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Postranslational Modification of Ion Channels in Colonic Inflammation 

Hamid I. Akbarali* and Minho Kang 

Department of Pharmacology and Toxicology, Virginia Commonwealth University, Richmond, VA 
23298, USA 

Abstract: Voltage-gated ion channels are key regulators of cell excitability. There is significant 
evidence that these channels are subject to modulation by redox status of the cells. Here we review 
the post-translational modifications of ion channels that occur in colonic inflammation. The redox 
mechanisms involve tyrosine nitration, covalent modification of cysteine residues and sulfhydration 
by hydrogen sulfide in experimental colitis. In the setting of colonic inflammation, modifications of 
cysteine and tyrosine are likely to occur at several sites within the same channel complex. In this review 
we describe alterations in channel function due to specific modifications of tyrosine and cysteine 
residues by reactive nitrogen, oxygen and hydrogen-sulfide resulting in altered motility. 
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1. INTRODUCTION 

 It is now well recognized that the gating properties of 
many ion channels are modulated by the redox status of the 
cells [1]. Reactive oxygen (ROS) and reactive nitrogen 
(RNS) species modify specific amino acids within the ion 
channel protein, largely cysteine and/or tyrosine residues 
thus affecting the functional activity of these channels. The 
cysteine residues can be modified by nitrosylation, 
palmitoylation, and/or sulfhydration [2]. Tyrosine residues 
can be nitrated by peroxynitrite thus altering channel 
function. Pro-oxidant reactive oxygen species include 
superoxide, hydrogen peroxide, singlet oxygen and hydroxyl 
ions. The physiological generation of reactive species are 
generally highly regulated, with its detoxification by 
antioxidant scavengers such as glutathione, catalase, and 
superoxide dismutase which can readily detoxify their active 
intermediates on biological systems. In Inflammatory bowel 
diseases that include ulcerative colitis and Crohn’s disease, 
an imbalance may affect gastrointestinal motility. In mouse 
models of experimental colitis, enhanced oxidative stress 
results in decreased contractility as a result of reduced cell 
excitability. In this review, we focus on the modulation of 
some of the ion channels by free radicals in colonic 
inflammation. 

 In conditions of gastrointestinal inflammation, altered 
motility may be accompanied by enhanced peripheral 
sensitization of sensory neurons. The sensitization of the 
neurons may be at the level of spinal, supraspinal or within 
intrinsic primary afferents of the gastrointestinal tract. For 
example, in rat experimental colitis model, colorectal distension 
results in increased excitability and responsiveness of the 
lumbosacral spinal neurons [3].  
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 Acute colonic inflammation also enhances the 
excitability of colon projecting neurons within the dorsal 
root ganglia in the lumbosacral region [4]. The changes in 
neuronal (that affect peripheral sensitization) and muscle 
excitability (affecting gastrointestinal motility) may occur as 
a result of altered ion channel function. In the dorsal root 
ganglia the cell bodies of neurons projecting from the 
inflamed colon demonstrate significantly larger sodium 
currents mainly Nav1.8 tetrodotoxin-resistant Na+ channels. 
These changes can be attributed to oxidative stress.  

 Oxidative stress has been extensively studied 
ingastrointestinal inflammation [5, 6]. Although, initially 
considered as mainly due to the production of superoxide 
(.O2

-) and its conversion to oxidants such as hydrogen 
peroxide (H2O2) by superoxide dismutase, it is now 
recognized that generation of the reactive hydroxy radical 
(.OH) via Fenton chemistry further enhances tissue damage. 
Reactive oxygen species (ROS) have been demonstrated in 
the inflamed intestine in clinical and experimental models 
with findings of altered transcription of endogenous 
antioxidants such as glutathione peroxidase [7]. Differences 
in the levels of antioxidants in inflammatory bowel disease 
patients has also been noted implicating an imbalance in 
colitis [8]. 

1.1. Tyrosine Nitration of Calcium Channels in Colonic 
Inflammation 

 Studies of calcium channels in the context of 
pathological insults such colonic inflammation have shown 
significant attenuation of the calcium influx in smooth 
muscle cells leading to decreased muscle contraction. 
Calcium channels are critical for mediating gastrointestinal 
contractions as demonstrated by selective inactivation of the 
L-type voltage gated calcium channel, Cav1.2 in smooth 
muscle. Global knock-out of Cav1.2 is embryonic lethal. In a 
tamoxifen-inducible Cre-lox based strategy, exons 14 and 15 
of Cav1.2 were “floxed” during recombination resulting in 
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an inactivated calcium channel in vascular, urinary and 
gastrointestinal smooth muscle [9]. Loss of smooth muscle 
Cav1.2 resulted in death due to paralytic ileus in ~ 4 weeks 
after initiation of gene inactivation with tamoxifen. This was 
accompanied by the loss of Cav1.2 protein expression after 
14 days resulting in decreased amplitude of spontaneous 
contractions and smooth muscle contractions mediated by 
muscarinic receptor activation. These studies establish the 
importance of the voltage-dependent calcium channel in 
colonic motility.  

 Reduced calcium channel function has also been 
observed in experimental colitis. Calcium currents in single 
smooth muscle cells in the dog, rat and mouse colon 
demonstrated a 50—70% decrease in calcium currents 
following inflammation [10-12]. This correlates with 
decreased contractions of colonic muscle strips in both 
animal models of colitis as well as in humans in response to 
depolarizing K+ solutions. Although the calcium currents are 
decreased, both the protein and gene expression of calcium 
channel isoforms are not altered in the murine colon 
following inflammation [13]. One possible explanation for 
the decrease in current amplitude may be due to altered 
regulation for these channels. Calcium channels in colonic 

smooth muscle are phosphorylated by the tyrosine kinase, c-src 
kinase. Direct association of c-src kinase with the calcium 
channel has been demonstrated by coimmunoprecipitation of 
the pore forming alpha subunit of Cav1.2b with anti-src and 
anti-phosphotyrosine antibodies [14]. Furthermore, src-kinase 
inhibitors significantly attenuate calcium currents, while 
tyrosine phosphatase inhibitors enhance the amplitude of the 
calcium current. Kang et al., showed that inflammation 
resulted in reduced inhibition of the calcium currents by the 
src kinase inhibitors [13]. This was attributed to decrease in 
the ability of c-src kinase to phosphorylate the channel in 
inflamed tissues. Studies in our laboratory further established 
that the carboxy terminus of the calcium channel is the major 
site for src regulation. The protein-protein interaction 
between c-src and the calcium channel involves binding of 
the SH3 domain of c-src to proline rich regions in the COOH 
terminus of the hCav1.2b and the binding of SH2 domain of 
c-src to phosphorylated tyrosine Y2134 and Y1837.  

 Peroxynitrite is a reactive nitrogen species that is 
produced during inflammation and has been implicated in 
the nitration of tyrosine residues. Nitration prevents tyrosine 
phosphorylation and thus results in reduced src-kinase 
binding to the calcium channel. Kang et al., showed that 

 

Fig. (1). A schematic representation of reactive nitrogen and oxygen species and their modification of specific amino acids within an ion 
channel complex. 
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mutation or nitration of Y2134 and Y1837 prevented src 
binding to the carboxy terminus of the calcium channels[15]. 
Ross et al., [16] further showed that in inflamed colon, 
increased expression of tyrosine nitrated calcium channels 
prevented the binding of c-src kinase. In contrast to the 
modifications of cysteine residues by ROS and s-
nitrosylation by NO, more pathological conditions are 
created when peroxynitrite, formed due to enhanced 
production of NO, overwhelms the dismutions of O2

- by 
superoxide dismutase. Nakayama and colleagues have 
examined the kinetics and mechanism by which tyrosine 
kinase affects calcium channel [17]. They showed that 
Cav1.2b undergoes state transitions to a second open state, 
termed O2, upon depolarization. In this state , the channels 
exhibit minimal inactivation during depolarization. This 
sustained calcium influx promotes tonic contractions. Ross  
et al., [18] showed that colonic inflammation decreased the 
shift to O2 state and that mutations of c-terminal tyrosine or 
nitration decreased the availability of the channels in the O2 
state. These findings provide a mechanistic insight as to how 
tyrosine nitration during oxidative stress alters the gating 
kinetics of single calcium channels resulting in decreased 
calcium influx.  

 The altered gating of the calcium channels also affects 
excitation-transcriptional coupling. Calcium-mediated gene 
transcription is coupled to L-type calcium channel activation 
by the transcription factor, cyclic AMP response element 
binding protein (CREB). Nuclear CREB is phosphorylated at 
Ser133 upon cell depolarization. Translocation of calmodulin 
to the nucleus acts as a primary mechanism for activation of 
calmodulin dependent kinase(s) and phosphorylation of 
CREB [19]. The open probability of L-type calcium channel 
was shown to be coupled to the CREB phosphorylation [20]. 
During colonic inflammation, depolarization-mediated 
expression of phospho-CREB is reduced due to tyrosine 
nitration of the calcium channel [21]. Thus, not only excitation-
contraction but also excitation-transcription coupling is 
altered by oxidative stress in colonic inflammation.  

 The type of posttranslational modification is critical 
whether the effect is to be either inhibitory or stimulatory. 
Unlike tyrosine nitration, S-nitrosylation by S-nitrosothiols, 
which donate NO, stimulate L-type Ca2+ currents in 
ventricular myocytes [22]. While there are significant 
numbers of cysteine residues that may be potential thiol 
redox-sensitive sites of the channel, not all cysteines may be 
accessible to reactive nitrogen species or ROS [23]. It is 
noteworthy that S-nitrosylation may be important in S-
nitrosothiols – signaling mechanism while tyrosine nitration 
may occur primarily in pathological conditions. We have 
recently [24] demonstrated that denitration of Cav1.2b by 
cell lysates from activated macrophages may be present 
indicative of potential enzymatic mechanisms for reversing 
nitrated proteins.  

1.2. Thiol Modification in Colonic Inflammation 

 Hydrogen peroxide can covalently modify cysteine 
residues resulting in formation of disulphide bridges between 
apposing thiols. In studies of colonic smooth muscle, H2O2 
was found to partially decrease the transient outward K+ 
current in mouse colonic smooth muscle cells [25]. The 

cysteine-modifying membrane impermeable DTNB applied 
at the extracellular surface mimicked this effect. This was 
reversed by the intracellular dialysis with the reducing agent, 
dithiothreitol (DTT) indicating a complex interplay between 
extracellular and intracellular cysteine residues in the 
modulation of the K+ channel. The effects of H2O2 were 
specific for the transient outward K+ currents and did not 
affect the delayed rectifier K+ currents.  

 Monochloramine is a highly potent lipophilic oxidant 
produced during colitis as a result of the disruption of the 
integrity of epithelial barrier that results in accumulation of 
ammonia within the submucosa. Monochloramine is 
produced when hypochlorous acid (produced by the reaction 
of chloride and myeloperoxidase) reacts with ammonia. 
Ammonia is produced under physiological conditions by 
bacteria that ferment nitrogen-containing compounds in the 
lumen of the colon. Monochloramine increases the activity 
of the large-conductance BKCa channel and shifts the 
steady-state voltage dependence of activation to the left by -
22 mV [26]. Alkylation of the sulfhydryl groups by  
N-ethylamaleimide (NEM) prevented the effects of 
monochloramine.Monochloramine abolished the transient 
outward K+ currents in murine colon smooth muscle cells, 
and increased the delayed rectifier K+ currents. This effect 
may be through modification of cysteine and possibly 
methionine residues [25, 27]. The presence of increased 
amounts of covalently modified ion channels may contribute 
to altered excitability in gastrointestinal inflammation similar 
to the accumulation of oxidized proteins in other diseases. 
Determining the relative sensitivity of the various cysteine 
modifications to endogenous reducing agents will be 
important in developing therapeutic strategies in treating 
altered excitability. 

1.3. Sulfhydration in Colonic Inflammation 

 Hydrogen sulfide (H2S) is now emerging as an important 
cell-signaling molecule, similar to nitric oxide and carbon 
monoxide. In colonic inflammation, H2S synthesis is 
enhanced and may play a protective role due to modulation 
of ATP-sensitive potassium channels. Inhibition of the 
synthesizing enzymes appears to exaggerate experimental 
colitis [22]. ATP-sensitive K+ (KATP) channels are expressed 
in a many cell types [28, 29]. KATP channels are hetero-
octomers composed of four regulatory sulfonylurea subunits 
(SUR1, SUR2A or SUR2B) and four ATP-sensitive pore 
forming inwardly rectifying potassium channel subunits (Kir 
6.1 or Kir6.2). The function of the KATP channels is regulated 
by physiological or pathophysiological stimuli, including 
hypoxia, hyperglycemia, ischemia, and oxidative stress, 
thereby regulating the cellular excitability depending on the 
metabolic state [30]. Reactive oxygen species lower the KATP 
channel activity in cerebral arterioles [31] and coronary 
arteries [32] while facilitate its opening in cardiac myocytes 
[33] and pancreatic β-cells [34]. The differential responses of 
KATP channels to ROS between tissues could be due to 
differential expression of KATP channel isoforms. In cloned 
channels, mutation of Cys42 in the N-terminus of Kir6.2 
rendered the channel insensitive to sulfhydryl reactive agents 
indicative of Kir subunit as the potential site for redox 
regulation [35]. Cui and Fan [28] suggested that sulfhydryl 
modification of Cys42 allosterically modulates the channel 
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and not direct pore blockage. Nitric oxide was also found to 
activate KATP channels in DRG neurons due to direct S-
nitrosylation of SUR1 subunit. Mutation of Cys717 in the 
nucleotide binding domain 1 (NBD1) of SUR1 resulted in 
decreased currents by NO donors [36]. S-glutathionylation 
also inhibits the Kir6.1/SUR2B channel by targeting mainly 
Cys176 of the Kir6.1 subunit, which is likely to structurally 
prevent the pore-forming inner helix from undergoing 
necessary conformational change for channel gating, thus 
retaining the channel in its closed state [2]. It has to be noted 
that S-glutathionylation is a post-translational modification 
of proteins in several physiological or pathophysiological 
conditions [29], and often associated with the adverse effects 
of oxidative stress.  

 More recently, KATP channels have been established as 
the potential targets for hydrogen sulfide in colonic 
inflammation. The mechanism for activation of the channel 
involves sulfhydration of cysteine residues either within the 
Kir 6.1 subunit [37] or the sulfonylurea receptor [38]. An 
increase in the bursting activity of single ATP-sensitive K 
channels was noted in the DSS model of colitis [39] which 
may be due to increased sulfhydration by H2S. Gade et al., 
[40] found that the SUR2B subunit but not Kir6.1 of the the 
KATP channel was sulfhydrated by NaHS. The sulfhydration 
was also observed in colonic inflammation. These studies 
also identified an allosteric modulation of the channel in 
mouse colon by H2S. The effect of the KATP channel opener, 
levcromakalim is markedly enhanced by low concentrations 
of H2S as well as in the setting of colonic inflammation 
suggesting an allosteric modulation. The activation of the 
KATP currents by NaHS and levcromakalim were inhibited by 
alkylation of cysteine residues with N-ethylmaleamide.  

 While many studies have focused on the effects of free 
radicals on ion channels, there is less information on how the 
various pro-oxidants affect ion channel function in 
combination. For example, it is not clear whether the same 
cysteine residues are s-nitrosylated, or subject to disulfide 
bond formation or whether ion channels that are nitrated can 
be sulfhydrated and how these different redox modulations 
affect channel function. Recent studies are beginning to 
provide some mechanistic insights into the interaction 
between the effects of various free radicals on individual 
proteins and ion channels. For example, Kang et al., [41] 
examined the interaction between hydrogen-sulfide mediated 
sulfhydration and tyrosine nitration within the KATP channel 
complex. These studies show that sulfhydration of cysteine 
residues C24 and C1455 of SUR2B prevent the nitration of 
tyrosine residues in the Kir6.1 subunit. This may provide a 
mechanism by which H2S imparts a protective effect in 
colonic inflammation. Further work in this area is necessary 
to delineate the physiological implication of oxidative 
stresses on single protein complexes. 

CONFLICT OF INTEREST 

 The authors confirm that this article content has no 
conflict of interest. 

ACKNOWLEDGEMENTS 

 This work is supported by NIH DK046367 (HIA) 

REFERENCES 
[1] Akbarali, H.I.; E, G.H.; Ross, G.R.; Kang, M. Ion channel 

remodeling in gastrointestinal inflammation. Neurogastroenterol. 
Motil., 2010, 22(10), 1045-1055. http://dx.doi.org/10.1111/j.1365-
2982.2010.01560.x 

[2] Yang, Y.; Shi, W.; Chen, X.; Cui, N.; Konduru, A.S.; Shi, Y.; 
Trower, T.C.; Zhang, S.; Jiang, C. Molecular basis and structural 
insight of vascular K(ATP) channel gating by S-glutathionylation. 
J. Biol. Chem., 2011, 286(11), 9298-9307. http://dx.doi.org/10. 
1074/jbc.M110.195123 

[3] Qin, C.; Malykhina, A.P.; Akbarali, H.I.; Greenwood-Van Meerveld, 
B.; Foreman, R.D. Acute colitis enhances responsiveness of 
lumbosacral spinal neurons to colorectal distension in rats. Dig. 
Dis. Sci., 2008, 53(1), 141-148. http://dx.doi.org/10.1007/s10620-
007-9835-z 

[4] Malykhina, A.P.; Qin, C.; Greenwood-van Meerveld, B.; Foreman, 
R.D.; Lupu, F.; Akbarali, H.I. Hyperexcitability of convergent 
colon and bladder dorsal root ganglion neurons after colonic 
inflammation: mechanism for pelvic organ cross-talk. 
Neurogastroenterol. Motil., 2006, 18(10), 936-948. http://dx.doi. 
org/10.1111/j.1365-2982.2006.00807.x 

[5] Bian, K.; Murad, F. Nitric oxide (NO)--biogeneration, regulation, 
and relevance to human diseases. Front. Biosci., 2003, 8, d264-278. 
http://dx.doi.org/10.2741/997 

[6] Radi, R. Nitric oxide, oxidants, and protein tyrosine nitration. Proc 
Natl. Acad. Sci. U. S. A., 2004, 101(12), 4003-4008. http://dx.doi. 
org/10.1073/pnas.0307446101 

[7] Te Velde, A.A.; Pronk, I.; de Kort, F.; Stokkers, P.C. Glutathione 
peroxidase 2 and aquaporin 8 as new markers for colonic 
inflammation in experimental colitis and inflammatory bowel 
diseases: an important role for H2O2? Eur. J. Gastroenterol. 
Hepatol., 2008, 20(6), 555-560. http://dx.doi.org/10.1097/MEG. 
0b013e3282f45751 

[8] Rezaie, A.; Parker, R.D.; Abdollahi, M. Oxidative stress and 
pathogenesis of inflammatory bowel disease: an epiphenomenon or 
the cause? Dig. Dis. Sci., 2007, 52(9), 2015-2021. http://dx.doi.org/ 
10.1007/s10620-006-9622-2 

[9] Wegener, J.W.; Schulla, V.; Koller, A.; Klugbauer, N.; Feil, R.; 
Hofmann, F. Control of intestinal motility by the Ca(v)1.2 L-type 
calcium channel in mice. FASEB J., 2006, 20(8), 1260-1262. 
http://dx.doi.org/10.1096/fj.05-5292fje 

[10] Akbarali, H.I.; Pothoulakis, C.; Castagliuolo, I. Altered ion  
channel activity in murine colonic smooth muscle myocytes in an 
experimental colitis model. Biochem. Biophys. Res. Commun., 
2000, 275(2), 637-642. http://dx.doi.org/10.1006/bbrc.2000.3346 

[11] Kinoshita, K.; Sato, K.; Hori, M.; Ozaki, H.; Karaki, H. Decrease 
in activity of smooth muscle L-type Ca2+ channels and its reversal 
by NF-kappaB inhibitors in Crohn's colitis model. Am. J. Physiol. 
Gastrointest. Liver Physiol., 2003, 285(3), G483-493. http://dx.doi. 
org/10.1152/ajpgi.00038.2003 

[12] Liu, X.; Rusch, N.J.; Striessnig, J.; Sarna, S.K. Down-regulation of 
L-type calcium channels in inflamed circular smooth muscle cells 
of the canine colon. Gastroenterology, 2001, 120(2), 480-489. 
http://dx.doi.org/10.1053/gast.2001.21167 

[13] Kang, M.; Morsy, N.; Jin, X.; Lupu, F.; Akbarali, H.I. Protein and 
gene expression of Ca2+ channel isoforms in murine colon: effect 
of inflammation. Pflugers Arch., 2004, 449(3), 288-297. http://dx. 
doi.org/10.1007/s00424-004-1339-5 

[14] Hu, X.Q.; Singh, N.; Mukhopadhyay, D.; Akbarali, H.I. 
Modulation of voltage-dependent Ca2+ channels in rabbit colonic 
smooth muscle cells by c-Src and focal adhesion kinase. J. Biol. 
Chem., 1998, 273(9), 5337-5342. http://dx.doi.org/10.1074/jbc.273. 
9.5337 

[15] Kang, M.; Ross, G.R.; Akbarali, H.I. COOH-terminal association 
of human smooth muscle calcium channel Ca(v)1.2b with Src 
kinase protein binding domains: effect of nitrotyrosylation. Am J 
Physiol. Cell Physiol., 2007, 293(6), C1983-1990. http://dx.doi.org/ 
10.1152/ajpcell.00308.2007 

[16] Ross, G.; Kang, M.; Shirwany, N.; Malykhina, A.; Drozd, M.; 
Akbarali, H. Nitrotyrosylation of Ca2+ channels prevents c-src 
kinase regulation of colonic smooth muscle contractility in 
experimental colitis. J. Pharmacol. Exp. Therap., 2007, 322(3), 
948. http://dx.doi.org/10.1124/jpet.107.123075 



238    Current Neuropharmacology, 2015, Vol. 13, No. 2 Akbarali and Kang 

[17] Nakayama, S.; Ito, Y.; Sato, S.; Kamijo, A.; Liu, H.N.; Kajioka, S. 
Tyrosine kinase inhibitors and ATP modulate the conversion of 
smooth muscle L-type Ca2+ channels toward a second open state. 
FASEB J, 2006, 20(9), 1492-1494. http://dx.doi.org/10.1096/fj.05-
5049fje 

[18] Ross, G.R.; Kang, M.; Akbarali, H.I. Colonic inflammation alters 
Src kinase-dependent gating properties of single Ca2+ channels via 
tyrosine nitration. Am. J. Physiol. Gastrointest. Liver Physiol., 
2010, 298(6), G976-984. http://dx.doi.org/10.1152/ajpgi.00056.2010 

[19] Deisseroth, K.; Heist, E.K.; Tsien, R.W. Translocation of 
calmodulin to the nucleus supports CREB phosphorylation in 
hippocampal neurons. Nature, 1998, 392(6672), 198-202. http://dx. 
doi.org/10.1038/32448 

[20] Wheeler, D.G.; Barrett, C.F.; Groth, R.D.; Safa, P.; Tsien, R.W. 
CaMKII locally encodes L-type channel activity to signal to 
nuclear CREB in excitation-transcription coupling. J. Cell Biol., 
2008, 183(5), 849-863. http://dx.doi.org/10.1083/jcb.200805048 

[21] Kang, M.; Ross, G.R.; Akbarali, H.I. The effect of tyrosine 
nitration of L-type Ca2+ channels on excitation-transcription 
coupling in colonic inflammation. Br. J. Pharmacol., 2010, 159(6), 
1226-1235. http://dx.doi.org/10.1111/j.1476-5381.2009.00599.x 

[22] Campbell, D.L.; Stamler, J.S.; Strauss, H.C. Redox modulation of 
L-type calcium channels in ferret ventricular myocytes. Dual 
mechanism regulation by nitric oxide and S-nitrosothiols. J. Gen. 
Physiol., 1996, 108(4), 277-293. http://dx.doi.org/10.1085/jgp.108. 
4.277 

[23] Hool, L.C. The L-type Ca(2+) channel as a potential mediator of 
pathology during alterations in cellular redox state. Heart Lung 
Circ., 2009, 18(1), 3-10. http://dx.doi.org/10.1016/j.hlc.2008. 
11.004 

[24] Kang, M.; Akbarali, H.I. Denitration of L-type calcium channel. 
FEBS Lett., 2008, 582(20), 3033-3036. http://dx.doi.org/10.1016/ 
j.febslet.2008.07.042 

[25] Prasad, M.; Goyal, R.K. Monochloramine selectively inhibits the 
transient outward potassium current in colonic smooth muscle. 
Surgery, 2003, 134(2), 319-328. http://dx.doi.org/10.1067/msy. 
2003.242 

[26] Prasad, M.; Matthews, J.B.; He, X.D.; Akbarali, H.I. 
Monochloramine directly modulates Ca(2+)-activated K(+) 
channels in rabbit colonic muscularis mucosae. Gastroenterology, 
1999, 117(4), 906-917. http://dx.doi.org/10.1016/S0016-5085(99) 
70350-1 

[27] Prasad, M.; Goyal, R.K. Differential modulation of voltage-
dependent K+ currents in colonic smooth muscle by oxidants. Am. 
J. Physiol. Cell Physiol., 2004, 286(3), C671-682. http://dx.doi.org/ 
10.1152/ajpcell.00137.2003 

[28] Cui, Y.; Fan, Z. Mechanism of Kir6.2 channel inhibition by 
sulfhydryl modification: pore block or allosteric gating? J Physiol, 
2002, 540(Pt 3), 731-741. http://dx.doi.org/10.1113/jphysiol.2001. 
013366 

[29] Dalle-Donne, I.; Rossi, R.; Colombo, G.; Giustarini, D.; Milzani, 
A. Protein S-glutathionylation: a regulatory device from bacteria to 

humans. Trends Biochem. Sci., 2009, 34(2), 85-96. http://dx.doi. 
org/10.1016/j.tibs.2008.11.002 

[30] Miki, T.; Seino, S. Roles of KATP channels as metabolic sensors in 
acute metabolic changes. J. Mol. Cell Cardiol., 2005, 38(6), 917-
925. http://dx.doi.org/10.1016/j.yjmcc.2004.11.019 

[31] Erdos, B.; Simandle, S.A.; Snipes, J.A.; Miller, A.W.; Busija, D.W. 
Potassium channel dysfunction in cerebral arteries of insulin-
resistant rats is mediated by reactive oxygen species. Stroke, 2004, 
35(4), 964-969. http://dx.doi.org/10.1161/01.STR.0000119753. 
05670.F1 

[32] Miura, H.; Wachtel, R.E.; Loberiza, F.R., Jr.; Saito, T.; Miura, M.; 
Nicolosi, A.C.; Gutterman, D.D. Diabetes mellitus impairs 
vasodilation to hypoxia in human coronary arterioles: reduced 
activity of ATP-sensitive potassium channels. Circ. Res., 2003, 
92(2), 151-158. http://dx.doi.org/10.1161/01.RES.0000052671. 
53256.49 

[33] Tokube, K.; Kiyosue, T.; Arita, M. Effects of hydroxyl radicals on 
KATP channels in guinea-pig ventricular myocytes. Pflugers Arch., 
1998, 437(1), 155-157. http://dx.doi.org/10.1007/s004240050760 

[34] Krippeit-Drews, P.; Kramer, C.; Welker, S.; Lang, F.; Ammon, H.P.; 
Drews, G. Interference of H2O2 with stimulus-secretion coupling 
in mouse pancreatic beta-cells. J. Physiol., 1999, 514 (Pt 2), 471-481. 
http://dx.doi.org/10.1111/j.1469-7793.1999.471ae.x 

[35] Trapp, S.; Tucker, S.J.; Ashcroft, F.M. Mechanism of ATP-
sensitive K channel inhibition by sulfhydryl modification. J. Gen. 
Physiol., 1998, 112(3), 325-332. http://dx.doi.org/10.1085/jgp.112. 
3.325 

[36] Kawano, T.; Zoga, V.; Kimura, M.; Liang, M.Y.; Wu, H.E.; Gemes, 
G.; McCallum, J.B.; Kwok, W.M.; Hogan, Q.H.; Sarantopoulos, 
C.D. Nitric oxide activates ATP-sensitive potassium channels in 
mammalian sensory neurons: action by direct S-nitrosylation. Mol. 
Pain, 2009, 5, 12. http://dx.doi.org/10.1186/1744-8069-5-12 

[37] Mustafa, A.K.; Gadalla, M.M.; Sen, N.; Kim, S.; Mu, W.; Gazi, 
S.K.; Barrow, R.K.; Yang, G.; Wang, R.; Snyder, S.H. H2S signals 
through protein S-sulfhydration. Sci. Signal, 2009, 2(96), ra72. 
http://dx.doi.org/10.1126/scisignal.2000464 

[38] Jiang, B.; Wu, L.; Wang, R. Sulphonylureas induced vasorelaxation 
of mouse arteries. Eur. J. Pharmacol., 2007, 577(1-3), 124-128. 
http://dx.doi.org/10.1016/j.ejphar.2007.09.007 

[39] Jin, X.; Malykhina, A.P.; Lupu, F.; Akbarali, H.I. Altered gene 
expression and increased bursting activity of colonic smooth 
muscle ATP-sensitive K+ channels in experimental colitis. Am. J. 
Physiol. Gastrointest. Liver Physiol., 2004, 287(1), G274-285. 
http://dx.doi.org/10.1152/ajpgi.00472.2003 

[40] Gade, A.R.; Kang, M.; Akbarali, H.I. Hydrogen sulfide as an 
allosteric modulator of ATP-sensitive potassium channels in 
colonic inflammation. Mol. Pharmacol., 2013, 83(1), 294-306. 
http://dx.doi.org/10.1124/mol.112.081596 

[41] Kang, M.; Hashimoto, A.; Gade, A.R.; Akbarali, H.I. Interaction 
between hydrogen sulfide-induced sulfhydration and tyrosine 
nitration in the KATP channel complex. Am. J. Physiol. 
Gastrointest. Liver Physiol., 2014, ajpgi 00281 02014. 

 
 
Received: December 09, 2014 Revised: January 28, 2015 Accepted: January 28, 2015 
 
 


