43+/– cells
and the least severe in Cx43–/– cells.
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