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Abstract

Current isotopic approaches underestimate gluconeogenesis in
vivo because of Krebs cycle carbon exchange and the inability
to measure intramitochondrial precursor specific activity. We
therefore applied a new isotopic approach that theoretically
overcomes these limitations and permits quantification of
Krebs cycle carbon exchange and the individual contributions
of gluconeogenesis and glycogenolysis to overall glucose out-
put. [6-*H]Glucose was infused to measure overall glucose out-
put; [2-"*Clacetate was infused to trace phosphoenolpyruvate
gluconeogenesis and to calculate Krebs cycle carbon exchange
as proposed by Katz. Plasma ['*C]3-OH-butyrate specific ac-
tivity was used to estimate intramitochondrial acetyl coenzyme
A (CoA) specific activity, and finally the ratio between plasma
glucose '“C-specific activity and the calculated intracellular
phosphoenolpyruvate '“C-specific activity was used to deter-
mine the relative contributions of gluconeogenesis and glyco-
genolysis to overall glucose output. Using this approach, acetyl
CoA was found to enter the Krebs cycle at twice (postabsorp-
tive subjects) and three times (2'2-d fasted subjects) the rate of
pyruvate, respectively. Gluconeogenesis in postabsorptive
subjects (3.36+0.20 pmol/kg per min) accounted for 28+2% of
overall glucose output and increased twofold in subjects fasted
for 2'%2-d (P < 0.01), accounting for > 97% of overall glucose
output. Glycogenolysis in postabsorptive subjects averaged
8.96+0.40 pmol/kg per min and decreased to 0.34+0.08
umol/kg per min (P < 0.01) after a 2'2-d fast. Since these
results agree well with previously reported values for gluconeo-
genesis and glycogenolysis based on determinations of
splanchnic substrate balance and glycogen content of serial
liver biopsies, we conclude that the isotopic approach applied
herein provides an accurate, noninvasive measurement of glu-
coneogenesis and glycogenolysis in vivo.

Introduction

It has long been recognized that metabolic exchange of car-
bons in the Krebs cycle is a major factor limiting the isotopic
quantification of gluconeogenesis in vivo (1, 2). The problem
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arises because oxaloacetate is an intermediate common to
both gluconeogenic and oxidative pathways in mitochondria.
As a consequence, some of the labeled carbons of infused glu-
cose precursors, such as ['3C]- or ['*C]lactate and alanine, are
lost as CO, and are replaced by unlabeled carbons originating
from acetyl coenzyme A (CoA)' (2). This dilution of the spe-
cific activity (sp act) of gluconeogenic intermediates reduces
the sp act of glucose formed from these intermediates and
results in an underestimation of glucose derived from the la-
beled precursors (i.e., gluconeogenesis).

This limitation could be overcome if it were possible to
quantitate carbon exchange in the Krebs cycle. Indeed, more
than 30 years ago, Strisower (3) developed a model based on in
vitro experiments, the power series equations of which could
be used to calculate Krebs cycle carbon exchange in vivo.
Recently, Hetenyi and colleagues have used this model to ob-
tain a correction factor for Krebs cycle carbon exchange in the
rat and dog (4, 5). Katz and colleagues (6-8) have described
the same mitochondrial model in terms of inflow-outflow
equations.

In the approach of Katz (8), one estimates the relative
input of pyruvate (gluconeogenic pathway) and acetyl CoA
(oxidative pathway) in the Krebs cycle by determining the
distribution of labeled carbons within the glucose molecule
during infusion of a labeled precursor, since this distribution is
a function of the relative molar influx of pyruvate and acetyl
CoA into the oxaloacetate pool (1, 3). According to this model
(8), if one infuses [2-!*C]acetate, the resultant ratio of the spe-
cific activities of carbons 1 and 3 in glucose will equal 2 + 2Y,
where Y is the ratio of moles of pyruvate and CO, entering the
oxaloacetate pool relative to those of acetyl CoA entering the
oxaloacetate pool. Thus, from the relative sp act of individual
plasma glucose carbons, one should be able to estimate Krebs
cycle carbon exchange in vivo.

Moreover, one should also be able to use this approach to
estimate the relative contributions of glycogenolysis and gluco-
neogenesis to overall glucose output in vivo. From the value
obtained for Y and the intramitochondrial specific activity of a
labeled gluconeogenic precursor, it is possible, using the equa-
tions of Katz (8), to calculate the sp act of intramitocondrial
phosphoenolpyruvate corrected for metabolic exchange. Since
glucose formed directly from phosphoenolpyruvate has the
same specific activity as phosphoenolpyruvate, the extent to
which plasma glucose sp act is less than that of phosphoenol-
pyruvate will reflect the amount of unlabeled glucose entering
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1. Abbreviations used in this paper: CoA, coenzyme A; mrem, milli-
roentgen; P, ratio of the intracellular phosphoenolpyruvate specific
activity to the intramitochondrial acetyl CoA carbon specific activity;
sp act, specific activity.
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plasma from glycogenolysis and from gluconeogenesis via
pathways other than phosphoenolpyruvate.

The only major substrate that theoretically could be con-
verted to glucose without entering the phosphoenolpyruvate
pathway is glycerol. Since < 3% of plasma glucose is derived
from glycerol in postabsorptive man (9, 10) (and some glycerol
may actually traverse the phosphoenolpyruvate pathway on its
way to glucose [11]), the ratio of the measured plasma glucose
sp act relative to that of phosphoenolpyruvate should reflect
the proportion of glucose output due to virtually all of gluco-
neogenesis, with the remainder being attributable to glycoge-
nolysis.

The present experiments were, therefore, undertaken to
determine Krebs cycle carbon exchange in man and to use this
determination to estimate the relative contributions of gluco-
neogenesis and glycogenolysis to overall glucose output. Stud-
ies were performed in normal human volunteers fasted over-
night, as well as for 66 h, to test the validity of the approach of
Katz (8), since after a 60-h fast essentially all of glucose output
should be due to gluconeogenesis (12). For this purpose, we
infused [6->H]glucose to determine overall glucose output and
[2-1*Clacetate to serve both as a tracer for the phosphoenol-
pyruvate gluconeogenic pathway and as a means to determine
Krebs cycle carbon exchange using the equations of Katz (8);
plasma [14C]3-OH-butyrate sp act was used as an approxima-
tion of intramitochondrial ['*CJacetyl CoA sp act (8), and the
ratio of the ['“C}-sp act of plasma glucose and intracellular
phosphoenolpyruvate was used to calculate the relative contri-
butions of glyconeogenesis and glycogenolysis to overall glu-
cose output.

Methods

Subjects. Informed written consent was obtained from nine male and
five female healthy volunteers whose characteristics are given in Table
I. All were between 90 and 120% of their ideal body weight (Metropoli-
tan Life Insurance Co. Tables, 1985), and none had a family history of
diabetes mellitus. Each subject consumed a weight-maintenance diet
containing at least 200 g carbohydrate and abstained from alcohol for 3
d before experiments.

Table I. Characteristics of Subjects Studied

Subject Sex Age Height Weight
yr cm kg
1 F 47 164 71.4
2 M 22 173 67.5
3 M 20 192 98.5
4 M 24 168 63.1
5 F 37 156 59.3
6 F 24 157 67.0
7 F 34 165 64.7
8 M 40 180 90.6
9 M 61 168 76.0
10 M 46 180 70.4
11 M 47 172 69.5
12 F 55 159 76.0
13 M 31 175 78.0
14 M 42 169 67.5
Mean 38 170 72.8
+SEM 3 3 2.8

F, Female; M, male.
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Protocol. All subjects were admitted to our Clinical Research
Center between 5 and 7 p.m., given a standard meal (10 kcal/kg; 50%
carbohydrate, 35% fat, and 15% protein), and studied the next morning
after a 12-14-h fast. 10 of the 14 subjects were also studied after a 66-h
fast, which was separated from the overnight fast experiments by at
least 2 wks. When subjects were studied after an overnight fast, a
continuous infusion of [2-'“Clacetate (1 xCi/min, Research Products
International, Mount Prospect, IL) was started at 5 a.m. and a
primed-continuous infusion of [6-*H]glucose (20 uCi, 0.2 xCi/min,
New England Nuclear, Boston, MA) was started at 7 a.m. 4 and 2 h
were allowed for isotopic equilibration of the [2-'“Clacetate and [6-
3H]glucose infusions, respectively. In preliminary experiments, it was
determined that these periods were sufficient to achieve steady state
plasma [*H]glucose, [*Clglucose, and ['*C]3-OH-butyrate specific ac-
tivities. Two plasma samples were then drawn at 20-min intervals for
determination of plasma ['“C]- and [*H]glucose sp act, plasma ['*C]3-
OH-butyrate sp act, and the '“C-sp act of individual plasma glucose
carbons. When subjects were studied after a 66-h fast, they were ad-
mitted to the Clinical Research Center between 4 and 5 p.m. of day 1,
were given a standard meal (10 kcal/kg/ 50% carbohydrate, 35% fat,
and 15% protein), and subsequently received only water ad lib. over
the next 66 h, after which they were studied in a manner identical to
that of the overnight fast experiments.

Analytical procedures

[*H]- and [*Clglucose sp act and glucose labeling pattern. Glucose
isolated from 4 ml of plasma using ion exchange chromatography (13)
was enzymatically cleaved to lactate (14), which was isolated by ion
exchange chromatography (13). The lactate eluate was dried (Speed
Vac rotor concentrator, Savant Instruments, Inc., Hicksville, NJ) and
resuspended in 0.20 ml of water. A 0.02-ml aliquot was dried again and
saved for subsequent lactate sp act determination by a high perfor-
mance liquid chromatography (HPLC) method described below. The
remaining lactate was oxidized to acetate using KMnO4 (15). The
resultant acetate (carbons 1 and 2, and carbons 5 and 6 of the original
glucose molecule) was extracted into chloroform (56%), heptane
(42%), and methanol (2%) (10:1 vol). The extraction procedure was
repeated three times to increase recovery (~ 55%). The combined
organic phases were back extracted into 6 ml of 0.01 N NaOH. The
extract was dried, resuspended together with the previously isolated
lactate in 0.14 ml of 0.05 N H3PO4, and transferred to a 0.25-ml
cuvette to which 0.02 ml of a 50% suspension of AG-50 W-XB resin,
hydrogen form (Bio-Rad Laboratories, Richmond, CA) in H20 was
added. The cuvette was spun in a microfuge B (Beckman Instruments
Inc., Palo Alto, CA) and was loaded onto the deck of an automatic
HPLC injector (WISP 110B; Waters Assoc., Milford, MA); 0.1 ml of
the sample was injected onto an Aminex 300 X 7.8-mm organic acid
analysis column protected by a 40 X 4.6-mm Aminex guard column
(Bio-Rad Laboratories) and eluted with 0.05 M H3PO4 at 0.6 ml/min
by a 114M LC pump (Beckman Instruments Inc.). The column ef-
fluent was passed through a 441 ultraviolet (UV) (214 mm) detector
(Waters Assoc.) to a Retriever III fraction collector (ISCO, Lincoln,
NE); data were collected and analyzed by a Spectra-Physic 4270 inte-
grator, which was programmed to control the fraction collector.
Under these conditions, lactate and acetate were clearly separated
with respective retention times of 13.7 and 16.5 min. Lactate and
acetate peaks were collected in separate scintillation vials; 15 ml of
scintillation fluid (Research Products International) were added and
the '*C-radioactivity was counted in a liquid scintillation spectrometer.
Standard curves of lactate and acetate, generated by injecting known
quantities and plotting peak heights versus content (in nanomoles),
were run in duplicates before each set of samples to allow the quanti-
tation of the substrates in the samples from peak height; specific activ-
ity was determined by dividing the disintegrations per minute in the
collected sample by the calculated content. From sp act of the lactate
and acetate fractions of the original glucose molecule, the ratio of the
sp act of the external carbons (1, 2, 5, and 6) to the internal carbons (3



and 4) was obtained according to the formula: R = acetate sp act/2
(lactate sp act — acetate sp act).

Acceptable precision of this technique is indicated by the fact that
degradation of [U-'"*Clglucose standards (Research Products Interna-
tional) by this technique resulted in a value for R of 1.04+0.02 with a
coefficient of variation of 3.8%. Moreover, the R of plasma samples
from a dog infused with [2-'“Clacetate analyzed in seven separate
aliquots had a coefficient of variation of 4.8%.

Plasma ['“C]glucose sp act was calculated as two times lactate sp
act. Plasma [*H]glucose sp act was determined after isolation of glucose
by ion exchange chromatography as previously described (13).

Plasma "*C 3-OH-butyrate sp act

4 ml of plasma was deproteinized by 7% perchloric acid, neutralized to
pH 7 with 4 N KOH, and poured on a 9-ml bed volume AG1-XB
formate form ion exchange resin column (Bio-Rad Laboratories).
After a 40-ml water washing, the column was eluted with 2 X 20 ml 2 N
acetic acid. The resultant eluates were dried (Speed Vac rotor concen-
trator, Savant Instruments, Inc.) and resuspended in 1 ml 0.01 N
NaOH, combined, and dried again. Samples were resuspended and
then heated at 50°C for 10 min to completely eliminate the small
fraction of acetoacetate that might be present after the drying proce-
dure. To the samples was added 0.02 ml of 50% suspension of AG50-
WB resin in H20 and the mixture was spun in a microfuge (Beckman
Instruments Inc.). 0.19 ml of the supernatant was then injected onto a
250 X 4.6-mm C18 10-um column (Alltech Assoc., Inc., Deerfield, IL)
protected by a 5 X 6.5-mm C18 guard cartridge (Waters Assoc.) and
was eluted with 0.1 N NaHPO4 (pH 2.5) buffer containing 1.5% meth-
anol at 1.75 ml/min using UV (214 nm) detection. Under these con-
ditions, 3-OH-Butyrate elutes at 4.5 min and is well separated from
lactate and acetate, which elute at 2.5 and 2.7 min, respectively. Since
the amount of 3-OH-butyrate injected was below our detection limit,
standards of lactate, acetate, and 3-OH-butyrate were injected before
and after each sample to ensure reproducibility in the retention times.
The 3-OH-butyrate fraction was collected in a volume of 1.75 ml, of
which 0.05 ml was used for micro-fluorometric determination of
3-OH-butyrate concentration (16). In separate experiments, recovery
of external standards of 3-OH-butyrate ranged between 45 and 50%; in
studies of 14-h fasted subjects, 3-OH-butyrate concentrations in HPLC
eluated ranged between 100 and 200 umol/liter, which were well above
the sensitivity of the microfluorometric assay (20 umol/liter). The re-
maining 1.7 ml was used for determination of “C-radioactivity.

Calculations. The term Y (molar ratio of flux of pyruvate into the
Krebs cycle to the influx of acetyl CoA into the Krebs cycle) was
calculated according to Strisower (1) from the equation: Y = (R — 2)/2,
where R is the ratio of the sp act of carbons 1, 2, 5, and 6 to that of
carbons 3 and 4 in glucose expressed as disintegrations per microgram
carbon. This approach to calculate R was used rather than determina-
tion of the relative sp act of carbons 1 and 3 to compensate for possible
incomplete randomization between fumarate and malate (17).

The theoretical sp act of intracellular phosphoenolpyruvate carbon
relative to the sp act of intramitochondrial acetyl CoA carbon (P) was
calculated as proposed by Katz (8): P = [2/3(5 +4Y))/[2(1 + YX1
+ 2Y)]. Plasma [**C]3-OH-butyrate sp act was used as an approxima-
tion of intramitochondrial acetyl CoA sp act, and the intracellular
phosphoenolpyruvate sp act was calculated as: (plasma ['*C]3-OH-bu-
tyrate sp act) X P.

If all of plasma glucose were formed via the phosphoenolpyruvate
gluconeogenic pathway, the sp act of plasma glucose would equal that
of phosphoenolpyruvate. Therefore, percentage of overall glucose out-
put due to phosphoenolpyruvate gluconeogenesis was calculated from
the ratio of the sp act of plasma glucose and intracellular phospho-
enolpyruvate: (plasma ['*C]glucose sp act) + (plasma ['*C]3-OH-bu-
tyrate sp act) X P.

The rate of overall glucose output (RaG) was calculated by the
steady state equation (18): RaG = [6->H]glucose infusion rate (dpm/
min/kg) + plasma [6->H]glucose sp act (dpm/pmol). The rate of gluco-
neogenesis from the phosphoenolpyruvate pathway (micromoles per

kilogram per minute) was calculated as the product of percent of over-
all glucose output from phosphoenolpyruvate and the rate of overall
glucose output. The rate of glycogenolysis was calculated as the differ-
ence between the rate of overall glucose output and the rate of phos-
phoenolpyruvate gluconeogenesis, assuming that the latter approxi-
mated all of gluconeogenesis (see below).

The radiation exposure to subjects from the ['*Clacetate was cal-
culated using the Medical Internal Radiation Dosimetry System. Our
preliminary experiments in dogs and human volunteers indicated that
[**Clacetate would have to be infused at 4 rate of 1 xCi/min to obtain a
minimum of four to six times background disintegrations per minute
in glucose carbons 1, 2, 5, and 6, and in plasma 3-OH-butyrate, be-
cause: (i) it is not possible to degrade > 30 umol of glucose with the
technique we used due to product inhibition of the initial enzymiatic
reaction; (ii) recovery of acetate, resulting from chemical degradation
of lactate is only 30—40%; and, iii) the plasma 3-OH-butyrate concen-
tration is low (0.10-0.2 mmol/liter) and analytical recovery is
only 50%.

Subjects were infused at a rate of 1 uCi/min for 260 min for each of
the two experiments because preliminary studies indicated that 240
min of infusion was necessary to insure isotopic steady state. Thus,
each subject received a total of 520 uCi of ['*Clacetate.

The radiation exposure calculated by the Mayo Clinic radiation
safety officer was 74 milliroentgen (mrem) and was based on the fol-
lowing assumptions:

(a) Acetate is metabolized similar to glucose. (b) Using the Medical
Internal Radiation Dosimetry System, values for S (cummulated activ-
ity) are:

S liver — liver = 5.8 X 10~° rad/uCi - h;

S liver — whole body = 1.5 X 10~ rad/uCi - h;

S whole body — liver = 1.5 X 107® rad/uCi - h; and

S whole body — whole body = 1.5 X 107 rad/uCi - h.

(c) Uptake of '*C by liver is 25% of the administered dose (19). (d)
Average half-life of glucose in body equals 67 h (based on glucose
turnover rate of 1.8 mg/kg per min [20]).

Since the decay constant for C is 0.693, the radiation exposure per
microcurie infused of [“Clacetate for liver and wholé body was calcu-
lated as foilows:

(a) Liver exposure (mrem/uCi)

= [(1/0.693)(1 pCiX67 h}25%)5.8 X 207° rad/uCi - h)]
+ [(1/0.693)(1 pCiX67 hX75%)(1.5 X 107%)]
=14X1073+1.1x10™

= L.5.

(b) Whole body exposure (mrem/uCi)

= [(1/0.693)(1 pCi}67 h)X75%)1.5 X 107%)]

+ [(1/0.693)(1 pCiX67 h)X25%X1.5 X 107%)]
=L1X107*+3.6x107°

=0.15.

The radiation exposure to our subjects was also calculated by the
radiation safety officer at the University of Pittsburgh. Using the data
of Hellman et al. (21) indicating that the half-life of ['*CJacetate is 81 h,
the calculated radiation exposure to our subjects was 104 mrem. This
is < 10% of the allowable quarterly dose limit for a radiation worker
(22). Since it has been calculated (23) that a single exposure of 1,000
mrem, a tenfold greater exposure than that calculated for the present
study, would result in one excess death from cancer per 10,000 people,
whereas the expected deaths from cancer for 10,000 people would be
1,600 (23), we considered these experiments to have an acceptable
risk/benefit ratio. .

Estimation of Gluconeogenesis and Glycogenolysis In Vivo ~ 1305



Unless stated otherwise, data are given as means+SEM and were
analyzed using paired  tests. A P value < 0.05 was considered signifi-
cant.

Results

MC_sp act of glucose carbons, ratio of sp act of external and
internal carbons, ratio of flux of pyruvate and acetyl CoA into
the Krebs cycle, and calculated sp act of phosphoenolpyruvate
carbon relative to acetyl CoA carbon (Table II). In overnight
fasted subjects infused with [2-'*C]acetate, the ratio of the
14C—sp act of the four external (C1, C2, C5, and C6) and two
internal (C3 and C4) glucose carbons was 3.07+0.07. This
ratio (R) decreased significantly when subjects were studied
after the 66-h fast (2.69+0.03, P < 0.05).

Since Y = (R — 2)/2, the calculated value for Y, the ratio of
the fluxes of pyruvate and acetyl CoA into the Krebs cycle, was
0.54+0.03 after the overnight fast; this decreased significantly
after the 66-h fast (0.35+0.02, P < 0.05). Thus, the influx of
acetyl CoA in the Krebs cycle was approximately double the
influx of pyruvate in the postabsorptive state and approxi-
mately triple the influx of pyruvate after the 66-h fast.

Based on these relative fluxes of carbons into the Krebs
cycle via oxidative and gluconeogenic pathways, the calculated
theoretical sp act of intracellular phosphoenolpyruvate carbon
relative to that of intramitochondrial acetyl CoA carbon was
0.76+0.03 after the overnight fast. This increased 51gn1ﬁcantly
10 0.94+0.02, P < 0.02 after the 66-h fast.

Measured plasma glucose and 3-OH-butyrate '*C-sp activ-
ity, calculated intracellular phosphoenolpyruvate sp act, and

percent of overall glucose output derived from phosphoenolipy-
ruvate gluconeogenic pathway (Table III). The '*C-sp act of
plasma glucose and 3-OH-butyrate are given in Table III. The
specific activity of intracellular phosphoenolpyruvate calcu-
lated as plasma 3-OH-butyrate sp act times P was 11.7+1.1
dpm/ug carbon after the overnight fast and 7.0+0.5 dpm/ug
carbon after the 66-h fast. The percentage of overall glucose
output derived from the phosphoenolpyruvate gluconeogenic
pathway calculated as (plasma glucose '*C-sp act)/(plasma
3-OH-butyrate '“C-sp act) X P was 28.4+1.6 after the over-
night fast; this increased significantly to 97 5+2.1% after the
66-h fast, P < 0.001.

Plasma glucose concentrations and rates of overall glucose
output, gluconeogenesis, and glycogenolysis (Table 1V). After
the overnight fast, plasma glucose concentration was 5.1+0.1
mmol/liter; rates of overall glucose output, gluconeogenesis,
and glycogenolysis were 12.52+0.50, 3.57+0.28, and
8.96+0.40 umol/kg per min, respectively. After the 66-h fast,
plasma glucose concentration decreased to 3.1+0.1 mmol/
liter, P < 0.001; rates of overall glucose output and glycoge-
nolysis decreased to 7.56+0.61, and 0.34+0.08 wmol/kg per
min, respectively (both P < 0.001). The rate of phosphoenol-
pyruvate gluconeogenesis increased more than twofold to
7.39+0.67 umol/kg per min (P < 0.001).

Discussion

In the present study, we applied the equations of a mitochon-
drial model of gluconeogenesis (1, 6-8) and used plasma
3-OH-butyrate sp act to approximate intramitochondrial pre-

Table II. “C-sp act of Glucose Carbons, Ratio of sp act of External and Internal Glucose Carbons, Relative Flux of Pyruvate
and Acetyl CoA into the Krebs Cycle, and Calculated sp act of Phosphoenolpyruvate Carbon Relative to Acetyl CoA Carbon

after 14- and 66-h Fasts

C1+C2+CS +C6*

sp act C3 + C4* sp act R? Yt P!
14-h 66-h 14-h 66-h 14-h 66-h 14-h 66-h 14-h 66-h

Subject fast fast fast fast fast fast fast fast fast fast

1 6.29 1.83 3.44 0.72 0.63

2 3.17 1.13 2.81 0.40 0.87

3 4.29 1.29 3.33 0.6_6 0.66

4 3.12 0.96 3.25 0.63 0.68

5 6.40 11.04 2.21 4.00 2.90 2.76 0.45 0.38 0.81 0.90

6 2.96 10.12 1.04 3.58 2.85 2.83 0.42 0.41 0.85 0.86

7 2.87 10.80 0.83 4.17 3.46 2.59 0.73 0.30 0.62 1.00

8 1.27 8.00 0.44 3.09 2.89 2.59 0.45 0.30 0.82 0.99

9 5.81 10.10 1.87 3.58 3.11 2.82 0.55 0.42 0.74 0.86
10 5.42 6.70 1.62 2.54 3.35 2.64 0.67 0.32 0.65 0.96
11 3.08 6.75 1.08 2.67 2.85 2.53 0.43 0.27 0.84 1.04
12 5.48 8.08 1.88 3.08 2.91 2.62 0.46 0.31 0.81 0.98
13 4.70 7.4 1.75 2.83 2.69 2.62 0.35 0.31 0.94 0.98
14 2.96 7.13 0.92 2.46 3.22 2.90 0.61 0.45 0.69 0.82
Mean 4.13 8.61 1.35 3.20 3.07 2.69 0.54 0.35 0.76 0.94
+SEM 0.42 0.54 0.14 0.19 0.07 0.04 0.03 0.02 0.03 0.02
P 0.0036 0.0035 0.0018

* Disintegratjons per minute per microgram carbon.
cycle)/(flux of acetyl CoA into Krebs cycle).
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¥R =(Cl + C2 + CS5 + C6 sp act)/(C3 + C4 sp act).
I P = (phosphoenolpyruvate sp act)/(acetyl CoA sp act).

§ Y = (flux of pyruvate into Krebs



Table I1I. Measured Plasma Glucose and 3-OH-Butyrate '*C-sp act, Calculated Intracellular Phosphoenolpyruvate HC-sp act,
and Percent of Glucose Output from Phosphoenolpyruvate Pathway after 14- and 66-h Fasts

Glucose* 3-OH-Butyrate* Phosphenolpyruvate* Percent glucose output from
MC-sp act MC-sp act 4C-sp act phosphoenolypyruvate

' 14-h 66-h 14-h 66-h 14-h 66-h 14-h 66-h
Subject fast fast fast fast fast fast fast fast

1 4.80 22.60 14.24 33.71

2 2.55 13.90 12.09 21.09

3 3.28 18.33 12.10 27.11

4 2.39 16.80 11.42 20.92

5 5.01 8.56 24.00 9.77 19.44 8.79 25.77 97.35

6 2.32 7.94 11.90 8.56 10.12 7.36 22.94 107.86

7 2.19 8.58 14.60 9.40 9.05 9.40 24.19 91.28

8 1.00 6.36 5.00 6.31 4.10 6.25 24.39 101.81

9 4.60 7.96 21.00 10.12 15.54 8.70 29.60 91.46
10 4.15 5.31 24.60 5.96 15.99 5.72 25.95 92.81
11 2.90 5.39 8.29 5.42 6.96 5.64 41.65 95.62
12 5.13 6.42 16.81 5.96 13.62 5.85 27.68 109.92
13 3.72 5.89 12.30 6.44 11.56 6.31 32.17 93.33
14 2.28 5.56 10.80 7.27 7.45 5.96 30.60 93.27
Mean 3.31 6.79 15.78 7.52 11.69 6.99 28.41 97.47
+SEM 0.34 0.42 1.58 0.56 1.08 0.46 1.65 2.15
P ’ 0.001

* Disintegrations per minute per microgram carbon.

cursor sp act during infusion of [2-'“Clacetate to estimate the With this approach, we found that the ratio of the fluxes of
magnitude of carbon exchange in the Krebs cycle and to assess pyruvate and acetyl CoA into the Krebs cycle was 0.54 after an
the relative contributions of gluconeogenesis and glycogenoly- overnight fast, a value comparable with that found in dogs
sis to overall glucose output in overnight and 2%-d (66 h) (0.44) by Hetenyi (5) using the same approach; after the 2'>-d
fasted normal volunteers. fast, this ratio decreased to 0.35 in our subjects. Thus, the

Table IV. Plasma Glucose Concentrations and Rates of Overall Glucose Output, Gluconeogenesis,
and Glycogenolysis after 14- and 66-h Fasts

Plasma glucose Overall glucose output Gluconeogenesis Glycogenolysis
14-h 66-h 14-h 66-h 14-h 66-h 14-h 66-h
Subject fast fast fast fast fast fast fast fast
mmol/liter wumol/kg/min umol/kg/min umol/kg/min
1 5.28 13.20 4.45 8.75
2 4.61 12.50 2.64 9.86
3 5.28 15.50 4.20 11.30
4 5.22 14.90 3.12 11.78
5 4.78 2.50 11.90 5.23 3.07 5.09 8.83 0.14
6 5.33 3.11 11.80 6.80 2.71 7.33 9.09 0.00
7 5.17 2.78 11.26 7.02 2.72 6.41 8.54 0.61
8 5.11 3.33 10.00 5.40 2.44 5.50 7.56 0.00
9 4.89 3.28 9.75 6.12 2.89 5.60 6.86 0.52
10 5.17 3.44 14.30 7.72 3.71 7.16 10.59 0.56
11 5.22 3.33 15.30 10.70 6.37 10.23 8.93 0.47
12 4.89 3.11 11.13 10.60 4.19 11.65 6.94 0.00
13 5.00 3.33 11.40 8.80 3.67 8.21 7.73 0.59
14 5.56 333 12.40 7.20 3.79 6.72 8.61 0.48
Mean S.11 3.15 12.52 7.56 3.57 7.39 8.96 0.34
+SEM 0.07 0.09 0.50 0.61 0.28 0.67 0.40 0.08
P 0.001 0.001 0.001 .001
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influx of carbons from acetyl CoA into oxaloacetate was about
double the influx of carbons from pyruvate after an overnight
fast and increased to triple the influx of carbons from pyruvate
after the 2'»-d fast.

From these values, one can, using the equations of Katz
(8), calculate the degree to which the conventional isotopic
approach would underestimate gluconeogenesis due to Krebs
cycle carbon exchange: with uniformly labeled Jactate or ala-
nine, gluconeogenesis would be underestimated by 54% in the
postabsorptive state and by 63% after a 2'-d fast; with these
precursors labeled in the 3, 2, or 1 position, gluconeogenesis
would be underestimated by 40, 40, and 82%, respectively, in
the postabsorptive state and by 51, 51, and 87%, respectively,
after a 2'»-d fast.

With the present approach, which avoided this underesti-
mation, we found that gluconeogenesis from the phospho-
enolpyruvate pathway was responsible for 28% of overall glu-
cose output in the postabsorptive state. The only major sub-
strate that theoretically can be converted to glucose without
transversing the phosphoenolpyruvate pathway is glycerol.
Since < 3% of plasma glucose is derived from glycerol in the
postabsorptive state (9, 10) and since some of glycerol proba-
bly traverses the phosphoenolpyruvate pathway on its way to
glucose (11), gluconeogenesis via the phosphoenolpyruvate
pathway could be considered to approximate nearly all of glu-
coneogenesis. Our finding that gluconeogenesis via the phos-
phoenolpyruvate pathway accounted for almost 100% of over-
all glucose output after a 2'2-d fast is consistent with this con-
clusion.

Previous attempts to quantitate the relative contributions
of gluconeogenesis and glycogenolysis to overall glucose out-
put in postabsorptive man have involved measurement of
splanchnic substrate balance (24-26) or determination of the
glycogen content of serial liver biopsies (12). Dietz et al. (24),
Wahren et al. (25), and Nilsson et al. (26) measured the
splanchnic balance of potential gluconeogenic substrates. As-
suming that splanchnic balance represented hepatic balance,
and that there was total conversion to glucose of substrates
taken up by the splanchnic bed, their data indicated that gluco-
neogenesis accounted for ~ 26% of overall hepatic glucose
output. These estimates are similar to that found in the present
study (28%).

Nilsson and Hultman (12) found the rate of decrease in
glycogen content of serial liver biopsies from overnight fasted
normal volunteers to be 8.3 umol glucose/kg per min. Assum-
ing that the rate of overall hepatic glucose output of their
subjects was similar to that found in the present and other
studies (27, 28), i.e., ~ 12 pmol/kg per min, and that all of the
depleted glycogen entered plasma as glucose, this would indi-
cate that glycogenolysis accounted for ~ 70% of overall he-
patic glucose output. In the present study, we calculated gly-
cogenolysis in our overnight fasted subjects to be 8.9 umol/kg
per min and to account for 72% of overall glucose output.

Thus, the results of the present study agree quite well with
those obtained by other more invasive techniques. Further-
more, Nilsson and Hultman (12) have found that there is near
complete depletion of glycogen in liver biopsies obtained from
60-h fasted human subjects. After this duration of fasting, glu-
coneogenesis should, therefore, account for essentially all of
glucose output. Our finding in the present study that gluconeo-
genesis accounted for 97+2% of glucose output in 66-h fasted
volunteers, thus provides additional support for the validity of
the isotopic approach that we used.
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Note, however, that the present approach rests upon cer-
tain simplifications and assumptions (4, 8, 29). Strisower’s
model assumes that there is no further dilution of label in the
Krebs cycle beyond citrate synthesis. This simplification will
not hold if glutamine and other amino acids contribute appre-
ciable carbons to gluconeogenesis (29). However, glutamine
and amino acids other than alanine are rather minor gluconeo-
genic substrates (30) and, thus, disregarding these fluxes
should not invalidate the model.

Strisower’s model also assumes that hepatic pyruvate kin-
ase activity is minimal. Although Hetenyi et al. (31) observed
labeling of plasma lactate during infusion of [2-'*CJacetate in
dogs, compatible with there being substantial pyruvate kinase
activity, it has been calculated (8) that even if pyruvate kinase
activity were 50% of pyruvate carboxylase activity (which
would be unlikely in the postabsorptive state), phosphoenol-
pyruvate sp act would be altered < 10%; this would only mini-
mally affect the results obtained with the model.

Another assumption is that reincorporation into glucose of
14CO, formed from the label acetate used as tracer is negligible.
The large bicarbonate pool, and studies of Hetenyi et al. (31),
indicate that this is a reasonable assumption. It is further as-
sumed that negligible '“C is incorporated into glucose from
[**Clacetone derived from ['*Clacetate, since this would result
in a labeling of plasma glucose carbons such that the ratio of
the specific activities of its internal and external carbons could
no longer be used to calculate Krebs cycle carbon exchange.
This seems to be a reasonable assumption, since it can be
calculated from the data of Kreiberg et al. (13), Skutches et al.
(32), and Reichard et al. (33) that < 4% of the infused acetate
would be expected to be converted to acetone (32, 33), and
that < 5% of this acetone could be converted to glucose
(13, 33).

Application of the equations proposed by Katz using the
relative sp act of glucose carbons 1 and 3 assumes that there is
complete equilibration between malate and fumarate, so that
the labeling pattern in oxaloacetate is symmetrical (8). How-
ever, there is evidence that equilibration between fumarate
and malate may be incomplete (17). This could represent a
problem with use of labeled precursors other than acetate (e.g.,
lactate, alanine, or pyruvate). Nevertheless, the approach in
the present studies using the average sp act of carbons 1, 2, 5,
and 6, and of carbons 3 and 4, would compensate for any
disequilibration and obviate this potential problem. Moreover,
the simultaneous determination of the sp act of these carbons
using HPLC analysis of glucose degradation products in the
present studies improves precision of measurements in which
a small experimental error can greatly affect the results (5).

In our approach to determining the contribution of gluco-
neogenesis from phosphoenolpyruvate to overall glucose out-
put, we calculated intracellular phosphoenolpyruvate sp act
from the plasma 3-OH-butyrate '*C-sp act. Ideally, one should
use the intramitochondrial acetyl CoA sp act; obviously this
was not possible in our human subjects. We therefore assumed
that plasma 3-OH-butyrate sp act would closely approximate
intramitochondrial acetyl CoA sp act.

The near symmetrical distribution of '“C in the 3-OH-bu-
tyrate molecule by rat liver perfused with ['“Clacetate (34)
indicates that acetyl CoA is essentially the sole precursor for
ketone bodies in liver, where ketone bodies are produced al-
most exclusively (35). Conceivably, exchange between 3-OH-
butyrate formed in liver and acetoacetyl CoA formed during
fatty acid oxidation in peripheral tissue could result in an un-



derestimation of the sp act of hepatic acetyl CoA, as reflected
by plasma 3-OH-butyrate sp act (34); however, Nosadini et al.
(36) have shown that in normal human volunteers such ex-
change is negligible.

Other than the present study in man, only Hetenyi and
co-workers have used the Strisower model in an attempt to
quantitate gluconeogenesis more precisely (4, 5). It is impor-
tant to point out certain differences in their approach and the
one used here. As in the present report, Hetenyi et al. (4, 5)
infused [2-'“C]acetate; however, they measured the sp act of
carbons 1 and 3 in plasma glucose via separate chemical reac-
tions, and not the average sp act of all the external and internal
carbons, which was done simultaneously in the present study.

Moreover, although both approaches used the same equa-
tion to calculate Y, the relative influx of carbon from pyruvate
and CO, and from acetyl CoA into the oxaloacetate pool,
Hetenyi and colleagues (4, 5) calculated the sp act of oxaloace-
tate relative to that of acetyl CoA as 1/(1 + 2Y). As Katz has
pointed out (8), the relative sp act of phosphoenolpyruvate
should have been calculated, rather than that of oxaloacetate;
moreover, the equation that was used applies for an infusion of
[U-"CJacetate, not [2-'“C]acetate, in the Strisower model.

More importantly, the approach of Hetenyi and colleagues
(4, 5) was aimed at developing a correction factor to compen-
sate for Krebs cycle carbon exchange so that the incorporation
into glucose of carbons from a specific gluconeogenic precur-
sor, such as lactate, could be quantitated. Their approach
would require either two separate experiments or simulta-
neous use of '3C- and '*C-labeled precursors, whereas the
present approach traces all carbon flux through the phos-
phoenolpyruvate gluconeogenic pathway with one labeled
precursor in a single experiment. Finally, the present approach
does not require assumptions to be made about pyruvate dehy-
drogenase activity, whereas with use of lactate as the labeled
precursor, as suggested by Hetenyi et al. (5), pyruvate dehydro-
genase activity would influence their correction factor.

In summary, the present study describes the use in man of
an isotopic approach to quantitate the contribution of glyco-
genolysis and gluconeogenesis to overall glucose output based
on estimation of Krebs cycle carbon exchange (6-8). Our re-
sults using this approach indicate that in postabsorptive man,
influx of carbon into the Krebs cycle from acetyl CoA is ap-
proximately twice that from pyruvate and CO,, and this in-
creases 50% after a 2%-d fast. This carbon exchange would
result in a 40-90% underestimation of gluconeogenesis mea-
sured by the conventional isotopic approach, depending on the
labeled precursor used. The approach used herein thus over-
comes a major limitation of previous isotopic techniques. That
the results obtained with this approach agree well with those
obtained by splanchnic balance and serial liver biopsies tech-
niques, and the finding in the present study that gluconeogene-
sis accounted for nearly all of glucose output after a 2'»-d fast,
support the validity of the model on which this approach is
based.
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