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a b s t r a c t

The ATP-regulated Kþ channel (KATP) plays an essential role in the control of many physiological pro-
cesses, and contains a ATP-binding site. Tyrosine kinase inhibitors (TKI) are commonly used drugs, that
primarily target ATP-binding sites in tyrosine kinases. Herein, we used the patch-clamp technique to
examine the effects of three clinically established TKIs on KATP channel activity in isolated membrane
patches, using a pancreatic b-cell line as a KATP channel source. In excised inside-out patches, the activity
of the KATP channel was dose-dependently inhibited by imatinib with half-maximal concentration of
approximately 9.4 mM. The blocking effect of imatinib was slow and reversible. No effect of imatinib was
observed on either the large (KBK) or the small (KSK) conductance, Ca2þ-regulated Kþ channel. In the
presence of ATP/ADP (ratio 1) addition of imatinib increased channel activity approximately 1.5-fold.
Sunitinib and nilotinib were also found to decrease KATP channel activity. These findings are compatible
with the view that TKIs, designed to interact at the ATP-binding pocket on the tyrosine receptor, also
interact at the ATP-binding site on the KATP channel. Possibly, this might explain some of the side effects
seen with TKIs.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Tyrosine kinases are major regulators of several important
physiological processes [1,2]. Mutations in genes coding for tyro-
sine kinases are frequently observed in cancers and other pathol-
ogies [3]. Therapeutic interventions with tyrosine kinase inhibitors
(TKI) were introduced about two decades ago, and imatinibwas the
first TKI approved for clinical use in chronic myeloid leukemia
(targeting bcr-abl) [4]. Imatinib also became the first targeted
therapy of a solid tumor, the gastrointestinal stromal tumor (tar-
geting c-kit or PDGFR-a receptor) [5]. From a precision medicine
standpoint, targeting mutated oncogenic signaling pathways

revolutionized the treatment of hematological malignancies, as
well as solid tumors. However, due to the abundance of tyrosine
kinases and their involvement in normal cellular processes, side
effects of TKI treatment are common. Both hematological and non-
hematological side effects are frequent, ranging across a wide va-
riety of different symptoms [6].

Although the target specificity varies between different TKIs,
both type I and type II TKI share a mechanism of action that in-
volves occupancy of ATP-binding sites in tyrosine kinases, which
leads to conformational changes that inactivate the enzymatic ac-
tivity, with subsequent effects on cellular signaling [7]. Type I TKIs
(e.g. sunitinib) bind to the ATP site, whereas type II TKIs (e.g.
imatinib, nilotinib) bind the ATP binding cleft and an adjacent
binding site [8,9].

In many cell types, the ATP-sensitive Kþ channel (KATP channel)
connects metabolism to electrical activity. The KATP channel is
composed of the pore forming Kþ inwardly-rectifying channel
(Kir6.x) and an ATP-binding cassette, sub-family C (SURx). In
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pancreatic b-cells, the KATP channel is composed of KCNJ11 (Kir6.2)
and ABCC8 (SUR1). The regulation of the KATP channel is primarily
by changes in intracellular concentrations of ATP and ADP, where
increased ATP/ADP ratio inhibits and decreased ratio stimulates
KATP channel activity [10]. Thus, stimulation of the b-cell with
glucose leads to glucosemetabolism and a corresponding increased
ATP/ADP ratio resulting in inhibition of KATP channel activity, de-
polarization of the cell membrane and subsequent activation of
voltage-dependent Ca2þ channels, which triggers insulin secretion.
Thus, agents that are capable of modulating the KATP channel ac-
tivity may also affect fuel-induced insulin secretion.

The ATP-binding motif is a shared feature between the KATP
channel and tyrosine kinase receptors. A direct effect of TKIs on the
KATP channel is not known, but is theoretically possible. Therefore,
we investigated whether TKIs affects KATP channel activity using
KATP channels from pancreatic b-cells as a channel donor, since its
wildly expressed and well-studied in this cell system.

2. Materials and methods

Cell line e The murine b-cell line MIN6m9 was used as a KATP

channel source. The cell line is derived from an insulinoma [11].
Cells were maintained as previously described [12].

Tyrosine kinase inhibitors (TKIs) e Imatinib and nilotinib were
kindly provided by Novartis (Basel, Switzerland), and sunitinib was
purchased from Sigma-Aldrich (Saint Louis, MO, USA). Imatinib
mesylate was dissolved in purified H2O (Milli-Q purification sys-
tem, Millipore, MA, USA). Sunitinib malate and nilotinib were both
dissolved in dimethyl sulfoxide (DMSO). Stock solutions were ali-
quoted and stored at �20�C prior to use. The concentration used in
this study was choosen from a study on intracellular concentration
of imatinib in clinical specimens, thereby yielding clinically rele-
vant concentrations [13]. The samemolar concentrations were used
for sunitinib and nilotinib, respectively.

Solutions e The extracellular and intracellular solutions used
were according to our previous report [14]. The standard extra-
cellular solution (i.e. pipette solution) contained 138 mM NaCl,
5.6 mM KCl, 1.2 mM MgCl2, 2.6 mM CaCl2, and 5 mM HEPES-NaOH
at pH 7.4. The intracellular solution (i.e. the bath solution) consisted
of 125 mM KCl, 1 mM MgCl2, 10 mM EGTA, 25 mM KOH, and 5 mM
HEPES-KOH at pH 7.4. As indicated in text and figures, ATP was
added as the Mg2þ salt to the “intracellular” solution and ADP was
added as Naþ salt. Mg2þ was added to maintain excess concentra-
tions of Mg2þ.

Electrophysiologye KATP channel activity was recorded using the
patch-clamp technique (12). P-2000 laser pipette puller (Sutter
Instrument, CA, USA) was used to pull pipettes from 1.6 mm o.d.
boroscilate glass tubes. Pipettes were sized to obtain resistance
values between 3 and 5MU. Currents were recorded using an HEKA
EPC-10 patch-clamp amplifier (HEKA Elektronik GmbH, Germany).
Membrane patches were excised and maintained in a nucleotide-
free solution. 100 mM ATP was first added to test for channel inhi-
bition. With the specified solutions used, ion currents were
directed outward, and channel records were displayed in accor-
dance with the convention that upward deflections denote out-
ward currents. Room temperature (20e24 �C) was maintained
throughout all experiments. Channel activity was measured at
0 mV unless otherwise stated.

Data analysis - Data analyses generally followed the procedures
described previously [15]. In short, open time kinetics were
determined using TAC software (Bruxton, WA, USA) by digitizing
segments of the current records (60-s long) and forming histo-
grams of baseline and open-level data points. Analysis of the dis-
tribution of KATP channel open times was restricted to segments
containing no more than two active channels. Events were

identified using a 50% amplitude criterion. The kinetic constants
were derived by approximation of the data to exponential functions
by the method of maximum likelihood [16]. Channel activity (NPO,
where N is the number of active channels and Po is the open
probability) was calculated as the mean current (I) divided by the
single KATP channel current amplitude (ix), (see Equation (1)).

NPo ¼ I
ix

(1)

Results are expressed as mean ± S.D., and statistical significance
was analyzed using paired or unpaired Student’s t-tests, and
ANOVA-test as appropriate.

Detailed analysis of the dose-inhibition relation for imatinibwas
performed similarly to that previously described [17]. Acquired
data fitted to a modified Hill equation (Equation (2)), where

Fig. 1. Effects of imatinib on KATP channel activity in inside-out membrane patches
from the pancreatic ß-cell line MIN6m9. A Example recording of KATP currents upon
addition of 30 mM imatinib. In the presence of imatinib, the channel activity (NPO)
decreased approximately 4-fold, from 1.4 to 0.40. B Example of KATP currents upon
increasing imatinib concentrations showed dose-dependent decrease of KATP channel
activity, where NPo decreased from 2.4 to 1.8 (1 mM imatinib), 1.5 (3 mM imatinib), and
0.9 (10 mM imatinib). C Dose-response curve for KATP channel activity after exposure to
different concentrations of imatinib. The data were fitted to the Hill-equation, and
results are presented as mean values ± S.D. for n ¼ 6e11 observations. Arrowheads
indicate the zero current level.
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[imatinib] is the concentration of the TKI, L is the maximal inhibi-
tion caused by the compound, IC50 is the concentration of imatinib
causing half-maximal inhibition and h is the slope parameter cor-
responding to the Hill co-efficient.

NPo ¼1� L

1þ
�
Imatinib
IC50

��h
(2)

3. Results

3.1. KATP channel activity is inhibited by imatinib

Possible effects of imatinib on KATP channel activity were stud-
ied by electrophysiology in MIN6m9 cells. Fig. 1A shows a typical
trace obtained by exposing an excised patch to 30 mM imatinib.
Upon exposure of membrane patches to 30 mM imatinib, channel
activity (NPO) decreased from 1.96 ± 0.66 to 0.55 ± 0.19 (n ¼ 11;
P < 0.001). In Fig. 1B, we exposed isolated patches to increasing
concentrations of imatinib, ranging from 1 to 10 mM. In addition, we
constructed a dose response curve using five different concentra-
tions of imatinib ranging from 1 to 100 mM (1, 3, 10, 30 and 100 mM).

Compiled data of the concentration-inhibition relation are shown
in Fig. 1C. Values are expressed as the channel activity as a function
of imatinib concentration (NPO), normalized to the activity in
standard intracellular solution before the addition of imatinib (NPO
control). The mean values were fitted to the Hill equation (Equation
(2)), and the concentration causing a 50% of maximal inhibition of
channel activity was found to be 9.4 mM,with a Hill coefficient (h) of
1.6, and the maximal inhibition (L) of 0.76. These findings
demonstrate that imatinib decreases KATP channel activity in a
dose-dependent manner.

3.2. Imatinib does not alter kinetic properties of the KATP channel

We further examined the effects of imatinib on kinetic proper-
ties of the KATP channel. In Fig. 2A, the current-voltage (i-V) rela-
tionship was investigated at different membrane potentials (Vm)
ranging from�40 mV toþ80 mV. The presence of imatinib (30 mM)
did not alter the rectification properties and the i-V relation
compared to control situation. We next analyzed the open-time
distribution in the absence (Fig. 2B) and presence (Fig. 2C) of
imatinib using patches containing no more than two simulta-
neously active channels. Examples of channel openings on an
expanded time scale for each respective condition are shown in

Fig. 2. Current-voltage (i-V) relationship and single channel kinetics of imatinib on KATP channel. A Single KATP channel i-V relationship in the absence (filled circles) and
presence (open circles) of 30 mM imatinib. Each value represents mean ± S.D., n ¼ 3e5 recordings. Values were fitted to third order regression lines, yielding r2 values > 0.97 for both
curves. B and C Frequency versus lifetime histograms of channel openings under control conditions (B) and in the presence of 30 mM imatinib (C). In control, the distribution of KATP

channel open times could be described by a single exponential function with a time constant (tο) of 22.9 ms (n ¼ 1509 events). In the presence of 30 mM imatinib, the distribution of
open time could be fitted with a tο of 24.1 ms (n ¼ 841 events). The insets show typical channel activity on an expanded time scale. Arrowheads indicate the current level when the
channel is closed, and bin width was set to 10 ms.
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Fig. 2B and C. The mean duration of openings under control con-
ditions was 20.9 ± 4.8 ms (n ¼ 6), which is similar to what has been
reported earlier for the KATP channel [18]. Similar channel kinetics
were observed in the presence of imatinib, with a mean open time
of 18.8 ± 5.2 ms (n ¼ 4; n.s.).

3.3. Inhibition of the KATP channel activity by different types of TKI

Using the same protocol as in Fig. 1, we exposed a series of
inside-out membrane patches to 30 mM sunitinib (Fig. 3A) and
30 mMnilotinib (Fig. 3B). For sunitinib, NPO decreased from 2.3 ± 1.5
to 1.3 ± 0.85 (n ¼ 7; P < 0.01), and for nilotinib NPO decreased from
2.7 ± 1.4 to 1.1 ± 0.76 (n ¼ 5; P < 0.05). A summary of the relative
inhibitory effects of 100 mM ATP, 30 mM imatinib, 30 mM sunitinib
and 30 mM nilotinib as compared to control is shown in Fig. 3C. In
conclusion, all three TKIs, imatinib, sunitinib and nilotinib,

decreased KATP channel activity.
The effect of imatinib exposure on large conductance Ca2þ-

regulated Kþ (KBK) channel showed no effect on channel activity
(data not shown). Exposing inside-out patches to 30 mM imatinib
did not affect the mean current of KBK channel. KBK channel activity
(NPO) was 0.49 ± 0.2 during control solution, compared with
0.52 ± 0.2 in the presence of imatinib (n¼ 3; n.s.). The activity of the
small Ca2þ-regulated Kþ conductance channel (KSK) was also un-
affected after exposure to 30 mM imatinib (data not shown).

3.4. Imatinib activates the KATP channel in the presence of a low
ATP/ADP ratio

Fig. 4A shows a recording of KATP channels in membrane excised
in nucleotide-free solution, and sequently exposed to ATP,
ATP þ ADP, and ATP þ ADP þ imatinib. As expected, addition of
100 mMATP potently blocked the channel activity. In the continuing
presence of ATP, addition of 100 mM ADP restored the channel ac-
tivity, and finally, in the presence of both nucleotide, addition of
30 mM imatinib resulted in a further increase of channel activity.
Fig. 4B summarizes the data from multiple membrane patches
using the same protocol.

Fig. 3. Effect of sunitinib and nilotinib on KATP channel activity in inside-out
membrane patches. Representative inside-out recording of KATP channel current in
the presence of A 30 mM sunitinib (NPO decreased approximately 2-fold, from 2.5 to
1.3) and B 30 mM nilotinib (NPO decreased more than 3-fold, from 4.1 to 1.3). C Sum-
mary of KATP channel inhibition upon exposure to 100 mM ATP, 30 mM imatinib, 30 mM
sunitinib, or 30 mM nilotinib. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant.
Arrowheads indicate the zero current level.

Fig. 4. Imatinib activates KATP channel current in the presence of ATP/ADP. A
Representative recording of KATP channel current in inside-out membrane patch iso-
lated from MIN6m9 cells. Addition of 100 mM ATP rapidly decreased channel activity,
which was restored upon addition of 100 mM ADP. Addition of 30 mM imatinib further
increased channel activity. Addition of 100 mM ATP potently blocked the channel, and
NPO decreased from 2.0 to 0.1. In the continuing presence of ATP, addition of 100 mM
ADP restored the channel activity and NPO increased to 2.2. Finally, in the same
recording and with both nucleotides present, addition of 30 mM imatinib resulted in a
further increase of NPO to 2.8. Arrowhead indicates the zero-current level. B Summary
of consecutive exposures to ATP, ADP and imatinib. *P < 0.05, ***P < 0.001.
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4. Discussion

In the present study, we report that three TKIs established in
clinical use inhibit the activity of KATP channels in membrane
patches excised from murine b-cells. The effect is likely due to
direct interaction with the KATP channel protein, since the mea-
surements were performed on isolated membrane patches where
cell metabolism is omitted. The effect of TKIs was reversible with
the channel activity returning after TKI washout. However, the
channel activity is not immediately recovered as seen after ATP
removal [19]. It is likely that TKIs, known to interact on the ATP
binding site on the tyrosine kinase, also interact with the ATP
binding site on the KATP channel. Similar to ATP, imatinib does not
alter the channel conductance or kinetics properties. This finding,
combined with no observed effects on Ca2þ and voltage-activated
Kþ channels (KBK and KSK channels), further supports the notion
that imatinib, sunitinib and nilotinib interact with the KATP channel
protein.

An intriguing finding, with unknown physiological impact
in vivo, is that imatinib activates the KATP channel in the presence of
ATP and ADP (100 mM each). Our hypothesis that imatinib interacts
with the ATP binding site on the KATP channel in a competitive
manner is supported by the notion that onmolar basis, imatinib is a
weaker channel blocker than ATP, and that stimulation of KATP
channel requires ATP hydrolysis, since a non-metabolizable ATP
analogue (ATP-g-S) does not activate the channel in the presence of
ADP [18].

The KATP channel is involved in several cellular functions and is
present in multiple tissues including the central and peripheral
nervous system, the pituitary gland, different types of muscles and
pancreatic b-cells. Due to the abundant expression, interactionwith
the KATP channel could potentially explain some of the side effects
seen during TKI treatment, such as gastrointestinal motility prob-
lems, cardiovascular, and neurological side effects [20]. To our
knowledge, this is the first study to show a direct interaction with
the KATP channel, even though it has been hypothesized to impact
the KATP channel in some studies [21e23].

Type II TKI inhibitors have traditionally been thought to bemore
specific, due to binding an allosteric site in addition to the ATP-
binding site [8]. This view has been challenged [24]. A broad
analysis of different TKIs revealed that type II inhibitors generally
exhibited a higher selectivity for their target kinase compared to
type I, although it varied between individual TKIs [25]. According to
our findings, both type I and type II inhibitors were observed to
inhibit KATP channel activity, possibly suggesting their ability to act
on ATP-binding sites of other proteins, in this case the KATP channel.
It could be speculated that other inhibitors that target ATP-binding
motifs, such as the MAP kinase inhibitors, also affects the KATP
channel but is not within the scope of the current study.

In gastrointestinal tumor, a proof-of-concept study found the
intracellular concentration of imatinib to vary between 4.6 and
36.6 ng/mg wet tissue [13]. An estimate assuming that tumor
density is close to fat (0.92 kg/L) would result in an intracellular
concentration of 8.6e68.2 mM. In our view, the concentrations used
in this study are likely in the range of the expected intracellular
concentrations in vivo during per label imatinib use, further
strengthening the current findings as clinically relevant.

Several studies have reported positive outcomes on diabetes
upon imatinib and sunitinib treatment [26e28]. It is hypothesized
that TKIs may affect insulin release or other unknown mechanisms
to achieve the beneficial effects. Considering that pancreatic b-cell
insulin release is a fine-tuned process where small changes in KATP
channel activity may cause membrane depolarization and affect
down-stream hormone exocytosis [29], the present results war-
rants further investigation.

In summary, we present the first evidence of an immediate
functional interaction between TKI and the KATP channel under
physiologically relevant concentrations, which are concentrations
also expected to be found in target tissues under per label TKI use.
Our results may explain some of the commonly seen non-desirable
off-target side effects with TKI treatment, as well as at least partly
explain its potential anti-diabetogenic effects. This study adds
further knowledge to these commonly used drugs in modern
oncological treatment.
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