








LEVC shifted from 6259 nM (95% confidence limits [CL],
4909–7625 nM) (n 5 10) in control cells to 422 nM (95% CL,
273–522 nM) (n 5 8) in cells from the inflamed colon showing
a 10-fold difference. This finding suggested that inflammation
results in an increase in affinity and efficacy for the KATP

channel opener. To further examine whether there was
a voltage dependency to the affinity for LEVC, the EC50 values
were plotted for each potential. The EC50 values were not
different at any of the different potentials, with inflamed cells
being more sensitive to LEVC (Fig. 4).
Effect of KATP Channel Blocker in Inflammation. We

next tested whether the KATP channel blocker glibenclamide
demonstrated any difference in the potency toward inhibi-
tion of LEVC-induced currents during inflammation. A cumu-
lative concentration response for glibenclamide-induced

inhibition of the KATP currents was conducted in the presence
of 10 mM LEVC (Fig. 5). Although there were significantly
larger LEVC-induced currents in inflamed cells, the
concentration-response relationship showed no difference in
the potency of glibenclamide to inhibit KATP currents in
control or inflamed cells. The IC50 values were 183 nM (95%
CL 154–217 nM) (n 5 6) in control and144 nM (95% CL
128–162 nM) (n 5 5) in the cells from inflamed colon (Fig. 5).
Effect of H2S on KATP Channels of Colonic Smooth

Muscle Cell. We next examined the effect of H2S, an
endogenous signaling molecule whose levels have been shown
to be increased in colonic inflammation (Wallace et al., 2009).
Exogenous NaHS (1 mM) when added to the external bath
solution induced inward currents at 260 mV in a gap-free
protocol. The currentswere abolished by glibenclamide (10mM).

Fig. 3. Voltage and dose dependence of LEV-induced currents. Currents were recorded in a series of step voltages applied from2120 to 0 mV in 10-mV
increments from a holding potential of260mV in high K+ solution. (A and B) current traces in high K+ and in different concentrations of LEVC in control
and inflamed cells. Note the difference in scale bars. (C) current-voltage relationship with different concentrations of LEVC in control and inflamed cells.
Con, control; Inf, inflamed.
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Fig. 4. Concentration-response relation of LEVC. (A) the normalized amplitude of current induced at each dose of LEVC measured at a holding voltage
of 260 mV in the smooth muscle cells from control and inflamed colon. (B) the percentage of current induced at each dose of LEVC as a function of the
maximum current induced at a holding voltage of 260 mV in the smooth muscle cells of the control and inflamed colon cells. The affinity and efficacy of
the channel opener are enhanced in colonic inflammation. The EC50 values calculated for the drug shifted from 6259 nM (95%CL 4909–7625 nM) (n = 10)
in controls to 422.1 nM (95% CL 273–522 nM) (n = 8) in cells from the inflamed colon. (C) voltage dependence of calculated EC50 values in control and
inflamed cells. CTL, control; INF, inflamed.
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Similar to the effects of LEVC, the inward currents activated by
1 mM NaHS were significantly larger in inflamed cells (8.6 6
1.4 pA/pF; n 5 6) than control cells (2.47 6 0.1; n 5 7)
We also tested the concentration dependence of NaHS in

control and inflamed cells. There was a significant shift in the
concentration-response curve to the left in inflamed cells with
an increase in the maximal currents. When plotted as the
fraction of maximal currents, the EC50 values shifted from
461 mM (95% CL 376–564 mM) (n 5 7) in control cells to 199
mM (95% CL 140–283 mM) (n 5 6) in inflamed cells (Fig. 6).
Effect of H2S on KATP Opener Induced Currents. To

examine whether NaHS acts as an allosteric modulator of
LEVC-induced KATP currents, a low dose of H2S (100 mM) was
bath applied before LEVC concentration response was
conducted. In the presence of 100 mM, the currents activated
were 0.47 6 0.04 pA/pF. In the presence of this concentration
of H2S, the channel opener showed an increased affinity
toward the channel and induced currents at lower doses. The
curve plotted shifted to the left and the EC50 values calculated
shifted from 2838 nM (95% CL 954–4625 nM) (n 5 6) to 154.9
nM (95% CL 94–251 nM) (n 5 8) in the presence of 100 mM
NaHS, demonstrating an increase in affinity of the drug
similar to what was seen in the case of inflammation. At this
concentration of NaHS, there was no increase in the maximal
amplitude of current induced by LEVC (Fig. 7).

This study was repeated in the presence of a higher con-
centration of NaHS (1 mM) in which a maximal concentration of
the channel opener (10 mM) was used to induce KATP currents.
The maximal amplitude of the inward currents induced by the
opener increased from 10.56 1.6 pA/pF (n5 6) in the presence of
100 mMH2S to 226 5.4 pA/pF (n5 4) in the presence of 1mM of
H2S, demonstrating an increase in the efficacy of the drug in the
presence of higher concentration of H2S (Fig. 8).
Effect of N-Ethylmaleimide on Opener and NaHS-

Induced Current. To examine the involvement of cysteine
residues in the action of H2S, effect of N-ethylmaleimide
(NEM, an alkylating agent of free cysteine residues) was
tested onNaHS- and LEVC- induced currents. In the presence
of 2 mM NEM, the responses produced by NaHS and LEVC
were significantly decreased, indicating a strong involvement
of cysteine residues on their action (Fig. 9). NaHS-induced
currents decreased from 2.47 6 0.56 pA/pF in control to
0.03976 0.001 (n5 4) in the presence of NEM. LEVC-induced
currents were reduced from 9.96 0.71 in control to 0.456 0.3
in the presence of NEM (n 5 4).
H2S Sulfhydrates SUR2B but Not Kir6.1 Subunit of

KATP Channel. Because sulfhydration is known as a primary
mechanism through which H2S signals, we examined the
sulfhydration levels in KATP channels of colonic smooth muscle
cell after treatment with 1 mM NaHS using a Biotin Switch

Fig. 5. Effect of glibenclamide (Glib) on KATP channels in inflammation. (A) raw traces showing the inhibition of the LEVC-induced currents by different
concentrations of glibenclamide in a whole-cell recording through the gap-free protocol at 260 mV in control and inflamed cells. (B) concentration-
response curve plotted with the normalized currents inhibited by different concentrations of glibenclamide. (C) concentration-response curve plotted
with the percentage of current inhibited at different concentrations of glibenclamide as a function of maximum current inhibited. IC50 values shifted
from 183 nM (95% CL 154–217nM) (n = 6) in controls to 144 nM (95% CL 128–162 nM) (n = 5) in the cells from inflamed colon. CTL, control; INF,
inflamed.
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Assay. There was some basal sulfhydration of the SUR2B
subunit of the KATP channel that was enhanced upon treatment
with 1 mM NaHS (Fig. 10, A and B). The enhanced sulfhydra-
tion of SUR2B was also seen in inflamed colon without any
treatment with NaHS (Fig. 10C). In Chinese hamster ovary
cells heterologously expressing Kir6.1 and SUR2B, sulfhydra-
tion was evident for SUR2B but not the Kir6.1 subunit (Fig. 11).

Discussion
The importance of H2S as a gaseous signaling molecule has

been recognized in various physiologic and pathophysiologic

conditions (Mustafa et al., 2009). In colonic inflammation, the
protective role of H2S has been, in part, attributed to
modulation of the ATP-sensitive potassium channels (Wallace
et al., 2009). In the present study, we have found that 1) the
potency and efficacy of the KATP channel opener, LEVC, is
enhanced during colonic inflammation; 2) similarly, H2S-
induced activation of the channel is also enhanced in inflamed
cells; 3) H2S modifies the activation of LEVC via an allosteric
effect; and 4) H2S S-sulfhydrates the SUR2B subunit but not
Kir6.1.
Previously, Jin et al. (2004) demonstrated, in a mouse

colitis model, an increase in both the amplitude of whole cell

Fig. 6. Effect of H2S on KATP channels of colonic smooth muscle cell. (A) raw traces showing the NaHS (H2S donor)-induced currents in a whole cell
recording at260 mV voltage through a gap-free protocol in control and inflamed cells. (B) normalized amplitude of inward currents induced by NaHS in
control and inflamed cells (control, 2.4 6 0.5 pA/pF [n = 6]; inflamed, 10.7 6 1.9 pA/pF [n = 7]) (C) concentration-response curve plotted using the
amplitudes of currents induced with different concentrations of NaHS in control and inflamed cells. (D) the percentage of current induced at each dose of
NaHS as a function of the maximum current induced at a holding voltage of 260 mV in the smooth muscle cells of the control and inflamed colon cells.
The affinity and efficacy of the channel opener are enhanced in colonic inflammation. The EC50 values calculated for NaHS shifted from 461 mM (95% CL
376–564 mM) (n = 7) in controls to 199 mM (95%CL 140–283 mM) (n = 6) in cells from the inflamed colon. CTL, control; Glib, glibenclamide; INF, inflamed.
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KATP currents and in the bursting activity of single channel
currents in colonic smooth muscle in the presence of LEVC.
We compared the concentration-response relationship for
LEVC in inflamed cells and identified that in addition to
increase in maximal currents (efficacy), the potency for LEVC
is significantly shifted after inflammation. Of note, the
potency of glibenclamide-induced inhibition of the KATP

channel complex was not altered with inflammation, although
the potential binding sites for the channel opener and blocker

are on the same subunit (i.e., the sulfonylurea receptor)
(Mikhailov et al., 2001; Moreau et al., 2005). Similarly, the
potency of H2S toward activation of the KATP channel is also
enhanced after inflammation. Although the activation of KATP

channel by hydrogen sulfide has been demonstrated in several
studies (Cheng et al., 2004; Spiller et al., 2010; Zhong et al.,
2010; Liang et al., 2011; Liu et al., 2011;), the specific subunit
that is affected is not entirely clear. In addition to its effects on
KATP channels, H2S also modulates other ion channels,

Fig. 7. Effect of H2S on LEVC-induced currents. (A) current traces in the presence of different concentrations of LEVC in control. (B) current traces in
the presence of different concentrations of LEVC in the presence of 100 mMNaHS. (C) the amplitude of current induced at each dose of LEVC measured
at a holding voltage of 260 mV in the smooth muscle cell under control conditions and in the presence of 100 mM NaHS (n = 8). (D) the percentage of
current induced at each dose of LEVC as a function of the maximum current induced at a holding voltage of 260 mV in the smooth muscle cell under
control conditions and in the presence of 100 mM NaHS. In the presence of NaHS, the affinity of LEVC is enhanced. The EC50 values showed a leftward
shift (control, 2838 nM [95% CL 1254–3625 nM]; inflamed, 100 mM NaHS:154.9 nM [95% CL 94–251 nM]). CTL, control; IN, inflamed.
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Fig. 8. (A) current trace showing the response to LEVC in controls. (B) current trace showing the response to LEVC in the presence of 1 mMNaHS. (C)
amplitude of current induced by 10 mMLEVC in the control cells and in the presence of different doses of NaHS (H2S donor). Amplitude of LEVC-induced
currents is enhanced in the presence of high NaHS demonstrating an increase in efficacy of LEVC (control, 9.96 0.71 pA/pF [n = 12]; control plus 100 mM
NaHS, 10.5 6 1.6 pA/pF [n = 8]; control plus 1 mM NaHS, 22 6 5.4 pA/pF [n = 5]). CTL, control; Glib, glibenclamide.
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notably L- and T-type calcium channels, as well as Na1

channels. L-type Ca21 channels are inhibited, whereas T-type
channels are sensitized (Sun et al., 2008; Matsunami et al.,
2012). In the human jejenum smooth muscle cells, H2S
enhanced Na1 influx through Nav1.5 via a redox-
independent mechanism (Strege et al., 2011). S-sulfhydration
of cysteine residues by H2S has been established as a post-
translational modification altering protein function. Mus-
tafa et al. (2011) demonstrated sulfhydration of Cys43 of
Kir6.1 as the potential site for H2S-induced enhancement of
KATP channel activity. On the other hand, Jiang et al. (2010)
found that in HEK cells, expression of rvSUR1 subunit was
necessary for H2S-induced activation of K1 currents and
replacement of extracellular Cys6 and Cys26 abolished
channel sensitivity to H2S. We found that in colonic smooth
muscle and in heterologously transfected cells, SUR2B was
sulfhydrated by exogenous H2S, alluding to the possibility
that posttranslational modification of the sulfonylurea
receptor during inflammation alters the sensitivity to
potassium channel opener. S-sulfhdyration appears to in-
duce an allosteric effect on the activation of KATP channels.
This was evident when in the presence of low concentrations
of H2S the potency of LEVC is enhanced, an effect that is
similar to inflammation. S-sulfhydration of the SUR2B
subunit was also enhanced after colonic inflammation.
Allosteric modulation of ion channels by endogenous signal-
ing molecules including ATP, H2O2, glycine have been well

described (Cui and Fan, 2002; Hogg et al., 2005; Chuang and
Lin, 2009). Cui et al. suggested the modulation of KATP

channel activity through sulfhydration of the cysteine
residue of the Kir6.2 in heterologously expressed KATP

channel (Cui and Fan, 2002). These studies demonstrated
an allosteric block due to sulfhydration of extracellular
cysteine residue. Our findings indicate that sulfhydration of
SUR2B during colonic inflammation accounts for the
enhanced sensitivity to KATP channel opener S-sulfhydra-
tion may result from enhanced H2S production during
inflammation both from sources within the lumen
(i.e., enteric bacteria) and from endogenous production due
to the enhanced activity of cystathionine-b-synthase and
cystathionine-g-lyase. It is noteworthy that breakdown of
mucosal barrier in colitis could further exaggerate the
exposure of smooth muscle to the levels of H2S. In summary,
the present study provides evidence of allosteric modulation
through s-sulfhydration as a mechanism by which KATP

channel activity is enhanced during colonic inflammation.
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