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STUDIES OF RIBOSE METABOLISM. VI. PATHWAYSOF RIBOSE
SYNTHESIS IN MAN'

By HOWARDH. HIATT

(From the Department of Medical Research, Beth Israel Hospital, and the Department of
Medicine, Harvard Medical School, Boston, Mass.)

(Submitted for publication May 14, 1958; accepted June 12, 1958)

Although it has been demonstrated that the
pathways involved in ribose biosynthesis from
hexose by a human carcinoma cell grown in tis-
sue culture (1) and by animals in vivo (2-4) are

similar, little information is available concerning
in vivo mechanisms of ribose production in man.

The absence of a satisfactory technique for investi-
gating this problem led us to explore the applica-
bility to human studies of a recently described,
convenient method for "trapping" ribose in the
urine of the rat (4). This procedure, which was

suggested by an observation of Tabor and Hayaishi
(5), involves the administration of imidazoleacetic
acid (ImAA) orally or parenterally, and the sub-
sequent isolation of imidazoleacetic acid riboside
from the urine. The present report is designed to
summarize ImAA toxicity studies in several ani-
mal species and to demonstrate the usefulness of
the ImAA procedure for investigations of ribose
synthesis in man. This technique has already been
employed to demonstrate a block in the metabolism
of glucuronic acid by subj ects with essential pen-

tosuria (6).
1 This investigation was aided by grants from the

Jane Coffin Childs Memorial Fund for Medical Research
and from the National Cancer Institute (C-3151).

METHODS

Toxicity studies. Imidazoleacetic acid dihydrochloride
was dissolved in water, neutralized with NaHCO,, and
administered by the routes indicated in amounts up to 3
millimoles per kilogram to mice, rats, guinea pigs and
a dog. Most of the animals were watched closely for
manifestations of toxicity for several hours, and then at
intervals for several weeks following administration of
ImAA. A guinea pig was sacrificed two weeks following
injection, and specimens of several organs were excised
for histologic study. ImAA was administered intra-
venously to a dog under light morphine anesthesia, and
blood -pressure, as measured with an in-lying femoral
artery needle, and pulse and respiratory rates were de-
termined for two hours thereafter.

Human studies. Three patients with short life ex-

pectancies were given ImAA and radioactive glucose or

glucuronolactone. The first subject, Le, a 75 year old
man with metastatic bronchogenic carcinoma, received
by mouth 1,500 micromoles of ImAA dihydrochloride, an

equimolar amount of sodium bicarbonate, and glucose-
2-C1', dissolved in 100 ml. of water, in three equal ali-
quots, 2 hours apart. The first dose was given 15 hours
following the last ingestion of food (before breakfast),
and the second and third doses, 2 and 4 hours following
breakfast. Patient To, a 67 year old male with coronary

artery disease, was treated in an exactly similar fashion.
Patient Do, a 67 year old male with coronary artery dis-
ease, was given 2,000 micromoles each of imidazoleacetic
acid and of sodium bicarbonate in a single dose by mouth,

TABLE I

Urinary ribose in human subjects given imidazoleacetic acid (ImAA)

Per cent
Per cent admin-

ImAA admin- Molar istered
admin- Urinary istered C14 compound activity C4in C14 in

Subject Age Diagnosis istered ribose ImAA administered of ribose ribose ribose

yrs. puM puM cpm/pM cpm
Le 75 Bronchogenic 1,500 460 31 Glucose-2-C"4 32.3 1.42 X 104 0.050

carcinoma (2.86 X 107 cpm;
50 mg.)

To 67 Coronary artery 1,500 570 38 Glucose-2-C"4 26.0 1.48 X 10-4 052
disease (2.86 X 107 cpm;

50 mg.)

Do 67 Coronary artery 2,000 275 14 Glucuronolactone-U-C" 33.0 9.1 X 103 0.058
disease (1.57 X 107 cpm;

67 mg.)
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TABLE II

Isotope distribution in urinary ribose of subjects given
imidazoleacetic acid and glucose-2-C'4

Per cent total radioactivity in ribose carbon atoms

Subject C-1 C-2 C-3 C-4 C-5

Le 51 33 3 9 4
To 50 39 3 6 2

and 15 minutes later, an intravenous injection of 5 ml.
of isotonic saline containing D-glucuronolactone-U-C14.
None of these subjects had evidence of azotemia, protein-
uria or liver disease, and each had a normal fasting blood
glucose.

Urine was collected in two aliquots for 24 hours fol-
lowing administration of the imidazoleacetic acid. All
of the riboside was found in the sample collected during
the first 10 hours. The procedure for isolating rat uri-
nary ribose from the urinary imidazoleacetic acid riboside
was described in detail elsewhere (4). The method used
here was similar, except that instead of using the entire
urine collection, one-third of the urine excreted during
the first 10 hours was acidified, aerated to remove CO,
brought to pH 8, and adsorbed on Dowex-1, 100 to 200

mesh, 2 per cent cross-linked, acetate form (height, 16.0
cm.; diameter, 4.5 cm.). The column was washed with
water until the effluents were free of radioactivity, and
the riboside was then eluted with 0.2 N acetic acid.
The eluates were collected in 50 ml. fractions, and the
riboside was found in fractions 5 and 6. These were
combined and treated as described previously (4). The
ribose was degraded to its constituent carbon atoms by
methods that have been summarized elsewhere (1).
Radioactivity was measured with a "micromil" end
window counter with an efficiency of 13 per cent.

Materials. Imidazoleacetic acid dihydrochloride was
synthesized according to the procedure of Bauer and
Tabor (7). All of the toxicity studies were carried out
on the batch of ImAA subsequently used for the human
studies. Uniformly C14-labeled glucuronolactone (glu-
curonolactone-U-C1'), which was kindly provided by Dr.
N. E. Artz of the Corn Products Refining Company,
Argo, Ill., was dissolved in 0.9 per cent saline and steri-
lized by passage through a bacteriologic filter. This ma-
terial was found to give a single radioactive spot on
descending chromatography in butanol: ethanol: water
(52: 32: 16).

Glucose-2-C' was purchased from the National Bureau
of Standards through the courtesy of Dr. H. S. Isbell.
Degradation of the glucose to its constituent carbon
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atoms by methods previously described (8) revealed that
its radioactivity was limited to carbon atom 2.

RESULTS

Toxicity studies

The intraperitoneal administration of 2 milli-
moles of ImAA per Kg. of body weight to mice
and to rats had no discernible toxic effect. The
administration of 3 and 4 millimoles per Kg. to

mice led to marked depression for 12 hours fol-
lowed by apparently complete recovery. The in-
traperitoneal injection of as much as 8.5 millirooles
per Kg. to guinea pigs produced no detectable
untoward effect. A guinea pig given 4 millimoles
per Kg. intraperitoneally and sacrificed two weeks
later had no demonstrable abnormalities in histo-
logic sections of lung, liver, kidney, heart and
adrenal glands. The intravenous administration of
11.2 millimoles in 20 ml. of distilled water in 1
minute to a 17 Kg. dog under light morphine anes-

thesia led to a rise in pulse rate of 10 beats per

minute, with no effect on blood pressure or res-

piration. The administration of an equal amount
of ImAA to the same animal 30 minutes later led
to no effect on any of these measurements. No
immediate or delayed toxic effects were observed
in the human subjects given imidazoleacetic acid.

Ribose synthesis

The human subjects excreted up to 570 micro-
moles of ribose as ImAA riboside (Table I). The
amount of riboside excreted was greatest in Sub-
jects To and Le, to whom the ImAA was given
in divided doses over a period of several hours.
In all three subjects there was appreciable C" in-
corporation into the urinary ribose from glucose-
2-C4 or glucuronolactone-C" (Table I).

The isotope distribution in the urinary ribose of
the two subjects given glucose-2-C"4 is summa-

rized in Table II. The preponderance of radio-
activity was found in carbon atoms 1 and 2, with
the former more active than the latter.

DISCUSSION

These studies indicate that as much as 2 to 8.5
millimoles of imidazoleacetic acid per Kg. of body
weight can be given to some animal species with-
out discernible toxicity. The oral administration
to human subjects of less than 30 micromoles per

Kg., on the other hand, permitted the isolation of
sufficient ribose for studies of intermediary me-
tabolism, and resulted in no untoward effects.
When the ImAA was administered in divided
doses over several hours, as much as 38 per cent
was excreted as the riboside. However, in the
patient given ImAA in a single dose only 19 per
cent appeared in the urine in the glycosidic form.
Tabor has previously shown that in rats given
sufficiently small doses of imidazoleacetic acid as
much as 80 per cent may be excreted as the ribo-
side (9).

Isotope distribution in ribose synthesized from
glucose-2-Cl" is consistent with synthesis via the
oxidative and nonoxidative mechanisms of the
pentose phosphate pathway (10). The prepon-
derance of isotope in carbon 1 as compared with
carbon 2 is the reverse of the situation observed in
a human carcinoma cell in tissue culture (1), and
in normal growing rats (3, 4). This suggests that
in our human subjects ribose production occurred
predominantly by way of the C-1 oxidation path-
way (the glucose 6-phosphate and 6-phosphoglu-
conic dehydrogenase reactions). The relatively
small amount of isotope randomization to carbon
atoms 3, 4 and 5 indicates that little dissimilation
of the hexose molecule took place prior to ribose
synthesis. The slight isotope excess in carbon 4 as
compared with positions 3 and 5 is consistent with
the aldolase cleavage of hexose-2-C14 phosphate
to triose phosphates, and equilibration of the
trioses, prior to triose phosphate participation in
the transketolase reaction.

The implications of the study demonstrating ri-
bose synthesis from glucuronolactone-Cl" have been
discussed in detail elsewhere (6, 11). Briefly, this
experiment is considered to demonstrate the opera-
tion in man of the recently described C-6 oxidation
pathway (10) (Figure 1). This pathway is uti-
lized by most mammalian organisms for the syn-
thesis of ascorbic acid (12-15). Man, however,
is unable to synthesize the vitamin and presum-
ably employs this pathway only to permit the re-
turn of glucuronic acid carbon to the mainstream
of carbohydrate metabolism, with the pentose,
L-xylulose, as an intermediate (16). A block in
this pathway has been postulated (16) to account
for the urinary excretion of L-xylulose by subjects
with the genetic disorder, chronic essential pento-
suria (17). Strong support for this hypothesis
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was obtained in a recent study of ribose excretion
by a pentosuric subject given imidazoleacetic acid
and glucuronolactone-C14 (6). In striking con-
trast to Subject Do, who excreted ribose contain-
ing 0.058 per cent of the radioactive carbon pres-
ent in the administered glucuronolactone, a pen-
tosuric subject excreted ribose which was virtually
free of radioactivity. The pentosuric individual,
however, excreted 4,000 micromoles of L-xylulose,
which contained over 4 per cent of the adminis-
tered C14. The radioactivity in the L-xylulose
demonstrated its origin from D-glucuronolactone,
while the absence of C14 in the urinary ribose in-
dicated that it was derived from sources other than
the administered lactone. These data provide evi-
dence for an impairment in the metabolism of
glucuronic acid beyond the L-xylulose step in es-
sential pentosuria.

SUMMARY

A technique is described for the study of ribose
synthesis in man. This involves the oral adminis-
tration of imidazoleacetic acid, which has been
shown to be of exceedingly low toxicity, and the
isolation of ribose from urinary imidazoleacetic
acid riboside. Isotope distribution in ribose syn-
thesized from glucose-2-C4 by individuals with
normal carbohydrate metabolism is consonant with
ribose biosynthesis from hexose via the oxidative
and the nonoxidative reactions of the pentose phos-
phate pathway. An additional mechanism of ri-
bose biosynthesis, from glucuronic acid, is indi-
cated by the excretion of ribose-C"4 by a human
subject given imidazoleacetic acid and D-glucuro-
nolactone. A block in this pathway has previously
been shown to be responsible for the excretion of
L-xylulOse by individuals with chronic essential
pentosuria.
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