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The role of the mitochondrial creatine kinase system
for myocardial function during ischemia and reperfusion
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The subcellular distribution of ATP. ADP. creatine phosphate and creatine was studied in normoxic control, isoprenaline-stimu-
lated and potassium-arrested guinca-pig hearts as well as during ischemia and after reperfusion. The mitochondrial creatine
phosphatc / creatine ratio was closcly correlated to the oxidative activity of the hearts. This was interpreted as an indication of a
close coupling of mitochondrial creatine kinase to oxidative phosphorylation. To further investigate the functional coupling of
mitochondrial creatine kinase to oxidative phosphorylation. rat or guinea-pig heart mitochondria were isolated and the mass
action ratio of creatine kinase determined at active or inhibited oxidative phosphorylation or in the presence of high phosphate,
conditions which arc known to change the functional state of the mitochondrial cnzynic. At active oxidative phosphorylation the
mass action ratio was one-third of the cquilibrium valuc whereas at inhibited oxidative phosphorylation (N,, oligomycin.
carboxyatractyloside) or in the presence of high phosphate. the mass action ratio rcached cquilibrium values. These findings
show that oxidative phosphorylation is essential for the regulation of the functional statc of mitochondrial creatine kinase. The
functional coupling of the mitochondrial creatine kinasc and oxidative phosphorylation indicated from the correlation of
mitochondrial creatine phosphate / creatine ratios with the oxidative activity of the heart in situ as well as from the deviation of
the mass action ratio of the mitochondrial enzyme from creatine kinase cquilibrium at active oxidative phosphoryvlation in

isolated mitochondria is in accordance with the proposed operation of a creatine shuttle in heart tissue.

Introduction

The mitochondrial and extramitochondrial creatine
systems arc the constitucnts of the ‘creatine shuttle’
(for a recent review see [1]) in hcart and skeletal
muscle. The creatine kinase shuttle not only channels
mitochondrial ATP generated by oxidative phospho-
rylation to the myofibrils for muscle contraction but
rises the cytosolic phosphorylation potential above the
level measured in non excitable tissues, e.g.. the liver
[2], and therefore enhances energy yicld of ATP hydro-
lysis for muscle work.

The presumption for effective channelling of mito-
chondrial ATP towards creatine phosphate (CP) for-
mation at the mitochondrial site is a functional cou-
pling of mitochondrial creatine kinase (CK) located at
the outside of the inncr mitochondrial membrane to
mitochondrial ATP production. Several groups have
demonstrated that mitochondrial CK is functionally
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coupled to mitochondrial adenine nucleotide translo-
case [3-5] or oxidative phosphorviation [6-8] whereas
others postulate compartmentation of adenine nu-
cleotides between mitochondria. intermembrane and
cytosolic space [9}. The group of Wallimann (10] showed
that it is an octameric form of mitochochondriai CK
which associates with the inner mitochondrial mem-
brane whereas a dimer is prevalent in solution. As a
consequence of the tunctional coupling of mitochon-
drial CK with oxidative phosphorylation, the mass ac-
tion ratio of mitochondrial CK should be shifted away
from thermodynamic cquilibrium towards CP synthesis
[4}.

Only few experiments have related the status of
mitochondrial CK to different functional states in the
intact heart, like Bittl et al. {11], who correlated the
associated mitochondrial CK with heart function in
mitochondria isolated from normoxic, ischemic and
rcoxygenated hearts.

In a previous study with rat gastrocnemius muscle
we demonstrated an increase in mitochondrial CP and
a decrease in mitochondrial creatine (Cr) with increas-
ing isotonic stimulation [12]. while inverse changes
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occurred in cytosolic CP and Cr. This indicates a high
rate of CP synthesis by mitochondrial CK operating
under conditions of high respiratory activity.

In this study we wanted to know whether the mito-
chondrial / cytosolic distribution of the creatine Kinase
reactants in the intact heart reflects a higher activity of
the creatine shuttle under conditions of high oxidative
activity, ¢.g.. during adrenergic stimulation or during
reperfusion. For this purpose isolated perfused guinca-
pig hearts in different functional states were freeze-
clamped. frecze-dricd and  the mitochondrial  and
extramitochondrial concentrations of ATP. ADP. CP
and Cr determined after fractionation of the tissuc in
non-aqueous solvents [13].

Furthcrmore, the mass action ratio of the CK reac-
tion as a parameter for the functional state of the
mitochondrial enzyme was determined in the super-
natant of suspensions of isolated mitochondria during
hypoxia. reoxyvgenation and under high-phosphate con-
centrations.

Methods

Isolated heart perfusion

Guinca-pigs of cither sex with a body weight of
200-300 g. ted with a standard diet (Altromin, Lage.
FRG) and water ad libitum, were Killed by a blow on
the head. the thorax was opened. the pulmonal artery
incised and the aorta cannulated. Thercafter, the heart
was disconnected from the venace cavace and the distal
aorta was transferred with the tungs to the perfusion
apparatus. There the heart was perfused retrogradely
(constant flow 10 ml/min) with carbogen (957 O, /5%
CO ) gassed Krebs—-Henseleit bicarbonate buffer sup-
plied with 10 mM glucose and a final CaCl, concentra-
tion of 1.8 mM [14].

The left ventricular pressure was measured by in-
serting a Latex-balloon (HSE. March, Germany) into
the left ventricle via the left atrivm and mitral valve.
The balloon was filled with saline up to a prefoad of 5
mmHyg and was connected (o a pressure transducer
(Bell and Howell 4-327-10 Pasadena. CA. USA). The
signal was recorded continuously on a strip chart
recorder (Gould Recorder 2800, Gould, Cleveland., OH.
USA). The coronary perfusion pressure was deter-
mined by a second pressure transducer between the
roller pump and the aortic cannula. Its signal was
cvenly recorded. The heart rate was taken from the left
ventricular pressure curve. In some of the experiments
the py. in the arterial and venous perfusate was meas-
ured polarographically with Clarke type clectrodes
(Type 2000, Eschweiler, Kiel. Germany). In these ex-
periments the pulmonal artery was cannulated and the
flow was mcasurcd by means of a tlow-meter (HSE.
March., Germany). All hearts were paced via a graphite

clectrode placed on the right atrium (square pulses, 2
ms duration, 10 V amplitude. 4 Hz frequency).

All experiments were started after an equilibration
period of 1 h. KCI, atractyloside and isoprenaline were
infused into the aortic cannula with a flow of 0.1
ml/min. the concent-ations given in the results section
are the effluent perfusate concentrations. All measure-
ments as well as the freeze-clamp were made under
steady-state conditions.

Determination of mitochondrial and extramitochondrial
metabolite concentrations

Fractionation of heart tissie in non-aqueous solvents
[13]. From the frecze-clamped guinea-pig hearts, the
left ventricular tissue was isolated under liquid nitro-
gen, ground. and lyophilised at —340°C. The tissue was
sonicated in heptane /CCly, density 1.23 g/ml, in 5-5
intervals for 5 min under continuous cooling in hep-
tanc /solid CO,; the homogenate was fractionated by
density gradient centrifugation in heptane /CCl,, the
densities ranging from 1.29-1.38 g/ml. Centrifugation
(16500 x g for 3 h) yielded 8 fractions cach containing
diffcrent proportions of mitochondrial and cytosolic
protein. In cach fraction the specific activities of marker
enzymes for cytosol, phosphoglycerate kinase and mito-
chondria, citrate synthase, respectively, as well as the
contents of ATP. ADP, CP and Cr were determined by
enzymatic analysis [15] and mitochondrial and extra-
mitochondrial contents were obtained by extrapolation
from the contents in the fractions to pure mitochon-
drial and extramitochondrial fractions. The contents
were converted into concentrations using 1.0 gl /mg
mitochondnal protein and 3.5 ul/mg extramitochon-
drial protein as subcellular water spaces, respectively
[16.17].

The extrapolation as well as the methodological
discussion are published in Ref. [13). The fractionation
of intact tissue using non-aqucous solvents originally
developed for liver has been successfully applied to
isolated rat Langendorff heart [18,19] and isolated
working guinca-pig heart [20]. As in our paper. mito-
chondrial ATP/ADP ratios in heart ranged from 2 to 4
depending on experimental conditions (similar to val-
ucs found in hcart mitochondria isolated in sucrose
media [21] and cvtosolic ratios of free ATP/free ADP
were in the range from 100-300, depending on work
load or oxygen supply, demonstrating the validity of the
method with regard to energy metabolism.

fsolation and incubation of heart mitochonaria

Heart mitochondria from rats or guinca-pigs were
isolated essentially according to Ref. 22 in a medium
containing (.25 M sucrose, 10 mM Tris. S m!1 KH,PO,,
20 mM KGi, 0.2 mM EDTA (pH 7.2), using i mz
trypsin for 2 guinca-pig hearts or 3 rat hearts. Rat
heart as well as guinea-pig heart mitochondria had



respiratory control ratios between 8 and 15 in the
presence of 2.5 mM glutamate and 2 mM malate in the
abscnce of magnesium. In the presence of § mM MgCl,
the respiratory control ratios were 6-8 indicating mod-
erate contamination with Mg2 + -ATPase similar o
preparations of others [4,22]. The rate of respiration
was in the range of 250 to 300 nmol O,/min per mg of
mitochondrial protein at 37°C. Phosphoglveerate ki-
nase activity as marker for cytosolic contamination was
absent from the mitochondrial fraction. As tested in
some representative experiments, results regarding the
mass action ratio of creatine kinase were the sume with
guinca-pig and rat heart mitochondria.

About 1 mg mitochondrial protcin/ml was incu-
bated in the same medium as used for isolation in the
presence of 5 mM MgCl.. | mM ATP and 10 mM Cr
for 20 min under continuous stirring. Hypoxic incuba-
tions were performed in a closed reaction chamber
under continuous nitrogen gassing. Oxygen concentra-
tion under this condition was maximal 19 . Reoxygena-
tion with 219 oxygen was performed after 20 min of
hypoxia for 20 min in an open Erlenmeyer flask. For
each sample 100 ul of the suspension was centrifuged
and the supernatant deproteinised in perchloric acid
and ncutralised. ATP, ADP, CP and Cr was deter-
mined in the mitochondria free supernatant using en-
zymatic analysis [15] and the mass action ratio K of
creatine kinase calculated according to Lawson and
Veech [23).

K., = [ATP][Cr]/[ADP][CP].

The equilibrium constant was determined in the same
medium at the same pH using 2.5 units of soluble
bovine creatine kinase/ml (Bohringer, Mannheim.
Germany) essentially as described above from the reac-
tants of the creatine kinase to be 122 + 17,

For incubation at different phosphate concentra-
tions guinca-pig heart mitochondria were used. They
were incubated in the presence of 1 to 20 mM potas-
sium phosphate in the isolation medium for 20 min and

TABLE 1

9

then stimualated with S mM MgCLo T mM ATP and I
mM Cr for 3 mun. Dotermination of the miss action
ratio of CK was determined as above

Materials

All enaymes and cocnsvmes were cither  from
Bohringer or from Sigma Chemue (Miinchen, Ger-
many ). chemicals were from Merek (Darmstadt, Ger-
many) and all were of highest purity, watlable,

Results and Discussion

Isolated heart perfusion

The following metabolic situations were induced in
Langendorff hearts for fractionation studics (Table 13
1. Control hearts supplicd with 10 mM glucose. 2. 40
mM KCl + 40 M atractvioside: arrested hearts which
use energy only for basal metabolism. The creatine
shuttle cannot operate due to lack of mitochondrial
ATP. since adenine nucleotide transport is inhibited.
This is reflected in a very low oxvgen consumption. 3,
Isoprenaline 5 pg /6 adrenergic stimulation increases
heart work (LVPP x frequency C+ 1172 Lactate out-
put more than 2-fold and respiration by 3070 A high
activity of the “creatine shuttle™ is 10 be expected. 4.
30 min of ischemia: lack of oxyvgen supply leads 10 a
dramatic decrease in oxidative phosphorylation (respi-
ration) and work; the “creatine shuttle™ is not operat-
ing at inhibited oxidative phosphorylation. 5. 30 min
ischemia followed by 30 min of reperfusion: after 30
min of reperfusion. left ventricular function and oxvgen
consumption have been returned to control values:
transient increased oxidative activity with high turnover
of the creatine shuttle.

Changes in the subcellidar adenine nucleotide and crea-
tine systems in the heart in it ( Tables 1 and 11

In control hearts the mitochondrial ATP lTevel as
well as the ATP/ADP ratio is the lowest from all

Functional purameters and metabolic rates i solated perfroed gtanea-pig hearts m difforens s tabede san

n="7-14+S.E.: n for oxygen consumption measurements in brachets. For s desenption of metabobe situations wo Resulte,

PP HR LVPP « HIR Oxgen Factate
(mmHp) (min ") {tmmHg mun) tumol . min) (umot. mmn)
Control 63+ 10 183417 13302+ 2350 S505 Y-
[§3]
KCl + atractyloside 102+ 20 - - 16 2y [IRER (A
)
Isoprenahne S6+22 26«1y 29 1M1+ 6300 0Ty o Lt
[}
Reperfusion 77+23 167+ 1S 12200+ 2150 S1.7 02 - 0}s
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TABLE I
it hondrial comceritrattons tomod (8ol 418 300 CP and Co o polutcd pedfioed conca pise hearis
n-7 H+SE
T ViR \I)}' S P <r ATP/ADP CP/ACr
Control 10 mM plucos TR NEa T N0 LSNP 14406 R
+40mM KO,

3 g M oatractviosude e 3 T3 (12 ] AR $h4 Y g« 002
+ isoprenaline (5 pg /D .2+ 20 STe A TR0 19.3 « 3.3 193 0a]1+013
Is-hemia 30 mmn jxs- 2 [IRXI R Ho-u7? 15918 33+01 008+ 002
Repertusion 30 oun RARTRIN | (EERE! S0 n e s A9 n 045+ 030

conditions examined, whereas the corresponding cy-
tosolic values are the highest, This is consistent with a
high cncrgisation of the mitochondrial membrane, since
the distribution of ATP and ADP should reflect the
mitochondrial membrane potential, i.c.. the difference
between cvtosolic and mitochondrial ATP  ADP ratios
should increase as the memeren: potentiat increases.
With atractyloside the increase in the mitochondrial
ratio and the decrease in the evtosolic ratio reflect the
inhibition of mitochondrial adenine nucleotide translo-
case. Similar changes are observed during ischemia +
reperfusion: it bas been shown that during hypoxia
fatty acid metabolites arce considerably increased com-
parcd to the control {19]. Since it is known that fong
chain acyl CoA inhibit mitochondrial adenine nu-
cleotide translocase [24] it is feasible that the changes
in adenine nucleotides also reflect an inhbition of
adenine nucleotide transport; as suggested in an earlier
work [19] this would prevent a degradation of cytosolic
ATP by mitochondrial ATPasc under conditions of low
mitochondrial energy supply. Whereas. however, in
that previous study a decrease in the mitochondrial
ATP/ADP ratio was observed after 90 min of is-
chemia, the present study with only 30 min showed an
increase. as would be expected when only adenine
nucleotide transiocation is inhibited.

With isoprenaline the mitochondrial ATP/ADY ra-
tio is increased whereas the cytosolic ratio is not signif-
icantly changed compared to the control despite the
dramatic increase in cytosolic energy turnover (Table

TABLE 11

D). The higher mitochondrial ATP/ADP ratio under
this condition probably reflects a higher rate of mito-
chondrial ATP synthesis leading to a new steady state
of the mitochordrial ATP system

The free cytosolic ATP /ADP ratios calculated from
the cytosolic CP/Cr ratios do not correspond to the
total cytesolic ratios but rather to the actual work
output and the encrgy supply of the hcart. Thus, it is
highest in KCl-arrested heart~ with very low work
output; despite the inhibition of mitochondrial ATP
transport, the ATP synthesis via glycolvsis is sufficient
so that the cytosolic creatine kinases poise the free
ATP /ADP ratio at a very high level. With adrenergic
stimulation the cytosolic free ATP/ADP ratio is not
decreased compared to the control although work out-
put is more than doubled, since also ATP synthesis via
oxidative phosphorylation and glycolysis are stimu-
lated.

The free cytosolic ATP/ADP ratio is lowest in
ischemia where oxidative phosphorylation is inhibited
by lack of oxygen supply and also ATP synthesis by
glycolysis 1s inhibited because lactate accumulates fast
at zero flow. It returns close to control values when
flow and oxygenation are reestablished.

On the other hand. the mitochondrial creatine sys-
tem closcly reflects the oxidative activity of the hearts:
CP as well as the CP/Cr ratio arc enhanced with
woprenaline and after 30 min of reperfusion, situations
with high transient oxidative activity, wheieas they are
lowest with atractyloside and during ischemia. The rise

Extranutochondral concentrations anmol 1 of ATP. ADP. (P and Cr in oeldated pertised guinea-pg hearts

n=7-14 £ S.E.; free eviosolic ATP/ADP ratios were culculated from the oytosolic creatine kinase reactants [23)

ATP ADBP cp Cr ATP/ADP CP/Cr
total free

Coatrol. 10 mM glucose K2+ 12+01 11+ 12 64 +00Y 418 33 +31 20402
+ 40 mM KCEL

40 a M atractyloside LRENIL 21402 178+ 1.4 78+ 34408 463190 30406

+asoprenaline (S pg /D G308 Le+ i 142411 EERAIES 6.8+ 1.6 35428 21402
Ischemia 30 min 6.5+ (08 21402 40+405 128+21 ER BT 2+ 6 DA+GO4
Reperfusion 30 min S0+04 1Lo+02 N8+12 4807 35+04 29K+ 30 §9+02
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Fig. 1. Dependence of the mass action ratio of mitochoadnal creatine hinase from coupling to ouvdatie phesplaembatpon b s

mitachondria. incabation condibions sce Methods 1 4+ %1 A

in mitochondrial creatinc during ischemia + reper-
fusion can be attributed to an increase in the perme-
ability of mitochondria for creatine during phases of
oxygen deficiency [25]. The high mitochondrial CP on
reperfusion, on the other hand, reflects a higher rate of
CP synthesis by mitochonc i CK coupled to oxidative
phosphorylation [6-8,11] ar.d not a pcrmeability change
due to transicnt hypoxia: This becomes apparsent from
the low mitochondrial CP contents in control and ar-
rested hearts (Table I1). Further, the increase in the
mitochondrial CP/Cr closely corresponds to oxidative
activity of the heart in this study as well as in carlicr
reports [12,20] and is not related 1o damaging condi-
tions for the heart. However, it is not clecar how CP
rcaches the mitochondrial matrix, since no transport
system for CP is known in the mitochondrial mem-
brane. As suggested in an carlier report {12} it
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feasible that CP wwntheused by the mutochondrud Ch
at high rates is partiathy transported y the sdomne
nuclcotide translocase into the matey dud to the deng
couphng of mitochondrial creatine himiase with the
translocase.  since  this carner alse accepts olher
molecules with encrgy-rich phosphute hords Tike phae-
phoend pyruvate [2n]

Taken together, the finding of (P n the muo
chondria and the close corrclation between the mato-
chondrial CP/Cr ratio and the oxidatne actnaty not
only 1in heart muscic as shown here but ww in sheleta!
muscle [12) are conustent with the creatine shuttic
operating in these tissues and with the wwpgestion that
mitachondrial creatine kinase s closcly coupled 1o
oxidative phosphonlation.

Mass acton ratio of mutochondrial creatinge hoase
different funcnonal states i swduted heart mutodiomdria
{Figs. 1 and 21

In order te conntirm this hypathosss, the mass action
ratio of mitochondrial CK was measured in olated
heart mitochondria under conditions of hvporxa and
reoxygenation which should simulate ischermia and
reperfusion. states of phvsiobogical televance i the
heart. The functional role of the aoating shutle
plics that the mitochondrial CK operates in the oppo-
site direction as the extramitochondrial systems, 1.¢., in
the direction of CP synthesis. The thermodynam
equilibrium of this reaction. however. favors ATP wn-
thesis {23] and it is generally believed that the extra
mitochondrial CK estabinh cquilibrium oven duning
increased muscle work {27 We comparcd the mass
action ratio of CK ostablished from ssolatcd mito-
chondria with the cquilibrium ratio. A displacemoent of
the mass action ratio K trom the cquilibrium ratio
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indicates that an enzvmc is by some reason not in free
cquilibrium with its reactants. Regarding mitochon-
drial CK, the cause is suggested to 0c ondative phos-
phoryiation closely located by this cezvne, creadng a
microcnviroment with concentratiors o the rcactants
different from those measured in e oxtramutochon-
drial medium [4.9], i.c.. high ATP o+ 3 very low ADP
concentrations. As shown in ig he mass action
ratio of mitochondriz' CK is « Iv one third of the
cquilibrium vatio in dormoxic reece cndria amilar o
the experiments in [4] On the o ¢ hand. the mass
action ratio of CK is close to the ¢ vilibrium value
when oxidative phosphorylation s tiaaibited, eg.. in
hypoxic mitochondria, with carboxyairactyloside. an in-
hibitor of mitochondrial denine au. icotide translo-
case. or with oligomycin. an inhikitor - mitochondrial
ATP synthase. Both inhibitors 11.ve a0 influsnes on
soluble CK (Fig. 1). Therefore we ~elude that cou-
piing of mitochondrial CK to oxid:+ ve ptwphonation
followed by net CP synthesis, ¢, sing thermod-namic
restrictions, is dependent on v . ATP synthesis and
ATP/ADP transport across tin mitochondrial mem-
branc.

In the heart. during bypoxii cellular phosphate is
increased (eytosolic phosphate < s tfrom 9.3 mM + 0.3
in conptrol hearts to 15 mM 1+ 7 1 aschemic hearts,
respectively). High phosphate » (hle to dissociate
mitochondrial CK from the inner . .ochondrial mem-
branc [28]. Consequently under '+:h phosphate the
mitochondrial CK is expected t0 have like a soluble
CK and establish thermodynamic . uilibrium. This is
confirmed in Fig. 2: mitochondriz - o= incubated with
increasing phosphate concentrat! as and the mass ac-
tion ratio determined from the .. P, ADP. CP and Cr
concentrations in the supernsaant. Whereas, at low
concentrations of phosphate (beles 5 mM) mitochon-
drial CK is inhibited due to : - . abition of oxidative
phosphorylation (lower trace, '-.2. 25, at 2 maximum of
oxidative phosphorylation (at abo't 5 mM P,) the mass
action ratio s still significantly foveer than the equilib-
rium valuc which is re- hed at phosphate concentra-
tions above 13 mM - .Len CK s dissociated from the
mitochondrial “iemb.ance.

Summarizing, the measured mass action ratios of
mitochondrial Ck in isolated mitochondria under hy-
poxic and norinoxic conditions confirm our hypothesis
that during high rates of oxidative phosphorylation
mitochondrial CK is not able to esiablish thermody-
namic equiiib-ium due to its functional coupling to
oxidative phospnorylation. This close coupling leads to
a netto synthesis of CP at the mitochondrial site. which
is the basis for the operation of the creatine shuttle.
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