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The subcellular distribution of adeni leotides, phospk ine and i di of the malate—aspar-
mte cycle was investigated in adult rat heart myocy under i aml anoxia. Cytoselic nnd
drial ions of metabolites were d ined by a fracti hod using digi

Under nermoxia, cytesolic /mitochendrial gradlents were feund for ATP (c/r:=4), AMP (c/m < 001),
citrate (¢ /m = 0.5), asp (¢/m=3), gl (¢ /m = 2), while phosphocreatine and glutamine were
confined to the cytosolic space. No gradlents were found for malate and 2-oxoglutarate. The results show
that the transport of el from the cytosol into the mitochondria is d by the gh t
and by a high glutamate / aspartate ratio msicle the mitochondria (Glu / Asp = 15) which is maintained by the
energy-dependent Glu-Asp exchange across the mitochondrial membrane. Under anoxia, cytosolic gluta-
mate is transaminated with pyruvate, yielding alanine and 2-oxoglutarate, which is oxidized to succinate
inside the mitochondria and leaves the cell. The data indicate that stimulation of transamination is caused by
a mass action effect following a d in cytosolic 2-0xc2i which may be due to succinate-2-0xo-
glutarate exchange across the mitochondrial membrane. Inhibition of the energy-dependent inward
of glutamate may support this process.

L4

Introduction This transfer is essential for the maintenance of

encrgy metabolism when the heart is oxidizing

Some amino and carboxylic acids play a crucial
role in intermediary metabolism in the heart.
Mal oxalc and 2-oxogl are in-
volved in the Krebs cycle and, together with
glutamate and aspartate, in the transport of elec-
trons from the cytosolic into the mitochondrial
compartment, i.e., the malate—aspartate cycle {1].

Correspondence: R.J. Wiesner, Institmt fir Zoologie IV,
Lehrstuk! fiir Tierphysiologie, Geb. 26.12.00, Universivarsstr. i,
4000 Diisseldorf 1, FR.G.

glucose and lactate, which cover approx. 60% of
the substrates used [2]. Our present knowledge
about the regulation of this cycle and iis interac-
tion with the Krebs cycle is derived mainly from
studies on isolated mitochondria and enzymes (for
review, see Ref. 3). Information about the cyto-
solic-mitochondrial distribution of its inter-
mediates in the heart muscle cell is rare, although
it is a prerequisite for und ding regulation
phenomena in situ [4].

There is now a lot cf evidence that isolated,
Ca?*-tolerant cardiomyocytes are suitable as an
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experimental model for studying the metabolism
of the heart [5-7). This system combined wiih the
rapid separation of the mitochondrial from the
cytosolic compartment using digitonin [3] has been
successfully used for the determination of the
compartmentation of adenine nucleotides and their
degradation products in the heart [9).

We used isolated cardiomyocytes together with
the digitonin fractionation method to reveal the
compartmentation of metabolites involved in en-
ergy inetabolism and in the malate-aspartate cycle
under steady-state conditions and alterations of
the subcellular distribution of these metabolites
following anoxia. A preliminary study was pub-
lished previously {10].

Methods

Preparation and incubation

Ca’*-tolerant myocytes were prepared from
hearts of adult, male Wistar rats by Langendorﬂ'
perfusion with crude coll (for a detailed
description see Ref. 6). The preparations used in
this study contained 87 +3% of cells with the
elongated, rod-shaped morphology of myocytes in
situ, examined by light micioscopy (n = 27). Cells
were incubated in a gyratory water-bath shaker at
37°C in a physiological, phosphate-buffered saline
(pH 7.4) containing NaCl (121 mM), KC1 (5 mM),
MgSO, (1.2 mM), Na,HFO, {16 mM), K,HPO,
(1.2 mM), glucose (11 mM), taurine (60 mM),
creatine (23 mM), glutamine (0.7 mM), bovine
serum albumin (2%; Fraction V, Boehringer) and
a complete mixture of amino acids and vitamins
[6].

Oxygenated cells were incubated in open flasks.
Anoxic cells were incubated in stoppered flasks
flushed with humidified argon for 5 min. Under
both conditions, the p ge of rod-shaped cells
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docecane, which was layered on perchloric acid.
Separation and extraction was achieved by centri-
fugation of the cells through the bromododecane
into perchloric acid.

Mitochondria were selectively extracted by ad-
ding digitonin (0.6 mg,/ml) to the sucrose buffer,
an agent which disrupts the sarcolemma, but leaves
the mitochondrial membrane intact [8). In order to
avoid alterations at ATP levels, atractyloside (0.24
mg/ml) and oligomycin (0.02 mg,/ml) were also
present [9].

Determination of intracellular water spaces

In order to allow the calculation of cytosolic
and mitochondrial metabolite concentrations, it
was necessary to determine the water content of
the subcellular spaces. Therefore, cells were in-
cubated with *H,0 (5 pCi/mi) and incubated as
described above. [**ClInulin (1 pCi/ml) was pre-
sent to permit correction for extracelular water,
contaminating the extracts. Samples of the incuba-
tion medium and of the cellular and mitochondrial
extracts, respectively, were L d (Packard
Oxidizer, Mod. 306) and the resulting *H,0 and
'4CO, were counted separately in a liquid scintilla-
tion counter. The cellular and mitochondrial water
spaces, respectively, were calculated according to
the equation:

water space (ml)

_ {dpm *H total)exieact
(dpm *H/mD)medium

_ (dpm M€ total) ey
(@pm "*C /1) retiom

Determination of bolites and enzy fui
Extracts and deproteinized incubation media
were neutralized using K,CO; (2 M) in tri-

did not change significantly during 1 h of incuba-
tion. The cell titer was approx. 375000 cells/ml,
equal to app 2 mg of cellular protein/ml.

Extraction and fractionation of cells

Cells were simultaneously separated from the
incubation medium and extracted in perchloric
acid, as described in detail by Geisbuhler et al. [9)].
In short, the suspension was injected into buffered
sucrose solution (0.25 M), layered on bromo-

ethanol (0.5 M) [9]. ATP, phosphocreatine,
citrate, malate, 2-oxoglutarate, succinate and
tactate as well as lactate dehydrogenase and cm'ate
synthase were d by dard
methods {11), using doublc-wavclength spec-
trophotometry (ZWS 11, Sigma) or fluorometry
(Foci A4, Farrand). Amino acids were measured
using an automated amino acid analyzer (Liqui-
mat III, Kontron) with ninhydrin derivatization.
Total cellular enzymatic activities were esti-
mated by dilution of a sample of the cell suspen-
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sion with distilled water (1/1, v/v) followed by
ultrasonic disruption. Release of cytosolic and
mitochondrial compounds during incubation with
digitonin was estimated by measuring release of
the marker cazymes, lactatec dchydrogenase and
citrate synthase, respectively, into the digitonin-
containing buffer.

Total cellular protein was estimated after dis-
solving the perchloric acid pellet in NaOH (1 M)
by the Pierce BCA method [12] using bovine serum
albumin as standard.

Metabolite and water contents were calculated
on the basis of total cellular protein (nmol/mg
protein). Cytosolic contents were calculated by

tion was linear over the entire incubation period
and amounted to 60 nmol/mg protein per min,
which is equi to the rate reported
for the anoxic rat heart {10 pmol/g wet wt. per
min [14]). 15 min after induction of anoxia, sig-
nificant of were el d into
the incubation medium. These data substantiate
the transition of energy metabolism to anaerobic
mechanisins under the experimental conditions
used.

Release of alanine occurred under both condi-
tions, but was significantly higher during anoxia.

Validation of the fractionation method

subtracting the digitonin-insoluble content (equiv-
alent to the mitochondrial content) from the total
cellular content. Cytosolic and mitochondrial con-
centrations of metabolites in anoxic cells were
compared with the corresponding value obtained
in oxygenated cells incubated for the same time
period using the non-parameitric, paired U-test of
Wilcoxon, Mann and Whitney [13] and differences
with P <005 were assumed 1o be significant.

Results

Release of metabolic end-products (Table I)

In oxygenated cells, only small amounts of
lactate were produced with a rate of approx. 8
nmol/mg protein par min, whereas no

During treatment with digitonin as described in
methods, 97+ 10% (n=7) of total cellular
L-lactate dehydrogenase, the cytosohc marker en-
zyme, were rel dicating ibat distuption of
the sarcolemmal membrane was complete. At the
same time, less than 1% of total cellular citrate
synthase activity was released, indicating that
mitochondria remained intact.

Subcellular water spaces

Using *H,0, the cellular water content was
found to be 3.7 £ 1.2 pl/mg protein, the
mitochondrial water content was 1.3 + 0.5 pl/mg
protein yielding 2.4 + 0.8 pl/mg protein for the
cytosolic space. These values did not change dur-

was released; both (indings indicate that anaerobic
metabolism was negligible under these conditions.

During anoxia, anaerobic glycolysis was accel-
erated instantaneously. The rate of lactate produc-

TABLE [
METABCLIC END-PRODUCT RELEASE

ing incubation, neither under oxygenated nor un-
der anoxic conditions, and were used to convert
metabolite contents of the subcellular spaces
(nmol/mg protein) into concentrations (mmol/
liter).

Release of lactate, succinate and alanine into the incubation medium by isolated rat heart cells under oxygenated and anoxic
conditions (nmol /mg protein; mean £ S.D.; n = 6-10). Values obtained in anoxic cells were compared to the corresponding value in
oxygenated cells incubated for the same time period using the paired Wilcoxon U-test: * P < 0.05; ** P <0.01; *** p <0.005.

Incubation time (min)

oxygenated cells

anoxic cells

5 15 30 60 5

15 30 60

Lactate 67 +39 86 +30 360 +180 486 +168 199 +74** 837 222 *** 1355 1303 %*** 363) +475**

Succinate n.d. nd. nd, nd.
Alanine 05+ 24 59+ 1.7 90+ 34 174+ 35

"53% 23%

29+ 09 **
90+ 37*

105+ 26**
133+ 37*

142+ 46**
24 67*

n.d,, not detectable.
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TABLE I
COMPARTMENTATION OF ADENINE NUCLEOTIDES AND PHOSPHOCREATINE

C ion of adenine nucleotides and phosph in the cytoso'ic and mitochondrial compartment of isolated rat heart cells
under and anoxic conditions (mmol /liter; mean+S.D.; 2 = € or 7). Values obtained in anoxic cells were compared with
the ponding value in oxyg: cells incub for the same time period using the Wilcoxon U-test: * P < 0.05.

Incubation time {min}

oxygenated cells anoxic cells
5 15 30 60 5 15 30 60
ATP
Cyto 8.81+£0.72 9001045 8.89+165 8.63+0.66 8.8510.41 8.56 +1.07 7.57+1.81 733+£1.03
Mito 2084024 2164032 2084024 1.84+040 216+032 2324048 2404032 2324032
ADP
Cyto  078+021 0.62+045 0.58+025 054+016 078+033  107£045 070+£045 0.70+021
Mito 1764024 216+040 224:+048 1761032 1.76+040 1.76+032 200:+0.56 2001016
AMP
Cyto nd. nd. ad. nd. ad. ad. nd. nd.
Mito 0.30+£0.48 £.8020.42 1124032 HROL 0N 096 +0.24 L2xa0d A96+0724 0724024
PC
Cyto  30.90+284 28114288 25274437 24284453 26901310 22353416 17.57+440 1527+346°
Mito nd. nd. nd nd. nd. nd. nd nd.

n.d., not detectable.

Camp fon of adeni leotides and phos-
phocreatine (Table 1I)

The cytosolic concentration of ATP amounted
to 8 mmol/liter and did not change significantly
during incubation. The mitochondrial concenrtra-
tion remained at a level of approx. 2 mmol /iiter.

The concentrations of ADP were in the range
of 0.6-0.8 mmol/liter in the cytosol and around 2
mmol/liter in the mitochondria. It has to be
taken into account, however, that most of the
cellular ADP is bound to the myofibrils [15],
which are probably sedimented and extracted after
treatment of cells with digitonin. Therefore, the
values measured certainly do not represent the
free concentrations of ADP in the compartments.

The results further revealed that AMP is pre-
sent in the cytosolic space in very low concentra-
tions (detection limit of the methods used: 0.01
mmol/ liter), whereas the mitochondrial con-

Compartmentation of amino acids related to the
Krebs cycle (Table IIT)

Under normoxia, cytosolic as well as mitochon-
drial concentrations of the amino acids remained
stable for at least 30 min. Thereafter, cytosolic
aspartate and gt slightly & i, In
general, the cytosolic concentrations of the amino
acids were higher than the mitochondrial con-
centrations, Glvtaminc was {found to be confined
to the cytosol, whereas alanine was present in both
compartments, the cytosolic concentration exceed-
ing the mitochondrial by a factor of 4. The cyto-
solic/ mitochondrial concentration ratio for
aspartate was about 3 and for glutamate about 2.

During anoxia, the cytosolic aspartate con-

ion initiaily i d, but fell to very low
levels after 1 h, whereas the mitochondrial con-
centration remained at a constant level of about
0.25 mmol/liter. Anoxia led to a rapid decrease of

centration was in the range of 1 mmol/ liter. gh in both p After 1 h, the

Phosphocreatine was found exclusively in the hondrial ion was higher than the
ytosol at a ¢ ation of 25 mmol/ cytosolic ation. Cytosolic al rose sig-
liter. During 1 h of anoxic incubation, this value ificantly, wh the i in the mitochon-

decreased to 15 mmol /liter.

drial corapartment was of smaller magnitude.
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TABLE 1T

COMPARTMENTATION OF AMINO ACIDS

C ion of

cells under

P
d and anoxic

and alanine in the cytosolic and mitochondrial compartment of isolated rat heart

(mmol/liter; mean+S.D.: n = 6 or 7). Statistical evaluation of the data, see Table L.

Incubation time (min)

oxygenated cells anoxic cells
5 15 30 60 5 15 30 6C
Asp
Cyto 0674036 058+012 079+029 029+0.12 0944021 110027 ** 0554024 0.17+0.15
Mito 0234007 0z3£009 025£014 0224009 0241007 0.18+009 0.3010.23 02240.15
Gl
Cyto 7001146 661+275 8441203 579+112 5281093 * 219£084** 095+041** 0921077 **
Mito 3474042 3.51+066 3.84:090 3011070 2191047 ** 178+0.51** 2024133+ 146084 *
Gin
Cyto 491+175 436+£1.13 3811165 2651080 4.96+1.50 464+1.71 4.00+0.41 2941181
Mite nd. nd. nd. nd. nd. nd. nd. nd.
Ala
Cyto 2764103 3.2841.56 3.09+123 3041135 512+1.39* 585+1.66 * 498+2.12 5421263
Mito 0.81+041 0.79+043 0652032 090%£027 092+0.29 1.17+£0.47 1.35+0.67 1434048
n.d., not detectable,
TABLE IV
COMPARTMENTATION OF CARBOXYLIC ACILS
C ion of malate, 2-oxogl (2-0G), citrate and py in the ic and ial P of isolated rat
heart cells under and anoxic i (mmol/liter; mean £ S.D);; n =6 or 7). Statistical evaluation of the data sce Table
Incubation time (min)
oxygenated cells anoxic cells
S 15 30 60 ) 15 30 60
Malate
Cyto 0181006 0221012 0.30£009 043+013 082+0.21** 200+056** 242+053** 1.38+038°**
Mito 0263006 0291009 045+018 0381013 0481019 * 036+022** 109+022** 0581014"
2-0G
Cyto 025+011 020£008 0181007 0171008 0291009 0.11+0.04 = 0061004 *  0.051002 "
Mite 02214009 0241010 0221008 0241015 024+0.18 0.20+£0.11 0.181+0.10 0191011
Citrate
Cyto 1331015 1354032 1401035 135£030 179+0.70 0961031 0581007 * 0.53+012*
Mito 2541110 2901060 3101126 3231024 3.6410.62 2241035 1.68+0.31* 1384026 **
Pyruvate
Cyto 0.12+003 009+0605 010+001 010+008 nd. nd. nd. nd
Mito nd. nd. nd. nd. nd. nd. nd. nd.

n.d., not detectable.



Compartmentation of carboxylic acids related to the
Krebs cycle (Table IV)

Under oxygenated conditions, the malate con-
centration slowly increased in both compartments.
Cytosolic as well as mitochondrial concentrations
of other carboxylic acids were stable. No con-
centration gradients between the subcellular spaces
were found for malate and 2-oxoglutarate, whereas
mitochondrial citrate exceeded the cytosolic value
by a factor of 2. No pyruvate was detectable
within the mitochondrial compartment.

Anoxia led to an immediate increase of cyto-
solic malate, the value for 30 min being 10-times
higher than the corresponding value under
oxy diti The i of mitochon-
dnal malate had a similar kinetic, but was of
smaller magnitude, which led to a cytosolic/ mito-
chondrial concentration gradient of about 2. The
cytosolic 2-oxoglutarate concentration decreased
to almost undetectable levels during anoxia, while
mitochondrial 2-oxoglutarate was unaffected,
leading to a mitochoadrial/cytosolic concentra-
tion gradient of about 4 at the end of the experi-
ment, Citrate concentrations decreased during
oxygen deficiency, with the mitochondrial/
cytosolic concentration gradient slightly increasing
the 2.6 after 1 h. The cytosolic pyruvate con-
centration decreased to levels below the detection
limit (0.01 mmol/ liter).

Discussion

In the present study, the cytosolic and
mitochondnal concentrations of key metabolites
of energy metabolism and the malate-aspartate
cycle were d in order to the con-
centration grad: of these pounds across
the inner mitochondrial membrane within the in-
tact cardiac cell. The data may contribute to a
more profound under ding of the i ions
between the cytosolic and the mitochondrial com-
partment and of the mechanism by which elec-
trons are transported into the mitochondria.

Numerous studies have shown that myocardial
oxygen deficiency, whether induced by hypoxia or
ischemia, leads to conversion of glutamaie, an
intermediate of this cycle, to succinate and alanine
[16-22]. In order to gain an insight into the mech-
anism of this metabolic rearrangement, the com-

ne

wartmentation of metabolites was also studied
during anoxia.

For calculation of metabolite concentrations,
the volumes of the subcellular water spaces had to
be determined. Using *H,0, the mitochondrial
water space was estimated to be 35% of the total
cellular water space, which agrees excellently with
morphometric studies in the intact heart [23],
whereas Geisbuhler et al [9] reported a value of
26% using the same method as used here. Their
absolute values of cytosolic and mitochondrial
water spaces were aiso lower compared to the
values obtained in this study.

Tomi Tongid

Compar of
phocreatine (Table 11)
Of the cellular ATP, approx. 90% is present in
the cytosolic space ai a conceatration of 3 mM.
Values of 6, 10 and 11 mM have been measured in
arrested rat hearts, working guinea-pig hearts and
isolated myocytes, respectively [24,259]. The
mitochondsial valuss were 2.8, 5.6 and 7.4 mM,
respectively, in these studies compared to 2 mM in
the present work. Studies of Soboll et al. [26]
indicated that diffe in the compar
tion of metabolites in isolated cells and whole
tissue as determined by the digitonin method and
the nonaqueous fractionation technique, respec-
tively, are due to the model used and not to
systematic errors inherent in one of these meth-
ods. Comparison of the two fractionation tech-
niques using the same preparation, ie., hepato-
cytes, yielded very similar results [27]. The dis-
crepancies between the present study and the work
of Geisbuhler et al. [9], who used exactly the same
approach, are due mainly to the lower subcellular
water spaces obtained there, leading to higher
concentrations with the subcellular contents being
approximately equal.

The contents of ADP in extracts of intact cells
and cells treated with digitonin (42 and 1.8
nmol/mg protein, respectively) are comparable to
the study of Geisbuhler et al. [9], but, as has been
extensively discussed there, cytosolic and
mitochondrial concentrations calculated from
these data may not represent the true values due
to release of protein bound ADP during fractiona-
tion. The cytosclic value of 0.37 to 1.07 mmol/ liter
overestimates the value calculated from the crea-

and phos-
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tine phosphokinase equilibrium (50 pmol/liter
[28)) by a factor of 7-20.

Our data also corroborate the finding of Geis-
buhler et al. [9}, who demonstrated that AMP is
mainly mitochondrial at a concentration of about
1 mM. Assuming a cytosolic concentration of 50
M of ADP [28], an ATP concentration of 8 mM
(Table I) and an equilibrium constant for adeny-
late kinase of K., =1.12 (29}, the free cytosolic
AMP concentration may be as low as 0.4 pM,
which is far below the detectable level.

Phosphocreatine should be confined to the cy-
tosolic space. This can be deduced from the ab-
sence of creatine phosphokinase from the
mitochondrial matrix [30], but was also d

erate by the respiratory chain can be used to
channel reducing equivalents from the cytosol into
the more reduced mitochondrial matrix during
concerted action of the enzymes and carriers [1].
Under oxygenated conditions, stable concentra-
tions of all the metabolites involved were
maintained over a period of at least 30 min, except
for matate, which slowly increased in the cytosol.
Therefore, the values obtained for 30 min were
d to be rep ive for the metabolic
status of the cells. Cytosolic/mitochondrial gradi-
ents were found for aspartate (¢/m=3) and
glutamate (¢/m=2), while malate and 2-oxo-
glutarate concentrations were similar in the two

in the intact heart of guinea-pigs and rats [25,31]
and is corroborated by our results. On the other
hand, Kauppinen et al. [24] found considerable
amounts of this compound in the mitochondrial
space of Langendorff-perfused rat hearts (20-50%
of the cytosolic concentrations), the reason for this
controversy remaining unclear,

During anoxia, cytosolic phosphocreatine pro-
gressively decreased (Table I), which should lead
to a decrease of the ratio ATP/ADP,.,, as these
metabolites are connected by the equilibrium reac-
tion catalyzed by creatine kinase. Indeed, cytosolic
ATP slowly decreased, but even after 1 h of in-
cubation, the ATP concentration was reduced by
less than 20%. The maintenance of these high
levels of high-energy phosphates is certainly due
to the high rate of anaerobic glycolysis (Table I)
and the low energy demand of the resting cells.

C P i Of inter
aspartate cycle

Studies on the malate—aspartaie cycle, which is
essential for the maintenance of oxidative
metabolism in the heart, have been performed
mainly on isolated mitochondria 3}, while experi-
ments using intact cells or tissues are scarce [32],
Mitochondrial and cytosolic 1soiorms of malate
dehydrog 1 X tr
ase and mcmbrane-carrier sysiems are involved in
this cycle Exchange of malate for 2-oxoglutarate
is p bly lyzed by an el ral anti-
porter, while exchange of aspartate for glutamate
is electrogenic by the co-transport of protons. By
the latter mechanism, the protonmotive force gen-

of the malate-

NENLS.

These findings contradict results obtained by
Kauppinen et al. [33,34], who measured compart-
mentation of metabolites in arrested rat hearts
and found cytosolic/mitochondrial gradients of
2-oxoglutarate (c/m = 0.1), aspartate (¢/m = 32)
and glutamate (c/m = 0.3). However, these
authors might overestimate mitochondrial values
to some extent as judged from the compartmenta-
tion of phosphocreatine reported by this group
[23], wluch mlght explain the low cytosolic/

ial di of 2-oxogh and
glutamate in arrested hearts. Additionally, dif-
ferences between experimental models exist (see
above), which might explain the completely differ.
ent results concerning aspartate.

Kauppmen et al. [33,34] used the cytosolic-

hondrial distribution of anions to calculate
the mitochondrial transmembrane pH gradient in
situ, as it has been shown previously [35] that in
suspensions of isolated mitochondria, anions are
distributed according to the pH gradient. Using
this approach, the lack of a transmembrane gradi-
ent of 2-oxoglutarate and malate in isolated,
aerobic myocytes (Table IV) would indicate that
there is no transmembrane pH gradient in these
cells, However, comparison of the pH gradient
measured using the probe dimethyloxazolidine-
dione [36] with the gradient calculated using the
distribution of anions showed that the values ob-
tained are not always in accordance [37). This and
the fact that the absence of a proton gradient in
aerobic myocytes is very unlikely suggest that,
within the intact cell, where anions are involved in
several pathways, e.g., the malate—aspartate cycle




or the Krebs cycle, other concentration gradients
may be maintained than those dictated by the
proton gradient.

In addition, the anion-distribution approach
assumes that the activity of the translocators is
high enough to maintain near-equilibrium of the
anions across the mitochondrial membrane. This
assumption might not be valid for heart muscle,
where the activity of the dicarboxylate—phosphate
translocator, which connects the distribution of
dicarboxylates to the proton gradient, is tow [38].
Therefore, high transmembrane gradients are not
to be expected in heart muscle, which is confirmed
by our data. This is also true for citrate (c/m=
0.5), which is also transported by a carrier with
low activity, the tricarbexylate translocator [38].

Using the data for 2-oxoglutarate (Table V),
aspartate and glutamate (Table III), the cytosohc
and hondrial cc ions of oxalc
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matrix

lactate
glucose

extracelluior spoce

Fg 1 Transporl of reducing equivalents from the cytosol into

which is also involved in the malate—aspartate
cycle, can be calculated to be 0.0026 and 0.0022
mmol/ liter, respectively, assummg that the
gl 1! tr is in equi-
librium in the two compartments (K, = 6.6 [39]).
From these values and the concentralions of
malate (Table IV), NADH/NAD ratios of 3.2-
10~% for the cytosol and 5.7-1073 for the
mitochondria can be calculated, using a2 K, of
281075 for malate dehydrogenase [39]. The
mitochondrial value certainly is an underestima-
tion, because in this compartment not all of the
oxaloacetate may be available to the malate dehy-
drogenase because of the effective competition of
citrate synthase for this substrate [4}.

Using these data, we propose that the distribu-
tion of metabolites during normoxic, steady-state
conditions supports the requirements of the
malate-aspartate-cycle in the following way (Fig.
1). In order to achieve transport of electrons from
the cytosol into the more reduced mitochondrial

tinent, mitochondrial aspartate is extruded
into the cytosol ag dient
of ¢/m=3 in exchange for glutamate, which fol-
fows a concentration gradient of only ¢/m=2.
The energy required is provided by the protonmo-
tive force via the co-transpon of a proton [3). This

h intains a high ratio of
glutamate / aspartate (GLU/ASP, =15} in the

13}
mitochondrial compartment, which promotes

ation
a @

matrix by the nulaw—asplnal.e cycle. The
prooess is facilitated by a i
tion gradient fot gluwnate. lhe co-transport of 2 proton and a

high mitoch ratio. Tt

of pp the of NADH in the
mitochondrial matrix.

tr ination of oxal The withd i of

oxaloacetate in turn supports the oxidation of
malate, despite the unfavorable equilibrium condi-
tion of the malate dehydrogenase reaction and the
highly reduced redox state, thus liberating the
reducing equivalents that have been ‘trapped’ by
the cytosolic malate dehydrogenase reaction.

In the cytosolic compartment, the lower
GLU/ASP ratio (GLU/ASP,, =10) facilitates
the formation of oxaloacetate as an acceptor for
NADH generated by glyceraldehyde-phosphate
dehydrogenase or lactate dehydrogenase.

Effects of oxygen defici on the comp

tion of metabolites of the malate—aspartate cycle
Oxygen deficiency led to an instant rise of

malate in both compartments (Table IV), and toa

rapid stimulation of gl ion with

pyruvate in the cytosol leading to the formation

of alanine (Table III). At the same time, '.he

cytosolic 2-oxoglutarate jon d

(Table V) and succinate was released by the cells

(Table I).
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We suggest that the following events lead to
these metabolic rearrangements (Fig. 2). Anoxia
Teads to an increase of the cytosolic NADH/NAD
rativ, which was 1.3 - 102 after 30 min — which is
4-fold higher than the value calculated for
normoxic cells (3.2-107%), The mitochondrial
NADH/NAD ratio increased by a factor of 1.3,
which is in accordance with results obtained in the
hypoxic perfused rat heart using surface fluorome-
try [32]. Thus, transport of electrons from the
cytosol into the mitochondria cannot keep in pace
with glycolytic NADH production and may even
be completely inhibited during znoxia. A crucial
step causing the observed metabolic rearrange-

factors related to electron flow during anoxia. In
any case, if glutamate—aspartate exchange ceases,
trapping of mitochondrial oxaloacetate by trans-
amination is impeded. Together with the increase
of the mitochondrial NADH/NAD ratio, the
oxidation of malate to oxaloacetate becomes ex-
tremely unfavorable and the malate concentration
rises (Table IV).

At the same time, i late b
oxidation of the flavoprotein-dependent succinate
dehydrogenase can occur only by the respiratory
chain and is strictly dependent on oxygen. Iso-
citrate dehydrogenase and 2-oxoglutarate dehy-
drc may still be active, as can be deduced

ng the
ments may be the cessation of the energy depen-
dent glutamate/ aspartate exchange due to the
collapse of the proton-motive force following
anoxia. However, in a very recent study, Anders-
son et al. [40] demonstrated that the electrochem-
ical potential is largely preserved during anoxia in
isolated hepatocytes. Their results indicated that
energy-dependent transport processes across the
mitochondrial membrane are inhibited by other

cytesol motrix
glucose o7 ~n
- I’ \\
ASP Asp
alapine /
S

pyruvate

lactate

succinate

extraceliular space

Fig. 2. Rear of Lhe Jat
anoxia. The increase of i hond:
anoxia activates the exchange reacnon with cytosolic 2«7)(0-
i The d of and the
cessatxon of glutamate transport into the matrix stimulates
of with glycolytic py duetoa
mass action effect. Transfer of electrons generated in Krebs-

cycle reactions to fumarate reductase may occur.

cycle during

from the continuous decrease of the citrate pools
(Table 1V), which are not replenished due to im-
paired production of acetyl-CoA from pyruvate.
The intramitochondrial succinate concentration
may rise to values high enough to stimulate its
outward transport by the amion carrier systems,
which have a comparably low affinity for this
substrate {3]. The counterion may be cytosolic
2-oxoglutarate, leading to a decrease of this com-
pound in the cytosol. The depletion of cytosolic
2-oxoglutarate together with the inhibition of in-
ward transport of glutamate might then stimulate
cytosolic tr ion of gh with pyru-
vate, yielding alanine, due merely o a mass action
effect.

The resuit of the metabolic rearrangement out-
lined above is a conversion of the carbon skeleton
of glutamate via 2-oxoglutarate to succinate within
the mitochondria. Reoxidation of the NADH gen-
erated during this process might be achieved even
under complete anoxia by the reduction of malate
via fumarate to succinate. This reaction has been
described in submitochondrial particles {41] and
recentiy also in intact rat heart myocytes provided
with appropriate precursors [42]. The origin of the
malate needed to achieve redox balance remains
an open question, as aspartate, the proposed pre-
cursor according to Taegtmeyer [17}, is not availa-
ble in sufficient amounts.
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