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A number of studies with tracers in animals have
been done to investigate the metabolic pathways
by which carbon of fatty acid is converted to car-
bohydrate. Analysis of distribution of isotope in
the carbon positions of glucose (or glycogen)
formed in vivo from position-labeled precursors
provides insight into the metabolic routes tra-
versed (2, 3). Such studies have generally up-
held the concept that fatty acids are degraded to
two-carbon units, then incorporated into the tri-
carboxylic acid cycle, from which three-carbon
monocarboxylic acids of the glycolytic pathway
and finally hexose derivatives are formed. In
conformity with this scheme are the findings that
fatty acids labeled in the carboxyl or one of the
other odd-numbered carbon positions form glucose
or glycogen with isotope almost exclusively in the
3 and 4 carbons, while fatty acids labeled in one
of the even-numbered carbon atoms introduce iso-
tope primarily and equally into the 1, 2, 5, and 6
carbons (3, 4).

In order to gather evidence bearing on the utili-
zation of these fundamental intermediary pathways
in the human being and to provide data for com-
parison with pathological states, such as diabetes
(1, 5), studies of this type have been commenced
by the analysis of distribution of radioisotope in
blood glucose after the administration of trace
amounts of 1-C14-acetate to four cancer patients
with presumably normal carbohydrate metabolism.

MATERIALS ANDMETHODS

Experimental subjects. General data are given in
Table I. All the patients had suffered some weight loss
with their disease, but were not wasted and were con-
suming a regular diet prior to the period of fast stated
in Table I. Repeated urinalyses were negative for sugar

1 This research was supported by the Atomic Energy
Commission.

2 Preliminary findings were presented at the Annual
Meeting of the Federated Societies for Experimental
Biology, 1956 (1).

content and diabetes was absent from the family history
in all cases. Liver disease did not exist clinically at the
time of study in any case. However, in the case of G. O.,
one month after study the alkaline phosphatase was
found to be elevated to 24 Bodansky units and the se-
rum bilirubin questionably elevated. Liver nodules were
palpable before death two months after study. In the
case of B. G., autopsy three and one-half months after
C" study showed approximately 10 metastatic nodules
varying from 0.2 to 0.5 cm. in diameter in the liver.
Liver function tests (cephalin flocculation, thymol tur-
bidity, serum bilirubin) were all negative in the case
of F. K.

Tracer compound. 1-C"-acetic acid was prepared from
BaC"O, by the Grignard reaction and purified by chro-
matography on a column of Celite® for use with Sub-
jects B. G., G. O., and J. H. Commercially produced
1-C"-sodium acetate was used for Subject F. K. Degra-
dation of the latter product demonstrated all of the
radioactivity to be in the carboxyl carbon.

Subjects B. G., G. O., J. H., and F. K. received 210,
190, 190, and 500 microcuries, respectively, in a single
antecubital intravenous injection. The dose of 1-C"-
acetate was in each case carried in 0.75 mMof total
sodium acetate in 10 ml. of 0.9 per cent NaCl.

Collection and purification of blood glucose. Between
two and two and a quarter hours after inj ection of la-
beled acetate, there was withdrawn from the opposite
antecubital vein approximately 150 ml. of blood from
Subjects B. G. and F. K. and ca. 500 ml. from G. 0. and
J. H. Clotting was prevented by using heparinized ap-
paratus. The blood was promptly hemolyzed with five
volumes of water and treated with two volumes each
of 0.3 N Ba(OH), and 5 per cent ZnSO4. A clear solu-
tion was separated by centrifugation and filtration and
then passed successively through columns of cation
(Duolite® C-3) and anion (Duolite® A-4) exchange
resins. The deionized eluate was evaporated to dryness
in vacuo and the residue used in the various degradations
of glucose. Quantitative glucose measurements were
done either by reduction of copper (6) or by formation
of hydroxymethylfurfural (7).

Degradation of glucose. Carbon number one (C-1)
of glucose was isolated as formic acid after the action of
HBr (8). Conversion of glucose to potassium gluconate
followed by reaction of the latter with sodium periodate
yielded C-1 as CO2, C-6 as formaldehyde, and C-2, C-3,
C-4, and C-5 together as formic acid (9). Phenylglu-
cosazones were prepared (10) and either combusted totally
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TABLE I

Clinical data on experimental subjects

Period
of fast

Ht. Wt. prior
Subject Age Sex (cm.) (Kg.) Diagnosis to expt.

B. G. 40 M 180 93 Bronchogenic 20 hrs.
carcinoma

G. 0. 55 M 180 77 Bronchogenic 15 hrs.
carcinoma

J. H. 60 M 178 66 Bronchogenic 24 hrs.
carcinoma

F. K. 63 F ca. 156 58 Carcinoma of 15 hrs.
the colon

to CO2 (11) or converted by action of periodic acid to
formic acid (CA plus C-5), formaldehyde (C-6) and the
bisphenylhydrazone of mesoxaldehyde (C-1, C-2, and C-3)
(12).

Glucose was fermented by Lactobacillus casei to lactic
acid, which was degraded by KMnO, to CO2 (C-3 plus
CA4) and acetaldehyde. The latter was degraded by
NaOHand I, to formic acid (C-2 plus C-5) and iodo-
form (C-1 plus C-6) (13, 14). Formic acid was oxi-
dized to CO2 by mercuric acetate, and iodoform was con-

verted to CO by AgNO,, then to CO2 by H2SO4 and
10, (13-15). Glucose was fermented by Leuconostoc

mesenteroides to lactic acid (CA, C-5, and C-6), ethanol
(C-3 and C-2) and CO2 (C-1) (14, 16). Ethanol was

oxidized by HSO4 and KCrO, to acetic acid, from
which barium acetate was prepared and pyrolyzed to
acetone (9, 14). Treatment of the latter with NaOH
and I2 yielded C-3 (of glucose) as CO2 and C-2 as

iodoform.
Counting techniques. Someorganic compounds (phenyl-

glucosazones, bisphenylhydrazones of mesoxaldehyde, and
dimedon complexes of formaldehyde) were directly
mounted on filter paper and placed beneath the end-
window of a Geiger-Mueller tube for measurement of
radioactivity. Most of the samples of C"O2 were counted
in the same way after mounting of BaCO, (17). In a

later stage of this work (Subject F. K.) C"O. was meas-

ured in the gaseous state by internal proportional count-
ing (18).

RESULTS

Multiple kinds of degradation of glucose were

used with Subjects B. G., G. O., and J. H. be-
cause the fermentation with Leuconostoc mesenter-
oides (which gives each carbon fraction of glu-
cose separately) was not available until work with
F. K. The treatment of glucose with HBr and of
phenylglucosazone and potassium gluconate with
periodic acid permitted some separation of the
carbon fractions which are not obtained in the

fermentative method using Lactobacillus casei.
These procedures also served as a check on the
degradation with L. casei.

Employment of fermentative methods of degra-
dation introduces the possibility of spurious find-
ings due to activities of bacterial metabolism which
may to a minor extent dilute or randomize carbon
fractions of glucose. Randomization was noted
with L. casei action on glucose-i-C14 (19) and
with L. mesenteroides action on glucose containing
C14 in either the 1, 2, or 6 positions (9, 20). With
the latter organism Katz, Abraham, Hill and
Chaikoff (20) found 2 to 5 per cent of the total
C1' in carbon positions other than those expected,
while Bernstein, Lentz, Malm, Schambye and
Wood (9) found 1 per cent or less.

However, bacterial randomization from Posi-
tions 1, 2, and 6 of glucose does not necessarily
imply randomization from Positions 3 and 4.
Convincing evidence of the validity of small per-
centages of isotope in 1, 2, 5, and 6, relative to
those found in 3 and 4 by the fermentation with
L. mesenteroides, was presented by Bernstein and
co-workers (9), who also measured the C" con-
tent of outer glucose carbon fractions by inde-
pendent chemical methods. Excellent agreement
was found between the fermentation values and
those found on degradation of potassium gluco-
nate and oxidation of glucobenzimidazole.

The findings of degradation of glucose for all
four subjects of the present study are shown in
Table II. Virtually all of the total radioactivity
of glucose was found in C-3 and C-4 for Sub-
jects B. G. and F. K., and is most likely true al-
though not rigidly proved in the cases of G. 0.
and J. H. No more than 3.5 per cent of the total
glucose C14 was found in any of the other carbon
positions. There was apparently no significant
difference between the activities of C-3 and C-4 for
Subjects G. 0. and J. H., whereas C-4 had
distinctly higher activity than C-3 for Subject
F. K.

In all cases whether by fermentative or chemical
methods trace amounts, of the order of 1 to 3 per
cent of the total glucose C14, were found in the
outer carbons of glucose. For Subjects B. G.,
G. O., and J. H., the absolute amounts of C14
measured in these carbons were so low that count-
ing error was high (Table II). From them can
be deduced, however, a general impression of
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higher activities in C-1 and C-2 than C-5 and
C-6. A more conclusive analysis of the pattern

of activity in C-1 to C-6 was possible in the case

of F. K. due to the combination of a larger amount
of C14, a more efficient counting method, and a

method of degradation which yields each carbon
position separately. Among the four outer car-

bons, C-2 was found to have the highest activity
with C-1, C-5, and C-6 containing lesser amounts
of C14 in that order.

The overall portion of C14 of the carboxyl-la-
beled acetate which was present in glucose at two
hours after injection was calculated on the assump-

tion that there is a body glucose "pool" which has
the same concentration as the blood glucose with
which it is mixing, and which on the average oc-

cupies a hypothetical "space" equivalent to 20 per

cent of body weight (21). The values were found
to be 1.3 per cent, 1.8 per cent, 1.2 per cent, and
1.7 per cent of the administered dose for Subjects

B. G., G. O., J. H., and F. K., respectively. The
above estimate is a minimal one for total C14 con-

verted to glucose, since it does not include that
glucose which was formed and then metabolized
within two hours or that which was converted to
relatively immobile glycogen.

DISCUSSION

The finding that after injection of 1-C14-acetate
virtually all radioisotopic carbon of blood glucose
was present in C-3 and C-4 is consistent with
previous animal studies and suggests that in the
"normal" human liver fatty acid carbons are me-

tabolized via the classical routes, i.e., the Krebs
tricarboxylic acid (TCA) cycle and the glycolytic
pathway, in the process of conversion to carbohy-
drate. Figure 1 indicates how the isotope would
become thus distributed. It can also be seen from
Figure 1, however, that if acetic acid were metabo-

TABLE II

C14 distribution in blood glucose following I. V. administration of l-C14-sodium

acetate (200 to 500 microcuries in 1.0 mM) to non-diabetic human subjects

Subject B. G. G. O. J. H. F. K.

Method of*
glucose (a) (a) (b) (c) (d) (b) | (c (e) (e)

degradation
Carbon

Fractions s. a.t I as.a * s.a. I% s. a. S s. a. sa % s. a. * sa. s. a.

3,4 300 94 310 96.5

2.5 1 1 3. 6. 5 2

1,6 7 2. 5 S.0 1.5

1 1 7 2.5 I16 2. 5 5. 5 1 4. 5 I1 68 11. 3

2 ___ _6 . 1. 5 79 1. 5

3 180 47.5 1960 38

4 184 48 3030 58

5 3 <1 60 1.1

6 3.5 <1 3.5 <1 2.5 <1 2.5 <1 3 1 42 .8

1-6 110 1100 77 100

1-3 99 45| 74 48.5

4,5 162 49 104 50s

2-5 164 97 = 106 98 _

* (a) fermentation with Lactobacillus casei, etc.
(b) formation and oxidation of phenylglucosazone, etc.
(c) formation and oxidation of potassium gluconate, etc.
(d) oxidation with hydrogen bromide, etc.
(e) fermentation with Leuconostoc mesenteroides, etc.

t specific activity = counts/minute/milligram carbon: for s.a. values above 50, S.D. of sampling and counting =<+ 5%;for
s. a. values from 20 to 50, S. D. = +5 to 10%; for s. a. values below 20, S. D. = 5 to 35%; where S. D. (stand. c'ev.) =

A/ n(n-1)

I per cent of total glucose C"4 contained in given carbon fractions.
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FIG. 1. ABBREVIATED TRICARBOXYLIC ACID CYCLE AND GLYCOLYTIC REACTIONS

Asterisks indicate location of C14.

lized to CO2 by some other pathway and then
fixed into dicarboxylic acids, the distribution of
C14 in glucose would be the same. It is funda-
mental to recognize that the net carbon balance in
the process of C14 introduction from acetate into
glucose is zero whether by way of the TCA cycle
or by CO2 fixation, and that there can therefore
by these pathways be no true gluconeogenesis from
the two-carbon fragments of fat catabolism.

Of interest is the observation that for two sub-
jects (J. H. and G. 0.) the C14 activity in C-3
was not essentially different than that in C-4,
whereas for another subject (F. K.) activity in
C-4 was approximately 50 per cent higher than
in C-3. Similar variations in symmetry of glu-
cose labeling have been observed by other workers
using 2-C14-pyruvate (22) and CI02 (23) in
rats, where the asymmetry appeared to depend
upon recent provision of food or unlabeled sub-
strate. Findings from these studies, together with
the complementary finding of more C14 in C-3
than in C-4 of glycogen glucose after administra-
tion of 1-C4-glycerol. (24), have led to the hy-
pothesis that unequal labeling between C-3 and
C-4 occurs as a result of incomplete equilibration
between dihydroxyacetone phosphate and phos-
phoglyceraldehyde in the presence of appreciable

amounts of one or the other unlabeled trioses.
Another interpretation has been offered with the
demonstration of an exchange of phosphoglycer-
aldehyde with fructose-di-phosphate by means of
a complex between dihydroxyacetone phosphate
and aldolase (25). It might also be considered
that by operation of various transketolations and
transaldolations (26) the first 3 carbons of glu-
cose may undergo rearrangements not shared by
the 4, 5, and 6 carbons, and that lack of symmetry
could result therefrom.

Further interest attaches to the presence of
trace amounts of C14 in the 1, 2, 5, and 6 carbons
because it is indicative of metabolic reactions not
encompassed in the TCA cycle and the glycolytic
scheme. Early observations suggested trace ac-

tivity in the outer carbons of glycogen glucose
after administration of carboxyl-labeled fatty acid
(3) or of radioactive bicarbonate (27). More
recent and definitive studies (9, 23, 28) have in-
dicated the presence of a small amount of activity
(5 per cent or less of the glucose C14) in each of
the outer carbons of glucose from rat liver gly-
cogen after formation from NaHC1408. There
has generally been observed more in C-1 and C-2
than C-5 and C-6.

The oxidative route for glucose metabolism
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with reformation of hexose via the pentose phos-
phate cycle has been discussed by Wood (29) and
Racker (26) among others as a means of exten-
sion of tracer, primarily to C-2, from originally
3,4-labeled glucose. Further extension to Posi-
tions 1,5, and 6 may take place by recycling in the
glucose oxidative pathway and by conversion of
hexose to triose with subsequent CO2 fixation and
randomization in the Krebs cycle. Additionally,
extension from C-3 to both of the first 2 carbons
of glucose may take place by reactions of trans-
ketolation and transaldolation operating reversibly
and separately from the complete oxidative cycle
for glucose (thus accounting for activity in C-1
similar to that in C-2 and higher than in C-5 and
C-6).

Other mechanisms, such as CO2 fixation with
pentose phosphate (labeling C-1 of hexose), are
possible but less likely (23, 30), as would pre-
sumably be the recently-elucidated glucuronic acid-
xylulose pathway (31), which would transfer
carbon from C-4 to C-5 of hexose. Still other re-
actions, which would label the outer carbons along
with net formation of glucose from 1-C14-acetate,
are mentioned in a subsequent paper (5). The
findings from the present study of traces of C14
in the outer carbon of glucose would seem pri-
marily to suggest the operation in the human liver
of the oxidative and the nonoxidative reactions of
the pentose phosphate cycle. The low level of
activity of these reactions relative to the rate of
glucose synthesis via the Embden-Meyerhof path-
way appears to be about the same as that found
for normal rat (9, 23, 27) and mouse (29) liver.
It may be noted that in glycogen from rabbit liver
slices incubated with NaHC1403, Topper and
Hastings (12) found no C14 in positions other
than 3 and 4, nor did Abraham, Chaikoff and
Hassid (32) after injecting 1-C14-tripalmitin into
diabetic dogs and analyzing urinary glucose.

The overall fraction (average of 1.5 per cent)
of the administered C14 found in the theoretical
"pool" of miscible body glucose at two hours is
of the same general order of magnitude as that
calculated by Strisower, Chaikoff and Weinman
(10) for extracellular glucose of the rat at one
hour after injection of 6-C"4-tripalmitin (0.6 per
cent for normal and 2.3 per cent for diabetic) as
well as that found by Abraham and co-workers
(32) to be excreted in the urine by the diabetic

dog within 24 hours after injection of 1-C"4-tri-
palmitin (4.7 per cent). Unfortunately, there are
no available data for the human on the amount to
be expected simply from C1402 fixation, so it can-
not in this way be determined whether an addi-
tional amount of C14 was incorporated from acetate
via particular pathways such as the tricarboxylic
acid cycle.

At the time this investigation was initiated it
was deemed necessary to use cancer patients as
subjects representative of the "normal" and non-
diabetic human in order to be able to use suffi-
cient amounts of C". It has recently been empha-
sized (21, 33) that some patients with cancer tend
to have an alteration of carbohydrate metabolism
in the direction of the diabetic type. Whether
this situation has had any influence on the present
findings cannot be stated. However, the subjects
were manifestly not in the acute diabetic state of
patients with whomthey have been compared (5).
In another way the presence of a neoplasm (as-
cites cell tumor of mice) has been shown to change
the pattern of labeling of liver glycogen, but not
appreciably unless the tumor cells have first access
to the labeled precursor as a result of its intra-
peritoneal injection (34). It can indeed be ques-
tioned generally whether the pattern of label in
blood glucose from the intact organism reflects
only hepatic metabolism, since some other organ or
tissue may have taken part in distribution of the
isotope either before or after the formation of glu-
cose in the liver or by extra-hepatic (e.g., renal)
gluconeogenesis. It may be noted in this connec-
tion that intermediates of the pentose phosphate
cycle have been found to occur in human hemoly-
sates (35).

SUMMARY

The nature of various metabolic pathways used
in the transfer of carbon from fatty acid to carbo-
hydrate in the human being has been investigated
by means of C14 tracing. The experimental sub-
jects were four patients with carcinoma (of the
lung or colon) who had no grossly evident ab-
normality in carbohydrate metabolism. They were
fasted for 15 to 24 hours prior to the test. Single
intravenous injections of trace amounts of car-
boxyl-labeled sodium acetate (200 to 500 micro-
curies) were followed two hours later by collec-
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tion of blood from which glucose was isolated and
subsequently degraded to individual or groups of
carbon fractions by various bacteriological and
chemical methods.

As in previous similar studies with animals,
virtually all of the radioisotopic carbon of glucose
was present in the 3 and 4 positions of the mole-
cule. Whereas in two patients the activity of
these two positions was essentially equal, in one
patient there was more activity in C4 than C-3.
In each of the other positions (1, 2, 5, and 6)
there was a slight amount of radioactivity, of the
order of 1 to 2 per cent of the total glucose C4 in
each position. There appeared to be generally
more in C-1 and C-2 than C-5 and C-6. An aver-
age of 1.5 per cent of the administered C14 was
estimated to be present in free body glucose at the
time of sampling.

The finding of primarily 3,4-labeled glucose is
consistent with the operation of the tricarboxylic
acid cycle and the glycolytic pathway as the prin-
cipal routes for passage of carbon from fatty acid
to carbohydrate. The presence and relative
amounts of tracer in the 1, 2, 5, and 6 carbons
suggest the operation of reactions of the pentose
phosphate cycle.
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