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Abstract: All cells contain ion channels in their outer (plasma) and inner (organelle) 
membranes. Ion channels, similar to other proteins, are targets of oxidative impact, which 
modulates ion fluxes across membranes. Subsequently, these ion currents affect electrical 
excitability, such as action potential discharge (in neurons, muscle, and receptor cells), alteration 
of the membrane resting potential, synaptic transmission, hormone secretion, muscle contraction 
or coordination of the cell cycle. In this chapter we summarize effects of oxidative stress and 
redox mechanisms on some ion channels, in particular on maxi calcium-activated potassium 
(BK) channels which play an outstanding role in a plethora of physiological and 
pathophysiological functions in almost all cells and tissues. We first elaborate on some 
general features of ion channel structure and function and then summarize effects of 
oxidative alterations of ion channels and their functional consequences. 
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1. Introduction 

Ion channels play a pivotal role for the functioning of any cell in the animal as well as in the plant 
kingdom. An important class of ion channels is the family of potassium (K+) channels, they are not only 
in charge of the membrane resting potential or the repolarization of the action potentials, but also control 
cell proliferation or transmitter/hormone release, to name a few. A subgroup of K+ channels are the so 
called calcium (Ca2+) activated K+ channels which need either an increase of Ca2+ at their intracellular 
face to open or a combination of Ca2+ and voltage to function properly. Maxi Ca2+ activated K+ channels, 
also named BK channels which constitute a subgroup of Ca2+ activated K+ channels, are in the focus of 
our review. These channels modulate a number of physiological events, like blood pressure, smooth 
muscle relaxation or electrical tuning of hair cells in the cochlea and have a leading role in many 
pathophysiological conditions such as epilepsy or the behavioral response to alcohol, to give only a few 
examples. Oxidative stress on the other side is a physiological byproduct of any aerobic metabolic 
process and as such common for cells to deal with. Oxidation modulates many pathways in the cell 
including activity of ion channels like BK channels. The modulatory actions of oxidative stress on BK 
channels will be in the focal point of this paper. First, in Section 2, we will address general properties of 
ion channels and in particular the qualities of BK channels. In Section 3, we will specify what we mean 
by the term oxidative stress, while Section 4 will deal with the impact of redox modulation of BK 
channels. At the end, we will discuss these findings in the light of their clinical relevance and conclude 
with perspectives and vistas. 

2. Ca2+-Activated K+ Channels (KCa) 

2.1. General Introduction to Ion Channels 

The task of cell membranes (plasma/organelles) is to separate cellular compartments, such as  
extra- and intracellular or extra- and intra-organelle areas to allow for proper performance of biochemical 
processes. Since the lipid bilayer membranes are almost impermeable for ions, tunnel proteins are 
inserted to allow for communication between compartments for electrical and chemical signaling. In 
addition membranes themselves are sites for processing biochemical reactions. Readers familiar with 
ion channels may omit this section on general features of ion channels. 

Since cellular ion channels form minute pores across membranes they are suitable for the passage of 
ions, in particular monovalent sodium (Na+), K+, protons (H+), the divalent cation Ca2+ or the anion 
chloride (Cl�). These ions are differently concentrated across cell membranes and various mechanisms 
are involved in the separation of ions, i.e., (a) active transport systems, which directly consume energy 
(adenosine triphosphate, ATP) to transport ions against a concentration gradient; (b) transport systems 
which do not directly consume ATP but use the concentration gradient across the membrane as driving 
force; or (c) the redistribution of ions due to fixed negative charges provided mostly by intracellular 
proteins (Donnan equilibrium). In essence, this creates an electro-chemical gradient for each ion which 
provides for a driving force since for example at the membrane resting potential, endowed in all living 
cells, none of the ions is at equilibrium [1]. 

Most ion channels are gated, which means they contain an intrinsic mechanism which allows for 
either a closed or open configuration. Once the pore is open ions can flow according to their electro-chemical 
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gradient and as moving charges produce a current which provides a potential difference across the 
membrane. Hence, in difference to our technical current which is brought about by a flow of electrons, 
living cells use ions as charge carriers. 

An enormous amount of knowledge about the structure and function of ion channels has been 
gathered over the last decades. This development was based on the seminal work by Hodgkin and Huxley 
(1952) [2]. They provided the basis for proper measurement of membrane potentials and they measured 
the ionic current flow across cell membranes by application of the “voltage clamp” technique which 
inspired generations of scientists. Only about 30 years later Neher and Sackmann (1981) [3], by installing 
the “patch clamp” method, succeeded to measure the flow of ions through single channels in native cell 
membranes. This technique, in fact allows us to visualize a protein at work. Again, 20 years later, 
MacKinnon and his group (1998) [4] succeeded to combine molecular-, electrophysiological techniques 
and structural analysis to develop a 3-dimensional scheme of an ion channel and its functions. It is clear 
now that there are many more types of ion channels than previously imagined. Although not all details 
concerning ion channels have been resolved to date, however, the knowledge gathered by scientists on 
structure and function over the last decades is overwhelming. 

In general, ion channel proteins consist of hydrophobic amino acid �-helices inserted into the 
membrane lipid bilayer connected by hydrophilic amino acid linkers. Cation channels usually contain 
four domains with two, four, or seven �-helix segments. In some channels amino acids built one 
continuous fibrous structure (i.e., Na+-, Ca2+ channels), while others consist of four separate domains 
which form a tetrameric channel within the membrane (i.e., K+ channels). In most channels “�-subunits” 
form the pore for the passage of ions. Attached to the �-subunits are in most cases a variety of other 
proteins—called auxiliary subunits (�, �, �, �) [5], or special channel specific proteins, and/or enzymes, such 
as kinases, phosphatases or heme [5,6]. To classify ion channels by their mechanism of activation (gating) 
has been considered as a proper means. 

The structure and function of ion channels has been summarized in several reviews [7–11]. The 
today’s extensive realm of ion channel structure and function is brought about by the separation into 
many special topics, such as for Na+, Ca2+, K+, Cl� [12–16] channels. The field of ion channels developed 
immensely and we therefore limit our brief introduction to maxi calcium activated K+ or BK channels 
which are the main focus of this review. K+ channels can be devoid of auxiliary subunits but usually 
have various types of �-subunits, i.e., BK channels consist of four types of � subunits (�1–�4), and a set 
of �-subunits (Figure 1). These subunits are of particular interest because of their potential to diversify 
the transport properties and distribution of channels in various cells and tissues. Attached to the  
�-subunits these auxiliary subunits cause a variety of different effects on channel gating, on current 
kinetics or conductance, on trafficking the �-subunit to the cell membrane, link to intracellular cytoskeleton 
and extracellular matrix proteins, modulation of channel expression or they provide for binding of drugs. 

In general, the activity of ion channels which composes the ion current and hence the potential across 
the membrane is governed by three factors: the number of active channels (N), the channels in the open 
state (Po = open probability) and the single channel current (i). This can be summarized by the 
relationship: Itot = N Po i, where Itot is the total current, N is the number of functional channels and i is 
the single channel current. In most cases Po is modulated by ligands or drugs.  
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2.2. Types of KCa Channels 

KCa membrane permeability was first described from experiments using erythrocytes where the 
presence of internal Ca2+ increased the permeability of the cell plasma membrane to K+ [17]. It took 
more than a decade to transfer this idea to other cells and to further investigate this phenomenon in more 
detail. To date a variety of KCa channels have been described in a great variety of excitable and non-excitable 
cells of many species and are mainly defined by their biophysical and pharmacological properties. 

The KCa channel family contains eight members according to the sequence homology of 
transmembrane hydrophobic segments [18] with four subfamilies: BK (or KCa1.1, Slo1, Maxi-K, 
KCNMA1), SK (KCa2.1 (SK1, KCNN1), KCa2.2 (SK2, KCNN2), KCa2.3 (SK3, KCNN3), IK (KCa3.1 
(IKCa1, SK4, KCNN4) and other subfamilies (KCa4.1 (KCNT1), KCa4.2 (SLICK, Slo2.1, KCNT2), 
KCa5.1 (Slo3, KCNU1). These channels generally consist of four �-subunits with six membrane-spanning 
�-helices (segments) per domain (S1–S6) containing the K+ pore. Both, N- and C-terminal are usually 
at the internal, cytosolic side of cells. In addition, Slo 1 (BK) and Slo 3 channels have one more 
transmembrane helix (S0) which locates the N-terminus to the external side (see Figure 1 and section 
BK channels). Not all of these channels are responsive to Ca2+—since some are activated by Na+ (Slo 2) 
or Cl� (Slo 3). 

2.3. Maxi Calcium-Activated K+ Channels (BK) 

BK channels are expressed by a single gene. The conductance of single BK channels is up to 300 pS 
and hence comprises the largest single-channel conductance of all K+ channels. To date a vast amount 
of information has been gathered regarding their biophysical, structural and functional, physiological, 
pathophysiological and pharmacological properties (recently reviewed in [19–37]). BK channels are 
usually synergistically activated by both—Ca2+/Mg2+—metal ions and by membrane voltage. The 
channels can be also activated in the absence of Ca2+ but then require an extremely large depolarization 
of 100–200 mV which is not physiologically relevant but important for the understanding of some 
biophysical properties of these channels. BK channel �-subunits consist of a total of seven transmembrane 
segments with a S0 segment preceding the six transmembrane segments (S1–S6). This renders the  
N-terminus (amino terminal) at the extracellular side of the membrane (Figure 1). The transmembrane 
segments (S1–S4) consist of various charged amino acid residues which confer voltage sensitivity to the 
channels. The S0 segment appears mainly required for interaction of �-subunits with auxiliary �-subunits 
as well as for targeting the channels to the plasma membrane. As in other voltage dependent K+ channels, 
four pore-forming loops between the segments S5-S6 of each �-subunit configure the ion selectivity 
filter. The large C-terminus (carboxyl terminal) comprises about two thirds of the �-subunit protein and 
contains various binding sites for kinases, phosphatases and negatively charged Ca2+ binding sites as 
well as two so called RCK-domains (regulatory domain of K+ conductance) (Figure 1). 

Multiple splice variants of the �-subunit have been identified resulting in a great variety of channel 
properties in various cell types [38]. Through alternative splicing the pore forming �-subunit contains at 
its C-terminus a cysteine-rich 59-amino-acid insert between RCK domains called stress-axis regulated 
exon (STREX). STREX exon expression is under physiological conditions initiated by the stress-axis 
adrenocorticotropic hormone [39]. STREX inserts cause BK channels to activate at more negative 
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potentials, enhance activation and decrease deactivation which leads to increased repetitive firing of 
action potentials. STREX inserts can also be artificially produced by growing cells in phenol red  
which causes a significant increase in channel sensitivity to inhibition by oxidation [40]. Phenol red, 
which is routinely used as a pH indicator in tissue culture media, bears structural resemblance to some 
nonsteroidal estrogens and has significant estrogenic activity [41]. Further findings indicate that  
maxi-K channel transcripts are differentially spliced by 17�-estradiol, which may contribute to changes 
in isoform expression [42] and may also lead to STREX expression in GH3 cells which carry estrogen 
receptors [43]. 

 

Figure 1. Schematic structure and membrane topology of maxi calcium-activated potassium 
(BK) channel �, � and � subunits (adapted from [44]). See text for a discussion of the structure. 

Specific blockers of the channels are tetraethylammonium (TEA) at submillimolar concentrations [45,46], 
iberiotoxin (from scorpion) or paxilline (mycotoxin from Penicillium paxilli) [47,48]). BK channels can 
be expressed together with other types of KCa channels (SK or IK) [49] or in particular with Ca2+  
channels [50,51] which makes them important modulators of electrical discharge activity and synaptic 
transmission. Ca2+ as a major player in cellular signaling is involved in a large variety of cell functions 
and links cell excitation to cell metabolism and gene expression. 

BK channels are associated and modulated by a wide variety of intra- and extracellular factors, such 
as auxiliary subunits (�, �), Slobs (slo binding protein), phosphorylation, gasotransmitter action (nitrosylation, 
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carboxylation, sulfhydration) or by redox mechanisms [11,44,52–67]. The BK �-subunits assemble 1:1 
with four different auxiliary types of �-subunits (�1, �2, �3 or �4) (Figure 1). �-subunits are members 
of the protein superfamily of oxidoreductases [68,69] which contain 191–235 amino acids [70–73]. BK  
�-subunits consist of two transmembrane segments (TM1, TM2) with both, the N-terminal and the  
C-terminal located intracellularly. In different tissues four different genes can be expressed, as in smooth 
muscle, adrenal chromaffin cells or in neurons. �-subunits are involved in modifying voltage sensitivity, 
current kinetics and/or pharmacological properties of BK channels [65,70,74]. �-subunits are also 
responsible for tissue specificity, they can alter channel activity by activation of protein kinases, confer 
hormone (estradiol) activation, and alter toxin binding to the channels [75]. They are involved in current 
inactivation by a flexible N-terminal chain and ball structure which blocks the channel’s pore [76,77]. 
In the brain, beta 4-subunits for example, inhibit BK channel activation and slow down channel  
kinetics [65,78–80], confer resistance to peptide blockers such as charybdotoxin and iberiotoxin [65,81,82] 
or protect against temporal lobe seizures [79]. 

Various leucine-rich repeat containing proteins (LRRCxx), have been identified and designated as 
auxiliary �-subunits (Figure 1) [66,83,84]. These proteins, which are clearly distinct from �-subunits, 
interact with BK channel �-subunits. Various types of �-subunits cause in the absence of Ca2+ a negative 
shift of up to ~140 mV in the voltage dependence of the BK channel activation, i.e., the channels open 
at voltages near the membrane resting potential. This way they exert interesting physiological functions 
in a great variety of tissues, such as the nervous system, skeletal muscle, and adrenal glands. For example, 
in fetal nervous tissue using knock-down studies, �1-subunits appear to participate in governing neuronal 
excitability in the early development of the brain [83] and in rat cerebral arterial smooth muscle LRRC26 
constitutes functional �-subunits involved in vaso-regulation [84]. In non-excitable cells, such as in salivary 
glands, prostate, testes or the airway epithelia, the hyperpolarizing actions of �-subunits provide for an 
increase of the driving force for Ca2+ via non-voltage dependent (ligand gated) Ca2+ channels. It was 
suggested that �-subunits may offer therapeutic potential targets as BK channel openers for the development 
of new BK channel–activating drugs in the treatment of various diseases [66]. 

A further class of proteins, called Slo binding proteins (Slobs) can attach to and modulate BK 
channels [85–88]. Slob 57, for example, shifts the voltage dependence to more depolarized voltages and 
causes faster closure of the channels [87]. Furthermore, Slob exerts a diurnal cycle in vivo [89] indicating 
that BK channel activity changes as a function of day time imparting circadian rhythmicity to neurons. 
Other Slobs like Slob71 or Slob 53, shift the voltage dependence to less depolarized voltages but have 
no effect on channel kinetics [88]. 

Some BK channels can be activated by stretch or pressure. These stretch-activated BK channels 
(SAKCaC) [90,91] are expressed in a variety of tissues such as in myocytes or neurons and modulate vascular 
smooth muscle tone and endocrine cell secretion. A STREX insert between RCK1 and RCK2 domains at the 
channel’s C-terminal �-subunit is indicated to confer stretch sensitivity to the channels [90,92]. However, 
other BK channels lacking the STREX insert still remain sensitive to membrane stretch suggesting that 
additional structures of the channel may be responsible for mechanical coupling to the cell membrane [93]. 
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2.4. Function of BK Channels in Norm and Pathology 

BK channels contribute to various functions, such as controlling electrical discharge activity of nerve 
and muscle cells. Since the opening of K+ channels drives the membrane potential towards the K+ 
equilibrium potential, this will result in hyperpolarization of the membrane resting potential which will 
lead a nerve cell away from excitation. On the other hand, it may speed up the repolarization of action 
potentials, which makes their duration shorter and more action potentials per time can be generated.  
At the synapse the duration of the excitation, i.e., duration of the action potential is translated into the 
amount of opening of Ca2+ channels, influx of Ca2+ into the cell and an increase of the internal Ca2+ 
concentration which directly relates to the quantity of transmitter release or hormone secretion [94]. 
Similar mechanisms play a role in vaso-regulation, auditory tuning of the hair cells, in erectile processes 
and participate in mediating drug actions such as ethanol or acetaldehyde. In circadian rhythm generation 
BK channels are expressed in neurons of the supra chiasmatic nucleus during night and are removed 
during the day causing silencing or excitation, respectively [95]. Targeting of BK channels to appropriate 
membranes is important for the proper functioning of cells and organelles. Trafficking to and expression 
of BK channels in the plasma membrane has been found to be regulated by distinct splicing motifs 
located within the intracellular C-terminal RCK domains [96]. In particular a splice variant that excluded 
these motifs prevented cell surface expression of BK channels and suggests that such a mechanism 
impacts physiology and pathophysiology. 

BK channels are not only present in the plasma membrane of cells but are also located in the 
membranes of cellular organelles such as mitochondria, nucleus, endoplasmic reticulum or the Golgi 
apparatus (reviewed in [97]). Information on the function and regulation of BK channel in organelles is 
at its infancy. A recent report indicates that nuclear BK channels (nBK) regulate gene expression of 
hippocampal neurons in a synaptic activity-evoked, Ca2+ dependent manner, suggesting that nBK 
channels play an important role as modulator and molecular linker of neuronal activity dependent 
functions and nuclear Ca2+ [98]. Since most information is available from mitochondria we will briefly 
discuss these channels in a later section. 

Channelopathies are caused by mutations at one or more amino acids of the channel protein which 
may lead to dysfunction of cells and organs. These mutations can occur at any site of the channel protein, 
the pore, the voltage sensor, or the inactivation structures, including auxiliary subunits. Channelopathies 
affect all kinds of channels (voltage-, ligand-, mechano-gated, etc.), and hence are involved in a 
multitude of disorders, such as epilepsy, stroke, paroxysmal movements, cerebellar ataxia, hearing loss, 
autism, asthma mental deficiency, myotonia, heart diseases, hypertension, cystic fibrosis, bladder or 
gastric hypermotility, erectile dysfunctions, etc. (for recent reviews see [25,32,99–102]). BK channel 
mRNA expression is lower in the prefrontal cortex of schizophrenic, autistic, and mentally retarded 
persons [103,104]. Mutation at the �-subunit which is associated with idiopathic generalized epilepsy 
and paroxysmal dyskinesia [105] appear to result from augmented Ca2+ sensitivity at the RCK1 binding 
site together with mutations at the brain specific �4-subunit. Mutant BK channels being more sensitive 
to Ca2+ were found to increase excitability in humans by causing a more rapid repolarization of action 
potentials which in turn limits the amount of Ca2+ flowing into the cell. An enhanced repolarization 
favors a faster removal of inactivation from Na+ channels and thus lets neurons fire at a higher frequency. 
A nonfunctional �4-subunit which under wild type conditions broadens the actions potential on the other 
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hand also leads to faster action potential repolarization. Eventually this results in an increased discharge 
of action potentials which may lead to epilepsy, paroxysmal movement disorders, or alcohol dependent 
initiation of dyskinesias [79,106]. Although depletion of BK channels in the brain appears not to be 
lethal it produces a variety of deficiencies as indicated above. 

This introduction to the realm of ion channels as well as BK channels in detail was intended to provide 
some background for (a) getting to know and summarizing the structure and function of these proteins 
and for (b) providing a basis for the following elaboration of their modulation by oxidative stress. 

3. Oxidative Stress 

Oxidative stress in general has been introduced by other authors of this special issue, defined, 
interpreted and generally covered and therefore will not be further discussed. In this section we intend 
to summarize some aspects of redox effects and oxidative stress on BK channels. Reactive oxygen 
species (ROS) are involved in a magnitude of oxidative stress modulations but also in the physiological 
regulation of a great variety of proteins and cell functions as outlined in various reviews [34,61,97,107–117]. 
The sulfur containing cysteine (Cys or C) and/or methionine (Met or M) residues (Figure 2) within 
proteins are preferred targets of redox modulation, i.e., reversible oxidation/reduction. Cysteines can be 
oxidized at their thiol groups where two cysteine molecules link to form disulfide bonds internally within 
the protein or with other proteins. For experiments, cysteine specific reagents 5'5-dithio-bis(2-nitrobenzoic 
acid) (DTNB), methanethiosulfonate ethylammonium (MTSEA) or p-chloromercuribenzoic acid (PCMB) 
have been used. Biochemically, disulfide bonds are readily reduced, i.e., by dithiothretiol (DTT) or 
mercaptoethanol (�-ME) to convert them back to thiol cysteines. In vivo reversibility of cysteines is 
brought about by antioxidants such as the tripeptide glutathione (GSH) or the small protein thioredoxine 
(TRX) which is present in all organisms [118]. Methionine can be preferentially oxidized by agents such 
as chloramine-T (Ch-T) under physiological conditions or by N-chlorosuccinimid (NCS) [119]. Methionine 
residues have been hypothesized to function as endogenous antioxidants in proteins [119]. Oxidation 
leads to polar methionine sulfoxide (Met-O) which can be reversed by methionine sulfoxide reductases 
(MSRA). Some oxidizing/reducing (ROS) agents are listed in Table 1. 

 

Figure 2. Structure of the sulfur containing amino acids cysteine and methionine. 

  

Methionine Cysteine 
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Table 1. Reactive oxygen species (ROS) agents, reducing agents and gasotransmitters that 
are produced by cells and/or are experimentally used chemicals for modulating BK channels. 

Oxidizing/Reducing agents at BK channels 

Chemical nomenclature 
Abbrev./ 
Formula 

Company Notes/literature 

Oxidizing agents    

Hydrogen peroxide H2O2 
Fisher 
Scientific; 
Sigma 

commonly used oxidizing agent. H2O2 is naturally 
produced by the cell metabolism, is membrane 
permeable and relatively stable [120,121]. 

Superoxide anion O2
�• Sigma 

radical; range of 10�11 to 10�10 M; [122] antagonist: 
superoxide dismutase. 

Glutathione disulfide GSSG Sigma physiological oxidized form of GSH [123]. 

Chloramine-T Ch-T Sigma 
oxidizes methionine [119]; oxidation leads to polar 
methionine sulfoxide (Met-O), reversed by 
methionine sulfoxide reductases [109]. 

N-chlorosuccinimide NCS Sigma oxidizes methionine [119]. 
4,4'-dithiodipyridine 4,4DTDP Sigma [124] 
2,2'-dithiodipyridine 2,2DTDP Sigma [125,126] 
5'5-dithio-bis 
(2-nitrobenzoic acid 

DTNB Sigma cysteine-specific reagent [109,123,127]. 

(2-Aminoethyl) methan- 
ethiosulfonate 
hydrochloide 

MTSEA+ 
Toronto 
Research 

cysteine-specific, covalently modifies free thiol 
groups [125]. 

2-(trimethylammonium) 
ethyl methanethiosulfonate, 
bromide 

MTSET 
Toronto 
Research 

[128] 

p-chloromercuribenzoic 
acid 

pCMB Sigma cysteine-specific [109]. 

Sodium (2-sulfanatoethyl) 
methanethiosulfonate 

MTSES 
Toronto 
Research 

[128] 

Thimerosal  Sigma 
sulfhydryl reagent; its oxidizing ability is related to 
the presence of mercury [124,129]. 

Diamide  Sigma [125] 
Hydroxyl radicals OH��  [130] 

Peroxynitrite ONOO�  
formed at a low rate by the reaction of NO� with 
(O2

��) in a 1:1 stoichiometry for synthesis cf. [131]. 

Rose bengal 

4,5,6,7-
tetrachloro-
2',4',5',7'-
tetraiodo 
fluorescein 

Sigma 
Stain, clinical trials in some cancer therapies; 
generates singlet oxygen from triplet oxygen [132]. 

Normoxia   
test solutions equilibrated with room  
air [126,133,134]. 
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Table 1. Cont. 

Oxidizing/Reducing agents at BK channels 
Reducing agents    

Chemical nomenclature 
Abbrev./ 
Formula 

Company notes/literature 

Dithiothreitol DTT Sigma reduction of disulfide links [124,126,129,135]. 
�-mercaptoethanol �-ME Sigma [125] 
Glutathione GSH  Physiological reduced form [136]. 
Nicotinamide adenine 
dinucleotide hydrate 

NADH Sigma 
reduced form of physiological oxidized form  
NAD+ [137]. 

Thioredoxine TRX Sigma in reduced form act as oxidoreductases [118]. 
Methionine sulfoxide 
reductase 

MSRA Sigma converts Met-O to Met [109]. 

Hypoxia   
bubbling of experimental solutions with nitrogen 
gas [126,133,134]. 

Gasotransmitters    

Nitric oxide, gas—donors NO Alexis 
short lived radical (seconds) acts directly or via the 
sGC—cGMP—PKG signaling pathway [138]. NO 
range of (10�9 to 10�7 M) [124,132]. 

Diethylamine NONOate DEA-NO Corp. 
Sodium nitroprusside SNP Cayman 
S-Nitroso-N-Acetyl-D,L-
Penicillamine, etc. 

SNAP Sigma 

Hydrogen sulfide, gas—
donors 

H2S 
Sigma [60,129,139] 

Sodium hydrogen sulfide NaHS 
Sodium sulfide, etc. Na2S 
Carbon monoxide, gas—
donors 

CO 

Sigma 

[140] 

Carbon monoxide releasing 
molecules 

CORM-A1 [141,142] 
CORM-2 [143] 
CORM-3 [144] 

N-ethylmaleimide NEM Sigma alkylating agent [128] 

Since these amino acids are particularly sensitive to redox reactions ROS may act on these targets in 
an autocrine or paracrine manner, i.e., on the cell itself or in its near vicinity. Other amino acids, such as 
arginine, lysine, proline, histidine, tryptophan and tyrosine may also provide targets for oxidation. The 
reactions may proceed extremely fast as with hydroxyl radicals (•OH) with a life-time of a few 
nanoseconds and a diffusion radius of a few nanometers [130], whereas the weaker radical nitric oxide 
(NO) has a life span of several seconds and a diffusion radius of several hundred micrometers [145]. 
Redox mechanisms linked to cell metabolism appear extremely important in the modulation of cellular 
signaling pathways and for the regulation of ion channels and electrical activity. 

Human BK (Slo1) channels have 29 cysteines and 30 methionines per �-subunit which adds to 116 
and 120 residues for each tetrameric complex [113]. Due to conformational properties many of these 
amino acids are buried within the 3D-structure of the protein and hence are not readily accessible to 
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modifications. Functional consequences of oxidation of cysteine and methionine residues have been 
reviewed by Sahoo et al. (2014) [113]. 

4. Ion Channels and Oxidative Stress 

Ion channels are modulated and regulated by a vast array of mechanisms, drugs and ligands. One of 
the first recognized and more detailed investigated posttranslational modifications of ion channels was 
their modulation by phosphorylation. In the human genome more than 500 putative kinase genes have 
been identified [146]. The attachment of phosphate groups to amino acids by protein kinases and the 
antagonistic action of phosphatases paved the way in our conceptualization of posttranslational modification 
of ion channel functioning [52,53,59,147–149]. Thereafter the field was open for more modulatory 
factors from signaling pathways, such as by G-proteins or second messengers, by redox mechanisms, by 
the action of gasotransmitters, such as nitric oxide (NO), carbon monoxide (CO), or hydrogen sulfide 
(H2S) [1,44,57,59,86,150] or more recently by S-acylation (the post-translational attachment of fatty 
acids to cysteine residues) [151]. Modulation of ion channels is involved in physiological processes such 
as transmitter release, hormone secretion or muscle contraction to name just a few [11,52,152–155]. 
Alterations of channels proteins by oxidative stress and its functional consequences constitutes one 
further way of channel modulation in a great variety of cells and tissues which will be covered in  
the following sections. 

4.1. BK Channels and Redox Modification/Regulation 

The brain, although it only accounts for 2% of the body weight, consumes ~20% of O2 and hence 
during metabolic activity produces large amounts ROS [156]. High amounts of O2 appear to be needed 
for the production of ATP which is used to maintain ion homeostasis in the brain in order to run active 
ion transport to establish transmembrane ion concentration gradients, intracellular neuronal transport 
systems or the synaptic transmission/neurosecretion machinery. 

From brain-derived human BK channels (hslo) expressed in HEK cells (Human Embryonic Kidney 
cells) DiChiara and Reinhart (1997) [135] provided first evidence that the reducing agent dithiothreitol 
(DTT) shifted the voltage activation of the channels to more negative potentials and increased current 
activation as well as channel open probability. These modulations cause the channels to open earlier, 
i.e., during action potential repolarization and shorten the action potential duration which speeds up 
repetitive firing. Oxidation, by using hydrogen peroxide (H2O2), had the opposite effect. In contrast, BK 
channels cloned from Drosophila (dslo) were not modulated by DTT. It was suggested that in hslo 
proteins disulfide bonds were formed between cysteines—predominantly at the channels’ large interior 
C-terminus region. Soh et al. 2001 [136], reported that in neonatal rat hippocampal neurons the reducing 
reagent glutathione (GSH) increased BK channel activity whereas its oxidized form (GSSH) had the 
opposite effect indicating a redox modulatory mechanism when applied to the intracellular side of the 
cell membrane. On the other hand, after intracellular application of the oxidizing agent DTNB, Gong et al. 
(2000) [127] and Gao and Fung (2002) [157] reported an increase of open probability and decrease of 
closing times of BK channels from adult native hippocampal CA1 pyramidal neurons, while the reducing 
GSH had no apparent effect on the channel activity. 
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As natural reducing agent, the sulfhydryl specific reagent GSH is present in millimolar concentrations 
within cells. Depending on the cell type the intracellular concentration of GSH ranges between 1 mM 
and 10 mM whereof 98% exist in reduced form [158–160]. GSH rapidly (within 1 minute) in a concentration 
dependent manner increased BK channel activity in excised patches (a membrane patch which is 
removed from the cell like an inside out or outside out patch is called excised) of the cell when applied 
to the intracellular face of the membrane (of non-identified rat hippocampal cells) and this effect was 
rapidly reversible after wash-out [136]. In its oxidized form glutathione (GSSG) inhibited single channel 
activity which again was readily reversible. Hence, under physiological conditions GSH and GSSG form 
a redox pair where the ratio of GSH/GSH+GSSG appears responsible for the modulation of channel 
activity. Evidence suggests that GSH varies between brain regions and is augmented in glia cells compared 
to neurons [160–162] which makes neurons more susceptible to oxidative stress such as in Parkinson’s 
disease where GSH levels in neurons are decreased [163,164]. 

Mammalian neurons are highly vulnerable to oxygen (O2) deprivation. It has been hypothesized that 
the resulting depolarization of the membrane resting potential of these cells by hypoxia maybe in part 
mediated by inhibition of K+-currents. In neocortical neurons of mice hypoxia inhibited BK channel 
open probability in cell-attached patches but not in the excised inside-out mode [165]. Glutathione and 
application of DTT increased BK channel open probability. The experimental results suggested that O2 
deprivation modulates BK channel activity by some cytosolic process(es) altering Ca2+ sensitivity 
resulting from intracellular pH changes or phosphorylation. These channels were, however, iberiotoxin 
and charybdotoxin insensitive which makes it questionable if these channels are genuine BK channels 
or if these channels were associated with �4 subunits which causes insensitivity to these toxins [65]. 

Lewis et al. (2002) [134] reported that the open probability of recombinant BK channel �-subunits 
from human brain, when co-expressed with �1 subunits in HEK cells in excised inside out patches, is 
oxygen-sensitive and reversibly suppressed by hypoxia. The experiments further indicated that the 
inhibition of channels by hypoxia was voltage-independent, reduced their Ca2+ sensitivity and did not 
require soluble intracellular factors. 

Wyatt and Peers, (1995) [166] described O2-sensitive K+ currents in carotid body chemoreceptors 
cells of neonatal rats. In single channel and perforated patch whole cell recordings the authors reported 
on charybdotoxin sensitive channels which were inhibited by lowered PO2 and required cytosolic factors 
for normal functioning as well as O2 sensing. Hypoxia, anoxia or charybdotoxin depolarized the cells 
suggesting that closure of these channels leads to cell depolarization which is sufficient to activate 
voltage-gated Ca2+ channels and hence increased transmitter release. Jiang and Haddad (1994) [133] 
reported Ca2+ and voltage-dependent K+ channels of large conductance from rat central neurons in cell 
free, excised membrane patches, which were blocked by ATP. These channels were reversibly inhibited 
by hypoxia - but independent of cytosolic factors. Although ATP inhibition of BK channels has been 
reported [167] their identity as genuine BK channels remained unclear. Furthermore, hypoxia has also 
been reported to inhibit BK channel activity of rat carotid body type I cells in both whole cell and in 
excised single channel recording [126]. However, reduction of the channels using DTT increased, 
whereas oxidation using DTDP decreased channel open probability. From their experiments the authors 
concluded that hypoxic inhibition is not related to channel reduction and modulation of channels does 
not require cytoplasmic mediators. Interestingly, CO reverts hypoxic inhibition of the BK channels 
suggesting that CO binds to the channels or some hemoprotein sensor linked to the channels. In fact, 
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such hemo-proteins have been also postulated for other preparations [168]. Oxidative modulation of K+ 
channels in the nervous system has been recently comprehensively summarized [113,117]. 

Perturbation of ion homeostasis is fundamentally involved in causing cell death after ischemia.  
Ca2+ excitotoxicity, which leads to the release of ROS, generates degrading enzymes or apoptotic  
factors [111,169]. One of the counteracting measures initiated by intracellular Ca2+ accumulation is the 
activation of BK channels. In excitable cells opening of BK channels causing hyperpolarization of cells 
provides a negative feedback for Ca2+ influx through voltage dependent Ca2+ channels and hence is 
involved in the regulation of action potential duration, neurotransmitter release or modulation of 
excitotoxicity [48,170–172]. Organotypic hippocampal slice cultures in vitro exposed to oxygen and 
glucose deprivation initiates cell death of CA1, and less of CA3 neurons. Treatment with the BK channel 
blockers, paxilline or iberiotoxin, increased this effect suggesting that BK channels act as a kind of 
“emergency brake” in ischemia [173]. Interestingly these treatments also increased the vulnerability of 
granula cells which are normally resistant to ischemic treatment. This raises the question as to the 
possible differences in the BK channel setting of these neurons. Accordingly, BK channels are considered 
as potential molecular targets for neuro-protective therapy in stroke. Using in vivo experimentation the 
issue was further investigated [174]. Focal ischemia (by cerebral artery occlusion) produced neuronal 
death in BK�/� knock-out mice which was significantly increased compared to wild type animals. 
Organotypic hippocampal slice cultures if exposed to ischemia-like conditions experienced neuronal 
death in BK knock-out animals which was significantly increased compared to wild type cultures indicating 
that neuronal BK channels are important for protection against ischemic brain damage [174]. On the 
other hand, Kulawiak and Szewczyk (2012) [175] reported that inhibition of BK channels by the specific 
toxin paxilline dose dependently protected hippocampal neurons against glutamate induced cell death. 
However, iberiotoxin and charybdotoxin were not cytoprotective. From this and further data the authors 
concluded that the cytoprotective effect of paxilline was not dependent on BK channel inhibition. Although 
the experiments are not directly comparable to the studies of Liao’s group [174], since neuronal death 
was initiated by different procedures (low oxygen vs high glutamate) the results cause concern about the 
general mechanism. 

Investigation of field excitatory postsynaptic potentials (fEPSPs) revealed that fEPSPs were 
depressed in an Alzheimer’s disease (AD) mouse model compared to age-matched controls [176]. BK 
channel blockers (charybdotoxin, paxilline) enhanced the fEPSP-potentials giving rise to the notion that 
impaired Ca2+ homeostasis and/or ROS generation may be considered as the underlying mechanisms. 

Preconditioning, a phenomenon in which a non-harmful stress stimulus renders cells tolerant to a 
following otherwise damaging stimulus (see also below), has been tested in rat cortical neuronal  
cultures [177,178]. The BK channel opener NS1619, a potent inducer of delayed or immediate neuronal 
preconditioning, dose-dependently protected cells against toxic insults (oxygen/glucose deprivation, 
H2O2, or glutamate excitotoxicity) but protection was not blocked by BK channel inhibitors. Since 
NS1619 increases ROS generation, activates the phosphoinositide 3-kinase pathway and inhibits caspase 
activation it was proposed that it acts cytoprotective via these mechanisms rather than via BK channel 
activation. In immediate preconditioning modulation of NMDA receptors by ROS and up-regulation of 
superoxide dismutase activity followed by decreased Ca2+ influx, a reduction in oxidative stress upon 
glutamate exposure independent of BK channel activation was proposed [177]. 
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Vertebrobasilar insufficiency (VBI) represents transient clinical symptoms including vertigo and 
hearing loss caused by decreased blood supply to the brain. Using whole cell patch clamp experiments 
at medial vestibular nucleus (MVN) neurons in brain slices Xie et al. (2014) [179] found that brief 
hypoxia elicits depolarization of the resting membrane potential and an increase of action potential 
discharge frequency. Furthermore, hypoxia decreased BK-mRNA levels as well as BK channel activity, 
the latter being alleviated by application of the BK channel opener NS1619. These experiments suggest 
a neuro-protective role of BK channels and a potential target for treatments in ischemia or stroke. 

Hemin, an oxidation product of heme is released from decomposed erythrocytes and appears to play 
a role during hemorrhagic stroke or brain trauma (indicating intracerebral hemorrhage) [180]. Hemin 
inhibits BK channels of plasma and mitochondrial membranes [180]. The BK channel opener NS1619 
attenuates ROS generation of brain mitochondria under conditions that allow for reverse electron flow [181], 
which may provide the reason for the different action of NS1619 on mitochondria compared to cells. 
The addition of hemin inhibits this effect by about 30% which is comparable to the specific BK channel 
blocker iberiotoxin [180]. Hence, the inhibition of mtBK channels by hemin may constitute a novel 
mechanism of neurotoxicity contributing to intracerebral hemorrhage. The authors suggest that an early 
anti-hemin therapy could help to prevent or diminish cytotoxicity [182]. 

There are no consistent results on the effects of oxidizing vs. reducing agents on BK channel activity. 
Although there is only one gene for BK channel expression many other factors can influence channel 
behavior, such as auxiliary subunits being present or absent, or differential splicing, as outlined in the 
previous section. Furthermore, different recording techniques using either whole cell recordings, where 
signaling pathways may interfere, vs. excised patch recordings, where channel activity is more directly 
accessed, may play a role. Also, the natures of the oxidizing/reducing compounds and their accessibility 
to the target site have to be considered. 

4.2. BK Channels and Oxidative Stress at Muscle/Endothelial Cells 

BK channel activity from excised inside-out tracheal myocytes was modified by sulfhydryl redox 
agents [125]. The reducing agent DTT augmented, whereas the oxidizing agent thimerosal inhibited 
channel open probability which persisted following wash-out of the drugs but were reversed by counteracting 
reagents. Alkylation of channel proteins to remove free thiols prevented the action of sulfhydryl altering 
agents. The experiments suggested that the inhibition by oxidizing compounds is caused by covalent 
modification of cytosolic channel thiol groups, likely cysteine residues. Glutathione (GSH) at low 
concentrations also significantly augmented BK channel activity indicating that alterations by the reducing 
GSH are of physiological relevance [125]. 

These results were in contrast to findings by other authors. In inside-out patches from isolated smooth 
muscle cells of rabbit pulmonary arteries, BK channel activity was increased by oxidizing agents such as 
nicotinamide adenine dinucleotide (NAD), 5'5-dithiobis(2-nitrobenzoic acid) (DTNB) or the oxidized form 
of glutathione (GSSG), whereas the reducing agents such as dithiothreitol (DTT), 2-hydroxy-1-ethanethiol 
(�-mercaptoethanol, (BME)), the reduced form of nicotinamide adenine dinucleotide (NADH) or GSH 
decreased channel activity [123]. Extracellular application of hydrogen peroxide (H2O2) relaxes porcine 
coronary arteries by increasing BK channel activity. The effect was observed in the cell attached mode 
and after excision of the patch to the inside-out mode and was mimicked by arachidonic acid suggesting 
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the involvement of the lipoxygenase signaling pathway [120]. At the same preparation, Hayabuchi et al. 
(1998) [183] reported that the H2O2 initiated BK channel dependent vascular relaxation was mediated in 
part by direct action on the channels and in part by activation of the cGMP signaling pathway. From the 
experimental results, it appears feasible that both direct redox modulation at BK channel residues and/or 
indirect modulation occurs via some signaling pathway, which is initiated by redox processes. Explanations 
for these different findings may be the specificity of the preparations used, the expression of different 
auxiliary subunits with different redox sensitivity, the effect on the Ca2+ sensitivity directly or via 
auxiliary subunits per se or the preconditioned status of the channels [184]. 

Peroxynitrite (ONOO�) in biology can be produced from the reaction of the superoxide anion radical 
(O2�•) with the nitric oxide radical (NO•). In rat cerebral artery smooth muscle cells, ONOO� has been 
found in whole cell BK current recordings as well as in inside out patches to decrease BK currents, BK 
channel open probability and channel mean open times, respectively [131]. The effects could be reversed 
by reduced GSH which also protected BK currents/channels from oxidation. The experimental results 
are consistent with ONOO� being a contractile agonist of cerebral arteries and myocytes implicating  
a physiological mechanism in the modulation of vasoconstriction. 

Infarct size in heart is profoundly reduced by ischemic preconditioning (IP)—a technique in which 
brief periods of ischemia precede sustained ischemia and provide tolerance to subsequent damaging 
insults. BK channels appear to be involved in this mechanism since pharmacological BK channel openers 
were found to be cardio-protective which was blunted by BK channel blockers, such as iberiotoxin or 
charybdotoxin [185–187] or after knock-out of the KCNMA1 gene of neurons involved in the regulation 
of the heart beat [188]. 

ROS in addition to many other functions also appears involved in altering cellular ion homeostasis [189]. 
In heart ROS via oxidation of kinases (PKA, PKC, Calcium/Calmodulin Kinase II (CaMKII)) together 
with dysfunction of the sarcoplasmic reticulum can lead to perturbation of the Ca-homeostasis (which 
will indirectly affect BK channel activity) and finally cause heart failure. 

4.3. Effects of Oxidative Stress on BK Channels of Epithelial Cells 

In cultured alveolar epithelial A549 cells acute changes of oxygen tension (PO2) increased BK channel 
mean open time whereas chronic changes in PO2 did not affect expression, recruitment or function of BK 
channels or Na+ channel activity [190]. The authors concluded that BK channels serve as oxygen sensors. 
The mechanism of oxygen sensing was further elaborated by demonstrating that hemoxygenase-2 (HO-2), 
which is associated to BK channels enhances channel activity in normoxia [191]. It was found that carbon 
monoxide (CO), which is produced from O2 via HO-2, is a mediator of this function, indicating that HO-2  
is an oxygen sensor. 

In cultured human epithelial pigment cells, the oxidants, t-butyl hydroperoxide (t-BHP) or thimerosal 
suppressed BK outward currents recorded in whole cell configuration as well as BK channel open 
probability in the cell attached mode [192]. Internal application of ceramide prevented the oxidizing effect 
suggesting that BK channel inhibition may involve the intracellular generation of ceramide. In fact, ceramide 
can be produced in cells via the sphingomyelin pathway or by de novo synthesis [189,190]. H2O2 and other 
stressors have been reported to generate ceramide in various cells [193,194] and ceramide per se suppresses 
BK channel activity [195]. More information on this issue appears an interesting research endeavor. 



Biomolecules 2015, 5 1885 
 

 

It remained ambiguous for some time why oxidation in some cases increased, however, in others 
decreased channel activity. In their publication, Tang et al. (2001) [109] provided an explanation for the 
oxidative modulation of hSlo (human BK) channels considering the reversible oxidation of the amino 
acids cysteine and methionine. They showed that the agent chloramine-T (Ch-T), which oxidizes 
preferentially methionine to methionine sulfoxide (met(O)) or to met(O2), increased hSlo channel open 
probability. In contrast cysteine specific reagents, such as DNTB and other oxidizing agents decreased 
channel activity. Oxidation of these amino acids may also provide an explanation for the run-down of 
channels after patch excision (loss of channel activity with time), which exposes the channel inside to a 
more oxidized environment compared to the more reduced, normal intracellular milieu, and may also 
explain some earlier conflicting results. The authors were able to further provide evidence where at the 
channels the functional modification may take place. Internal channel blockers tetraethylammonium 
(TEA) or 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine (MPTP) protected the channels from oxidation 
by Ch-T, indicating that residues oxidized by Ch-T are located near or within the channel pore and  
�-subunits are unlikely to contribute to this process. As outlined by the authors, oxidation of critical 
amino acids may be clinically relevant. In reperfusion after ischemic conditions the formation of free 
radicals may affect vascular BK channels. Methionine oxidation causing activation of BK channels may 
limit Ca2+ entry into cells and serve as neuronal protectant. 

Tang et al. (2004) [61] further provided evidence that ROS to a large extent inhibited BK channels 
(� + � subunits expressed in HEK cells) by targeting cysteine residues near the intracellular Ca2+ binding 
site (Ca2+ bowl). In particular, a single oxidized cysteine residue, Cys911, prevented Ca2+ sensitivity. 
Further evidence that the �-subunit was the target for oxidation was obtained from experiments where 
its sole expression was sufficient for the suppression of currents. The authors line out that oxidative 
stress causing inhibition of BK channel activity and hence impairment of vascular relaxation and blood 
pressure may have crucial implications in disease and aging. 

Auxiliary �-subunits also contain various amounts of cysteines (4–7) and methionines (3–11). 
Modifications at these amino acids are therefore amenable to affect channel activity. Zeng et al. (2003) [184] 
observed that reduction of extracellular disulfide linkages of the �3-subunit abolished current rectification 
and improved charybdotoxin blockade of the channels. The results indicate that the �-subunit appears to 
be close to the ion permeation pathway of the �-subunit and may regulate the gating mechanism and 
access of blocking molecules. Physiological consequences may be the dynamic regulation of channel 
inactivation by oxidative modification of SH groups. 

The bovine �-subunit contains five cysteine residues which are conserved among various species such 
as rat, dog and humans [196]. Mutagenesis of each of the four cysteines present in the extracellular loop 
caused a profound reduction of charybdotoxin binding suggesting the generation of disulfide bridges 
between these residues. Methionines are only present at the intracellular N-terminus (3), and one is 
present at the end of the second transmembrane domain [197]. Oxidation of methionine in BK channel 
�-subunits (hSlo) by chloramine-T induced a leftward shift at the voltage axis to more negative values [109], 
i.e., the channels are activated already at more negative potentials closer to the membrane resting 
potential. In the presence of �1-subunits and under low intracellular Ca2+ conditions the hyperpolarizing 
shift was largely augmented, channel open probability increased and deactivation slowed [198]. However, 
this shift was independent of oxidation of methionine or cysteine residues of �1-subunits indicating that 
this auxiliary subunit has no direct effect but appeared to prime or to amplify the oxidation of the pore 
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forming �-subunit residues. As a physiological implication it appeared that in electrically quiet cells at low 
baseline Ca2+ concentrations BK channels may have an increased impact on cellular electrical activity and 
hence influence vascular tone. In a following publication the authors demonstrated that the mutation of 
three conserved methionines located within the RCK domains (regulators of K+ conductance) at the 
cytoplasmic C-terminus eliminate oxidative sensitivity of the BK channels [199]. Oxidation of at least 
one of these key methionine residues was sufficient to increase the open probability of the channels and 
slowing of inactivation at low internal Ca2+. From theoretical considerations the authors proposed a 
mechanism of conformational changes in the gating ring structure which are transmitted to the voltage 
sensor domain. The functional effects caused by oxidation may serve as a protective mechanism by driving 
the cells into a more hyperpolarized, resting state and hence may be advantageous in pathological 
conditions such as after post-ischemic reperfusion or neurodegenerative disease to prevent neurotoxicity. 

4.4. Oxidative Stress, BK Channels and Vascular Regulation 

BK channels in the vascular system are modulated by agents naturally produced in the body, such as 
angiotensin II (Ang II), high glucose or arachidonic acid (AA) [200] which is modulated in diabetes by 
oxidative stress (ROS) [131,200,201]. In coronary smooth muscle cells BK channels are activated by 
arachidonic acid metabolites, in particular prostacyclin 2 (PGI2) [200]. In Zucker diabetic fatty rats 
channel activation is impaired caused by reduced production of prostacyclin 2 (PGI2) due to reduced 
PGI2 synthase. As a possible mechanism, ROS formation appeared to be involved. Lu et al. (2006) [201] 
reported that high glucose reduced BK channel density and channel kinetics by increasing ROS generation, 
in particular via H2O2-dependent oxidation of cysteine 911. In a further study it was shown that caveolae 
(small 50–100 nanometer invaginations of plasma membrane micro domains containing signaling 
components in close approximation) play an important role in mediating inhibition of BK channels by 
ROS [202]. In diabetic rat aortas, cav-1 expression (indicating caveolae) is upregulated and accompanied 
by an improved physical link between BK channels and the activated angiotensin-1 receptors (AT1R) 
signaling complex. Angiotensin II (Ang II)-activated AT1R receptors in diabetic rats stimulate enhanced 
non-phagocytic NAD(P)H oxidase and (NOX1) expression. This leads to an increased ROS-induced 
redox inhibition of BK channels and also to phosphorylation and nitration of tyrosine residues of the 
channels. The absence of caveolae (initiated by caveolin-1 (cav-1) knock-down or gene ablation) caused 
disaggregation of the Ang II-BK channel signaling cascade and preserved BK channel function in 
diabetes. The molecular mechanisms delineated so far indicate that the composition and spatial arrangement 
of the signaling system is important for proper functioning of coronary blood flow and maybe an interesting 
target for further pharmacological developments in the treatment of hypertension or atherosclerosis [202]. 

Another mechanism of BK channel activation of vascular tissue by H2O2 was presented by Burgoyne 
et al. (2007) [203] and Zhang et al. (2012) [204]. H2O2 which serves as an endothelium-derived 
hyperpolarizing factor (EDHF) causes dilation of human coronary arterioles by activation of BK channels. 
Cell-attached single channel recordings as well as inside out channel recordings from coronary smooth 
muscle BK channels revealed strong evidence that H2O2 increased channel open probability (Po) which 
requires intracellular signaling by a mechanism involving disulfide dimerization of the redox sensitive 
cGMP-dependent protein kinase (PKG-I�). Hence the H2O2 mechanism of action appears different to 
the NO mediated sGC-stimulated cGMP-PKG pathway but acts downstream directly at the PKG-I� 
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level. Release of H2O2 from endothelial cells appears to play a prominent role as endogenous regulator 
under normal conditions and in diseased states [204]. 

There is also evidence that anoxia may act via protein kinase C (PKC). In Western painted turtle 
cortical pyramidal neurons anoxia reversibly reduced the open probability of BK channels in the  
cell-attached mode but not in excised patches [205]. The PKC inhibitor chelerythrine prevented the 
anoxic effect whereas the PKC activating phorbol ester PMA (phorbol-12-myristate-13-acetate) decreased 
Po during normoxia. It was concluded that the inhibition of BK channels activity prevents K+ efflux, 
preserves K+ homeostasis and hence reduces cellular ATP usage and promotes survival of neurons which 
enables the animals to adapt to low oxygen levels. Similarly, an anoxia dependent inhibition of Na+ 
currents recorded from rat hippocampal neurons via a PKC dependent mechanism has been reported 
previously [206]. 

In cat cerebral arterial muscle cells, hypoxia superfusion produced a transient increase in mean open 
time of BK channels in excised inside-out patches and this effect was independent of changes of the internal 
Ca2+ concentration or pHi [207]. Furthermore, reduced PO2 caused dilation of cerebral arterial segments 
which was attenuated by tetraethylammonium (TEA). In a following publication Gembremedhin et al. 
(2008) [208] reported that in rat cerebral arterial muscle cells hypoxia reversibly enhanced BK channel 
open-state probability in cell-attached patches but this effect was absent in either excised inside-out or 
outside-out patches. The results further indicated that hypoxia induced the generation of superoxide which 
caused a reduction in endogenous level of 20-hydroxyeicosatetraenoic acid (20-HETE) that may account 
for the hypoxia-induced activation of arterial BK channel currents and cerebral vasodilatation. 

BK channels, among other K channels, are associated with decreased uterine vascular tone and an 
increase of uterine blood flow during pregnancy in order to optimize adequate nutritional supply and 
tissue oxygenation for the fetus. Chronic hypoxia during gestation by suppression of BK channel function 
increases uterine vascular tone and decreases uterine blood supply which increases the risk of preeclampsia 
and retarded fetal growth [209–211]. In addition, expression of BK channels during pregnancy is 
upregulated but down-regulated during chronic hypoxia. At the same time, protein kinase C (PKC) activity 
is increased during hypoxia which inhibits BK channels, whereas under normoxia these effects are 
reversed [212]. 

Sex steroid hormones (estrogens) regulate uterine vascular tone and uterine blood flow by increasing 
BK channel density (in particular �1-subunits) and activity, whereby also PKC signaling appears an 
important modulatory mechanism. In contrast, progesterone appears to inhibit BK channels [213] but its 
contribution to regulating uterine vascular tone needs further investigation. Exposure to hypoxia during 
pregnancy attenuates the effects of sex steroid hormones/receptors, leading to enhanced PKC activation 
resulting in the inhibition of BK channel activity and increased pressure-dependent myogenic tone in 
pregnant uterine arteries [211]. Furthermore, hypoxia-mediated ROS activation during gestation inhibits 
steroid hormone mediated up-regulation of BK channel activity which may contribute to malfunctions 
during gestational hypoxia [214]. The evidence suggests that modulation of K+ channel activity during 
pregnancy conveys an important mechanism underlying hypoxia induced uterine vascular dysfunction [215]. 
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4.5. Mitochondrial BK Channels (mtBK) and Oxygen 

Mitochondria are a major source of ROS generation targeting BK channels [122,216–218]. The inner 
membrane of mitochondria contains BK channels (mtBK) [219–221] which appear essential in the 
production of ROS. mtBK channels appear to be inserted into the mitochondrial membrane with the 
toxin binding sites for charybdotoxin and iberiotoxin exposed to the mitochondrial intermembrane space 
(accessed by using outside-out patch configuration of the inner mitochondrial membrane). Consequently 
the C-terminal tail domain including the Ca2+ binding site is localized to the mitochondrial matrix. mtBK 
channels of cardiac tissue have recently been specified as being encoded by the KCNMA1 gene and 
hence appear to be identified as genuine BK channels [222]. 

Opening of BK channels allows K+, which is present in a high concentration in the cytosol, to flow into 
the negatively charged mitochondrial matrix and depolarize the organelle (reviewed in [216]). This reduces 
the driving force for Ca2+ and hence Ca2+ influx which reduces Ca2+ overload of mitochondria. In fact, mtBK 
channel activation and K+ uptake was reported to confer cytoprotection to heart infarction [221]. Further 
studies revealed that preconditioned activation of mtBK channels by the channel opener NS-1619 or 
NS11021 reduces superoxide production and reduces Ca2+ overload which improved Ca2+ homeostasis 
and redox state after ischemia/reperfusion in isolated guinea pig hearts [122,223–225]. Another mtBK 
channel opener 12,14-dichlorodehydroabietic acid (diCl-DHAA) was also reported to reduce ischemic 
injury in rat cardiac myocytes [226]. The steroid, 17�-estradiol, enhances the activity of cardiac mtBK 
channels, but only in the presence of the auxiliary �1-subunit and increased survival of myocytes under 
simulated ischemia [227]. In addition the �1-subunit appeared to interact with the cytochrome c oxidase 
subunit I. These findings may help to improve ischemic diseases such as heart attack in postmenopausal 
women by applying an estrogen-induced cardio-protective treatment. Furthermore, opening of mtBK 
channels of brain-derived mitochondria appears to inhibit ROS production suggesting that this may also 
contribute to the beneficial effects of BK channel openers on neuronal survival [175]. 

In the heart, BK channels appear absent from the sarcolemma, but the channels are present in 
mitochondrial membranes (reviewed in [97,228]). The opening of BK channels by hypoxia exerts a 
cytoprotective effect, which has been attributed to the mechanism mentioned above. In addition �1-subunits 
are highly expressed together with mtBK �-subunits that contain two N-glycosylation sites at their  
C-terminus which on enzymatic deglycosylation cause activation of BK channels [229,230]. Borchert  
et al. (2013) [231] reported that the BK channel opener NS11021 or H2O2 increased survival of 
cardiomyocytes in simulated ischemia/reperfusion experiments. The cytoprotective effect was abolished 
by the specific BK channel inhibitor paxilline or tempol, a specific antioxidant. The study indicates  
that the mechanism for this protection requires ROS signaling suggesting that activation of mtBK 
channels protect the cells against injury. Experiments using chronic hypoxic rats exposed to brief 
intermittent re-oxygenation, attenuated cardio protection possibly by a mechanism involving oxidative 
stress and suppression of mtBK activity [232]. 

Mitochondrial BK channels (mtBK) derived from streptozotocin-induced diabetic rat brain incorporated 
into lipid bilayer membranes were found to exhibit a decreased open probability and conductance [233].  
In addition, both BK �- and �4 subunits expression was down-regulated. This evidence and an increased 
production of ROS during diabetic conditions, as proposed by others [201], were suggested to account 
for the abnormalities in channel gating. In the studies on molecular level, Lu et al. (2006) have shown 
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that C911 is a major molecular target at the channel protein for the redox modulation by high glucose [201]. 
This body of acquired knowledge may be useful for the development of improved treatment of diabetics. 

4.6. Gasotransmitters and ROS Effects on BK Channels 

In this review, we only briefly outline some aspects of the interaction of BK channels and 
gasotransmitters. Recent information on this issue has been summarized by [63,117,234]. Nitric oxide 
(NO) produced by endothelial NO synthase (eNOS) appears to prevent atherosclerosis by interaction 
with the vascular NO generating system [235]. NADPH oxidases are a major source of ROS leading to 
various types of vascular pathophysiology. In atherosclerosis bioactivity of NO is decreased by reduced 
NO synthesis due to an increased NO inactivation. 

Endothelial cells by appropriate stimulation (humoral or hemodynamic), release vasodilatory factors, 
such as NO, whereas vasoconstrictory ROS are generated as byproducts of oxygen metabolism [121]. 
Single BK channels recorded from in situ renal artery endothelium preparations revealed that NO 
increased channel open probability by two mechanisms: either by direct action on the channel proteins 
(probably by nitrosylation) or by indirect action via cGMP (mediated by phosphorylation) [132]. In 
contrast, ROS (H2O2 etc.) resulted in irreversible channel inactivation. The authors concluded that BK 
activation by NO creates a positive feedback by autocrine regulation of endothelial function, whereas 
ROS inhibits BK channels which impairs hyperpolarization of endothelial cells and consequently 
prevents vasodilation. 

NO inhibits M-currents of rat sensory neurons from trigeminal ganglia [236]. M-type K+ channels are 
subthreshold voltage-gated K+ channels of the six TM type (designated Kv7, KCNQ gene family) which 
are inhibited by M1 muscarinic acetylcholine receptors and affect excitability of neurons in the central 
and peripheral nervous system or cardiac tissue. The authors identified a site of NO action within the 
cytosolic channel linker between transmembrane domains 2 and 3, which appears also to be a site of 
oxidative modification by ROS. However, NO and oxidative modifications exhibit opposing effects on  
M-currents. These channels therefore appear to contain a dynamic redox sensor that is responsible for 
dynamic M-current modulation by gasotransmitters and ROS and may play a role in trigeminal disorders 
such as headache and migraine. It appears interesting to probe this channel site for different types of 
gasotransmitters and ROS also at BK channels. Other types of K+ channels and oxidative stress are 
discussed in [112,117,237,238]. 

In our experiments using GH3 pituitary tumor cells, sodium hydrogen sulfide (NaHS), a H2S donor, 
increased channel open probability which was prevented by the reducing agent DTT, whereas the 
oxidizing agent thimerosal increased channel open probability in the presence of H2S [129]. The effect 
was linked to the reducing action of H2S on sulfhydryl groups of the channel protein. This finding is in 
concert with a report by Liu et al. 2009 [239] indicating that the H2S donor NaHS prevents postischemic 
mitochondrial dysfunction by a BK channel dependent mechanism. The development of drugs interfering 
with H2S signaling might be rewarding in the treatment of mitochondrial linked diseases or to BK 
channel dependent high blood pressure. Some reagents used to study the modulation of BK channels by 
gasotransmitters are listed in Table 1. 
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4.7. Oxidative Stress, Proliferation and Various Types of K+ Channels 

In pulmonary artery smooth muscle cells various types of K+ channels, such as KV, Kir, BK, K2P, 
participate in vascular remodeling (proliferation, apoptosis) [240]. In general, loss or inhibition of K+ 
channel function contributes to pulmonary pathogenesis which leads to a decrease of proliferation and 
inhibition of apoptosis. Hypoxic inhibition of ROS production causing inhibition of K+ channels leads 
to depolarization, opening of Ca2+ channels and augmentation of intracellular Ca2+ which finally results 
in vasoconstriction of small pulmonary arteries. K+ channel expression is transcriptionally regulated and 
cells need K+ channels to proceed through the cell cycle (in particular G1 progression) [240]. Hence, K+ 
channels are appealing therapeutic targets in pulmonary arterial hypertension. Oxidized low-density 
lipoprotein lysophosphatidylcholine (LPC) increases BK channel open state probability by causing 
capacitative Ca2+ influx [241]. Ca2+ accumulation increases ROS production that causes reduction of NO 
generation which promotes proliferation of cultured human endothelial cells. In addition LPC-induced 
BK activation contributes to increased cGMP levels, if ROS production was prevented by transfection 
with antisense oligonucleotides against NAD(P)H oxidase. Cancer incidence also appears associated 
with a great variety of ion channels, in particular K+ channelopathies [242–244]. In fact, almost all known 
types of K+ channels have been implicated in oncogenic processes. The dysregulation of K+ channel 
expression (mostly overexpression) and resulting dysfunction of K+ channels correlates with dysregulation 
of proliferation, malignant growth and migration (metastatic spread) of tumorigenic cells. As a general 
phenomenon, the membrane potential of cancer cells is more depolarized [245] and the resting membrane 
potential oscillates during the cell cycle, being more depolarized during S and G2 phases [246,247]. 

Polyamines (mainly putrescine, spermidine and spermine) exhibit a wide array of functions from 
modulating ion channels, involvement in apoptosis, carcinogenicity, cell proliferation or development. 
Modulatory properties of polyamines concerning K+ channels involved in cell proliferation has been 
summarized by Weiger and Hermann (2014) [248]. Here we briefly comment on some issues in the 
context of oxygen impact. Polyamine deficient yeast (Saccharomyces cerevisiae), for example, is very 
sensitive to oxygen. Polyamine depleted cells accumulate ROS, develop an apoptotic phenotype and die 
after incubation in polyamine-deficient medium [249]. Addition of spermine caused a marked decrease 
in ROS accumulation and some protection against cell death. The data indicate that part of the function 
of polyamines is protection of the cells from accumulation of ROS. 

Polyamine biosynthesis is increased during cerebral ischemia through induction of ornithine decarboxylase 
(ODC), a key enzyme for their synthesis. Inhibition of ODC prevents ischemic brain injury [250]. 
Metabolization of polyamines by polyamine oxidases generates cytotoxic aldehydes and ROS. Polyamines 
may therefore constitute crucial players in oxidative stress. There is little information on polyamines, ion 
channels (BK) and oxidative stress which remains an interesting field for future investigations. 

4.8. Oxidative Stress of BK Channels in Tumors 

Tumors are remarkably tolerant to hypoxia whereas normal nerve cells have a high demand on oxygen 
and rapidly die on hypoxia. This of course raises the question concerning the mechanisms involved. 
Evidence suggests that the modulation of ion channels and intracellular signaling pathways may be a 
key in determining cellular tolerance to low oxidative stress [251]. Expression of BK channels is increased 
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in cancerous compared to healthy cells and correlates with the malignancy of the tumors [252,253]. It was 
hypothesized that differences in the expression of BK channels in tumor cells compared to healthy cells 
could be the reason for the differences in their response to hypoxia. These findings may provide an 
approach for novel vistas in cancer therapy. 

Hypoxia in a variety of healthy cells in general decreases open probability of BK channels in the 
plasma membrane (plBK), whereas mtBK channels are opened by hypoxia [254,255]. Studies of 
normoxic vs. hypoxic conditions of single mtBK and plBK channels from human glioma cells showed 
that plBK channels were insensitive to hypoxia whereas mtBK channels open probability was increased 
during hypoxia [254,256]. Activation of mtBK channels by specific agonists had no effect on cell 
viability. In contrast, activation of plBK channels by other specific agonists, impaired cell viability of 
tumor cells [255,257] and this effect was increased by hypoxia [255]. It was suggested that the mechanism 
leading to cell death/apoptosis in normoxia is based on Ca2+ toxicity, i.e., it is mediated by an increase 
of cytosolic Ca2+ and activation of calpains [251,258]. The effect of hypoxia on mtBK channels appears 
to have different consequences on cell viability [254]. A cytoprotective effect has been attributed to (a) 
increased matrix K+, (b) prevention of Ca2+ overload, and c) closing of the mPTP pore. Mitochondrial 
permeability transition pores (mPTP) close on hypoxia. mPTP in the inner mitochondrial membrane are 
considered to activate a pathway for the release of pro-apoptotic factors from mitochondria (for further 
information about this topic the reader is referred to [259]). 

4.9. Clinical Relevance 

Oxidative modulation of BK channels is important not only in order to understand and treat diseased 
conditions like myocardial infarction or stroke but, as it recently came also into focus, for transplantation 
surgery. For instance, in the case of lung transplantation the graft is subjected to ischemia followed by 
reperfusion during routine procedure. During ischemia a number of cellular processes eventually lead to 
membrane depolarization and ROS generation [260] which in turn favors inflammation and cell death [261]. 
Noda et al. 2014 [262] found that preconditioning lung grafts with inhaled hydrogen, a cytoprotective 
gaseous signaling molecule, reduced the proinflammatory changes and led to better post-transplant graft 
function. The molecular mechanism behind this effect is, among others, a stimulation of hemeoxygenase-1 
(HO-1) expression by hydrogen [262]. As already discussed above HO-1 activity results in production 
of CO which then activates BK channels [263]. Active BK channels will cause repolarization of the 
membrane resting potential and this way may contribute to improved lung graft transplantation. These 
discoveries again underline the importance and protective role of BK channels. In conclusion, ROS 
modulation may exert conformational alterations at the channel proteins with two major implications: 
(1) impairment or dysfunction of channels which may lead to diseases or death, such as in vascular 
impairment or heart attack, or (2) modifications at channels may lead to physiological modulation of 
channel functioning, such as in sensing of oxygen tension. 

4.10. Perspectives 

In a recent publication the authors report that a point mutation of a phenylalanine at the F380 position 
in the S6 transmembrane helix of BK channels greatly obviates channel opening [264]. Based on further 
functional experiments and molecular dynamic simulations they proposed a model where in the process 
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of channel conduction a hydrophobic ring structure forms that acts as an integration node which affects 
the interaction between the voltage sensor and the pore. It appears interesting to probe this site for  
ROS manipulation. 

Sulcatone (6-Methyl-5-hepten-2-one (C8H14O)), a prominent volatile component of human body 
odor that is less abundant in non-human animals, appears to specifically attract some species of female 
mosquitos (Aedes aegypti) to feed on our blood [265]. A prokaryotic protein with features reminiscent 
to an ancestral single domain bacterial K+ channel protein may have provided the evolutionary blueprint 
for pentameric ligand-gated ion channels which serve as odorant receptors (Ore4) for sulcatone [266]. 
Interestingly, sulcatone belongs to the family of oxidoreductases which are known to act on ion channels. 
It may be speculated that sulcatone acting on K+ channels which have been found to alter cellular signaling 
and are involved in controlling proliferation [248] may be interesting targets for future investigations. 

Various types of other K+ channels, other than BK channels, such as voltage gated K+ channels (KV), 
ATP-gated K+ channels (KATP) or (Kir), appear to be involved in vasomodulation [267,268]. Only a few 
other K+ channel studies in the context of oxidative stress, from which we may draw interesting information 
and extend our view, will be covered in this section. In a recent study, Park et al. (2015) [269] report that 
H2O2 relaxes rat mesenteric arteries which was reversed by application of the reducing agent dithiothreitol. 
The vasodilatory effect of H2O2 was reduced by the voltage gated K+ channels (KV) blocker 4-aminopyridine 
(4-AP) but was resistant to BK and inward rectifier K+ channels (Kir) channel blockers. Whole cell patch 
clamp studies further showed that KV currents recorded from mesenteric smooth muscle cells were  
dose-dependently increased by H2O2 as well as by oxidized glutathione (GSSH) and prevented by 
glutathione reductase. Further studies showed that reduced glutathione (GSH) is incorporated into the 
KV channel protein indicating S-glutathionylation of the channels by H2O2. Park et al. (2015) [269] now 
report that by an increased basal level of H2O2, i.e., under conditions of persistent oxidative stress, Kv 
channels were not activated, but rather inhibited by the addition of H2O2. The findings suggest that the 
actual cellular redox status affects S-glutathionylation of the KV channels and determines the response 
of these KV channels to H2O2. 

Oxidative stress is also a hallmark of vascular disorders such as diabetic retinopathy. In this case 
ATP-sensitive K channels (KATP) activity were found to be increased during exposure of retinal capillaries 
to H2O2 [270]. The effect on KATP was boosted by increasing the influx of Ca2+ into microvascular cells and 
oxidant-induced activation of Ca2+-permeable nonspecific cation channels. Furthermore, it was found 
that inhibition of KATP channels by the specific KATP blocker glibenclamide significantly lessened H2O2 
induced microvascular cell death. The findings were suggested to provide new targets for pharmacological 
treatments of retinal microvasculature during oxidative stress. 

5. Conclusions 

In conclusion, the overall status of the present studies indicates that redox modifications of 
cysteines/methionines cause conformational alterations at the BK channel protein which translate into 
modulation of channel pore openings (gating) in which interference with the Ca2+ activation mechanism 
also appears to play a major role. If the target alterations occur at single sites or in combination, whether 
other amino acid targets bear functional relevance and how these manipulations affect conformational 
changes of the 3D-protein structure needs further investigation. Primary effects, directly at the channels, 
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and/or secondary effects on signaling pathways, may be both relevant, but have to be clearly separated. BK 
channel/ROS modulation will certainly be an important target for development of pharmacological agents 
which function as channel openers/blockers opposing negatively effective redox mechanisms. 
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Abbreviations 

AA Arachidonic acid 
ACA Acetaldehyde 
Ach Acetylcholine 
AD Alzheimer’s disease 
Ang II angiotensin II 
4-AP 4-aminopyridine 
ATP Adenosine triphosphate 
AT1R Angiotensin-1 receptor 
�-ME Mercaptoethanol 
BME 2-hydroxy-1-ethanethiol (�-mercaptoethanol) 
BK Big or maxi calcium-activated potassium channel 
BK�/� Knock-out animal 
CaMKII Calcium/Calmodulin Kinase II 
cAMP Cyclic adenosinemonophosphate 
cav-1 Caveolin-1 
cGMP Cyclic gCanosinemonophosphate 
CBS Cystathionine b-synthase 
Ch-T Chloramine-T 
CO Carbon monoxide 
CORM Carbon monoxide releasing molecule 
CREB Cyclic AMP response element-binding protein 
CSE Cystathionine c-lyase 
Cys or C Cysteine 
diCl-DHAA 12,14-dichlorodehydroabietic acid 
DTT 1,4-dithio-DL-threitol (short: dithiothretiol) 
DTDP 2,2'-dithiodipyridine or 4,4'-dithiodipyridine 
DTNB 5,5'-dithiobis(2-nitrobenzoic acid) 
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EDHF Endothelium-derived hyperpolarizing factor 
EET Epoxyeicosatrienoic acid 
ER Estrogen receptor 
EtOH Ethanol 
fEPSP Field excitatory postsynaptic potential 
G-protein Guanosine triphosphate (GTP) binding protein 
GSH Glutathione-reduced form 
GSSH Glutathione-oxidized form 
20-HETE 20-hydroxyeicosatetraenoic acid 
H2O2 Hydrogen peroxide 
H2S Hydrogen sulfide 
HEK Human Embryonic Kidney cells 
HO Heme oxygenase 
HO-2 Hemoxygenase-2 
HS Hydrogen sulfide anion 
hSlo Human BK channel 
IK Intermediate conductance K+ channel 
IP Ischemic preconditioning 
KATP Adenosine-triphosphate dependent K+ channel 
LPC Lysophosphatidylcholine 
LTP Long-term potentiation 
Met or M Methionine 
Met-O Methionine sulfoxide 
mM Milli Molar 
MPTP 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine 
MSRA Methionine sulfoxide reductases 
mtBK Mitochondrial BK channel 
MTSEA Methanethiosulfonate ethylammonium 
MVN Medial vestibular nucleus 
NAD Nicotinamide adenine dinucleotide 
NADH Nicotinamide adenine dinucleotide 
NaHS Sodium hydrogen sulfide 
nBK Nuclear BK channel 
NCS N-chlorosuccinimid 
NO Nitric oxide 
NOS NO synthase 
nM Nano Molar 
NMDA N-methyl D-aspartate 
O2 Oxygen 
O2�• Superoxide anion radical 
•OH Hydroxyl radical 
ONOO� Peroxynitrite 
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ODC Ornithine decarboxylase 
P Pore loop 
PDE Phosphodiesterase 
PGI2 Prostacyclin 2 (Prostaglandin I2) 
PKA, PKC, PKG Protein kinase A, C, G 
plBK Plasma membrane BK channel 
PMA Phorbol-12-myristate-13-acetate 
PO2 Oxygen tension 
Po (Popen) Open probability of channels 
PP2A Protein phosphatase 
PS Phosphatidylserine 
pS Piko Siemens 
PTP permeability transition pore 
RCK Regulatory domain of K+ conductance 
ROS Reactive oxygen species 
SK Small conductance K+ channel 
sGC Soluble guanylyl cyclase 
Slob Slo binding protein 
STREX Stress-axis regulated exon 
T Transmembrane 
t-BHP t-butyl hydroperoxide 
TEA tetraethylammonium 
TRX Thioredoxine 
VBI Vertebrobasilar insufficiency 
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