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Abstract Renal tubular potassium (K?) channels play

important roles in the formation of cell-negative potential,

K? recycling, K? secretion, and cell volume regulation. In

addition to these physiological roles, it was reported that

changes in the activity of renal tubular K? channels were

involved in exacerbation of renal cell injury during ische-

mia and endotoxemia. Because ischemia and endotoxemia

stimulate production of cytokines in immune cells and

renal tubular cells, it is possible that cytokines would affect

K? channel activity. Although the regulatory mechanisms

of renal tubular K? channels have extensively been stud-

ied, little information is available about the effects of

cytokines on these K? channels. The first report was that

tumor necrosis factor acutely stimulated the single channel

activity of the 70 pS K? channel in the rat thick ascending

limb through activation of tyrosine phosphatase. Recently,

it was also reported that interferon-c (IFN-c) and inter-

leukin-1b (IL-1b) modulated the activity of the 40 pS K?

channel in cultured human proximal tubule cells. IFN-c
exhibited a delayed suppression and an acute stimulation of

K? channel activity, whereas IL-1b acutely suppressed the

channel activity. Furthermore, these cytokines suppressed

gene expression of the renal outer medullary potassium

channel. The renal tubular K? channels are functionally

coupled to the coexisting transporters. Therefore, the

effects of cytokines on renal tubular transporter activity

should also be taken into account, when interpreting their

effects on K? channel activity.
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Introduction

Potassium (K?) channels in renal tubular epithelia greatly

contribute to the homeostasis of salts and water [1, 2]. One

of their crucial roles is the formation of the cell-negative

potential. This potential difference serves as a driving force

for the electrogenic passive transport of solutes, such as

apical sodium (Na?) entries through the Na?-glucose co-

transporter (SGLT) in proximal tubule cells and the epi-

thelial Na? channel (ENaC) in principal cells of the

cortical collecting duct (CCD) [1, 2]. The apical K?

channels in the CCD provide a pathway of K? secretion

[1, 2]. The renal tubular K? channels are also important K?

recycling pathways for the apical sodium–potassium-

chloride (Na?–K?–2Cl-) cotransporter (NKCC) in the

thick ascending limb (TAL) and the basolateral sodium–

potassium adenosine triphosphatase (Na?-K?-ATPase)

along the nephron [1, 2]. Furthermore, they are involved in

regulatory volume decrease of tubular cells [1, 2]. To date,

many types of renal tubular K? channels have been iden-

tified and characterized in each nephron segment, by using

electrophysiological and molecular biological techniques

[1, 2]. The activity of these K? channels is subjected to

regulation by a variety of factors, which include intracel-

lular pH, ATP, calcium ion (Ca2?), membrane stretch,

voltage, cyclic nucleotides, protein kinases/phosphatases,

nitric oxide, arachidonic acid metabolites, etc. [1, 2].

The still expanding cytokine family consists of a variety

of multifunctional proteins, which act as the key molecules

in immunomodulation and inflammation [3]. They exert

various effects on almost all organs. The nervous system,
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cardiovascular system, respiratory system, gastrointestinal

tracts, and kidney are also targets of cytokines [4–6].

Although cytokines are secreted mainly by immune cells in

response to microbial infection, other cell types are known

to secrete cytokines [3]. In the kidney, proximal tubule

cells are thought to act as the proinflammatory cells, being

involved in renal dysfunction in patients suffered from

chronic renal rejection or ischemia [7]. There are reports

demonstrating that proximal tubule cells produced cyto-

kines in response to lipopolysaccharide (LPS) or albumin

[8, 9]. In addition, LPS and angiotensin II stimulated

cytokine production in the TAL cells [10, 11].

It has been reported that several proinflammatory cyto-

kines, such as interferon-c (IFN-c), interleukin-1b (IL-1b)

and tumor necrosis factor-a (TNF-a) modulated Na?

reabsorption in renal tubular epithelia [12–17]. Since the

driving force of the transepithelial Na? reabsorption is

dependent on the K? channel activity, as well as Na?–K?-

ATPase [1, 2], it is important to know whether cytokines

would affect the K? channels; however, there are few

reports, regarding the effects of cytokines on K? channel

activity in renal tubular epithelia. This is in sharp contrast

to the accumulating evidence for the effects of cytokines on

neuronal ion channels [18]. In this review, we focus on

how cytokines affect renal tubular K? channels, and dis-

cuss their physiological and pathological significances.

Effects of cytokines on K1 channels in renal tubular

epithelia

The first report addressing the effects of cytokines on renal

tubular K? channels was presented by Wei et al. [19]. They

demonstrated that TNF acutely stimulated activity of an

apical 70 pS K? channel in rat TAL, using the cell-

attached mode of the patch clamp technique. The stimu-

latory effect of TNF was highly likely mediated by tyrosine

dephosphorylation, since an inhibitor of protein tyrosine

phosphatase (PTP) abolished the TNF-induced activation

of the channel. The finding that TNF increased PTP

activity in the TAL also supported this notion. Although

the structure of the 70 pS K? channel in the TAL is not

fully understood, Lu et al. [20] reported that the renal outer

medullary potassium channel (ROMK) would be a critical

subunit of the 70 pS channel. It is well known that protein

tyrosine kinase (PTK) and PTP modulate the expression of

ROMK in the cytoplasmic membrane [21]. The PTK-

mediated tyrosine phosphorylation causes endocytosis of

ROMK, whereas the PTP-mediated dephosphorylation

blocks it [21]. Thus, the balance between PTK and PTP is

one of the key factors determining the membrane expres-

sion of ROMK at a given time. However, the stimulatory

effect of the TNF/PTP pathway on the 70 pS K? channel

seems not to be accounted for by the expression of the

channel. The effect of tyrosine phosphorylation on the

70 pS K? channel is different from that on ROMK in that

PTK inhibits the 70 pS K? channel in cell-free inside-out

patches [22]. This observation suggests that the PTK-

mediated tyrosine phosphorylation might directly suppress

the activity of this K? channel rather than enhance its

endocytosis. The effect of PTP on the TAL’s 70 pS K?

channel in inside-out patches is still unknown. Nonetheless,

it is possible that the TNF/PTP-mediated tyrosine

dephosphorylation of the 70 pS K? channel was engaged

in modulation of the channel activity itself.

A ROMK-like inwardly rectifying K? channel with an

inward conductance of 30 pS was also present in the apical

membrane of the TAL [19, 23]. In contrast to the 70 pS K?

channel, the activity of the ROMK-like K? channel was

not affected by TNF [19]. The ROMK channel consists of

several isoforms (ROMK1, 2 and 3), all of which conserve

the consensus phosphorylation site for PTK at the C-ter-

minus [2]. However, only ROMK1 is subjected to the

modulation by PTK and PTP [24]. The different sensitivity

to PTK and PTP seems to arise from structural differences

in the N-termini of ROMK isoforms. The N-termini of

ROMK2 and 3 isoforms are different from that of ROMK1

and lacking in one PKC phosphorylation site [2, 25]. It was

reported that the PKC site at the N-terminus would play a

role in mediating the endocytosis of ROMK induced by

tyrosine phosphorylation [25]. ROMK1 localizes in the

CCD and outer medullary collecting duct, whereas the

isoforms expressed in the TAL are ROMK2 and 3 [2]. Such

distribution pattern of ROMK isoforms is consistent with

the different responsiveness of the native ROMK-like K?

channels to PTK and PTP in each nephron segment.

Membrane expression of the ROMK-like K? channel in the

principal cells of CCD, but not in the TAL, is reduced by

tyrosine phosphorylation and increased by tyrosine

dephosphorylation [21, 22, 25]. The absence of ROMK1 in

the TAL well explains the ineffectiveness of TNF on the

TAL’s ROMK-like K? channel.

Although the activity of the TAL’s ROMK-like K?

channel was not acutely affected by TNF, the ROMK gene

expression in the whole kidney was reduced by cytokines

[17]. Schmidt et al. [17] reported that intraperitoneal

injection of IL-1b, IFN-c, or TNF-a into the mouse

depressed the mRNA level of ROMK in the kidney.

Because the systemic administration of these cytokines

caused hypotension [17], it was possible that the suppres-

sive effects of cytokines on the ROMK gene expression

would have been indirectly mediated by the reduced blood

flow in the kidney. However, they also confirmed that

IL-1b, IFN-c, or TNF-a reduced the ROMK gene expres-

sion in a mouse CCD cell line, M1, to an extent similar to

those observed in the in vivo experiments [17]. Thus, the
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direct actions of these cytokines on the ROMK gene

expression were strongly suggested.

In addition to the K? channels in distal nephron seg-

ments, those in the proximal tubule cells have recently

been reported to be affected by cytokines [26, 27]. In

cultured human renal proximal tubule epithelial cells

(RPTECs) isolated from the normal kidney, an inwardly

rectifying K? channel with an inward conductance of

40 pS is most frequently observed under the control con-

dition [28]. Although no information is currently available,

with regard to its molecular property and localization along

the nephron, its open probability was generally high, with

the mean value being about 0.8, and independent of

membrane potential [28]. It was also reported that the

activity of the 40 pS K? channel was modulated by

intracellular ATP [28], pH [28] and protein phosphoryla-

tion processes [28–30].

IFN-c exerts a delayed suppressive effect and an acute

stimulatory effect on the activity of this 40 pS K? channel

[26, 27]. The IFN-c-induced suppression and stimulation of

the channel are highly likely dependent on the IFN-c
receptor and its closely related janus kinase (JAK), since

the JAK inhibitors blocked both effects [27]. The delayed

suppression of channel activity was mediated, at least in

part, by nitric oxide (NO) [26, 27]. It was reported that NO

itself possessed a dose-dependent biphasic effect on the

activity of the 40 pS K? channel; a protein kinase G

(PKG)-dependent stimulatory effect at micromolar con-

centrations and a peroxynitrite-dependent suppressive

effect at higher millimolar concentrations [29]. Incubation

of RPTECs with IFN-c for 24 h augments the expression of

inducible NO synthase (iNOS), which results in production

of a large amount of NO [26, 27]. The excessive NO then

reacts with superoxide to form peroxynitrite, which in turn

impairs K? channel activity through oxidation or nitrosy-

lation of the channel and/or its related proteins [27]. On the

other hand, the mechanisms involved in the acute stimu-

latory effect of IFN-c are still unknown. The activity of the

40 pS K? channel is stimulated by protein kinase A (PKA)

[28] and phosphatidylinositol-3-kinase [27], as well as

PKG [30]. However, IFN-c seems to circumvent these

pathways to stimulate the channel activity [27].

IL-1b is another cytokine that modulates the activity of

the 40 pS K? channel in RPTECs [26]. Although it is

reported that IL-1b enhanced iNOS expression in some

tissues, this cytokine does not seem to affect it in human

proximal tubule cells, including RPTECs [26, 31]. There-

fore, IL-1b is devoid of the NO-dependent delayed sup-

pressive effect observed with IFN-c [26, 27]; however,

IL-1b acutely suppressed channel activity [26]. This sup-

pressive effect is abolished by an inhibitor of protein kinase

C (PKC) and is not reversed by activation of PKA and

PKG (our unpublished observations). Kubokawa et al. [32]

reported that at least two distinct phosphorylation sites

would exist in the 40 pS K? channel and/or its related

proteins. One is involved in the channel activation by PKA

and PKG, whereas the other contributes to the channel

suppression by PKC and Ca2?/calmodulin-dependent pro-

tein kinase II [32]. Even though the phosphorylation of the

former site opens the channel, subsequent phosphorylation

of the latter one by PKC closes it. They also demonstrated

that a PKC inhibitor had little effect on the basal channel

activity, suggesting that the PKC activity would be rela-

tively low under the control condition in RPTECs [32].

Hippocampal Ca2? channel [33], a middle ear Na? channel

[34], and the intestinal cystic fibrosis transmembrane

conductance regulator [35] are also affected by IL-1b
through activation of PKC.

Implication of the cytokine-mediated K1 channel

modulation in the transport of solutes in renal tubular

epithelia

It is generally thought that K? channels and transporters in

renal tubular epithelia are functionally coupled [1, 2]. In

proximal tubule cells, basolateral K? channels cooperate

with the basolateral Na?–K?-ATPase to provide a driving

force for Na? entry through the apical transporters, such as

SGLT [1, 2]. The cooperation of basolateral K? channels

with the Na?–K?-ATPase is also observed in distal

nephron segments [1, 2]. In the TAL, apical K? channels

serve as the K? recycling pathways for the apical NKCC,

facilitating transport of Na? and Cl- [1, 2]. In principal

cells of the CCD, apical Na? entry through the ENaC is

partly dependent on the cell-negative potential generated

by apical and basolateral K? channels [1, 2]. Therefore, the

transport activity of solutes should change in parallel with

the altered K? channel activity.

Compared to the renal tubular K? channels, effects of

cytokines on renal transporters are relatively well docu-

mented [10, 12–17, 36–38]. Most of these investigations

revealed the suppressive effects of cytokines on renal

tubular transport [10, 12–14, 16, 17, 36–38]. IL-1b reduced
86Rb? uptake [10], Na? reabsorption [12], and the activity

and protein expression of Na?–K?-ATPase [13, 14].

TNF-a similarly reduced 86Rb? uptake [10], the activity

and protein expression of Na?–K?-ATPase [16]. It also

reduced protein expression of NKCC [16]. IFN-c, as well

as IL-1b and TNF-a, suppressed gene expression of various

transporters, including Na?–K?-ATPase [17, 36, 37],

sodium-proton (Na?–H?) exchanger [17], Na?–Cl-

cotransporter [36], NKCC [17], SGLT [37], glucose

transporters [37], and urea transporters [38]. Such sup-

pressive effects of cytokines on renal transport of solutes

are consistent with their suppressive effects on ROMK

Clin Exp Nephrol (2012) 16:55–60 57

123



gene expression [17] in the kidney and the K? channel

activity in RPTECs [26, 27]. However, there are two

exceptions.

Escalante et al. [10] reported that TNF and IL-1 reduced

ouabain-sensitive 86Rb? uptake in the TAL. This result

suggested that both cytokines inhibited the basolateral

Na?–K?-ATPase, which might well result in decreased

apical Na? entry. According to the report by Wei et al.

[19], however, TNF stimulated the activity of the apical

70 pS K? channel in the TAL. Because the apical 70 pS

K? channel, as well as the 30 pS channel, serves as a

recycling pathway for the apical NKCC [1, 2], the TNF-

induced increase in channel activity should be related to

increased apical Na? entry. It was suggested that such a

discrepancy would partly be due to a difference in the

temporal factor. TNF reduced 86Rb? uptake after a 24-h

incubation period [10], whereas stimulation of channel

activity by TNF occurred in a few minutes [19]. In addition

to the acute channel stimulation, TNF had been shown to

induce expression of cyclooxygenase (COX) and the sub-

sequent generation of prostaglandin E2 (PGE2) which

suppressed the activity of the 70 pS K? channel [39]. Wei

et al. [19] speculated that the effects of TNF on channel

activity would be time-dependently biphasic and that the

chronic COX/PGE2-dependent channel suppression would

be consistent with the TNF-induced inhibition of 86Rb?

uptake. Nonetheless, the significance of the acute stimu-

latory effect of TNF on channel activity is obscure. The

acute stimulation of K? channel activity by IFN-c shown in

RPTECs is also a matter of controversy.

As described above, many lines of evidence indicate that

cytokines suppress the renal tubular transport of solutes

[10, 12–14, 16, 17, 36–38]; however, these suppressive

effects were generally observed after prolonged treatment

with cytokines, ranging from 1 to 24 h. This indicates that

the early phase effects of cytokines on tubular transport are

still poorly understood, although a few reports exist.

Vinciguerra et al. [15] reported that TNF-a rapidly

(*15 min) increased the amiloride-sensitive short circuit

current, which was accompanied by cell-surface recruit-

ment of Na?–K?-ATPase, in cultured mpkCCDcL4 cells. It

was also reported that LPS-injected rats exhibited imme-

diate antinatriuresis in the first few hours after injection,

which was later followed by natriuresis [40]. Thus, it is

possible that some cytokines might also possess time-

dependent biphasic effects on renal tubular transporters,

like the case with K? channels, depending on the experi-

mental systems employed. It would be the best way to

simultaneously examine the effects of cytokines on the K?

channels and transporters in the renal tubular epithelia.

Relationship between effects of cytokines

on K1 channel activity and renal cell injury

It is well known that proinflammatory cytokines play piv-

otal roles in promoting cell injury in many organs during

inflammatory diseases [3]. Endotoxemia-induced acute

renal failure is a typical clinical incident that highlights the

harmful effects of proinflammatory cytokines on the kid-

ney [41]. Furthermore, therapeutic use of cytokines, such

as IFNs, in renal cell carcinoma or viral hepatitis some-

times results in undesirable severe renal dysfunction [42].

In various experimental models, proinflammatory cyto-

kines are reported to cause glomerulonephritis accompa-

nied by proteinuria, tubulointerstitial fibrosis, and

apoptosis/necrosis of tubular cells [43, 44]. These effects

are generally thought to be mediated by activation of

caspases and various transcription factors, such as NFjB,

AP-1, and STAT [3]. The activated transcription factors

induce synthesis of many effector proteins, including other

cytokines, chemokines, matrix metalloproteases, iNOS and

adhesion molecules [3], all of which could participate in

renal cell injury. It is possible that the renal cell injury by

cytokines would be mediated by modulation of K? channel

activity. In fact, it was reported that TNF induced apoptotic

cell death in a rat liver cell line through activation of K?

channels [45].

In support of this notion, there are also reports sug-

gesting that changes in activity of renal tubular K? chan-

nels would be involved in renal cell injury during ischemia

or endotoxemia [46–51]. Ischemia, as well as endotoxemia,

is known to stimulate production of cytokines [17]. These

cytokines may enhance renal cell injury by modulating K?

channel activity. However, there is still controversy about

the causal relationship between the direction of the change

in K? channel activity and the severity of renal cell injury.

Some investigators reported that inhibiting K? channel

Fig. 1 Schematic representation showing the current knowledge of

the effects of proinflammatory cytokines on the activity of the renal

tubular K? channels. The suppressive effects of cytokines on K?

channel gene expression are omitted. Dotted lines indicate putative

effects. Circled plus and circled minus denote stimulation and

suppression, respectively
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activity by glibenclamide reduced hypoxia- or ischemia/

reperfusion-induced renal tubular cell injury in isolated rat

proximal tubules [46], isolated perfused rat kidneys [47],

and rats in vivo [48]. These observations suggest that an

increase in K? channel activity leads to exacerbation of

renal cell injury. In contrast, other investigators reported

that glibenclamide enhanced renal cell injury in isolated

perfused rat kidney [49], a human proximal tubule cell line

(HK2) [50], isolated mouse proximal tubules [50], and a

porcine proximal tubule cell line (LLC-PK1) [51], sug-

gesting that a decrease in K? channel activity leads to renal

cell injury. Differences in experimental systems and cell

conditions may partly account for the discrepant results. In

any reports described above, the precise mechanisms

linking the K? channel activity to renal cell injury are not

fully clarified. One explanation is that intracellular K? loss

through the activated K? channel facilitates cell shrinkage,

which triggers apoptosis [52]. In addition, changes in K?

channel activity alter the driving force for Ca2? entry

through Ca2?-permeable channels [53]. Thus, intracellular

Ca2?-dependent factors may be involved in the K? chan-

nel-mediated renal cell injury [53]. It should also be

clarified whether the cytokine-mediated modulation of K?

channel activity would actually be involved in renal cell

injury.

Conclusion

It has recently been revealed that several proinflammatory

cytokines affect the activity and gene expression of renal

tubular K? channels. As shown in Fig. 1, their effects on

K? channels may be involved in alterations of tubular

transport activity or exacerbation of renal cell injury.

However, our understanding is still insufficient, with regard

to their physiological and pathological significances in

modulating renal tubular K? channels. Multiple cytokines

are produced during inflammation. Some cytokines might

possess biphasic effects on their target molecules. Fur-

thermore, different cytokines would exert opposite effects

on the same targets. Such complicated modes of action

give us profound difficulties in interpreting the final out-

come of the effects of proinflammatory cytokines. Further

studies are required to solve these problems.
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