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ABSTRACT Metabolism of [3-'3C]alanine in the presence and
absence of 3-hydroxybutyrate or ethanol has been followed at
250C by 13C NMR at 90.5 MHz in primary hepatocytes from un-
treated rats and rats treated with triiodothyronine and not allowed
to eat for 24 hr. The phosphoenolpyruvate/pyruvate futile cycle
was followed in situ by comparing the concentration of 13C at the
scrambled alanine C2 position with that at glucose C5. In the ab-
sence of ethanol, the flux through pyruvate kinase was 60% of the
gluconeogenic flux in hepatocytes from hyperthyroid rats, com-
pared with 25% in the controls. Incubation with ethanol reduced
the pyruvate kinase flux in the hyperthyroid state to that measured
in the controls. Under all conditions, the relative concentration of
label at the aspartate C2 and C3 sites was 1:2, whereas at the cor-
responding carbons in glutamate, randomization was almost com-
plete. These observations, which require flux of unscrambled la-
bel into aspartate, are consistent with intramitochondrial synthesis
of aspartate only if there is incomplete mixing of the intramito-
chondrial oxaloacetate pool. The 13C enrichment measured in the
ketone bodies is increased by the presence of exogenous f3-hy-
droxybutyrate. The greater labeling that we observe at C2 of f3-
hydroxybutyrate compared with C4 under this condition is ex-
plained by the flow through 3-hydroxy-3-methylglutaryl-coen-
zyme A synthase.

In a recent '3C NMR study of suspensions of isolated hepato-
cytes from euthyroid and hyperthyroid rats, we measured the
flux through the gluconeogenic pathway from labeled glycerol
into glucose, determined the pentose cycle activity, and exam-
ined the pathway through the nonoxidative pentose branch (1).
In another study, in which we followed the metabolism of 13C-
labeled alanine in perfused mouse liver, the competition be-
tween ethanol and alanine into the tricarboxylic acid cycle was
investigated, and it was also suggested that the 13C NMR spec-
tra provided a unique probe ofthe in situ flux through pyruvate
kinase (2).
The present 13C study shows the effect of thyroid hormone

treatment upon the flux through pyruvate kinase during glu-
coneogenesis from labeled alanine in primary rat hepatocytes.
The results confirm our previous studies in perfused mouse
liver of the competition between ethanol and alanine into the
tricarboxylic acid cycle.

METHODS AND MATERUILS

Liver parenchymal cells were isolated from male Sprague-Dawley
rats (190-240 g) that had not eaten for 24 hr. The animals re-
ceived intraperitoneal injections of either L-3,3',5-triiodothy-
ronine (T3; Calbiochem, B grade) dissolved in isotonic saline
at pH 9.8, 8 jig of T3 per 100 g of body weight per day (T3-
treated, hyperthyroid), or isotonic saline alone (or no injections)
(euthyroid control) for 4 days prior to cell preparation.
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The liver cell preparation, the resuspension medium, and
the oxygenation of the cells in the NMR tube have been de-
scribed (1). [3-'3C]Alanine and [2-'3C]ethanol (90% isotopic pu-
rity) were from Merck. 2,4-Dihydroxybutyrate was a kind gift
from R. Rognstad.

The NMR spectra were measured on a Bruker HX-360 spec-
trometer at 90.5 MHz for 13C nuclei. All spectra were recorded
at 25 ± 1C in 10-mm-diameter NMR tubes. Unless other con-
ditions are specified, each '3C spectrum is the Fourier trans-
form of the accumulation of 900 radiofrequency pulses of 60°
free induction decays of 16,000 data points each, with 2-sec re-
covery between pulses. '3C chemical shifts are given relative to
tetramethylsilane at 0 ppm.

EXPERIMENTAL RESULTS
Fig. 1 compares the '3C spectra ofhepatocytes from normal and
T3-treated rats; the cells were incubated with 13-13C]alanine
and unlabeled f-hydroxybutyrate. There were two major dif-
ferences between these spectra. (i) In the cells from the hyper-
thyroid rat there was more 13C enrichment at the scrambled
alanine C2 position compared with that at the corresponding
glucose C5; this ratio is a direct measure ofthe bifurcation ofthe
flux from phosphoenolpyruvate (P-ePrv). (ii) The in situ synthe-
sis of ketone bodies was depressed in the cells from the T3-
treated rat; however, in both spectra there was more enrich-
ment at C2 of l3-hydroxybutyrate than at C4.

Fig. 2 shows the competition of ethanol with alanine into the
tricarboxylic acid cycle in hepatocytes from control rats for la-
beled and unlabeled substrates in all combinations of interest.
Fig. 2a shows that when [3-13C]alanine was the only carbon
source, C2, C3, and C4 of glutamate were all appreciably la-
beled. In accordance with previous results on perfused mouse
liver (2), when unlabeled ethanol and [3-'3C]alanine were intro-
duced (Fig. 2b), C4 of glutamate and C2 and C4 in the ketone
bodies were not labeled, whereas the '3C enrichments at C2 and
C3 of glutamate were not reduced. However, when [2-
13C]ethanol and [3-13C]alanine were added (Fig. 2c), C4 of glu-
tamate and C2 and C4 in the ketone bodies were intensely la-
beled. Finally, when [2-'3C]ethanol and unlabeled alanine
were added (Fig. 2d), those carbons directly derived from [2-
13C]acetyl-CoA (namely, C4 ofglutamate and glutamine and C2
and C4 in f3-hydroxybutyrate and acetoacetate) were strongly
labeled. The 13C enrichment measured in the ketone bodies
and at C4 and C2 ofglutamate is given in Table 1.
The 13C spectra of hepatocytes from T3-treated rats incu-

bated with either [3-'3C]alanine and l3-hydroxybutyrate or [3-
13C]alanine and [2-13C]ethanol are shown in Fig. 3. Fig. 3b

Abbreviations: HMG-CoA, 3-hydroxy-3-methylglutaryl CoA; T3, L-
3,3',5-triiodothyronine; P-ePrv, phosphoenolpyruvate.
* Present address: Department of Molecular Biophysics and Biochem-
istry, Yale University, New Haven, CT 06511.

60



Proc. Natl. Acad. Sci. USA 78 (1981) 61

100 90 80 70 60 50
8.ppm

FIG. 1. 15C NMR spectra at 25°C. (a) Hepatocytes from a euthyroid
rat. This spectrum is the sum of 3000 scans accumulated over the in-
terval 140-230 min after addition of 28mM [3-53Clalanine and 8 mM
D,L-p-hydroxybutyrate to the suspension ofcells. (b) Hepatocytes from
a T3-treated rat. The spectrum was taken under the same conditions
as in a. PC1, aC1-XC6, and aC6, carbons ofthe glucose anomers; MC2,
malate C2; LacC2, lactate C2; AACa, acetoacetate C2; P-HB Ca, D-,&
hydroxybutyrate C2; AACy, acetoacetate C4; P-HB C'y, D-p-hydroxy-
butyrate C4. Peaks A-E are due to the buffer.

shows that the oxidation of ethanol abolished the enhanced en-

richments of label, seen in Figs. lb and 3a, at the scrambled
alanine C2 position in the hyperthyroid state. These spectra
show considerably more labeling at Cl, C2, CS, and C6 than at
C3 and C4 ofglucose (see Table 2), in accordance with our pre-
vious measurements on perfused mouse liver (2).

As shown in Fig. 3a and generally observed in these spectra,
C2 and C3 of glutamate were labeled with almost equal proba-
bility. The broadening of glutamate and glutamine C3 peaks in
the presence of [2-'3C]ethanol (Fig. 3b) is probably due to a

multiplet structure arising from spin-spin interaction between
13C at C3 and C4 in the same molecule. When aspartate is seen
in these spectra (e.g., Figs. lb, 2 b and c, and 3), the labeling at
C2 is consistently below that at C3. The observed ratios of the
13C enrichment at C2 to that at C3 of aspartate and the enrich-
ment at C3 to that at C2 of glutamate are summarized in Table
3. These ratios are presented together because, in the absence
ofscrambling, the flow ofthe original alanine C3 label would be

Table 1. 13C enrichment in ketone bodies and ratio of enrichment at
C4 to that at C2 of glutamate during metabolism of [3-13C]alanine

in hepatocytes from euthyroid fasted rats

Substrate P-HB/AA* P3HB(C2:C4)t Glu(C4:C2)
[3-13C]Ala +
[2-'3C]EtOH 1.4 ± 0.3 1.02 ± 0.03 1.20 ± 0.06

[3-13C]Ala + 3-HB t 2.2 ± 0.09 0.65 ± 0.20
[3-'3C]Ala 0.33 ± 0.07 § 0.88 ± 0.12

Results are given as the means ± SD of the integrated intensities
of the corresponding 13C NMR peaks. Each result is the average of
three to five experiments. All data are from spectra recorded under
nonsaturating NMR conditions. EtOH, ethanol; ,&HB, &hydroxybu-
tyrate. Concentrations used: alanine, 28 mM; DL-3-hydroxybutyrate,
4-20 mM; ethanol, 20 mM.
* Ratio of 13C enrichment at C2 of D-3-hydroxybutyrate to that at C2
of acetoacetate for ketone bodies synthesized in situ.

t Ratio of 13C enrichment at C2 to that at C4 of D-3-hydroxybutyrate
synthesized in situ. No NMR signal was visible from the unlabeled
D,L-Phydroxybutyrate administered under these NMR conditions.

* This ratio for ketone bodies synthesized in situ ranged from 1 to 2.5,
increasing with the amount of exogenous ,B-hydroxybutyrate added.

§ Ratio was -1, but was unreliable due to low signal-to-noise ratio in
these spectra.
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FIG. 2. 13C NMR spectra at 25°C of hepatocytes from euthyroid
rats. One spectrum from a sequence ofspectra is shown for each offour
different cell samples. Substrates are: (a) [3-'3Clalanine; (b) [3-
13CJalanine and unlabeled ethanol; (c) [3-13C]alanine and [2- '3Clethanol;
and (d) unlabeled alanine and [2-'3Clethanol. Each spectrum was taken
145-175 min after addition of substrate. Alanine was administered at
28mM and ethanol at 20 mM. Abbreviations are given in the legend of
Fig. 1 except that ETOH C2 is ethanol CH3, T is due to the buffer, and
AA is acetoacetate C4.

into the methylene carbon of oxaloacetate and, thence, into C3
of aspartate via aspartate aminotransferase and into C2 of gluta-
mate via the tricarboxylic acid cycle and action ofglutamate de-
hydrogenase.

DISCUSSION
Pyruvate Kinase and Gluconeogenesis. As shown in Figs. 1

and 3 and Table 4, the '3C NMR spectra provide simultaneous
observations of the flux from P-ePrv through pyruvate kinase
and the flux from P-ePrv to glucose in hepatocytes during the
metabolism ofalanine. The glucose data in Table 2 indicate that
C2 and C3 ofcytosolic oxaloacetate are both strongly labeled (2).
Presumably this is because offumarase exchange, which has al-
most completely scrambled the original alanine C3 label in cy-
tosolic oxaloacetate. Consequently, labeled C2 of P-ePrv intro-
duces a label into C2 of pyruvate through pyruvate kinase
activity. Subsequently, through the activity of alanine amino-
transferase, this pyruvate is converted to alanine. In the pres-
ence ofa large trapping pool ofunscrambled [3-13C]alanine, the
13C enrichment at alanine C2 is a direct measure of the rate of
pyruvate kinase flux. Measurement of the corresponding glu-
cose C5 intensity gives the flux from P-ePrv to glucose in the
same units. In the absence of ethanol, the relative flux through
pyruvate kinase is 2.6-4.5 times greater in the hyperthyroid
state (see Table 4).

40 30 2D
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An enhanced rate of glucose production from alanine was ob-
served qualitatively in these studies in hepatocytes from T3-
treated rats, in accord with the quantitative results of Singh and
Snyder (3), who reported an increased glucose production of
160% in perfused liver from fasted hyperthyroid rats. This in-
crease in the rate ofgluconeogenesis agrees with measurements
of increased activities of hepatic pyruvate carboxylase, P-ePrv
carboxykinase, and glucose-6-phosphatase (4, 5) in the hyper-
thyroid rat and means that the increased flux ratios given in Ta-
ble 4 indicate a fortiori absolute increases in flux through py-
ruvate kinase. Because the malic enzyme interconverts malate
and pyruvate, the possibility that enhancement ofthe activity of
this enzyme in the hyperthyroid state (6) contributed to the flux

Table 2. 13C distribution in carbons of glucose formed from labeled
alanine in hepatocytes from control or T3-treated fasted rats

compared with 13C distribution in glutamate in the same sample

Glu-
T3- Glucose tamate

treated Substrate C1 C2 C3 C4 C5 C6 C3:C2
[3-'3C]Ala 89 64 23 22 83 100 1.02

+ [3-'3C]Ala + 95 78 18 18 83 100 0.82
[2-13C]EtOH

+ [3-13C]Ala + 95 77 19 17 80 100 0.81
[2-13C]EtOH

- [3-13C]Ala + 86 72 16 17 77 100 0.99
[2-13C]EtOH

- [3-'3C]Ala + 81 85 27 27 86 100 0.98
[2-13C]EtOH

- [3-13C]Ala + 90 72 22 18 75 100 0.93
unlabeled EtOH

- [3-13C]Ala + 76 63 22 22 77 100 0.82
unlabeled EtOH

+ [3-'3C]Ala + 3-HB 93 73 24 25 82 100 0.74
- [3-13C]Ala + (-HB 78 78 18 18 80 100 1.05
- [3-13C]Ala + P3-HB 79 69 20 18 75 100 0.89

The 130 distributions are from the integrated intensities ofthe NMR
peaks in spectra recorded under nonsaturating conditions. The esti-
mated error for the relative specific activities in glucose is ±2 units.
The estimated error in the glutamate C3:C2 ratio is 7%. Substrate con-
centrations and abbreviations are given in Table 1.

FIG. 3. 13C NMR spectra at 25°C ofhe-
patocytes from hyperthyroid rats. (a) Spec-
trum accumulated 85-115 min after addi-
tion of 28 mM [3-_3C]alanine and 10 mM
D,L-,3-hydroxybutyrate. (b) Spectrum of
another suspension of hepatocytes from a
hyperthyroid rat, treated exactly as the
sample in a except that in b, the substrate
was 28 mM [3-13C]alanine and 20 mM [2-
'3C]ethanol. Abbreviations are given in
the legends ofFigs. 1 and 2; B is due to the
buffer. Note that the AspC2+B arrow
points to the buffer line; AspC2 is the larger
overlapping peak.

of label into C2 of pyruvate was examined by use of the malic
enzyme inhibitor, 2,4-dihydroxybutyrate (7). The data in Table
4 show that the presence of this inhibitor did not alter the py-
ruvate kinase flux ratio, indicating negligible contributions of
the malic enzyme.

In general, the flux through pyruvate kinase is greatly de-
creased in hepatocytes from fasted, as compared with fed, rats
(8), presumably because of elevated glucagon levels (9) and de-
pressed insulin levels (10, 11) in the fasted state. By using '4C
tracer techniques, Rognstad (12) determined that the rate ofpy-
ruvate kinase flux was nearly 50% ofthe rate ofgluconeogenesis
from lactate in hepatocytes from T3-treated, fasted rats, which
is similar to the ratio measured under the same conditions in he-
patocytes from fed euthyroid rats (8). Alanine, the substrate in
the present studies, has been reported to be a strong allosteric
inhibitor of pyruvate kinase (13). Nevertheless, as shown in Ta-
ble 4, the rate of pyruvate kinase flux is 60% of the rate of glu-
coneogenesis in hepatocytes from T3-treated, fasted rats in the
presence ofhigh concentrations of alanine, providing ethanol is
absent. This indicates that alanine has a negligible effect upon
pyruvate kinase under our conditions.
The mechanism by which thyroid hormones stimulate pyru-

vate kinase is not known. By using a specific radioimmunoassay
to measure intracellular concentrations of rabbit liver pyruvate
kinase, Johnson and Veneziale (14) reported that, in general,
hormonal control of the enzyme is through regulation of its cat-
alytic state; however, their preliminary data for thyroxine treat-
ment left open the possibility of induction of new, more active
enzyme. Regulation by endogenous insulin activity is unlikely,
even though insulin levels are elevated in mildly hyperthyroid
rats (10, 11) and insulin has been shown to increase pyruvate ki-
nase activity in vivo (15) and to antagonize the inhibition of py-
ruvate kinase by glucagon in isolated hepatocytes (16). How-
ever, studies by Okajima and Ui (11) with streptozotocin-
diabetic rats and rats treated with antiserum against insulin
show that the increased glucose turnover observed in hyperthy-
roid rats is largely independent ofendogenous insulin.
The present experiments show that incubation of hepato-

cytes from hyperthyroid rats with ethanol reduces the pyruvate
kinase flux from 63% to 25% of the rate of gluconeogenesis (see
Table 4). The oxidation of ethanol is inhibitory to glycolysis in
liver (17), presumably because of the effect of the greatly in-
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Table 3. Ratio of 13C enrichment at C2 to that at C3 of aspartate and ratio of enrichment at C3
to that at C2 of glutamate (or glutamine) during gluconeogenesis from alanine in hepatocytes

from control or T3-treated fasted rats

Euthyroid Hyperthyroid

Substrate Asp C2:C3 Glu C3:C2 Asp C2:C3 Glu C3:C2
[3-'3C]Ala + j-HB
[3-'3C]Ala + [2-'3C]EtOH
[3-'3C]Ala + unlabeled EtOH
[3- 3C]Ala

0.47 ± 0.14
0.50 ± 0.04
0.46 ± 0.14
0.48 ± 0.10

0.98 ± 0.08
0.98 ± 0.08
0.90 ± 0.08
0.90 ± 0.13

0.47 ± 0.04 0.80 ± 0.10
0.57 ± 0.05 0.81 ± 0.05

Results are given as the means ± SD for the ratios of the integrated intensities of the 13C NMR peaks
corresponding to the indicated carbon atoms. Each result is the average offour or five experiments; usually
two or three spectra from the time course ofeach experiment were used in the calculation. In a few spectra,
the signal-to-noise ratios for glutamine C3 and C2 were more favorable than those for glutamate; in these
cases Gln C3:C2 was used. All data are from spectra recorded under nonsaturating NMR conditions. Sub-
strate concentrations and abbreviations are given in Table 1.

creased cytosolic NADH/NAD+ ratio upon the glyceraldehyde-
3-P dehydrogenase reaction. Earlier studies (18) ofperfused rat
liver showed that addition of ethanol during the metabolism of
alanine increased the gluconeogenic flux with a forward cross-

over between 3-phosphoglycerate and glyceraldehyde-3-P and
decreased P-ePrv levels by a half to a third. Because preincu-
bation of hepatocytes with ethanol does not alter the activity of
the pyruvate kinase subsequently extracted from the cells (19),
it appears probable that the effect of the oxidation of ethanol
upon the pyruvate kinase flux measured in situ is mediated by
redox control of glyceraldehyde-3-P dehydrogenase. A possible
mechanism for this control is that P-ePrv levels, which are re-

ported to be 2-fold higher in liver from hyperthyroid rats during
the metabolism of alanine (3), may be lowered by the increased
gluconeogenic rate, resulting in the lower pyruvate kinase flux
shown in Table 4. The 2-fold increase in the pyruvate kinase flux
ratio noted in Table 4 for hepatocytes from control rats incu-
bated with alanine and ethanol, as compared with alanine alone,
shows ethanol operating in the opposite direction. Possibly this
increase in pyruvate kinase flux can be attributed to a higher
level of fructose 1,6-P2 (18), an allosteric activator of pyruvate
kinase. Both postulated changes due to the oxidation of ethanol
(i.e., decreased P-ePrv levels in the hyperthyroid state and in-
creased fructose 1,6-P2 levels) could be tested experimentally.

Acetyl-CoA and Ketone Bodies. In agreement with previous
studies on perfused mouse liver (2), Fig. 2 shows that during the
metabolism of alanine and ethanol, acetyl-CoA is largely de-
rived from ethanol, whereas alanine enters the tricarboxylic
acid cycle almost exclusively via pyruvate carboxylation. Fig. 2
and the data in Table 1 show that, in the presence of labeled

ethanol, those carbons directly traceable to C2 of acetyl-CoA
(e.g., C4 of glutamate and glutamine) are labeled and that the
ketone bodies are equally labeled at C2 and C4 as expected from
the condensation of [2-'3C]acetyl-CoA via the usual route (20).

This pathway predicts a symmetrically labeled 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA). However, the data in Table
1 show that the presence of unlabeled f3-hydroxybutyrate dur-
ing the metabolism of [3-'3C]alanine puts more 13C at C2 than
at C4 in f3-hydroxybutyrate. Comparison of Fig. la with Fig.
2a shows greater total 13C enrichment in the ketone bodies in
the presence of exogenous ketone body. This observation sug-

gests an increased turnover of ketone bodies, rather than net
synthesis, in the presence of a large unlabeled pool and that,
under these conditions, there is a direct pathway from aceto-
acetate into acetoacetyl-CoA. This route may be via succinyl-
CoA:acetoacetate CoA transferase, although its activity is con-

sidered to be low in liver (20).
The nonequivalence of 13C labeling at C2 and C4 of 83-hy-

droxybutyrate produced in situ under these conditions is in ac-

cord with the mechanism that Miziorko and Lane (21) demon-
strated for avian liver HMG-CoA synthase. In this scheme (21),
unlabeled acetoacetyl-CoA, derived from added /8-hydroxybu-
tyrate, and [2-'3C]acetyl-CoA, derived from [3-'3C]alanine, go
through an intermediate, enzyme-S-['3C]HMG-SCoA, which is
hydrolyzed to release the [13C]HMG-CoA, HO2C-13CH2-
C(OH)(CH3)-CH2-CO-SCoA. In the HMG-CoA lyase reac-

tion, this ['3C]HMG-CoA then gives [2-'3C]acetoacetate and
unlabeled acetyl-CoA. Of course, [2,4-'3C]acetoacetate is also
produced from the relatively abundant [2-13C]acetyl-CoA. The
2:1 ratio measured for 13C enrichment at C2 compared with that

Table 4. Flux through pyruvate kinase as a fraction of the flux of P-ePrv to glucose during
gluconeogenesis from alanine in hepatocytes from control or T3-treated fasted rats

Euthyroid Hyperthyroid
No. of Pyruvate kinase flux/ No. of Pyruvate kinase flux/

Substrate exps. gluconeogenic flux exps. gluconeogenic flux

[3-'3C]Ala + D-f-HB 5 0.24 ± 0.02 5 0.63 ± 0.09
[3-'3C]Ala + [2-13C]EtOH 6 0.22 ± 0.04 3 0.25 ± 0.03
Ala (unlabeled) + [2-'3C]EtOH 3 0.24 ± 0.04 1 0.22
[3-13C]Ala 3 0.11 ± 0.01 3 0.50 ± 0.11
[3-13C]Ala +

2,4-dihydroxybutyrate 1 0.59

Results are expressed as the means ± SD for the ratios of the integrated intensity of the 13C NMR line
of the scrambled C2 position in alanine to twice the intensity of the 13C label at the corresponding C5
position of glucose. In general, two or three spectra from the time course of a given experiment were used
in the calculations. Number of experiments refers to the number of different hepatocyte preparations
examined. All data are from spectra recorded under nonsaturatingNMR conditions while a large trapping
pool of unscrambled [3-13C]alanine was maintained; no correction was applied for incomplete trapping.
Substrate concentrations and abbreviations are given in Table 1; 2,4-dihydroxybutyrate, 12 mM.
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at C4 in f3-hydroxybutyrate suggests that about one-third of the
/3-hydroxybutyrate synthesized in situ under these conditions
came from reduction of [2-'3C]acetoacetate. Production of un-
labeled acetyl-CoA in the lyase step, and possibly also by thio-
lase, would be expected to decrease the C4:C2 13C enrichment
ratio in glutamate slightly. The C4:C2 ratio observed in gluta-
mate, given in Table 1, is 75% of the value obtained during the
metabolism of [3-'3C]alanine in the absence of exogenous ,-hy-
droxybutyrate.

Aspartate and Glutamate. The data in Table 3 show that, un-
der all conditions investigated, the ratio of the '3C enrichment
at C2 to that at C3 in aspartate is about 1:2, whereas the '3C en-
richments at the corresponding carbons in glutamate approach
a ratio of 1:1, indicating almost complete randomization at C3
and C2 of glutamate. Both aspartate C3 and glutamate C2 are
traceable directly to the methylene carbon of oxaloacetate,
whereas aspartate C2 and glutamate C3 are derived from the
carbonyl carbon of oxaloacetate. It is customary to assume that
(i) the 13C distribution in glutamate, which must be derived
from labeled a-ketoglutarate formed via the tricarboxylic acid
cycle, reflects that ofintramitochondrial oxaloacetate and (ii) the
13C distribution in glucose reflects that ofcytosolic oxaloacetate,
in which the 13C label may be more randomized due to addi-
tional cytosolic fumarase exchange. The results in Table 3 show
that the aspartate C2:C3 and glutamate C3:C2 13C distributions
were invariant under all conditions investigated. The obser-
vation that these ratios are independent ofreducing equivalents
in the cytosol suggests that all aspartate was synthesized in the
mitochondria. This suggestion is in agreement with the results
of Meijer et al. (22) showing that aspartate required for ureo-
genesis in isolated hepatocytes is translocated from the mito-
chondria. The observation in Table 3 of less scrambling of label
in aspartate than in glutamate implies that if, under these con-
ditions, aspartate is synthesized only by the intramitochondrial
aspartate aminotransferase, then the in situ fluxes of intrami-
tochondrial oxaloacetate are such that in a significant fraction
of the oxaloacetate accessible to the aminotransferase, the '3C
label has not been randomized. The mechanism responsible
may involve a favorable intramitochondrial location of aspartate
aminotransferase with respect to pyruvate carboxylase, in com-
bination with favorable in situ kinetics. On the basis ofextensive
14C tracer studies, LaNoue and coworkers have concluded that
in kidney mitochondria two functional glutamate pools exist (23)
and that in liver mitochondria there is a steep gradient of as-
partate within the matrix space (24). Another possible expla-
nation ofthe lesser scrambling in aspartate would be some more
direct cytosolic path from alanine to aspartate. However, two
obvious routes seem unlikely because, first, pyruvate carboxy-
lase is thought to be strictly an intramitochondrial enzyme in
rat liver (25) and, second, the equivalence of the aspartate
C2:C3 ratio in the normal and hyperthyroid states suggests that
the malic enzyme contribution is negligible.

Glucose Labels. The data in Table 2 show that the random-
ization of label observed at C5:C6 of glucose is either about the
same as (hepatocytes from T3-treated rats) or less than (controls)
that measured at the corresponding carbons ofglutamate. In the
pathway of gluconeogenesis from alanine, the transport of ma-
late from the mitochondria provides the carbon for glucose pro-
duction from alanine (26, 27). The observation that, in hepato-
cytes from hyperthyroid rats, the scrambling in glucose is the

same as that seen in glutamate is in accord with the usual path-
way and also appears to be in accord with the rapid exchange of
malate between cytosol and mitochondria measured by Rogn-
stad in kidney cortex (28). However, as shown in Table 2, in con-
trol cells the scrambling in glucose is less than the scrambling in
glutamate. A possible explanation of this is that part of the glu-
cose flux is contributed directly by the less scrambled aspartate
(see Table 3) via cytosolic aspartate aminotransferase activity,
providing the flux through P-ePrv carboxykinase is greater than
the composite fumarase exchange rate.

We thank S. Ogawa for helpful suggestions and A. W. Alberts and R.
Rognstad for helpful discussions.
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