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BACKGROUND AND PURPOSE
Suramin is a clinically prescribed drug for treatment of human African trypanosomiasis, cancer and infection. It is also a
well-known pharmacological antagonist of P2 purinoceptors. Despite its clinical use and use in research, the biological actions
of this molecule are still incompletely understood. Here, we investigated the effects of suramin on membrane channels, as
exemplified by its actions on non-junctional connexin43 (Cx43) hemichannels, pore-forming α-haemolysin and channels
involved in ATP release under hypotonic conditions.

EXPERIMENTAL APPROACH
Hemichannels were activated by removing extracellular Ca2+. The influences of suramin on hemichannel activities were
evaluated by its effects on influx of fluorescent dyes and efflux of ATP. The membrane permeability and integrity were
assessed through cellular retention of preloaded calcein and LDH release.

KEY RESULTS
Suramin blocked Cx43 hemichannel permeability induced by removal of extracellular Ca2+ without much effect on Cx43
expression and gap junctional intercellular communication. This action of suramin was mimicked by its analogue NF023 and
NF449 but not by another P2 purinoceptor antagonist PPADS. Besides hemichannels, suramin also significantly blocked
intracellular and extracellular exchanges of small molecules caused by α-haemolysin from Staphylococcus aureus and by
exposure of cells to hypotonic solution. Furthermore, it prevented α-haemolysin- and hypotonic stress-elicited cell injury.

CONCLUSION AND IMPLICATIONS
Suramin blocked membrane channels and protected cells against toxin- and hypotonic stress-elicited injury. Our finding
provides novel mechanistic insights into the pharmacological actions of suramin. Suramin might be therapeutically exploited
to protect membrane integrity under certain pathological situations.

Abbreviations
Cx43, connexin 43; EtBr, ethidium bromide; GJIC, gap junctional intercellular communication; LY, Lucifer yellow;
NRK, Normal rat kidney; PPADS, pyridoxalphosphate-6-azophenyl-2′,4′-disulfonic acid
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Introduction

Suramin is an anti-protozoal drug developed more than 90
years ago and now is known to exhibit remarkably diverse
pharmacological actions. It has been used for treatment of
infection, inflammation and cancer (McGeary et al., 2008)
and recently, suramin was reported to protect cells from inju-
ries caused by various insults such as ischaemia, inflamma-
tion and toxic chemicals (Kharlamov et al., 2002; Doebler,
2003; Zhuang et al., 2009; Liu et al., 2011a; 2012). Many of
suramin’s actions have clinical relevance. For example,
suramin inhibits the binding of several growth factors (such
as PDGF, TGF-β, fibroblast growth factor, insulin-like growth
factor and EGF) to their cell surface receptors and this prop-
erty of suramin is related to its anti-tumour actions (Sullivan
et al., 1997; Davol et al., 1999; Kathir et al., 2006; McGeary
et al., 2008). Suramin also has antiviral actions and has been
used for human immunodeficiency virus infection (Voogd
et al., 1993; Kreimeyer et al., 1998). The multifaceted actions
of suramin make it an attractive agent for treatment of a
growing repertoire of diseases (Voogd et al., 1993; McGeary
et al., 2008; Liu and Zhuang, 2011b).

Suramin is also well known in basic scientific research. It
is a widely used P2 purinoceptor antagonist (Charlton et al.,
1996; Brown et al., 1997; receptor nomenclature follows
Alexander et al., 2013). Furthermore, it directly modulates
many signalling molecules, including kinases and phos-
phatases (McCain et al., 2004; Nakata, 2004). Suramin also
blocks several types of membrane channels, including cystic
fibrosis transmembrane conductance regulator (CFTR), GABA
and glutamate receptor channels, Ca2+ release channels,
NMDA-gated ion channels, as well as the P2Z ATP receptor-
operated channels (now P2X7 receptors) (Wiley et al., 1993;
Nakazawa et al., 1995; Peoples and Li, 1998; Bachmann et al.,
1999; O’Neill et al., 2003). During a recent study of connexin
43 (Cx43) hemichannel-mediated activation of the puriner-
gic signalling pathway (Chi et al., 2014), we noticed that
suramin potently blocked Cx43 hemichannels. We therefore
conducted a more detailed investigation into these channel-
blocking actions of suramin and explored the therapeutic
potential of suramin in channel-related cell injury.

Here, we present our data that suramin potently blocked
membrane channels, as exemplified by its action on non-
junctional Cx43 hemichannels, and protected cells against
α-haemolysin and hypotonic stress-elicited extracellular loss
of ATP, as well as cell damage.

Methods

Cells
Normal rat kidney (NRK) epithelial cell line NRK and porcine
kidney epithelial cell line LLC-PK1 cells were purchased from
American Type Culture Collection (Rockville, MD, USA).
Cells were maintained in DMEM (Gibco-BRL, Gaithersburg,
MD, USA) supplemented with 5% FBS. For comparison of cell
responses between normal Ca2+ and Ca2+-free situations, cells
were exposed to Ca2+-free DMEM (Gibco-BRL, catalogue
number: #21068) with or without supplementation of
1.8 mM Ca2+.

Dye uptake assay
The presence of functional hemichannels was evaluated by
the cellular uptake of ethidium bromide (EtBr) as described
previously (Garre et al., 2010; Fang et al., 2011). NRK mon-
olayers cultured in DMEM containing 1.8 mM Ca2+ were pre-
treated with or without suramin, as described in the Figure
legends, and exposed to Ca2+-free medium or α-haemolysin in
the presence or absence of 0.1% Lucifer yellow (LY) or 10 μM
EtBr for 15 min. The cells were then rinsed twice with DMEM
containing 1.8 mM Ca2+ and fixed with 3% paraformalde-
hyde in PBS. Immunofluorescent images were photographed
using a CCD camera attached to an Olympus IX71 micro-
scope (Tokyo, Japan). The microscope incorporates a 1.6×
magnification changer that offers increased magnification to
eyepieces, when it is switched on. The fluorescence intensity
was measured either using NIH ImageJ software (http://
rsb.info.nih.gov/ij/).

ATP measurement
ATP was measured using a luciferin/luciferase biolumines-
cence assay kit (Roche, Mannheim, Germany). The intensity
of chemiluminescent signal was determined by a luminom-
eter (Gene Light 55; Microtech Nition, Chiba, Japan) as
described previously (Fang et al., 2011; Li et al., 2013).

Western blot analysis
Total cellular protein was extracted by suspending the pre-
washed cells in SDS lysis buffer (62.5 mM Tris-HCl, 2% SDS,
10% glycerol) together with freshly added proteinase inhibi-
tor cocktail (Nacalai Tesque, Kyoto, Japan). Lysates were incu-
bated on ice for 30 min with intermittent mixing and then
centrifuged at 15,350× g for 10 min at 4°C. Supernatant was
recovered, and protein concentration was determined using
the Micro BCA Protein Assay Kit (Pierce, Rockford, IL, USA).

Western blot was performed by the enhanced chemilumi-
nescence system (Chi et al., 2011; Fang et al., 2011; Li et al.,
2013). Briefly, extracted cellular proteins were separated by
10% SDS-polyacrylamide gels and electrotransferred onto
polyvinylidine difluoride membranes. After blocking with 3%
BSA in PBS, the membranes were incubated with the primary
antibody for 1.5 h at room temperature or at 4°C overnight.
After washing, the membranes were probed with HRP-
conjugated anti-rabbit IgG (Cell Signaling; Beverly, MA, USA),
and the bands were visualized by the enhanced chemilumi-
nescence system (Nacalai Tesque). The chemiluminescent
signal is captured with a Fujifilm luminescent image LAS-
1000 analyser (Fujifilm, Tokyo, Japan) and quantified with
the NIH ImageJ software (http://rsb.info.nih.gov/ij). The
results of quantification were expressed as OD. To confirm
equal loading of proteins, the membranes were stripped with
62.5 mM Tris-HCl (pH 6.8) containing 2% SDS and 100 mM
2-mercaptoethanol for 30 min at 60°C and probed for β-actin.

Scrape-loading dye transfer assay
Gap junctional intercellular communication (GJIC) was
assessed by transfer of the membrane-impermeant fluores-
cent dye LY from scrape-loaded cell to neighbouring cells (Yao
et al., 2010; Chi et al., 2011). Briefly, confluently cultured cells
in 12-well plate were exposed to 0.05% LY. A scrape line on
the cell monolayer was made with a surgical blade. After a
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period of 2 min to allow diffusion of LY, cells were washed
with the same culture medium to remove the background
fluorescence and fixed with 3% paraformaldehyde in PBS.
Immunofluorescent signals were captured by using a CCD
camera attached to the Olympus fluorescent microscope. The
distance of LY diffusion was assessed by counting the cell
layer from the cells proximal to the scrape line to the most
distant LY-positive cells.

Treatment of cells with siRNA
NRK cells were transiently transfected with siRNA specifically
targeting Cx43 (Mm_Gja1_2 HP siRNA; Qiagen, Tokyo,
Japan) or a negative control siRNA (AllStars Negative Control
siRNA) at a final concentration of 20 nM using Hyperfect
transfection reagent for 48 h (Chi et al., 2011; Fang et al.,
2011).

Cell transfection
Wild-type Cx43-pEGFP1 vectors were kindly provided by Dr.
Oyamada (Department of Pathology, Kyoto Prefectural Uni-
versity of Medicine, Kyoto, Japan). These vectors were trans-
fected into LLC-PK1 cells by using Lipofectamin Plus reagent
(Invitrogen, Carlsbad, CA, USA), following the manufactur-
er’s instruction (Fang et al., 2011; Li et al., 2013). Clones with
high levels of GFP were selected under the fluorescence
microscope and used for this study.

Evaluation of membrane permeability and
integrity using calcein AM
Calcein AM was used to evaluate the permeability and integ-
rity of cytoplasmic membrane. Briefly, cells were preloaded
with 10 μM calcein AM for 1 h at 37°C in culture medium.
After washing once with the culture medium, cells were
exposed to hypotonic solution (distilled water) in the pres-
ence or absence of the related agents for the indicated time
intervals. The fluorescent image was visualized and captured
using an Olympus IX71 inverted fluorescence microscope
equipped with a standard green fluorescence cube. The inten-
sity of the remaining fluorescence in the adherent cells was
measured at 480-nm excitation and 535-nm emission by
using a fluorescence multi-well plate reader (Molecular
Devices, Osaka, Japan).

LDH release assay
Cytotoxicity was evaluated by the release of LDH using an
LDH cytotoxicity detection kit (Takara Bio, Inc., Otsu, Shiga,
Japan), as described previously (Fang et al., 2011; Li et al.,
2013). Briefly, cells in 96-well culture plate were exposed to
various stimulants for the described time interval. Culture
medium was collected and measured for LDH activity.
Culture medium was used as background control, while cells
treated with 2% Triton X-100 were considered as 100%
release. LDH release was calculated and expressed as percent-
age of total release.

Data analysis
Values are expressed as mean ± SE. Comparison of two
populations was made by Student’s t-test. For multiple com-
parisons, one-way ANOVA followed by Dunnett’s test was
employed. Both analyses were done by using SigmaStat sta-

tistical software (Systat Software Inc., San Jose, CA, USA).
P < 0.05 was considered to be a statistically significant
difference.

Materials
FBS, trypsin/EDTA, antibiotics, cadmium chloride, heptanol,
lindane, LY, EtBr, lanthanum chloride, gadolinium chloride,
suramin, pyridoxalphosphate-6-azophenyl-2′,4′-disulfonic
acid (PPADS), α-haemolysin from Staphylococcus aureus were
obtained from Sigma (Tokyo, Japan). Antibody against Cx43
(product number C6219) was also bought from Sigma. The
antibody was developed in rabbit using a synthetic peptide
corresponding to a C-terminal segment of the cytoplasmic
domain of human and rat Cx43. NF023 and NF449 were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA), calcein AM was obtained from Invitrogene (Tokyo,
Japan). Antibodies against β-actin and Akt were purchased
from Cell Signaling, Inc. (Beverly, MA, USA).

Results

Suramin inhibits hemichannel opening
induced by removal of extracellular Ca2+

To determine the potential role of suramin on non-junctional
hemichannels, we examined the influence of suramin on
hemichannel activity triggered by removing extracellular
Ca2+ (Quist et al., 2000; Stout et al., 2002; Li et al., 2013). As
shown in Figure 1A, exposure of NRK cells to Ca2+-free culture
medium triggered an influx of small MW fluorescent dye
EtBr, as indicated by the increased fluorescent intensity. In
the presence of suramin, however, the influx of EtBr was
suppressed. This effect of suramin was concentration-
dependent, being observable at the concentration as low as
10–50 μM (Figure 1B). Higher concentration of suramin
almost completely blocked the entry of EtBr, which was com-
parable with hemichannel inhibitor lindane (Figure 1C).

Deprivation of extracellular Ca2+ also caused a rapid efflux
of ATP, which peaked at 5 min and gradually returned to near
basal level. In the presence of suramin, the release of ATP was
significantly suppressed (Figure 1D). Interestingly, the lower
concentration of suramin (10–50 μM) shifted the peak release
to a relatively later time point, suggesting a partial blockade
of hemichannels. Higher concentration of suramin com-
pletely abolished ATP release. As a positive control, treatment
of cells with hemichannel inhibitor lindane or down-
regulation of Cx43 with specific siRNA significantly pre-
vented the efflux of ATP (Figure 1E,F). siRNA treatment also
reduced the influx of EtBr (Supporting Information Fig. S1).
The effectiveness of Cx43 siRNA was confirmed by the mark-
edly reduced level of Cx43 in Western blot analysis (Figure 1F,
insert). Intriguingly, suramin exerted a much potent suppres-
sion on ATP release than hemichannel inhibitor lindane and
Cx43 siRNA. These results indicate that suramin may not
only suppress Cx43 hemichannels but also other ATP release
channels as well.

Of note, the counting of basal and control level of ATP
was very low (usually less than 100), and it was not greatly
altered by suramin. For the purpose of clarity, the values are
not indicated in figures.

BJP Y Chi et al.

3450 British Journal of Pharmacology (2014) 171 3448–3462



Figure 1
Effects of suramin on hemichannel permeability. (A) Effects of suramin on cellular uptake of EtBr following removal of extracellular Ca2+. NRK cells
were pretreated with the indicated concentrations of suramin for 20 min. After that, they were exposed to either normal or Ca2+-free culture
medium that contained 10 μM EtBr in the presence of the same concentrations of suramin for an additional 15 min. The cellular uptake of EtBr
was photographed (magnification, ×320). (B) Quantitation of the cellular fluorescent intensity in (A). Results are expressed as means ± SEM
(n = 10, *P < 0.05, #P < 0.01 vs. zero control). (C) Blockade of EtBr uptake by suramin and hemichannel inhibitor. Cells were treated the same as
earlier in the presence of 300 μM suramin or 100 μM lindane (magnification, ×160). (D) Effects of suramin on Ca2+ depletion triggers ATP release.
NRK cells were exposed to Ca2+-free culture medium in the presence of the indicated concentrations of suramin for the indicated time intervals.
Cell supernatants were collected and quantitated for ATP concentration. Results are expressed as relative light unit (RLU; mean ± SE, n = 3).
#P < 0.01 versus zero point control. (E) Effects of suramin and hemichannel inhibitors on ATP release. Cells were exposed to Ca2+-free medium in
the presence or absence of 300 μM suramin or 100 μM lindane. (F) Effects of suramin and down-regulation of Cx43 with specific siRNA on ATP
release. NRK cells were treated with either control siRNA or siRNA against Cx43 for 48 h. Thereafter, cells were exposed to Ca2+-free medium in
the presence or absence of 300 μM suramin for 5 min. Cell supernatants were collected and quantitated for ATP concentration. Results are
expressed as RLU (mean ± SE, n = 3). #P < 0.01 versus control. To verify the effectiveness of Cx43 siRNA in down-regulation of Cx43, the cellular
lysates extracted from siControl and siCx43 were subjected to Western blot analysis of Cx43 (Figure 1F, insert). Note the obvious reduced level
of Cx43 in Cx43 siRNA-treated cells (right lane).
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The suppression of hemichannels by
suramin is not related to its action on
P2 purinoceptors
Given that suramin is a well-used pharmacological antagonist
of P2 purinoceptor (Charlton et al., 1996) and that
hemichannel opening is associated with an increased extra-
cellular release of ATP as well as activation of purinergic
signalling pathway (Baroja-Mazo et al., 2013), one might
speculate that inhibition of hemichannels could be a conse-
quence of its action on P2 purinoceptors. To examine this
possibility, we have compared the effects of suramin with
PPADS, another broad-spectrum antagonist of P2 purinocep-
tors (Charlton et al., 1996), and KN62, an antagonist of P2X7
(Humphreys et al., 1998; Baraldi et al., 2003). As shown in
Figure 2A,B, the suppressive effect of suramin on the influx of
EtBr and efflux of ATP was not reproduced by PPADS and
KN62. PPADS used at the concentration up to 100 μM did not
affect ATP release (Figure 2C). However, it was mimicked by
NF023 and NF449 (Figure 2D,E,F), structural analogues of
suramin that selectively antagonizes P2X1 receptors (Soto
et al., 1999; El-Ajouz et al., 2012). These analogues suppressed
low Ca2+-induced influx of EtBr and efflux of ATP in a way
very much similar to suramin (Figure 2D,E,F). These results
indicate that the action of suramin on hemichannels is inde-
pendent of its action on P2 purinoceptors.

Suramin does not affect total Cx43
expression level
The rapid and potent inhibitory effect of suramin on non-
junctional hemichannels promoted us to examine the possi-
ble influence of suramin on expression and function of Cx43,
the only functional connexin expressed in NRK cells (Yao
et al., 2010). As shown in Figure 3A,B, in SDS-PAGE, Cx43 was
detected as two bands, representing phosphorylated and
non-phosphorylated Cx43, respectively. Incubation of NRK-
E52 cells with suramin up to 300 μM for 12 h did not affect
total Cx43 expression level. It also did not affect Cx43 phos-
phorylation, as indicated by the intensity of slowly migrating
bands. Consistently, suramin did not affect basal GJIC
(Figure 3C,D). Scrape-loading dye-transfer assay revealed that
NRK-E52 cells were well coupled by gap junctions. LY was
diffused from the scrape-loaded cells to many surrounding
cells, which was not altered by suramin and PPADS. As a
positive control, heptanol, an inhibitor of both gap junctions
and hemichannels, effectively blocked dye transfer. These
observations thus indicate that suramin neither affects Cx43
expression nor its function as a gap junction channel.

Suramin suppresses the extracellular release
of ATP induced by several different
hemichannel activators
To determine whether the suppressive effect of suramin on
hemichannels was activator-specific or not, we determined
the influence of suramin on ATP release under several differ-
ent hemichannel-activating situations (Quist et al., 2000;
Thompson et al., 2006; Fang et al., 2011). Figure 4A,C shows
that suramin similarly suppressed ATP release initiated by
exposure of cells to HBSS (lack of both Ca2+ and glucose)
and glucose-deficient medium. The participation of Cx43-

forming channels in ATP release under these situations was
verified by treatment of cells with hemichannel inhibitors,
heptanol and lindane, or down-regulation of Cx43 with spe-
cific siRNA (Figure 4A–D). The effectiveness of Cx43 siRNA
was confirmed by the markedly reduced level of Cx43 in
Western blot analysis (Figure 4B, inset).

Our previous studies proved that Cd2+ activates
hemichannels in Cx43 overexpressing LLC-PK1 cells (Fang
et al., 2011; Li et al., 2013). We therefore examined the effect
of suramin on Cd2+-induced release of ATP in EGFP-Cx43
LLC-PK1 cells (Fang et al., 2011). Figure 4E shows that
suramin similarly suppressed ATP release induced by Cd2+.

Several reports described that mechanical stretch induces
ATP release through activation of hemichannels (Zhao et al.,
2005; Garcia and Knight, 2010; Richter et al., 2014). We
therefore examined the effect of suramin on ATP release
induced by medium exchange that causes shear stress. As
shown in Figure 4F, exchange of medium alone was enough
to trigger ATP release, which accounted for about 1/5 of that
induced by Ca2+-free medium. In the presence of suramin,
however, the elevation was completely blocked. It appears
that suramin also blocks shear stress-induced ATP release.
Collectively, these observations indicate that the blocking
effect of suramin on hemichannels is not cell type- and
activator-dependent.

Suramin inhibits pore-forming toxin-elicited
membrane hyperpermeability and cell injury
The potent suppression of Cx43 hemichannels promoted us
to test whether suramin also interferes with membrane pores
formed by bacterial toxin, which shares common properties
with cell surface channels (Bhakdi et al., 1981; Menestrina
et al., 1990; Bhakdi and Tranum-Jensen, 1991; Furini
et al., 2008). Incubation of NRK cells with α-haemolysin, a
pore-forming toxin from Staphylococcus aureus, led to a
concentration-dependent release of ATP (Figure 5A). In the
presence of suramin, this action of haemolysin was almost
completely blocked. Interestingly, this action of suramin was
also not mimicked by PPADS (Figure 5B). Consistent with its
blocking action on extracellular release of ATP, suramin
also potently blocked the pore-mediated influx of EtBr
(Figure 5C).

As a previous report described an involvement of pan-
nexin1 hemichannel-derived ATP in haemolysin-induced
lysis of red blood cells (Skals et al., 2009), we therefore exam-
ined the possible participation of Cx43 hemichannels under
our experimental setting. Figure 5D,E shows that knockdown
of Cx43 with specific siRNA or blockade of hemichannels
with heptanol did not greatly affect haemolysin-induced ATP
release, thus excluding a potential contribution of Cx43
hemichannels in haemolysin-induced ATP release.

Prolonged incubation of cells with haemolysin led to cell
death, as evidenced by the increased extracellular release of
LDH. Consistent with the blocking effect on the pore perme-
ability, suramin also significantly prevented haemolysin-
induced cell injury (Figure 5F). Interestingly, this
cytoprotective action of suramin was observed under the
situation that suramin itself induced a modest but statisti-
cally significant elevation in LDH release, suggestive of cyto-
toxicity. These observations thus indicate that suramin blocks
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Figure 2
Effects of other P2 purinoceptor antagonists on hemichannel permeability. (A) Effects of P2 purinoceptor antagonist PPADS on cellular uptake of
EtBr following removal of extracellular Ca2+. NRK cells were pretreated with 300 μM suramin, 3 mM heptanol, 30 μM PPADS and 100 μM NK-62
for 20 min. After that, they were exposed to either normal or Ca2+-free culture medium that contained 10 μM EtBr in the presence of the same
concentrations of the earlier agents for an additional 15 min. The cellular uptake of EtBr was photographed (magnification, ×200). (B) Effects of
interception of P2 purinoceptor signalling pathway on Ca2+ depletion-triggers ATP release. NRK cells were exposed to Ca2+-free culture medium
in the presence of 300 μM suramin, 30 μM PPADS or 100 μM KN-62 for 5 min. Cell supernatants were collected and quantitated for ATP
concentration. Results are expressed as relative light unit (RLU; mean ± SE, n = 3). #P < 0.01 compared with control. (C) Effects of various
concentrations of PPADS on ATP release. Cells were treated the same as earlier in the presence or absence of the indicated concentrations of PPADS.
(D) Effect of suramin, NF-023 and NF-449 on cellular uptake of EtBr. NRK cells were pretreated with 300 μM suramin, NF-023 or NF-449 for
20 min. Thereafter, cells were exposed to either normal or Ca2+-free culture medium that contained 10 μM EtBr in the presence of the same
concentrations of the previous agents for an additional 15 min. The cellular uptake of EtBr was photographed (magnification, ×200). (E,F) Effect
of suramin analogue NF-023 and NF-449 on ATP release. NRK cells were exposed to Ca2+-free culture medium in the presence of the indicated
concentrations of NF023 or NF449 for the indicated time intervals. Cell supernatants were collected and quantitated for ATP concentration. Results
are expressed as RLU (mean ± SE, n = 3). #P < 0.01, *P < 0.05 as compared with zero point control.
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the channel activities of pore-forming toxin. They also indi-
cate that suramin could have cytotoxicity in long-term
culture.

Suramin protect cells from hypotonic
stress-elicited eruption of cell membrane
The potent antagonistic actions of suramin on hemichannels
and pores promoted us to test whether suramin also affected
other channels. For this purpose, we have examined the effect
of suramin on hypotonicity-induced ATP release, an event
that involves many different types of membrane channels
(Menestrina et al., 1990; Taouil and Hannaert, 1999; Hazama
et al., 2000; Braunstein et al., 2001; Sabirov et al., 2001;
Boudreault and Grygorczyk, 2002; Dutta et al., 2002; Okada
et al., 2004; Calloe et al., 2007; Liu et al., 2008; Shi et al., 2009;
Lu et al., 2012). Exposure of NRK cells to distilled water led to
a rapid release of ATP, which was significantly blocked by
suramin, and hemichannel inhibitor lindane and heptanol as
well (Figure 6A). Down-regulation of Cx43 with siRNA also
significantly blocked ATP release (Figure 6B). These results
indicate an involvement of hemichannels in hypotonicity-
induced release of ATP.

Interestingly, as compared with hemichannel inhibitors,
suramin exhibited a significantly more potent suppression on
ATP release (Figure 6A), implying an involvement of other
channels that were similarly suppressed by suramin. To
confirm this speculation, we have compared the effect of

suramin with two non-specific channel blockers, La3+ and
Gd3+, which have previously been documented to be able to
inhibit hypotonic release of ATP and to protect cells from
hypotonicity-induced cell injury (Berrier et al., 1992; De Smet
et al., 1998; Braunstein et al., 2001; Boudreault and
Grygorczyk, 2002; Liu et al., 2008). As shown in Figure 6C,
suramin suppressed hypotonicity-induced ATP release to the
magnitude similar to these non-specific channel blockers.

Exposure of NRK cells to H2O led to a concentration-
dependent disruption of cell membrane integrity, as evaluated
by the retention of the preloaded calcein inside the cells, as
well as detection of fluorescent intensity of the cells under a
fluorescent reader (Supporting Information Fig. S2). Consist-
ent with the channel-blocking actions, suramin significantly
protected cells from hypotonic stress-elicited membrane
eruption. This action of suramin was also comparable with
that of non-specific channel blockers, although La3+ and Gd3+-
treated cells appeared to have a much larger cell body than
those of suramin-treated cells under hypotonic condition
(Figure 6D,E). These results thus indicate that suramin pro-
tects cells against hypotonicity-induced cell injury.

Discussion

Suramin has been used for treatment of many diseases in
clinic and has been reported to suppress the functions of a

Figure 3
Effects of suramin on Cx43 expression and function. (A,B) NRK cells were treated with the indicated concentrations of suramin for 30 min (A) or
300 μM suramin for the indicated time intervals (B). The cellular lysates were extracted and subjected to Western blot analysis of Cx43. The upper
band represents phosphorylated Cx43 (p-Cx43), and the lower band indicates non-phosphorylated Cx43 (np-Cx43). (C,D) Effects of suramin on
GJIC. NRK-E52 cells were treated with 300 μM suramin, 3 mM heptanol or 30 μM PPADS for 30 min. The micrographs of LY diffusion into cellular
monolayer after scrape-loading were shown (magnification, ×200). (D) The distance of LY diffusion as shown in C. Results were expressed as cell
layer of dye-coupled cells (mean ± SE, n = 13). #P < 0.01 versus control.
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wide range of cell membrane proteins, including receptors,
channels and adhesive molecules (Supporting Information
Table S1). In this study, we demonstrated, for the first
time, that suramin interfered with non-junctional Cx43

hemichannels and protected cells from toxin- and hypo-
tonic stress-elicited membrane hyperpermeability and cell
injury. Given the importance of suramin in both clinic and
basic research, our findings could have great implications

Figure 4
Effects of suramin on ATP release under several different conditions. (A,C,E) NRK (A,C) or EGFP-Cx43 LLC-PK1 cells (E) were pretreated with
300 μM suramin, 3 mM heptanol or 100 μM lindane for 20 min, and exposed to HBSS (A), glucose-deprived medium (C), or 50 μM Cd2+ (E) for
an additional 30 min (A,B) or 3 h (E). Cell supernatants were collected and quantitated for ATP concentration. Results are expressed as relative light
unit (RLU; mean ± SE, n = 3). *P < 0.05, #P < 0.01 compared with respective control. (B,D) Down-regulation of Cx43 with specific siRNA on HBSS
and glucose deprivation-triggered ATP release. NRK cells were treated with either control siRNA or siRNA against Cx43 for 48 h. After that, they
were exposed to HBSS or glucose-free medium for 30 min. The cellular lysates were also subjected to Western blot analysis of Cx43 to verify the
effectiveness of Cx43 siRNA in down-regulation of Cx43 (Figure 4B, insert). Note the obvious reduced level of Cx43 in Cx43 siRNA-treated cells.
Results are expressed as RLU (mean ± SE, n = 3). (F) Effect of suramin on basal ATP release triggered by medium exchange. NRK cells cultured in
normal Ca2+ medium were incubated with or without 300 μM suramin for 20 min. Thereafter, culture medium were either left untouched (control)
or changed to the same normal Ca2+ medium or Ca2+-free medium for additional 5 min. Cell supernatants were collected and quantitated for ATP
concentration. Results are expressed as RLU (mean ± SE, n = 6). #P < 0.01.
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Figure 5
Effects of suramin on α-HL-mediated permeability and cell injury. (A,B) Effect of suramin and PPADS on pore-mediated release of ATP. NRK cells
were exposed to the indicated concentration of α-HL in the presence or absence of 300 μM suramin or 30 μM PPADS for 30 min. Cell supernatant
were collected and quantitated for ATP activities. Results are expressed as relative light unit (RLU; mean ± SE, n = 4 in A and n = 1 in B). #P < 0.01
compared with control. (C) Effect of suramin on pore-mediated uptake of EtBr. NRK cells were treated with 10 μg·mL−1 α-HL in the presence or
absence of 300 μM suramin for 30 min. The cells were exposed to 10 μM EtBr for 15 min. Cellular uptake of EtBr were photographed
(magnification, ×160). (D,E) Effects of knockdown of Cx43 or blockade of hemichannels with heptanol on haemolysin-induced release of ATP. (D)
NRK cells were treated with either control siRNA or siRNA against Cx43 for 48 h. Thereafter, cells were exposed to 10 μg·mL−1 alpha-haemolysin
for 90 min. (E) NRK cells were exposed to 10 μg·mL−1 alpha-haemolysin in the presence or absence of 3 mM heptanol for 90 min. Cell
supernatants were collected and quantitated for ATP activities. Results are expressed as RLU (mean ± SE, n = 6 for D and n = 4 for E). (F) Effect of
suramin on α-HL-induced cell injury. NRK cells were exposed to the indicated concentration of α-HL in the presence of 300 μM suramin or 30 μM
PPADS for 24 h. Cell supernatants were collected and assayed for LDH release. The results are expressed as % of total release (RLU; mean ± SE,
n = 3). #P < 0.01, *P < 0.05 compared with respective control.

BJP Y Chi et al.

3456 British Journal of Pharmacology (2014) 171 3448–3462



for a better understanding of the roles and mechanisms of
suramin.

In this study, the action of suramin on cell surface chan-
nels was exemplified by its role on non-junctional Cx43
hemichannels. Hemichannels is activated under many patho-

physiological situations, including Cx mutations, depolariza-
tion of the membrane potential, hypoxia, change of
intracellular and extracellular Ca2+, as well as cellular redox
status (Anselmi et al., 2008; Saez et al., 2010), and has been
shown to be critically involved in a variety of pathophysi-

Figure 6
Effect of suramin on membrane permeability and integrity under hypotonic condition. (A,B) Effect of suramin, hemichannel inhibitor or Cx43
siRNA on ATP release under hypotonic condition. (A,B) NRK cells were pretreated with 300 μM suramin, 3 mM heptanol or 100 μM lindane for
20 min, or Cx43 siRNA for 48 h. After that, cells were exposed to distilled water in the presence or absence of the same amount of agents for
5 min. Cell supernatants were collected and quantitated for ATP concentration. Results are expressed as relative light unit (RLU; mean ± SE, n = 3).
*P < 0.05, #P < 0.01 compared with untreated control. (C) Effect of suramin and non-specific channel blockers on hypotonicity-induced release
of ATP. NRK cells were pretreated with 300 μM suramin, 500 μM La3+ or 500 μM Gd3+ for 20 min. Cells were exposed to distilled water in the
presence or absence of the same amount of agents for 5 min. Cell supernatants were collected and quantitated for ATP concentration. Results are
expressed as RLU (mean ± SE, n = 4). #P < 0.01 compared with untreated control. (D,E) Effect of suramin and non-specific channel blockers on
membrane integrity under hypotonic stress. NRK cells were preincubated with 10 μM calcein for 1 h. After that, they were treated with 300 μM
suramin, 500 μM La3+ or 500 μM Gd3+ and then exposed to distilled water in the presence or absence of the same amount of the earlier agents
for an additional 45 min. The cell membrane integrity was evaluated by the retention of the preloaded calcein inside the cells under fluorescent
microscopy (D; magnification, ×200) or the fluorescent intensity of the remaining cells under a fluorescent reader (E). Results in E are expressed
as % of fluorescence relative to normal control (mean ± SE, n = 4). #P < 0.01 compared with H2O alone.
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ological processes (Fang et al., 2011; Scheckenbach et al.,
2011; Baroja-Mazo et al., 2013; Li et al., 2013). In this inves-
tigation, we have employed a simple method to induce
hemichannel opening, i.e. through removing extracellular
Ca2+. Activation of hemichannels by lowering Ca2+ has been
previously demonstrated at both structural and functional
levels. Using an atomic force microscope, Muller et al.
observed that removal of extracellular Ca2+ enhanced outer
hemichannel pore diameter (Muller et al., 2002). Consist-
ently, many investigators observed increased hemichannel
permeability following elimination of extracellular Ca2+

(Stout et al., 2002; Li et al., 2013). In line with these observa-
tions, we detected an increased exchange of small molecules
between the inside and the outside of cell membrane follow-
ing Ca2+ deprivation, which was blocked by suramin in a way
similar to hemichannel inhibitors. These results thus indicate
that suramin inhibits hemichannel activities.

Suramin have many pharmacological functions. The
question naturally occurs as to whether the effect of suramin
on hemichannels was a result of its actions on other signal-
ling molecules. In this study, we excluded a participation of
P2 purinoceptors. This is shown by the observation that the
effect of suramin was not mimicked by PPADS, a structurally
different, broad-spectrum P2 purinoceptor antagonist
(Charlton et al., 1996) and KN62, a potent P2X7 antagonist
(Humphreys et al., 1998; Baraldi et al., 2003), but reproduced
by NF023 and NF449, structural analogues of suramin that
selectively block P2X1 receptors (Humphreys et al., 1998;
Soto et al., 1999; El-Ajouz et al., 2012). It is worth mentioning
that our undisclosed data indicated that suramin and PPADS
similarly suppressed P2-receptor-mediated activation of AKT
and mTOR under Ca2+-free condition (Supporting Informa-
tion Fig. S3; manuscript in submission). It appears that the
action of suramin on hemichannels was not due to its action
on P2 purinoceptors.

Our study also suggests that the effect of suramin was not
channel activator-dependent. Suramin similarly affected ATP
release initiated by removing extracellular Ca2+, glucose dep-
rivation, mechanical strain as well as Cd2+ stimulation. Acti-
vation of hemichannels under these conditions has been
previously reported with little information available regard-
ing the activation mechanisms (Quist et al., 2000; Zhao et al.,
2005; Thompson et al., 2006; Garcia and Knight, 2010; Fang
et al., 2011; Richter et al., 2014). The similar inhibition of
hemichannels triggered by different stimuli implies that the
effect of suramin might be through direct interaction with
channels rather than through interference of stimuli or
stimuli-elicited signalling pathways.

It is intriguing to mention that suramin also blocked the
membrane permeability caused by α-haemolysin, a pore-
forming toxin from Staphylococcus aureus (Bhakdi and
Tranum-Jensen, 1991; Walev et al., 1993). In fact, hemichan-
nels and the pores share many properties in common. They
are hexamer transmembrane channels that mediate intracel-
lular and extracellular exchange of small molecules, like ATP,
amino acids and nucleotides (Bhakdi et al., 1981; Bhakdi and
Tranum-Jensen, 1991; Saez et al., 2010; Baroja-Mazo et al.,
2013). The reported MW cut-off of material passing through
the hemichannels and pores are approximately 1000 and
2000 Daltons respectively (Bhakdi and Tranum-Jensen, 1991;
Saez et al., 2010; Baroja-Mazo et al., 2013). The similar inhi-

bition of Cx43 hemichannels and pores suggests that suramin
might affect channels with common structure through a
common regulating mechanism.

Of note, a previous study by Skals et al. (2009) demon-
strated that haemolytic lysis caused by the bacterial toxin
HlyA was suppressed by non-selective ATP-receptor antago-
nist PPADS and suramin. Furthermore, they demonstrated an
implication of P2X receptors and pannexin1 in augmenta-
tion of haemolysis. Different from their observations, we did
not detect a protective effect of PPADS on haemolysin-
triggered ATP release and cell injury. The reason for the dis-
crepancy is presently unclear. It could be due to different
experimental settings. Different from red blood cells, NRK
cells used in the current study are pannexin-deficient
(Penuela et al., 2007). Thus, an implication of pannexin in
our system was less likely. Furthermore, our study also
excluded an implication of hemichannel in augmentation of
the effect of haemolysin. Knockdown of Cx43 with specific
siRNA or blockade of hemichannels with heptanol did not
greatly affect haemolysin-induced ATP release. Our observa-
tions thus support a direct blocking effect of suramin on
haemolysin-forming pore rather than an indirect action
through blocking hemichannels or purinergic signalling.

The suppression of multiple membrane channels by
suramin was partially verified by the observation that
suramin potently blocked hypotonicity-induced ATP release.
Previous studies have demonstrated that hypotonic release
of ATP was derived from multiple membrane channels,
including K/ATP channel, KCNQ channel, Cx hemichannel,
voltage-dependent anion channel, ATP-conductive large-
conductance anion channel, maxi-anion channel and CFTR
(Taouil and Hannaert, 1999; Hazama et al., 2000; Braunstein
et al., 2001; Sabirov et al., 2001; Boudreault and Grygorczyk,
2002; Dutta et al., 2002; Okada et al., 2004; Calloe et al., 2007;
Liu et al., 2008; Shi et al., 2009; Lu et al., 2012). Using
hemichannel inhibitors and Cx43 siRNA, we clearly demon-
strated an involvement of hemichannels. However, the much
more potent suppression of ATP release by suramin pointed
to a participation of other channels. Indeed, suramin is
reported to inhibit several membrane channels (Wiley et al.,
1993; Nakazawa et al., 1995; Bachmann et al., 1999), includ-
ing CFTR known to be involved in ATP release (Hazama et al.,
2000; Braunstein et al., 2001). In further support of a role of
suramin on other channels, suramin mimicked the suppres-
sive effects of non-specific channel blockers, La3+ and Gd3+, on
hypotonicity-induced ATP release and cell injury (Berrier
et al., 1992; De Smet et al., 1998; Braunstein et al., 2001;
Boudreault and Grygorczyk, 2002; Liu et al., 2008).

The molecular mechanisms underlying the inhibitory
action of suramin on multiple membrane channels are pres-
ently unclear. Suramin bears fixed-negative charges by virtue
of their polysulfonates. It has been reported that suramin
interacts with positive ectodomain of receptors and prevents
their binding of multiple cytokines and growth factors
(Stratmann et al., 2000; North, 2002; McGeary et al., 2008). A
similar mechanism might be behind the channel-blocking
action of suramin. Indeed, the suppressive action of suramin
on CFTR is thought to be through electrostatic interactions
with the positive charge of a lysine side chain within the
channel pore (Bachmann et al., 1999; St Aubin et al., 2007).
Similarly, an ectodomain lysine residue in P2X1 receptors has
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been reported to be responsible for the species difference in
receptor binding to suramin (Sim et al., 2008). Intriguingly,
the positively charged lysine residues also exist in α-toxin,
which determines the electrical properties of the pore
(Cescatti et al., 1991). Suramin might interfere with channel
activity through interaction with some common structure of
channels, such as positively charged resides. Identification
and characterization of the residues and structures would
provide more information about the structure and function
relationship of these channels and help us to designate more
effective channel blockers.

The suppressive effect of suramin on hemichannels pro-
moted us to speculate that suramin may also affect pannexin
activity, a channel that shares many common properties with
hemichannels in structure and function (Penuela et al., 2007;
Wang et al., 2013). Indeed, suramin and a suramin analogue,
food dye FD&C blue no. 1, have been reported to inhibit
pannexin 1 channels (Qiu and Dahl, 2009; Wang et al., 2013).
Of note, NRK cells are previously reported to be pannexin-
deficient (Penuela et al., 2007), the possible implication of
pannexin in this study was less likely.

Our findings have multifold implications for both clinic
and basic application of suramin. First, our results indicate
that suppression of hemichannels could be a presently unrec-
ognized mechanism behind the pharmacological actions of
suramin. For example, suramin has been shown to be able to
suppress inflammatory response and ischaemic cell injuries
(Kharlamov et al., 2002; Liu et al., 2012). Interestingly, the
similar effects have also been reported by blockade of
hemichannels (Scheckenbach et al., 2011; Davidson et al.,
2013). It is conceivable that the effect of suramin could be
through interference of hemichannels. Second, because the
concentrations of suramin used for suppression of hemi-
channels (100∼300 μM) overlap with those reported for
antagonizing P2 purinoceptors, cautions should be taken in
interpreting the results obtained from studies in which
suramin is used as a purinoceptor antagonist. Third, suramin
might have advantages over the other hemichannel
inhibitors or P2 purinoceptor antagonists in suppression
of channel-mediated activation of purinergic signalling
pathway because of its dual-blocking effect on channels and
receptors. Fourth, our data indicate that suppression of non-
junctional hemichannels by suramin was not associated with
altered GJIC. This feature of suramin might be used to dis-
tinguish the effects of gap junctions and hemichannels that
usually coexist under various pathophysiological situations.
The available chemical hemichannel inhibitors usually also
suppress gap junctions. Fifth, as a multiple-channel blocker,
suramin might be exploited to protect cells against the injury
caused by membrane channel hyperpermeability and insta-
bility under the situation of hypotonic stress and pathogen
invasion. It should be mentioned that suramin has also cyto-
toxicity (Dhar et al., 2000). This property has been exploited
for tumour therapy. In this investigation, we noticed that
long-term exposure of cells to suramin caused LDH release,
indicative of cytotoxicity. Therefore, cautions should be
taken when suramin is used for chronic experiments or treat-
ment of chronic illnesses.

In conclusion, our results revealed that suramin inhibits
cell membrane permeability, as exemplified by its suppressive
actions on Cx43 hemichannels and pore formed by

α-haemolysin. Our findings thus provide novel mechanistic
insights into the pharmacological actions of suramin.
Suramin might be used as a pharmacological tool for inves-
tigation of the role and mechanisms of membrane channels,
as well as channel-derived mediators. It also has the potential
to be developed as a novel therapeutic agent for prevention
and treatment of certain diseases, which are caused by or
associated with the elevated channel activities and mem-
brane permeability.
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Figure S1 Effects of knockdown of Cx43 on cellular uptake
of EtBr following removal of extracellular Ca2+. NRK cells were
treated with either control siRNA or siRNA against Cx43 for
48 h. Thereafter, cells were exposed to normal or Ca2+-free
culture medium that contained 10 μM EtBr 15 min. The cel-
lular uptake of EtBr was photographed (magnification, ×320).
Figure S2 Hypotonic stress-induced disruption of mem-
brane integrity. NRK cells were pre-incubated with 10 μM
calcein for 1 h. After that, they were exposed to distilled water
for the indicated time intervals. Cell membrane integrity was
evaluated by the retention of fluorescent dye calcein inside
the cells under microscope (A; magnification, ×160) or the
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fluorescent intensity of the remaining cells under a fluores-
cent reader (B). Results in B are expressed as % of fluorescence
relative to normal control (mean ± SE, n = 4). *P < 0.05 com-
pared with untreated control.
Figure 3 Suppression of low Ca2+-induced activation of Akt
by suramin and PPADS. NRK cells were pretreated with or
without 300 μM suramin or 10 μM PPADS for 30 min before

exposing to Ca2+-free culture medium for an additional
5 min. Cellular proteins were extracted and subjected to
Western analysis for phosphorylation of Akt and β-actin.
Note the similar potency of PPADS and suramin on Ca2+

deprivation-induced activation of Akt.
Table S1 Effects of suramin on cell membrane receptors,
channels and adhesive molecules.
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