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SUMMARY

1. The reduction of pyruvate to lactate has been studied in isolated liver cells
in order to elucidate the mechanims involved in the transfer of reducing equivalents
from mitochondria to cytosol.

2. Manipulation of the cytosolic oxaloacetate concentration did not support
the malate-oxaloacetate cycle as being responsible for the transfer of reducing equiv-
alents out of the mitochondria: a. With pyruvate plus oleate present 2 mM Amytal
caused a 10-fold decrease in the oxaloacetate concentration, but had only a small
inhibitory effect on lactate production. Oleate was essential in order to prevent dis-
integration of the cells in the presence of Amytal. b. Quinolinate, an inhibitor of
phosphoenolpyruvate carboxylase (GTP : oxaloacetate carboxylyase, transphos-
phorylating, EC 4.1.1.32), caused a several-fold increase in the oxaloacetate concen-
tration but inhibited lactate production from pyruvate; this was accompanied by
an increased reduction of mitochondrial pyridine nucleotides.

3. p-Chlorophenyl pyruvate, an inhibitor of pyruvate carboxylase (pyruvate:
carbondioxide ligase, ADP, EC 6.4.1.1), also inhibited lactate production from pyru-
vate.

4. It is postulated that with pyruvate as substrate, recycling of carbon via
pyruvate carboxylase, phosphoenolpyruvate carboxylase and pyruvate kinase (ATP:
pyruvate phosphotransferase, EC 2.7.1.40) is an important, energy-requiring, mech-
anism for the transfer of the proportion of NADH not directly associated with
gluconeogenesis.

* Present address: University of Amsterdam, Laboratory of Biochemistry, B.C.P. Jansen Insti-
tuut, P1. Muidergracht 12, Amsterdam,(The Netherlands).
** Person to whom correspondence should be addressed.



INTRODUCTION

Since the original observation of Lehninger [1] that the mitochondrial mem-
brane is impermeable to NADH, a number of pathways have been proposed for the
transfer of reducing equivalents across the mitochondrial membrane (see refs 2 and 3
for reviews). In mammalian tissues the experimental evidence indicates that malate
plays an important role as carrier of reducing equivalents across the mitochondrial
membrane in both directions [4-11]. Thus it has been concluded that in rat liver
and rat heart the transfer of NADH from cytosol to mitochondria occurs predomi-
nantly via the malate-aspartate cycle, first proposed by Borst [2]. This conclusion
is based on the observation that transaminase inhibitors like cycloserine and amino-
oxyacetate inhibit processes like ethanol [9] and lactate oxidation [6, 7].

When both reducing equivalents and the C, carbon skeleton must be exported
from the mitochondria for extramitochondrial synthetic purposes, as in the case of
gluconeogenesis from pyruvate, it is probable that a net efflux of malate from the
mitochondria occurs [6, 8, 11]. When only a net transfer of NADH from mitochon-
dria to cytosol is required without a concomitant net transfer of carbon, a pathway
can be visualized in which malate leaves the mitochondria and returns as oxaloace-
tate, thus completing a malate-oxaloacetate cycle [12].

A restriction of the malate-oxaloacetate cycle is imposed by the limited per-
meability of the mitochondrial membrane towards external oxaloacetate [13, 14],
although at high oxaloacetate concentrations high transport rates can be obtained
[15]. This complication is avoided if oxaloacetate is transported into the mitochondria
as aspartate. However, the movement of aspartate in energized mitochondria is
essentially unidirectional and directed out of the mitochondria [16, 17], thus making
the malate-aspartate cycle functional only in the direction of inward transfer ot
reducing equivalents. Indeed, no inhibition of lactate production from pyruvate is
found in isolated liver cells upon addition of difiuorooxaloacetate, a transaminase
inhibitor [10]. Furthermore, lactate production from pyruvate in perfused hearts
is not affected by addition of aminooxyacetate [18]. With lactate as substrate, how-
ever, aminooxyacetate inhibits lactate uptake by more than 70 %/ [18]. Berry and
Kun [10] observed that fluoromalate, an inhibitor of both malate dehydrogenase
(L-malate: NAD oxidoreductase, EC 1.1.1.77) and of the dicarboxylate translocator
in mitochondria, inhibits the reduction of pyruvate to lactate in isolated liver cells.
They concluded that the malate—oxaloacetate cycle is partly responsible for the net
transfer of NADH from mitochondria to cytosol.

Gimpel et al. [15]reported a K,,, of 80-130 uM and a ¥ of 80-270 nmoles/min
per mg protein at 30 °C for oxaloacetate translocation in isolated rat liver mitochon-
dria. Since in rat liver in vivo the concentration of oxaloacetate is 10 uM or lower [19].
transport rates of maximally 1.8 ymoles/min per g wet weight can be calculated
(assuming that 1 g wet weight is equivalent to 60 mg mitochondrial protein {20]).
If isolated liver cells are incubated with pyruvate, the rate of lactate production is
1-2 umoles/min per g wet weight at 37 °C (this paper; see also ref. 10). Thus, if the
transfer of reducing equivalents from mitochondria to cytosol is mediated by the
malate—oxaloacetate cycle, the oxaloacetate concentration in the cytosol must be
at least 10 uM. Therefore, on kinetic grounds, it is to be expected that variations in
the cytosolic oxaloacetate concentration would affect the rate of hydrogen transport
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out of the mitochondria. In the experiments to be described the concentration of
oxaloacetate in the cytosol was decreased by adding Amytal and increased by adding
quinolinate, an inhibitor of phosphoenolpyruvate carboxylase (GTP : oxaloacetate
carboxylyase, transphosphorylating, EC 4.1.1.32) [21]. The results indicate that a
simple malate-oxaloacetate cycle occurs only to a limited extent, if at all. Instead,
a pathway for NADH transfer from mitochondria to cytosol is proposed which
involves recycling of pyruvate between pyruvate carboxylase, phosphoenolpyruvate
carboxylase and pyruvate kinase; this pathway is therefore energy dependent.

METHODS AND MATERIALS

Isolation of liver cells

Liver cells were prepared from livers of 20-24-h-fasted male rats (Sprague—
Dawley) weighing 180-220 g, according to the procedure of Berry and Friend [22],
as modified by Johnson et al. [23]. The perfusion technique used was the same as
described by Williamson et al. [24]. The cells were used immediately after isolation.

Incubation conditions

The cells were suspended in Krebs-Ringer bicarbonate buffer (pH 7.4) for-
tified with 4 9} (w/v) defatted serum albumin. Usually an amount of cells equivalent
to 20-50 mg wet weight per ml of incubation medium was used. All results are ex-
pressed per g wet weight, using the factor 3.77 for conversion of the trichloroacetic
acid-insoluble dry weight to wet weight [10]. The incubation volume was 2.5-4 ml in
25-ml plastic Erlenmeyer flasks which were gassed with 959 O, plus 59, CO,, stop-
pered, and shaken vigorously at 37 °C. Aliquots of the cell suspension were removed
at 15 or 20 min intervals and added to HCIO, (final concentration, 3.5 %). After
removing the denatured protein by centrifugation in the cold, the pH of the super-
natant was adjusted to about 6.5 with 6 M KOH plus 0.5 M PIPES (piperazine-N-N'-
bis[2-ethanesulphonic acid]) and recentrifuged to remove the precipitated KClO,.
In some cases the reaction was terminated by centrifugation of the cells into 14 %
HCIO, (w/v) through a layer of silicone oil (specific gravity 1.05) essentially as de-
scribed for the separation of mitochondria from a medium [25]. For proper separa-
tion of the cells, it was found necessary to add dextran (mol. wt 117 000) in a final
concentration of 60 mg/ml prior to centrifugation of the cells.

Assays

Metabolites were determined according to standard enzymic procedures [26,27].
Oxaloacetate was measured within 2 h after neutralization of the samples. Extra-
cellular lactate dehydrogenase (L-lactate: NAD oxidoreductase, EC 1.1.1.27) was
routinely measured in the different incubations at the end of the experiment after
centrifuging the cells at 50 Xg for 2 min. To determine total lactate dehydrogenase,
either sonicated or homogenized cells were used. Extracellular lactate dehydroge-
nase was also measured in the stock suspension of the cells kept at 0 °C.

Chemicals and enzymes
Collagenase was obtained from Worthington Biochemical Corp., and hyal-
uronidase from Sigma Chemical Co. Defatted serum albumin (Pentex, Fraction V)



from Miles Laboratories, Inc., was dialysed against three changes of Krebs—Ringer
bicarbonate buffer (from which CaCl, was omitted) prior to use in the Ca?*-free
preperfusion of the liver with collagenase (EC 3.4.4.19) and hyaluronidase (EC
3.3.1.35), and also in the various incubations. In the latter case, extra Ca’™ was
added to correct for the absence of Ca®* in the albumin solution which was added
as a 209 (w/v) solution. Quinolinate was obtained from Aldrich Chemical Co.
p-Chlorophenylpyruvate was obtained from Smith, Kline and French Laboratories.
n-Butylmalonate was prepared from the diethyl ester as described by Vogel [28].
Sodium amobarbital (Amytal) was obtained from Eli Lilly and Co. All enzymes
and cofactors were purchased from Sigma Chemical Co. or Boehringer Mannheim
Corp.

RESULTS

The effect of Amytal on lactate production from pyruvate

In Table I the effect of increasing concentrations of Amytal on the metabolism
of pyruvate is shown. Oleate was present. At 2 mM Amytal, the f-hydroxybutyrate/
acetoacetate ratio increased from 0.49-0.71, and glucose production and the level
of ATP were greatly depressed, while that of ADP did not change significantly. Lac-
tate production, however, was only slightly inhibited by this concentration of Amytal,
despite the fact that the oxaloacetate concentration decreased more than 10-fold
(see further). It was only at concentrations of Amytal of 4 mM or higher that lactate
formation decreased significantly. However, at these high concentrations of the in-
hibitor, considerable leakage of lactate dehydrogenase took place, indicating that
the cells were damaged.

Similar results were obtained in the absence of oleate (Table II), except that
the inhibitory effects of Amytal became evident at lower Amytal concentration.
Also the leakage of lactate dehydrogenase from the cells took place at a lower Amytal
concentration. As in the presence of oleate, addition of Amytal led to an increased

TABLE 1

THE EFFECT OF AMYTAL ON THE METABOLISM OF PYRUVATE IN THE PRESENCE
OF OLEATE

Rat-liver cells were incubated as indicated in Materials and Methods in the presence of 10 mM
pyruvate, 0.5 mM oleate and Amytal at the concentrations indicated. Reaction time, 30 min. -OH,
B-hydroxybutyrate; Ac. ac., acetoacetate; OAA, oxaloacetate; LDH, lactate dehydrogenase. The
leakage of lactate dehydrogenase from the stock suspension of cells after 60 min storage at 0 °C
was 9 %.

Amytal AGlucose ALactate ATP ADP Malate OAA B-OH/ ¢ leak-
(mM)  (umoles/g (pumoles/g (umoles/g (umoles/g (umoles/g (umoles/g Ac.ac. age of
wet wt) wet wt) wet wt) wet wt) wet wt) wet wt) LDH

0 12.9 32.0 2.12 0.77 1.00 0.011 0.49 9

1 8.9 28.1 1.81 1.00 1.13 0.007 0.53 11

2 4.7 25.1 1.31 0.89 0.63 < 0.001 0.71 il

4 1.8 15.7 0.59 1.10 0.51 < 0.001 2.50 21

6 1.6 11.9 0.18 0.80 0.52 <2 0.001 5.62 38




TABLE 11

THE EFFECT OF AMYTAL ON THE METABOLISM OF PYRUVATE

Rat-liver cells were incubated as indicated in Methods and Materials in the presence of 10 mM pyru-
vate and Amytal at the concentrations indicated. Reaction time, 30 min. Abbreviations: Ac.ac.,
acetoacetate; §-OH, f-hydroxybutyrate.

Amytal AGlucose ALactate ATP ADP B-OH/ Y, leakage
(mM)  (umoles/g (pumoles/g (umoles/g (umoles/g Ac.ac. of LDH
wet wt) wet wt) wet wt) wet wt)

0 15.9 334 2.21 0.72 0.35 20

1 5.3 30.8 1.56 1.19 0.55 20

2 1.0 16.1 0.45 1.63 1.31 41

4 1.1 12.0 0.18 0.65 3.95 69

6 0.6 9.0 <0.01 0.48 7.22 77

p-hydroxybutyrate/acetoacetate ratio, indicating a more reduced state of the mito-
chondria, as expected. As the Amytal concentration was raised to 2 mM the level of
ATP decreased while that of ADP increased. At still higher levels of Amytal not
only ATP but also ADP decreased. In the same experiment it was found that with
6 mM Amytal present total NAD decreased from a control value of 774 to 408 nmoles/
g wet weight and total NADP from 422 to 267 nmoles/g wet weight. Separate experi-
ments (not shown) indicated that the extracellular fluid contained sufficient NAD-
ase activity to destroy the NAD and NADP that might have leaked from the cells,
thus accounting for the decrease in total NAD(P) at high Amytal concentration.

In addition to the increased leakage of lactate dehydrogenase and loss of
pyridine nucleotides, microscopic inspection of the cells revealed severe disruption of
the plasma membrane at high Amytal concentrations. Rupture of the plasma mem-
brane may also be partially responsible for the high inhibition of lactate production
from pyruvate under energy-poor conditions in the experiments of Berry [29] (see
also Discussion).

In the experiment carried out in the presence of oleate (Table I) malate and
oxaloacetate levels were measured. The levels of these metabolites, particularly
oxaloacetate, decreased as the Amytal concentration was increased to 2 mM or
higher. Although the oxaloacetate concentration decreased from 11 to < 1 nmole/g
wet weight in the presence of 2 mM Amytal, lactate production decreased by only
25%.

Using the kinetic data of Gimpel et al. [15], it can be calculated that in the
presence of 2 mM Amytal, when the concentration of oxaloacetate is 1 uM or less
(see Table I), the malate—oxaloacetate cycle can account for 25 % or less of the lac-
tate formed. Moreover, it should be pointed out that the K, value for oxaloacetate
translocation in mitochondria as reported by Gimple et al. [15] was measured in the
absence of competing anions. The results of the experiments reported in this section,
then, lead us to conclude that mechanisms other than the malate-oxaloacetate cycle
must be responsible for the transfer of reducing equivalents from the mitochondria
to the cytosol under these conditions.

The effect of quinolinate on pyruvate metabolism
In another series of experiments the concentration of oxaloacetate in the cyto-
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Fig. 1. Mechanism for the transport of reducing equivalents from mitochondria to cytosol. Sites of
inhibition by quinolinate, p-chlorophenylpyruvate and butylmalonate are depicted by the solid
arrows. Evidence for an exchange of pyruvate with hydroxyl has been obtained by Papa et al. {32]
(see also Brouwer et al. [33]; contrast ref. 34). OAA, oxaloacetate.

sol was increased by addition of quinolinate (Table III). In order to determine if the
increased oxaloacetate was truly intracellular, the incubations were terminated by
centrifuging the cells through silicone oil into an acid layer (see Methods section).

As expected, increasing concentrations of quinolinate caused a graded inhi-
bition of glucose production, although the inhibition was never complete (cf. ref. 30),
even after prolonged incubation (not shown). The decrease in glucose production
was accompanied by a large increase in malate and oxaloacetate levels (Table III;
cf. ref. 21). Despite the increase in intracellular oxaloacetate levels from 2 to about
30 nmoles/g wet weight, a decrease in lactate production was also observed. From
the fact that the -hydroxybutyrate/acetoacetate ratio increased and the total malate/
oxaloacetate ratio decreased upon addition of quinolinate, it can be concluded that
transport of reducing equivalents out of the mitochondria is inhibited by quinolinate.
The levels of ATP and ADP did not change significantly with quinolinate (Table III),
indicating the absence of any non-specific effect of the inhibitor on energy metabo-
lism. Also, the amount of lactate dehydrogenase found in the extracellular fluid at
the end of the incubations was not altered by quinolinate*.

These results strongly suggest that cycling of carbon via pyruvate carboxylase,
phosphoenolpyruvate carboxylase and pyruvate kinase is responsible for transport
of hydrogen from mitochondria to cytosol (see Fig. 1). Although this process has
often been indicated as ‘futile’ or useless cycling, it is clear from Fig. 1 that the net
effect is an energy-dependent transfer of reducing equivalents from mitochondria to
cytosol (see also ref. 35).

* Klahr and Schoolwerth [31] have suggested that quinolinate inhibits not only phosphoenol-
pyruvate carboxylase but also glutamate dehydrogenase in kidney. However, we have evidence that
quinolinate does not affect glutamate dehydrogenase in intact liver cells (Meijer, A. J., Ohkawa, K.
and Williamson, J. R., in preparation).



The effect of p-chlorophenylpyruvate on pyruvate metabolism

In order to test further if the cycle shown in Fig. 1, operates, the effect of p-
chlorophenylpyruvate*, an inhibitor of pyruvate carboxylase, was tested. Since
data concerning the specificity of p-chlorophenylpyruvate in intact cells were not
available, the effect of the inhibitor was studied in various systems.

Table IV shows that p-chlorophenylpyruvate inhibited gluconeogenesis in the
presence of pyruvate or alanine. In these systems the conversion of pyruvate to oxalo-
acetate is an essential step in the chain of reactions leading to formation of glucose.
Indeed, parallel to the inhibition of gluconeogenesis, malate levels decreased, which
is consistent with inhibition at the level of pyruvate carboxylase. With glutamine
as the substrate, where pyruvate carboxylase is not involved in gluconeogenesis, p-
chlorophenylpyruvate did not inhibit glucose formation. It can therefore be concluded
that of the enzymes involved in gluconeogenesis only pyruvate carboxylase is affected
by p-chloropenylpyruvate.

TABLE 1V

THE EFFECT OF p-CHLOROPHENYLPYRUVATE ON GLUCONEOGENESIS AND ON
THE TRANSFER OF REDUCING EQUIVALENTS FROM MITOCHONDRIA TO CYTOSOL

Rat-liver cells were incubated as indicated in Materials and Methods with 1 mM oleate and with
10 mM pyruvate, 10 mM alanine or 10 mM glutamine where present. In addition 3 mM ornithine
was added with each of the latter two substrates. p-Chlorophenylpyruvate was added at the concen-
trations indicated .Reaction time, 30 min. Abbreviations: Pyr, pyruvate; Ala, alanine; Gin, glutamine;
Clepyr, p-chlorophenylpyruvate.

Additions AGlucose ALactate ATP Malate
(umoles/g wet wt) (umoles/g wet wt) (umoles/g wet wt) (umoles/g
wet wt)
Pyr 31.2 85.0 2.41 1.58
Pyr + 3 mM Clepyr 23.7 69.3 2,20 0.97
Pyr + 5 mM Clepyr 17.0 58.7 2.10 0.61
Ala 20.1 2.4 2.25 0.10
Ala + 3 mM Clapyr 13.0 5.9 2.37 0.08
Ala + 5 mM Clepyr 8.6 5.2 2.24 0.04
Gln 13.2 - 2.21 0.30
Gln + 3 mM Clepyr 16.1 - 2.06 0.69
Gln 4 5 mM Clegpyr 15.5 - 1.93 0.72
None 1.2 - 2.09 0.01

p-Chlorophenylpyruvate significantly inhibited lactate production from pyru-
vate (Table IV), indicating that pyruvate carboxylase is involved in the transfer of
reducing equivalents from the mitochondria to the cytosol (see Fig. 1).

* p.Chlorophenylpyruvate was chosen rather than phenylpyruvate (cf. ref. 36) since at concentra-
tions of 5 mM or higher the latter compound occasionally depressed ATP levels (not shown).



DISCUSSION

Experimental evidence in favor of malate as carrier of reducing equivalents
from the mitochondria to the cytosol is given by the observation that gluconeogenesis
from pyruvate is inhibited by butylmalonate [5], an inhibitor of the dicarboxylate
translocator in mitochondria [37], and that the reduction of pyruvate to lactate
(in the absence of a cytosolic hydrogen donor) is inhibited by fluoromalate [10] or
butylmalonate [38]. In the cytosol malate is oxidized to oxaloacetate. The question
arises of whether oxaloacetate itself is transported back to the mitochondria or some
product formed from it. It cannot be aspartate since this compound is not readily
transported into the mitochondria [16, 17].

Berry [29] was the first to observe that rotenone, uncouples and inhibitors of
the energy-conserving system, inhibit the reduction of pyruvate to lactate in isolated
liver cells. He concluded that the transport of reducing equivalents from mitochondria
to cytosol may be energy dependent.

We have found that addition of high concentrations of Amytal to cells in-
cubated with pyruvate leads to decreased lactate production. However, this inhibition
was accompanied by partial disintegration of the cells as shown by leakage of lac-
tate dehydrogenase into the medium and by a decrease in the NAD and NADP
pools. In other experiments we observed a similar disintegration of the cells when
they were incubated in the presence of rotenone or arsenite. It is important to note
that high concentrations of Amytal have been found to inhibit Na* and K* trans-
port in rat liver slices [39]. It is conceivable that a disturbed cation balance across the
plasma membrane due to energy deficiency initiates structural changes eventually
leading to disruption of the cell.

When oleate was present to protect against cell damage, it was found that low
Amytal concentrations depressed the oxaloacetate concentration by a factor of more
than 10, but decreased lactate production only slightly. We consider this result to
be inconsistent with the malate-oxaloacetate cycle as an important mechanism for
hydrogen transfer from mitochondria to cytosol under these conditions.

Addition of quinolinate led to inhibition of transport of reducing equivalents
from mitochondria to cytosol, leading us to postulate the pathway of hydrogen trans-
port depicted in Fig. 1.

Recycling of carbon via pyruvate carboxylase, phosphoenolpyruvate carboxy-
lase and pyruvate kinase can be considerable in kidney [35] and liver ([40], depend-
ing on the nutritional conditions [40].' Friedman et al. [40] found that when livers
from fasted rats were perfused with [2-1*C]pyruvate an amount of lactate equal to
that of the glucose formed was due to operation of this recycling process. Since in
our experiments (like in those of Friedman et al. [40]). lactate production was 2-3
times the glucose formed, it may be estimated that about 40 9, of the lactate produced
under these conditions is due to the activity of this cycle, which is in good agreement
with the 30-40 9 inhibition of lactate production obtained with quinolinate and with
p-chlorophenylpyruvate. It must be stressed, however, that the inhibitors certainly
did not completely inhibit all phosphoenolpyruvate carboxylase or pyruvate carboxy-
lase activity, respectively, as evidenced by the fact that inhibition of glucose production
was only partial.. Thus under our experimental conditions, the contribution of the
recycling process to the transport of reducing equivalents from mitochondria to
cytosol not directly connected to gluconeogenesis, may be even greater than 40 9.



It should be pointed out that the recycling process of Fig. 1 also involves
malate dehydrogenase and the transport of malate across the mitochondrial mem-
brane. Therefore, the inhibition of lactate production from pyruvate by fluoromalate,
an inhibitor of malate dehydrogenase and of the dicarboxylate translocator of the
mitochondrial inner membrane [10], cannot be taken as evidence in favor of the
malate—oxaloacetate cycle. Similarly, butyl malonate, an inhibitor of both the malate~
phosphate [41] (an essential step in the recycling process; see Fig. 1) and malate—
oxaloacetate [15] exchanges across the mitochondrial inner membrane, cannot be
used to distinguish the two pathways of hydrogen transfer. In several experiments
(see ref. 38), we found an average inhibition of about 45 9] of lactate production from
pyruvate by 5mM butylmalonate. This percentage inhibition agrees rather well
with the 36 9 inhibition by fluoromalate observed by Berry and Kun [10], and could
be taken as evidence of both the recycling process and the malate—oxaloacetate
cycle acting together. However, from the fact that the percentage inhibition by butyl
malonate or fluororomalate is so close to that observed with either quinolinate (Table
IIT) or p-chlorophenylpyruvate (Table IV), it may be concluded that the activity of
the malate—-oxaloacetate cycle is negligible under our experimental conditions.

It has been found recently [42] that in pigeon liver, pyruvate in contrast to
lactate [43], is a rather poor substrate for gluconeogenesis. Since in this species phos-
phenolpyruvate carboxylase is mainly mitochondrial [44], transport of reducing equiv-
alents together with the transport of phosphoenolpyruvate out of the mitochondria
is obligatory when pyruvate is the substrate. The fact that lactate is a good gluconeo-
genic substrate in pigeon liver, whereas pyruvate is not, shows that hydrogen transfer
out of the mitochondria must be defective in this tissue. An explanation for this
phenomenon may be that the cycle depicted in Fig. 1 cannot be used in pigeon liver
to replenish the cytosol with reducing equivalents because of the low activity of cyto-
solic phosphoenolpyruvate carboxylase. Apparently in pigeon liver no mechanisms
other than that depicted in Fig. 1 are available to bring about a net transfer of reduc-
ing equivalents from mitochondria to cytosol.
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