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ABSTRACT
2,3-Butanedione monoxime (BDM) is a reversible myosin AT-
Pase inhibitor with phosphatase-like activity. It is being evalu-
ated for its therapeutic benefit in organ preservation in addition
to its use to prompt cardioplegic arrest. Its effects on transcrip-
tional regulation of ion channels and Ca2�-handling proteins,
surprisingly, are basically unknown. We therefore studied ex-
pression of genes coding for ion channels and Ca2�-handling
proteins in explanted hearts and cultures of Ca2�-tolerant car-
diomyocytes. In addition, we studied the effect of daily treat-
ment with 250 mg of BDM/kg of body weight for up to 72 h.
Furthermore, Ca2�-tolerant cardiomyocytes were isolated and
cultured in the presence of 15 mM BDM and harvested 24 or
72 h after dosing. It is noteworthy that a modest to highly

significant increase in transcript level of ion channels, ion ex-
changers, Ca2�-binding proteins, and cytoskeletal proteins
was observed after treatment of rats with BDM. Likewise, with
cultures of cardiomyocytes, statistically significantly increased
transcript levels of potassium and sodium ion channels as well
as some ion exchangers (PMCA2 and 4) were noted, even
though expression of genes coding for Ca2�-binding and cy-
toskeletal proteins was repressed. This preponderance of tran-
scriptional up-regulation of cardiac-specific genes suggests a
mechanism of action whereby unilateral dephosphorylation of
coded proteins resulted in a feedback loop of regulation (e.g.,
transcriptional activation of coding genes).

Butanedione monoxime is a reversible myosin ATPase in-
hibitor with phosphatase-like properties. It was originally
designed to rescue cholinesterase activity in case of poisoning
with organophosphates, but its dephosphorylating action
proved to be relatively nonspecific and was not limited to
acetylcholinesterase (Xiao and McArdle, 1995a). Further
studies with BDM demonstrated significant lowering of the
blood pressure in normo- and hypertensive rats (Xiao and
McArdle, 1995b). The authors attributed the reversible effect
to direct and indirect actions of BDM on the cardiac and
vascular smooth muscle and particularly inhibition of inward
Ca2�-currents.

Because of its ability to uncouple skeletal and cardiac
muscle contraction, BDM was profiled for cardioplegic arrest.
Several studies point to beneficial effects on the preservation
and protection of cardiomyocytes after hypothermic and hy-
perkalemic cardioplegic arrest (Dorman et al., 1996), includ-
ing amelioration of myocardial edema and atrioventricular
conduction delay after reperfusion (Jayawant et al., 1999) as
well as normalization of myocyte contractile function (Dor-
man et al., 1996). The cardioprotective properties of BDM are

linked to an inhibition of cross-bridge force development, the
reduction of myofilament Ca2�-sensitivity, and the attenua-
tion of intracellular Ca2�-transients (Jayawant et al., 1999)
and was shown to be time-dependent (Habazettl et al., 1998;
Voigtlander et al., 1999). Moreover, BDM was more efficient
in atria compared with the chambers of the heart (Schwinger
et al., 1994). BDM has been shown to improve right atrial
function in a porcine model of allogenic heart transplantation
(Vahl et al., 1995; Thum and Borlak, 2001; Warnecke et al.,
2002).

BDM is still evaluated for cardioplegic arrest and in organ
preservation to improve storage of transplants, but a system-
atic study on the transcriptional regulation of ion channels
and other Ca2�-handling proteins is still lacking. Nonethe-
less, this information is needed because BDM interferes with
ion channel function. Indeed, BDM inhibits the L-type Ca2�-
channel (Eisfeld et al., 1997) and reduces the opening prob-
ability, thereby increasing the closed time of this particular
channel (Allen and Chapman, 1995). BDM was also reported
to activate skeletal as well as cardiac ryanodine receptors
(RYR) in single-channel measurements (Tripathy et al.,
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1999) and blocked the transient outward K� current (Ito),
whereas the inward rectifier K� current (Ik) was shown to be
relatively recalcitrant toward the effect of BDM (Xiao and
McArdle, 1995a).

We previously reported BDM’s ability to modulate expres-
sion of some major heart-specific genes in transplanted
hearts and cultures of cardiomyocytes (Thum and Borlak,
2001), but we did not study the regulation of genes coding for
ion channel and Ca2�-sequestering proteins. We now report
the effect of BDM on ion channel gene expression in vivo after
single and repeated treatment of Sprague-Dawley (SD) rats
and compare our findings with results obtained from cultures
of Ca2�-tolerant cardiomyocytes. Overall, we aimed to fur-
ther our understanding of the mode of action of BDM on the
transcriptional regulation of ion channel and other Ca2�-
handling coding genes.

Materials and Methods
Animals

All animal procedures described in this report were approved by
the local authorities, and the investigation conforms with the Guide
for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (National Institutes of Health publica-
tion no. 85-23, revised 1996).

Chemicals

BDM, a 2,3-butanedione monoxime, was obtained from Fluka
(Buchs, Germany) and was of �99% purity. Ketamine and rompun
were purchased from Medistar (Hannover, Germany) and heparin
was purchased from Roche (Mannheim, Germany). All chemicals
used were of highest purity.

Experimental Design

In Vivo Studies. Male SD rats weighing 230 � 9 g were obtained
from Charles River Laboratories (Sulzfeld, Germany). Food and wa-
ter were given ad libitum. BDM was dissolved in freshly autoclaved
water. Rats (n � 3 per time point) were treated daily with a single
i.p. dose of 250 mg/kg of body weight. The dose selection is based on
literature findings in which dose-response relationships with regard
to animal behavior and survival were investigated (Brightman et al.,
1995; Xiao and McArdle, 1995a) The first group of animals was killed
24 h after the first injection (single dose), whereas the second group
received BDM for 2 days further and thus were killed 72 h after the
first injection.

Heart Explantation and Isolation of Cardiomyocytes. Rats
(n � 3) were anesthetized with 0.1 ml of ketamine per 100 g og body
weight and 50 �l of rompun per 100 g of body weight. In addition,
2.000 international units of heparin were given i.p. before surgery.
The heart was anatomically prepared and immediately frozen to
await further analysis.

Isolation and Cultivation of Cardiomyocyte Cultures. Isola-
tion of cardiomyocytes was done essentially as described by Thum
and Borlak (2001). Cells were then examined and photographed
under phase contrast microscopy to assess their quality and quantity
and showed a purity of �95%. Cardiomyocytes were cultured in the
presence of 15 mM BDM. They were kept at 37°C at 5% CO2 and
harvested shortly after isolation as control, as well as 24 and 72 h
after treatment, respectively.

RNA and cDNA. Total RNA was isolated from the right and left
ventricles of the explanted hearts and from cultured cardiomyocytes
using the NucleoSpin RNA kit from Macherey-Nagel GmbH (Düren,
Germany), according to the manufacturer’s recommendation. The
integrity of isolated RNA was verified using a 1.0% agarose gel.

Two micrograms of total RNA was used for reverse transcription.
RNA and random primer (Promega) were preheated for 10 min at

70°C and then chilled on ice for 2 min. 5� reverse transcriptase-
Avian myoblastosis virus buffer (Promega), dNTPs (10 mM; Pro-
mega), RNAsin (Promega), Avian myoblastosis virus buffer (Pro-
mega), and diethyl pyrocarbonate (DEPC)-H2O were added to a final
volume of 20 �l. Then, reverse transcription was carried out for 60
min at 42°C and was stopped by heating to 95°C for 5min. The
resulting cDNA was diluted with 80 �l of DEPC and then frozen at
�20°C to await further analysis.

Thermocycler RT-PCR. PCR reactions for ion channel- and
transcription factor-genes were done with a 20-�l reaction mixture
containing HotStarTaq Master Mix (QIAGEN, Valencia, CA), DEPC,
1 �l of cDNA, and a 1.0 �M concentration of the 3�- and 5�-specific
oligomers (synthesized by Invitrogen GmbH, Karlsruhe, Germany).
PCR reactions were carried out in a thermal cycler (T3; Biometra,
Göttingen, Germany) using the following conditions: 95°C for 15 min
and 94°C for 30 s, followed by the individual conditions for each gene
as outlined in Table 1.

PCR reactions were done within the linear range of amplification
and were separated using a 1,5% agarose gel. They were visualized
by ethidiumbromide under UV transillumination. Quantification of
PCR products was done with the software of the Kodak Image
Station version 3.5.

Statistical Analysis

We used Hottelings T2 test with the SPSS software package (ver-
sion 10.0; SPSS Inc., Chicago, IL). Whenever significant results were
computed, further pair-wise t tests were done. With this approach,
experiment-wide error rate of multiple testing could be controlled.
Results were considered significant at p � 0.05.

The stars without brackets (Figs. 2–5) simply describe significant
differences between control versus treatment groups, whereas the
brackets describe comparisons in vitro or in vivo or a comparison
between both systems. Note that we used the mean values of both
ventricles for comparison between in vitro and in vivo.

Results
Effects of BDM in Cultures of Ca2�-Tolerant Cardio-

myocytes. Approximately 11.9 � 0.3 � 106 cells/heart were
isolated. The purity of cardiomyocyte cultures was �98%, as
judged by phase contrast light microscopy. Cardiomyocytes
were rod-shaped with well-defined cross-striations. It is im-
portant to note that cardiomyocytes were not beating. In the
absence of BDM, cardiomyocytes developed cytoskeletal de-
fects with loss of rod-shape morphology (Thum and Borlak,
2001). Controls were defined as freshly isolated cells and
were frozen immediately to await further analysis.

Expression of Ion Channels. Initially and in the absence
of BDM, expression of ATP-dependent K� channel (Kir6.1)
was reduced to 40% of control but returned to normal upon
treatment with BDM (Figs. 1 and 2).

Likewise, BDM restored expression of G-protein regulated
K� channel (Kir3.4), which was initially reduced to 50% and
below the limit of detection after 72 h. The beneficial effects
of BDM were not apparent after 72 h of culture, because
expression levels were 5% of control. BDM rescued expres-
sion of the cardiac Na� channel (Nav1.5). In untreated cul-
tures, expression was 50% (24 h) and thereafter not detect-
able (72 h). BDM elicited an increase in cultures (24 h) of
approximately 2.5-fold, but the beneficial effects of BDM
were not apparent after 72 h (e.g., expression of Nav1.5 was
5% of control). A 50% decline in transcript level of RYR-2 was
observed after 24 h in cultures and further decreased to 5% at
72 h. With BDM, RYR-2 expression remained unchanged
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after 24 h but declined to approximately 50% of control, 72 h
in culture.

As depicted in Fig. 1, RYR-3 was below the limit of detec-
tion after 24 h in cultures and returned thereafter to approx-
imately 50% of control values. Treatment of cultures with
BDM evoked a 1.5-fold increase (24 h). Nonetheless, and
after 72 h in culture, expression of RYR-3 declined to approx-
imately 50% of control values.

Expression of Ion Exchangers. Expression of NCX-1
was reduced to approximately 50% (24 h) and decreased
further to below the limit of detection after 72 h in culture
(Figs. 1 and 3). BDM had no apparent effect. Likewise,
SERCA2b expression was 50% of control after 24 and 72 h in
culture. With BDM, expression remained either unchanged
(24 h) or was basically unchanged (72 h). PMCA1 expression
was initially below the limit of detection (24 h) but returned
to expression levels 2.5-fold above control. BDM rescued ex-
pression levels to nearly 50% of control (24 h) and elicited a
300% increase above control after 72 h of culture. Likewise,
PMCA2 was reduced to 50% of control (24 h) and below the
limit of detection after 72 h of culture. BDM elicited initially
an increase of nearly 2-fold in PMCA2 expression (24 h), but
expression declined to 50% of control after 72 h. It is note-
worthy that PMCA4 expression was increased by 700% and
600% of control. After 72 h in culture, levels dropped to
control values or were slightly above upon BDM treatment
(see Fig. 3).

At first, expression of the Na-K-ATPase was 50% of control.
No further treatment-related effect was observed after 72 h
in culture. With phospholamban, expression was nearly 1.5-
fold of control after 24 h in culture but declined to 50% of
control after 72 h in culture. With BDM, no clear effect was
obvious even though expression of phospholamban was 70%
of control after 24 h in culture.

Expression of Cytoskeletal Proteins In the absence of
BDM, expression of �-cardiac actin was 80 and 40% of control

at 24 h and 72 h, respectively. With BDM, expression was
either unchanged (24 h) or 20% of control (72 h) (Figs. 1 and
4). As shown in Fig. 4, expression of �-skeletal actin was
markedly decreased. In untreated cultures, levels were 50%
(24 h) and 10% (72 h) of control. With BDM, expression was
nearly 10% at both time points. �-MHC expression was re-
duced to 50 and 20% after 24 and 72 h of cultures. Overall,
BDM had little effect on expression of �-MHC transcripts.
Expression of �-MHC was 2-fold (24 h) and 50% of control
after 72 h in culture. BDM repressed �-MHC expression to
approximately 50% of control after 24 h and 72 h in culture.

Expression of Ca2�-Binding Proteins. In the absence
of BDM, expression of calsequestrin was either unchanged
(24 h) or hardly detectable (72 h). With BDM, expression of
calsequestrin was reduced by half (24 h) and was near the
limit of detection thereafter (72 h) (Figs. 1 and 5). Expression
of calmodulin was moderately increased (1.5-fold, 24 h) and
later reduced to 50% of control (72 h). With BDM, expression
was initially 50% of control but basically no change was
observed after 72 h in culture. Compared with freshly iso-
lated cardiomyocytes, expression of calreticulin was in-
creased by 1.5-fold (24 and 72 h). With BDM, a similar
1.5-fold increase was observed after 72 h in culture.

Effects of BDM in Vivo. Treatment with BDM was well
tolerated. After explantation, the heart was examined mac-
roscopically and weighed. No pathological change was ob-
served, and heart weight was 0.62 � 0.02% and 0.61 � 0.05%
of total body weight 24 and 72 h after treatment, respec-
tively.

Expression of Ion Channels. Compared with control,
expression of the ATP-dependent K� channel (Kir6.1) in-
creased by approximately 10- and 14-fold in the right and left
ventricles at 24 and 72 h after treatment, respectively (Figs.
2 and 6). BDM also elicited an approximately increases of
approximately 2.5- and 2-fold in the gene expression of G-
protein regulated K� channel (kir3.4) in the right and left

TABLE 1
Oligonucleotide primers used in the reverse transcription-PCR

Gene (Accession Number) Forward Primer Reverse Primer Product
Length Cycler Program

bp

Calsequestrin (u33287) tca aag acc cac cct acg tc cca gtc ttc cag ctc ctc ag 352 57°C, 60 s/30 cycles
Calreticulin (NM 022399.1) atgaccccacagattccaag gcataggcctcatcattggt 339 55°C, 60 s/33 cycles
Calmodulin (AF 178845.1) gaagcaggccagtcaaagac cgaatttggaagccaacact 348 55°C, 60 s/33 cycles
SERCA 2a (van den Bosch

et al., 1994)
tcc atc tgc ctg tcc at gcggttactccagtattg 196 55°C, 60 s/35 cycles

SERCA 2b (van den Bosch
et al., 1994)

tcc atc tgc ctg tcc at aga cca gaa cat atc act 324 55°C, 60 s/35 cycles

PMCA 1 (j03753) tgc ctt gtt ggg att tct ct cac tct ggt tct ggc tct cc 351 55°C, 60 s/35 cycles
PMCA 2 (j03754) att gat gga gct ggg atc ag act tca ccg tgg aca cct tc 350 57°C, 60 s/35 cycles
PMCA 4 (u15408) agc agt tgc gtc agt cag aa gct ttg tag agg gct gtt gg 351 57°C, 60 s/38 cycles
Na-K-ATPase (NM012504) tgt gat tct ggc tga gaa cg agg aca gga aag cag caa ga 299 57°C, 60 s/35 cycles
NCX-1 (x68191) tgt ctg cga ttg ctt gtc tc tca ctc atc tcc acc aga cg 364 55°C, 60 s/35 cycles
Kir 3.4 (L35771) gga tgg cag aca gga aag ag acc acc tgt tgg agc tgt tc 351 56°C, 60 s/35 cycles
Kir 6.1 (D42145) tga gtc tag gac gcg ttg tg cac cag cca cca cat gat ag 351 55°C, 60 s/35 cycles
Nav 1.5 (M27902) cag ctg aca tga cca aca cc ttg agc agc atc tcc aac ac 349 55°C, 60 s/35 cycles
RYR 2 (af130880) cca aca tgc cag acc cta ct ttt ctc cat cct ctc cct ca 348 57°C, 60 s/35 cycles
RYR 3 (af130881) cgt ctc tgg tgt cat ggc ta cac act tca tat ccg gct ca 345 57°C, 60 s/38 cycles
Phospholamban (x71068) gct gag ctc cca gac ttc ac gcg aca gct tgt cac aga ag 339 57°C, 60 s/30 cycles
Troponin T (NM012676.1) gggtacatccagaaggctca gtgcctggcaagacctagag 374 55°C, 60 s/33 cycles
Troponin I (NM017144.1) atctccgcctccagaaaact cagtagtgcctgcatcatgg 352 55°C, 60 s/33 cycles
�-Cardiac Actin (X80130) actcctatgtaggtgacgaggc gacgttatgagtcacaccgtcg 337 57°C, 60 s/33 cycles
�-Skeletal Actin (V01218) atctcacgttcagctgtggtca accaccggcatcgtgttggat 182 55°C, 60 s/33 cycles
�-MHC (X15938) ggaagagcgagcggcgcatcaagg ctgctggacaggttattcctca 304 65°C, 60 s/35 cycles
�-MHC (X15939) gccaacaccaacctgtccaagttc ttcaaaggctccaggtctcagggc 202 55°C, 60 s/35 cycles
GAPDH (J02624) ggccaaggtcatccatga tcagtgagcccaggatg 353 55°C, 60 s/32 cycles
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ventricles 24 h after treatment. Seventy-two hours after dos-
ing, expression in the right ventricle was further increased
by 3-fold, whereas mRNA expression in the left ventricle
remained nearly unchanged. BDM produced an increase of
nearly 2.5-fold in the cardiac Na� channel (Nav1.5) expres-
sion in right and left ventricles after 24 h and 72 h of treat-
ment. Expression of the gene coding for RYR-2 increased
approximately 3.5-fold in right and left ventricles 24 h after
dosing. Thereafter, levels of RYR-2 transcripts were 4-fold in
the right ventricle and nearly 3-fold in the left ventricle after
72 h of dosing. Compared with control, BDM produced an
increase of nearly 2-fold in RYR-3 gene expression in the
right ventricle 24 h after dosing that increased further to
nearly 4.5-fold after 72 h. The initial 3.5-fold increase in gene
expression in the left ventricle was followed by a decline to
150% of control values. BDM produced an approximate 6-fold
(24 h right ventricle and 72 h left ventricle) and 8-fold (72 h
right ventricle and 72 h left ventricle) increase in L-type
Ca2� channel gene expression compared with control values.

Expression of Ion Exchangers. In both ventricles, ex-
pression of NCX-1 was increased by 3-fold after 24 and 72 h
of treatment (Figs. 3 and 6). BDM had little effect on SERCA
2a mRNA expression, producing an increase of approxi-
mately 2-fold in both ventricles 24 h and 72 h after treat-
ment. As shown in Fig. 3, expression of SERCA2b was in-
creased 2.5- and 1.5-fold in the right and left ventricles,
respectively, after 24 h of treatment. Although expression
remained unchanged in the right ventricle, it increased fur-

ther to 2-fold in the left ventricle after 72 h of treatment.
Compared with control, BDM elicited an increase in tran-
script of PMCA1 of approximately 3- and 4-fold in the right
and left ventricles, respectively, 24 h after treatment. Ex-
pression declined thereafter to approximately 2-fold after
72 h of dosing. In the right ventricle, expression of PMCA2
was 2.5- and 3.5-fold at 24 and 72 h after dosing. With left
ventricles, expression was 4-fold (24 h) and 3-fold (72 h). In
the case of PMCA4, increases of 2-fold (right ventricle) and
3-fold (left ventricle) were observed 24 h after dosing. In the
right ventricle, expression was similar to control but remained
unchanged in the left ventricle after 72 h of treatment. Further-
more, BDM caused an increased expression of Na-K-ATPase
(ATP1A1) by 5- and 6-fold in the right and left ventricles,
respectively, 24 h after treatment. After 72 h of treatment,
ATP1A1 gene expression did not change in the right ventricle
but was increased by 4-fold in the left ventricle. In addition,
phospholamban was increased by 3.5-fold in the right and left
ventricles 24 h after treatment. Transcript levels remained
approximately 300% above control after 72 h of treatment.

Expression of Genes Coding for Cytoskeleton. Gene
expression of �-skeletal actin was increased by 2.5-fold in
both ventricles 24 h after dosing and remained increased
2-fold after 72 h of treatment (Figs. 4 and 6). In contrast,
expression of �-cardiac actin was 80 and 60% in right and left
ventricles after 24 and 72 h of treatment, respectively. As
shown in Fig. 4, BDM had little effect on �-MHC gene ex-
pression in either ventricle after 24 and 72 h of treatment. It
is noteworthy that gene expression of �-MHC was 200% (24
h) and 500% in right and 400% in left ventricles (72 h) upon
treatment with BDM. Gene expression of Troponin T was
increased 5-fold (24 h) and 3-fold (72 h) upon treatment with
BDM in right and left ventricle, respectively. BDM produced
only a 3-fold increase of the gene coding for Troponin I in
right ventricle (24 and 72 h) and a 4-fold increase in left
ventricle (24 and 72 h).

Expression of Genes Coding for Ca2�-Binding Pro-
teins. Calsequestrin expression was increased nearly 4-fold
in both ventricles after 24 and 72 h of treatment (Figs. 5 and
6). Likewise, expression of calmodulin was increased by 3-
and 4-fold in the right and left ventricles (24 h) and approx-
imately 4-fold in both ventricles after 72 h of treatment. BDM
produced an increase of approximately 6-fold in the gene
expression of calreticulin 24 h after treatment and a further
7-fold increase after 72 h.

Discussion
BDM was studied extensively for its effects on rhythm,

conduction, and blood pressure. It is currently being evalu-
ated as a cardioprotective agent in transplantation medicine.
Its ability to regulate transcription of ion channel and cal-
cium handling proteins of the heart is basically unknown. We
therefore studied the effects of BDM in cultures of cardiomy-
ocytes and in vivo in male SD rats. We demonstrate an array
of effects in cultures of calcium-tolerant cardiomyocytes and
in explanted hearts of male SD rats. Overall, we observed
increased transcript levels of ATP-dependent and G-protein-
regulated potassium channels, as well as induction in the
gene expression of the sodium ion channel. In particular,
repressed transcript levels of ion exchangers, calcium bind-
ing proteins, and cytoskeletal proteins returned to normal or

Fig. 1. Examples of ethidium bromide-stained PCR amplification prod-
ucts in cultures of Ca2�-tolerant cardiomyocytes after treatment with
BDM.
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were increased in cultures of cardiomyocytes (except for
PMCA4 and phospholamban) after treatment with BDM.
Thus, BDM rescued expression levels of major ion channels
but had little effect on gene expression of cytoskeletal and
calcium binding proteins. Although BDM produced similar
changes in vivo in explanted rat hearts after 24 and 72 h of
treatment, some differences were observed when results from
cultured cardiomyocytes were compared with results from in
vivo studies. In particular, we observed opposite effects when
gene expression of calsequestrin, calreticulin, and calmodu-
lin was compared with results from in vivo studies. Likewise,
in the case of �-MHC, results from cultures of cardiomyocytes
differ compared with findings from in vivo studies after treat-
ment with BDM. The heart should be considered part of a
complex cardiovascular system. The function of the heart in
vivo is, on the one hand, influenced by the peripheral resis-
tance (afterload) and, on the other hand, by the end diastolic

pressure (preload). This volume load and the resulting
stretch forces cannot be adequately simulated in vitro. Even
though transcript changes for some genes were similar in
vivo and in vitro, the underlying changes may be traced back
to different molecular events. Likewise, the differences in
response to BDM treatment in vivo and in vitro, as seen for
some of the ion channels, ion exchangers, and Ca2�-handling
proteins, may aid dissection of direct and indirect effects.
Furthermore, there was little difference when left and right
ventricles were studied in parallel, even though ventricular
gene expression differed slightly for PMCA 1, 2, 4 and
SERCA2a and SERCA2b.

An unexpected finding was the up-regulation of ventricular
�-MHC after 72 h of treatment. This may or may not be a
dose-related effect, but other investigators have used identi-
cal doses to profile BDM (Brightman et al., 1995; Xiao and
McArdle, 1995a). Our findings fit well with BDM’s mode of

Fig. 2. mRNA expression of ion channels in cultures of Ca2�-tolerant cardiomyocytes and in Sprague-Dawley rats after treatment with BDM.
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action, which essentially can be attributed to chemical phos-
phatase activity and particularly serine-threonine protein
dephosphorylation as reported by Stapleton et al. (1998).
Indeed, BDM has a dual function (i.e., profiles as electrogenic

and “chemical phosphatase”). Several heart-specific proteins
(Allen and Chapman, 1995; Allen et al., 1998; Duthe et al.,
2000; Watanabe et al., 2001) are influenced by BDM’s ability
to dephosphorylate amino acid residues, and we propose

Fig. 3. mRNA expression of ion exchanger in cultures of Ca2�-tolerant cardiomyocytes and in Sprague-Dawley rats after treatment with BDM.
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changes in protein phosphorylation to impact transcriptional
activation of coded genes, as shown in this study and as
discussed below.

BDM drives nonspecific protein dephosphorylation of
many cellular proteins, including ion channels. For instance,
Eisfeld et al. (1997) demonstrated inhibition of cloned human

Fig. 4. mRNA expression of cytoskeletal proteins in cultures of Ca2�-tolerant cardiomyocytes and in Sprague-Dawley rats after treatment with BDM.
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L-type calcium channels by BDM, although BDM’s phospha-
tase site of action was different from the phosphorylation site
of protein kinase A. Likewise, activation of protein kinase A
partially reversed the effects of BDM on the transient out-
ward potassium current of rat ventricular cardiomyocytes
(Xiao and McArdle, 1995a) and modulation of Kv1.5 current
did depend on protein kinase A, tyrosine kinase, and tyrosine
phosphatase activity (Mason et al., 2002). These authors
concluded that currents encoded by Kv1.5 are regulated by
protein kinase A and protein tyrosine phosphatase. In the
study of Schlichter et al. (1992), BDM produced a rapid
reversible block of potassium current with a half block of
about 5 mM in human T-lymphocytes, and BDM inhibited Ito

in a concentration-dependent manner as suggested by Xiao
and McArdle (1995a). Ito recovered almost completely at 2

min after washout of BDM, and this suggests a mode of
action of oximes that might be explained by protein dephos-
phorylation. Furthermore, BDM did not suppress the in-
ward-rectifier potassium current of rat ventricular myocytes.

Patel et al. (2000) studied slow inactivation gating of so-
dium channel �-subunits. In particular, these authors coex-
pressed sodium channel subunit and protein kinase C in
Xenopus laevis oocytes and demonstrated phosphorylation of
the channel inactivation gate as the mechanism of action,
although phosphorylation of other sites in the channel may
account for isoform-specific differences. Likewise, activation
of protein kinase A (PKA) increased sodium current derived
from the human cardiac sodium channel and phosphoryla-
tion in addition to putative sarcoplasmic reticulum retention
signals required for PKA-mediated potentiation of cardiac
sodium current (Zhou et al., 2002). There are additional
reports on the role of ion channel phosphorylation by protein
kinases, and there is overwhelming evidence for phosphory-
lation to cause activation of ATP-sensitive potassium chan-
nels (Light et al., 2000; Han et al., 2002), but long-term
activation of protein kinase C strongly attenuates cardiac
delayed-rectifying potassium current when the correspond-
ing changes in capacitance are taken into account (Lo and
Numann, 1998). The opening of the ryanodine receptor also
depends on phosphorylation by PKA and PKA hyperphospho-
rylation may result in defective channel function becuase of
increased sensitivity to calcium-induced activation, as ob-
served in cardiac disease (Marx and Marks, 2002).

Fig. 5. mRNA expression of Ca2�-sequestrating proteins in cultures of
Ca2�-tolerant cardiomyocytes and in Sprague-Dawley rats after treat-
ment with BDM.

Fig. 6. Examples of ethidium bromide-stained PCR amplification prod-
ucts of genes coding for Ca2�-sequestrating proteins, ion channels, and
cytoskeletal proteins in Sprague-Dawley rats after treatment with BDM.
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We observed increased expression of genes coding for ion
channels and ion exchangers and propose this effect to be an
adaptive response for high levels of the corresponding de-
phosphorylated proteins (Kobayashi et al., 1997; Nikcevic et
al., 1999; Sugden, 2001).

This may or may not be a feedback mechanism for the
control of gene expression, but there is experimental evi-
dence for some dephosphorylated proteins to dictate specifi-
cally transcriptional activation of their coding genes. Indeed,
dephosphorylation of the transcription factor NFAT1 re-
sulted in transcriptional activation of the Ca2�-dependent
phosphatase calcineurin (Okamura et al., 2000). Similar, de-
phosphorylation of the inositol 1,4,5-triphosphate receptor by
calcineurin resulted in transcriptional activation of the coded
gene (Genazzani et al., 1999). Nonetheless, BDM produces an
array of effects that might alter gene expression in different
ways. For instance, blockage of translation at initiation leads
to an increase in �-MHC mRNA from the nonpolysomal frac-
tion (Nikcevic et al., 1999) and dephosphorylation of RNA
polymerase II at positions SER2 and SER5 also impacts
transcription cycle (Hausmann and Shuman, 2002). Other
post-transcriptional mechanisms may include ATP depletion

(Stapleton et al., 1998) and decreased phosphorylation of the
inhibitory subunit of troponin I as well as phospholamban
(Zimmermann et al., 1996).

BDM’s ability to modulate calcium homeostasis remains
controversial. The observed calcium antagonistic effect can
be explained, at least in part, by L-type calcium channel
blockade and calcium influx into the sarcoplasmatic reticu-
lum (Huang and McArdle, 1992; Otun et al., 1993; Zhu and
Ikeda, 1993; Lyster and Stephenson, 1995). It is suggested
that the lengthening effect of BDM on action potential dura-
tion results mainly from the simultaneous reduction of both
the slow inward calcium current and the transient outward
current (Coulombe et al., 1990).

We observed induction in the expression of genes coding for
the L-type Ca2�-channel, calsequestrin, calreticulin, and cal-
modulin in explanted rat hearts after treatment with BDM.
It would seem that cardiomyocytes aim to restore normal
intracellular Ca2� after inhibition of L-type Ca2�-channels.
As a consequence of L-type Ca2� channel inhibition, intra-
cellular calcium levels fall (Maesako et al., 2000). This Ca2�-
antagonistic effect may result in reduced blood pressure,
myocardial calcium currents, and action potential in rats
(Xiao and McArdle, 1995a). In addition, BDM promoted volt-
age-dependent inactivation of L-type calcium channels in
parallel with charge interconversion between intramembra-
nous charges (Ferreira et al., 1997) and reduced open prob-
ability of single L-type cardiac channels in cell-attached
patches from guinea pig ventricular myocytes to cause a fall
in channel availability (Allen and Chapman, 1995). There-
fore, we observed highly significant induction of the gene
coding for L-type Ca2� channel. Furthermore, transcrip-
tional up-regulation of Ca2�-handling proteins increases cy-
tosolic and sarcoplasmic Ca2�-buffer capacity but should not
reduce intracellular Ca2� as reported for calsequestrin (Ter-
entyev et al., 2003).

In summary, we show BDM to increase transcript level of
genes coding for ion channels, ion exchangers, and calcium
binding proteins, but there were differences in response
when BDM was studied in vitro and in vivo. Our findings are
highly suggestive of an adaptive response of heart muscle
cells toward unscheduled and indiscriminate dephosphoryla-
tion. Further studies are now needed to understand this
proposed feedback mechanism between enhanced protein de-
phosphorylation and transcriptional activation of the corre-
sponding genes, as shown in this study.

References
Allen TJ and Chapman RA (1995) The effect of a chemical phosphatase on single

calcium channels and the inactivation of whole-cell calcium current from isolated
guinea-pig ventricular myocytes. Pflueg Arch Eur J Physiol 430:68–80.

Allen TJ, Mikala G, Wu X, and Dolphin AC (1998) Effects of 2,3-butanedione
monoxime (BDM) on calcium channels expressed in Xenopus oocytes. J Physiol
508:1–14.

Brightman T, Ye JH, Ortiz-Jimenez E, Flynn EJ, Wu WH, and McArdle JJ (1995)
2,3-Butanedione monoxime protects mice against the convulsant effect of picro-
toxin by facilitating GABA-activated currents. Brain Res 678:110–116.

Coulombe A, Lefevre IA, Deroubaix E, Thuringer D, and Coraboeuf E (1990) Effect
of 2,3-butanedione 2-monoxime on slow inward and transient outward currents in
rat ventricular myocytes. J Mol Cell Cardiol 22:921–932.

Dorman BH, Cavallo MJ, Hinton RB, Roy RC, and Spinale FG (1996) Preservation
of myocyte contractile function after hypothermic, hyperkalemic cardioplegic ar-
rest with 2,3-butanedione monoxime. J Thorac Cardiovasc Surg 111:621–629.

Duthe F, Dupont E, Verrecchia F, Plaisance I, Severs NJ, Sarrouilhe D, and Herve
JC (2000) Dephosphorylation agents depress gap junctional communication be-
tween rat cardiac cells without modifying the connexin43 phosphorylation degree.
Gen Physiol Biophys 19:441–449.

Eisfeld J, Mikala G, Varadi G, Schwartz A, and Klockner U (1997) Inhibition of
cloned human L-type cardiac calcium channels by 2,3-butanedione monoxime does

Fig. 7. Examples of ethidium bromide-stained PCR amplification prod-
ucts of genes coding for exchangers in Sprague-Dawley rats after treat-
ment with BDM.

716 Borlak et al.



not require PKA-dependent phosphorylation sites. Biochem Biophys Res Commun
230:489–492.

Ferreira G, Artigas P, Pizarro G, and Brum G (1997) Butanedione monoxime pro-
motes voltage-dependent inactivation of L-type calcium channels in heart. Effects
on gating currents. J Mol Cell Cardiol 29:777–787.

Genazzani AA, Carafoli E, and Guerini D (1999) Calcineurin controls inositol 1,4,5-
trisphosphate type 1 receptor expression in neurons. Proc Natl Acad Sci USA
96:5797–5801.

Habazettl H, Voigtlander J, Leiderer R, and Messmer K (1998) Efficacy of myocar-
dial initial reperfusion with 2,3 butanedione monoxime after cardioplegic arrest is
time-dependent. Cardiovasc Res 37:684–690.

Han J, Kim N, Joo H, Kim E, and Earm YE (2002) ATP-sensitive K� channel
activation by nitric oxide and protein kinase G in rabbit ventricular myocytes.
Am J Physiol 283:H1545–H1554.

Hausmann S and Shuman S (2002) Characterization of the CTD phosphatase Fcp1
from fission yeast. Preferential dephosphorylation of serine 2 versus serine 5.
J Biol Chem 277:21213–21220.

Huang GJ and McArdle JJ (1992) Novel suppression of an L-type calcium channel in
neurones of murine dorsal root ganglia by 2,3-butanedione monoxime. J Physiol
447:257–274.

Jayawant AM, Stephenson ER Jr, and Damiano RJ Jr (1999) 2,3-Butanedione
monoxime cardioplegia: advantages over hyperkalemia in blood-perfused isolated
hearts. Ann Thorac Surg 67:618–623.

Kobayashi M, Shimomura A, Hagiwara M, and Kawakami K (1997) Phosphorylation
of ATF-1 enhances its DNA binding and transcription of the Na,K-ATPase Alpha
1 subunit gene promoter. Nucleic Acids Res 25:877–882.

Light PE, Bladen C, Winkfein RJ, Walsh MP, and French RJ (2000) Molecular basis
of protein kinase C-induced activation of ATP-sensitive potassium channels. Proc
Natl Acad Sci USA 97:9058–9063.

Lo CF and Numann R (1998) Independent and exclusive modulation of cardiac
delayed rectifying K� current by protein kinase C and protein kinase A. Circ Res
83:995–1002.

Lyster DJ and Stephenson DG (1995) Contractile activation and measurements of
intracellular Ca2� concentration in cane toad twitch fibres in the presence of
2,3-butanedione monoxime. Exp Physiol 80:543–560.

Maesako M, Araki J, Lee S, Doi Y, Imaoka T, Iribe G, Mohri S, Hirakawa M, Harada
M, and Suga H (2000) 2,3-Butanedione monoxime suppresses primarily total
calcium handling in canine heart. Jpn J Physiol 50:543–551.

Marx SO and Marks AR (2002) Regulation of the ryanodine receptor in heart failure.
Basic Res Cardiol 97 Suppl 1:I49–I51.

Mason HS, Latten MJ, Godoy LD, Horowitz B, and Kenyon JL (2002) Modulation of
Kv1.5 currents by protein kinase A, tyrosine kinase and protein tyrosine phospha-
tase requires an intact cytoskeleton. Mol Pharmacol 61:285–293.

Nikcevic G, Heidkamp MC, Perhonen M, and Russell B (1999) Mechanical activity in
heart regulates translation of �-myosin heavy chain MRNA but not its localization.
Am J Physiol 276:H2013–H2019.

Okamura H, Aramburu J, Garcia-Rodriguez C, Viola JP, Raghavan A, Tahiliani M,
Zhang X, Qin J, Hogan PG, and Rao A (2000) Concerted dephosphorylation of the
transcription factor NFAT1 induces a conformational switch that regulates tran-
scriptional activity. Mol Cell 6:539–550.

Otun H, Gillespie JI, Greenwell JR, and Dunlop W (1993) The actions of caffeine and
2,3-butanedione monoxime on calcium transients in human vascular smooth mus-
cle. Exp Physiol 78:255–258.

Patel MK, Mistry D, John JE 3rd, and Mounsey JP (2000) Sodium channel isoform-
specific effects of halothane: protein kinase C co-expression and slow inactivation
gating. Br J Pharmacol 130:1785–1792.

Schlichter LC, Pahapill PA, and Chung I (1992) Dual action of 2,3-butanedione

monoxime (BDM) on K� current in human T lymphocytes. J Pharmacol Exp Ther
261:438–446.

Schwinger RH, Bohm M, Koch A, Morano I, Ruegg JC, and Erdmann E (1994)
Inotropic effect of the cardioprotective agent 2,3-butanedione monoxime in failing
and nonfailing human myocardium. J Pharmacol Exp Ther 269:778–786.

Stapleton MT, Fuchsbauer CM, and Allshire AP (1998) BDM drives protein dephos-
phorylation and inhibits adenine nucleotide exchange in cardiomyocytes. Am J
Physiol 275:H1260–H1266.

Sugden PH (2001) Signalling pathways in cardiac myocyte hypertrophy. Ann Med
33:611–622.

Terentyev D, Viatchenko-Karpinski S, Gyorke I, Volpe P, Williams SC, and Gyorke
S (2003) Calsequestrin determines the functional size and stability of cardiac
intracellular calcium stores: mechanism for hereditary arrhythmia. Proc Natl
Acad Sci USA 100:11759–11764.

Thum T and Borlak J (2001) Reprogramming of gene expression in cultured cardi-
omyocytes and in explanted hearts by the myosin ATPase inhibitor butanedione
monoxime. Transplantation 71:543–552.

Tripathy A, Xu L, Pasek DA, and Meissner G (1999) Effects of 2,3-butanedione
2-monoxime on Ca2� release channels (ryanodine receptors) of cardiac and skeletal
muscle. J Membr Biol 169:189–198.

Vahl CF, Bonz A, Hagl C, Timek T, Herold U, Fuchs H, Kochsiek N, and Hagl S
(1995) “Cardioplegia on the contractile apparatus level”: evaluation of a new
concept for myocardial preservation in perfused pig hearts. Thorac Cardiovasc
Surg 43:185–193.

Voigtlander J, Leiderer R, Muhlbayer D, and Habazettl H (1999) Time-dependent
efficacy of initial reperfusion with 2,3 butanedione monoxime (BDM) on release of
cytosolic enzymes and ultrastructural damage in isolated hearts. Thorac Cardio-
vasc Surg 47:244–250.

Warnecke G, Schulze B, Hagl C, Haverich A, and Klima U (2002) Improved right
heart function after myocardial preservation with 2,3-butanedione 2-monoxime in
a porcine model of allogenic heart transplantation. J Thorac Cardiovasc Surg
123:81–88.

Watanabe Y, Iwamoto T, Matsuoka I, Ohkubo S, Ono T, Watano T, Shigekawa M,
and Kimura J (2001) Inhibitory effect of 2,3-butanedione monoxime (BDM) on
Na�/Ca2� exchange current in guinea-pig cardiac ventricular myocytes. Br J
Pharmacol 132:1317–1325.

Xiao YF and McArdle JJ (1995a) Activation of protein kinase a partially reverses the
effects of 2,3-butanedione monoxime on the transient outward K� current of rat
ventricular myocytes. Life Sci 57:335–343.

Xiao YF and McArdle JJ (1995b) Effects of 2,3-butanedione monoxime on blood
pressure, myocardial Ca2� currents and action potentials of rats. Am J Hypertens
8:1232–1240.

Zhou J, Shin HG, Yi J, Shen W, Williams CP, and Murray KT (2002) Phosphorylation
and putative ER retention signals are required for protein kinase A-mediated
potentiation of cardiac sodium current. Circ Res 91:540–546.

Zhu Y and Ikeda SR (1993) 2,3-Butanedione monoxime blockade of Ca2� currents in
adult rat sympathetic neurons does not involve ‘chemical phosphatase’ activity.
Neurosci Lett 155:24–28.

Zimmermann N, Boknik P, Gams E, Gsell S, Jones LR, Maas R, Neumann J, and
Scholz H (1996) Mechanisms of the contractile effects of 2,3-butanedione-
monoxime in the mammalian heart. Naunyn Schmiedeberg’s Arch Pharmacol
354:431–436.

Address correspondence to: Prof. Dr. Jürgen Borlak, Fraunhofer Institute
of Toxicology and Experimental Medicine, Nikolai-Fuchs-Str. 1, D-30659 Han-
nover, Germany. E-mail: borlak@item.fraunhofer.de

Effect of BDM on Ion Channel Expression 717


