THE JOURNAL OF BioLogicaL CHEMISTRY
Vol. 256, No. 16, Issue of August 25, pp. 8371-8378, 1981
Printed in U.S.A.

The Effects of Energetic Steady State, Pyruvate Concentration, and
Octanoyl-(—)-carnitine on the Relative Rates of Carboxylation and
Decarboxylation of Pyruvate by Rat Liver Mitochondria*

(Received for publication, November 17, 1980, and in revised form, May 8, 1981}

Wil Davis-van Thienen and E. Jack Davis

From the Indiana University School of Medicine, Department of Biochemistry, Indianapolis, Indiana 46223

Rat liver mitochondria were incubated with con-
trolled concentrations of pyruvate over a range of en-
ergetic and respiratory steady states, in the presence
and absence of octanoyl-(—)-carnitine in order to eval-
uate conditions and effectors which perturb the abso-
lute and relative rates of flux through pyruvate carbox-
ylase and pyruvate dehydrogenase. Control experi-
ments using saturating concentrations of pyruvate are
also reported.

With high [pyruvate] (10 mM) as sole substrate, car-
boxylation rate was very rapid in the resting state, and
was diminished in a stepwise manner on stimulation of
respiration with increasing amounts of ATPase. Car-
boxylase flux rates did not correlate with [acetyl-CoA]
or acetyl-CoA/CoASH ratio, or with changes in the
mitochondrial ATP/ADP until ATPase in excess of
maximal respiratory stimulation was added. Octanoyl
carnitine stimulated carboxylation further, and this
rate was better sustained in stimulated respiratory
states. This stimulation is correlated qualitatively with
elevation of the acetyl-CoA/CoA ratio. With pyruvate
alone, pyruvate dehydrogenase flux was maximally
stimulated, independent of the energetic state. The lat-
ter was suppressed by octanoyl carnitine in all respi-
ratory states, but only marginally.

When pyruvate was in low concentration (~50 to 500
pM), carboxylation was now relatively low in the resting
state (concentration-dependent on pyruvate), and was
abolished by stepwise stimulation of respiration. This
was accompanied by increased production of ketone
bodies. Octanoyl carnitine now stimulated pyruvate
carboxylase, and suppressed pyruvate dehydrogenase
manyfold, such that their relative rates were altered up
to >1,000-fold under some conditions. These effects are
correlated with changes (in the same direction) of the
acetyl-CoA/CoASH, NADH/NAD", and ATP/ADP ra-
tios. However, with pyruvate alone, decrease in pyru-
vate carboxylation again is not correlated with de-
creased [acetyl-CoA] or decreased acetyl-CoA/CoA.
Apparently, other factors such as ADP will decrease
carboxylase flux, even in fact of constant or increasing
[acetyl-CoAl. It is concluded that the energetic state of
the liver cell, and especially the availability of fatty
acids, can trigger a very effective coordinated switch
in gating pyruvate carbon to oxaloacetate or acetyl-
CoA. Endocrine signals may initiate this gating by al-
tering these parameters.

* This work was supported by Grants AM13939 and AA289 from
the United States Public Health Service, and the Grace M. Showalter
Trust. The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

It is well documented that the metabolic fate of glycolyti-
cally derived pyruvate in liver (e.g. Refs. 1-3) and other tissues
(4-7) is markedly dependent on dietary or endocrine influ-
ences. The primary option for pyruvate metabolism in tissues
capable of fat and/or glucose synthesis is at the level of
decarboxylation (pyruvate dehydrogenase) and carboxylation
(pyruvate carboxylase). A secondary option in liver is the
extent to which acetyl-CoA formed in the first reaction is
converted to citrate or to ketone bodies. Finally, a third option
emerges in the disposition of citrate: it can be oxidized in the
citrate cycle, or can be cleaved by citrate lyase (EC 4.1.3.8)
with the formation of potential precursors of fatty acids.

The present study was initiated with the intent of devising
steady state metabolizing cell-free systems which would be
developed systematically to evaluate physiological controls of
these central branch points of carbohydrate metabolism.' It is
known that starvation, diabetes, or fatty acids strongly sup-
presses pyruvate oxidation by perfused hearts (e.g. 5, 6) and
that, in most instances, physiological conditions giving rise to
an elevated level of free fatty acids leads to an accelerated
rate of gluconeogenesis by liver from substrates giving rise to
pyruvate (2, 3). It is apparent that the latter effect is related
to an acceleration of carboxylation of pyruvate, coincident
with suppression of its decarboxylation.

Studies originating in many laboratories have revealed that
pyruvate dehydrogenase activity can be shown to be under
control by covalent modification (8, 9) as well as by feedback
regulation directly or indirectly by products of the reaction
(e.g. NADH, acetyl-CoA, ATP, or the ratios of NAD*/NADH,
acetyl-CoA/CoASH and ATP/ADP, see e.g. Ref. 7 for re-
view). On the other hand, regulation of pyruvate carboxylase
might be expected to be under control by ligands or other
effectors in a manner which is reciprocal to that for pyruvate
dehydrogenase; that is, when pyruvate dehydrogenase activity
is stimulated, the activity of pyruvate carboxylase would be
suppressed, and vice versa. The principal candidates for reg-
ulation of the latter which have been considered are acetyl-
CoA, the ATP/ADP ratio, and the concentration of pyruvate
(10-13).

Many of the studies on regulation of pyruvate dehydrogen-
ase activity have not involved flux rates directly, but have
exposed perfused organs (14-18) or isolated mitochondria (19~
24) to varying concentrations of putative effectors, after which
the activation state of the enzyme is “fixed” by centrifugation
in the cold, or the tissue is rapidly frozen. The activity is then
measured under V... conditions. Hence, presumably, these
studies would reveal alterations in the activity of the enzyme
resulting from covalent modification, but would not detect

' A preliminary report of early phases of this work has appeared in

abstract form: Davis, K. J., and Davis-van Thienen, W. I. A. (1976)
Fed. Proc. 35, Abstr. 1911.

8371



8372

alteration of its activity by feedback effects of ligands which
may have been present in the tissue. Hansford has recognized
this limitation in a recent study of flux through pyruvate
dehydrogenase with heart mitochondria (25).

Our strategy has been to measure actual flux rates of these
pathways simultaneously under steady state energetic condi-
tions, experimentally designed to mimic the span of respiring
and energetic states believed to occur in vivo. We have pre-
viously discussed the merits of carrying out in vitro studies
with mitochondria between states 4 and 3 {(no ADP, and
excess ADP present, respectively, Ref. 26). The present study
was directed principally to evaluating the fine control of the
relative fluxes through pyruvate carboxylase and pyruvate
dehydrogenase under the above conditions.

MATERIALS AND METHODS

Incubations with High Pyruvate Concentration—Incubations
were carried out for 30 min in media containing (mm) KCl, 90; Tris-
HCl, 33; KHCOs3, 16.5; potassium phosphate, 2; ATP, 2; pyruvate, 10;
malate, 0.1; acetoacetate, 0.25; pL-3-hydroxybutyrate, 0.5; MgCls, 2;
and 3 mg/ml of mitochondrial protein at 30 °C under an atmosphere
of 5% CO,, 75% N3, and 20% O,. After previous equilibration with this
gas mixture at 30 °C, the incubation pH was 7.4. Reactions were
started by simultaneous addition of mitochondria and ATPase. Du-
plicate 1-ml aliquots from each incubation were taken at 0, 15, and 30
min and transferred to tubes containing 0.3 ml of 20% perchloric acid
and placed on ice. After removal of denatured protein and neutrali-
zation with KOH, assays for metabolites were carried out. ADP, ATP,
and pyruvate were measured within 2 h after termination of incuba-
tions. The rates of formation of products did not deviate significantly
from linearity during the two time intervals. In control experiments
it was found that the 3-hydroxybutyrate/acetoacetate ratio became
constant within 5 min and the extramitochondrial ATP/ADP ratio
became constant within seconds after the incubations began.

Incubations with Low Steady State Pyruvate Concentrations—It
was desirable to carry out experiments with pyruvate in constant
concentration and in the physiological range. We therefore sought a
pyruvate-generating system linked to lactate dehydrogenase which
could remove NADH formed with the latter enzyme, thereby retain-
ing a steady state concentration of pyruvate. A very nearly ideal
system was found in the sorbitol-fructose couple (sorbitol dehydro-
genase, EC 1.1.1.14). In order to attain constant concentrations of
pyruvate, there must be relatively large amounts of both fructose and
sorbitol, so that the relative amounts of these substrates, and the
absolute amount of lactate, is not significantly altered during the
incubation. If we consider reactions 1 and 2,

K., (as written,
pH 7.0)

(1) Lactate + NAD* & pyruvate + NADH 2.76 x 107°
(2) Fructose + NADH &« sorbitol + NAD* 88

it is seen that a relatively high concentration of lactate is necessary
to generate the desired concentrations of pyruvate, whereas the K.
for the sorbitol dehydrogenase reaction is displaced enough from
unity to generate higher concentrations of pyruvate than with lactate
dehydrogenase alone. The incubation media in this series of experi-
ments was the same, as nearly as possible, as those using a high
pyruvate concentration except that the total osmolarity was increased
approximately 40 mosm in all conditions. Fructose, sorbitol, and
lactate were present in varying concentrations and KCl was corre-
spondingly reduced. NAD* was 1 mm, and lactate dehydrogenase and
sorbitol dehydrogenase were added to 20 and 0.3 1.U./ml, respectively.
To generate approximately 0.1 mM pyruvate, the concentrations of
fructose, lactate, and sorbitol were 25, 25, and 6 mM, respectively.
Higher pyruvate concentrations were attained by increasing the con-
centrations of lactate and/or fructose. The incubation mixtures were
preincubated at 30 °C for 30 min to establish equilibrium of the two-
enzyme reaction, then mitochondria were added to start the experi-
ment. Owing to the low specific activity of the sorbitol dehydrogenase,
and the high K, for its substrates, it was not experimentally practical
to maintain true equilibrium after mitochondria were added, and
pyruvate was being removed. Thus, the pyruvate concentration was
lower than its equilibrium concentration (but essentially constant).
Fig. 1 shows a typical curve for pyruvate concentration before and
after addition of mitochondria.

Control of Pyruvate Metabolism in Liver Mitochondria

Estimation of Flux Rates—Pyruvate carboxylase flux rates were
equated with the sum of citrate, malate, and fumarate formed. These
intermediates have been shown to constitute more than 90% of all
cycle intermediates (27), and are therefore a valid estimation of
pyruvate carboxylase flux, since there is negligible production of
phosphoenolpyruvate by rat liver mitochondria. When pyruvate was
in high initial concentration, pyruvate dehydrogenase flux was readily
determined by the expression, pyruvate dehydrogenase flux =
— Apyruvate — (2 Acitrate + Amalate + Afumarate).

When pyruvate was generated enzymatically it was not possible to
use the same calculation for pyruvate dehydrogenase flux as in the
experiments with 10 mm pyruvate, so that [1-"*CJlactate was used
(0.01 to 0.05 pCi/umol of lactate). After the incubation media were
equilibrated with the gas phase, incubations were carried out in closed
vessels for periods of 0, 7.5, and 15 min, and terminated by injection
of perchloric acid. [*C]JO. was collected in a center well containing
phenylethylamine by continued shaking in the water bath for 1 h.
The total trapped CO; was counted in a standard scintillation mixture
with appropriate controls for counting efficiency. As has been pointed
out previously, (29) radioactivity in ['*C]O; liberated from [1-'*C]
pyruvate is an approximate measure of flux through pyruvate dehy-
drogenase, but is subject to some errors if a tissue capable of signifi-
cant carboxylation of pyruvate is studied. That is, after carboxylation
of radioactive pyruvate to oxaloacetate, radioactive CO can be sub-
sequently liberated in the citrate cycle, thereby overestimating flux
through pyruvate dehydrogenase. We therefore corrected for this
error in the following manner: our standard incubation mixture con-
tained 0.1 mM malate, which is adequate for maximal respiration with
pyruvate. For each experimental condition, we ran control incubations
also with 0.6 and 3.0 mM malate present. Since the specific radioac-
tivity of malate (formed as a result of pyruvate carboxylation} would
be diluted by the added malate, one can readily extrapolate to infinite
malate concentration (and therefore infinitely low specific activity)
and obtain the true flux through pyruvate dehydrogenase. This is
illustrated in Fig. 2, in which extremes of the correction are included:
i.e. when pyruvate is sole substrate and pyruvate carboxylase flux is
very low, the correction for *CQ, evolution due to the citrate cycle is
negligible; in the other extreme, when octanoyl-(—}-carnitine was
present, pyruvate carboxylase activity was high, and citrate cycle flux
was maximally stimulated with ATPase, the correction for “CO.
evolution due to the citrate cycle could be as much as 50 to 70%.
Intermediate conditions for this correction are also illustrated.

Estimation of Metabolites—ATP, ADP, citrate, malate, fumarate,
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Fic. 1. Ilustrative experiment for generation of steady state
pyruvate concentration. The standard incubation medium con-
tained, in addition, 25 mm fructose, 25 mM potassium lactate, and 6
mM sorbitol. Osmotic pressure was compensated by lowering the
concentration of KCL. At zero time, lactate dehydrogenase and sor-
bitol dehydrogenase were added (see “Materials and Methods”).
Curve 2 also contained 1 mMm octanoyl-(—)-carnitine. Mitochondria
(3 mg of protein/ml) were added at the arrow. The steady state
[pyruvate] thus obtained was altered principally by the combined
rates of its removal via pyruvate dehydrogenase and pyruvate car-
boxylase.
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Fic. 2. Correction for variable overestimation of pyruvate
dehydrogenase flux due to citrate cycle oxidations releasing
4CQ,. Incubations and measurements of *CQ, were carried out in
the standard incubation medium containing lactate dehydrogenase
and sorbitol dehydrogenase, with adjustments of the KCl concentra-
tion for fructose, sorbitol, and lactate. The concentrations of the latter
were 75, 6, and 25 mM, respectively. (Please see “Materials and
Methods” for other details.) Points represent the means of 15- and
30-min incubation times, which were linearly related. The concentra-
tion range of pyruvate in the four conditions was 0.16 to 0.24 mmM.
With the high external ATP/ADP ratios, no ATPase was added. In
the other two incubations, ATPase was added to obtain the acutely
lowered ATP/ADP,,; ratios as indicated. The range of steady state
pyruvate concentrations results from varying total rates of pyruvate
removal in the various conditions (pyruvate carboxylase plus pyruvate
dehydrogenase fluxes). Open symbols, pyruvate-generating system
only; closed symbols, 1 mM octanoyl-(—)-carnitine also present.

3-hydroxybutyrate, acetoacetate, and pyruvate were measured enzy-
matically by standard procedures as referenced previously (30, 31).
Acetyl-CoA and CoASH were measured by the recycling method as
described by Allred and Guy (32).

Preparation of Mitochondria—Mitochondria were prepared from
the livers of chow-fed 200 to 250-g male Wistar rats as described by
Johnson and Lardy (33), except that the isolation medium contained
1 mM EGTA.? Respiratory controls in media not containing bicarbon-
ate with glutamate plus malate, or 10 mM pyruvate plus 0.1 mm
malate, were 6 to 10. However, with the latter substrate, respiratory
control ratios of only 2 to 2.5 were attained in the bicarbonate
containing medium, resulting principally from the rapid intramito-
chondrial turnover of ATP as a consequence of carboxylation of
pyruvate.

Intramitochondrial Adenine Nucleotides—The method for rapid
separation of mitochondria and subsequent separation and estimation
of nucleotides was exactly the same as previously described (28), with
0.5 mM ATP. The yield of total adenine nucleotides in the pellet after
centrifugation through silicone oil in all experiments reported was
within the range between 11 to 14 nmole/mg of protein. The ATP/
ADP ratios now obtained in ADP-controlled states were consistently
less than 2.0, whereas in our (28, 34) and other (35, 36) previous
reports, this ratio was approximately 4.0. This difference, in a series

*The abbreviation used is: EGTA, ethylene glycol bis(8-amino-
ethyl ether)-N,N,N’,N’-tetraacetic acid.
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of control experiments, was found to be due to the presence of
bicarbonate. With glutamate plus malate as substrate the average
ATP/ADP ratio in 10 experiments (ATP present but no ATPase) was
3.9 when bicarbonate was not added, and 2.4 if bicarbonate was
present. Correspondingly, with pyruvate (10 mM) plus malate (0.1
mM) as substrates, these ratios became 3.0 and 1.5. Hence, these
differences are explained in part by intramitochondrial turnover of
ATP as a consequence of pyruvate carboxylase. It is also noteworthy
that the extramitochondria ATP/ADP ratio obtained in “state 4”
with a high concentration of pyruvate was lower than when the
pyruvate concentration was low. This is also explained by the fact
that state 4 respiration is stimulated by intramitochondrial turnover
of ATP, and, therefore, cannot in the strictest sense be termed state
4. To determine the desired rates of respiration, scaled down incuba-
tions were carried out using an oxygen-sensitive electrode. State 4
incubations were first begun, followed by various amounts of purified
mitochondrial ATPase (F,). It was possible in this way approximately
to attain a desired per cent of state 3 respiration, and an approxima-
tion of the desired extramitochondrial ATP/ADP ratio. Since there
are so many possible variables in attaining any steady state condition,
the exact states from one experiment to another could rarely be
attained. Hence, the results of averaged determinations from several
typical experiments are reported. Experiments as nearly identical in
design as possible were repeated at least four times.

All enzymes and coenzymes were purchased from Sigma Chemical
Co., St. Louis, Mo. Lithium acetoacetate was prepared according to
the method of Hall (37). [8-"*C]ATP and NaH['*C]Q; were purchased
from New England Nuclear. Octanoyl-(—)-carnitine was prepared
according to the method of Bremer (38). (—)-Carnitine was a gift of
Otsuka Pharmacological Co., Osaka, Japan. Purified mitochondrial
ATPase (F,) was prepared by a modification of (39) as previously
described (28).

RESULTS

Experiments with a High Concentration of Pyruvate—
Table I shows data from a series of experiments in which the
respiratory and energetic steady states are varied over the
resting to fully stimulated (respiratory) states when 10 mm
pyruvate was present. Note that, as previously reported (28),
respiration was maximally stimulated by ATPase when the
extramitochondrial ATP/ADP ratio was about 10 or greater.
Even in the absence of fatty acid, carboxylation of pyruvate
was very rapid in the unstimulated (no ATPase) state, but
was progressively diminished on addition of increasing
amounts of ATPase. If octanoyl carnitine was present, car-
boxylation persisted to a greater extent in any given respira-
tion-stimulated state (as indicated by the extramitochondrial
ATP/ADP ratio). Pyruvate dehydrogenase was apparently
fully activated by pyruvate in all states when fatty acid was
not present, since its activity was extremely high and virtually
identical in all respiratory states. The rates reported here are
essentially the same as the fully activated pyruvate dehydro-
genase activity reported by Leiter et al. (40). The flux rates
through pyruvate dehydrogenase were suppressed by octanoyl
carnitine to essentially the same extent in all energetic states,
and this suppression was modest (approximately 30%). Hence,
flux through pyruvate dehydrogenase, when pyruvate is in
high concentration, is relatively insensitive to control via
activation-inactivation or by product inhibition, or by both.
We therefore conclude, in agreement with Hansford (21) and
Hansford and Cohen (25), that flux studies through pyruvate
dehydrogenase when pyruvate is in supraphysiological con-
centrations are of limited physiological significance.

On the other hand, the rate of pyruvate carboxylation did
respond to changes in energetic state (Table I), even at
saturating concentrations of pyruvate, and this suppression of
flux by lowered energetic state (increased respiration, lowered
extramitochondrial ATP/ADP ratios) was largely alleviated
if octanoyl carnitine was present. Since isclated pyruvate
carboxylase is long known to require acetyl-CoA (or a rela-
tively high acetyl-CoA/CoASH ratio) for activity, is inhibited
by ADP, and a decreased intramitochondrial ATP/ADP ratio
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TaBLE 1
The effects of energetic steady state and of octanoyl-(—)-carnitine
on the flux rates of pyruvate dehydrogenase and pyruvate
carboxylase

Incubations were carried out in the standard medium containing
10 mM pyruvate and 0.1 mM malate. Reactions were started by
simultaneous addition of mitochondria and varying amounts of ATP-
ase. The top line in the two sets is without ATPase. Aliquots were
taken at 0, 15, and 30 min for subsequent determination of metabo-
lites. Results are from four separate experiments designed to be as
nearly identical as possible. The ATP/ADP ratios and respiration
rates presented are the ranges of steady state ratios and fluxes
obtained.

Other additions 4 L/ADF A0 Flux through

CBX* PDH*
natoms -1 -y

mg™' min™! nmol mg™ min
None 35-41 48-43 21+2 313
17-22 52-58 18+ 3 32x4
12-15 72-79 13+ 3 32x5
5-7 72-80 8+2° 35x4
Octanoyl-(—)-car- 36-41 48-56 35 + 4° 22 + 4°
nitine (1 mM) 21-25 78-86 35+ 3° 24 + 2°
17-19 86-94 34 + 4° 21 £ 4°¢
13-15 89-95 26 £+ 3° 23 £ 3°

“ Abbreviations: CBX, pyruvate carboxylase (EC 6.4.1.1); PDH,
pyruvate dehydrogenase (EC 1.2.4.1),

* Significantly different from control containing no ATPase, p <
0.01.

© Significantly different from corresponding incubations with py-
ruvate (plus malate) as sole substrate, p < 0.01.

has been correlated with decreased flux through pyruvate
carboxylase (11, 12, 41), we have carried out a series of studies
similar to those reported in Table I examining these parame-
ters. It was found that when pyruvate alone was substrate,
the bulk intramitochondrial ATP/ADP ratio (1.51 + 0.15 in
the resting state) was not significantly altered (p > 0.2, n =
8) if the external ATP/ADP ratio exceeded 10 (fully stimu-
lated respiration). Only when the external ratio was lower (5.5
to 7.0) was the internal ratio significantly lowered (to 0.77 =
0.12, pooled data, p < 0.1, n = 6). Similar results were obtained
if octanoyl carnitine was also present (data not shown).

Flux rates through pyruvate carboxylase and pyruvate de-
hydrogenase (Table I) were only marginally correlated with
the acetyl-CoA/CoASH ratio. In four ranges of energetic
states with pyruvate as sole substrate (indicated by extrami-
tochondrial ATP/ADP ratios between 35 and 5) the mito-
chondrial acetyl-CoA/CoASH ratios (1.25 + 0.13 in the resting
state, n = 8) tended to increase as respiration was stimulated,
aithough this increase was not statistically significant (with
external ATP/ADP ratios over the large range of 15 to 5, the
pooled data, n = 12, gave acetyl-CoA/CoASH ratios of 1.47
+ 0.11). Correspondingly, the bulk acetyl-CoA concentration
(1.08 + 0.07 nmole/mg of protein, n = 6) in the unstimulated
state (no ATPase) was statistically unaltered in the same
range of ATPase-stimulated states (1.19 + 0.08, n = 8). Octa-
noyl carnitine elevated the acetyl-CoA/CoASH ratio (to 2.6
+0.3,n=8, p<0.01).

Thus, these data showed that flux rates through pyruvate
dehydrogenase were essentially maximal, and insensitive to
changes in energetic or respiratory state, if pyruvate alone
was present in saturating concentration. Also, pyruvate de-
hydrogenase flux was inhibited by octanoyl carnitine only to
about 65 to 70% of its maximal rate, and this inhibition was
independent of the energetic state of the system.

Although pyruvate carboxylase activity was diminished
with increasing respiration rates (and lowered external ATP/
ADP ratios), this effect could generally not be correlated with
significant lowering of the bulk mitochondrial ATP/ADP, the

Control of Pyruvate Metabolism in Liver Mitochondria

acetyl-CoA/CoASH ratio, or with the concentration of acetyl-
CoASH. It is therefore apparent from these data, briefly
presented, that physiological controls of the relative rates of
flux at the primary branch point of pyruvate metabolism are,
to a large extent, not expressed when pyruvate is in saturating
concentration. The data presented serve principally as a point
of reference, and contrast to the dramatic effects of energetic
state and of competing substrate observed when pyruvate is
present in low, steady state concentrations.

Experiments with Controlled Pyruvate Concentrations—
Fig. 3 summarizes the principal measured parameters when
the steady state pyruvate concentrations were varied over
three ranges (approximately 0.05, 0.2, and 0.5 mM), with the
effects of energetic and respiratory steady state and of octa-
noyl-(—)-carnitine. It is seen that, even at the lowest pyruvate
concentrations, pyruvate dehydrogenase flux was rapid (but
not maximal) in the resting state, and was stimulated with
increasing respiration and lowered external ATP/ADP ratios.
The pattern was similar with the higher steady state pyruvate
concentrations, although the absolute flux rates were some-
what elevated (Fig. 34, top three curves). The effect of octa-
noyl carnitine (bottom three curves) on flux through pyruvate
dehydrogenase was now very extensive, especially at the low-
est ranges of pyruvate concentration. That is, the rates of flux
were reduced as much as 95%, and this inhibition persisted
when the energetic states were altered with increasing
amounts of ATPase.

In contrast, flux through pyruvate carboxylase responded
to experimental manipulations essentially opposite to that of
pyruvate dehydrogenase. At the lowest concentration of py-
ruvate, pyruvate carboxylase flux was low, and was diminished
essentially to zero on lowering the energetic state (lowered
external ATP/ADP ratios). The rates of pyruvate carboxyla-
tion were concentration-dependent between about 0.05 and
0.5 mm pyruvate, but the patterns as a function of energetic
state were similar (Fig. 3B, boitom three curves). Now if
octanoyl carnitine was also present (top three curves), pyru-
vate carboxylase activity was very markedly stimulated in the
resting state, and likewise was suppressed as the energetic
state of the system was decreased with ATPase. Nevertheless,
even at the lowest energy states (external ATP/ADP = 5 to
8) very substantial carboxylation of pyruvate persisted. Two
very striking conclusions emerge from these data (Fig. 3, A
and B): (a) pyruvate dehydrogenase flux increases with in-
creasing respiration and energetic state within what is proba-
bly the physiological range, whereas pyruvate carboxylase flux
responds to energetic state in a manner reciprocal to pyruvate
dehydrogenase; and (b) octanoyl carnitine stimulates pyruvate
carboxylase flux manyfold in all energetic states, while simul-
taneously suppressing pyruvate dehydrogenase flux. In fact,
on close inspection of these data, octanoyl carnitine altered
the relative rates of these two reactions from about 100 to
several thousandfold, depending upon the energetic and res-
piratory states being compared.

Measured factors which may be responsible for, or corre-
lated with this remarkable control of the disposition of pyru-
vate carbon are summarized in Fig. 3, C to F, and Table IL. It
is seen that, with pyruvate alone (C, lower three curves), there
is virtually no ketogenesis in the resting state, but there is an
incipient rise in ketogenesis on addition of increasing amounts
of ATPase, and this is to a certain extent concentration-
dependent on [pyruvate]. There is a qualitative correlation
between increasing rates of ketogenesis from pyruvate and (a)
decreased rates of carboxylation of pyruvate (Fig. 3B), and ()
a gradual tendency toward increasing acetyl-CoA/CoASH
ratios and absolute bulk concentration of acetyl-CoA (Fig. 3,
E and F), suggesting that oxaloacetate may become limiting
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Fic. 3. Correlation of the rates of flux through pyruvate
dehydrogenase, pyruvate carboxylase, and ketogenesis, and
of the mitochondrial oxidation-reduction state, the acetyl-
CoA/CoASH ratio, and of the acetyl-CoA concentration with
steady state pyruvate concentration, the energetic, or respi-
ratory state (expressed as the extramitochondrial ATP/ADP
ratio) and with the presence and absence of a competing fatty
acid substrate. Incubations (A through D} were carried out at 30 °C
for 0, 7.5, and 15 min in the standard incubation medium, with
necessary adjustments for isotonicity required by the presence of
varying concentrations (please see “Materials and Methods”) of lac-
tate, fructose, and sorbitol needed for the pyruvate-regenerating
system. The experiments reported in A through D are taken from a
set of four separate experiments. The flux rates taken for the 0- to
7.5- and 0- to 15-min intervals were essentially linear in each case, so
that these rates were averaged for determination of fluxes in an
individual experiment. The experiments in £ and F were from a

for recycling of CoASH. When octanoyl carnitine was also
present, ketogenesis was extremely high, and only marginally
affected over the range of energetic conditions studied. This
high rate of ketogenesis coincided with elevated acetyl-CoA/
CoASH and B-hydroxybutyrate/acetoacetate ratios, and rel-
atively high rates of carboxylation of pyruvate (Fig. 3, B to
E).

As expected, the mitochondrial NADH/NAD™ ratio, as
indicated by the observed B-hydroxybutyrate/acetoacetate
ratio, was diminished on stimulation of respiration (Fig. 3D).
The same was true if octanoyl carnitine was present, but these
ratios were substantially higher in all energetic states than
with pyruvate as sole substrate.

It is noteworthy that, superficially, pyruvate carboxylase

AYP/ADP0UT

30 20 10 0 80 60 40 30 20 10 0

ATP/ADP ouT

separate series of four experiments designed to simulate as closely as
possible those in A to D. Incubation in E and F were for 10 min, after
which they were terminated in HCIO,. The horizontal bars in A and
E indicate the range of steady state ATP/ADP ratios in each pooled
set. The vertical bars represent the S E. The closed symbols indicate
that only pyruvate (plus 0.1 mM malate) were present as substrate.
For open symbols, 1 mMm octanoyl-(—)-carnitine was also present. The
ranges of steady state pyruvate concentrations were: triangles, 0.05 to
0.08 mM; squares, 0.16 to 0.24 mM; and circles, 0.48 to 0.76 mM. The
reason that these values are ranges rather than the same value in
each incubation is the result of varying total rates (pyruvate dehy-
drogenase plus pyruvate carboxylase fluxes) of removal of pyruvate
from the generating system (please see Fig. 2). In a few cases, the
range of ATP/ADP ratios, and of flux rates, is contained in the
symbol for that variable, as indicated in the figures. As mentioned
earlier, and in Table I, respiration was maximally stimulated when
the extramitochondrial ATP/ADP ratio was about 10 to 15.

flux is correlated with the acetyl-CoA/CoASH ratio in incu-
bations containing both pyruvate and octanoyl carnitine (Fig.
3, B and E). That is, at any given concentration of pyruvate,
carboxylase flux decreases with decreasing acetyl-CoA/
CoASH ratios. However, there was a trend for elevated acetyl-
CoA/CoASH ratios with lower pyruvate concentrations, si-
multaneous with lower rates of carboxylase flux. The bulk
acetyl-CoA concentration was not significantly altered in any
of these states. When pyruvate was sole substrate, decreases
in the rate of pyruvate carboxylase flux was in no case posi-
tively correlated with decreases in the acetyl-CoA/CoASH
ratio, or with [acetyl-CoA] (Fig. 3, B, E, and F).

Table II summarizes data on the measured ATP/ADP
ratios in mitochondria incubated under conditions similar to
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TaBLE 1l
Correlation of intra- and extramitochondrial ATP/ADP ratios of
mitochondria incubated in the presence of a low concentration of
pyruvate, in the presence and absence of octanoyl-(—)-carnitine
Incubations were carried out in the standard incubation medium
containing the pyruvate-regenerating system, as described in the
legend to Fig. 2. Varying amounts of ATPase were added to attain
approximately the desired energetic state, as indicated by the extra-
mitochondrial ATP/ADP. Parallel incubations were carried out for
10 min. At the end of this interval, one of these incubations was
terminated with HC10,, and used for determination of the extrami-
tochondrial nucleotide ratios. An aliquot of the parallel incubation
was used to separate the mitochondria by the silicone method. The
range of pyruvate concentrations in the experiments reported was
0.21 to 0.29 mM. The ATP/ADP external are the ranges obtained in
individual experiments. Data are from four determinations + S.E.

Other additions AT(P /ADP ATP/ADP
out) (in)
None 34-40 1.23 + 0.05
6.4-10 0.91 % 0.09"
3.2-4.3 0.70 + 0.07°
Octanoyl-(—)-carnitine (1 mm) 33-40 1.57 + 0.08"
14-17 147 £ 0.12°
5.4-7.5 1,28 + 0.07%°

¢ Different from top line in a series, p < 0.01.
® Different from corresponding values without octanoyl carnitine in
approximately corresponding energetic state, p < 0.01.

those presented in Fig. 3. As seen in this table, when low
concentration of pyruvate was the sole substrate, lowering the
external ATP/ADP ratio to that required to stimulate respi-
ration fully (or lower) resulted in significant lowering of the
mitochondrial ATP/ADP ratio. If octanoyl-(—)-carnitine was
also present, the mitochondrial ATP/ADP ratio was resistant
to significant change until the amount of ATPase added
exceeded that required for maximum phosphorylating respi-
ration. These data with pyruvate alone are in qualitative
agreement with those in a recent report by Brawand et al.
(42), who showed small changes in mitochondrial ATP/ADP
ratio with ATPase or limiting hexokinase. The present data
also confirm our previous conclusions that with high concen-
trations of reducing substrate (glutamate plus malate, Ref. 28)
or saturating pyruvate or octanoyl-(—)-carnitine (this report),
the measured mitochondrial ATP/ADP ratios are resistant to
change until ATPase is added in excess of that needed for full
stimulation of respiration.

DISCUSSION

Since pyruvate is at a central cross-road of metabolism, the
control of direction of pyruvate carbon toward oxidation to
CO, or ketone bodies, or to precursors of new glucose or fatty
acid synthesis continues to be a subject of extreme importance,
not only for hepatic metabolism, but for whole body homeo-
stasis. We have addressed this important question in the
present work. In principal, our experimental design differs
from most other studies in that we have studied actual flux
rates through pyruvate dehydrogenase, pyruvate carboxylase,
and the enzymes of ketogenesis simultaneously, and under
respiratory and energetic states designed to mimic the span of
those states which are likely to prevail under in vivo condi-
tions. For the first time, it has been possible to provide a
strictly constant concentration of pyruvate during an incuba-
tion period. By comparing fluxes at the cross-road of pyruvate
dehydrogenase and pyruvate carboxylase in the presence of
saturating and of physiological concentrations of pyruvate, it
should be possible to decide which perturbations are likely to
be meaningful under physiological conditions. Since the rela-
tive availability of free fatty acids appears to be intrinsic to
stimulation of gluconeogenesis, and to inhibition of pyruvate
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dehydrogenase, we have evaluated the effects of octanoyl-
(—)-carnitine on these processes. We have not used long chain
fatty acids in order to avoid possible effects of the latter on
the adenine nucleotide translocase (43, 44), and therefore
possible perturbation of the intramitochondrial ATP/ADP
ratio.

In the experiments using saturating pyruvate concentra-
tions, briefly reported, it is evident that any rate limitation of
effectors on pyruvate dehydrogenase are reversed by the
presence of saturating pyruvate concentrations. The presence
of octanoyl-(—)-carnitine suppressed pyruvate dehydrogenase
flux to essentially the same extent in all energetic states
studied, but this inhibition was not striking. The simplest
explanation for this relatively small inhibition is competition
for NAD™ being recycled by electron transfer. The situation
was somewhat different for pyruvate carboxylase flux. Pyru-
vate alone, at high concentrations, was rapidly carboxylated,
and this was suppressed with lowered energetic states. This
suppression of pyruvate carboxylation could not, however, be
correlated with altered intramitochondrial ATP/ADP or to
acetyl-CoA/CoASH ratios. It is possible that changes in the
activities of these effectors are underestimated, as briefly
discussed below. Raijman and Bartulis (45) have recently
reported a study of the relative rates of carbamoyl phosphate
synthesis and pyruvate carboxylase activity (the latter with
saturating pyruvate concentration). They noted that both of
these ATP-requiring activities were suppressed, correspond-
ing to increased turnover of ADP (hexokinase-glucose) and
correspondingly lowered mitochondrial ATP/ADP ratios.
Bryla and Niediwiecka (46) also reported similar results.
These data are not directly comparable to those which we
report, since these workers have compared extremes of energy
state, i.e. with excess ATP, and with excess ADP. Certainly,
in the latter case the intramitochondrial ATP/ADP ratio is
lowered (28).

The experiments with low steady state pyruvate concentra-
tions are very impressive, with respect to control of the
relative fluxes through pyruvate carboxylase and pyruvate
dehydrogenase. In all cases, flux through these two pathways
was strongly altered in opposite directions by altering the
energetic steady state, or by the presence of a competing fatty
acid substrate. The relative rates of these two options for
pyruvate metabolism, when present as sole substrate, could
be shown to be altered by 2 orders of magnitude or greater
within the experimental extremes of energetic state. Corre-
spondingly, the presence of octanoyl-(~—)-carnitine resulted in
equally impressive shifts in the relative rates of carboxylation
and decarboxylation of pyruvate. The results are therefore
consistent with the idea that the activities of the two enzymes
are under physiological regulation by the same effectors, but
in opposing directions. Many in vitro studies of the isolated
enzymes, taken together, indeed suggest this conclusion.

In the experiments with low concentrations of pyruvate as
sole substrate, flux rates through pyruvate carboxylase and
pyruvate dehydrogenase do correlate with changes in the
mitochondrial ATP/ADP and NADH/NAD™ ratios, but these
latter changes are certainly not large compared to the ob-
served changes in flux rates. But the results are anomalous in
another sense: decreased rates of carboxylation of pyruvate
coincided in all instances with no significant change or in-
creases in the concentration of acetyl-CoA and of the acetyl-
CoA/CoASH ratio. Thus, under these conditions of low py-
ruvate concentration, factors other than acetyl-CoA appar-
ently override effects of the latter on pyruvate carboxylation.

The powerful effects of octanoyl-(—)-carnitine on the re-
spective rates of carbon flux through pyruvate carboxylase,
pyruvate dehydrogenase, and ketogenesis correlate with in-
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creases in the mitochondrial NADH/NAD" acetyl-CoA/
CoASH, and ATP/ADP ratios, all of which are putative
effectors of pyruvate carboxylase and of pyruvate dehydro-
genase, Stimulation of ketogenesis by octanoyl carnitine was
not unexpected, owing the known correlation between keto-
genesis, the acetyl-CoA/CoASH ratio and the mitochondrial
NADH/NAD" ratio (47, 48). In like manner, the increasing
production of ketone bodies from pyruvate as sole substrate
with lowered energetic state is correlated with increasing
acetyl-CoA/CoASH ratios and decreased accumulation of cit-
rate cycle intermediates. As pointed out by others (e.g. Ref.
48), the equilibrium concentration of acetoacetyl-CoA formed
in the thiolase reaction is a function of [acetyl-CoA7, so that
relatively small changes in the concentration of the latter
could have a marked effect on the overall rate of ketogenesis.
Transport of pyruvate into mitochondria has been impli-
cated as a possible rate-determining step for gluconeogenesis
and lipogenesis (e.g. Ref. 49). This would suggest that, in some
cases, pyruvate carboxylase activity may be limited by the
steady state level of intramitochondrial pyruvate. The data in
Fig. 3B show that, with pyruvate as sole substrate, pyruvate
carboxylase activity in most energetic states was increased
somewhat by increasing the pyruvate concentration over the
range between approximately 0.05 and 0.5 mm. Pyruvate
dehydrogenase activity was likewise stimulated in the range
of pyruvate concentrations between about 0.05 and 0.20 mM,
suggesting perhaps that pyruvate transport, or simply its
intramitochondrial concentration may be limiting for both of
these activities when pyruvate is low physiological concentra-
tion. The fact that ketone bodies tend to accumulate as
respiration is stimulated, even at the lowest pyruvate concen-
tration, would tend to rule out an important concentration
dependence for pyruvate dehydrogenase activity. This argu-
ment, however, is not valid directly for considerations of
concentration limitation for pyruvate carboxylase activity.
Under our incubation conditions of controlled respiration in
presence of octanoyl carnitine, pyruvate carboxylase activity
was extremely high, and was relatively insensitive to pyruvate
concentrations. In fact, the flux rates reported here are cal-
culated to be approximately equal to the total activity re-
ported for pyruvate carboxylase in rat liver (50). The K., of
the pyruvate carrier for pyruvate has been estimated to be in
the range 0.2 mM or higher (c.f. Ref. 7) and has been shown to
catalyze uptake of pyruvate in exchange for acetoacetate (51).
Thus, the intriguing possibility remains that one important
mode of action of fatty acids on hepatic pyruvate metabolism
is to stimulate pyruvate carboxylase through accelerated
transport of pyruvate during ketogenesis. An additional pos-
sibility for an effect on pyruvate carboxylase by octanoyl
carnitine oxidation which has not been considered is an effect
of acyl-CoA intermediates. This is very unlikely, however,
since the sums of acetyl-CoA plus CoASH in all of the exper-
iments shown in Fig. 3 were statistically identical (data not
shown), making it extremely unlikely that significant acyl-
CoA intermediates of octanoyl carnitine accumulate.
Interpretation of the correlation of measured variables with
the intramitochondrial ATP/ADP ratio is, of course, depend-
ent on the validity of the method used for these determina-
tions. In previous reports (e.g. 28) and the present study, with
saturating concentration of reducing substrates, the measured
intramitochondrial ATP/ADP ratio was resistant to signifi-
cant changes until the extramitochondrial ATP/ADP ratio is
reduced to values lower than required for maximal stimulation
of respiration, whereas with limiting pyruvate (plus catalytic
concentration of malate) as sole substrate, the mitochondrial
ATP/ADP ratio was lowered significantly with increased res-
piration in what is believed to be “physiological” energetic
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states. Although the silicone oil separation remains the most
widely used and documented (28, 52) rapid procedure for
separation of mitochondria from an incubating medium, sev-
eral workers have questioned its validity (e.g. 21, 42, 53).
Hansford (21) has logically suggested that, if the time interval
before quenching were long enough, the ratio of mitochondria
to external ATPase (or hexokinase) would be increased during
the separation period, resulting in a reversion toward resting
respiration. Although this is a crucial point which is well
taken, we believe that control experiments published earlier
(28) at least qualitatively show that this scepticism is unwar-
ranted: first, the intramitochondrial ATP/ADP did respond
to more extreme (unphysiological) variations in the external
ratio; and most compellingly, (b) ATPase-stimulated respira-
tory states were correlated with extramitochondrial ATP/
ADP ratios and intramitochondrial NAD*/NADH ratios, the
latter being increased with increasing rates of respiration.
Whether the mitochondria were quenched immediately in
acid, or were centrifuged through silicone, the measured mi-
tochondrial [NAD"] was approximately the same in both
conditions (28). Brawand et al. (42) have suggested another
possible error in the determinations. They have suggested
that the correction for nucleotides in the extra-matrix water
carried down with the mitochondria is large enough to make
the method insensitive to changes in the nucleotides in the
mitochondrial matrix space. In previous work (28)* the cor-
rected matrix ATP/ADP ratio was statistically the same,
whether the extramitochondrial adenine nucleotide concen-
tration was 0.1, 0.5, or 2.0 mm. In the present experiments, 0.5
mM adenine nucleotides were added to the incubation medium
for determination of internal! nucleotides. This amounts to
about a 10 to 15% correction for nucleotides in the extramatrix
water. Finally, since this work was completed Wanders et al.
(53) have also suggested, following Hansford (21), that there
is a time-dependent blunting of changes in the mitochondrial
ATP/ADP during separation, especially when the phosphor-
ylation rate is high. They have used highly unphysiological
conditions to demonstrate this by incubating mitochondria
with very low concentrations of adenine nucleotides plus
glucose and high activities of hexokinase, such that [ATP] in
the suspending medium was virtually zero, and as a result the
matrix ATP/ADP ratio also approached zero. Although the
matrix ATP/ADP ratio was shown to change together with
malonate-inhibited electron transfer, the measured matrix
ATP/ADP ratios tended to be higher when measured after
silicone separation than after immediate quenching with acid.
Thus, even under these very extreme conditions, the silicone
separation method detected changes in intramitochondrial
nucleotides, although the changes were somewhat dampened
under these special conditions.

The most important conclusions to be drawn from the
present work are that, when pyruvate is in the physiological
or near-physiological range of concentrations, the flux rates
through pyruvate carboxylase and pyruvate dehydrogenase
are very strongly influenced in a reciprocal manner by altering
the respiring and energetic steady states through the range
which is probably seen under physiological conditions. Even
more extensive is the effect of competing fatty acid substrate
on stimulation of pyruvate carboxylase, and suppression of
pyruvate dehydrogenase flux, such that the relative rates of
these two reactions are altered by 2 to 3 orders of magnitude.
The measured concentrations or ratios of putative effectors of
these reactions change generally, but not always, in the same
direction as expected if they were affecting flux rates. When
pyruvate was the sole substrate, however, pyruvate carbox-

3 W. Davis-van Thienen and E. J. Davis, unpublished work.
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ylase flux was not correlated with acetyl-CoA or the acetyl-
CoA/CoASH ratio but, in agreement with Brawand et al. (42),
was apparently suppressed by lowered mitochondrial ATP/
ADP ratio. As in Ref. 42, these changes were not large. As
discussed above, it remains a possibility that changes in mi-
tochondrial nucleotides may be blunted during the quenching
procedure, but this effect is apparently slight at most. An
additional possibility which cannot be ruled out at present is
that part of the adenine nucleotides is bound (see e.g. Refs. 54
and 55), and is therefore not accessible as effector(s) of the
enzyme fluxes being studied here. Similarly, evidence has
been presented suggesting that acetyl-CoA and CoASH are
not uniformly distributed in the mitochondrial matrix (13). If
this is the case, the magnitude of bulk changes in effector
concentrations may not reflect true changes in their metabol-
ically active forms.

It is further emphasized that the exquisite control of the
disposition of pyruvate carbon is observed only when pyruvate
is in relatively low steady state concentrations.
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