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Several published reports have suggested
that the fixation of CO» by NADP-linked
isocitrate dehydrogenase may represent an
important metabolic step in the synthesis of
tricarboxylic acid cycle intermediates (1-4).
Wagle (3) has shown that the “a-oxoglutar-
ate carboxylase” activity of liver mitochon-
dria from alloxan diabetic rats was greatly
increased when assayed by the method of
Ochoa (2). This finding led to the suggestion
that a-oxoglutarate carboxylation is an im-
portant pathway for supporting the increased
rate of gluconeogenesis present in alloxan
diabetes (4). In the present study, we have
examined a-oxoglutarate carboxylation by in-
tact rat liver mitochondria from normal and
diabetic rats and have observed the effects of
in vitro administration of insulin, glucagon,
dibutyryl cyclic AMP and octanoylcarnitine
on this carboxylation.

Methods. Male Sprague-Dawley rats
(weighing approx 150 g) were fasted for 48
hr and made diabetic by administration of
either alloxan (200 mg/kg, sc) or streptozo-
tocin (75 mg/kg, iv). Purina Lab Chow was

fed ad libitum until the animals were killed
30 days later. No attempt was made to in-
crease rat survival by the administration of
insulin. Mortality was quite high; 65% of the
alloxan diabetic and 10% of the streptozoto-
cin diabetic rats died during the 30 day peri-
od. Of the remaining diabetic animals, only
those with blood glucose levels above 300
mg/100 ml were used for the experiments in
this study.

Mitochondria were isolated by the method
of Schneider (5) as modified by Johnson and
Lardy (6), and suspended in 0.25 M sucrose
at a concentration of 30 mg of protein/ml.
Mitochondrial incubations were carried out
in stoppered 25 ml Erlenmeyer flasks which
were shaken in a water bath at 37°. Reac-
tions were started by addition of 0.5 ml of
mitochondrial suspension to 2.5 ml of media;
and were stopped by addition of 3 ml of
perchloric acid. Processing of samples for an-
alysis was done by the method of Walter ef
al. (7). The compositions of the incubation
'media are given in the legends to Tables I
and II.

TABLE I. 4-Oxoglutarate Consumption and Metabolic Formation by Normal Rat Liver
Mitochondria.®
Accumulated (umoles/10 mg of protein)
Incubation a-oxoglutarate
time (min) consumed Malate Fumarate Succinate Citrate
5 1.2 71 0.2 0 0.24
10 2.3 1.29 0.3 0.1 0.46
20 4.6 2.70 0.6 0.2 0.96
30 6.9 4.00 0.9 0.3 1.35
40 8.9 5.15 1.2 0.4 1.65

¢ The 3 ml reaction mixtures (pH 7.2) eontained 4 mM ATP, 10 mM MgCl,, 6.7 mM P,, 13.3
mM KTEA, 6.7 mM g-oxoglutarate, and 13.3 mM HCO,~. Mitochondria equal to 10 mg of pro-
tein were added at time 0; and the incubation times were varied as indicated.
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TABLE II. Effects of Streptozotocin and Alloxan Diabetes on e-Oxoglutarate Metabolism in
Rat Liver Mitochondria.®

Metabolite changes
(nmoles/20 min/mg of protein + SEM)

No. of a-Oxoglutarate
Treatment rats consumed Citrate accumulated
Normal 10 631 + 38 91.8 + 3.8
Streptozotocin diabetice 8 831 + 81° 132 =+ 9°
Alloxan diabetic 4 894 + 85¢ 141 =+ 14°

* The 3 ml reaction mixtures (pH 7.4) contained 4 mM ATP, 6.7 mM P,, 13.3 mM KTEA, 2
mM EDTA, 10 mM MgCl, 6.7 mM g-oxoglutarate and 20 mM HCO,~. The incubation flasks
were gassed with a mixture of 95% O, 4+ 5% CO..

b*p < .05.
°p < .001.
4p < .025.

Results and Discussion. Rat liver mito-
chondria, incubated in a medium containing
bicarbonate, converted a-oxoglutarate to
malate and fumarate via oxidation and to
citrate via carboxylation (Table I). Under
these experimental conditions, citrate is not
formed via citrate synthase, even in the
presence of fatty acids, because the high
NADH;::NAD ratio, which prevails in the
absence of a phosphate acceptor, prevents
oxidation of malate to oxalacetate (8). In
addition, the citrate, which is formed via
a-oxoglutarate carboxylation, is not lost by
cleavage to oxalacetate and acetate or acetyl-
- CoA (8). Thus, citrate accumulation rep-
resented only a-oxoglutarate carboxylation.

The effects of diabetes on a-oxoglutarate
metabolism are shown in Table II. Mito-
chondria from both the streptozotocin
and alloxan diabetic rats showed significant
increases in both a-oxoglutarate consumption
and citrate accumulation. «-Oxoglutarate con-
sumption increased at a rate twice that of
citrate accumulation in accord with the
dismutation:

2 a-oxoglutarate —> succinate - citrate.

Our results with intact mitochondria comple-
ment those of Wagle (3) which showed that
liver mitochondrial “a-oxoglutarate car-
boxylase” (NADP-isocitrate dehydrogenase)
activity was increased by alloxan diabetes.
However, the physiological importance of mi-
tochondrial «-oxoglutarate carboxylation and,

therefore, its function in diabetes still re-
mains obscure.

L-Octanoylcarnitine was added to mito-
chondria from normal and streptozotocin dia-
betic rats to determine if fatty acid oxida-
tion, which facilitates gluconeogenesis, could
increase the rate of a-oxoglutarate carboxyla-
tion (Table IIT). The oxidation of oc-
tanoylcarnitine was primarily to B-hy-
droxybutyrate, thus resulting in a very high
B-hydroxybutyrate to acetoacetate ratio in
both normal (18 == 2) and diabetic (16 == 1)
mitochondria. From the equilibrium con-
stant of B-hydroxybutyrate dehydrogenase
(9), these ratios gave NADH,:NAD ratios
of 0.93 == 0.12 and 0.80 == 0.08, respectively.
These very reduced conditions did not, how-
ever, lead to increased accumulations of cit-
rate. These data support our previous con-
clusion with normal mitochondria that a-ox-
oglutarate carboxylation is driven at maximal
rate by a-oxoglutarate oxidation alone and
is, therefore, not increased by the presence of
other oxidizable substrates (8). However, if
a-oxoglutarate oxidation is retarded, e.g., by
the addition of inhibitors such as arsenite,
other substrates can contribute reducing
equivalents (8). Since the rate of a-oxoglutar-
ate carboxylation was maximal in these ex-
periments (Tables IT and III), expression of
the data on a per gram of liver basis gives an
estimation of the maximum contribution of
a-oxoglutarate carboxylation to gluconeo-
genesis. Assuming that liver contains 8.3 mg
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TABLE III. Effects of Octanoylearnitine on a-Ozoglutarate Metabolism by Mitochondria from Normal and Streptozotocin Diabetic Rats.

Metabolite changes (nmoles/20 min/mg of protein == SEM)

Acetoacetate p-Hydroxybutyrate/

g-Hydroxybutyrate

Citrate
accumulated

a-Oxoglutarate

No. of

acetoacetate

accumulated

accumulated

consumed

Additions (mM)

rats

Treatment

101 + 4
90 +3

522 + 11
319 14

5 BSA? (0.15)

Normal

15+1

256 4= 7

BSA (0.15) 4 L-octanoyl-

carnitine (1.0)

BSA (0.15)

125 + 4
112 + 4

602 + 20
366 + 19

5

Diabetic
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294 + 14 19 +1 16 =1

BSA (0.15) + vn-octanoyl-

carnitine (1.0)

¢ The reaction mixtures were the same as described for Table IL.

» Bovine serum albumin.

of mitochondrial nitrogen per gram of tissue
(7), which is approximately 51.9 mg of mito-
chondrial protein per gram, maximal citrate
synthesis via q-oxoglutarate carboxylation
corresponds to 0.24 =+ 0.01 pmoles/min/g of
liver in the normal rats; 0.34 == 0.02 in the
streptozotocin diabetic rats, and 0.36 = 0.04
in the alloxan diabetic rats.

Additions of dibutyrul cyclic AMP (0.5
mM), insulin (1.3 units/ml), and glucagon
(0.01 mM) to the incubation media did not
affect a-oxoglutarate metabolism in mitochon-
dria from normal or diabetic rats. This in-
dicates that the dismutation a-oxoglutarate
oxidation—carboxylation is probably not sub-
ject to regulation, on the mitochondrial level
of organization, by the direct actions of these
substances.

Summary. Rat liver mitochondria, incu-
bated in media containing 4 mM ATP, 10
mM MgCly, 6.7 mM Py, 13.3 mM TEA, 6.7
mM e-oxoglutarate, and 20 mM HCO;~, ox-
idized a-oxoglutarate through the tricarboxyl-
ic acid cycle and utilized a portion of the
reducing equivalents produced by this oxida-
tion to drive a-oxoglutarate to citrate via re-
ductive carboxylation. Streptozotocin and al-
loxan diabetes increased the rates of oxida-
tion and citrate accumulation. L-Octanoylcar-
nitine inhibited both a-oxoglutarate oxidation
and carboxylation. Insulin, glucagon, and di-
butyryl cyclic AMP, added in vitro, did not
affect a-oxoglutarate oxidation or carboxyla-
tion.
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