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Abstract. Background: Depletion of intracellular potassium
(K+)

is necessary for cells to shrink, induce DNA
ions
fragmentation and activate caspases, events which are features
of apoptosis. Materials and Methods: We used 86Rb+ as a K+
analogue to evaluate the possibility of pharmacologically
depleting human pulmonary mesothelioma (P31) and small
cell lung cancer (U1690) cells of K+, for future use in studies
of apoptosis induction. Results: The Na+, K+, 2Cl–cotransport inhibitor bumetanide transiently inhibited 86Rb+
influx, but when combined with the Na+, K+, ATPase pump
inhibitor ouabain there was a marked and lasting (up to 6 h)
86Rb+ influx inhibition. Cellular K+ efflux was augmented by
amphotericin B, digitonin and nigericin. Amphotericin B was
an effective 86Rb+ efflux stimulator with low cytotoxicity,
whereas digitonin caused cell detachment and nigericin
increased LDH release in the U1690 cell line, indicating
considerable toxicity of the drugs. Conclusion: It is possible to
efficiently reduce intracellular K+ by persistent K+ influx
inhibition and simultaneous K+ efflux stimulation with
clinically available drugs.
Many anticancer drugs exert their effect by stimulating the
rate of apoptosis. Apoptosis is accompanied by characteristic
morphological changes, such as cell shrinkage, membrane
blebbing, DNA fragmentation and formation of apoptotic
bodies. The transition of an apoptotic cell from a state of
high towards a low potassium ion (K+) content is an early
and necessary event for cell volume reduction and activation
of enzymes that mediate the induction of apoptosis (1). The
events triggering intracellular K+ depletion during apoptosis
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are unknown. Provoked K+ efflux by activation of K+
channels or by K+ ionophores promotes apoptosis (2-4),
whereas blockage of K+ efflux channels attenuates apoptosis
(4, 5). K+ uptake mechanisms, such as Na+, K+, 2Cl–cotransport and Na+, K+, ATPase pump activity, are
activated in order to compensate for the loss of intracellular
K+ (6-8) and, thereby, counteract apoptosis (9). Stimulation
of K+ efflux and/or inhibition of K+ reuptake mechanisms
could therefore be expected to increase the drug-induced
apoptosis of chemotherapeutic agents and, subsequently,
enhance their tumoricidal effects.
Only a few articles have described K+ flux mechanisms
and the pharmacological manipulation of K+ fluxes of
cancer cells. Our studies on the mesothelioma cell line P31
have shown that Na+, K+, ATPase and Na+, K+, 2Cl–cotransport are responsible for almost all of the influx of
potassium ions (10). We recently showed that the antifungal
ionophore amphotericin B, together with the Na+, K+,
2Cl–-cotransport inhibitor bumetanide, increased efflux and
reduced K+ influx, leading to enhanced cisplatin-induced
apoptosis in P31 cells, whereas the effect of other K+ influx
inhibitors or K+ efflux stimulators are unknown (11).
The 86Rb+ method is an exquisite K+ channel function
assay that gives more information about the K+ fluxes in a
population of cells than the whole cell voltage clamp
technique that is often used in characterization studies (12).
To our knowledge, no systematic studies of pharmacological
agents which affect tumour cell K+ influx and efflux in
order to deplete the cells of K+ have been performed. We
therefore used the 86Rb+ method to determine how to
pharmacologically stimulate K+ efflux and inhibit K+ influx
in mesothelioma and small cell lung cancer cells. The results
are the base for future attempts to enhance apoptosis
during cancer treatment.

Materials and Methods
A human pulmonary mesothelioma cell line (P31) (13) and a small
cell lung cancer cell line (U1690) (14) were used. The cells were
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Table I. Ionophores tested for K+ efflux stimulation.
Ionophore

Concentrations used

References

Amphotericin B
Beauvericin
Digitonin
Gramicidin D
Nigericin
Nonactin
Nystatin
Valinomycin

3, 6 and 9 mg/L
5, 10 and 25 Ìmol/L
7.5, 15 and 30 mg/L
0.01, 0.1 and 1 Ìmol/L
2.5, 5 and 7.5 Ìmol/L
0.1, 1 and 10 Ìmol/L
1, 10, 20, 30 and 100 Ìmol/L
0.001, 0.01 and 0.1 Ìmol/L

(36)
(24, 28)
(25)
(27, 32)
(27, 33)
(26, 27)
(29)
(2, 4, 26, 32, 33)

propagated under standard tissue culture conditions, grown as
monolayer culture in full medium; Eagle’s minimal essential
medium (MEM) with Earl’s salts supplemented with 10% foetal
calf serum and 200 Ìmol/L L-glutamine. They were incubated at
37ÆC in a humidified atmosphere containing 5% CO2.
Efflux and influx K+ blockers at given concentrations were
chosen to represent the most frequently expressed K+ channels.
4-∞minopyridine (4-AP, 5 mmol/L), charybdotoxin (4.8 Ìmol/L),
iberiotoxin (0.01 Ìmol/L), margatoxin (0.05 Ìmol/L) and quinidine
(50 Ìmol/L), were used at concentrations chosen from other
studies, but higher concentrations were also used to rule out the
possibility of undersized concentrations (15-22). The concentration
of ouabain (10 Ìmol/L) together with bumetanide (10 Ìmol/L) and
tetraethyl ammonium (TEA, 1 mmol/L) were chosen as their
effects on the P31 cell line have previously been elucidated (10).
Dose responses of the ionophores amphotericin B, beauvericin,
digitonin, gramicidin D, nigericin, nonactin, nystatin and
valinomycin (Table I) were tested. Their respective concentrations
were chosen based on demonstrated ionophore effects on cellular
K+ efflux, permeabilisation of the cell membrane and/or induction
of apoptosis in cell systems (2, 4, 23-35).
For the 86Rb+ efflux assay, P31 cells (25,000 cells/well) were
plated into 96-well culture plates (Isoplate, Perkin Elmer Wallac,
Turku, Finland) and maintained in full medium overnight (at 37ÆC
in a humidified atmosphere containing 5% CO2). On the following
day, 86Rb+ was added (0.75 mCi/L in full medium) and the cells
were again incubated overnight. After aspiration of the media, 100 ÌL
of medium, with or without test substances, were added to the
wells. At the end of each time-interval, the supernatant was
aspirated and transferred to 96-well plates (Flexible plate, Perkin
Elmer Wallac). After addition of 150 ÌL Optiphase SuperMix
Liquid Scintillation Cocktail (Perkin Elmer Wallac), the 86Rb+
content of the cells and the supernatants was counted using a
MikroBeta counter (Perkin Elmer Wallac). The same protocol was
followed for U1690 cells, but 40,000 cells were plated. The
percentage of 86Rb+ efflux was calculated in relation to the total
cellular content of 86Rb+, according to following formula:
% efflux = 100 x efflux / (efflux + remain)
where "efflux" is the counts-per-minute (cpm)-value in the efflux
solution and "remain" is the cpm-value of 86Rb+ remaining in the
cells. The experiments were repeated 8-14 times.
For 86Rb+ influx assay, P31 cells (25,000 cells/well) were plated
into 96-well culture plates and maintained in full medium for 48 h
at 37ÆC in a humidified atmosphere containing 5% CO2. After

2610

aspiration of the media, 100 ÌL of full medium, with or without the
test substances, alone or in combination and with 86Rb+
(0.75 mCi/L), were added to the wells. After each time-interval, the
supernatants were aspirated and the cells washed twice with 200 ÌL
NaCl. The Liquid Scintillation Cocktail (150 ÌL) was added and
86Rb+ was counted by using a MikroBeta counter. The same
protocol was used for U1690 cells, but 40,000 cells were plated.
The result of 86Rb+ influx is expressed as the percentage of
untreated control cells for each time-point. The experiments were
repeated 8-24 times (6-24 for control).
A lactate dehydrogenase (LDH) release test (CytoTox 96®,
Promega Corporation, Madison, USA) was used to determine
cytotoxicity. Released LDH in the culture supernatant forms a red
formazan product of a tetrazolium salt. The assay was carried out
according to the manufacturer’s instructions. P31 cells (15,000
cells/well) were plated into 96-well culture plates and maintained
in full medium overnight, incubated at 37ÆC in a humidified
atmosphere containing 5% CO2. On the following day, the medium
was replaced with medium with 3 or 6 mg/L amphotericin B, 5 or
7.5 Ìmol/L nigericin, or 10 Ìmol/L bumetanide in combination with
10 Ìmol/L ouabain. Control wells without test substances were used
as background. Eight wells were used to set maximum LDH release
(100%). Absorbance at 490 nm was determined in a microplate
reader (Molecular Devices, USA). The same protocol was used for
U1690 cells, but 40,000 cells were plated. The results were
presented as the percentage of maximum LDH release with
background absorbance deducted.
4-Aminopyridine (4-AP, CAS 504-24-5), amphotericin B (CAS
1397-89-3), beauvericin (CAS 26048-05-5), bumetanide (CAS
28395-03-01), charybdotoxin (dissolved in 100 ÌL NaCl and stored
at 20ÆC) (CAS 95751-30-7), digitonin (CAS 11024-24-1),
gramicidin D (CAS 1405-97-6), iberiotoxin (dissolved in 100 ÌL
NaCl and stored at 20ÆC) (CAS 129203-60-7), margatoxin
(dissolved in 100 ÌL NaCl and stored at 20ÆC) (CAS 145808-47-5),
nigericin (CAS 28380-24-7), nonactin (CAS 6833-87-7), nystatin
(CAS 1400-61-9), ouabain (CAS 11018-89-6), quinidine (CAS
56-54-2), tetraethyl ammonium (TEA, CAS 56-34-8) and
valinomycin (CAS 2001-95-8) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). 86Rb+ (CAS 7791-11-9) was
purchased from Amersham International (Amersham, UK). The
culture medium (Eagle’s MEM with Earle’s salts) and L-glutamine
were from Gibco Ltd. (Paisley, Scotland, UK). Foetal calf serum
was from Biochrom KG (Berlin, Germany). All other chemicals
were of analytical grade.
The statistical significance of the differences between
experiments was tested with one-way ANOVA. The level of
significance for rejecting the null hypothesis of zero treatment
effect was p=0.05.

Results
The efflux of 86Rb+ of control or test cells was not linear
over time as the initial efflux at time 0 with this
methodology was momentary and reached (treated or
untreated cells) 12-17% in P31 cells (Figure 1A and 1B) and
20-24% of total 86Rb+ in U1690 cells (Figure 2A). At 6 h,
the control 86Rb+ efflux reached 89-90% (Figure 1A and
1B) in P31 cells and 87% (Figure 2A) in U1690 cells. Thus,
after the initial rapid efflux, the rate of 86Rb+ efflux under
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Figure 1. Efflux and influx of 86Rb+ in amphotericin B and nigericin-treated
P31 cells (up to 6 h). 86Rb+ efflux of P31 cells first grown for 24 h with 0.75
mCi/L 86Rb+, rinsed and then incubated in parallel 0-6 h, with or without
(A) amphotericin B 3, 6 and 9 mg/L. (B) nigericin 2.5, 5 and 7.5 Ìmol/L.
The supernatant and the remaining cells were counted for radioactivity. (C)
86Rb+ influx in P31 cells incubated 0-6 h with 0.75 mCi/L 86Rb+ together
with or without stimulators (nigericin 5 and 7.5 Ìmol/L, or amphotericin B
3 mg/L). The supernatant was aspirated, the cells rinsed and radioactivity in
the cells counted. Data denote mean values±S.E.M. for 8 separate
observations. Nig=nigericin, Ampho B=amphotericin B. *p<0.05,
**p<0.01, ***p<0.001 compared with control.

Figure 2. Efflux and influx of 86Rb+ in amphotericin B and nigericin-treated U1690 cells (up to 6 h). (A) 86Rb+ efflux in U1690 cells first grown for
24 h with 0.75 mCi/L 86Rb+, rinsed and then incubated in parallel 0-6 h, without or with nigericin 5 and 7.5 Ìmol/L, or amphotericin B 3 mg/L. The
supernatant and the remaining cells were counted for radioactivity. (B) 86Rb+ influx in U1690 cells incubated 0 - 6 h with 0.75 mCi/L 86Rb+ together
with or without nigericin 5 and 7.5 Ìmol/L, or amphotericin B 3 mg/L. The supernatant was aspirated, the cells rinsed and radioactivity in the cells
counted. Nig=nigericin, Ampho B=amphotericin B. Data denote mean values±S.E.M. of 86Rb+ influx in untreated control for 8 separate observations.
***p<0.001.
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Figure 3. Basal 86Rb+ influx in P31 and U1690 cells. 86Rb+ influx in P31
(■) and U1690 cells (■
■ ) incubated 0 - 60 min with 0.75 mCi/L 86Rb+.
The supernatant was aspirated, the cells were rinsed and radioactivity in
the cells counted. Data denote mean values±S.E.M. for 28-68 separate
observations.

control conditions was similar for both cell lines. The influx
of 86Rb+ in both U1690 and P31 cells was non-linear for the
first 60 min. The U1690 cells showed less than half the
uptake rate of P31 cells (Figure 3). The U1690 cells are
smaller and might therefore contain fewer K+ channels or
pumps; alternatively, the K+ uptake activity is reduced in
the U1690 cells.
To elucidate the possibility of pharmacologically
controlling the efflux of Rb+, we tested inhibitors of some
of the most frequently expressed potassium ion channels. As
a screening, we first tested a set of inhibitors up to 30 min.
In the P31 cell line, iberiotoxin (0.01 Ìmol/L) had an
inhibitory effect, whereas charybdotoxin (4.8 Ìmol/L) and
the other efflux inhibitors did not (results not shown). This
suggested the presence of BK channels in the human
pulmonary mesothelioma cell line. However, on repeating
the experiment up to 60 min, we noted no significant effect
of iberiotoxin alone (results not shown). The results in this
study confirm previous results (10), demonstrating Na+, K+,
ATPase pump and Na+, K+, 2Cl–-cotransport activity as the
main mechanisms of K+ influx, not only for the initial
influx, but also for continued influx up to 60 min (results not
shown). When testing the efflux inhibitors on U1690 cells,
only quinidine had a significant effect when run as a 30-min
86Rb+ efflux screening (results not shown), which suggested
the TWIK1/TASK2 or hERG type of K+ channel
involvement in K+ efflux of the cell line. However, on
repeating the experiment for a longer period, the agent
alone had no effect on 86Rb+ efflux (results not shown). As
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with the P31 cells, bumetanide initially (at 15 min) markedly
decreased 86Rb+ influx. Thereafter, the influx inhibition
gradually decreased to the end of the period. Ouabain (10
Ìmol/L) had a marked and persistent inhibitory effect on
86Rb+ influx. As with P31, the combination of bumetanide
and ouabain did not demonstrate an initial additive
inhibition of 86Rb+ influx, but this gradually developed with
time and reached a maximal inhibition of 25% of the
untreated control cell values (results not shown).
With the initial experiments, we established that K+
efflux was less likely to be affected by specific efflux channel
inhibitors and, therefore, no stimulation by specific
stimulators was anticipated. K+ influx, however, could be
effectively inhibited by the combination of bumetanide and
ouabain. To pharmacologically stimulate the efflux of
86Rb+, we therefore tested a set of known K+ ionophores
on the P31 cell line (Table I). Of them, only amphotericin
B, nigericin and digitonin induced 86Rb+ efflux. Digitonin
was excluded from further studies since a considerable
number of adherent P31 cells were lost during the
experiments. Amphotericin B (3, 6 and 9 mg/L) stimulated
86Rb+ efflux in all three concentrations (Figure 1A). Earlier
studies have shown that 3 mg/L is less toxic than the higher
concentrations and 4 mg/L has been suggested as the
tolerated maximal serum concentration with acceptable
adverse effects (36). With 6 and 9 mg/L amphotericin B, the
efflux was initially very rapid (0.5 h), almost immediately
emptying the cells of the isotope. The efflux induced by 3
mg/L amphotericin B was less dramatic, but after 1-h
incubation the efflux of 86Rb+ was two-fold that of control
cells (Figure 1A). Nigericin (5 and 7.5 Ìmol/L) also
stimulated efflux (Figure 1B), but much less dramatically,
although the higher concentration had almost completely
emptied the P31 cells of 86Rb+ after 2-h incubation.
Nigericin 2.5 Ìmol/L did not significantly stimulate 86Rb+
efflux and was, therefore, excluded from further studies
(Figure 1B). When amphotericin B and nigericin were
studied on 86Rb+ influx, an initial stimulation was noted
with both 5 Ìmol/L and 7.5 Ìmol/L nigericin, but already at
2 and 1 h, respectively, the 86Rb+ influx was markedly
inhibited, an inhibition which persisted through the 6-h test
period. Amphotericin B initially did not significantly
stimulate influx, but, after 1 h, a significant (p<0.01) 86Rb+
influx inhibition was noted. The inhibitory effect decreased
with time, but remained marked throughout the test period
(Figure 1C). When tested on the U1690 cell line, nigericin
(5 Ìmol/L and 7.5 Ìmol/L) as well as amphotericin B
(3 mg/L) stimulated 86Rb+ efflux (Figure 2A). As with the
P31 cells, the efflux induced by nigericin was slower than
that of amphotericin B, but both agents had almost entirely
emptied the cells of loaded 86Rb+ at 2 h. In contrast to the
86Rb+ influx reaction of the P31 cells, the U1690 cells
reacted with a more marked stimulation of the influx when
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Figure 4. Efflux and influx of 86Rb+ in P31 and U1690 cells treated with bumetanide and ouabain alone or in combination (up to 6 h). 86Rb+ efflux
in P31 cells (A) and U1690 cells (B) first grown for 24 h with 0.75 mCi/L 86Rb+, rinsed and then incubated in parallel 0-6 h, with or without test
substances. The supernatant and the remaining cells were counted for radioactivity. 86Rb+ influx in P31 cells (C) and U1690 cells (D) incubated 0-6 h
with 0.75 mCi/L 86Rb+ together with or without inhibitors. The supernatant was aspirated, the cells rinsed, and radioactivity in the cells counted. Bum=10
Ìmol/L bumetanide, Oua=10 Ìmol/L ouabain. Data denote mean values±S.E.M. of 86Rb+ influx in untreated control for 8 separate observations.
*p<0.05, **p<0.01, ***p<0.001.

incubated with 5 and 7.5 Ìmol/L nigericin, as well as 3 mg/L
amphotericin B (Figure 2B). The 86Rb+ influx increase was
also more prolonged before turning to an inhibition. The
influx inhibition of amphotericin B was small compared to
the inhibition seen with the P31 cells at later stages of the
incubation period (Figure 2B). The activity of the K+ influx
inhibitors bumetanide (10 Ìmol/L) or ouabain (10 Ìmol/L)
alone, and in combination were also tested for up to 6 h to
see if the effects noted during the short-term incubations
were lasting. Bumetanide alone inhibited the 86Rb+efflux in
P31 cells on incubation for up to 4 h, whereas ouabain alone
had no effect on the efflux compared to the control cells for
the first 2 h. At 4- and 6-h incubation, ouabain alone
stimulated the 86Rb+efflux (Figure 4A). When bumetanide
and ouabain were combined, an inhibition of the efflux was

noted for incubation up to 4 h, but at 6 h a stimulating
effect was seen. Bumetanide alone transiently inhibited P31
86Rb+ influx from a marked inhibition at 0.5-h incubation
to non-significant compared to control at 6 h incubation
(Figure 4C). Ouabain alone effectively inhibited the
86Rb+influx during the 6-h test period and, when combined
with bumetanide, the 86Rb+ influx was additive throughout
the 6-h period (Figure 4C). Ouabain stimulated the U1690
cell 86Rb+ efflux also after 2, 4 and 6 h (Figure 4B). No
effect was seen with bumetanide alone, but, when combined
with ouabain, the 86Rb+ efflux was markedly inhibited from
1 h and throughout the 6-h test period (Figure 4B). The
influx of 86Rb+ in U1690 cells (Figure 4D) was similar to
P31 cells (Figure 4C). Bumetanide alone had a significant
(p<0.01) 86Rb+ influx effect up to 1 h, after which the
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effect decreased and was not different from the control.
Bumetanide combined with ouabain had an almost additive
inhibition of the 86Rb+ influx on U1690 cells (Figure 4D).
LDH release was used to test the cytotoxicity of the efflux
stimulators and influx inhibitors. In P31 cells, 3 mg/L
amphotericin B induced a small LDH release (1.52±0.92%
and 4.02±0.85% at 3 and 6 h, respectively). An accentuated
(10.9±1.41%) LDH release was noted with 6 mg/L
amphotericin B after 3-h incubation, increasing to 26.4±1.31%
after 6 h. With nigericin 5 and 7.5 Ìmol/L, –2.13±1.30% at 3 h
and 3.78±1.61% after 6 h for the low concentration, and
4.10±0.46% and 2.70±1.42% at 3 and 6 h for the higher
concentration were noted. On combining bumetanide 10
Ìmol/L and ouabain 10 Ìmol/L, no LDH release was shown at
3 h (–7.09±3.02% or 6 h –0.78±1.15%), respectively. In U1690
cells, amphotericin B 3 mg/L induced no LDH release
(0.74±0.64%) at 3 h or 6 h (–1.20±1.25%), whereas 6 mg/L
amphotericin B induced 14.0±1.40% and 54.7±1.38% LDH
release at 3 h and 6 h, respectively. Nigericin 5 and 7.5 Ìmol/L
induced a small LDH release (5.13±2.24% and 8.7±2.09%,
respectively) at 3 h, but high (63.6±2.86% and 73.6±2.63%)
LDH release at 6 h. As in the P31 cells, there was no cytotoxic
effect of the combination bumetanide / ouabain with an LDH
release of –4.57±1.37% at 3 h and –5.27±1.30% at 6 h.

Discussion
A major enhancement of cellular 86Rb+ efflux was
demonstrated by the ionophores amphotericin B, nigericin
and digitonin, although the latter two were cytotoxic. When
bumetanide was combined with the Na+, K+, ATPase pump
inhibitor ouabain, a marked and lasting (tested up to 6 h)
86Rb+ influx inhibition was noted in both cell lines,
however, a considerable efflux inhibition was also noted on
the U1690 cells. Thus, pharmacologically persistent K+
influx inhibition and simultaneous K+ efflux stimulation of
cancer cells can reduce intracellular K+ and may enhance
apoptosis during cancer treatment.
Few studies on the effects of pharmacological drugs on
K+ channel activity in intact adherent tumour cells have
been performed. The cell growth of an androgen-sensitive
prostate cancer cell line was inhibited by K+ flux inhibitors,
indicating the role of K+ channels in tumour progression
(37). K+ channel blockers caused growth inhibition of four
colon cancer cell lines expressing voltage-gated K+
channels, suggesting that K+ channels may be important
therapeutic targets (38). They also demonstrated significant
growth-inhibition of K+ blockers on breast cancer cells (39).
Our previous studies on the pulmonary mesothelioma cell
line P31 showed that Na+, K+, ATPase and Na+, K+, 2Cl–cotransport are responsible for almost all of the influx of K+
(10), whereas no characterization of the efflux mechanisms
of the cells has hitherto been performed. We now expanded
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the studies to include the small cell cancer cell line U1690
as lung cancers generally have poor prognosis and treatment
modalities still include well-known apoptosis inducers such
as cisplatin and radiation. The ionophore amphotericin B
produces pores in the membrane (40) and increases the
opening probability of K+ channels by a factor of six (41).
Combined with the Na+, K+, 2Cl–-cotransport blockers
bumetanide, amphotericin B augments cisplatin-induced
apoptosis, observed as increased nucleosome formation and
caspase-3 activity of mesothelioma cells (42).
By using 86Rb+ (K+ analogue), we studied the influx and
efflux of K+ in the human pulmonary mesothelioma (P31)
and small cell lung cancer (U1690) cell lines. The K+ flux
inhibitors were chosen from their known effects on K+
channels, whether selective or not. Some of them, such as
4-aminopyridine (16, 18) and quinidine (22), are also known
to affect cell proliferation (18). There were, however, only
minute effects of the K+ flux inhibitors on 86Rb+ efflux,
suggesting that channel-specific inhibition of the K+ efflux
is not easily obtained in these cell lines. We instead chose
to test a number of ionophores, which induce efflux of K+
down its concentration gradient. Amphotericin B (43), but
also other ionophores such as beauvericin (28, 32), nystatin
(30) and valinomycin (4, 23, 26, 29) have been shown to
induce or enhance apoptosis.
Of the tested ionophores, amphotericin B, digitonin and
nigericin stimulated 86Rb+ efflux in both cell lines, however,
digitonin was excluded from further experiments due to the
loss of cell adhesion during treatment. Nigericin at 5 and
7.5 Ìmol/L was shown to be cytotoxic in U1690 cells at 6 h,
but not in P31 cells. A high concentration (6 mg/L) of
amphotericin B was toxic in U1690 cells at 6 h, but with less
cytotoxic effect in P31 cells. Of note is also that the
ionophores induced a short-term stimulation of the 86Rb+
influx, followed later by an often marked and prolonged
influx inhibition. This could be due to an initial cellular
compensatory influx response for the ionophore-induced
K+ efflux, but the following influx inhibition suggests that
at least some ionophores such as (seen here) nigericin per
se could deprive cells of K+, not only by efficient
stimulation of efflux, but also by reduction of a
compensatory K+ influx response.
We found that the K+ influx in both P31 and U1690 cells
is, to a large extent, controlled by Na+, K+, 2Cl–-cotransport
and Na+, K+, ATPase pump activity. The Na+, K+, 2Cl–cotransport inhibitor bumetanide markedly inhibited the K+
influx in both cell lines up to 60 min, however the inhibition
was transient and did not remain significantly different from
the control after 6 h. Bumetanide, in combination with the
Na+, K+, ATPase pump inhibitor ouabain, had an additive
inhibitory effect in the P31 cell line for all time-points
measured, whereas the additive effects in the U1690 cell line
were noted later. Bumetanide also inhibited the 86Rb+ efflux
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of P31 cells, whereas no effect was seen on U1690 cells. The
combination of bumetanide with ouabain also inhibited the
86Rb+ efflux, especially in the U1690 cells. The overall
effect on intracellular potassium ion balance of bumetanide
per se, or when combined with ouabain, therefore, seems
difficult to predict with 86Rb+ flux methodology. Other
methods that directly quantify the intracellular K+
concentration have to be used. The combination of
bumetanide and ouabain resulted in a rapid and marked
inhibition of the 86Rb+ influx, suggesting that less
pronounced and slowly emerging K+ inhibition is possible
to achieve by the drugs alone or in combination, depending
on the applied concentration of the drugs.
This is the first study of the pharmacological effects on
U1690 cells with respect to K+ fluxes. The small cell
pulmonary cancer cell line shares similar characteristics with
the P31 line regarding the influx of potassium ions. Na+, K+,
2Cl–-cotransport and Na+, K+, ATPase pump activity are
the main mechanisms controlling the influx of potassium
ions. The effect of inhibitors on the K+ efflux channels was
small, except for bumetanide on P31 cells. The differences
noted demonstrate the importance of describing the
pharmacological effects on K+ fluxes before attempting to
manipulate intracellular K+ concentrations for therapeutic
purposes. Probably, intracellular K+ homeostasis will not be
disrupted as long as the K+ efflux can be counterbalanced
by a sufficient K+ uptake. Since Na+, K+, ATPase and Na+,
K+, 2Cl–-cotransport activity are the dominating mechanism
for K+ uptake, their activity is probably an important factor
in controlling K+ homeostasis and induction of apoptosis in
the tested cell lines. From our results, we conclude that the
influx of K+ can be efficiently inhibited by Na+, K+, ATPase
and/or Na+, K+, 2Cl–-cotransport inhibition, and that the
efflux can be stimulated using ionophores. In future studies
aiming to deprive cells of K+, pharmacological manipulation
of the K+ flux mechanisms would seem to be effective
enough to provoke or enhance apoptosis, which could be
used to improve the efficacy of traditionally used approaches
in cancer treatment.
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