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Senior Regulatory Scientist, Regulatory Branch, Division of Programs & Enforcement Policy
(DPEP), Office of Special Nutritionals, HFS-456

Subject  75_day Premarket Notification for New Dietary Ingredient

To

Dockets Management Branch, HFA-305

New Dietary Ingredient: D-Ribose

Firm: Leiner Health Products
Date Received by FDA: January 21, 2000
90-day Date: April 17, 2000

In accordance with the requirements of section 413(a)(2) of the Federal Food, Drug, and
Cosmetic Act, the attached 75-day premarket notification for the aforementioned new
dietary ingredient should be placed on public display in docket number 95S8-0316 after
April 19, 2000.
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(’ DEPARTMENT OF HEALTH & HUMAN SERVICES Public Health Service

JAN 2 4 2000

Hany Farag

Director of Regulatory Affairs
Leiner Health Products

901 East 233rd Street

Carson, California 90745-6204

Dear Mr. Farag:

This is to notify you that your submission pursuant to section 413(a)(2) of the Federal Food.
Drug, and Cosmetic Act (the Act) dated January 18, 2000, concerning the marketing of a
substance that you assert is a new dietary ingredient (i.e., D-Ribose) was received by the
Food and Drug Administration (FDA) on January 21, 2000. Your submission will be kept
confidential for 90 days from the date of receipt, and after April 19, 2000. your submission
will be placed on public display at Dockets Management Branch (Docket No. 95S-0316).
Commercial and confidential information in the notification will not be made available to the

public.
Please contact us if you have questions concerning this matter.

Sincerely,

RO

Robert J. Moore, Ph.D.

Senior Regulatory Scientist
Division of Compliance and Enforcement

Office of Nutritional Products, Labeling,
and Dietary Supplements



901 E. 233rd Street
Carson, Calitornia
Y(1745-6204

HEALTH PRODUCTS E Fax 31078356613
January 18, 2000
Office of Special Nutritionals (HFS-450) JAN 21 2000
Center for Food and Safety and Applied Nutrition
Food and Drug Administration

200 C Street SW
Washington DC 20204

Re: Submission of 75 — Day Premarket Notification for New Dietary Ingredient.

Dear Sir or Madam:

In accordance with the requirements of section 8 of the Dietary Supplement
Health and Education Act, Leiner Health Products is notifying the Food and Drug
Administration that it will be marketing d-Ribose as a new dietary ingredient.

We take this action with the understanding that Leiner Health Products will not
market this product for a period of at least 75 days after the FDA receipt of this

notification.

Company Name and Address:

Leiner Health Products
901 E 233" Street
Carson, CA 90745

Inqgredient Name:

e D-Ribose

Description

There will be two dietary supplements containing the above-mentioned
new dietary ingredient.

The first dietary supplement will be in powder form with a suggested use
of 4 scoops of powder, (60 g) to be mixed as a drink. This 60 gram dose
provides 12 grams of D-Ribose daily.

The second dietary supplement will be in tablet form with a suggested use
of 1 tablet, three times daily. This three tablet maximum daily dose

provides 3 grams of D-Ribose daily.
o
@

January 18, 2000
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January 18, 2000

Office of Special Nutritionals (HFS-450)

Center for Food and Safety and Applied Nutrition
Food and Drug Administration

200 C Street SW

Washington DC 20204

Product Safety

Please find attached documentation, which establishes that the new
dietary ingredient (D-Ribose) when taken under the suggested use is
reasonably expected to be safe.

Respectfully Submitted,

Y e

Hany Farag,
Director of Regulatory Affairs
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8371. Dp-Ribose. C,H,,O5 mol wt 150.13. C 40.00%,
H 6.71%, O 53.28%. Prepd by hydrolysis of yeast-nucleic
acid: Levene, Jacobs, Ber. 42, 1201, 3247 (1909); Levene,
Clark, J. Biol Chem. 46, 19 (1921); Bredereck, Ber. 71, 408
(1938); Bredereck et al, ibid. 73, 956 (1940); Phelps, U.S.
pat. 2,152,662 (1939 to U.S. Gov’t); by ion-exchange resin
chromatography: Cohn, Science 109, 377 (1949); J. Am.
Chem. Soc. 71, 2275 (1949); 72, 1471 (1950). From glucose:
Karrer, Helv. Chim. Acta 18, 1435 (1935); Austin, Humol-
ler, J. Am. Chem. Soc. 56, 1152 (1934); Kuhn et al, Ber. 68,
1765 (1935); from nucleosides: Laufer, Charney, U.S. pats.

'2,379,913-4 (1945 to Schwarz Labs.); from D-erythrose:

Sowden, J. Am. Chem. Soc. 72, 808 (1950); from L-glutamic
acid: Koga et al, Tetrahedron Letters 1971, 263. Reduction
of D-ribonic acid: van Ekenstein, Blanksma, Chem. Zentr.
1913, 11, 1562; Steiger, Helv. Chim. Acta 19, 189 (1936).
Review: Overend, Stacey, in Nucleic Acids vol. I, E. Char-
gaff, J. N. Davidson, Eds. (Academic Press, New York,

1955) pp 1-80.

HO.
0o
OH
OH OH
a-D-Riboluranose

Plates from abs alcohol, mp 87". Shows complex muta-
rotation: Phelps et al, J. Am. Chem. Soc. 56, 748 (1934).
Final [a]§# —25° (water). Sol in water, slightly sol in alc.

Phenylosazone, C,;H,,N,O;, yellow needles from pyridine

.+ water, mp 163-164".

Methyl-D-riboside, crystals from ethyl acetate, mp 83-84".

: [«]§# —113.6° (p = 3), Minsaas, Ann. 512, 286 (1934).



Safety Documentation for Ribose

Side Effects

Oral administration of ribose appears to be well tolerated up to 200 mg per kg body weight (14 g
for a 154 pound man) for a single dose. Higher doses result in dlarrhea Ribose consumed orally
(1 gm per kg body welght ) or given intravenously (15 g over 4 min, 210-20 g over 10-25 min,’

or 40-50 g over 60 min %) to healthy adults and diabetics results in hypoglycemia. The
hypoglycemia appears to be more profound in normal subjects than in subjects with impaired
glucose tolerance or diabetes,> is not assomated with any clinical symptoms, and appears to be
only partially mediated by insulin secretion. 7 Similar hypo%lgycemlc responses have been
reported with intravenous administration of ribose in dogs.™ !

Drug Interactions
In rats, continuous intravenous administration of ribose has been shown to have no effect on the

hemodynamic actions of various cardiovascular agents used in conventional cardiac

therapy—prazosin (o-blocker), verapamil (Ca-antagonist), and metoprolol (B-blocke:r).1 L1z

Toxicity

Results from in vitro experiments indicate that ribose inhibits DNA repair synthesis in human
lymphocytes (25- 50mM)"? and inhibits cell proleeratlon and promotes cell death in human
peripheral blood mononuclear cells (50mM)."* A lower amount of ribose (ie, 3.5 mM), which is
more consistent with high dose oral administration of 60 g/day, did not inhibit human
lymphocyte proliferation in vitro. A 10-fold increase of nbose to 35mM was required to
significantly inhibit human lymphocyte proliferation in vitro."
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Metabolism of D-Ribose Administered Continuously
to Healthy Persons and to Patients
with Myoadenylate Deaminase Deficiency

M. Gross, S. Reiter and N. Zollner

Medizinische Poliklinik der Universitit Miinchen

Summary. D-ribose was administered orally or in-
travenously over at least 5 h to eight healthy volun-
eers and five patients with myoadenylate deami-
nuse deficiency. Intravenous administration rates
were 83, 167, and 222 mg/kg/h, which were well
tolerated but oral administration of more than
200 mg/kg/h caused diarrhea. The average steady
state serum ribose level ranged between 4.8 mg/
100 ml (83 mg/kg/h, oral administration) and
81.7 mg/100 ml (222 mg/kg/h, intravenous admin-
istration). Serum glucose level decreased during ri-
bose administration. The intestinal absorption rate
of orally administered ribose was 87.8%-99.8%
of the intake at doses up to 200 mg/kg/h without
first pass effect. Urinary losses were 23% of the
intravenously administered dose at 222 mg/kg/h.
Ribose appeared to be excreted by glomerular fil-
tration without active reabsorption; a renal thresh-
old could not be demonstrated. The amount of
ribose transported back from the tubular lumen
depended on the serum ribose level. There was no
difference in ribose turnover in healthy subjects
and patients with MAD deficiency.

Key words: (D-)ribose — Metabolism -~ Myoadeny-
late - (adenylate-, AMP-)deaminase deficiency

D-ribose and xylitol are the only substances known
lo prevent the symptoms of patients with myoa-
denylate deaminase (MAD) deficiency. An oral ad-
ministration of 15-20 g ribose per hour can pre-
vent pain and stiffness of the muscles {33, 34].

In experiments with rats. Zimmer [31] showed
that after temporary ischemia the myocardium
loses its purine nucleotides; their pool has to be

—

Abbreviations: MAD = myoadenylate deaminase: i.v. = intrave-
Rous(ly)

recompleted by purine synthesis de novo. The ini-
tial cellular purine concentration is regained after
72 h. If ribose is administered, the restoration of
cardiac ATP pool takes only 12 h. These results
may become important in the therapy of human
coronary infarction or chronic coronary heart dis-
ease.

The first experiment with ribose in man were
done in 1946 [30] but up to today, no investigations
were done with long-lasting administration of ri-
bose in man. These early experiments did not show
whether a steady state concentration of serum -
bose concentration after administering ribose for
several hours is obtained.

A hypoglycemic effect of ribose has repeatedly
been described [1, 2, 6-8, 21, 22, 24, 25] after short-
term administrations. It is not known whether the
hypoglycemia induced by ribose will persist during
a continuous administration over several hours ~
an important question for the therapy of patients
with MAD deficiency.

Experiments with human lymphocyte cultures
revealed cytotoxic effects of ribose after an incuba-
tion in concentrations of 20—50 mmol/l after 24 h
(15, 23, 28, 35]. It is important to know whether
such concentrations may be reached during thera-
py with this sugar.

The aim of the study was the investigation of
basic pharmacological data of D-ribose for the
treatment of patients with MAD deficiency. The
main topics were intestinal resorption and urinary
excretion after oral administration, serum ribose
concentration after long-term administration, dis-
appearance of ribose from blood, and side-effects
including the known hypoglycemic effect.

Materials and Methods

Subjects and Materials. Tests were performed in
eight healthy volunteers between the ages of 23
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Table 1. Ribose administration in normal subjects and patients
with MAD deficiency

1 2 3 4 5 6 7 8 9
AH M 24 104 204 244 Oral 833 6.1
166.7 29.4
106 204 246 ILV. 833 92
166.7 37.2
2222 77.7°

IS M 26 74 188 199 Oral 166.7 44.2*
Lv. 833 63
166.7 454°*

222.2 85.6°

MW M 24 84 1765 201 Oral 833 72

166.7 34.0

1V, 166.7 588

Sv M 28 78.5 182 2.00 Oral 2000 473

79.0 200 1V, 166.7 396

MG M 25 65.5 178 1.82 Oral 833 3.6

166.7 26.8

w3 M 25 718 1950 198 Oral 833 24

166.7 24.7

BL M 37 68.5 178 185 Oral 166.7 34.7

M F 23 66.3 173 179 Oral 1667 374
Patients

ES M 56 84.0 178 202 Oral 166.7 35.6

GF M 58 81.5 175 1.97 Oral 166.7 419°*

HA M 31 61.5 182 180 Oral 166.7 339

HW F 52 58.5 159 1.60 Oral 166.7 33.1

MA F 45 573 164 162 Oral 1667 9.6

570 164 162 LV. 1667 229

1 Initials of the subject

2 Sex

3 Age (years)

4 Body weight (kg)

5 Body length (cm)

6 Body surface (m?)

7 Route of administration

8 Dose (mg/kg/h)

9 Serum ribose concentration during steady state (mg/100 ml)
or during the last hour of administration in cases where the
existence of a steady state is uncertain (these values are marked
with **")

and 37, including seven men and one woman (Ta-
ble 1).

The clinical group consisted of five patients
with MAD deficiency, three men and two women.
The diagnosis was based on the ischemic forearm
exercise test, the histochemical demonstration of
absent MAD activity (4], and the biochemical ex-
amination of muscle specimens [3, 34]. Most pa-
tients had suffered from symptoms of MAD defi-
ciency for several years. Their ages were between
31 and 58 years.

D-Ribose was obtained from Fluca or Sigma.

M. Gross et al.: Metabolism of D-Ribose

A sterile and pyrogen-free 8.33 g/100 ml D-Ribose
solution for i.v. administration was prepared by
the pharmacy of our hospital.!

Analytical Methods. In urine and blood samples
the concentration of D-ribose was determined ac-
cording to Roe and Rice [20] in the modification
of Miller {16]. After centrifugation, the serum sam-
ple (0.2 ml) was deproteinized with 1.0 ml 10% tri-
chloroacetic acid. An aliquot of the supernatant
(0.2 ml) was heated with 3.0 ml of a solution of
4-bromoaniline (20 g/I) and thiourea (44.7 mmol/l)
in 14.8 mol/]l acetic acid in a water bath at 70°
for 10 min. After that the mixture was kept in the
dark at room temperature for another 45 min. The
color was measured at 515 nm with a Beckman
photometer. The urine samples were treated in es-
sentially the same way, but a deproteination was
not necessary; due to high urine concentrations
of ribose some of the urine samples had to be di-
luted with distilled water.

The concentration of glucose was measured in

each blood sample by the glucose-oxidase method.
In each urine sample the absence of glucose was
ascertained with a test strip.
Procedure. All experiments were started in the
morning after fasting overnight. Before D-ribose
was administered, each subject drank 500 ml of
table water (Adelholzener) per hour for a period
of 2 h. Thus, a sufficient diuresis was established.
Also, after 2 h of water administration, no further
changes of the concentration of serum constitutes
were expected [10]. Venous blood samples were
drawn every 30 min, in some experiments every
5 min.

In experiments with intravenous administra-
tion the antecubital veins of each arm were cannu-
lated. The ribose solution was infused into one
arm. The contralateral vein was used to draw
blood samples. Needles were kept patent by an
infusion of saline at a rate of 100 ml/h.

For oral administration the amount of sugar
that the person received during 1 h was dissolved
in 400 ml water. Every 5 min the subject had to
drink 1/12 of this solution.

Intravenous administration was performed us-
ing a 8.33 g/100 ml solution of D-ribose (equimo-
far 10 a 10 g/100 ml solution of a hexose). Differ-
ences in water uptake between the 400 ml the sub-
jects had to drink during oral administration and
the infused amount of ribose solution during intra-
venous administration were equalized by drinking

! We are grateful to Dr. Breugst, Apotheke der klinischea Uni-
versititsanstalten Minchen (Dr. V. Mdnch)
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a corresponding amount of table water every
10 min.

Serum was separated by centrifugation and
stored at 4° C. Every 15 or 30 min the subjects
emptied their bladders. The determination of glu-
cose was performed within a few hours, the con-
centration of D-ribose was measured the same day
or during the following day after keeping the serum
at4° C.

During the administration of D-ribose heart
rate and blood pressure were followed, and the
persons were asked to report any unusual sensa-

tions.

Results

The administration of ribose was well tolerated.
After oral administration of more than 200 mg/kg/
h, diarrhea occurred in some cases.

Ribose in Serum. The average value of ribose con-
centration in serum before administration of ribose
was 1.6 mg/100 ml, single values ranging from
0.0 mg/100 ml to 3.5 mg/100 ml.

Both after oral and after intravenous adminis-
tration (except when diarrhea occurred) a constant
ribose concentration in serum was obtained. How-
ever, the time to reach this steady state depended
on the dose and the route of administration. After
oral administration at a dose of 83.3 mg/kg/h the
steady state was reached after 45-120 min (in two
of four cases after 45 min), at a dose of 166.7 mg/
kg/h after 120-150 min. Using intravenous admin-
istration, the steady state was reached after 60 min

y
| nboss B83mg/kg/h 1 167 mg/xg/h
- 80 0 =
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Fig. 1. Average serum ribose and glucose levels during oral
ribose administration with rates of 83.3 mg/kg/h (hour 0-5)
and 166.7 mg/kg/h (hour 5-10) to four healthy subjects. Full
svmbols indicate serum ribose, open symbols indicate serum glu-
cose. At time 0, 2.5, 5, 7.5, and 10, the single values of the
four subjects are marked
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Fig. 2. Serum ribose levels during oral ribose administration
of 166.7 mg/kg/h to seven healthy subjects. The lines indicate
the average values

(83.3 mg/kg/h) or after 120-180 min (166.7 mg/kg/
h). In some cases the time of administration was
too short to obtain a steady state; these cases are
marked by “*" in Table 1.

Observations after oral administration to four
subjects are shown in Fig. 1. The subjects received
ribose orally at a dose of 83.3 mg/kg/h (dose 1)
for the first 5 h. This dose was doubled (dose 2),
166.7 mg/kg/h, for the next 5 h. At the dose level 1,
a mean ribose serum concentration of 4.8 mg/
100 ml was obtained, the corresponding concentra-
tion at dose 2 was 28.7 mg/100 ml.

Three more volunteers started the oral experi-
ments with ribose dose 2. The data, combined with
those from Fig. 1, are illustrated in Fig. 2. The av-
erage serum ribose concentration was 32.6 mg/
100 ml, the individual values of the steady state
ribose concentration ranging from 24.7 mg/100 m!
to 44.2 mg/100 mi.

One volunteer (SV) received ribose orally at
a dose of 200 mg/kg/h leading to a steady state
concentration of serum ribose of 47.3 mg/100 ml
after 210 min.

During a ribose infusion of 166.7 mg/kg/h in
four volunteers, a mean steady state concentration
of 45.3 mg/100 ml was observed (Tables 1 and 4).

Two volunteers received an infusion of
83.3 mg/kg/h of ribose, leading to a steady state
serum concentration of ribose of 7.8 mg/100 ml.
The same two volunteers also received infusions
in two other doses (166.7 and 222.2 mg/kg/h). The
values from these two subjects are shown in Fig. 3.

Five patients with MAD deficiency had an oral
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Table 2. Comparison of oraljiv administration: steady state
concentration of ~erum ribose, decrease of serum glucose, and
utilized amount of administered ribose {i.v. experiments)

I 2 3 4 3 6 7 8

AH  Oral 83.3 61 89% 4.8% - -
Lv. 833 92 153% 9.3% 1315 1.259

Oral 166.7 294 24.5% 12.6% - -
LV. 166.7 372 26.8% 18.0% 2413 2276

JS Oral 166.7 44.2* 17.8% 18.9% - -
LV, 166.7 454* 21.4% 16.9% 1754 2.308

MW Oral 166.7 340 29.5% 17.6% - -
LV. 166.7 3588 18.2% 25.1% 173.7 2.080

Y Oral 200.0 473  23.2% 16.6% - -
LY. 166.7 39.6  32.4% 17.2% 181.7 2.300

Patient

MA Oral 166.7 9.6 31% 39% -~ -
LV. 166.7 229  27.2% 16.1% 132.9 2.332

1 Initials of the subject

2 Route of administration

3 Dose (mg;kg/h)

4 Serum ribose concentration during steady state (mg/100 ml)
or during the last hour of administration (*)

5 Average decrease of serum glucose level during steady state
compared with the initial level (%)

6 Renal excretion during steady state (% of intake)

7 Within 1 min utilized amount of ribose (intake minus urinary
excretion (mg/min))

8 Utilized amount of ribose (intake minus excretion) divided
by body weight and time (mg/kg/min)

Table 3. Utilization of ribose and total body clearance

Infusion rate Subject  Utilization  Total body
(mg/kg/h) {(mg/kg/h)  clearance
(mlikg/min)
83.3 AH 75.6 14.90
JS 77.9 21.69
Average 76.8 18.30
166.7 AH 136.7 7.18
JS 138.5 6.12
MW 124.9 4.73
Sv 138.0 7.02
Average 134.5 6.26
Patient MA 139.9 12.13
3222 AH 167.5 4.77
IS 174.2 4.33
Average 170.9 4.55

ribose intake of 166.7 mg/kg/h. One of them had
an intravenous infusion of a ribose solution at the
same dosage. The steady state conccatrations are
shown in Table 1. There is no significant difference
of steady state concentrations between the healthy
volunteers and the patients, except for patient MA.

M. Gross et al.: Metabolism of D-Ribose

Table 4. Comparison of different doses, renal handling

{ 2 3 4 5 6 7 8
Oral 833 AH 6.1 48% 879 623 54.2%
MW 72 19% 1281 1103 82.1%
MG 36 3.6% 924 878 829%
WB 24 3.5% 1464 1279 101.6%
Average 48  50% 1137 97.1 80.2%
Oral 166.7 AH 294 12.6% 1067 757 65.8%
MW 340 17.6% 120.6 103.8 77.3%
MG 268 119% 813 713 73.0%
WB 247 13.0% 1049 91.7 72.8%
IS 44.2% 189% 946 822 88.5%
M 374 17.2% 845 81.7 102.6%
BL 347 168% 923 863 64.6%
Average 326 154% 973 855 77.8%
Patients ES 356 139% 913 782 704%
GF 41.9* 145% 91.1 800 83.3%
HA 339 17.5% B8.1 847 951%
HW 331 6.5% 331 358 45.0%
MA 56 39% 685 732 62.6%
Oral 2000 SV 473 16.6% 951 823 80.6%
Lv. 83.3 AH 92 93% 1483 1041 9799
JS 6.3  6.5% 107.6 935 100.7%
Average 7.8 79% 1280 988 99.13%
LV. 1667 AH 372 18.0% 1423 1001 93.9%
JS 454* 169% 786 683 73.5%
MW 588 251% 989 8S5.1 68.7%
sv 39.6 17.2% 920 796 78.0%
Average 453 19.3% 1030 833 78.5%

Patient MA 229 161% 1158 123.7 105.9%

LV. 2222 AH 77.7% 24.6% 1243 874 82.0%
Is 85.6° 21.6% 710 61.7 66.4%
Average 817 231% 977 746 742%

1 Route of administration

2 Dose (mg/kg/h)

3 Initials of the subject

4 Serum ribose concentration (mg/100 mi) during steady state
or during the last hour of administration (*)

5 Renal excretion during steady state (% of intake)

6 Renal ribose clearance (m)/min)

7 Renal ribose clearance (ml/min) related to 1.73 m? body sur-
face

8 Relation renal ribose clearance-creatinine clearance
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Fig. 3. Serum ribose levels during ribose infusion with three
rates (o two healthy subjects
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Fig. 4. Average ribose levels (ordinate) obtained in two healthy
subjects during intravenous ribose administration with three
rates {abscissa)

The ribose concentrations in her serum were low
both after oral and intravenous administration.

The single values of the steady state concentra-
tions are listed in Table 1.

Comparison Between Oral and [.V. Administration.
Four healthy volunteers and one patient received
ribose both orally and intravenously (Table 2). At
the same dose the serum ribose concentrations in
the i.v. experiments were always higher.

In three of four volunteers, the hypoglycemic
effect of ribose was stronger after i.v. administra-
tion than after oral administration.

Intestinal Absorption. In Fig. 4 the relation be-
tween the i.v. dose (mg/kg/min) and the mean se-
rum ribose level obtained during the last hour of
administration of each dose is presented for the
two volunteers (JS, AH) who received three doses.
For volunteer AH the following parabola was cal-
culated: :

y=6.86x>—-495x+0.68

y: steady state concentration (mg/100 ml)
x: dose (mg/kg/min)

For volunteer JS the following parabola was
calculated:

¥y=7.79x2—-5.56x—0.24
Then for the steady state concentrations during

oral administration the corresponding i.v. dose was
calculated using the second order equation.
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Fig. 5. Serum ribose level (abscissa) and utilization (ordinate)
for two healthy subjects

In volunteer AH: The steady state concentra-
tion of serum ribose during oral administration
in a dose of 1.39 mg/kg/min (83.3 mg/kg/h) was
6.1 mg/100 ml. This concentration corresponds to
an intravenous administration of 1.32 mg/kg/min.
Thus, 95% (1.32/1.39=0.950) of the orally sup-
plied amount was adsorbed.

Analogous values for a minimal intestinal ab-
sorption at dose 2 (166.7 mg/kg/h) were 87.8%
(AH) respectively 99.8% (JS).

Obviously this method does not permit to dif-
ferentiate between incomplete absorption and cata-
bolism of ribose in the epithelial cells of the gut
or in the liver. Nevertheless, the data suggest al-
most complete absorption at administration rates
below 200 mg/kg/h and permit for only minor first
pass effects or metabolization by the gut.

Utilization and Total Clearance. During steady
state utilization is the difference between intake
and excretion. The total body clearance is the quo-
tient of rate of administration and serum concen-
tration during steady state (ml/kg/min) and com-
prises both the renal excretion and the utilization
in the tissues. Calculations from experiments with
i.v. administration are listed in Table 3. Figure 5
shows the utilization of ribose and serum ribose
concentration for the two subjects who received
three doses. .

Urinary Ribose Excretion. Both after oral and in-
travenous administration, a steady state of excre-
tion of ribose in urine was obtained after 60 to
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Fig. 7. Average serum ribose level and urinary excretion in two
healthy subjects after intravenous administration of ribose with
three rates. The traced lines connect the measured values, the
dotted lines indicate the excretion of a substance that is excreted
only by glomerular filtration without secretion or reabsorption
(calculated from the creatinine clearance of the two subjects)

180 min. This steady state was reached at about
the same time as the steady state of the serum
concentration of ribose (Fig. 6). In Table 4 column
5 the percentage excretion (excreted amount of ri-
bose divided by the oral or intravenous intake of
ribose) during steady state is shown.

In Table 4 the renal clearance for ribose under
steady state conditions and the relation to the cre-
atinine clearance are listed. The results of most
patients are within the normal range indicating
that there is no difference in renal handling be-
tween patients and healthy volunteers. As can be
seen in Table 4 the percentage of urinary loss of
ribose increases with higher doses.

During oral administration ribose could al-
ready be detected in the urine when serum ribose
concentration was elevated to <3.5 mg/100 ml or

M. Gross et al.: Metabolism of D-Ribose
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<2 mg/100 ml higher than the intial level, in some
cases even when no elevation could be measured.
This indicates that a renal threshold for ribose does
not exist or is very low.

In Fig. 7 dotted lines represent renal excretion
calculated by the creatinine clearance (JS:
106.9 ml/min, AH 151.5 ml/min) assuming that ri-
bose is only glomerularly filtrated. Traced lines
connect the measured points (values during steady
state condition). At low serum concentrations the
lines are identical indicating a glomerular filtration
without important active secretion or reabsorp-
tion. The higher the serum ribose concentration
the less steep is measured increase in excretion.
This indicates a reabsorption of ribose from the
filtrated primary urine.

Elimination of Ribose from the Serum. The ribose
serum concentrations after the end of infusion are
shown in Fig. 8. In a general view, most cases fit
a linear relationship as known for the metabolism
of ethanol. For subject AH, however, the data cor-
respond to a semilogarithmic relationship.

The linear relationship between time after end
of infusion and serum concentration means a reac-
tion of zero order for the elemination of ribose
at serum concentrations higher than 10 mg/100 ml.
Thus, it is possible to express the disappearance
of ribose from blood in terms of mg/100 ml/min
(Table 5). )

Side-Effects. Diarrhea was noted in some instances
during oral administration (JM, dose 167 mg/kg/h.
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Table 5. Disappearance of ribose from the blood

1 2 3 4

AH 777 1.287 0.01214
MW 61.3 1.489 0.01772
IS 85.5 1.627 0.02141
sV 38.5 1.200 0.01519
MA 26.6 0.660 0.01158

1 Initials of the subject

2 Ribose serum concentration at the end of infusion (mg/
100 ml)

3 Disappearance of ribose from the blood (mg/100 ml/min)

4 Disappearance of ribose from the blood, related to the body
weight (mg/100 ml/min/jkg)

and in all experiments with doses higher than
200 mg/kg/h). Most of the volunteers reported hy-
perperistalsis during oral administration. How-
ever, it was impossible to differentiate between the
effects of ribose and the effects of the long fasting
period and the intake of water. Under i.v. infusion
hyperperistalsis was reported only occasionally.

Before, during, and after nbose administration
no changes in heart rate and blood pressure or
in the controlled routine laboratory tests including
uric acid concentration in serum, uric acid clear-
unce, and creatinine clearance could be detected,
except for volunteer MG: His serum concentration
of bilirubin increased from an initial level of
1.3 mg/100 ml to 2.3 mg/100 ml at the end of the
experiment, with the major increase being in the
unconjugated fraction. Later controls were nor-
mal. As MG also showed an increase of serum
bilirubin after a 24-h fast, this increase is most
likely due to a Gilbert's syndrome.

Discussion

Using the color reaction according to Roe and
Rice [20] with the modification of Miller [16], pen-
tose concentrations in serum before administration
of nbose were measured with a mean value of
1.6 mg/100 ml. Compared with the values during
ribose administration these values are negligible
and were not taken into account.

Before administration of ribose a minimal uri-
nary pentose excretion was detected. Part of this
may be attributed to various also- and keto-pen-
toses. In the 24-h urine of normal adults, Tower
et al. [27] found mostly arabinose but also xylose
and ribose in an amount of 0.54 mg/kg body
weight. White and Hess [29] found each of these
pentoses in a concentration of 2.5~10 mg/100 ml
in the urine of healthy men. Futterman and Roe
{3} found 0.1 mg/100 ml ribulose and 0.4 mg/
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Table 6. Stcady state serum levels of different sugars during
1.v. infusion

Relerence

Sugar Rate of i.v. Steady state
administration  serum concentration
(mg/kg/h) (mg/100 ml)
Ribose 83 B
167 45
222 82
Galactose 300 28 {9}
Xylitol 500 85-95 [11]
Fructose 500 42 [33}
1000 87 (32}
1500 140 [32)

Table 7. Utilization of different sugars during i.v. infusion

Sugar Rate of i.v. Utilization Reference
administration (mgrkg/h)
(mg/kg/h)
Ribose 83 77
167 135
222 19
Galactose 300 290 {12]
Glucose 500 499 [10]
1000 985 [12)
1500 1390 (12}
Fructose 500 489 [12]
1000 947 {12]
1500 1409 (11]

100 ml xylulose in the urine of normal adults.
Touster et al. [26] also found I-xylulose in the urine
of a healthy person.

Infusions of D-ribose into healthy volunteers
were performed by Segal and Foley [22]: After a
primer of 4 g, ribose was infused at a dose of
111.9 mg/kg/h or 122.4 mg/kg/h within 100 min.
After 4060 min a steady state concentration of
11 mg/100 ml and 7 mg/100 ml respectively was
measured. These concentrations correspond with
our results. The early time of the steady state is
due to the priming dose. Within 1 h Bierman et al.
[2] infused 50 g of ribose at a constant rate into
healthy volunteers. The blood pentose concentra-
tion increased up to about 90 mg/100 ml without
reaching a constant level. Goodman and Goetz [8)
infused 500 mg/kg over 35 min leading to a peak
level of approximately 80 mg/100 ml at the end of
the infusion. In both experiments the time of ad-
ministration was too short and the dose too high
to establish a steady state.

No report was found about an administration
of ribose over several hours. Also there is no report
on intestinal absorption or mechanisms of renal
excretion.
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Table 8. Urinary excretion during i.v. infusion (steady stalc):
comparison between ribose and fructose

Sugar Rate of Urinary excretion Reference
administration
(mg/kg/h) (mg/kg/h) %
of intake
Ribose 83 6.6 8.0%
167 2.2 19.3%
222 51.3 23.1%
Fructose 500 o112 2.2% [32]
1000 52.6 5.3% {32}
1500 90.4 6.0% (32}

Steady state concentrations of ribose related to
the intravenous dose are rather high in comparison
with other sugars (Table 6). Correspondingly the
rate of utilization of ribose is rather low (Table 7).

In accordance with the low utilization rate and
the high serum ribose concentration during steady
state the urinary excretion is rather high (Table 8).

After a 15-min ribose infusion Segal and Foley
[22] measured an average urinary loss of 21% at
doses of 5-20 g. They assumed that the urinary
excretion decreases if the dose is lowered — this
was shown in our experiments. Pizzichini et al. [17]
infused 500 mg/kg leading to an urinary loss of
10%-15% of the administered dose. Hiatt [13]
measured an average urinary excretion of 8% of
the infused amount of ribose (200 or 400 mg/kg).

The decrease of urinary excretion at higher se-
rum concentrations can not be the effect of an
active reabsorption for two reasons: First, an ac-
tive reabsorption would lower the excretion also
at low serum concentrations leading to a renal
threshold. Second, an active reabsorption would
lower the excretion by a constant amount due to
saturation, and the traced and dotted lines in Fig. 7
would be parallel. As shown in Fig. 7, the increas-
ing distance between the traced and dotted lines
depends on the serum ribose concentration. This
can be explained by a concentration-dependent
reabsorption as it was shown for fructose {32].

Segal and Foley [22] measured the disappear-
ance of ribose from blood after infusion of various
amounts of this sugar. They demonstrated that the
removal of ribose from blood is a first order kinetic
process only when the ribose blood level is below
a critical value of 6 to 20 mg/100 ml. This sug-
gested the saturation of the clearance system at
certain blood levels. We found a zero order kinetic
process for the first 30 min after end of infusion
and for blood levels between 10 and 85 mg/100 ml
respectively.

The hypoglycemic effect of ribose administra-

M. Gross et al.: Metabolism of D-Ribose

tion has been well studied [1, 2, 6-8, 21, 22, 24,
25). A decrease of serum glucose concentration
down to 15 mg/100 ml without clinical symptoms
was reported [21). This hypoglycemic effect is sur-
prising since Hiatt [14] demonstrated that in man
ribose is converted to glucose via the pentose phos-
phate pathway.

No changes in blood level of other metabolites
were detected by comparing the concentrations im-
mediately before and after ribose administration.
Only subject MG showed a temporary increase of
bilirubin serum concentration from 1.3 t0 2.2 mg/
100 ml. No changes occurred in renal clearance
of uric acid and creatinine. It is remarkable that
ribose administration does not increase uric acid
concentration in serum [18, 19] whereas xylitol [12)
and fructose [11] lead to considerable elevations
of plasma levels.

There is no significant difference between the
results of the patients ES, GF, HA, and HW and
those from healthy volunteers. Patient MA, how-
ever, differs in the steady state value of blood ri-
bose concentration. After oral administration the
average serum ribose concentration was only
9.6 mg/100 ml. This finding and the small urinary
excretion (only 3.9% of the oral intake) suggest
an incomplete intestinal absorption of ribose. Nev-
ertheless, this cannot explain all findings in patient
MA. After ribose infusion the blood level of this
sugar was higher than after oral administration
but still lower than the average concentrations in
healthy volunteers. A possible explanation might
be that the utilization of ribose in this patient is
higher than in other persons. In contrast the disap-
pearance of ribose from blood is not augmented
(Table 5). However, the data suggest that impor-
tant individual differences in ribose metabolism
may occur.

Oral administration of D-ribose is limited by
diarrhea occurring at doses higher than 200 mg/kg/
h. Up to this dose, the oral intake is well tolerated.
D-Ribose is almost completely absorbed without
important first pass effect. More than 80% of the
intake is metabolized. After long-term oral and i.v.
administration a'steady state of serum ribose con-
centration is observed. The onlv measured bio-
chemical change is an asymptomatic decrease of
serum glucose concentration,.

These findings are important for the therapy
of patients with MAD deficiency. The oral intake
should be below 200 mg/kg/h. It is possible to esti-
mate the metabolized amount of orally admin-
istered D-ribose. The serum concentrations of the
sugar are far below the concentrations leading to
cvtotoxic effects, and D-ribose disappears very fast
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after the end of administration. Thus, the risk of
serious side effects is very low. Nevertheless, the
measurement of serum ribose concentrations in pa-
tients treated with this sugar is advisable due to
the individual differences in ribose metabolism.
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Hormonal Changes During
Ribose-induced Hypoglycemia

Jean Ginsburg, M.A., D.M., Barbara Boucher, M.D., M.R.C.P., and
Peter Beaconsfield, M.D., Ph.D., F.A.C.S., London, England

SUMMARY

Plasma levels of insulin and human growth hormone
(EGH) were measured in healthy adults after oral or
iniravenous administration of the pentose sugar D-ribose.
Increased plasma levels of insulin were recorded after
Loth oral and intravenous ribose; there was no consistent
change in plasma levels of HGH after administration of
ribose by either route. It is suggested that insulin release
occurs at such times and in amounts as may account
at least in part for the hypoglycemic effect of this pentose.
DiaseTes 19:23.27, 1970.

We have recently reported that the blood glucose
concentration falls in man after ingestion of D-ribose,!
as afrer intravenous injection of the pentose.? How this
sugar induces hypoglycemia is not clear, however,
since other pentoses such as xylose and arabinose do
nor lower glucose.®?

As part of a study to elucidate the mechanism of
ribose-induced hypoglycemia, the effects of oral and of
intravenous ribose on plasma insulin, corrisol and bu-
man growth hormone (HGH) wete investigated in
healthy adults.

MATERIAL AND METHODS

Oral ribose dissolved in water (1 gm. per kg. body
weight) or intravenous ribose (15 gm im a 7% per
cent solution infused over four minutes) was given
t0 ten healthy adult volunteers berween the ages of
twenry and thirty, tested at rest in the laboratory afrer
an overnight fast. During an initial concrol period of
ac least fifteen minutes, two separate blood samples
were taken through a needle mainnined in an ante-
cubital vein. D-ribose was then given and further

From the Eandocrine Unit, New Ead Hospiwl, Loadon
N.W.3; Medical Ugit, The Loadon Hospital Medial School,
Londoa, E. 1; and Royal Free Hospital Medical School, Liver-
pool Roed, London N. 1.

JANUARY, 1970

samples raken through the same needle. With intraven-
ous ribose, samples were raken at 3, 6, 12, 24, 30, Go,
80, 95 and 110 minutes. After the oral pentose, sam-
ples were taken half-hourly for three hours. Four of
these subjects underwent similar control swmudies in
which they drank warer alone.

Blood glucose was measured by a glucose oxidase
technic;* in three tests simultaneous determinacion of
total reducing substances was made using a Technicon
AuroAnalyzer. Glucose and ribose were also estimated
chromatographically in one experimenr, the two sugars
being separared from deproteinized filerates of serum
as borate complexes on a Dowex column, eluted with
borate buffers (0.010 M porassium tetraborate pH 8.5,
followed by 0.062 M porassium tetraborare pH 8.5) and
chen analyzed with a Technicon AutoAnalyzer.?

The plasma from heparinized aliquots was rapidly
separated by centrifugation and stored at —20° C.
Plasma insulin and HGH were subsequently dere:-
mined in these samples by radioimmunoassay according
to the merhods described by Morgan and Lazarow® and
Hartog et al.” respectively with a reproducibility of =
5 per ceat.

Plasma cortisol was measured in the first three ex-
periments, but since no chaage in cortisol levels was
recorded after oral or intravenous ribose, further esti-
mations of the hormone were not made.

In view of the reciprocal relationship postulated be-
tween the level of free farty acids and tissue glucose
utilization, and the influence of both insulin and human
growth hormone on lipolysis, serum free fatty acids
were measured after oral ribose in three subjects by the
method of Dole®

RESULTS

Oral ribose (rable 1, figure 1)

After oral ribose, the blood glucose level fell on
average 14 mg/100 ml over ..& first hour from a
fasting mean value of 80 mg./100 mL The blood glu-
cose level then rose slightly during the second hour, after
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HORMONAL CHANGES DURING RIBOSE-INDUCED HYPOGLYCEMIA
TABLE 1

R . 1 ./kg.) on blood glucose (G—mg. per 100 ml), immunoassayable insulin( (I—.U./ml.) and
Tect ol vral D-ribose Tumagn growth hormone (HGH—mgug./ml.) in five healthy adults
L 1 2 3 4 5
subject Time G I HGH G I HGH G I HGH G I HGH G I HGH
| 0 63 7.75 8.5 101 102 4 77 260 1.5 67 128 11 80 4 6.0
atro
E:r:c:m [\
two .Jqlcf-
minations 10 57 15 5 8s 8.5 2.2 67 205 1.5 60 155 0.5 63 28 0.5
50 45 10 125 82 10 2.5 75 183 15§ 55 40 0.3 65 15 0.5
Minutes 90 st 5 20 88 125 3 71 375 7 61 13 0.3 69 20 3
after 120 51 125 60 58 13 6 68 42.5 18 57 205 1 63 65 0.5
ribuse 150 48 12 4 52 175 25 61 36.5 10 45 215 9 57 85 05
130 48 12 4 48 145 4 67 415 6
oRAL companied by changes in blood pressure, pulse rate or
R1BOSE other evidence of an adrenergic response. One subject
complained of a headache ar abour two-and-a-half
\L hours and another noted marked peristalsis and bor-
W borygmi around this time. Diarrhea occurred in cwo
subjects three to four bours after pentose ingestion.
Plasma insulin levels increased within half an hour
of giving the oral penrose, from the fasting mean of
mam e b 13.6 wU./ml to reach 2 mean value of 18.7 pU./mL
' ~o at one hour. Following a slight fall there was a second
\ . . » .
cose rise in serum insulin, 0 a mean of 217 uxU./ml,
- BLoop G accompanying the secondary fall in circulating glucose
o= and occurring berween two and three hours. Both these
increases in serum insulin afrer oral ribose were sig-
nificant (0.05 > p > 0.02).
w0 There was no consistent change in HGH levels dur-
ing the test In two patients (cases 1 and 3) there
was an increased serum HGH around one to two hours
bur in each instance the rise occurred in association
T smA INSULIN with the development of either headache or of ab-
‘ ‘ PLASM domina] symproms
| Serum free farry acid levels fell by nearly so per
: . N cenc within half an hour of giving oral ribose (from
e L : ) . a fasting mean of 432 mEq./L t 250 mEq./L. at half
J - . .
- an hour); fasting levels were regained afrer a further
Time HOURS
(ma/100 mi] and two hours.
< in blood glucose (mg. ml.} an . . :
Rl 1. \esa :;?l:‘ (‘:U./ml.) in Fva hoalthy adalts after In 'the experiments in which b'lood le.ve]s of roral
;”.“,;\.. of Dibose (| gm./kg. body weight). reducing substances were determined simultaneously
with "true” blood glucose, oral ribose induced an appa-
o x :aere wis 1 second drop o 2 mean of 50 mg./  rent increase in blood sugar from the fasting mean
WU T e bours. The levels of blood glucose  of 75 mg./100 ml (measured by the AutoAnalyzer-
1SS SR

e 4N 27 s200e Bours were botk significantly differ-
M e = from che fasting mean (p < o.001

: . o ot wespectively) and from each other
BT AN 2o,

wacewemia afrer oral D-ribose was not ac-

sl o

AN

T

24

ferricyanide method) 0 97 mg./100 ml at half an hour,
125 mg./100 mlL at one hour, and 122 mg./100 ml
ar one-and-a-half hours, fasting levels being approached
(67 mg./100 ml) by three hours. The corresponding
mean values for “tue” glucose determined by the glu-
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cose oxidase method were 65, 55, $0, S4, and 46 mg./
oo ml respectively. That che increase in reducing sub-
sances in blood afrer oral penrose was predominantly
ribose was illustrared in the experiment in which the
sugars were estimated chromatographically. Ribose was
go: derected in either of the control samples but one
bour after the oral dose, serum ribose was 85.6 mg./
j00 ml; rwo-and-a-half hours after ribose administra-
tion, the blood level had fallen to 19.6 mg/100 ml
and was 7.4 mg./100 ml at three hours. The correspond-
ing values for blood glucose were 72.4, Go4 and 6o.2
mg./100 mlL respectively.

Insravenous ribose (table 2, figure 2)

With the inravenous pentose, blood glucase fell pro-
gressively from the fasting mean of 65 mg./100 ml to
s5 mg./100 ml at one hour; thereafrer blood glucose
rose and fasring levels were regained within two hours
of the injecrion. There were no changes in pulse rate
or blood pressure and no abdominal symproms after
intravenous peptose.

Plasma insulin was more than doubled three minuress
after intravenous ribose and then fell progressively
over the next half hour. There was no change in blood
HGH or cortisol during the period of observarion.
Control studies with oral water (table 3)

There were no significane changes in blood glucose
or plasma insulin for two-and-a-half hours afrer warer
was drunk in these srudies. The HGH levels were
either low throughout, or fell o low levels with rest
as expected.

DISCUSSION

In the present study the fall in blood glucose which
occurs after oral as after intravenous D-ribose was

J. GINSBURG, M.A,, D.M., B. BOUCHER. M.D., M.R.C.P., AND P. BEACONSFIELD, M.D,, PH.D., F.A.C.S.
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FIG. 2. Msaan changes in blood glucase [mg./100 ml] and
plasma insulin [uU./ml.) in five heaithy adults after
intravenous infusion of 15 gm. D-ribose.

accompanied by a rise in serum insulin sustained for at
least three hours but with no change in plasma levels
of HGH or of corrisol

In discussing possible causes of ribose-induced hypo-

TABLE 2

Effect of 15 gm. intravenous D-ribose on blood glucose (G—mg. per 100 ml), immunoassayable insulin (I—xU./ml) and
buman growth hormone (HGH — mag./L.) in five healthy adults

o e T ———

Subject 6 7
Time G I HGH G I HGH
Control 0 69 14 7.5 69 12.5 2.0
(mean of
two deter-
minations)
3 69 38 2.5 70 35 2
[ 70 17 2.5 67 17 1.5
. 12 66 28 15 63 13 1.5
Minutes 24 54 21 1.5 61 9.5 25
after 30 52 15 20 39 15 1.5
tibose 60 72 12 25 54 95 2
80 60 8 5.5
95 71 6 85
110 68 6 4.5

JANuARry, 1970

8 9 10
G I HGH G I HGH G I HGH
61 20 35 59 115 9.5 90 218 7

62 38 25 55 28 40 86 525 8.2
61 31 20 53 21 30

59 255 25 51 6 25 82 32 9.8
571 135 2 47 9 6.0 82 4 125
54 12 2 47 125 6.0 75 17.5 100
41 22 2 45 .

43 8 50 70
49 175 15 48 10 25
53 14 15 54 15 20 82 495 105
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HORMONAL CHANGES DURING RIBOSE-INDUCED HYPOGLYCEMIA
TABLE 3

Effect of a glass of water on blood glucose (G—mg. per 100 ml), immunoassayable insulin (I — «U..’'mlL) and human
growth bormone (HGH — mgg./L.) in three healthy adults

Subject

Time G I
Control 0 31 11.8
{mean of two
determinations)

30 83 9.5

60 79 8.8
Minutes 90 79 9.0
after 120 84 10.0
water 150 81 10.2

glycemia, increased secretion of insulin is obviously the
first consideration, as originally suggested by Pozza'®
A rapid rise in plasma insulin was reporred after in-
travenous D-ribose,!® a finding confirmed in the preseat
study, but Steinberg and his colleagues® concluded that
the amount of insulin secreted after ribose administra-
tion was insufficient to account for the subsequent fall
in blood glucose.

This conclusion can be questioned since their estimate
of insulin secretion was based solely on the peak
serum insulin level recorded after ribose injection. In
the presentr study, after oral ribose there was a sus-
tained rise in insulin, and the biphasic fall in blood
glucose was accompanied in each instance by a signifi-
cane rise in blood insulin above control levels. Con-
versely, with intravenous ribose the onset of recovery
from hypoglycemia was associated with the rerurn of
insulin to basal levels. No such rises in plasma insulin
were found in the srudies in which no D-ribose was
given and the absence of marked fluctuations over a
three-hour morning period of rest and fasting is
similar to that noted by Schalch! Furthermore, with
more frequent blood sampling (as in a2 repeat test in
subject 1), serum insulin was found to double within
fifteen minutes of oral ribose and to remain elevared
at this level for over half an hour. And since in
normal adules the half time of intravenously injecred
insulin disappearance from plasma is two to three min-
utes®® the sustained rise of serum insulin demonstrated
in the present study reflects a considerable increase in
insulin secretion. Hence release of insulin in response
to oral ingestion of the peatose D-ribose apparently
occurs at times and in amouncs sufficient to explain at
least parrially the fall in blood glucose. The fall in
serum free farty acids after ribose administration is also
in accordance with this view, for the hormone inhibits
lipolysis.

The fact thar the blood sugar level did not decrease
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4
HGH G 1 HGH G I HGH
0 77 7.8 2 79 3.5 215
1 86 9.0 1 82 2.0 23.0
1 80 9.5 1.5 80 0 4
0 83 3.0 3.0 81 0 0
] 80 7.0 0 79 1.0 0
3.5 77 7.0 1 80 1.5 0

in two diabetic patients maintained on insulin! even
with large doses of oral ribose (2 mg./kg.), and chat
there was no fall in blood glucose after ribose infusion
in the pancreatectomized dog!® provides further evi-
dence of an association berween insulin release and the
fall in circulating glucose observed after adminiseracion
of D-ribose.

The diphasic fall in blood glucose was associated in
each instance with a concomirant rise in plasma insu.
lin It is unlikely thac this “cycling” resulted from re-
lease of HGH, for no related changes in plasma levels
of HGH were observed in the recent srudy. Increased
glucagon secrecion in response o falling levels of blood
glucose, as reported after oral glucose,** might account,
however, for the results. Our findings may also imply
that the homeostatic mechanics concerned with the regu-
lation of blood sugar cannot distinguish berween total
blood sugar and blood glucose levels afrer D-ribose.
Accordingly, hypoglycemia after D-ribose administration
might result partly from insulin release and aiso partly
from the influence of this pentose on 2 receptor stimu-
lared by glucose and which normally induces increasec
heparic glucose ourput after cessation of insulin action
Studies of the effect of D-ribose on glucose rurnover ic
dogs*® supporrt the possibility that the pentose interfere:
with the homeostatic mechanism mainwmining normo
glycemia by substituting for glucose at some recepto:
site.

The mechanism by which ribose stimulates insulir
secretion is not, however, clear. The rapid rise of plasm:
insulin afrer inrravenous ribose argues againse the in
volvement of an intestinal hormone such as secretic
That the pentose influences insulin production directl
is suggested by the increased insulin liberated whe:
ribose was incubated with isolared rac islets* Since th
amount of insulin released after intrapormal ribose wa
found to be much greater than afrer infusion of equiva
lenr amounts of glucose,}? a carbohydrate sensitive regu

DIABETES, VOL. 15, NO.
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tor of insulin secretion, locaced ourside the pancreas
and acting independently of the acrual level of blood
glucose, was postulated.’’ :

The level of arterial glucose has been considered the
primary stimulus determining the release of the gluco-
reculatory hormones—particularly of insulin and HGH
_:pla.sma insulin increasing after a glucose load and
falling when blood glucose fell'® while blood levels of
HGH were suppressed by glucose and increased afrer
insulin-induced hypoglycemia.*® That this concepr is
inadequate to explain all aspects of blood glucose home-
ostasis is illustrated both by the glucose and hormonal
responses to ribose and by many recent studies which
have shown thar the correlation of plasma levels of
HGH acod insulin with arterial blood glucose is not
always close. Scriking changes in HGH and insulin may
occur, for example, after injection of cerrain amino
acids which evoke only minor changes in blood glu-
cose;*° in subjects with spontaneous hypoglycemia there
is poor correlation berween blood levels of glucose and
of HGH? and flucruations in HGH unrelared to changes
in circulating glucose have been observed during a
tweney-four-hour fast?  Similarly, the inconsistent
changes in HGH and the progressive fall in free facty
acids after oral ribose in the present study support
the view that che release of HGH may relace more
the symptoms associated with hypoglycemia®™ than to
the absolute or relative level of blood glucose, secretion
of HGH being increased in “stessful” situations re-
gardless of the fall in blood glucose.

The hypoglycemic action of D-ribose and its stimu-
lanc effect on insulin secretion may also have thera-
peutic implications, and the lowering of blood glucose
after oral ribose observed in 2 patient with marurity-
onset diaberes' suggests that this possibility merits
further investigation.
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Previously thought to be primarily a structural
component of nucleic acids, the pentose. p-ribose,
in the form of the ester, ribose 5-phosphate, has
now been shown to be an important intermediate
in the pentose phosphate pathway of glucose me-
tabolism. The sequence of the reactions of this
pathway has been summarized by Horecker and
Mehler (1) and Wood (2). and surveys of its
significance in various mammalian tissues have
heen reported (3-6).

Naito (7) has investigated the glycogenic ei-
fect of ribose after its injection into mice and rab-
bits, and Herrmann and Hickman (8) have de-
scribed the utilization of ribose by beef cornea.

ecker. Gibbs. Klenow, and Smyrniatis (9)
.....e demonstrated the conversion of ribose to
hexose with rat liver homogenates and Katz,
Abraham. Hill, and Chaikoff (10). incubating
ribose 1-C** with rat liver slices, vbserved the
formation of glucose with a pattern of laheling
that was predictable from the reactions of the
pentose phosphate pathway. Similar findings
have been reported by Hiatt (11). studving the
in vivo conversion of labeled ribose to glucose in
the mouse. Recently Agranoff and Brady (12)
have isolated and purified from calf liver an en-
zyme, ribokinase. which is capable of phosphory-
lating ribose to ribose 5-phosphate, thus permitting
the sugar to enter the pentose phosphate pathway.
The entrance of ribose into the pathway. and the
sequence of its conversion to glucose are shown
in Figure 1.

Since ribose appears to be of importance in
mammalian metabolism. we have undertaken a
study of certain phases of rihose metabolism in
man. This paper presents data concerning the
fate of ribose after its intravenous administration
in both unlabeled and C** labeled form to both
normal and diabetic subjects. Preliminary results

=se studies have been published '13). as well
« report of the hypoglycemia induced by ribose

infusion (14). Previous publications (15, 16)

tfrom thix laboratory have described the physio-
logic disposition in man of the related pentoses
p-xylose, n- and L-arabinose, and p-lyxose, as well
as the effects of insulin on the blood levels of
these sugars.

MATERTALS AND METHODS

Part of the p-ribose used in these experiments was a
generous gift of Dr. Hewitt G. Fletcher, Jr., of the Sec-
tion on Carbohvdrates, Laboratory of Chemistry of this
Institute. and part was purchased from the Pfanstiehl Co..
Waukegan, [l The sugar was pure, by the criteria of
hoth optical rotation and paper chromatography. Seven
and a hall per cent sterile pyrogen-iree solution of the
sugar was used for infusion. Ribose 1-C™. specific ac-
tvity 2.01 uc. per mg. and 0.89 uc. per mg.. was obtained
trom the National Bureau of Standards and was found
to be solely ribose by chromatography and radioautog-
raphy. Purified phosphoglucomutase prepared according
to Najjar ¢17) was a gift of Dr. K. Kurahashi. The
I-phosphate was commercial material electro-
phoretically ireed of glucose 1. 6-diphosphate. Ribose
S-phosphate was obtained from Schwarz Laboratories
and used as the sodium salt.

Twenty-seven intravenous infusions of various amounts
of v-ribose were given to six fasting normal male and
one female volunteers, 19 and 24 years of age, and to
three subjects with diabetes mellitus. All of the normal
subjects were maintained on a 250 Gm. carbohydrate
diet prior to study. Diabetics received their last dose of
crystalline insulin 24 hours before each experiment. Ad-
ministration of the ribose solution was carried out either
over a 15 minute period or, after a small priming dose,
by constant infusions, using a Bowman pump. By the
technique already described (15), blood specimens were
obtained, those for glucose and ribose determination at 3
to 10 minute intervals, and those for phosphate and pyru-
vate analysis at 20 minute intervals. In eleven experi-
ments 0.1 U per Kg. body weight of crystalline insulin
was given intravenously in order to ascertain the effects
of insulin on blood levels and urinary excretion of the
pentose. Fractional urines were obtained for 24 hours
and preserved by freezing.

~Analytical procedures. Blood and urine glucose were
estimated by employing the glucose oxidase method de-
vised in this laboratory (15). Ribose was analvzed by
the orcinol method (18), using blood filtrates and urine
in which glu- ‘e had been destroyed by glucose oxidase.
Serum inorganic phosph: te was determined by the method

alucose
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Fic. 1. Tur SEQUENCE oF REACTIONS FOR THE ENTRANCE OF RIBosE INTO THE PENTOSE
ProspraTte Patiway AND 11s CONVERSION TO GLUCOSE

of Fiske and Subbarow (19) and blood pyruvate hy the
method of Segal, Blair, and Wyngaarden (20).

Expired CQO. was collected and isolated as harium
carbonate, as previously described (13). The (). con-
tent of expired air was measured in a Cambridge CO,
analyzer. Radioactivity in the CO. was determined by
liberating the gas from harium carbonate and diffusing
it by the method of Eisenberg (21) into hyamine hase.
which was counted by the technique of Passmann, Radin,
and Cooper (22) in a liquid scintillation counter ( Pack-
ard Co., La Grange, Ill.). The overall efficiency of CO,
counting was 39 per cent. Cumulative excretion of
C*0, was estimated according to Berlin. Tolbert. and
Lawrence (23).

Blood radioactivity was assayed in the following man-
ner: Ten ml of blood was added to an equal volume of
7 per cent perchloric acid for protein precipitation. An
aliquot of resultant filtrate was neutralized with 5 N po-
tassium hydroxide, and the precipitated KCIO, centri-
fuged. A portion of the neutralized filtrate was then
concentrated to 1.5 ml. under a nitrogen stream, and 0.5
ml. of this was added to 10 ml. of dioxane phosphor con-
taining 5 per cent naphthalene and 0.8 per cent diphenyl-
oxazole (24) for scintillation counting.

Urinary C" counting was performed as in our previous
communication (15).

Urine was chromatographed on Whatman No. 1 paper
in a descending system for eight hours, employing methyl
ethyl ketone, acetic acid, water, 6:1:1 as the solvent (Rr
glucose, 0.07; ribose, 0.23). When tracer amounts of C*
pentose had been used, unlabeled ribose was added as a
marker, the markers being visualized with analine hy-
drogen phthalate spray (25). Sugars were eluted by
shaking paper strips with water in a small flask. The
eluates were concentrated and assayed for activity in the

same manner as whole urine. Recovery of sugars chro-
matographed in this was ranged from 93 to 103 per cent.

Glucose was isolated as crystalline potassium gluconate
irom the urine of the diabetic subject, who received (*
ribose by treating the urine according to the procedure
of Moore and Link (26). The potassium gluconate was
recrystallized twice from methyl alcohol. Ome portion
of the gluconate was oxidized to CO. and counted as
above, and another was degraded by the periodate
method of Eisenterg (27)., whereby carbon atoms one
and six, individually, and two to five, collectively, could
he isolated as CO. and counted.

The assay for phosphoglucomutase activity was that of
Klenow 28,

RESULTS

The disappearance from blood of ribose adminis-
tered intravenously

Semilagarithmic plots of decreasing blood ribose
levels determined after the 15 minute infusion of
various amounts of the sugar are shown in Fig-
ure 2. It is apparent that an entirely linear curve
is obtained only when 3 Gm. amounts were in-
jected, and that doses larger than 3 Gm. produced
a lag phase before the onset of a linear disappear-
ance. The deviation from a straight line of the
blood ribose values in the lag phase does not rep-
resent a distribution gradient between blood and
the total ribose compartment, for deviations due
to this phenomenon lead to initial values higher
than the linear curve. Likewise, the deviation is
not due to a distribution gradient of ribose between
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plasma and red blood cells, for experimentally
determined ribose concentrations were essentially
the same in whole blood and plasma during this
early phase. These results indicate that the re-
moval of ribose from blood is a first order kinetic
process only when the ribose blood level is below
some critical value.

Although developed for the analysis of sub-
strate enzyme relationships. the mathematical
treatment of Lineweaver and Burk (29) has been
applied to the more complex problem of sugar
transport across cell membranes (30). This type
of analysis has been applied here to the clearance
of ribose from blood. Using the data from the
studies in Subject L. C. (Figure 2) and plotting
the reciprocal of the initial disappearance rate in
mg. per 100 ml. per minute versus the reciprocal
of the blood ribose concentration in mg. per 100
ml., one obtains the straight line curve shown in
Figure 3. From the curve. the Ky, or ribose con-
centration, at the point of half saturation of the

arance system. can be derived. The Kg is 10

4. per 100 ml. Thus the system is completely
saturated at initial blood levels of 20 mg. per 100
ml., and linear curves should be obtained when the
blood level is below this value.

In Table I are given the proportional rate con-
stants for the disappearance of ribose from blood,
as derived from a knowledge of biological halftime,
and expressed in terms of per cent of ribose disap-
pearing per minute, K* equals K times 100. In

3 T T T i T T T T

F1c. 3. GraPH OF THE RECIPROCAL OF THE INITIAL
VELOCITY IN MiLriGraMs PEr 100 MILLILITERS PER MIN-
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TRATION 1N MiLLigrans PER 100 MILLILITERS OpservED
Afrer THE Intusiony oF Vawmovs Doses oF Risose 1x
Sveyect L. C.
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the normal subject, the rate constant ranges from
3.8 to 5.8 per cent per minute after a 20 Gm. dose.
As the dose decreases, the rate constant increases
to as high as 13.8 for 3 Gm. It is interesting to
note that as the dose is halved, in Subject L. C,,
Figure 1, the K value is increased by a constant
factor of 1.5.

The blood glucose values in the three diabetics,
C. M., M. S, and N. N., were 470, 310 and 293
mg. per 100 ml., respectively. Despite the obvious
lack of adequate ability to metabolize glucose, the

ribose disappearance curve was identical in pat
tern to the normal, with a K! 0’ 46 to 5.1. A
normal disappearance curve of the pentose p-xylose
has similarly been noted in Subject C. M. (31).

The effect of insulin on blood ribose levels

The previously reported enhancement by insu
lin of the disappearance from blood of p-xylose
L-arabinose and D-lyxose from blood (16) ha:
been observed with p-ribose. Figure 4 reveals ir
Subject W. W. a control ribose disappearance

TABLE I

Ribose infusion in normal and diabetic subjects

Time of
Volume of distribution insulin
Disap- based on admin.
pearance Urinary relative
Quantity from blood Observed  Calculated recovery to end of
Weight infused K! Col* Cat % admin, infusion
Subject Ksg. Gm, G/ min, L. L. dose minutes
Normals
WY, 81 20 3.8 249 19.0 22
W. W, 74 20 4.8 21.5 10.7 20
W. W, 74 20 4.8 19.3 10.7 21
J. D. 81 20 5.0 26.1 19.0 32
J. D. 81 20 5.8 21.5 3.8 21
L.C. 80 20 4.6 29.1 11.0 26
L.C. 80 10 6.9 29.6 21.7 18
W. B. 64 10 8.2 21.5 7.9
J. D. 81 10 10.5 19.6 5.5 17
L.C. 80 5 10.7 31.7 22.2 14
L.C. 80 3 13.8 40.0 36.3
]J.D. 81 3 11.9 24.3 24.8
Diabetes mellitus
C. M.t 60 20 +.6 22.3 0.2 24
M.S.t 73 20 5.1 24.4 10.5 30
N.N.§ 60 20 51 20.8 6.7 24
Normal plus insulin
L.C. 80 10 9.3 17 -10
C.C. 66 10 14 +25
W, R. 66 20 4.3 18 +30
W. R. 66 20 4.5 18 +30
W. B. 64 20 23 +20
W. W. 74 20 6.0 16 +20
W, W, 74 20 6.0 18 -7
W. W. 74 20 5.8 21 + 2
W, W, 74 constant|| 12 +6Ctt
infusion
W, W. 74 constant 8 +70tt
infusion
W.W. 74 constant** 7.01% 5 -+ 701t
infusion

* See text, footnote 1.

1 Fifty-three year old male requiring a total of 36 U of
 Twenty-three year old male requiring a total of 45 U

lobin and crystalline insulin daily.
%IPH and crystalline insulin daily.

Thirty-one year old male requiring a total of 45 U of NPH and crystalline insulin daily.
ﬁ Constant infusion 137 mg. per minute after a 4 Gm. prime (Figure 5).
9 Constant infusion 146 per minute after a 4 Gm. prime.

** Constant infusion 151 mg.

r minute after a 4 Gm. prime.

1t Insulin injected at stated time after the start of the constant infusion.

11 Calculated from data obtained for decreasing blood levels after cessation of the constant infusion.
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As a result of the insulin injection, an earlier onset
of the linear phase and an increase in the rate con-
stant of disappearance were seen. In another ex-
periment in Subject W. W. (Table I), insulin was
injected during the ribose infusion so that its ef-
fect might be observed at high blood ribose values.
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No clear effect was seen, however, until the level
had fallen to about 30 mg. per cent, at which point
the curve deviated from the control and became
superimposable on the insulin curve shown.

Because of the unusual kinetics of ribose disap-
pearance and the rapid decline in blood levels,
the effect of insulin was tested on ribose blood
levels maintained at a low constant value by con-
tinuous ribose infusion, a technique used previ-
ously (16). Figures 5 and 6 demonstrate these
studies. After insulin, the ribose level falls, with
a subsequent attainment of a new constant blood
level. The intravenous administration of a suffi-
cient quantity of glucose to raise the blood sugar
to the control level (Figure 6) did not prevent the
insulin effect, thus indicating * at the response of
ribose to insulin is independent of hypoglycemia
per se. The symptoms of hypoglyceriia occurring
after insulin injection were not alleviated by the
presence of ribose in the body.

The distribution of ribose in body fluids

The volume of distribution of ribose calculated
from C,"* values obtained by graphic extrapolation

1 The concentration of ribose in plasma water (C’)
has been calculated from the analytical value on whole
vlood (C) divided by 08. the approximate water con-
tent of blood. Volume of distribution equals )/C, in
which C.' equals C./0.8 the concentration of ribose in
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of the linear phase of the ribose disappearance
curve to t, averaged 16.1 L. in 12 stuies on five
normal subjects (Table I). There is a wide
range, however, in the volume of distribution cal-
culated by this method, depending on the dose of
ribose due to the kinetics of disappearance from
blood. The fact that the C, obtained by extra-
polation of the decay curve after a 3 Gm. dose was
essentially equal to the observed C;/ may indicate
that complete mixing has occurred. Assuming
that equilibrium of distribution had been achieved
during the 15 minute infusion in the other ex-
periments, the observed C,” appears suitable for
use in the calculation. Employing the latter value,
the average value of distribution is 25.8 L. with
very little variation with the dose. The diabetics
appear to have a normal ribose ‘‘space,” as de-
termined by both of these methods of estimation.

Calculations of the above type present the in-
herent difficulty of estimating the amount present
in the body at time zero, the theoretical moment
of mixing. as well as the concentration at that time,
mainly due to the fact that ribose has a metabolic
fate other than simple distribution and excretion.
Under these circumstances, a preferable type of
calculation is that emploved by us for determining
the volume of distribution of xylose (16) and
based on the theoretical development of Domin-
guez. Goldblatt, and Pomerene (32, 33) and
others (34). This treatment requires the con-
stant infusion tvpe of experiment shown in Fig-
ures 5 and 6. From knowledge of the concentra-
tion of ribose in blood at equilibrium, the com-
posite rate of loss of ribose from the compartment,
which is equal to the rate of infusion. and the rate
constant of ribose disappearance from blood as de-
termined following the completion of the infusion,
the volume of distribution for Subject W. W, was
calculated to be 14 L. before insulin administra-
tion, Since this individual weighed 74 Kg., the
ribose compartment was equal to 19 per cent of
body weight, a distribution essentially in extra-
cellular fluid. This finding parellels that for
p-xvlose {15).

The volume of the ribose compartment after in-
sulin was calculated to be 16.6 L. or 22.4 per cent
of body weight. This increase in ribose “space”

plasma water at the theoretical moment of mixing, and
Q is the quantity infused (15).

due to insulin is similar in magnitude to that seen
with p-lyxose, but much smaller than that ob-
served with p-xylose or L-arabinose.

The urinary excretion of ribose

The urinary excretion of ribose as orcinol reac-
tive material is shown in Table I. Appropriate
correction has been made for the small amount of
glucuronic acid which is orcinol reactive in urine.
An average total of 21 per cent of the dose was
excreted by the normal subject after a 15 minute
ribose infusion, nearly all of this appearing in a
90 minute postinfusion period. The diabetic and
the normal subject who received insulin excreted
renally amounts of ribose within the control range.
Data on Subject L. C. who received various ri-
bose doses suggest that the urinary excretion de-
creases as the dose is diminished. When 20 Gm.
of ribose was given at a constant slow rate, only 5
to 12 per cent was found in the urine. This ap-
pears to be a consequence of the slow infusion
rate, and is not related to the insulin given during
these experiments. In one such experiment,
urine collected prior to insulin injection revealed a
urinary loss of 8 mg. per minute, while 146 mg.
per minute was being infused. This excretion
rate of 5.5 per cent per minute approximates very
well the total excretion of 5 per cent of the dose.
These results are in contrast to those obtained with
p-xylose. The total urinary loss of this pentose
was approximately the same following the rapid
injection of various doses. as well as after slow
constant infusion (16),

The effect of ribose on blood levels of glucose, py-
ruzate and norganic phosphate

It has been reported that the infusion of ribose
into the normal and some diabetic individuals
causes a lowering of blood glucose of about 30
mg. per cent (14). A typical response of blood
glucose to ribose is demonstrated in Figure 7 in
Subject W.W. Immediately after ribose injection,
only slight fluctuation in glucose levels occurred.
However, about 30 minutes after the end of the
infusion, the blood glucose began to decline,
reached a nadir in about 30 minutes, and then
returned to approximately the control level. The
effect was observed when blood ribose values had
decreased to low levels. This hypoglycemic effect
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TABLE Il

Change in blood glucose and phosphate after infusion of
various doses of ribose

Decrease
Control Minimal in inor-
blood blood ganic
Amount glucose glucose phosphate
infused mg. per mg. per mg. per
Subject Gm. 100 ml. 100 ml. 100 ml.
L.C. 20 71 30
L.C. 10 84 50 0.6
L.C. 67 61 0.9
L.C. 0 (saline)*
J. D. 20 63 37 0.3
J.D. 20 91 59
J. D. 10 53 45 1.2
J. D. 13.7¢ 68 37
j. D. 0 (saline)* 0.3

* Two hundred sixty-seven ml. of normal saline was
infused for 15 minutes and blood for phosphate determi-
nation was obtained at 20 minute intervals.

t Four Gm. prime followed by constant infusion of
151 mg. per minute.

of ribose is shown again in the same subject
(Figure 5) after a 4 Gm. priming dose and the
cant infusion of ribose at a slow rate.

~able 1I reveals the effect of different doses of
ribose on blood glucose values in two subjects. A
marked reduction in blood glucose occurred after
20 and 10 Gm. doses, with but a questionable
change after 5 Gm. in Subject L. C. Subject
J. D.s blood glucose fell reproducibly after 20 Gm.
infusions but decreased only slightly after 10 Gm.
was given. In contrast to the latter result, when
Subject J. D. was given ribose by constant infu-
sion (Figure 6), his blood glucose levels had
fallen from 68 to 52 mg. per cent after receiving
8 Gm. and to a low value of 37 mg. per cent after
receiving only 13.7 Gm.

Though blood glucose values as low as 15 mg.
per cent were observed, no subject complained of
hypoglycemic symptoms, and only in Subject
W. W. could some slight signs (blanching of lips
and a peculiarity of gaze) be detected. When
0.1 U per Kg. of insulin was given during the
ribose-induced hypoglvcemia (Figure 3), greater
hypoglycemia occurred, and frank symptoms were
then observed.

A fall in serum inorganic phosphate was con-
sistently seen after ribose infusion (seven studies).

sur normals receiving 20 Gm. the decresse
ged from 0.3 to 0.7 mg. per cent. One diabetic
showed a decline of 0.6 mg. per cent. The sig-
nificance of these results appears to be open to
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question when one observes the blood phosphate
changes in a given subject who received various
ribose doses (Table I1). Subject L. C. shows a
greater phosphate fall after a 5 Gm. than after a
10 Gm. dose, and J. D., a greater fall after a 10
Gm. than after a 20 Gm. dose. Both individuals
respond to saline administration with a 0.3 mg.
per cent fall in phosphate, this being equal to the
response of J. D. to a 20 Gm. infusion of ribose.
The blood pyruvate changes observed after 20
Gm. intusions in four normals and one diabetic
were variable and insignificant, ranging from
— 0.28 to + 0.10 mg. per cent. The relationship
of inorganic phosphate and pyruvate to glucose
and ribose levels is shown in Figure 7. Worthy
of note is a comparison of the effects of ribose and
msulin on the blood phosphate and pyruvate in a
given individual, In the experiment shown in Fig-
ure 3. the phosphate had fallen 0.5 mg. per cent
and the pyvruvate was unchanged from the control
value at the time when the blood glucose had de-
creased to 23 mg. per cent (60 minutes). The
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injection of insulin and concomitant *~11 in glucose
was followed by a further fall in phosphate of 1
mg. per cent and a rise of blood pyruvate from
0.51 mg. per cent to 1.40 mg. per cent within 28
minutes. The lowest blood glucose value after in-
sulin in this study is about equal to the lowest
value seen after ribose in the same subject (Fig-
ure 7) where little change occurred in phosphate
or pyruvate values.

Studies with phosphoglucomutase

The lack of a significant increase in blood pyru-
vate and questionable decrease in serum inorganic
phosphate, accepted parameters for indicating in-
creased peripheral glucose utilization (35-37),
suggested that the ribose-induced hypoglycemia
was not due to an insulin-like effect. Quantitative
determination of urinary glucose after ribose in-
fusion (14) eliminated glucosuria as a cause and
indicated that the hypoglycemia might be the re-
sult of a defect in the hepatic homeostatic mecha-
nism for maintenance of blood glucose.

One of the important reactions in the formation
of glucose from glycogen is the conversion of glu-
cose l-phosphate to glucose 6-phosphate by the
enzyme phosphoglucomutase. Recently, Sidbury
(38) and Ginsburg and Neufeld (39) have ob-
served an inhibition of this enzyme by galactose
1-phosphate, a fact which could explain the hypo-
glycemia seen in galactosemics after galactose in-
fusion (40). Because of these observations, stud-
ies were performed to demonstrate the effect of
ribose S5-phosphate on phosphoglucomutase ac-
tivity.

The assay system of glucose 6-phosphate de-
hydrogenase and triphosophopyridine nucleotide
detects the formation of glucose 6-phosphate from
glucose 1-phosphate by an increase in reduced tri-
phosophopyridine nucleotide recorded as an in-
crease in optical density at 340 myu as in Figure 8.
Two types of inhibition of phosphoglucomutase
have been observed. The first can be shown by
adding increasing amounts of ribose 5-phosphate
to the reaction mixture. The uppermost curve
in Figure 8 shows the enzymatic activity when
0.5 uM of ribose 5-phosphate is added simultane-
ously with the substate glucose 1-phosphate. This
curve represents a 5 per cent inhibition of the en-
zyme. When 2.5 uM and 5 uM of ribose ester
are added, one obtains a 59 and 72 per cent inhibi-

T T T T T T T T T
——®—— 0.5 uM RIBOSE 5-P ADDED TO EN2ZYME
AT 2ERO TIME

0.400 =0~ 10 MINUTE PREINCUBATION Of ENZYME —
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~——d—— 30 MINUTE PREINCUBATION OF ENZYME
WITH 0.54M RIBOSE 5-p

(0.14 44M GLUCOSE 1- PHOSPHATE
ADDED TO ENZYME AT ZERO

0.300~ e EACH.)

o
N
o
<)

0.i00

CHANGE OPTICAL DENSITY

0 1 1. 4
¢ 2 4 6 8 10 12 14 16 18 20

TIME IN MINUTES

Fic. 8. THE INHIBITION OF PHOSPHOGLUCOMUTASE BY
RiBoSE 5-PHOSPHATE

The ordinate represents the optical density change at
340 mu due to the formation of reduced triphosphopyridine
nucleotide by the action of glucose 6-phosphate dehydroge-
nase on the glucose 6-phosphate formed by the mutase
reaction,

tion, respectively. We believe this to be an ion
effect of ribose 5-phosphate, for Cori, Colowick,
and Cori (41) and Klenow (42) have shown the
enzyme to be sensitive to changes in salt concen-
tration of both inorganic ions and organic phos-
phates.

The second type of inhibition can be shown by
preincubation of the enzyme with the ribose ester.
The results of this preincubation experiment are
shown in Figure 8. Here is seen a profound ini-
tial inhibition of the mutase reaction which is
eventually overcome. Klenow and Emberland
(43) have demonstrated that phosphoglucomutase
will convert ribose S-phosphate to ribose diphos-
phate. Since, to be active, the enzyme must be in
a phosphorylated state, the inhibition seen in this
type of experiment may be interpreted as a de-
phosphorylation of the enzyme during the prein-
cubation period due to ribose diphosphate forma-
tion.

The fate of C** after injection of ribose-1-Ct

In an effort to obtain information concerning
the metabolic disposition of ribose, two studies
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v~ carried out in one normal individual in which

ite of the label was determined following in-
travenous administration of ribose-1-C'*. In one
experiment, 5 pc. of ribose-1-C'* was infused as
a tracer dose (2.5 mg.). In the other, 5 uc. of the
labeled material plus 20 Gm. of unlabeled ribose
were infused from the same flask. The disap-
pearance of C'* from blood, and the appearance of
the label as expired C1*Q,, as well as the excre-
tion of the label in urine were determined.
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Numbers above bars indicate the ratio of total C*
counts to rihose counts in urine.

The disappearance of C** from blood

Figure 9 demonstrates the disappearance curve
of C'* from blood plotted semilogarithmically.
The linear curves denote that C'* disappears ac-
cording to first order kinetics. From the biologic
halftime of disappearance, the rate constant of
disappearance for the tracer dose and the 20 Gm.
dose have been calculated to be 0.61 and 1.16 per
cent per minute, respectively. These small rate
constants are in marked contrast to the rather
large ones observed for the linear disappearance
of ribose chemically determined, Also worthy of
note is the fact that the C** decay constant for the
larger dose is about three times as great as that
for the tracer, an observation which differs from
that noted for orcinol-determined ribose, namely
that the rate constant is inversely proportional to
the dose.

The constrast between the C' and chemical
disappearance curves for the load (20 Gm.) study
is shown in Figure 10.2 All of the data indicate

2 The total C* activity values of the curve based on
chemically determined ribose were calculated by multi-

plying the analytical value in rig. per cent by the specific

.. . . C* counted
activity of ribose at zero time (—-—————)—

(mg. per cent)
the specific activity of ribose remained constant during

the period of study.
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that after ribose-1-C** injection, as the ribose
disappears from the blood. nonribose C** appears.
The rate of appearance of this nonribose C'* in
blood is shown in Figure 11.

The urinary C* cxcrction after labeled ribose
mjection

A total of 10 per cent of the C'* administered
in tracer dosage appeared in the urine, whereas
40 per cent of the 5 uc. dose given as a load was
excreted via this route. During the first hour
after injection, about four times as much label ap-
peared in urine in the latter study as in the former.
This difference probably explains the greater rate
constant for C'* disappearance from blood after
the 20 Gm. dose.

The concomitant administration of carrier ri-
bose with C'* ribose permitted comparison of uri-
nary excretion of C'* and orcinol reactive material.
Whereas the cumulative urinary excretion of Ci4
was 40 per cent, only 20 per cent of administered
ribose as measured by orcinol was excreted by
this route. The appearance of orcinol reactive
material and total C* in urine specimens obtained
during the 90 minute postinfusion period is shown
by the bar graph in Figure 11. The numbers
above each bar represent the ratio of the total C*
activity to that due to orcinol-determined rihose.
It is quite clear that with time. an increase in the
proportion of total counts to ribose counts takes
place. a phenomenon which parallels the increas-
ing nonribose counts in blood.

Urine from these studies was chromatographed
on paper, and the ribose area eluted and counted.
Urine collected during the first hour after the
tracer dose was chosen for study, since it con-
tained nearly all of the C** excreted. It was found
that 92 per cent of the C' eliminated after the
tracer dose was unaltered ribose. A similar study
of urine from the load experiment (20 to 42 min-
ute period. Figure 11) revealed that onlv 42 per
cent of the C' applied to the paper could be lo-
cated in the ribose band. This gives a ratio of
total counts to ribose counts of 2.4 corroborating
the ratio calculated (2.24) from urine counting
and chemical data. The nature of the metabolite
or metabolites in this urine remains to be identi-

fied.

Excretion of ribose as C*0,

The specific activity of expired C1*O, is shown
in Figure 12. The CO, is appreciably labeled 3
minutes after the end of the 15 minute infusion
period in both tracer and load studies on Subject
J. D. However, there are marked differences be-
tween the curves in these two experiments. In
the tracer experiment. the specific activity of the
C**O, increased at a faster rate, reached a peak
about 40 minutes earlier, and maintained a much
higher activity throughout the interval of obser-
vation. Both of the curves appear to show a pe-
riod of constant specific activity after the peak la-
beling has been reached, a finding not encountered
in studying the C*O, excretion after the adminis-
tration of other labeled pentoses (44).

The determination of the cumulative C'* in the
expired air for six hours revealed 48 per cent
of the tracer C' but only 16 per cent of the C
given in 20 Gm. Since a large quantity of C¢
was found in the urine when the 20 Gm. was in-
jected. however, comparison of the amount of
metabolism to C*O, may better be based not on
the dose, but on the dose corrected for the six
hour urinary excretion. When this is done, it is
seen that 50 per cent of the retained activity is
converted to CO, six hours after the tracer dose
and 24 per cent after the larger dose. It seems
apparent when comparing the C**Q, and urinary
C'* excretion data above that when a load of ri-
bose is given, a large quantity of metabolite is ex-
creted in urine with reduction in the amount ap-
pearing as expired C1O,,

The metabolism of ribose-1-C'4 in diabetes mellitus
and cvidence for the cvistence of the pentose
phosphate pathway in man

Five pc. of ribose-1-C** was given intravenously
to a 53 year old, 60 Kg., unstable diabetic (Sub-
ject C. M., Table T) whose last dose of crystalline
insulin was given 24 hours prior to the study.
Blood glucose during the period of observation
was 475 mg. per cent and acetone was present in
the urine.

The specific activity of the expired C*O, can
be seen in Tigure 12. Compared to results ob-
tained in the tracer study in the normal (J. D),
the specific activity of the C**Q, is much lower,
and the shape of the curve greatly altered. In the
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diabetic, the labeling of CO, reaches a low maxi-
mum and then remains constant throughout the

‘7d of observation. In five hours, the cumu-

e C excretion was only 13 per cent of the
retained activity (administered dose of C** cor-
rected for urinary excretion). The difference
from the normal in the specific activity of C**O,
and the low cumulative excretion of C* as CO,
from ribose-1-C** in the diabetic are not reflected
in the disappearance curve of ribose from blood.
The latter is unaltered from the normal in this
subject and in the other diabetics tested (Table I),
and suggests that the defect in the conversion of
the C* of ribose to C**Q, in the diabetic occurs at
a stage later than the clearance of the sugar from
blood.

Urine was collected for 24 hours, hourly speci-
mens being - htained for the first 5 hours. Twenty-
eight per ceut of the C'* administered was ex-
creted via this rovte in 5 hours, and 35 per cent in
24 hours. Ribose and glucose in the hourly urine
specimens were separated by paper chromatog-
raphy, eluted from the paper and then counted.
All of the radioactivity applied to the paper was
found to reside in the rihose and glucose areas
after development cof the chromatogram. The
cumulative excretion of C** in ribose and glucose

he diabetic urine is shown in Figure 13. Five

s after ribose-1-C** injection, ribose C'* ex-
cretion in the urine had almost ceased, the urinary
pentose accounting for only 10 per cent of the C**

dose.  Eighteen per cent of the administered la-
bel resided in glucose at this time. The 10 per
cent excretion of C** as ribose is essentially the
same as that observed in the normal. It thus ap-
pears that the large amount of glucosuria occurring
in this subject did not cause an increase in ribose
excretion.

The specific activity of the urinary glucose was
calculated and found to be essentially constant at
25 counts per minute per mg. throughout the first
five hours. Since the urinary glucose is derived
from the bLody pool of glucose, one may assume
that all of the glucose in the body has this specific
activity. Assuming also a glucose space of 17 per
cent of body weight (45), and knowing the glu-
cose concentration in plasma water,' a glucose pool
of approximately 59 Gm. can be calculated for
this diabetic. If this glucose is labeled to the ex-
tent of 25 counts per minute per mg., then approxi-
mately 30 per cent of the ribose C** injected (5
million counts) is present in the body as glucose
at anv time during the first five hours. Almost
70 per cent of the administered label has been
accounted for (28 per cent in urine, 30 per cent
in body glucose, and 10 per cent in expired CO,)
five hours after injection.

The fact that the specific activity of body glu-
cose is essentially constant for five hours may
explain the constant specific activity obtained
for expired CO, (Figure 12). It would ap-
pear that ribose is converted rapidly to glucose
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and that the oxidation of glucose is the means by

which C** appears in CO,. The low specific ac-
tivity of expired C*O, and decreased excretion
of C** in CO, seen in the diabetic may be inter-
preted as being due not only to the low specific
activity in an expanded glucose pool, but also to
the defect in glucose metabolismi known to exist
in the diabetic.
According to the reactions of the pentose phos-
phate pathway (1), radioactive glucose derived
fron: ribose-1-C** should be labeled nredominantly
n carbons one and three. Indeed, in the intact
mouse, Hiatt (11) observed that ribose-1- T gave
rise to C'* glucose with 34 per cent of the activity
in carbon one, 56 per cent in carbon three and a
small quantity of activity in the other carbons.
In order to determine whether ribose-1-C! was
converted to glucose by this pathway in man, glu-
cose, from urine obtained during the fourth hour
after ribose injection, was isolated as crystalline
potassiuma gluconate. An aliquot was converted
to CQO, to obtain the total radicactivity in carbon
one to carhon six collectively. Another portion
was degraded so as to obtain carbon one and
carbon six. mdividually, and carbon two to carbon
fve, collectivelyv. as CO,. Thirty-one per cent of
the activity in carbon one to carbon six resided in
carbon one, 6 per cent in carbon six and the re-
mainder in the carbon two to carbon five fraction.
presumably the activity being in carbon three.
These figures correspond with Hiatt’s results m
the mouse, and give evidence that ribose was nie-
tabolized in man by conversion to glucose via
the pentose phosphate pathway.

DISCUSSION

The kinetics of the disappearance of p-ribose
from blood differ from those of p-glucose (4G) or
p-xylose (15) by being dose dependent. Our
kinetic data indicate that the system for clearing
ribose from blood is saturated after the infusion of
small amounts of the sugar. That the assumption
has some validity may be derived from the expired
C*0, data after tracer and 20 Gm. dose of la-
beled ribose. With the larger dose, the maximum
specific activity of the C**O, appeared at a later
time and reached a much lower value (Figure 12).

The rate constants of disappearance of ribose
from blood ranged from 3.8 to 13.8 per cent per

minute, depending on the dose. Rate constan
observed after the infusion of small amounts
ribose are larger than those observed after the i1
fusion of various hexoses and other pentoses (15
Only p-galactose disappears from blood at a ra:
similar to that of ribose (47). At comparable dos
levels, the rate constant of ribose removal fro
Llood s four to five times as large as that of othe
pentoses (13). Helmreich and Cori (48) ha
similarly reported that injected ribose disappea1
from the body of the nephrectomized rat at rate
much greater than those of other pentoses.

The average total urinary excretion of ribos
after a 15 minute infusion was 21 per cent of th
dose. A much smaller amount was excreted afte
constant infusion of the sugar at a slow rate
None of our studies was designed to determin
accurately the renal mechanism for excreting
ribose, and we are not aware of anyv careful stud
ies of the renal handling of this pentose comparablc
to those reported for xylose (49). One difference
between the renal handling of ribose and xylose is
suggested from the present studies. Plasma glu-
cose levels of about 300 mg. per cent cause a
saturation of the xylose tubular reabsorbing
miechanism and increase the renal clearance oi
xvlose (50). No such effect was observed in the
rihose studies in diabetics, for with hlood glucose
levels of about 300 mg. per cent, these subjects
excreted no greater amounts of ribose in urine
than the subjects with normal blood glucose levels.

Normally, small amounts of ribose can be de-
tected in urine {51). There have been several
reports of a ribosuria associated with muscular
dystrophy (32) and neoplastic disease (53).
Whether this ribosuria is a primary defect in
these diseases, or is merely a consequence of tis-
sue breakdown has not been established definitely.

The present studies witt. ribose-1-C** in the
normal subject have clearly demonstrated that the
ribose escaping urinary excretion is rapidly me-
tabolized, with prompt excretion of a portion of
the first labeled carbon as CO,. Since C**Q, ap-
peared so soon after the injection of the labeled
sugar, it is not likely that bacterial degradation
of ribose that may have entered the gastrointestinal
tract can be held responsible. Furthermore, the
C' ribose experiment in the diabetic has shown
that the ribose not excreted in urine is largely
converted to glucose by the sequence of reactions
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of the pentose phosphate pathway as seen in Fig-
ure 1. Since ribose is converted to glucose, it ap-
pears probable that the C*O, in expired air is
derived from the oxidation of labeled glucose.

The phosphorylation of ribose to form ribose
S-phosphate appears to be a prerequisite step for
ribose metabolism, and a p-ribokinase has been
isolated from mammalian tissue (12). The ques-
tion arises as to whether the serum phosphate
drop after ribose infusion in man reflects this
metabolic step. Since there seems to be no cor-
relation between the dose of ribose and the phos-
phate fall, nor a difference in the phosphate de-
cline after saline or ribose infusion (Table II,
Subject J. D.), it appears unlikely that the ob-
served phosphate changes have real significance.
A fall in serum phosphate has been observed after
the infusion of other pentoses (15).

Strangely enough, though ribose has been shown
to be converted to glucose, hypoglycenia results
afrer ribose infusion. This finding is apparently

«ecies specific response, for Naito (7) reports
wdt after the injection of ribose into the mouse
and rabbit, there is an increase in the level of
fermentable reducing substance, presumably glu-
cose, in blood. A hypoglycemic response in man
has been reported after the infusion of galactose
into subjects with congenital galactosemia (40)
and some normals (54), and although several
laboratories report increases in blood glucose after
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fructose infusion (55, 56) one group of investiga-

tors has observed a hypoglycemic response to °

fructose (57). The production of hypoglycemia
by ribose infusion is not an effect shared by xylose
or other pentoses (15).

The lack of symptomatic response to ribose-
induced hypoglycemia is of interest. Manifesta-
tions of hypoglycemia may be dependent on sev-
eral factors, the rate of glucose fall, epinephrine
release, and the low level of glucose actually en-
countered. It scems probab’e that the rate of fall
in these experiments was sufficiently rapid and the
glucose level low enough (15 to 30 mg. per cent)
to cause symptoms,

The lack of symptoms im-.

plies perhaps that neural tissue was able to utilize

rihose or that sufficiently high glucose levels ex-
1sted intracellularly. Indeed, Sable (58) has
shown that ribose 3-phosphate is metabolized to
hexose phosphate by brain homogenates. How-
ever. Park and co-workers (59) have demon-
strated that ribose is unable to cross the blood-
brain barrier in the rat, a fact which makes it
doubtful that ribose itself could obviate a hypo-
glvcemic response. In support of this is the
fact that when insulin-induced hypoglycemia oc-
curred, ribose did not appear to alleviate the
symptoms,

Since the level of glucose in blood is dependent
on the relative rates of entry and loss of glucose
from blood, one has to consider the possibilities
that ribose has either inhibited the hepatic mecha-
nism determining the rate of entry of glucose
into blood or increased the peripheral utilization
of glucose via an insulin-like effect. It is conceiv-
able that ribose causes a liberation of insulin from
the pancreas. Hiatt (60) has obtained evidence
that the hypoglycemic response to ribose in the
dog is mediated by the pancreas. However, the
observations we have made in man of a lack of
hlood phosphate and pyruvate change, associated
with ribose-induced hypoglycemia, have led us to
the belief that this effect of ribose may be primarily
an hepatic one.

Under the conditions of our tn witro studies,
the results indicate that an inhibition of phospho-
glucomutase activity, causing a decrease in the
rate of glycogen breakdown in the liver, could be
responsible for the hyvpoglycemia reported here.
Since we have only studied the ribose phosphate
effect on one enzyme, we cannot state that this
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may be the sole locus of a possible defect in hepatic
glucose output. In addition, it is only by con-
jecture and inference that we can extend obser-
vations made about an isolated enzyme to the
intact cell or organism.

In the experiments with phosphoglucomutase
in vifro, the direct addition of ribose ester caused
an inhibition which could be ascribed to the pres-
ence of nonspecific organic phosphate (41).
Therefore, it was necessary to demonstrate a more
specific inhibition, and this was done with the pre-
incubation type of experiment. In these studies,
ribose 5-phosphate was used in excess of glucose
1-phosphate. However, since gram quantities of
ribose are being metabolized in the i wizo experi-
ments, it does not seem unreasonable that ribose
S-phosphate would be in excess of normally oc-
curring amounts of glucose l-phosphate. It is
conceivable that the presence of significant amounts
of intracellular ribose phosphate might well change
the ionic environment of the mutase to produce
the first type of inhibition. Possibly the ribose
phosphate interacts with the enzyme and glucose
1,6-diphosphate according to Klenow and Ember-
land (43) to cause depletion of the latter cofactor
and a state of dephosphorylation of the enzyme.
This sequence would correspond to but not be
identical to our preincubation period. It is inter-
esting to point out that our in vitro observations
parallel those observed of the effects of galactose
1-phosphate on the mutase reaction (38). that
both sugars cause hypoglycemia, and that there
has been shown an accumulation of intracellular
galactose 1-phosphate in galactosemics (61). sub-
jects who are known to have a hypoglycemic re-
sponse to galactose infusion (40).

In both our in 2itro studies and those reported
with galactose 1-phosphate (38), isolated rabbit
enzyme has been used. Though rabbits respond

to ribose injection with a rise in blood glucose
(7), this could be due to kinetic or other factors
operating to rid the cell more quickly of ribose
phosphate by conversion to glucose.

The observation of Levine, Goldstein, Huddle-
stun, and Klein (62) that insulin increases the
volume of distribution of various sugars in the
eviscerate dog has been corroborated in other ani-
mal species (59, 63). We have reported that in
man, insulin causes an enhancement of the disap-
pearance of the infused pentoses p-xylose, L-arabi-
nose, and p-lyxose,, whereas p-arabinose is unaf-
fected (16). Since the blood level of p-ribose is
affected by insulin, this pentose may be grouped
with the others similarly affected in the category
of insulin responsive sugars. Although Goldstein,
Henry. Huddlestun, and Levine (64) postulated
a specificity of configuration for insulin responsive
sugars, namely that carbon atoms one to three
resembled the structure of these carbons in p-glu-
cose, this has not heen found to be the case by
other investigators (34. 63). In man, p-lyxose,
which differs from the glucose structure in carbon
two, and p-ribose, which differs in carbon three,
are insulin responsive. The response of these two
sugars to insulin, however, is minimal compared
to the response of p-xylose and L-arabinose, sugars
which have the glucose configuration in carbon
one to carbon three. At this time though, the re-
lationship of the structure of a sugar to its insulin
responsiveness is unsettled; the theory that in-
sulin acts by facilitating the transport of sugars
across the cell membrane is quite tenable.

The fates of ribose other than entrance into
the pentose phosphate pathway are shown in
Figure 14. Once isomerized to ribulose 5-phos-
phate, ribose 5-phosphate has several fates. An
epimerization to xylulose 5-phosphate may ensue
(65), whereupon a cleavage of the latter sugar
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iccurs (in bacteria) to form an acetyl phosphate
nd glyceraldehyde phosphate (66). Free ribu-
ose has been reported to be present in normal
wman urine (67), suggesting that ribulose phos-
»hate is dephosphorylated. Recently Hollmann
nd Touster (68) have demonstrated the pres-
'nce of an enzyme in mammalian tissue, which is
:apable of reducing free ribulose to the sugar al-
-ohol ribitol. Ribulose phosphate is also capable
f being phosphorylated to ribulose 1.5-diphos-
shate (69) which acts as an important intermedi-
ite in the fixation of CO, in plants by forming
wo molecules of phosphoglycerate (70).

Ribose 5-phosphate may be changed to ribose
{-phosphate by the enzyme phosphoribomutase
(71). Ribose 1-phosphate, interacting with pu-
‘ine bases under the influence of a nucleoside phos-
shorylase described by Kalckar (72). forms nu-
‘leosides which theoretically may be phosphory-
ated to vield a nucleotide. the structural com-
>onent of nucleic acids. The main pathway for
1 -mulation of nucleotides, however. involves
‘he ,.vrophosphorylation of ribose S-phosphate to
form phosphoribosylpyrophosphate (73. 74). A
summary of the reaction sequence of this pathway
has recently been published by Wyngaarden (75).

According to Soskin and Levine (76). ribose
forms a negligibly small part of the daily carbo-
hvdrate intake in man. It is ingested chiefly as
a component of the nucleic acids of meat. Whether
any part of this ingested ribose. or the ribose we
infused, is incorporated intact into hody nucleic
acid is not known. Studies have suggested that
ribose isolated from animals is synthesized from
glucose or carbon fragments by enzymes involved
in the pentose phosphate pathway of metabolism
(77, 78). Recently, however, it has been shown
that ribose may be incorporated directly into nu-
cleic acid (79) in the HeLa cell in tissue culture.

SUMMARY

The metabolism of p-ribose was studied in man
by the infusion of both labeled and unlabeled sugar.
This pentose was found to be rapidly and exten-
sively metabolized, a principal fate being conver-
sion to body glucose via the pentose phosphate
p  ay. Although converted to glucose. the
ri . infused caused a lowering of blood glucose,
presumably by inhibiting the enzvme phosphog.. -
comutase, thus preventing glycogen breakdown

in the hver. Ribose was found to be insulin
responsive, although its response was smaller than
that observed with other pentoses.
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Metabolism of D-Ribose in Diabetes Mellitus

Edwin L. Bierman, M.D., Eugene M. Baker, Ph.D., Irvin C. Plough, M.D., and
William H. Hall, M.D., Denver

D-ribose, administered intravenously to normal sub-
jects, disappears rapidly from blood, is sparingly ex-
creced in urine, and produces a significant decrease in
blood glucose levels.'™ C**-labeled ribose has been traced
to glucose™ and CO:" in man, presumably via merabo-
lism over pentose phosphate pathways** In addition,
this sugar is an efficient glycogen precursor in several
mammals.**

Ribose metabolism may be insulin dependent, since
administration of this hormone enhances the removal of
ribose from the blood stream.’ On the other hand, in-
sulin appears to have no effect on transport of this
pentose into muscle cells.

e hypoglycemic effect of ribose in normal subjects
is o property shared by galacrose,” but not by other
pentoses® or fructose.” It is noteworthy in this regard
that, of several monosaccharides tested, only glucose, ga-
lactose, and ribose stimulated the release of insulin from
dog pancreas.” Ribose may possibly produce a diminu-
tion of hepatic glucose outflow. It has been suggested that
ribose impairs hepatic glycogenolysis, since this pentose
can inhibit phosphoglucomurase in vicro.?

Segal and his co-workers observed decreased blood
glucose levels following the intravenous administration
of 20 gm. of ribose to three diaberic subjects.’ Results
in the present study, using larger doses of ribose given
to patients wich both mild and severe diabetes, confirm
this finding and show in addirion thar several aspects
of the merabolism of this pentose remain unaltered in
the diabetic stare.

METHODS

Five per cent solutions of D-ribose, obrained from
Pfanstiehl Laboratories, Inc, Waukegan, Illinois, were
prepared using sterile pyrogen-free water and were
checked bacreriologically for sterility. Four mild adule
diabetic and four severe juvenile-type diabetic patients

om the U.S. Army Medical Research and Nutrition Labora-
wny, Fiasimons Army Hospitl, Deaver, Colorado.

NOVEMBER-DECEMBER, 1959

were each given an intravenous infusion of ribose {40
or 50 gm.) administered at a constant rate over a one-
hour period following an overnight fast. Insulin was
wirthheld for at least twenty-four hours before the rest.
Heparinized venous blood samples and timed urine col-
lections were obrained prior to the infusion and at
houtly intervals thereafter.

Blood glucose was measured directly in blood filtrates
prepared by the Somogyi method™ using the prepared
enzymatic reagent, Glucostar, Worthington Biochemical
Corporation (glucose oxidase, horse-radish peroxidases,
phosphate buffer, and O-dianisidine) as described by
Saifer and Gerstenfeld* Ribose added to glucose solu-
tions had no influence on color development by this
method.

Ribose in blood was determined by the orcinol method
following treatment of the filtrates with glucose oxidase

( Pfanstiehl).” Nonesterified fatty acids (NEFA) in ~

plasma were measured by the medhod of Dole™
Glucose and ribose were determined on diluted urine
by the merhods described for blood. However, prior to
incubation wich Glucostar, diluted urine samples were
treated with ion exchange resins to remove interfering
substances. A method described by Salomon and John-
son”™ was modified as follows: Urine was diluted 1o
conrain glucose concentrations from .015 10 .075 mg./
ml., a range in which the rolor response with the glu-
cose oxidase reagent js linear. For this purpose, pre-
liminary estimarions of urine glucose content with Tes-
Tape (urine sugar analysis paper, Lilly) were found to
be satisfactory. To approximarely 1 gm. of a mixrure of
equal parts of freshly regenerated Amberlite IR 120
and Amberlite IR 45 ion exchange resins in a 13 X
100 mm. test tube, 2 to 3 ml. of the dilure urine sample
were added following washing of the resin with several
aliquots of the sample. The rubes were then mechani-
cally shaken for ten minutes and the resin allowed to
settle. When low urine dilutions (less than 1:25) were
used, an increase in resin treatment time was found to
be necessary to remove effectively all interfering sub-
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stances. Duplicate 1 ml. aliquots of resin treated dilure
urine samples were then removed for incubation with the
glucose oxidase reagent. By this procedure, recovery of
glucose added to varying dilutions of urine was found
to be essentially complete.

Urine ketopentoses were measured by a method
previously described.” Ketones in urine were estimated
with Acetone Test Reagent, Denco (sodium nitroprus-

1
‘da eadinm b
di. 2 Auddd 4
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RESULTS

The disappearance of ribose from blood (half time =
27 = 3 minutes) * in eight diabetic subjects was not sig-
nificancly different (p>.100) from thac observed previ-
ously in normals (half time = 23 = 4 minutes)* (fig-
ure 1). Further, mild and severe diabetics removed
ribose at similar rates (p>.050).

PENTOSES IN BLOOD AND URINE FOLLOWING 50gm RIBOSE
INFUSIONS IN 8 NORMALS AND 7 DIABETICS (MEAN VALUES)

120
160 — DIABETIC
81000 sol 1 /i - NORMAL
PENTOSE o
mg% 4o
2¢ I
Q4 ’ ..........
s l
URINE :
ALDOPENTOSE
2
gm/hr 11
o}
URINE
KETOPENTOSE [ ............
mg/hr ° | —‘]
[+ - - |
=1 Qo ! 2 3 4
RIBOSE HOURS "8
SO gm LV,
FIGURE |

The rate of excretion of ribose in urine was greater
(p<.00s) in diabertics in the first three hours following
infusion than in normals* (figure 1) and resulted in
the elimination of 20 % 10 per cent of the dose in four

*Darta expressed as: mean for each series of observations >
the standard deviation of the individual observations.
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hours. Ketopentose excretion rates, however, were sim;

i1
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Blood glucose concentracion decreased 21 == 11 pe
cent from fasting values in seven of the eight subjects
(table 1). No hvpoglycemic response was observed i
one diabetic (No. 8) who had been difficult to regulare,
Minimum glucose values were reached one to three
hours following the star: of infusion. This effect wg
of similar magnitude (p>.20¢) in mild and severe dis.
betics and was not associated with symptoms. In add;.
tion, a prolonged fall in the repal excretion rate of
glucose was observed following infusion (table 2),

A decrease of 33 = 18 per cenct in plasma non.
esterified farty acid concentration occurred in those
subjects who responded with a fall in blood glucose
(table 1). Four of these exhibired varying degrees of
ketonuria prior to infusion. In all cases, urine kerones
were considerably reduced in two hours (figure 2).

In one mild diabetic examined, no ribose was present
in spinal fluid obtained immediately after infusion.

MILD DIABETIC ACIDOSIS(16 yr 7, 39 k)
COURSE FOLLOWING RIBOSE INFUSION

2300
i
BLOOD - NEFA
178 ) 2000
;Lmuzgze l nEq/liter
T ; 1500
| |
ro
o ]
URINE 4 i RIBOSE
SUGAR 3 |
gm/hr 2
| i
GLUCOSE
URINE l l
KETONES 0#4»‘ *+ I + + 4
| |
-1 0 i 2 3
e HOURS ot
RIBOSE
S0 gm1yv,
FIGURE 2
DISCUSSION

The rate of disappearance of ribose from blood was
not impaired in diaberics, confirming similar observa-
tions by Segal and Foley. However, results in the pres-
ent study differ in chat diabetic subjects excreted more
than twice as much of the administered dose as has
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TABLE 1

Effect of ribose™ on blood glucose and nonesterified fatty acids

GLUCOSE NEFA
Insulin
dose Iniual Per cent Initial Per cent
Weight (units/ value change value change
Subject Sex Ape (kg.) day) (mg. percent) Hours tuEq..L.) Hours
1 2 3 4 1 2 3 4
{A) Mild diabetic
1M 42 79 0 87  —1 —45 6 33 723 —16 =20 =26 —Il
2 M 46 92 35 140 13 =11 —16 —1 896 —3  +29 236 477
R 7. 96 13 149 0 —6 —I3 —13 1§28 —18 28 x2 -
4+ M 48 74 0 162 —9 —I19 —I17 —19 742 51 —47 =33 —9
(B) Severe diabetic
5 F 16 39 60 200 —15  —15 —14 —6 2,481 -—30 —12 —6 —9
6 F 36 50 80 188 —20 —14 -5 —I13 896 —t =25 =11 =16
7 0M 17 78 100 226 —9 —17 —I12 —— 1312 —44 —60 +14
*Dose = 50 gm. in all cases except Subject No. 5, 40 gm.
TABLE 2

Effect of ribose on urine glucose excretion (gm. hr.)

Period following infusions thours)

Subject Conirol Otol lw?2 Jw3l 304
(A) Mild diabetic
1 .06 .03 .01 .01 .l
2 .20 12 .04 .03. .04
3 .06 .01 .02 —_ —
4 .01 .02 .01 .01 .01
(B) Severe diaberic
5 1.22 .83 .20 22 .06
6 18 22 .03 A7 16
7 1.14 1.24 A7 .06 .06

been reported for normals.”™ This suggests some im-
pairment of ribose utilization in the diabetic, but it is
possible that renal tubular reabsorprion of ribose was
partially blocked by glucose, a phenomenon well de-
fined for another pentose, xylose.

Although conversion of ribose ro glucose occurs in
both diabetic’ and normal subjects,’ ribose produces a
decrease in blood glucose levels. This differs from the
effect produced by the administration of insulin inde-
pendent hexoses such as frucrose and galactose, since

“they contribute further to diabetic hyperglycemia.™®
However, these experiments do not rule out enhanced
conversion of ribose to glucose in diabetes. Possibly,
stimulation of endogenous insulin release could account
for some effect on blood glucose, since no hypoglycemia
results from ribose infusions given to pancreatectomized
dogs.==

As has also been noted in normal subjects,™* no symp-
toms were observed thac could be assaciated wich the
lowering of blood sugar. It is unlikely that D-ribose
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can be merabolized by the brain in vivo, since evidence
obtained in the rac’ and in this study indicates that the
sugar does nor pass the blood brain barrier.

The utilization of ribose appears to alleviare the ex-
cessive fat mobilization characreristic of the uncon-
trolled diabetic. The decrease in plasma nonesterified
facty acid concentration is similar to that observed when
ribose is administered to normal subjects.' In accord
with this observation, all diabetics exhibited clearing
of ketonuria when present prior = infusion. This is in
harmony with the demonstration cthar stimulation of
metabolism via the pentose phosphate pathway leads
to a very marked acceleration of lipid synthesis, both in
normal™ and diabetic™ rat liver homogenates.

Several keropentoses, intermediates in pathways of
pentose metabolism, are normally excreted in urine at
an average rate of 4 mg./day, predominantly as L-
xylulose.” Dietary supplementation with carbohydrate or
protein, or administration of triiodothyronine, increases
urinary L-xylulose excretion, possibly reflecting accele-
rated metabolism via the glucuronic acid pathway” A
marked increase in ketopentose excretion, predominant-
ly D-xylulose, resules from the administration of ribose
to normal subjects.' The similar high rates of excretion
noted in diabetics following ribose administration sug-
gests that insulin is not required for metabolism of
ribose over pentose pathways.

Thus, a comparison of ribose disappearance rate,
blood glucose levels, plasma nonesterified fatry acid con-
centration, and keropentose excretion, in normal and
diaberic subjects suggests that the ucilization of ribose
is not altered in diabetes. The increased urinary excre-
tion of ribose in the diabetic appears contradicrory.
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Further study of the renal tubular reabsorprive mecha-
nism for ribose is needed. however, before it can be
concluded thac this effect reflects impaired mertabolism.
It has been reporred thar, in one diabetic examined, the
elimination of a tracer dose of C'-labeled ribose as
CM0, was diminished;’ this finding, however, has been
ascribed to defective metabolism following conversion
of ribose ro glucose.

Since ribose can be utilized by the diabetic, does not
contribure to hyperglycemia, and limits far mobilization,
further investigation of the possible beneficial effect of
administration of this sugar in unconuolled diabetes is
warranred.

SUMMARY

D-ribose, given intravenously ro mild and severe dia-
betic patients, produced a decrease in blood glucose
concencration and urine glucose excretion.

Ribose disappeared from blood at a normal rate; how-
ever, increased amounts were excrered in urine. Kero-
pentose excretion was not altered in diaberics.

A drop in plasma nopesterified fatry acid levels par-
alleled the fall in blood glucose and was associated
with a reduction in urine kerones.

SUMMARIO IN INTERLINGUA

Le Metabolirmo de d-Ribosa in Diabete Mellite

Le administration intravenose de d-ribosa a patientes
con grados leve e sever de diabete produceva un re-
duction del concentration de glucosa in le sanguine e
del excrerion de glucosa in le urina.

Le ribosa dispareva ab le sanguine con un rapiditate
normal. Tamen, augmentate quantitates de illo esseva

excernite in le urina. Le excretion de cetopentosa non

esseva alrerate in le patientes diabetic.

Un reduction del nivellos de nonesterificate acidos
grasse in le plasma occurreva parallel al reduction del
glucosa in le sanguine e esseva associate con un reduc-
tion del cetones in le urina.
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Oral Administration of D-Ribose in
Diabetes | Mellitus

M.D., Russell L. Poucher, M.D., Raj K. Sarin, M.D.,

Richard B. Rees, B.S., and Grant Gwinup, M.D., Orange, California

SUMMARY - -

Thirty-four subjects were categorized on the basis of their
glucose tolerance as normal (thirteen subjects), probable
diabetics (six subjects), mild diabetics (five subjects),
tolbutamide-responsive diabetics (five subjects) and insulin.
dependent disbetics (five subjects). Fifteen grams of d-
ribose dissolved in six ounces of water were administered
orally to each of the subjects and the effect on serum glu-
cose concentration was measured. The hypoglycemic effect
of d-ribose varied in an orderly and progressive manner
through the diferent categories of glucose intolerance. As
theie zlucose intolerance increased in severity, the subjects
were «iznificantly less responsive to the blood glucose low-
erinz cffect of deribose.

The serum immunoreactive insulin concentration in re-
spunse to the oral administration of d.ribose was measured
in the normal and mild diabetic subjects. The mild dia.
betics had a mean peak increase in immunoreactive insulin
which was 2.6-fold greater than the normal subjects; how-
ever, the insulin concentrations attained were not significant
in cither group. Thus the insulinogenic response as deter.
mined in peripheral venous bloed does not account for the
diflerential hypoglycemic effect of d-ribose. DiaBeTes ]19:
11.16, 1970,

It has been showa that the intravenous infusion of
d-ribose will consistencly reduce the serum glucose
coacentration in pormal human subjects.?? Few studies
have been constructed in diabetic patients, however. In
1957 Segal et al. reported decreased blood glucose levels
following the incravenous infusion of d-ribose in three
iasulin-dependenc diaberic subjects. They suggested thac
the mechanism of the hypoglycemic effect of ribose did
nat depend on insulin release. Bierman et al* reporced
that four "mild adult” diaberic and four “severe” dia-

beric patients responded to an infusion of d-ribose with
a mean decrease in blood glucose of similar magaicudes.
They noted, however, that one of the “severe” diaberits
responded with an increase in blood glucose concen.
trarion. :

Preliminary studies in our laboratory suggested chae
diabetic patients responded to d-ribose in a differsnt
manner than nondiaberics. The purpose of the present
study was to determine if the glycemic response to a
standard oral dose of d-ribose was related to varying
degrees of glucose intolerance and insulin secretion.

MATERIAL AND METHODS

Thirty-four subjects (thirteen male, twenty-one fe-
male) were classified according to glucose tolerance.
Each of twenty-four subjects who had repeatedly normal
fasting biood glucose concentrations was segregated on
the basis of two oral glucose tolerance tests (performed
one week apart) into one of three categories: normal
(thirteen subjects: seven male, six female), probable
diaberics (six subjects: two male, four female), or mild
diabetics (five subjects: one male, four female). Fach
subject consumed a dier containing 300 gm. of carbo-
hydrate for ar least three days prior to the teses. Afrer
a fasting baseline blood specimen was obtained, Glu-
cola,* seven ounces, was given orally over a five-minute
period. Subsequent blood specimens were obtained by
venipuncture at 30, Go, 90 and 120 minutes. Assign-
ment to one of the three categories was made using
the criteria of Fajans and Conn® adjusted to our glucose
oxidase method which averages approximately 12 mg.
per 100 ml lower than the Somogyi-Nelson method
within the 100 to 160 mg./per 100 ml range. Only
the subjects who fell into the same category both times
the test was done were chosen for further studies.
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ORAL ADMINISTRATION OF D-RIBOSE IN DIABETES MELLITUS

The fourth category consisted of five subjects (one
male, four female) with known diabetes who had been
sympromatic with elevated fasting blood sugars and
glycosuria when conuol by diet alone was amempted
but were being satisfactorily maintained on tolbutamide
therapy. The mean fasting blood glucose of the rolbura-
mide-responsive diabetics was 139 mg./100 ml on the
morniog of the ribose test, while the newly discovered
mild diaberics had a mean fasting blood glucose of
67 mg/1co ml The fifth category consisted of five
subjects (two male, three female) with insulin-depend-
et diabetes of known duracion greater than five years.
The mean age and weight of the individual categories
were nor significancly different.

All subjects (except two normals) who were segre-
gated on the basis of glucose tolerance were given rwo
oral d-ribose tests within two weeks following their
assignment to a specific category. Diaberic patients re-
ceiving twolburamide or insulin and two of the normal
subjects were given a single ribose test. Tolbutamide
was discontinued seventy-two hours before, or insulin
was withbeld ac least rwenty-four hours before the
d-ribose test. The insulin-dependent diaberics had been
using either NPH or Lente insulin and had received
their last injecrion no later than forcy-eight hours prior
to the morning of testing. All tests were performed in
the morning with the subjects in the post-absorptive
state. After obtaining a fasting blood specimen, fifteen
grams of d-ribose dissolved in six ounces of tap water
were given orally over a five-minute period. Blood
specimens were obrained by venipuncrure at 15, 39,
45, 60, 75, 90 and 120 minutes. Serum glucose was
determined by the glucose oxidase method of Ware
and Marbach® In the normal and mild diabetic subject
categories, the serum was also assayed for immuno-
reactive insulin concentration by the mechod of Morgan
and Lazarow.”

RESULTS

The mean serum glucose responses of each group to
oral d-ribose are depicred graphically in figure 1. Nor-
mal subjeces had 2 mean maximum decrease of 27 = 2
(SEM.) mg per 100 ml in serum glucose concen-
tration with the padir of the response at sixry minuces.
Subjects in the probable diabetic category responded in
2 similar way with a2 mean maximum decrease of
22*3.1 mg. per 100 ml ar sixty mioutes. Subjects in
the mild diabetic category evidenced a mean maximum
decrease of 20 = 3.1 mg. per 100 ml but the nadir of
the response was delayed to seventy-five minuces. Dia-
betic patients who had been treated with tolburamide
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Serum Glucose Response to Oral D-Ribose
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FIG. |. Mean sarum glucose responses following the oral
ministration of d-riboss. The numbers in parenth
indicate the number of subjects in each category.

showed an inirial increase in blood glucose concentrada
followed by a delayed mean maximum decrease &
18 = 253 mg per 100 ml which may not b
reached its nadir at 120 mioutes when the test wi
terminared. Insulin-dependent dmbetics showed a hyped
glycemic response with 2 mean maximum increase ¢
17 = 46.6 mg. per 100 mlL The elevared glucose cogt
centracion had not yet returned to the baseline ar 13-
minutes.

If blood glucose concentration at 2 single time
d-ribose administration is used to characterize each
the five categories of subjects, the best separadon
demonstrated at forty-five minures. The forry-five-min
glucose concentrations of all subjects tested are plocs;
in figure 2 in which the gradually decreasing degrees
hypoglycemic response with increasing severity of 5¥§
cose intolerance can be appreciated. The significance &
the differences of the responses ac forty-five minutes
the abnormal groups in reladion to the normal is
picted in table 1. :

The reproducibility of the serum glucose respo
in the twenty-two subjects in whom the test was
formed twice is shown in rable 2.

Because it was felt thac the insulinemic response!
d-ribose administration might prove t be an imporof§
consideration in awempting to explain the differes
in the glycemic response, serum immunoreactive insu?
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ORAL ADMINISTRATION OF D-RIDOSE IN DIABETLS MELLITUS

TABLE )

Serum glucose response 1o oral d-ribose at forty-five minutes

Decrease at 45 min. in mg./100 ml.

Mean S.E.M.
Normals 24 1.5
Probable diabetics 16 2.1
Mild diabetics 11 2.5
Tolbutamide-responsive 2 2.1
Insulic-dependent (+)12 6.3
TAEBLE 2

chroducxbxluy of serum plucose responses to d-ribose.

Difference in mg./100 ml. of the maximum decrease from

the baseline serum glucose of results obtained from testing
the same subjects on two szparate occasions.

Subjects ‘ Mean Range
Normals 3.5 0- 9
Probab'e diabetics 8.6 6-17
Mild diabetics 7.8 0-19

concentration was determined in the normal and mild
diaberic subject categories (figure 3). The normal sub-
jects evidenced a slight mean increase of 6 xU. per ml
ar fifteen minutes which fell rapidly to baseline con-
cencration. The mild diabetics started from a higher
mean baseline of 235 uU. per ml. as compared to 15
pU. per ml. for the normal subjects and evidenced an
apparently exaggerated bur delayed mean increase of
16 pU. per ml ar thirty minutes. Neither the response
of the normal nor the mild diabetic was significanr;
both had a p value > o.5. There was grear dispariry
in the serum insulin responses in those subjects in
whom the test was performed rwice.

DISCUSSION

It is apparent in figures 1 and 2 thar the decrease
in serum glucose concentrations subsequent to the in-
gestion of d-ribose varies in a rather orderly and pro-
gressive manner through the different caregories of
glucose inwlerance. Subjects with the greatest glucose
intolerance are least responsive to the blood glucose
lowering effect of d-ribose. This is contradicrory to the
findings of Bierman er al' who reported an effect of
similac magnitude in the "mild” and “severe” diaberic
patients. The discrepancy between our findings and
those of the above investigators may be due to the lack
of a clear definition of "mild” and “severe” diaberics,
since two of the four "mild” diabetics used insulin.
Even the grouping of diabetics into insulin and non-
insulin-dependent categories may not provide a sufficient
indication of the severity of the diabetic state. De Belle
er al® studied the effect of tolbutamide in juvenile
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Per cent decrease at 45 min.

Mean S.E.M. P value
37 24 ’
25 3.2 0.00s
18 3.2 0.00]
2 2.0 0.001
(+) 7 3.4

0.000; §

diaberes mellitus and found that patients who wews
diabetic less than two-and-a-half years had a signiﬁcagg
hypogiycemic effect from rolburamide, in contrast -
those subjects who were diabetic three years or mop..
and had no response to tolbutamide. The insulin-def
pendent subjerts in the present study were diaberic ﬁr';;
five years or longer and none had a significant decreas’
in their serum glucose concentration following the m.i
gestion of d-ribose. Thus the careful caregorization o
our subjects may account for the distince differenc’
obrained in the responses of the various groups to ¢
ribose which was nor apparent in previous repores.t* ¥
It appears (figure 3) that a greater insulinemic re::
sponse in normal subjects is noc an acceptable e.\'}:>l:ma-fF
tion for the hypoglycemic effect of ribose. This cannx™
be stated with cerrainty, unfortunately, because the ﬁftﬁ
teen-minute specimen which was the first blood sampk::
obuined after the ingestion of the d-ribose showed the; 4
greatest concentration of immunoreactive insulin in the;
normal subjects and it is conceivable, but unllkcly..
that an earlier and greater response might have ocf:
curred.
Recently, we have characterized the response of serumg
glucose and immunoreactive insulin concentrations ©x
the intravenous administration of 15 gm. of d-ribose i
normal subjects.? We concluded thar although the cools
cencration of serum insulin was transiendy elevaredl
during the infusion of d-ribose, it was insuficienc &,
itself to account for the markedly delayed hypoglycemiz®
Although we have not studied the insulinemic respot:l!ﬁ
to the infusion of d-ribose in diabetics, it appears t
the above conclusion may apply o the present smdn
wherein the ribose was administered orally. The appar
ently exagperated insulin levels in the mild clmbctlﬁ't
in response to d-ribose may be analogous to the reSponz,
of some diabetics to the administration of glucose and}
tolburamide.® D-ribose has been given by mouth
logs'® and human subjects* with resulrant decreases i
serum glucose concenrations similar to those in t¥,
sresent study. This is the first report of the oral ad,
ministration of d-ribose to human subjects with t*
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ORAL ADMINISTRATION OF D-RIBOSE IN DIABETES MELLITUS L

measurement of the effect on serum immunoreactive
insulin concentrations.

We have observed that in normal human subjects
the oral administration of 15 gm. of d-ribose resuleed
in a mean maximum decrease of 47 per cent from the
baseline serum glucose concenuration, as compared to a
mean maximum decrease of 22 per cent when the
same quantity of d-ribose was infused intravenously
over a twenty-minuce period. Although this would ap-
pear to correspond with srudies which have shown that
oral glucose is a greater insulinogenic stimulus than the
same quaatity of glucose administered intravenously, *-4
in facr, the contrary has become evident. When d-ribose
was administered orally to normal. subjects, the mean
pezk increase in serum immunoreacrive insulin was 6
#U./ml. whereas the intravenous administration of the
same quantity of d-ribose produced a mean peak in-
crease of 14 pU./ml A more potent insulinogenic effect
of intravenously, as compared to orally, administered
d-ribose has also beea shown in dogs.*® Thus, there is a
dissociation in the magnirude of the imsulin response
and the degree of hypoglycemia.

Of particular potential interest is the response to the
oral administration of d-ribose in tolbutamide-responsive
diaberics. These subjects had a mean maximum decrease
of 16 per cent from their baseline serum glucose level
and this was observed atr 120 minutes after ingestion
of d-ribose which happened to be the termination of
the study period. Addirional and more prolonged studies
in this type of diabetic appear to be warranted and
might reveal d-ribose to be of value as an adjuncrive
oral hypoglycemic ageac
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HYPOGLYCEMIA AFTER ORAL RIBOSE

Siz,— T pentose, D-ribose, causes hypoglvexmia u{':cr

ection in animals * and man.¢ * The mechanism
since the pentose is rapidly cleared from the blood *
ried into glucose alter intravenous injecuon.’ A
ise in scrume-insulin level has been recorded after
. ini2ction of ribose,” but the investigators questioned
was surficient o account for the hypoglhvewmia.
the therapeutic possibilitics of this hvpoglyermic
sallv since the pentose is 2 constituent of many
yeemai plant foods, the efect on biood-sugar level of thy
admustration of D-ribosc_b;.' mouth was investigated in 3
—ormal propie and 3 disbetics.

p-ricose 1 g. per kg. body-weight) was dissolved in water
3nd reken fasting by 3 healthv yvoung adults, 1 patient in whom
degpetss had arisen late in life and whose blood-sugar levels
are controiled by dier and chlorpropamide, and 2 young women
h eevers dizbetes sincs childhood controlled by insulin. The
s had had no medication for 36 hours before the test
ose levels were mueasured at half-hourly intervals
se-oxidase method.”
~its in the accompanving table show a fall in blood-
ievels in the healthy adults 30-60 minutes after the
olution was taken; and 2 hours later they were still
. normal. The blood-glucose level also fell in the
iaperic. though to a lesser degree than in the healthy
vouny 2duits. In the 2 subjects with severe diabetes, no
:ssponse was observed with doses of 1 g. per kg.

It is important in studi¢s of this sort to measure blood-
wgar ievels by a method specific for glucose. In 1 of the
wegithy adults ‘no. 1) this was done simultaneously by the
mmcon ‘AutoAnalvzer ' ferricyanide method (which
ures cotal reducing substances) and the glucose-oxidase
Blood-sugar analysis, in mg. per 100 ml., by the
metnod gave 76 and 78 (" control values ), and
. 50, and 20 fafter ingestion of ribose), respecnive!
arznt rise in blood-sugar level after ribose administra-
on presumnably being due to its absorption from the gut.
Chromatographic estimation of ribose contirmed its presencs
: piasma after oral ingestion—60 mg. per 100 ml. was
! arzer 60 minutes—but there was none derectable in the
sentrol period.

Hypogivemmia after oral ribose ingestion may be related to
2ase of insuiin, and studies are in progress of pancreatic,

4 COSCUTY,

PenLoss
—l

Experiments in animals have shown that when
entose is injected intravenously, radioacrivity is
mcery smiced in the insulin molecule.

To... -usuits suggest thar present ideas about changes in
zose and hormone ievels alter ingestion of a sugarora

ater. H. AL Ikeca, M., Sukata, K. .4m. J. Physiol. 1964, 207, 407,
.. Foler, )., Wyngaarden, J. B, Proc. Svc. ¢exp. Biol. Med. 1937,

1.
an. E. L., Baker, E. M., Plough, I. C., Hail, W. H. Dizberes, 1964,
25,
1. Nengaargen. . B., Segal, S., Fotev, J. 7. clin. [mevess. 1957, 36, 1393,
3. Hiar H. H. :2id. 1058, 37. 651,
». Siemzerg, T.. Qrtman, P, Poucher, R, Cochran, B., Gwinup, G.
erzzotism. 1967, 16, 40.
dteton. J., GritRths, H. Br. med. 7. 1957, ii, 1525,
- Cinsaurg, |, Boucher, B., Beaconsrieid. P. Unpublished.

protein-and-far  meal * require  re-cvaiuanon. Thus  far,
the hvpoglycmic effect of pentoses nermally present in the
divt has not been t3ken into considvrauion.
tfayward Laooratory,
Charing Cross Hospita! Medical Schoal,
Londen W.C.2.
Endocrine Unit, New Ead Hospiral,
Hovai Free Hospital Medicai School,
Lurdun N.1,

PcTER BEACONSFIELD.

JEax GINSBURG.

HYPOGLYCEMIA AND MENTAL RETARDATION

SiR,—A recent tucvey of 23,443 patients of 19 Wustern
United States insttutions for the mentally retaeded revealed
oniv 5 cases with the diagnosis of ™ encephalopathy associated
wwith other disorders of carbonydrate merabolism 'Y This
diagnosis incluces givcogenosis and hypogivcxmia of various
causation. AMlearal retardation has besn established as a
sequela of unrreated hypogivexrmia in childhood,' particularly
in the newborn period.'* The przceding facts led us to investi-
gate the incidencs of hypogivcemia in 1279 inmates ol this
institution for the mentally retarded by the following merhed.

RELATION BETWEEN SLOOD-SUGAR LEIVELS img. per 100 ml.) pETER-
MINED BY DENTROSTIX AND DY 30MOGYI-NELSON METHODS IN 136
MENTALLY RETARDED SUSJECTS AFTER 24-HOUR FAST

. . viaNel :, (]
[nitial sereening | Somogyi-Neison method

wih destrostix | 10 ;. I 10-0 mg. | 350 mg. Total
%40 mg. o 6 ‘ 4 6 1o
>0 <3S me, ! 6 ! 3 106 120
Totat ! 12 { 12 TS 136
| |

After a 24-hour fast, peripheral biood was obrained by finger-
prick. The blood-glucose level was estimated by the rzagent-
strip glucose-oxidase-coiour-indicator merhod (* Dextzostix '),
in accordance with the manuracrurer’s cecommencdations.
Subijects with estimated blood-giucose levels below 40 mg. per
100 ml., or above 40 but below 65 mg. per 100 mi., had a
second specimen of blood drawn by venepuncture. The blood-
sugar level was then determined by the Somogyi-Neison
method.!? Despite the reported inadequacy of ' Dextrostix " as
a mass scresning tool,™ our yvieid of cases for further study was
10-63",, —that is, 136 subjects of the 1279 screened had anm
estimated blood-glucase level beiow 65 mg. per 100 mi. by the
method. As depicted in the taple, 24 {17-6%,) of the 136 cases
(i.e., 1:97; of the 1279 scresned subjects) were furcher identiried
as hypoglvezmic by the Somogyi-Netson method. Preiiminary
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Serum Levels of Glucose, Insulin, and C-Peptide during
Long-Term D-Ribose Administration in Man*

M. Gross and N. Zéliner

Medizinische Poliklinik, Ludwig-Maximilians-Universitit Minchen

Summary. D-ribose was given orally and/or intra-
venously to nine healthy subjects at doses ranging
from 83.3 to 222.2 mg/kg per hour for at least four
hours. The serum ribose level increased in a dose-
dependent manner to maximum concentrations of
75 to 85 mg/dl. The serum glucose level decreased
after the beginning of continuous ribose adminis-
tration and was reduced as long as ribose was be-
ing administered. The oral or intravenous adminis-
tration of 166.7 mg/kg per hour of ribose resulted
in a 25% decrease in serum glucose. Higher intra-
venous doses of ribose did not provoke a further
decrease in serum glucose concentration. Oral ad-
ministration of 166.7 mg/kg per hour led to an in-
crease in serum insulin concentrations from a mean
of 8.4 (range 6.4-11.5) to 10.4 (range 6.3-15.4) pU/
ml (p <0.05). In contrast, intravenous administra-
tion did not change serum insulin concentrations
significantly. The serum c-peptide concentration
remained unchanged regardless of treatment. We
conclude that the variations in plasma insulin con-
centrations do not account for the observed de-
crease in mean serum glucose concentrations ac-
companying D-ribose administration.

Key words: (D-)ribose — Glucose - Insulin -~ C-
peptide

For more than forty years it has been known that
the administration of ribose to normal humans or
experimental mammals results in a transient de-
crease in serum glucose concentration (1943 intra-
peritoneal injection in rats [10], 1946 oral adminis-

* This paper was supported by a grant from the Friedrich-

Baur-Stiftung, Federal Republic of Germany

tration in man [20]). The mechanisms that mediate
this hypoglycemic effect are poorly understood. A
transient increase in peripheral venous insulin lev-
els following bolus administration of ribose has
been variably reported. These studies utilizing bo-
lus administration could not answer the question
of whether the observed, transient insulin peak can
completely explain the observed decrease in serum
glucose concentration. No studies have been done
using long-term administration of ribose. It is not
known if continuous ribose administration will
provoke sustained changes in serum concentra-
tions of glucose and insulin.

The investigation of endocrinological mecha-
nisms involved in the glucose-lowering effect of
ribose might be of clinical importance. The admin-
istration of ribose can prevent or temper the exer-
cise-induced symptoms occurring in some cases of
myoadenylate deaminase deficiency [21]. A release
of insulin might contribute to the beneficial effect
of ribose by activating muscle glycogen synthetase
[9]. Insulin also stimulates the uptake of ribose [6]
and glucose [12] by muscle cells.

The present study was carried out in nine
healthy volunteers to answer two questions:
whether the glucose-lowering effect would persist
and whether changes in serum insulin level would
occur during continuous ribose administration®.

Materials and methods

Subjects and materials: Twelve tests were per-
formed in nine healthy subjects (8 men, 1 woman:
initials JM), ages 23 through 37 years. D-ribose
was obtained from Fluka or Sigma. A sterile and

! The results of this study concerning the basic metabolic data
of ribose, including steady state ribose concentration, intestinal
absorption, and urinary excretion. have been published pre-
viously [5].
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Table [. Serum levels of glucose, ribose. insulin. and c-peptide during oral and intruvenous ribose administration: values prior
to intake and average values obtained during the third hour (i.v. experiments) or third and fourth hour (oral experiments) of
ribose administration at each dose

Sub- Body Body Dose Serum Glucose Serum Serum Serum
ject weight length {me kg per hour] [mg/dl] (change ribose insulin c-peptide
[kgl [cm] compared with [mg/dl] [wU,/ml) [p-mol/ml]

initial value)

Oral administration 83.3 and 166.7 mg kg per hour

AH 1040 204 initial 76.8 1.8 7.5 0.50
833 711 (—7.4%) 5.8 7.3 0.40
166.7 56.7 (—26.2%) 291 11.8 0.61
MW 840 177 initial 75.5 19 10.7 0.46
83.3 629 (—16.7%) 6.4 9.6 0.58
166.7 537 (-28.9%) 37.0 154 0.54
MG 65.5 178 initial 83.5 34 7.5 0.48
833 73.0 (=12.6%) 37 54 0.30
166.7 56.3 (—32.5%) 274 6.3 0.32
WB 7.8 190 initial 59.6 0.7 1.5 0.84
833 66.4 (+11.5%) 2.6 5.6 0.46
166.7 531 (—10.9%) 231 7.0 0.63
Oral administration only 166.7 mg/kg per hour
BL 68.5 178 initial 89.2 1.6 11.5 nd.
166.7 59.0 (-33.9%) 35.2 15.1 n.d.
JS 74.0 188 initial 71.8 1.3 6.4 0.41
166.7 61.7 (-14.0%) 42.4 6.9 0.54
M 66.3 173 initial 63.5 3.8 S 9.1 0.66
166.7 53.6 (—157%) 39.5 12.5 0.80
WE 72.5 176 initial 68.0 27 6.6 0.41
166.7 519 (—23.6%) 245 8.0 0.45
Average values oral administration (8 observations except 83.3 mg/kg per hour: only 4)
initial 73.5 22 84 0.54
83.3 68.4 4.6 7.0 0.44
166.7 55.8 323 10.4 0.56
Intravenous administration
AH 106.0 204 initial 73.9 1.5 8.7 0.46
' 83.3 64.0 (—13.3%) 93 84 0.56
166.7 533 (—27.8%) 387 6.6 0.52
2222 568 (—-23.1%) 777 5.0 0.35
JS 74.0 188 initial 72.8 1.8 7.7 0.39
833 9.1 (—18.8%) 6.4 10.0 0.52
166.7 572 (—21.5%) 454 72 0.45
2222 60.9 (—16.3%) 85.6 7.7 0.36
MW 655 178 initial 79.5 2.3 5.7 n.d.
166.7 64.8 (—18.5%) 59.9 6.1 n.d.
Sv 78.5 182 initial 88.5 1.1 14.0 0.70
166.7 59.3 (—33.0%) 383 14.4 0.83
Average values intravenous administration
initial 78.7 1.7 9.0 0.52
166.7 58.7 45.6 8.5 0.62

pyrogen-free 8.33 g/100 ml solution was prepared

and Rice {15] as modified by Miller [11]. Glucose
for the intravenous administration.

was measured in the serum by the glucose-oxidase
method. Urine samples were screened with a test
strip for glucosuria. Insulin in serum was measured
using the radioimmunoassay (RIA) of Cambridge

Analyvtical methods: The serum ribose concentra-
tion was measured according to the method of Roe
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Medical Diagnostics, Billerica, Mass., USA (lowest
standard 5 pU/ml, normal values for fasting per-
sons below 20 pU/ml). C-peptide in serum was
measured using the RIA of Ire-Medgenix, Fleurus,
Belgium (sensitivity 0.05 pmol/ml, normal values
0.36 to 1.12 pmol/ml).

Procedure: All experiments were started in the
morning after an overnight fast. Two hours prior
to and during ribose administration the subjects
rested on a couch. Two hours before the beginning
of ribose administration they drank 500 ml of table
water per hour to establish a steady state of diure-
sis and to correct for any changes in blood chemis-
try due to the intake of the water during ribose
administration. Every 30 min the subjects emptied
the bladder completely, and each urine sample was
checked for glucosuria.

Blood samples were taken from an indwelling
antecubital catheter every 30 min. In the experi-
ments with intravenous administration, the contra-
lateral antecubital vein was cannulated for ribose
infusion. Catheter patency was ensured by mainte-
nance infusion of saline at a rate of 100 ml/h.
Blood samples were centrifuged immediately and
kept at 4° C for determinations on the same day
or frozen at —20° C for determinations within a
few days.

For oral administration, ribose was dissolved
in table water. The concentration was calculated
to provide an intake of 400 ml of fluid per hour
during administration. Every 5 min the subject
drank 1/12 of the total amount. The intravenous
administration was performed using a 8.33 g/
100 ml ribose solution which is equivalent to 10 g/
100 ml of hexose. The difference between the
400 m! orally administered fluid and the infused
volume was balanced by oral intake of table water.

Doses used ranged from 83.3 to 222.2 mg/kg
body weight per hour. A dose of 222.2 mg/kg per
hour was administered only intravenously to avoid
the diarrhea caused by oral administration at doses
above 200 mg/kg per hour [5]. Ribose was admin-
istered for five hours per dose in the oral experi-
ments and for four hours per dose in the intrave-
nous experiments. Continuous oral ribose adminis-
tration at a dose of 166.7 mg/kg per hour was given
to 8 subjects (Table 1). In four experiments, this
administration was preceded by the continuous in-
take of half this dose. Infusions of ribose at a dose
of 166.7 mg/kg per hour were performed in four
experiments. In two of these experiments, this infu-
sion was preceded by infusion of half the dose for

kg per hour for another four hours.

f

166.7 mg/kg/h

{ 83.3 mg/kg/h
administered dose of ribose

807 » gluceose

707
60
50
407
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20

serum concentration [mg/di]

10— ribose

207
serum insulin level [pU/ml]

1 - . serum c-peptide level [pmol/mi]
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Fig. 1. Serum levels of ribose, glucose, insulin, and c-peptide
in four subjects (AH, MG, MW, WB) during oral ribose admin-
istration at two doses. The points indicate single values mea-
sured at the beginning, after 2%/, h, and after 5h of ribose
administration at each dose. The line represents the average
value of the darta obtained every 30 min

Results

To study the dose dependency and long-term ef-
fects of continuous ribose administration on blood
glucose concentration, four subjects (AH, MW,
MG, WB) first received ribose orally at a dose
of 83.3 mg/kg per hour fractionated for five hours,
and then double that dose (166.7 mg/kg per hour)
for the next five hours (Fig. 1). Average serum ri-
bose concentrations of 4.6 mg/dl (range 2.6 to 6.4)
and 29.2 mg/dl (range 23.1 to 37.0), respectively,
were achieved. Glucose serum concentration de-
creased from an average initial value of 73.9 mg/dl
(range 59.6 to 83.5) to 68.4 mg/dl (62.9 to 73.0)
and 55.0 mg/dl (53.1 to 56.7), respectively. The se-
rum insulin concentration was 8.3 pU/ml (range
7.5 to 10.7) at the beginning, and 7.0 pU/ml (5.4
to 9.6) and 10.1 pU/ml (6.3 to 15.4) following the
respective dosages. The c-peptide serum level was
unchanged (average concentrations 0.57, 0.44, and
0.53 pmol/ml, respectively).



34 M. Gross and N. Zoliner: Glucose, insulin, and C-Peptide during Ribose Administration

Intravenously administered daose

83.3 mg/kg’/h 222 mg/kg/h
66.7 mg/kg/h a/g
5 80 Js
5 YXN—glucose An
E AH Js
e 60 AT"\/‘_’\: J
8 | Ts AH AH
2 J5
= 40—
8 AH
2 .
=]
° 20
ribose
‘S_ B AH
@ J
@ T [

R
§ 6 7 8 9 10111

[
0 1 2 3 4 2
| | hours
2071 serum insulin level [pU/ml]
-— AH —JSs

1077 \mAA
Sy

5 1

1.0 serum c-peptide levei [pmol/mi]

0.5 <ﬁ4ﬁw

JS

i
0 1 2

I
] oot T
3 4 5 6 7 8 9 101112
hours
Fig. 2. Serum levels of ribose, glucose, insulin, and c-peptide
in two subjects (AH, JS) during intravenous ribose administra-
tion at three doses. Blood samples were taken every 30 min

In the eight subjects who received ribose orally
at a dose of 166.7 mg/kg per hour, the serum glu-
cose level decreased from an average initial level
of 73.5 mg/dl (range 59.6 to 89.2) to 55.8 mg/dl
(range 51.9 to 61.7) during ribose intake
(—24.1%). The average initial serum insulin level
was 8.4 nU/ml (range 6.4 10 11.5), and the average
during the fourth and fifth hours of administration
was 10.4 uU/ml (range 6.3 to 15.4), significance
p<0.05 (Wilcoxon signed rank test paired observa-
tons). The average values for c-peptide were
0.54 pmol/ml (range 0.41 to 0.84) and 0.56 pmol/
ml (range 0.32 to 0.80), respectively (difference not
significant).

Two subjects (AH and JS) received three differ-
ent doses of ribose intravenously, each for four
hours (Fig. 2). The serum glucose levels dropped
by about 20 mg/dl independently of serum ribose
concentrations (maximum concentrations
>80 mg/dl). The serum insulin level showed a
slight decrease, while the c-peptide level was un-
changed. Two more experiments (MW, SV) with
intravenous administration also resulted in a
marked decrease of serum glucose levels without

changes in serum levels of insulin and C-peptide
(Table 1).

In the four experiments with intravenous ad-
ministration at a dosage of 166.7 mg/kg per hour,
the serum glucose level decreased from an average
initial value of 78.7 mg/dl (range 72.8 to 88.5) to
58.7 mg/dl (range 53.3 to 64.8) during the last hour
of infusion (—25.4%). The corresponding data for
insulin were 9.0 uU/ml (range 5.7 to 14.0) and
8.5 pU/ml (range 6.1 to 14.4), and for c-peptide,
0.52 pmol/ml (range 0.39 to 0.70) and 0.62 pmol/
ml (range 0.45 to 0.83).

No glucose could be detected in any urine sam-

ple.

Discussion

Qur data document a sustained decrease in serum
glucose concentrations during ribose administra-
tion. This effect is astonishing, since ribose can
be converted to glucose via the pentose phosphate
pathway [7, 8], and for that reason an increase
would have been expected, rather than the decrease
observed. This glucose-lowering effect is not
shared with other pentoses such as D-xylose and
D-arabinose [14, 17] and it is not species-specific
(also seen in rats [10] and in dogs [2, 4]).

The decrease in serum glucose concentration
was asymptomatic in all cases. Glucose concentra-
tions of 15 mg/d!l (enzymatic determination) with-
out any clinical symptoms during ribose adminis-
trations have been reported [16]. Thus it has been
speculated that the nervous system can utilize ri-
bose instead of glucose [18]. However, there are
data to suggest that ribose cannot penetrate the
blood-brain barrier to any measurable extent {12].

It has been postulated that the fall in serum
glucose with ribose administration is due to en-
hanced insulin secretion, and previous studies of
ribose-induced hypoglycemia have generally
shown a transient increase in insulin concentration.
However, no long-term experiments have been
done. Therefore, it could not be determined wheth-
er the decrease in serum glucose concentration Is
an effect of a transient insulin peak, or whether
other mechanisms must be considered.

In our experiments, we have shown that long-
term administration of ribose was associated with
a sustained reduction in serum glucose concentra-
tion over the entire period of ribose administra-
tion. In the four cases using oral administration
of ribose at two different doses, this hypoglycemic
effect seemed to correlate with the serum ribose
level, which increased in a dose-dependent fashion.
However, in the intravenous experiments leading



M. Gross and N. Z&llner: Glucose. Insulin. and C-Peptide during Ribose Administration 35

to higher serum ribose concentrations, the glucose
concentration could not be further lowered by in-
creasing either the dose or the serum ribose con-
centration. This might be due to saturation of the
glucose-lowering mechanism at serum ribose con-
centrations higher than about 3040 mg/dl.

Both oral and intravenous experiments showed
a marked increase in the serum ribose concentra-
tion with higher doses. This effect can be attributed
1o saturation of the ribose utilization (intake minus
renal excretion) and a decrease in renal ribose
clearance at higher serum ribose concentrations [5].

Changes in serum insulin concentrations were
either minimal or nonexistent, and no changes in
c-peptide concentrations were recorded during
long-term ribose administration. In contrast, the
serum glucose level showed a marked and sus-
tained decrease in all experiments as long as ribose
was administered. Therefore, it seems unlikely that
insulin is responsible for the decreased glucose lev-
els during long-term ribose administration.

There is also evidence that the insulin peak ob-
served during short-term ribose administration
cannot completely explain the decrease in serum
glucose levels. After ribose infusions over 5 min
(3.75 gm) and 20 min (15 gm) in nine normal sub-
jects, a two- to threefold transient increase of se-
rum insulin was reported [19]. By 10 min the insu-
lin level had returned to baseline values. The intra-
venous injection of an amount of insulin that pro-
voked an equal elevation in serum insulin levels
produced no decrease in serum glucose concentra-
tions.

These results contrast with a report on the insu-
lin output of dog pancreas. During a one-hour pe-
riod of ribose infusion (1 or 2 mg/kg per min) into
the portal vein of dogs, a twofold increase of plas-
ma insulin concentration in the pancreatic veins
was reported [2]. This difference between the brief
insulin increase in peripheral venous blood and the
sustained effect when pancreatic output is mea-
sured led to speculations about an increased rate
of deposition of insulin in the liver by increased
metabolism of carbohydrates such as ribose [3].
However, our findings of unchanged c-peptide
concentrations argue against this possibility.

There is no difference in the mean glucose de-
crease during intravenous versus oral administra-
tion at a dosage of 166.7 mg/kg per hour, making
the involvement of gastrointestinal hormones un-
likely. Changes in human growth hormone and in
cortisol were excluded in a previous study [1].

Since a renal loss of glucose has been excluded.
some investigators have looked for indications of
increased peripheral glucose utilization. A decrease

in serum inorganic phosphate [7, 16, 18], but insig-
nificant changes in blood pyruvate [13, 16, 18] and
unchanged lactic acid levels {13] have been re-
ported. Increased peripheral utilization of glucose,
however, is accompanied by a large decrease in
blood inorganic phosphate and an increase in
blood pyruvate. Therefore, increased glucose utili-
zation is not likely to cause the decrease in serum
glucose levels, although we did not specifically
measure this factor.

Since the data on the investigated hormones
cannot completely explain the effect of ribose on
the serum glucose level, and increased glucose utili-
zation is unlikely, further mechanisms must be
identified. It is known that phosphoglucomutase,
the rate-limiting enzyme in the formation of glu-
cose from glycogen in the liver, is inhibited by ri-
bose [18]. This and other, still-unknown effects on
enzyme activities might cause or contribute to the
glucose-lowering effect of ribose.
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Buchbesprechungen

W. Steinbrich, G.P. Krestin (Hrsg.) Kernspintomographie der
Abdominal- und Beckenorgane. Einbindung in klinisch-radiologi-
sche Untersuchungskonzepte. Springer, Berlin Heidelberg New
York London Paris Tokyo Hong Kong 1990. XVI, 264 S.,
204 Abb., 23 Tab., geb. DM 180,

Das vorliegende Buch enthalt, basierend auf den Erfahrun-
gen groBer Zentren, die Zusammenstellung simtlicher Referate
eines Symposiums im Marz 1990 mit der Zielsetzung, zum cinen
den aktuellen Stand der diagnostischen Wertigkeit der Kern-
spintomographie im Abdominal- und Beckenbereich zu erdr-
tern, zum anderen den derzeitigen Schwerpunkt der wissen-
schaftlichen Arbeit aufzuzeigen.

Da sowohl die Technik als auch die Entwickiung von neuen
Kontrastmitteln vor allem in jingster Zeit sebr schnell fort-
schreiten, ist die aktuelle Neubewertung des diagnostischen
Procedere von groBem Interesse. Vor allem die Referate, die
die Leberdiagnostik zum Thema haben, zeigen, daB erhebliche
Verbesserungen erzielbar sind mit Einfthrung von schnellen
Gradienten-Echosequenzen, FluBkompensationsverfahren und
neuen Kontrastmitteln wie dem superparamagnetischen Eisen-
oxid in Erginzung zu dem bisher verwendeten Gadolinium-
DTPA. Abgehandelt wird auch die lokalisierte In-vivo-Spek-
troskopie der Leber, die neue Einblicke in biochemische Zusam-
mensetzung und den Stoffwechsel bietet, die mit konventionel-
len nichtinvasiven Methoden bisher nicht méglich sind. Die
GefdBdiagnostik mittels MRT, eine faszinierende Methode, die
erst am Beginn ihrer Entwicklung steht, ist ebenfalls Thema
eines Referats. Auch in der Diagnostik von Erkrankungen von
Milz, Nieren, Nebennieren und gyndkologischen Tumoren se-
hen die Referenten Vorteile fir die MRT, jedoch werden auch
die Greazen und die Uberlegenheit der Konkurrenzmethoden
aufgezeigt, z.B. im Bereich des Pankreas oder in der Diagnostik
des minnlichen Beckens.

Das Buch ist fur alle Radiologen wertvoll, die die Kernspin-
tomographie auch des Abdomens und Beckens durchfihren,
um bei dem schnellen Fortschreiten der Methoden den aktuel-
len Stand der diagnostischen Verfahren zu kennen und anzu-
wenden. L. Ziegler, D. Hahn (Minchen)
002321739100012M

W. Wiegand: Kernspintomographie von Auge, Orbita und Seh-
nerv. (Bicherei des Augenarzies, Band 122) Ferdinand Enke,
Stuttgart 1990. XII. 131 S, 352 Abb., 7 Tab., kart. DM 72,—

In der sehr klar gegliederten Monographie gibt der Autor
cine duBerst informative Ubersicht Gber Kemnspintomographie
(KST) in der Ophthalmologie.

In gut verstindlicher Weise werden zunichst die physika-
lischen Grundlagen der KST besprochen. Es schiieft sich ein
Abschnitt dber die Patentenauswahl und die Durchfiihrung
der KST an, dann ausfuhrliche Darstellungen der normalen
Anatomie, der Befunde bei intraokularen und intraorbitalen
Erkrankungen (140 KST-Untersuchungen bei 120 Patienten)
sowic von Artefakten. AbschlicBend wird der Stellenwert der
KST im Vergleich zu anderen bildgebenden Verfahren bespro-
chen, die ophthalmologischen Indikationen werden zusammen-
gefaBt sowie ein Ausblick in weitere Entwicklungen gegeben.

In allen Abschnitten gelingt es dem Autor, sowohl seine
Kompetenz flr diese Untersuchungstechnik als auch seine kriti-
sche Einschdtzung der KST im Vergleich zu den anderen bildge-
benden Methoden darzustellen. Bei den intraokularen und orbi-
talen Erkrankungen stellt der Autor ausfihrlich das - fir die
Differentialdiagnostik wichtige ~ Signalverhalten dar und fiihrt,
teilweise durch Literaturzitate belegte, Erklirungen fiir unter-
schiedliches Signalverhalten an bzw. weist auf die Korrelatio-
nen zwischen KST und pathologischen Gewebeveranderungen
hin. Winschenswert wire - wie fir die intraokularen Raumfor-
derungen - eine tabellarische Zusammenfassung der Kriterien
fur orbitale Erkrankungen. Die diskutierten Befunde werden
durch ausgezeichnetes und sehr informatives Bildmaterial er-
ginzt. Das Buch kann allen Ophthalmologen sowie interessier-
ten HNO-Arzten. (Neuro-)Radiologen und Neurologen schr
empfohien werden. G. Hasenfratz (Minchen)
0023217391000132Z
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Goetz, Freperick C., BeryL Z. GREENBERG, JoHn W. Maney,
RutH WiTTMERS, AND DEMETRE NICOLOFF. [ndirect mechanism of
insulin relecse jrom dog pancreas during infusions of p-ribose. Am. J.
Physiol. 227(3): 11538-1165. 197+ —p-Ribose causes insulin
release, but evidence for direct action on pancreatic beta cells is
contradictory. This suggests an indirect mechanism, possibly in-
volving liver or portal vein. Further acute experiments were car-
ried out: /) ribose infusions into hepatic artery and right atrium
were as effective as those into ponal vein in stimulating directly
measured pancreatic insulin output; pancreatic arterv infusion
was ineffective. 2) In Il cross-circulation experiments, arterial
blood from donor dogs receiving a dilute intra-atrial infusion of
ribose was led into pancreatic arteries of test dogs. Insulin output
of test dogs regularly increased within | min. 3) In 14 experi-
ments, isolated dog pancreas-plus-duodenum responded to per-
fusion of glucose but not ribose. #) After acute hepatectomy a
slight rise in peripheral vein insulin was seen during infusion of
ribose. It is concluded that ribose-induced insulin release in dogs
depends on an indirect humoral mechanism. It is suggested that
metabolism of ribose in various tissues, including red blood cells,
vields substances such as reduced pyridine nucleotides with direct
insulin-releasing properties. Glucose may share such a mechanism.

pentose; isolated perfused dog pancreas; hepatectomy; indirect
insulin-release mechanism

IT Was PREVIOUSLY SHOWN that small amounts of p-ribose
introduced intc the portal vein in dogs triggered the re-
lease of insulin from the pancreas (8). This occurred in
spite of a fall in arterial glucose levels and in the absence
of measurable levels of arterial ribose. Investigations of
ribose effects on peripheral blood insulin levels in dogs,
rabbits, and humans have shown that both oral and in-
travenous administrations of p-ribose are effective in caus-
ing insulin release (6, 9, 10, 24, 27, 28). The present paper
describes further investigations of the mechanism of in-
sulin release from the dog pancreas after ribose adminis-
tration.

MATERIAL AND METHODS

Cannulation techmiques. Healthy mongrel dogs weighing
about 20 kg were used. They were fed unmeasured amounts
of standard dog chow. Sodium pentobarbital was used for
anesthesia, and care was taken to insure adequate breath-
ing; artificial respiration was not required. Plastic can-

nulas (Teflon) were nlaced in a femoral artery for sampling
of systemic arterial blood and in other vessels as mention-d
in specific experiments.

Pancreatic venous hlood was obtained from a cannula
placed in the splenic vein, with ligatures placed so that
virtally pure pancreatic blood from the distal end of the
pancreas could be rollected. Blood flow was estimated by
direct measurement in a graduated vessel. The estimate of
parual pancreatic insulin output thus obtained was found
previously to be well correlated with total pancreatic in-
sulin output (8). This technique was more convenient and
sensitive than sampling of the more dilute pancreatico-
duodenal vein blood. The term “insulin output” is used in
this paper to indicate: partial pancreatic insulin output into
the splenic vein, as described here.

All infusions were carried out at a rate of 0.76 ml min
with a Harvard constant-infusion apparatus.

Assay methods. Insulin content of plasma was measured
by a double-antihody radicimmunoassay method pre-
viously described (7); as a reference standard a sample of
dog insulin with an assumed potency of 25 U/mg was used.!

All assays were performed in duplicate after coding of
the samples so that the technician performing the assav
was ignorant of their sequence in the experiment. As a
further precaution to insure objectivity, the assay results
were calculated by computer rather than by graph, with
use of a program devised by Meinert and McHugh (21).

Ribose and glucose concentrations in blood were inea-
sured by estimation of the reducing activity of the sample
(ferricyanide method, AutoAnalyzer), before and after
treatment of the sample with glucose oxidase-peroxidase.
Concentrations of glucose and ribose were then calculated
from standard curves for cach sugar. Recoveries of both
ribose and glucose were considered satisfactory (90-119%)
in the range 5-100 mg/100 ml, and concentrations of
ribose as low as 2 mg/100 ml were regularly detected in
experiments with standard solutions of ribose. Further-
more, comparisons of ribose recoveries with a2 method using
orcinol (29) showed good agreement up to concentrations
of 100 mg/100 ml of ribose. Above this concentration of
ribose, however, recoveries of both ribose and glucose were
erratic, with recoveries of glucose as iow as 60%% of the

! Dog insulin was kindly furnished by Dr. I. A. Mirsky of the Lni-
versity of Pitsburgh.
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theoretical value. The explanation for this Fﬁ'cct of high
concentrations of ribose on the glucose oxxdgsc mechod
was not apparent. Because of such discrepancies, concen-
trations of sugar in samples of high ribose content are
approximnate \'alL{cs or_ml,v. .

" A single lot of p-ribose (Mann Research Laboratories)
w-s used for all experiments. The purity of the p-ribose
. .: confirmed by thin-laver chromatography. It was also
Lsed as a reference standard for the assays of ribose in
plasma. Reagent grade bp-glucose (Merck) was used
throughout. A ' '

Infusion of ribose at various sites. To investigate the relative
effectiveness of several infusion sites, three experiments were
performed: . . . ‘

/) Ribose, 3.73 %, was infused directly into the hepatic
artery in three dogs, after a control period of isotonic
saline infusion.

2} Portal vein (A) and right atrium (B} ribose infusions
v re compared in eight dogs. Four dogs in the set received
d.+ infusions in the order A-B, and four dogs received the
infusions in the order B-A. This design allowed the elimi-
nation of the effect, if any, of the order of infusion on the
pancreatic insulin response. A relatively low concentration
of ribose was infused (I %c) to keep arterial ribose concen-
trations low. Since the minute output of insulin during the
initial period varied somewhat from dog to dog, the results
were analyzed by calculating the rato of insulin outpurt
during ribose infusion to that during the immediately pre-
c~"ing three control (saline) observations; significance of
¢ ‘srences between treatment groups was tested by analysis
ol variance.

3) In an exactly similar set of experiments, each dog
received paired infusions of ribose into the right atrium
and the pancreatic artery.

Rig'nt'atrial infusions were accomplished bv passing a
cannula through a femoral vein into the heart. The loca-
tion of the cannula tip was checked by inspectuon after
killing the dogs at the end of each experiment.

Cross-circulation experiments. The purpose of these experi-
m-nts was to test for the presence of a humoral insulin-
r- asing factor in the blood of dogs given an intravenous
(rizht atrial) infusion of ribose. Accordingly, in each experi-
ment two dogs were anesthesized and arterial blood from
the “donor’” dog was led through a plastic cannula into a
branch of the splenic artery supplying the distal end of the
pancreas of the *‘test’” dog, as shown in the schematic
drawing (Fig. 1).

Arterial pressure of the donor dog provided the flow.
Blood volume of the donor dog was maintained by circu-
lating blood back from the test dog by way of a cannula
frem the femoral artery of the test dog to the femoral vein
o’ ae donor dog. Insulin, glucose, and ribose concentrations
weoe measured repeatedly in the arterial blood of the donor
dog and in the arterial and pancreatic venous blood of the
test dog. Observations were made before and after establish-
ment of the cross-circulation, while the donor dog received
2 constant infusion of saline into the right atrium through a
tannula inserted through a femoral vein. The infused solu-
lion was changed to ribose, 1%, and further observations
were made 1, 7, 13, and 30 min after the ribose entered the
circulation of the donor dog. After a recovery period with
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F1G. . Schematic drawing of method of cross-circulation of arterial
blood from donor dog into pancreas of test dog.

saline infusion into the donor dog, the cross-circulation was
taken down and ribose, 1%, was infused into the right
atrium of the test dog.

Control experiments were conducted according to an
identical protocol, except that the donor dog received
simply a continuous infusion of saline into the right atrium
and no ribose. A coin was tossed to decide which were 10
be experimental (ribose) infusions and which were 1o be
control experiments.

Perfusion of isolated dog pancreas and duodenum. In 14 ex-
periments, the entire pancreas and adjacent portions of the
duodenum were removed from dogs and immediately per-
fused through the celiac arterial axis by the method
described by Idezuki and others (12). The perfusing solu-
tion was dog blood mixed with half its volume of Ringers
solution, with or without added amounts of ribose or glu-
cose calculated to raise the concentration of sugar to about
300 mg/100 ml. In three successive 15-min periods, the
organs were perfused with solutions containing /) glucose,
40 mg/100 ml; 2) glucose, 40 mg/100 ml, plus ribose, 300
mg/100 ml; 3) glucose, 300 mg/100 ml, without ribose.
The perfusion rate was held at 15 = 2 ml/min. Samples
of the effluent were taken at l- to 5-min intervals. The
whole effluent was analyzed for ribose and glucose. The
insulin content of the cell-free supernatant was determined
by immunoassay. Packed cell volume was measured on
each sample.

Ribose infusion and peripheral insulin levels in hepatectomized
dogs. For preliminary information on the effect of hepa-
tectomy on the acute insulin response to ribose and glucose,
a series of six experiments was carried out. In contrast to the
experiments described above, insulin concentration was
measured only in peripheral (femoral arterial) blood rather
than in pancreatic venous blood; therefore, no measure-
ments of minute output of insulin were possible. In healthy
dogs under Brevane anesthesia, an acute hepatectomy was
performed in one stage, with end-to-side anastomosis of
the portal vein to the vena cava. The approximate time
from induction of anesthesia to complete removal’ of the
liver was about 2 h; during this time an intravenous infusion
of glucose, 10 S, was maintained.

A few minutes after the removal of the liver, intravenous
solutions were infused in four consecutve 15-min periods
according to the following protocol: ) saline; 2) ribose
solution, 30%%; 3) saline; #) glucose solution, 30 %%.
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This protocol was accomplished in three dogs. In addi-
tion, three control experiments were carried out in which
the ribose infusion was replaced by a continuation of the
saline infusion in the second 153-min period.

RESULTS

Comparative ¢ffects on insulin oulpul of infusion of ridose at
various iites. Since infusion of ribose in small amounts into
the portal veins of dogs had beenshown tobe highlyeffective
in eliciting increased insulin output from the pancreas, it
was of interest to examine the effects of ribose infusion into
other blood vessels. First, ribose was infused into the hepatic
arteries of three dogs, after preliminary infusion with saline
solution (Fig. 2). In two of the three dogs there was an
immediate rise in insulin output as soon as ribose infusion
was begun, although the rise was much greater in one dog
than in the other. There was a prompt fall back to the base-
line insulin output when the ribose infusion was stopped.
In the third dog there was no clear change in insulin output
associated with ribose infusion. These results suggested
that the hepatic artery was just as effective a route of in-
fusion as the portal vein.

Nexi, a svsternatic comparison was made, in the same
eight dogs, of portal vein and right atrial infusions of
ribose, 17¢ (153 min), alternating with control periods of
saline infusion (30 min). The results are given in Table 14.
There was no rise in arterial ribose concentration in these
experiments. As expected from previous experiments, in-
fusion into the portal vein was accompanied by a highly
significant increase in insulin outpuc. However, infusions
into the right atrium were also accompanied by significant
increases in insulin output as compared to the appropriate
control period. In fact, the increases during atrial infusion
were slightlv greater than those seen during portal vein
infusion in the same animals. Analysis of variance also
howed that dog-to-dog variation was rather large in these
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TABLE 1. Comparison of mean insulin outbut (mU 'min, mean =
SE) from pancreatic veir during ribose or saline infusion
trto reght atrium and into pencreatic artery or portal vein

Infused Solution

Infusion Route

Saline Ribose

A) Infusion into right atrium os. infusion into portal cein (8 dogs)

Right atrium +.66 = 0.8+ P* = <.001 8.62 = 1.23
P = 047

Portal vein 4.73 £ 0.97 JPo= <001 7.40 = 1.5t
B) Infuston into right atrium vs. infusion into pancreatic artery

(8 dogs)

Right atrium 3..2 % 0.43 P = 08 5.45 % 1.09
R P = 19

Pancreatic 3.43 £ 0.66 P=1.0 3.39 = 0.50

artery

* All P values are from analysis of variance.

experiments, as is comumnonly seen, with very litde residual
unexplained variation.

In a second set of eight dogs, the identical plan was car-
ried out, this time comparing right atrial with the pan-
creatic artery route of infusion. Systemic (femoral artery)
blood ribose concentration did not rise during either ribose
infusion in any of the experiments. Pancreatic venous ribose
concentrations, on the other hand, rose promptly to levels
of 30 to approximately 130 mg/100 ml when ribose was
infused into the pancreatic artery.

Insulin output during control and ribose infusions into
these two sites are shown in Table 1B. During ribose in-
fusion into the right atrium, insulin output rose somewhat
over control values, while during pancreatic artery infusion
of ribose there was no apparent change in insulin output.
Analysis of variance showed that the results were somewhat
unexpected in that dog-to-dog variation was quite small,
whereas residual unexplained variation was large. As the
table shows, there was some overlap in the results. However,
the mean value for insulin output during right atrial infusion
approaches significant difference from that during the con-
trol period, whereas there was clearly no significant differ-
ence in the rate of insulin output during pancreatic artery
infusion as opposed to the control period. The right atrial
infusion gave a greater response on the average than the
pancreatic artery infusion, although by analysis of variance
the difference was not significant.

These results indicated that J) the portal vein per se is not
essential for the ribose effect; 2) direct infusion intwo the
liver also is not essential, since the right atrial route is
equally effecuve; 3) direct infusion into the pancreatic
artery, however, is not effective.

Cross-circulation experiments. The purpose of these experi-
ments was to test the following hypothesis: the intravenous
infusion of ribose is promptly followed by the appearance of
a factor (distinct from ribose) in the blood which enhances
insulin output from the pancreas. Since arterial blood
from the donor dog receiving the ribose infusion was cor-
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ducted into the pancreatic circulation of the test dog through
a plastic cannula, any influence on the insulin output
from the test dog's pancreas must necessarily be humoral,
not neural.

The changes in pancreatic insulin output in the cross-
circulation experiments are presented in Table 2. The dura-
-zn of the experiments was about three h, divided into
scven consecutive periods indicated by letters A-G. Two
groups of dogs were studied. The treatment of the dogs in
both group I (11 pairs) and group 2 (10 pairs) was identical
except during period D, when ribose, |, was infused at
the usual rate into the right atrium of the donor dogs in
group 1, whereas the group 2 donor dogs continued to receive
saline solurion.

In period 4, two base-line observations of pancreatic
insulin output were made. After placement of all cannulas
bt before opening of the cross<irculation, the mean insulin
<atput was approximately 7 mU/min in both groups of

TABLE 2. Cross-circulation experiments. femoral artery blood
of donor dogs tnlo pancreatic artery of test dogs

Insulin Output, mU/min, mean = SE

Time, Experi | Period
min Tpermental Fert Group 1 Group 2
A) Base line
0 7.0 = 1.4 58+ .9
i3 8.1 = 2.2 7.2 = 1.0*
16 B) Cross-circulation
on
31 9.0 % 1.6 59+ 1.0
46 12.8 = 2.0° 7.6 = 1.8
47 () Saline infusion into
donor dog
62 16.6 = 2.9 8.9 =1.5
77 18.9 & 3.8 10.1 = 1.5
78 D) Ribose (group |) or
saline (group 2)
infusion into
donor dog
79 28.5 % 6.1* 10.6 £ 1.6
33 28.3 £ 5.6 11 =18
93 27.8 = 6.3 116 =2.0
108 27.5 = 6.5 129 =% 2.3
109 £) Saline infusion into
donor dog
124 18.6 = 4.4* 13.0 = 2.4
139 21.9 % 5.1° 13.5 %.2.2
140 F) Cross-circulation
off; saline infu-
sion into test dog
1535 9.5 £ 2.6 7.4 %= [.5%
170 10.8 = 2.5 7.8 % 1.6
171 G) Ribose infusion
into test dog
178 28.2 + 4.8 4.3 = 3.0*
186 27.6 = 5.4 17.2 = 3.6

Mean pancreatic vein insulin output in test dogs is shown during
ribose or saline infusion into donor dogs. Groups ! and 2 were
treated identically except for period D. Group I, n = 11. Group 2,
n o= 0. * Differs from preceding sample (P < .02, paired ¢
test, t Differs from preceding sample (P < .05, paired ! test).

dogs, and there was no significant difference in the output
between the two groups. At the beginning of period B, the
arterial cross-circulation was opened. Thirty minutes later,
at e beginning of period C, an infusion of saline solution
was begun into the donor dogs through a cannula reaching
the right atrium through a femoral vein. Insulin output at
62 and 77 min was clearly higher than in period A in both
groups of dogs. However, the mean output in group ] test
dogs was significantly higher (P < .05) than in the group 2
test dogs at both 62 and 77 min. No explanation for this
difference could be found. Since previous diet was not
quantitatively controlled, one possible explanation for dif-
ferences in insulin output between the two groups of dogs
could be fluctuations in carbohydrate intake before the
study (26).

Period D was the crucial one, in which ribose was infused
into the group / donor dogs. One minute after the start of
this infusion (79-min sample), there was a sharp increase
in insulin output from the pancreas of the corresponding
test dogs, significantly different from the output | min
before the ribose infusion was begun (77-min sample). In
contrast, the insulin output in the group 2 test dogs showed
no change. This difference was sustained through the 30
min of period D (85-, 93- and 108-min samples).

At the beginning of period E, saline infusion into the donor
dog was continued or resumed. In the group 1 dogs, the
insulin output dropped back to the level before the ribose
infusion; in the group 2 dogs there was no change at this
time. In period F, the cross-circulation was turned off and
saline infusion was begun into the right atrium of the test
dog. In period G, ribose, | %, was substituted for saline in-
fusion in both groups of test dogs. Both groups showed an
increase in insulin output at 178 min to a level at least
double that at 170 min. This change indicated that the test
dog pancreases were still responsive to ribose at the end
of the experiment. ’

Ribose, glucose, and plasma insulin were measured in
arterial samples from both donor and test dogs taken at the
same time as the pancreatic vein samples from the test
dog. There was no detectable increase in nonglucose-re-
ducing substances (which would include ribose) during the
period of ribose infusion. Arterial insulin concentration
rose somewhat in the donor dogs during the ribose infusion,
the highest mean value being 82 = 27 4U/ml (mean = SE)
of plasma as compared to the base-line mean value of
35 =5 (05 < P < .1, paired ¢ test). In conrrast, mean
arterial insulin in the donor dogs receiving saline remained
stecady at about 25 == 4 uU/ml. The change in insulin con-
centration in the experimental dogs’ arterial plasma was
interpreted as reflecting the response, as expected, of the
donor dogs’ own pancreases. However, it was a trivial
change in comparison to the change in mean insulin con-
centraton in pancreatic venous blood in the test dogs
(from 6,400 wo 10,200 xU/ml) and could not account for
the change in insulin output which was observed. Arterial
glucose concentrations remained unchanged throughout
the experiment in both sets of dogs. However, the initial
glucose concentration in arterial blood of the test dogs was
somewhat higher in the group 2 (102 + 8 mg/100 ml) than
in the group 7 dogs (83 = 5) (.05 < P <..1).

These results indicated that a factor capable of inducing
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immediate insulin release is present in arterial blood
within 1 min after the beginning of intra-atrial infusion of
ribose and that the factor is not ribose itself.

Direct perfusion of isolated dog pancreas “and duodenum with
ribase arnd glucose. Insulin and sugar concentrations in the
effluent from 14 perfusion experiments are shown in Fig. 3.
Packed cell volume remained constant throughout ecach
experiment. Since flow rate was also constant, the concen-
trations of insulin noted were a direct reflection of the minute
output of insulin from the pancreas.

Insulin output fell during the first 153 min of perfusion in
most of the experiments, with a glucose concentration of
about 40 mg/100 ml. During the second 13 min, when
ribose concentration was rising from 0 w approximately
250 mg/100 ml, insulin ourput remained constant or fell
further in all but two experiments. During the final 15 min,
during which glucose concentration rose from about 40 w0
approximately 250 mg/100 ml, insulin concenrration rose
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in all experiments, showing that the preparation was gj|
responsive.

These results indicated no effect of ribose on ingy]
secretion by isolated perfused dog pancreas.

Ribose infusion and peripheral insuiin levels in hepatectomi -y
dogs. Levels of insulin and of ribose and glucose in s
hepatectomy experiments are shown in Fig. 4.

In all six experiments, plasma insulin fell in the firs; ;2
min following hepatectomy. The amount of change varisc
from dog 1o dog, but roughly it corresponded to the
moderate fall in blood glucose observed in most animals
In the three dogs which received an infusion of concentrated
ribose solution (30 %) during the second 153-min period
after hepatectomy, the fall in arterial insulin concentration
was interrupted by a slight rise. The fall was resumed when
ribose infusion was stopped. In the three control experi-
ments, no change in insulin level was observed during the
corresponding periods. In the final 13-min period, plasma
insulin levels rose distinctly in five of the six dogs during
an infusion of concentrated glucose (30°%). This response
confirmed the sensitivity of the islets to stimulation.

Although the number of experiments was small, it was
concluded that the liver is not essential for the stimulation
of insulin release by ribose or glucose.

ir

DISCUSSION

The aim of the present study was to investigate the
mechanism of the previously observed insulin release from
the pancreas after administration of p-ribose.

The probability that insulin release is not the result of
direct stimulation of the beta cell with p-ribose is indicated
by both the in vivo and in vitro experiments reported here.
Direct pancreatic arterial infusion, in vivo, was not effec-
tive in causing release of insulin. Also, on direct exposure
of isolated dog pancreas to rising ribose concentrations (up
to 250 mg/ 100 ml or more), there was no increase in insulin
secretion.

The final effect on the pancreas itself was shown to be 2
humoral rather than a neural effect. In cross—circulation
experiments where there was no neural connection berween
the donor dog and the responding pancreas of the test dog,
there was immediate insulin release within | min after the
beginning of the intravenous infusion of ribose. (A neuro-
humoral mechanism, involving rapid release of a beta-
cell stimulator from the hypothalamus or other neural tissue,
is a possibility which we could not test.)

It is not clear why ribose leaving the pancreas in the direct
pancreatic artery infusions (Table 1) did not lead to insulin
release. One theoretical possibility is that concentrations
of ribose above a critical level may actually directly inhibit
insulin release from the beta cells, but we have no evigence
for this.

The liver is not necessary for the insulin-release mecha-
nism to be activated, though it may stll be considered as
one of the sites of activation. This was demonstrated in w0
studies. Infusion into the right atrium of the heart prO\'f.d
to be as effective as portal vein infusion in producing insulin
release. In preliminary experiments with acutely hepatec”

-tornized dogs, the ribose effect was sull present.

It is of interest 1o review the work of other investigators i
regard to the question of the ability of ribose to stimu:3i€
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TaBLE 3. Review of studies of insulin release frem isolated
parcreas preparations after ridose stimulation
Sugat Cancan
mg/ 100 eni .
& Pancreas Insulin
Autbor ~pecies Preparation Response
Glucose - Ribose
: |
Asherolt et 2l (3 Mouse Isiers - 0 1 3¢C0 No
Grodsiy Rat . Perfused 0 300 No
: . pancreas . !
Maiaise et al. {16) ‘ Rat . Pieces 30 270 | No
I ] f | | (Suppres-
| . 3
, H | ; wmon? )
i : :
Matlatue and { Rat Piecen : 0 . 2% | No
Malasse-Lagae ! ! ! 50 ! 2% | No
as: | I ! 100 . 250 ; No
: , 150 1 250 ! Yes (addi-
! ' 1 tive)®
! i 300 250 ;| No*®
‘ ‘ 300 : 250 No*
: ' | :
Montague et al. (22, T Rac ! Isleta 1 o ! 300 ° Yes
23) ; . i |
[ i ! !
Coore and Randle | Rabbit | Pieces . 0 ; 1300 . Neo
i) ! ' |60 [ 300 | No
‘ . 300 ! 300 No
| !
Goetz et al. ' Dog Perfused ! 40 0-250 i No
[ pancreas ' ‘ i

* Glucose coanrtrols increased over basal.

glucose administration, followed by a serum insulin re-
sponse 10 min after glucose. On comparing this slow time
course of insulin release with the immediate (within | min)
response in the ribose cross-circulation experiments, we
conclude that a gut factor is at most a minor contributor
to ribose-induced insulin release.

As an alternative, it is proposed that the beta—cell trigger
is a small molecule directly associated with or resulting from
the metabolism of ribose in extrapancreatic tissues. Ribose
is metabolized by mammals, presumably through the
pentose phosphate shunt and presumably after phosphoryla-
ton by ribokinase. There is direct evidence that, along
with the liver (1), the red blood cells, at least in man, pig,
and rabbit (19), are capable of actvely metabolizing
ribose. Blood is the one substance that is common to all
organs and tissues along the vascular pathway between
the portal vein and the pancreas. Since the red blood cells
are able to metabolize ribose, this would mean that any
factor involved in the metabolic pathway of ribose metab-
olism could be implicated in the release mechanism of
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Sustained Hypoglycemia in Response to Intravenous
Infusion of D-Ribose in Normal Dogs
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TosHio TSUSHIMA?, Minoru IRIE? anp Geza HETENYI, Jr2
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Shinjuku-ku, Tokyo 160, Japan, *T he Third Department of Internal
Medicine, Fuculty of Medicine, University of Tokyo, Hongo,
Tokyo 113, Japan, and *Department of Physiology, Faculty
of Medicine, University of Ottawa, Ottawa, Ontario,
Canada, KIN 6N5

Synopsis

The intravenous infusion of D-ribose to normal, nonanesthetized and anesthetized
dogs at a rate of 3 mg/kg-min produced a sustained hypoglycemia. The mean blood
glucose concentration decreased to a level about 30mg/d/ below the fasting level in
45 min after starting D-ribose infusion and remained at the same level until the
infusion was discontinued. After stopping the infusion the blood glucose concentra-
tion returned to the preinfusion level in about one hour.

The plasma IRI (immunoreactive insulin) concentration in pancreatic efuent blood
in anesthetized dogs increased rapidly, peaked within 5-10 min and then declined
gradually, but remained above the basal level during the sustained hypoglycemia.
The plasma IRI concentration in pancreatic efluent blood declined further below the
basal level after stopping the infusion. In mixed blood an essentially similar pattern
in time course of the plasma IRI concentration was abserved in both nonanesthetized
and anesthetized dogs.

No change in the plasma IRG (immunoreactive glucagon) concentration in pan-
creatic effluent blood and the plasma CGH (canine growth hormone) concentration
in mixed venous blood was observed during or after the infusion of D-ribose.

The invariable occurrence of hyperinsulinemia during the period of progressive
fall of blood glucose and sustained hypoglycemia suggests that insulin release is
essential for D-ribose-induced hypoglycemia. Glucagon and growth hormone do
not seem 10 play a role in producing a sustained hypoglycemia to prevent further
progress of hypoglycemia by increasing their concentration in the blood. The pattern
of insulin release during D-ribose infusion suggests the occurrence of the suppression
of D-ribose-stimulated insulin release by the fall of blood glucose below the fasring
level, which produces a sustained hypoglycemia at a certain level.
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It has been reported that the intravenous
infusion of D-ribose at a rate of 1.9 to 3
mg/kg-min into nonanesthetized normal dogs
causes hypoglycemia (Hetenyi and Ishiwata,
1968). It was concluded that this effect was
due to the release of extra insulin, since
D-ribose did not affect either the concentra-
tion or the turnover rate of blood glucose
in pancreatectomized dogs which were

1
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maintained on a matched intraportal infusion
of insulin (Ishiwata et al., 1969).

In our first report (Hetenyi and Ishiwata,
1968), an increase in the plasma insulin
concentration in mixed venous blood was
observed in only 2 out of 5 experiments,
and only during the initial 20 minutes of
the D-ribose infusion. Moreover, the course
of hypoglycemia during the infusion of D-
ribose suggested that blood glucose would
reach a low but steady level if the infusion
of D-ribose was to be continued longer.
Comparing this leveling off of blood glucose
with the changes in the plasma insulin
concentration, it appears that there is an
rapid increase in insulin release during the
initial period of p-ribose infusion. This
rapid increase is followed by a somewhat
diminished but still higher than basal rate
of insulin secretion as long as ribose is
being infused. This pattern of insulin secre-
tion leads to a steady, low level of glucose
in blood.

The purpose of the experiments is to
test this hypothesis and at the same time
to study the possible roles of glucagon
and/or growth hormone in producing this
hypoglycemia.

Materials and Methods

Animals and surgical procedures

Healthy mongrel dogs fed with a standard dog
chow and weighing 10 to 17kg were used. The
dogs to be used without anesthesia were trained for
a week or longer 10 stand quietly in a Paviov stand
during the experiment. They were made to fast
for about 20 hr prior to the experiment. In the
experiment in the morning (8:30 a.m.) a plastic
catheter for sampling mixed venous blood was
inserted into the inferior vena cava via the saphe-
nous vein, with the tip below the entry of the
hepatic vein. Another plastic catheter for the
infusion of D-ribose was inserted into the cephalic
vein under Jocal anesthesia.

The dogs to be anesthetized for the experiments
were also made to fast for about 20 hr prior to the
experiment. At 8:30 a.m., sodium pentobarbital
(25 mg/kg) was injected intravenously. A catheter
for sampling pancreatic venous blood was placed

ISHIWATA er al.
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into the superior pancreaticoduodenal vein via the
right gastroepiploic vein (Kuzuya and Kanazawa,
1969). Ligatures were placed on the main duoder-al
branch of the superior pancreaticoduodenal vein in
order 10 reduce dilution by blood coming from the
duodenum. The pancreatic branch of the splenic
vein was also ligated in order to reduce drainage of
the venous blood from the pancreas to the other
vessels, The abdominal wall was closed, leaving
the end of the catheter outside the abdominal wall.
Catheters for sampling mixed venous blood and for
infusion were inserted into the vena cava inferior
via the right femoral vein, and the cephalic vein
respectively. After surgery, the dog was laid on its
right side.

Blood samples were taken according to a pr-a-
determined schedule. The blood loss was replaced
by administering the same amount of saline, and
the catheters were filled with heparinized saline.
The total amount of heparin taken in by this pro-
cedure throughout the experiment was less than
1500 U. Supplementary injections of sodium pen-
tobarbital (5 mg/kg each time) were given during the
experiment when necessary.

Experimental design

All the experiments strictly followed the sa—e
time pattern, except for the period following the D-
ribose infusion. During the initial [00-min period.
saline was infused. This was followed by an infu-
sion of D-ribose for 140 min. Thereafter, saline was
again infused for 60 or 120 min. All infusions were
given with the help of a Harvard constant-infusion
pump at the rate of 0.34 or 0.48 m//min, depending
on the weight of the dogs.

Material

A single lot of D-ribose (Takeda Chemical Industry
Company, Ltd., Osaka, Japan) was used for all e
experiments. It was supplied as a 50 per cent solution
for injection in glass ampules and was diluted with
saline to a suitable amount when used.

Assay mnethods

The blood samples were put in glass tubes coated
with heparin and stored in an ice-water bath until
centrifugation. The plasma samples were kept {rozen
at —20°C.

Blood glucose was determined by the glucose oxi-
dase method (Blood Sugar-Test, Boehringer, Manhe'm
GmbH) after the deproteinization of the whole blc d
according to Somogyi (Somogyi, 1945). D-Ribose was
determined by the method of Roe and Rice (1948)
after the deproteinization of the plasma according
to Somogyi. Free fatty acid (FFA) was determined
as has been described by Elphick (1968), with minor
modifications.
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The plasma insulin concentration (IRI) was de-
r—ined by the double-antibody radioimmunoassay
me od. using a reference siandard of canine insulin
(K-.azawa ef al., 1966). The plasma glucagon con-
centration (1RG) was measured by the double-antibody
radioimmunoassay method (Kajinuma er al.. 1975),
s using a reference standard of porcine glucagon (Eli

The rabbit

anri-porcine glucagon antiserum used was the same

- 1e

3 as that previously used by Kaneto and Kosaka (1971).

Despite some crossreactivity with an intestinal

s glucagon-like substance, the technique was shown
g 10 be able 10 detect an increase in the pancreatic

efluent plasma IRG concentration in response (o
the ‘nfusion of arginine (Kaneto and Kosaka, 1971).
Tt plasma growth hormone concentration (CGH)

-~ was Jetermined by thedouble-antibody radioimmuno-

assay method, using a reference standard of canine
growth hormone (Tsushima er al., 1971).

Blood glucose, plasma FFA, plasma CGH, and
hematocrit were determined in mixed venous biood.
Plasma IRG was determined in pancreatic venous
blood. Plasma IRI was determined in both mixed
and pancreatic venous biood.

The paired ¢ test was employed for the statistical
analysis of the difference in the means of paired

samples.

Results

Effects of intravenous infusion of D-ribose
in nonanesthetized dogs

The effects of the intravenous infusion
of D-ribose were observed in 6 nonanes-
thetized dogs. Fig. | summarizes the re-
The blood glucose concentration be-

sults.
gz to drop within 10 min and reached a
low.. steady level within 45 min. Ten min

after the termination of the infusion, the
*blood glucose concentration began to rise
again and reached the basal level in about
60 min. The mean fasting blood glucose
concentration (X+S.E.M., the mean at 60
min to 100 min) was 83.0+0.11 mg/d/ and
the mean blood glucose concentration during
the sustained hypoglycemia (X+S.E.M. at
16" min to 240 min) was 51.7+0.37 mg/d!.
{he ribose concentration in the plasma
rose to around 10 mg/d/ during the infusion,
but fell rapidly after the infusion was
stopped. The plasma FFA concentration
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showed a marked individual variation, but
appeared to decrease transiently during the
first 20 min of the infusion.

In mixed venous blood, the plasma IRL
concentration rose immediately after the
infusion was started. It reached its peak
within 5 to 10 min and then began to
decline, reaching near the basal level be-
fore the end of the infusion. The plasma
CGH concentration determined in 4 dogs
did not change significantly. The hem-

[TRibose 3Imgikg.min |
t

Blood Glucose

ng/mi
6

2

% ‘ |

SOy
@0 b! E i ev o 4 H !:,::
L. i

303 —r B v ooy
0 20 40 60 80 Y00 20 %0180 WO 200 220 X0 60 280 00

min.

Fig. 1. Effects of the intravenous infusion of D-

ribose at a rate of 3 mg/kg-min on blood glucose,
plasma FFA, IRI and CGH, and hematocrit in
nonanesthetized dogs. All values represent the
mean*S.E.M. Significantly different from the
value at 80 min, < at P<0.05, § at P<0.01.
Significantly different from the value at 270 min;
t at P<0.05, ¢ at P<0.01.
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atocrit decreased slightly during the experi-
ment.

Effects of the intravenous infusion of
saline in anesthetized dogs

Saline was infused for 360 min into
6 anesthetized dogs. Fig. 2 summarizes the
results. The blood glucose concentration
fell slightly during the initial 80 min, but
returned to its basal level by 100 min.
The concentrations of plasma FFA, plasma
IRI and IRG (determined in 4 dogs) in
pancreatic venous blood, and the hemato-
<rit followed similar courses. The plasma
IRI concentration in mixed venous blood
did not show any change during this period.

After the first 100 min of the in-

mgml

n Bloogd Glucose :
1@‘7} Ww
% 3

~Ean

100

imi Plawma R1
);UO} ainter. Yera Cava

20
10

Pigyma | R}
Himl e uperior
Pancreatco~
400{ ducaena Yein

b ]

0 10 40 60 #0 100 120 W0 %3 160 X 220 X0 20 280 10 IO X0 WD
min,
Fig. 2. Changes in blood glucose, plasma FFA, IRI
and IRG, and hematocrit during the intravenous
infusion of physiological saline in anesthetized
dogs. All values represent the mean=S.EM.
Significantly different from the value at 80 min (or
100 min for hematocrit) » at P <0.05.
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fusion the plasma FFA concentration began
to rise and continued to rise until th. eng
of the experiment, but no other compoaeny
showed any appreciable changes.

Effects of the intruvenous infusion of
D.ribose in anesthetized dogs

The effects of the intravenous infusjog
of p-ribose were followed in 12 dogs (Figs.
3, 4). The concentrations of blood glucose,
plasma ribose, plasma FFA, plasma IR],
and the hematocrit were followed in 27! |2
dogs. In 4 of the first 6 dogs, the piasma
CGH content in mixed venous blood was
also followed (Fig. 3). In the other 6 dogs,
the plasma IRG content was determined
in pancreatic venous blood and experiments
were carried out for a longer period after
stopping D-ribose infusion (Fig. 4).

Changes in the concentration of blood
glucose, plasma ribose, and plasma IRI in
mixed venous blood and the hemcz ocrit
were similar to those observed in nonanes
thetized dogs. The mean fasting blood
glucose concentration (X+S.E.M., the mean
at 60 min to 100 min) was 90.9+0.23 mg;d/
and the mean blood glucose concentration
during the sustained hypoglycemia(X+S.E.M.
at 160 min to 240 min) was 59.1+0.18 mg/d/
in 12 dogs. The blood glucose was restored
to a slightly higher level than the preinfu-
sion level from the sustained hypogly:emia
at the end of the experiments carried out
for the longer period (Fig. 4).

The plasma FFA concentration fell slight-
ly around 30 to 40 min after the initiatiod

of p-ribose infusion, then it began to ris

until the end of the experiments (Figs. 3, 4}
The plasma IRI concentration in mix
venous blood and pancreatic venous blood

rose immediately after the infusion of o= '

ribose was started and reached its peak
within 10 min (Figs. 3, 4). The plasma IR
concentration in pancreatic venous blood 18

the first 6 dogs (Fig. 3) had already begu? /

to rise at the time of imitiation of D-ribo%
infusion. The rise was due to the untow
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en:. - of D-ribose into the circulation due
to the starting of the p-ribose infusion two
and a half min prior to the planned time

B i order to compensate for the dead space
 of the catheter for D-ribose infusion. No
such increase was observed in the latter
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Fig. . Effects of the intravenous infusion of D-
ric.se at a rate of 3 mg/kg-min on blood glucose,
plasma FFA, IRI and CGH, and hematocrit in
anesthetized dogs (I). All values represent the
mean+S.E.M. Significantly different from the
value ar 80 min » at P<0.05, % at P<0.0l.
Significantly different from the value at 270 min,
T at P<0.05, $at P<0.0L.

D-RIBOSE-INDUCED HYPOGLYCEMIA

167

experiments (Fig. 4) using a device for
minimizing the dead space of the tubing.

A lesser but apparent elevation of the

plasma IRI copcentration in both mixed
and pancreatic venous blood was seen dur-
ing the lawer half of bp-ribose infusion.

Pasma 1N
in Superior
Pancreatico=
aundenal Yein

|

0 -
H

ng/mi |
. %{————'—"
o.s] P + S
: | |

H |
“’}.g . . :
40 o o o O e —
0 1 :

0 20 &0 50 80 100 120 %0 €0 B0 200 R0 AT FO 20 X0 I 0 B W0
mn

Fig. 4. Effects of the intravenous infusion of D-

ribose at a rate of 3 mg/kg-min on %!nod glucose,
plasma FFA, IRI and IRG, and hematocrit in
anesthetized dogs (II). All values rcpresent the
mean+S.E.M. Significantly different from the
value at 80 min e at P<0.05, at & P<0.01.
Significantly different from the value at 270 min,
t+ at P<0.05, t at P<0.0L.
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After the termination of p-ribose infusion,
the plasma IRI concentration in both mixed
and pancreatic venous blood was decreased
and then, seemed to fall further to the lower
levels than those before D-ribose infusion.
The plasma CGH and plasma IRG con-
centration did not change significantly
throughout the experiments.

Discussion

It was confirmad in both nonanesthetized
and anesthetized dogs that the intravenous
infusion of D-ribose at a rate of 3 mg/kg-min
promptly produced a sustained hypoglycemia.

The restoration of the blood glucose to
a slightly higher level than the preinfusion
level from the sustained hypoglycemia (Fig.
4) may be an apparent one caused by a
decrease in the hematocrit, since the blood
glucose concentration was measured with
whole blood.

The hypoglycemia seemed to be pro-
duced by the release of insulin, because of
the invariable occurrence of hyperinsulinemia
in both pancreatic efluent blood and mixed
blood during the period of progressive fall
of blood glucose and sustained hypogly-
<cemia. This was also supported by the fact
that the recovery from hypoglycemia was
associated with the decrease of plasma IRI
in mixed blood and in pancreatic effiuent
blood. The discrepancy in insulin responses
in the mixed blood between this report and
the first report (Hetenyi and [shiwata, 1968)
may be explained by the difference in the
sensitivity of the radioimmunoassay for in-
sulin.

The fall of IRI release after the initial
phase of D-ribose infusion may be caused
by the fall of blood glucose. The concent-
ration of plasma ribose (the primary stimulus
of insulin release) remained at the same
level or rose slightly higher during this
period. It has been reported that the fall of
blood glucose inhibits the endogenous insulin

Endocrino!l. Jg
April 1978 PO

secretion and also the glucose-stimi areq
secretion of insulin during fish-insuiia-jp.
duced hypoglycemia (Sando er «l., 1970,
There is another possibility that this patter
of insulin release is produced by the mech.
anism similar to that which produces the
biphasic response to a rise in blood giucose
(Kanazawa et al., 1968; Grodsky et uf.,
1969), if the pancreatic S-cells respond 1o
p-ribose as they respond to giucose. How.
ever, the progressive suppression of i=:ilin
release caused by the progressive fill of
blood glucose seems to better explain the
establishment of a sustained hypoglycemia
at a certain level. Namely, the steady
hypoglycemic level attained during D-ribose
infusion may be determined by a balance
between the secretagogue stimulus of b-
ribose and the inhibitory effect of hypogly-
cemia on the pancreatic j5-cells.

FFA seemed to have no apparen: -ole
in the regulatory response to hypoglycemia.
The course and degree of hypoglycemia was
the same in nonanesthetized and anesthetized
groups, despite the differences in FFA changes
in these groups.

Growth hormone and glycagon did not
appear to be mobilized by Dp-ribose-induced
hypoglycemia. These findings seem to in-
dicate that the recovery from hypoglycemia
of this degree may occur without incre:sing
these hormones. In contrast, these hor-
mones are reported to rise in severe insulin-
induced hypoglycemia in dogs (Tsushima
et al., 1971 ; Ohneda et al., 1969). Whether
the lack of CGH and IRG responses merely
means that the degree of hypoglycemia was
insufficient or is specific to D-ribose-induced
hypoglycemia remains to be elucidated.

Although it has been established -hat
p-ribose releases insulin, controversy still
remains as to whether or not the release
of extra insulin is the sole cause of the
hypoglycemia. The conclusion - that the
amount of insulin released was insufficient
to account for the hypoglycemia has been
drawn mostly from the observations of the
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" diminish its glucose production.

changes in the insulin concentration in
peripheral blood (Ginsburg et af., 1970;
Goodman and Goetz, 1970; Steinberg et al.,
1967 and 1970; Hetenyi and Ishiwata, 1968 ;
Sloviter and Petkovic, 1969) which do not
seem to be sensitive enough to provide
satisfactory information concerning the small

- amount of insulin release from the pancreas.

M --eover, it seems to have been influenced
by . tendency to underestimate the efficacy
of insulin released into the pancreatic vein
so that it can act effectively on the liver to
The dis-
crepancy in timing beween insulin release
and hypoglycemia seems to be explained by
the above reasons and also by the suppres-
sion of insulin release in response to hypo-
glycemia. After these considerations our
res!ts seem to support the view that the
re. se of insulin can be the sole cause of
the aypoglycemia.
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Effect of D-glucose or D-ribose on the Turnover

of Glucose in Pancreatectomized Dogs Maintained

on a Matched Intraportal Infusion of Insulin

K. Ishiwata. M.D., Ph.D., G. Heten~t, /r., \I.D., Ph.D.,
and M. Vranic, M.D., D.Sc., Toronto

SUMMARY

It was found previously that in normal dogs D-glucose
or D-(.)-rihnose decrease the rate of endogenous {hepatic)
glucose production. To investigate whether this effect is
due to the release of extra insulin only, or to other factors
as well, the following experiments were performed: Endo-
genous insulin secretion was replaced by intraportal porcine
or canine insulin infusion of 200 .U, kg.. min. in conscious
dogs. Such an insulin infusion commenced at time of re-
moval of the remnant pancreatic autograft was able to
maintain unchanged the plasma glucose level and the
tracer determined glucose production and utilization. Three
main conclusions emerged from this studv: (1) Since an
infusion of D-f.)-ribose did not affect concentration
and turnover rates of glucose. it was concluded that ribose
affects glucose metabolism only through an increase of
the rate of insulin secretion. (2% The endogenous glucose
production did not decrease in response to a glucose infu-
sion at two thirds to twice the basal normal glucese pro-
duction, even when the concentration of glucose in plasma
exceeded 200 mg./100 ml. It is concluded that the release
of extra insulin is indispensable for the regulation of
glucose production in the normal dog. 131 The utilization
of glucose rose in proportion to its concentration in the
plasma in the absence of any change in the rate of insulin
supply. DiaseTes 18:820-27, December. 196Y.

The intravenous injection or infusion of D-ribose has
been shown to decrease rhe concentrarion of glucose
in the blood plasma of normal animals** and humans,?
but not in pancreatectomized dogs' or diabetic pa-
tients.* This finding has been interpreted as an effect
of ribose on the rate of release of insulin from the

From the Department of Physiology, University of Toronto,
Toronto 181, Oatario, Canada.
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bera cells of the islets of Langerhans. This interpretation
has been corroborated by the results of the experiments
of Steinberg et al® who found an increase in the
plasma insulin level during the infusion of ribose in
dogs, and also by the demonstration of an effect of
ribose on isolated beta cells in vitro by Montague et
al.® Whereas there is little doubt that ribose indeed
releases insulin from the pancreas in the inract animal,
a discrepancy berween the apparent amount of the in-
sulin released and the extent and duration of the ensu-
ing hypoglycemia has been noticed®® Although the
effects of ribose on the time course of the changes in
rates of endogenous glucose production and over-all
glucose utilization have been successfully simulated by
an intraporral infusion of canine insulin in dogs,! con-
siderable doubt remained about the existence of a
second effect of ribose interfering with the compen-
satory increase of (heparic) glucose production during
hypoglycemia.

The aim of the experiments to be described was to
investigate the effect of the infusion of ribose on the
plasma coacentration and the rurnover of glucose in
dogs in which the pancreas has been replaced by an
infusion of insulin into the portal vein at a matched
physiological rate.” If ribose has the same effects in this
preparation as in normal dogs, this proves the existence
of a mechanism dependent on the presence of phvsio-
logical amounts of insulin but not upon the release
of extra insulin. If, on the other hand, ribose has no
effects, (as it has no effect in diabetic animals), its
entire effect could be accounted for by the release of
extra insulin. If such be the case, the reported®® dis-
crepancy berween the rate of insulin secretion and hypo-
glycemic activity has to be due to differences berween
the effects of endogenous insulin secreted into the porta!

DIABETES, VOL. 18, NO. 12
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vein and of heterologous insulins injected by other
routes.

Since the injection or infusion of glucose has been
reported to decrease endogenous (heparic) glucose pro-
duction in both normal®® and pancreatectomized® dogs,
the effect of an intravenous infusion of glucose has also
been investigated on all dogs on which the effect of
ribose has been tested. In two additional experiments it
has been attempted to obtain more detailed information
about the effect of glucose; in this way we expected
to obrain an answer to the question of whether glucose
infused intravenously at refatively moderate rates is able
to decrease the rate of hepatic glucose production with-
out the release of extra insulin.

METHODS

Animal and surgical procedures

All experiments were carried out on nonanesthetized
dogs trained to stand or lie quietly in a Pavlov stand
during the experiment. Partial pancreatectomy and the
exteriorization of the uncinate process of the pancreas
into a subcuraneous pouch was carried out under general
anesthesia six days prior to the experiment as described
by Rappaport et al.'* At the same time a vinyl catheter
filled wich heparin was inserted into a tributary of the
splenic vein pointing towards the portal vein. The post-
operative care and diet of the operated dogs has been
described previously’ On the dav of the experiment
three more plastic catheters were inserted under local
(procain) anesthesia, two of these into each one of the
cephalic veins for the infusion of the tracer and the
sugars respectively, the third introduced into the vena
cava (with the tip below the entry of the heparic veins)
via the saphenous vein. This catheter was used for the
collection of blood samples.

After the insertion of the catheters the uncinate process
was removed under local anesthesia and an infusion of
insulin® ac the approximarte rate of 2¢co wU./kg./min.
into the porta[ circufation was started immediately.”

Porcine insulin was used in che first six, and canine
in the additional two experiments. The animal was
then transferred into the Pavlov stand and the experi-
ment started after a sixry-minute period of equilibra-
tion.

Experimental design
All but the two experiments to be described subse-

*The solution infused was 4o mU., ml. insulin and 5 mg./
ml. of gzelatin (Upjohn Co., Kalamazoo) in an acid-saline
solution of pH 3.9-4.5. Thus the bindiag of insulin to glass-
ware and tubing was prevented.
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quently strictly followed the same design. They con-
sisted of four sequential periods of ninery, sevency,
eighty and sixcy minutes, in this order. During the first
and third period 0.9 per cent NaCl was infused, during
the second and fourth the infusion was changed rto
ribose (3 mg./kg/min.) or glucose (1.8 mg/kg.’
min.). In the first three experiments ribose was infused
in the second, and glucose in the fourth periods. In
the fourth, fifth and sixth experiment this sequeace
was reversed. Minor adjusuments in the rate of the in-
fusion of insulin were carried our early in the first
period if che blood sugar level, estimated by 2 Dextrostix
(Ames) test, warranted it. All infusions were given at
a constant rate with help of Harvard or Sage infusors.

In two experiments 0.9 per cent saline was infused
during the firsc and fourth periods and glucose in the
second and third. (In these experiments both middle
periods lasted eighty minutes. The rate of glucose in-
fusion was 1.9 and 2.6 mg./kg./min. respectively in
the second periods and was doubled in the third periods
in both experiments.

Tracer methods and calculations

Rates of endogenous (heparic) glucose production
(“rate of appearance” R,) and urilization (“rate of dis-
appearance” R, were calculated by the method of
primed infusion of tracer according to Wall er al®
as simplified by de Bodo et al!* Merabolic clearance
of glucose was calculated as the ratio of Ry and the con-
centration of plasma glucose.* The time of the priming
injecrion of rracer was raken as t = o. R,, Ry and
metabolic clearance values were not calculated prior to
¢ = ffcy minutes. All calculations were carried out on
a CGE time sharing computer system. When the effect
of glucose was tested on the rates of production and
utilization, a mixrure of C-14-labeled and ordinary C-12
glucose of a specific activicy (SA} close to the one of
plasma glucose was infused in order to avoid artefacts
arising from the slow mixing of the glucose load with the
labeled glucose pool ia the body.® The calculated R,
was corrected for differences berween the SA’s of plasma
and infused glucose,

In the additional two experiments the use of glucose-
1-C-14 as tracer permitted the correction of the calcu-
lated rates of appearance and disappearance and aiso the
merabolic clearance for the small inaccuracies arising
from the incorporation of C-14 into the newly released
glucose from the metabolized molecules of the infused
tracer.

Processing of blood samples

The collection and processing of blood samples have

been described.’:? The heparin solution was withdrawn

8aor
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from the portal cannula prior to the experiment. A
soluticn of heparin (5 LU. ml) was used only during
the first forry-five minutes of the experiment to keep
the sampling catheter patent. During later stages this
catheter was filled with saline.

The isolation of glucose with help of an ion exchange
resin (IRA-410, Rohm and Haas) and dererminartion
of glucose (Huggertt and Nixon®®), as well as the count-
ing procedures, have been described.® In the additional
two experiments the incorporation of C-14 into the
sixth carbon atom was determined and the proper
correction for recirculation of C-14 into newly formed
glucose was carried our as described by Reichard et al.t*
Free farty acid (FFA) in plasma was measured accord-
ing to Dole and Meinertz** and the concentration of
ribose according to Roe and Rice?*

MATERIALS

Glucose labeled uniformly with C-14 was used as
tracer in the first six experiments, and glucose-1-C-14 in
the additional two. The tracers were obrained from the
Radiochemical Center. Amersham England. D-(-)-ribose
and D-glucose (Analar grade) were obtained from East-
man Organic Chemicals and from the British Drug
Houses, respectively.

RESULTS

The plasma concentration and the rates of production
and ntilization of glucose

The results of the first six experiments are sum-
marized in tables 1 and 2 showing the effects of an in-
fusion of D-ribose (3 mg./kg ‘min.) and D-glucose
(1.5 mg.kg.'min.) on the plasma concenrration and
on the rates of production (R,), over-all urilization
(Ry) and the merabolic clearance (M), of glucose. It
appears that in dogs mainrained in (or near) 2 dynamic
steady stare by a constant supply of intraportally infused
insulin, the plasma concentration and the rate of pro-
ducrion of glucose was increased marginally by the
intravenous infusion of D-ribose. In the experiments
shown in table 2 the infusion of glucose during the
second period increased glucose concentration at an aver-
age rate of 0.21 mg./100 ml min. This was changed
to an average decrease of 0.4I mg. 129 ml./min. in the
third period during which saline was infused. In the
experiments shown in table 1 the average increase in
concentration was 0.47 mg./100 ml. /min. during the
final period of glucose infusion.

When the data were tested by variance analysis, no
evidence was found that infusion of ribose exerted any
effect on the rate of glucose production (R,). In this

822

analysis the rates before and during the infusion of
glucose were compared: “before” referring to the rates
calculated berween the 18oth to 240th minutes of the
experiment in table 1. and the fiftieth to ninetieth in
table 2. The results of the analysis are summarized in
table 3. Neither did the differences in the rates of urilj-
zarion prove to be of statistical significance when
subjected to a similar analysis.

The results of one of the two additional experiments
carried our with glucose-1-C-14 as tracer and yielding
rates of production and urilization of glucose unaffected
by the reincorporation of C-14 into endogenously pro-
duced glucose are shown in figure 1. The concenrcration
of glucose in the plasma has been increased acr a rare
of 0.63 and 1.c6 mg. 125 ml. min. during the infusion
of 1.9 and 2.6 mg. kg min. glucose respectively. No
effect on the rate of appearance of glucose has been
observed. The increase in the rate of disappearance in
the rtwo middle periods is not entirely commensurable
with the increase of the plasma glucose level as indi-
cated by che somewhat increased merabolic clearance.
The fall in the latrer during the final period of saline
infusion is noteworthy.

Plasma concentration of free fatry acids

As shown in rtable s, the level of FFA in plasma
rended to rise during cthe experiments of the first
series. This is most evident if one compares the average
levels of FFA of the first and third periods, during both
of which saline was infused. Ribose did not interfere
with this partern, whereas during rhree of the six in-
fusions of glucose plasma FFA was decreased (Dogs
30, 33, 34). A similar decrease was norticeable in the
two additional experiments (see figure 1), in both of
which the plasma FFA concentration increased during
the final infusion of saline. This effect, however. was
not consistent in view of the three negarive experiments
of the first series. A more consistent decrease of about
30 per cent in the concentration of FFA in plasma
has been found by Vranic er al)” after the injecrion
of 0.5 gm..’kg. glucose in dogs maintained on marched
infusion of insulin exactly similar w0 our experiments.
Plasma concentration or ribose

During the infusion of ribose the concentration of
the pentose reached a value berween 9.4 and 14.0 mg.”
100 ml. Maximal levels have been closely approximated
by forty minutes after the beginning of the infusion.
Afcer the cessation of che infusion, ribose was cleared
from che plasma within cweary minures.

DISCUSSION

In previous experiments, Vranic and Wrenshall®

DIABETES, VOL. 18, NO. 12
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TABLE |

Effect of the intravenous infusion of D-ribose or D-glucose on plasma glucose concentration
and glucose utilization and the production and the metabolic clearance of glucose

Infusion: Saline Ribose 3 mg./kg./min.
Time (min.) 35-50 50-6% 65-80 80-90 90-100 100-110 110-125 125-140 140-150 150-160
Expt. #

Plasma glucose concentration mg.. 100 ml.

~8 225 235 227 229 213 217 212 239 2356 254
30 111 106 106 100 99 96 93 99 99 103
32 119 1 115 112 107 106 116 i12 110 119
Mean i51 149 147 140 140 141 150 155 159
R, (glucose utilization) mg..’kg.. min.
ht:; 4.22 432 +.07 3.88 i 2.90 4.27 3.50 4.90 340
30 2.96 295 N4 2.59 2.13 .27 3.05 214 332 240
32 3.23 360 2.58 i.15 3.68 360 .22 3.46 3.72 211
Mean 260 323 3.21 3.64 3.26 3.18 3.03 3.98 3.530
R, (glucose production) mg./Kg.. min.
23 3.31 5.00 3.53 4.05 3.51 3.33 3.95 532 6.63 519
30 2.38 2.36 3.07 1.58 1.95 2.87 2.93 2.51 342 2.98
32 2.94 291 2.96 2.63 3.11 3.36 3.12 3.135 341 3.43
Mean 342 319 2.75 2.86 3.19 3.33 3.66 +.49 3.87
Merabolic ciearance of glucose ml. kg.. min.
28 2.01 1.76 1.70 231 1.34 1.98 1.55 1.97 211
30 2.61 272 2.87 2.5 2.15 335 3.18 2.20 333 2.37
3 2.68 313 2.28 277 3.37 3.38 2.01 3.04 3.36 1.84
Mean 2.62 2.30 2.33 2.61 2.69 2.39 2.26 2.89 211
Intfusion: Saline D-glucose 1.8 mg./kg./min.
Time (min.) 160-170 170-180 180-193 195-210 210-223 225-240 240-250 250-265 265-280 280-300
Expt. F
Plasma glucose concentration mg. 103 ml.
28 260 260 283 284 286 258 279 279 281 292
30 96 102 92 89 84 86 90 S50 103 105
32 118 121 116 110 116 117 119 124 133 142
Mean 158 161 164 161 162 154 163 164 172 180
R, (glucose utilization) mg./kg.. min.
28 3.80 5.56 8.93 2.04 7.14 5.88 8.01 7.81 5.86 5.59
30 4.77 2.80 445 247 3.56 2.27 3.00 3.90 1.89 3.44
32 3.03 2.01 3.20 3.18 2,25 2.17 4.05 3.81 1.87 3.36
Mean 3.87 3.46 5 2.56 3.23 3.44 5.02 5.17 3.34 4,13
R, (glucose production) mg./Kg.. min.
28 4.39 5.32 6.82 5.80 7.26 4.00 8.35 5.95 4.17 4.32
30 3.81 3.83 338 213 2.94 2.57 1.74 2.09 1.33 1.73
32 2.87 2.38 2.71 2.68 2,74 2.30 2.59 2.43 1.88 213
Mean 3.69 3.91 4.30 3.54 4.31 2,96 4.22 3.49 2.33 273
Metabolic clearance of glucose ml./kg./min.
28 1.47 2.13 2.64 0.79 2.49 215 2.97 2.78 2.08 1.98
30 4.79 2.82 4.58 2,73 4.11 2,67 141 4.35 1.95 3.31
32 2.25 1.68 2171 2.82 1.97 1.91 3.44 3.13 2.24 245
Mean 2.84 2.21 3.64 2.11 2.86 2.24 3.27 3.42 2.09 2.58
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TABLE 2

and glucose utilization and production and the metabolic clearance of glucose

Infusion:
Time (min.)

Expt. =

Mean

m W
0w

L

Iniusion:
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Mean
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Lol bt
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o Ctal
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4.85
4.46
4.17
4.49

Saline D-glucose 1.8 mg./kg./min.
30-63 63-80 §0-90 90-100 100-110 110-125 125-140 140-150 150-160
Plasma glucose concentration mg./100 ml.
92 77 81 80 86 87 86 30 86
96 85 85 88 97 101 100 108 111
82 S8 77 77 79 79 86 89 93
90 S3 81 82 87 89 91 92 97
Ry (glucose utilization) mg.. kg./min.
3.08 +.40 1.92 3.06 228 3.92 3.22 5.06 1.33
2.54 3.73 2.66 3.06 3.43 3.67 4.06 3.32 2.63
2.70 3.82 2.53 561 4.18 4.21 5.07 3.32 4.81
257 398 2.37 3.91 3.30 3.93 4.11 3.90 3.01
R, (glucose production) mg.. kg..min.
1.53 2.36 2.67 1.10 1.72 2.15 1.26 2.07 0.91
2.90 2.24 2.75 1.67 3.49 2.52 2.10 3.02 2.06
3.28 77 2.52 3.76 2.06 2.68 3.07 2.0¢ 258
2.57 46 2.63 2.18 242 2.45 2.14 2.39 1.8%
Metabolic clearance of glucose mi./kg./min
3.13 320 2.43 3.81 274 4.54 3.74 6.10 1.5
2.6% 13 3.13 3.54 3173 3.71 4.03 3.19 246
3,17 1.63 3.29 7.31 331 5.33 5.89 3,73 302
3.00 .63 2.95 4.89 3.93 4.33 4.33 4.33 5.11
Saline D-ribose 3 mg./kg./min.
170-180 180-195 195-210 210-223 223-240 240-250 250-265 265-280 280-300
Plasma glucose concentration mg.. 100 ml.
74 €= 57 31 50 51 b 57 33
98 87 76 75 68 66 72 70 70
v2 s 80 83 70 72 6% 72 72
83 79 71 70 63 63 63 66 67
R, (glucose utilization) mg./kg.. min.
2.23 3138 2.77 2.50 2.08 1.91 1.86 2.56 237
3.20 332 3.39 2.88 2.90 2.33 2.13 319 i.le
2.84 .56 2.23 3.93 2.52 3.75 292 343 7
2.76 342 2.80 311 250 2.73 231 3.06 3.1
R, (glucose production) mg./kg.. min.
1.73 1.99 1.94 1.63 1.96 214 242 274 243
3.31 177 1.94 2.62 2.02 204 2.94 291 3.20
2.24 285 2.72 2.50 274 3.13 2.92 3.43 376
243 221 2.20 2.26 2.24 244 2.76 3.03 3.1=
Metabolic clearance of glucose ml.. kg.,min.
2.98 4.92 4.57 4.59 4.10 3.76 3.48 4.56 4.13
3.28 3.59 4.16 31.82 4.06 3.77 3.13 4.52 4.54
3.17 a2 2.70 5.08 3.54 3.34 3.7t 4.66 4,28
3.14 +4.25 3.81 4.50 3.90 4.29 3.44 4.58 1.31
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TABLE 3

The effect of the infusion of glucose on the rate of endogenous glucose. production (R,). Summary of the analvsis of
variance of the data shown in tables 1 and 2.

table 1 table 2
Source of variation df SS MS F= df SS MS F=
Total 23 86.247 —_— — 26 12.863% — —
Between rows (dogs) 2 64.869 32.4534 2.12 2 4.98§ 249-’_1 6.22
Between columns (times) i 10.997 — — 8 1.463 0.183 —
Before vs. during infusion 1 1.707 1.707 1.10 1 0.608 0.608 5.04
Discrepancy ol 9.290 1.5484 —_ 7 0.855 0.121 —_
Error 14 10.381 0.7415 —_ 16 6.414 0.401 —_
*None of the F values shown indicate a statistically significant diffzrence.
o SALINE D-GLUCOSE SALINE
= AN
slasma 0T , / See FIG. I. Effect of an infusion of D-glucose on the
ex -
SLWCSSE g0 = 3.91 Ra /1477 Ra ? concentration of glucose and FAA in the
' 208 pU/kg-min T
mg/1oc m L l Q_;/Y' plasma and the calculated rates of appear-
= o=y oy, = .
-1 ’“":'k:\a_‘yc-:/ ance and disappearance and metabolic clear-
o = ance of glucose. Glucose was infused te-
_ tween + — 90 and 170 at a rate of 2.6 mg..
.= T P kg.. ' min. and between t — 170 and 250 min.
20 -~ r‘;—n.-._r T st a rate of 5.2 mg., kg.,/ min. These retes cor-
Rd e i [ ; l ! respond to 0.9/ and 1.77 times R, respec-
mglkg.min 4 ™ ' SESEE] || tively. Abscissa: time in minutes. Uppermost
- - ordinate: concentration of glucose in plasma

M

milkg-min

as mg.. |00 ml. Second ordinate: rates of
appearance R, (above 1ero} and rates of
disappearance R, (below zero) of glucose as
mg. %g./min. Third ordinate: metabolic clear-

ance [M) of glucose as ml. kg, min. Lowest
ordinate: concentration of FFA in plasma as
mEa., L.

The intravenous infusions are indicated at
the top of the figure. P, indicates the re-

mEql | T . / moval of the pancreatic g}aﬂ and the begin-
o — ./,/ RN N ning of the intraportal infusion of canine in-
. _ | | sulin (C.L).
: .60 2 Q8 200 3o0¢
MINUTES

demonstrated that a portal infusion of insulin at a rate
of 225 uU. kg, min. matched the endogenous secretion
of insulin in the fasted dog. Such an infusion com-
menced at the time of the removal of the remnant
pancreatic autograft was able to maintin the plasma
zlucose level and the rates of glucose production and
uatilization at normal levels. This rate of insulin infu-
sion was considered to be “basal” In spite of the
normoglycemia and normal turnover of glucose, dogs
maintained on a basal infusion of insulin exhibited a
lower than normal tolerance (smaller exponential decay
constant) to intravenously injected glucose.?”

From the dara of the experiments presented in this

DECEMBER, 1969

paper three conclusions emerge:

(a) D-ribose dces nor decrease either the plasma
concentration or the rate of production of glucose in
dogs in which glucose homeostasis is mainrained ac a
normal level bv a basal infusion of insulin into the
portal vein. Thus the hypoglvcemic effect of ribose in
the normal animal can be accounted for earirely by the
release of extra insulin.

(b) D-glucose, when infused at a rate of about two
thirds to twice the basal normal R, to dogs in which
the pancreas has been replaced by the intraporral infu-
sion of insulin, was also ineffective in altering R, sig-
nificantly. This finding corroborates the conclusion of

Sas
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TABLE 4

Changes in plasma FFA concentration during the infusion of D-glucose (1.8 mg./kg./min.} or D-ribose (3 mg./kg./min.)
in normal dogs

Infusion: Saline Ribose Saline Glucose
Expt. ume 63 90 110 160 180 240 250 180 300
28 1122 1,107 1.076 1,123 —_— 1,499 1.378 1.280 1.248
30 1.030 999 1.094 1.189 1.030 1,078 919 6350 713
32 682 666 1,141 1.094 1.094 999 1.062 1.411 1,411
Mean 943 924 1,104 1,135 1.062 1.192 1.186 1113 1,124
-+ S.E.M. 134 133 19 28 —_ 1353 200 235 211
Infusion: Saline Glucose Saline Ribose
rime 63 110 150 160 180 240 230 280 300
33 920 780 499 749 764 849 1.264 1,139 952 —
34 633 764 718 640 686 780 976 936 983 976
35 64 769 729 893 1.075 1,033 1.283 1.283 1,140 1.190
Mean 313 771 649 761 841 836 1,174 [L,119 1,073 1.083
= S.E.M. 8] 5 73 74 118 77 99 101 58 —

Time refers 1o the iniection of the priming dose of the tracer (t = 0} and is in minutes.

Steele et al.’ who ascribed the effect of an intravenous
glucose infusion of abourt this magnitude on R, in nor-
mal dogs to a release of extra insulin. On the orher
hand, Hetenvi and Wrenshall® have demonstrared that
an incravenous infusion of glucose decreased R, in both
normal and pancreatectomized dogs deprived of insulin
for forrv-eighe hours. More recent experiments, however,
carried our with more refined technics by Cowan and
Hetenyi,)® demonstraced 2 marked decrease of a very
consistent pattern in R, after or during the injection
or infusion of glucose in normal dogs, but only a small
and rather inconsistent one in insulin-deprived diaberic
animals.

Thus ir appears that in normal dogs the release of
excra insulin is essential for an adapration in endogen-
ous glucose producrion during an infusion of glucose ar
a moderate rate. This finding is in agreement with those
of Wrenshall er al'® who demonstrated that a sudden
interruption of the endogenous insulin secretion resules
in a large increase in heparic glucose producrion in
spite of a rapidly rising level of plasma glucose, indi-
cating thereby a sudden change in the normal relation
berween the plasma level and hepatic production of
glucose. It is possible that when high glucose levels
are being reached and maintained in the diaberic dog,
the liver may regain its ability to respond with a de-
creased rate of production to an elevation of plasma
glucose concentration. This could represent a second,
not necessarily physiological, mechanism in the adapta-
tion of endogenous production to exogenously injecred
glucose. It is also possible that the decrease of net
glucose release observed on the perfused rat liver® in

826

response 1o a raised glucose level in the perfusing fluid
also represents 2 mechanism different from the physio-
logical, insulin-dependent one thar has been demon-
strated to operate the fine balance in normal dogs. In
this preparation the decrease of the ner glucose ourput
might be the result of an increased glucose uptake bv
the perfused liver. 2 mechanism entirely different from
any change in the acrual release of glucose. Tracer
methods in general measure this latter cne.

(c) The rate of glucose disappearance (R4) in-
creased with an increased glucose concentration in the
absence of any change in insulin secretion (figure 1).
The metabolic clearance of glucose was calculared o
illustrate this relationship berween the concentration and
uptake of glucose. A relatively unaltered clearance indi-
cates a linear relationship berween the two parameters,
Le., when the concentration of glucose in plasma is
doubled, its over-all uprake (Ry) is doubled as well.
More detailed studies are being planned to investigare
this correlation in the absence of variations in the rare
of the secretion of insulin. As shown on figure 1, how-
ever, the metbolic clearance is higher ar increasing
plasma glucose concentration than it is at a decreasing
one. This might be due to a nonlinear relationship be-
rween the concentration and uprake of glucose or, alter-
natively, to an artefact inherent in the tracer method
used, causing an underestimation of the true size of
the glucose pool. Evidently, if the pool size of glucose
is underestimated some glucose being distribured into
the pool contribures ro the calculated “disappearance”
during a rising concentration of glucose. Conversely
when the concentration of glucose in the plasma is

DIABETES, VOL. 18, NO. 12



r— e i —— —

K. ISHIWATA, M.D.. PH.D.. G. HETENYI. JR.. M.D.. PH.D.. AND M. VRANIC, M.D.. D.SC.

falling, an underestimated pool size will lead to an un-
derestimation of Ry.
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Functional and metabolic effects of ribose in
combination with prazosin, verapamil and
metoprolol inrats in vivo

SYLVIANE LORTET, HEINZ-GERD ZIMMER
. Fromthe Depariment of Physiology, Universiry of Munich, Munich, Federal Republic of Germany

ABSTRACT Ribose improves the function of the rat heart in various pathological conditions through
its effects on cardiac energy metabolism. while having no direct haemodynamic actions. We therefore
studied its functional and metabolic effects in closed chest rats when given in combination with
prazosin, verapamil or metoprolol, all of which have direct effects on the circulation. Ribose
administration for 24 h at 200 mg-kg~'-h™' did not affect heart function but increased the available
pool of 5-phosphoribosyl-1-pyrophosphate in heart (four fold) and skeletal muscle (1.7-fold), as
assessed by the incorporation of '*C-adenine into the adenine nucleotides. The utilisation of adenine
for adenine nucleotide synthesis, expressed as the ratio of adenine nucleotide radioactivity to tissue
extract radioactivity, was 70% in heart and 20% in skeletal muscle under control conditions. and 97%
and 88% after 24 h of ribose administration. Ribose decreased the '*C-adenine incorporation into the
adenine nucleotides in kidney. lungs and liver. After 24 h infusion of prazosin (100 wg kg™ -h™".
heart rate and LVdP/dt,,, were not changed. but LVSP (—20%). mean aortic pressure (—16%) and
peripheral resistance (—40%) were decreased. Cardiac output was enhanced (+40%). Verapamil
(2mg-kg™'+h"') and metoprolol (2mg-kg™'-h™") infused for 24 h decreased the pressure-rate and
pressure-volume product of the left ventricle to the same extent (~40%). Verapamil had no influence
on cardiac output. while metoprolol depressed it (—30%). Simultaneous administration of prazosin.
verapamil or metoprolol with ribose did not affect the ribose induced increase in the myocardial
5-phosphoribosyl-1-pyrophosphate pool. On the other hand. ribose did not alter the characteristic
haemodynamic changes induced by these three drugs. We conclude that it is feasible to combine
ribose with prazosin. verapamil or metoprolol.

Itis well documented that. in 2 number of pathological
conditions such as ischaemia and hcan failure. the
decrease of oxygen delivery to the heart is associated
with degradation of cardiac adentne nucleotides. The
degradation products are released from the hcart so the
content of mvyocardial udenine nucleoudes s
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Pettenkoferstrasse |2, D-8000 Minchen 2, Federal Republic of
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rats; adenine nucleotde metabolism, left heart function,
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diminished and this may be detrimental to hear
function and cellular integnity.

Most pharmacelogical agents used in conventiunul
cardiac therapy may indirectly atfect cardiac energy
processes by decreasing heant function or increasing
hlood supply. For cxample. it has been shown*~" that
the calcium antagonist verspamil protects the heart
against the deleterious eftects ol ischaemia. It reduces
total peripheral resistance and thereby left ventriculur
afterload.” increases coronary blood flow® ™ and
antagonises  coronary  spasm.  The {8  biocker
metoprolol decreases the inotropy and the chronotropy
of the heart, and reduces blood pressure and cardiac
output. [t is thererore benericial in many pathological
situations.” 7 ® The a blocker prazosin decreases total
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peripheral resistance and mean blood pressure® and
has been shown to prevent ventricular arrhythmias
associated with acute ischaemia in dogs® and to be
beneficial in patients with heart failure.'® In addition
to these haemodynamic effects, verapamil also has an
influence on cardiac metabolism. It has been shown to
reduce the loss of adenine nucleotide metabolites from
the heart during hypoxia and subsequent
re-oxygenation, thus helping to preserve cardiac
adenine nucleotides. "'

The mechanism of action of the cardioprotective
agent ribose is quite different. Ribose directly affects
cardiac adenine nucleotide metabolism by stimulating
the production of 5-phosphoribosyl-1-pyrophosphate
(PRPP).!2 PRPP then becomes available both for the
salvage of adenine nucleotides and for their de novo
synthesis. Ribose has been shown to have beneficial
effects on the metabolism and function of the rat heart
in several pathological conditions.'? '* [n contrast to
the phanmacological agents mentioned, ribose has no
haemodynamic effects. It could therefore be ideal to
combine drugs which have direct haemodynamic
effects with ribose which has direct effects on cardiac
energy metabolism.

It was therefore the purpose of this studv to see
whether ribose could be administered in combination
with the a blocker prazosin, the calcium antagonist
verapamil and the B blocker metoprolol. A previous
studv® described the haemodvnamic ecifects of
vembami and metoprolol in the rat heant in vivo and
showed that the stimulation of de novo svnthesis of
myocardial adenine nucleotides brought about by
ribose was not modified when verapamil and
metoprolol were added. In the experiments described
here. we have studied the haemodynamic effects of
prazosin and have sought to determine whether the
increase in PRPP availability (measured by the
incorporation of '*C-adenine into adenine nucleotides)
is maintained when ribose is given in combination with
prazosin, verapamil and metoprolol. This study is not
confined to the heart but has been extended to the liver,
kidney, lungs and skeletal muscle.

Methods

The animals used in these experiments were Sprague
Dawlieyv rats weighing approximately 250 g. They
wvere fed Altromin petlets and had free access to water.
The rats were handled in accordance with the law on
the care and use of luboratory animals (BG Bl I,
1320-9, 1986

D(-)Ribose was purchased tfrom Sigma Chemie
Miinchen. Verapamil was a gift from Knoll A G.
Ludwigshafen. Metoprolol tartrate was provided by
Astra Chemicals, Wedel. Prazosin was donated by
Pfizer, Karlsruhe.
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Drugs were given to non-restrained rais as a
continuous intravenous infusion over 24 h. For this
purpose, a steriflex catheter of | mm outside diameter
(Vygon Company, Aachen) was placed in the left
jugular vein under ether anaesthesia, tunnelled under
the skin and brought out at the back of the neck, where
it was connected to a 20 ml syringe in an Infors
infusion pump (type 5003, Infors AG, Hofstetten).
The catheters were covered with plastic shields to
prevent them from being bitten by the rats. Control

animals received 0.9% NaCl. Ribose was
Kidney Liver | Lungs | Heart |Sk Muscle
Control
2004
6} !
1004 s | 6 ‘
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FIG |  Uptake of '*C-adenine into different tissues and

udenine nucleotide synthesis from **C-udenine. Uptake of
"C.udenine (shaded columns) was assessed by measuring
the tissue extract radioactiviey per gram issue and the
svnthesis of adenine nucleotides | blank columns) on the basis
of the radioacuvity of adenine nucleotides per gram tissue
due to incorporation of '*C-adenine. Afrer 24 h infusion of
NaCl0.9% (comrol) or ribose (200 mg-kg~' -h™' j each rat
recetved an iniravenous injection of 10 umol-litre™’ adenine
containing 5 uCi'*C-adenine. Columns are means,

bars = SEM . Number of experiments in parentheses.
*p=0.0005. 1p=0.005, tp=0.0!. §p=0.0125 v comrol

value.



704

administered in a concentration of 200 mg-kg™'-h™'
alone or in combination with prazosin (100
ug'kg~lhh),  verapamil (2 mg-kg™hh) or
metoprolol (2 mg-kg™'-h™"). The effects of these three
drugs were also tested without ribose, in the same
concentrations.

Left ventricular function was measured after 24 h in
closed chest rats, anaesthetised with Inactin Byk,
80 mg-kg™' intraperitoneally,’>  Spontancous
respiration was facilitated by placing a tracheal
cannula after tracheotomy. An ultraminiature catheter
pressure  transducer (Model PR-249, Millar
Instruments Inc, Houston, Texas) was inserted into the
right carotid artery and advanced into the left ventricie
* for measurement of systolic pressure and maximal rate
of rise in pressure (LVdP/dt,,). It was then
withdrawn into the aorta for the measurement of aortic
pressure. This catheter was attached to a Millar
transducer control unit (model TC-100) which was
connected to an HSE electromanometer and an
electronic  differentiation system (Hugo Sachs

TABLE |

Syiviane Lorter, Heinz-Gerd Zimmer

Electronik, March-Hugstetten).  Calibration of
pressure and dP/dt.,, was done using a mercury
manometer (type 376, Hugo Sachs Electronik).

Cardiac output was measured using the
thermodilution method. For this purpose, the Millar
catheter was replaced by the thermodilution
microprobe (1.5 French gauge. Columbus Instruments
Inc, Columbus. Ohio). and positioned in the ascending
aorta. The thermodilution curve obtained after
injection of 100 ! saline into the right atrium via the
right jugular vein was analysed by a computer
(Cardiomax {I. Columbus Instruments Inc).

The incorporation of '*C-adenine into the adenine
nucleotides was measured 24 h after the intravenous
infusion was begun, as already described.'? The rats
were anaesthetised with ether and then received an
intravenous injection (via the tail vein) of 10
umol-litre~! adenine containing 5 uCi of *“C-adenine
(235 mCi-mmol™~', Amersham Int) in the prazosin
experiments, and 20 uCi in the verapamil and
metoprolol experiments. Exactly 15 min later, heart.

14C-adenine incorporation into the adenine nucleotides (adenine nucleotide synthesis) of kidnev, liver, lungs.

heart and skeletal muscle after a 24 h intravenous infusion of NaCl 0.9% (conirol), prazosin (100 ug-kg™'-h'), ribose (200
mg-kg™’' -h~') and the combination of prazosin and ribose in the same concerurations. Each animal received an intravenous
injection of 10 wmol-litre™! of adenine containing 5 11Ci of "*C-adenine. Data expressed as DPM-g™' tissue (see methods) are

given as means(SEM).

Kidnev Liver Lungs Heart Skeletal muscle
Control 131 413(8817) 76 117(9465) 67 345(4103) 13 016¢38%) 3343(328)
n 6 5 [ [} 6
Prazosin 143 281(13 335 102 360(9805) 62 275(576T) 2112238 3972(326)
n 7 7 6 7 s
Ribose 87 829(4407)" 43 210(7433)2 46 577(2380" 114 3720121981 25 2722041
n 8 8 8 7 ]
Prazosin + ribose 79 116(6691)° 41 6941601418 47 053(4378)t 99 656(8863)" 28 828(1071)
n 7 6 7 7 7

*p=0.0005, tp=0.005, $p=0.0125, §p=0.01 v conwrol.

TABLE 2 :
prazosin 100 pg-kg™-h™', ribose 200 mg-kg='-h™'. or the

Haemodvnamic variables after prazosin, ribose and prazosin plus ribose trearment. NaCl 0,.9% (control).

combined ireaiment of prazosin and ribose in the same

concentration, were given intravenousiy for 24 h. Dara are meansiSEM).

LVYSP LVdPIdi..,, MAP coi TPR HR
(mm Hg) {mm Hg-5s™'} {mm Hg) tml-min”'-kg"'}  [(Pa-t'-min’) (bears-min~’)
Cantrol 139(4) 9200{497) 12108 316010) 0.38470.023) 3520112
1 14 14 14 1 1" 13
Prazosin 11242 10 65116639) 10252t 438118 0.230:10.01)= 375019
n 7 7 7 6 6 7
Ribose 130{4) 8503r531) 109(5) 295012 0.38010.029) 357013
n 7 7 7 6 6 7
Prazosin + ribose 112(8)* 92341345) 97(3)* vannt 0.252(0.018)* 394021
n 7 7 7 7 7 7

LVSP = Left veniricular (LV) systolic pressure; LVdP/dt,,, = the maximum rate of rise of the LV pressure; MAP = mean aoruc pressure. HR
= hean rate; COl = cardiac ourput index; TPR = total peripheral resisiance (MAP/COD.

*p=(0.0005; tp=0.0025 v control.
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liver, kidney, skeletal muscle and the lungs were
quickly removed and frozen in liquid nitrogen.
Adenine nucleotides were then extracted. and their
specific radioactivity =~ was determined.'*  The
radioactivity of tissue extract served as a measure for
the uptake of '*C-adenine into the respective tissues.
The total radioactivity of adenine nucleotides per gram
tissue (DFM-g") was taken as a measure of adenine
nucleotide synthesis and an indirect measure of the
available pool of PRPP. The ratio of adenine
nucleotide radioactivity/tissue radioactivity rep-
resented the utilisation of adenine for adenine
nucleotide synthesis.

All data are presented as means (SEM). Statistical
evaluation was performed using analysis of variance
and unpaired 7 test.

Results

The metabolic effect of ribose was studied by
measuring the incorporation of '“C-adenine into
kidney, liver, lungs, heart and skeletal muscle. The
results presented in fig | show that, in control
conditions, the uptake of '“C-adenine into the hearnt
and skeletal muscle, as assessed by the radioactivity
present in tissue extract, was very low compared with
the three other organs studied. [n these conditions.
4C.adenine was mainly taken up by the kidney (50%
of the extract radioactivity of the five organs) and 1o a
lesser cxtent by the liver and the fungs. Most of the
radioactivity of the heart tissue extract was present in
the adenine nucleotides (70%). In contrast. in the
skeletal muscie only 20% of the radioactivity of the
extract could be accounted for by the radioactivity of
adenine nucleotides which served as an indirect
measure of the PRPP availability. Thus the utilisable
PRPP pool was very low in heart and skeletal
muscle.'?

In the presence of ribose. the uptake of '*C-adenine
was markedly increased in heart and skeletal muscle.
Most of the radioactivity was recovered in adenine
nucleotides (97% in heart and 88% in skeleral muscle),
This shows that the synthesis of adenine nucleotides
from adenine and therefore the PRPP availability are
markedly increased by nbose. The uptake of
14C.adenine into kidney, liver and lungs was jowered
under the influence of ribose. but the percentage of
radicactivity present in adenine nucleotides was
unchanged.

To study the feasibility of combining prazosin with
ribose, we first investigated the effect of prazosin on
the metabolic changes induced by ribose (table 1).
Prazosin had no effect on adenine nucleotide synthesis
from '*C-adenine in the different organs and did not
modify the ribose induced increase in '*C-adenine
incorporation into the adenine nucleotides of heart and
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skeletal muscle and the decrease in kidney, liver and
lungs.

Further experiments were performed to study the
haemodynamic effects of prazosin. Table 2 shows that
the intravenous infusion of prazosin elicited a decrease
in LVSP (-20%). in mean aortic pressure (—16%)
and peripheral resistance (—40%). Cardiac output
index was markedly increased (+40%). Heart rate and
LVdP/dy,,, were not significantly changed as
vompared to controls. Ribose alone had no effect on
haemodynamic vanables and the combination of
ribuse with prazosin did not change the prazosin
induced haemodynamic effects.

[n the final series of experiments. the etfects of the
combination of ribose with prazosin. verapamil and
metoprolol were compared. Figure 2 shows that
verapamil. metoprolol and prazosin had no metabolic
effect: the incorporation of '*C-adenine into
myocardial adenine nucleotides was no different from
the control value: and the stimulation of '*C-adenine
incorporation into adenine nucleotides elicited by
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FG 3 Cardiac output index (COl), pressure-rate product
of the lefi ventricle (LVSP .HR) and left heart external work
(LVSP.COl)of rats infused for 24 h with 0.9 NaCl(C),
ribose 200 mg-kg™' k™' (R). prazosin 100 ug-kg~" k™' (P),
verapamil2 mg-kg™'-h™' (V}, metoprotol 2 mg-kg™'-h' (M)
or with the combination of ribose with prazosin i P +R).
verapamil (V+R), and metoprolol (M +R) inthe same
concentrations. Columns are means, bars = SEM. Number
of experiments in parentheses.

*p=0.0005 v control.

ribose was not changed when verapamil. metoprolol or
prazosin were added to ribose treatment.

To assess the functional etfects of prazosin.
verapamil and metoprolol, three huemodynamic
variabies were selected (fig 3): cardiuc output index.
the pressure-rate product of the left ventncle (which
gives an estimation of oxygen consumption:, and the
cardiac output-pressure product of the left ventricle
(which can be considered as an index of ventricular
work). Cardiac output index, measured in rats treated
with prazosin, was increased (+36%). [t was not
significantly different from the control value in rats
treated with verapamil, and it was depressed in rats

Sylviane Lorter, Heinz-Gerd Zimmer

treated with metoprolol (—30%). Neither the
pressure-rate product of the left ventricle nor the
cardiac output-pressure product were significantly
changed by prazosin, while verapamil and metoprolol
both reduced these products to nearly the same extent.
The co-administration of ribose with prazosin,
verapamil or metoprolol did not affect the
haemodynamic alterations brought about by these
drugs.

Discussion

in heart and skeletal muscle, the low capacity of the
oxidative pentose phosphate pathway,'® as estimated
by the activity of the first and regulating enzyme
glucose-6-phosphate dehydrogenase,!? leads to a low
production of ribose-3-phosphate, a precursor of
PRPP synthesis. As a result, the available pool of
PRPP is low in these organs, limiting the de novo
synthesis of adenine nucleotides and the salvage
utilisation of purine bases. Ribose bypasses this
oxidative pentose phosphate pathway and increases
the available PRPP pool in heart and skeletal muscie. '?
A proportional increase in de novo synthesis of
adenine nucleotides and in the salvage utilisation of
adenine has been shown.'®

In the experiments described here. we have studied
the effect of ribose by measuring the salvage utilisation
of exogenous radioactive adenine. Within the cell, this
base can react with PRPP to give AMP. Further
phosphoryiations lead to ADP and ATP. Thus the
radioactiviry present in all adenine nucleotides is an
estimation of the saivage utilisation of adenine.
Furthermore, since the first step of this pathway is
limited by PRPP availability, and provided that
adenine concentration is not limiting, this value gives
an estimation of the intrace!lular availability of PRPP.

Our results conftrm that ribose increases PRPP
availability in heart and skeletal muscle. As a result of
the increased uptake of adenine by these two muscular
organs, the amount of adenine taken up by kidney,
liver and lungs is decreased.

From these results. we can conclude that ribose may
have two beneficial effects for the heart under
pathologic.l conditions: (1) by increasing myocardial
PRPP availability. ribose may stimulate the synthesis
of adenine nucleotides, either de novo or by the
sulvage pathway: {2) in hvpoxic or post-ischaemic
conditions, most of the degradation products of
adenine nucleotides may be reutilised by the heart and
incorporated into the other organs to a lesser extent.

The vasodilator effect of the a, receptor blockade 1s
weil known and this is confirmed in our in vivo
experiments: peripheral resistance is decreased and
cardiac output is increased. These receptors have also
been identified in the rat heart, but their
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pathophysiological role in this tissue is still unclear.'?

It has been shown that their stimulation increases the
inotropic state of the heart®® and can provoke a
_hypertrophic  response  in  isolated cardiac
myocvies.>! ** Prazosin is a competitive a, adrenergic
antagonist with a very high affinity for the heart.?
Nevertheless, although LVSP is significantly reduced
by prazosin, in our in vivo experiments this drug had
“no significant effect on the pressure-rate product of the
left ventricle, which has been shown to be correlated
with myocardial oxygen consumption.?* 2 Likewise
it had no effect on cardiac contractility (estimated by

. LVdP/dt,,,) another determinant of myocardial
oxygen consumption,?® or on the external work
peformed by the left ventricle, estimated by the
product of LVSP and cardiac output.

The two other drugs studied. verapamil and
metoprolol, have quite different effects, since they act
mainly on the myocardium. Both diminish myocardial
oxygen consumption and left ventricular extemal
work. These effects are accompanied by a decrease in
cardiac output in the case of metoprolol, while cardiac
output is unchanged in the case of verapamil. which
also has a vasodilator effect.

From these results it is evident that prazosin may
have beneficial effects in the treatment of heart failure,
since cardiac output increases though the
pressure-volume work of the left heart is unchanged.
One can assume that this improvement in cardiac
output will not increase the energy requirement ot the
heart. On the other hand. increasing the oxygen
delivery to the heart (which may be limited in cases of
severely depressed blood flow) may have beneficial
effects on myocardial ATP content.

Verapamil and metoprolol are used clinically in the
treatment of patients with cardiac disorders. In
particular, myocardial ischaemia may benefit from
these drugs since they decrease the oxygen
consumption and the external woris_o_t: the left heart. In
the case of calcium antagonists.”” 8 it has already
been shown that the cardiac ATP content is preserved
in several experimental conditions.

It is interesting to note that prazosin and verapamil
have some haemodynamic features in common that
distinguish them from the ( receptor blocker
metoprolol. Both prazosin (1able 2) and verapamil®
reduce total peripheral resistance. As a result. cardiac
output is enhanced with prazosin (table 2) and
maintained at a constant level with verapamil. which
depresses heart rate.* The prazosin induced increase in
cardiac output occurs with no alteration in oxygen
consumption (pressure-rate product) and in the
external heart work (pressure-volume product). [n the
case of verapamil, cardiac output is kept normal
despite a reduction in oxygen consumption and in
pressure-volume work. In contrast, under the
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influence of metoprolol, cardiac output is depressed
and this reduction is paraHeled by a decrease in oxygen
consumption and pressure-volume work (fig 3). Thus
heant performance may be more efficient with prazosin
and verapamil. These different drug induced
haemodynamic alterations are not influenced at all by
ribose (fig 3).

In summary, our study shows that: (1) the increase
in PRPP availability brought about by ribose is not
altered when prazosin, verapamil or metoprolol are
added to the treatment; (2) the haemodynamic effects
of prazosin, verapamil or metoprolol are unchanged in
the presence of ribose, which has no haemodynamic
effect on its own. We can therefore conclude that the
co-administration of ribose with prazosin, verapamil
or metoprolol is feasible. Under pathological
conditions. and in addition to their haemodynamic
effects, these treatments are likely 1o maintain the
myocardial ATP level at or near the normal value by
increasing the rate of adenine nucleotide synthesis and
at the same time decreasing ATP utilisation.

This study was supported by the Deutsche
Forschungsgemeinshaft (FRG) - INSERM (France).
(CS'MCC  no 3795). The excellent technical
assistance of Mrs B Sender, S Munch and G Steinkoptt
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RAPID COMMUNICATION

J Mol Cell Cardiol 19, 635-639 (1987)

Combination of Ribose with Calcium Antagonist and f-Blocker
Treatment in Closed-chest Rats*

{Received 14 August 1986, accepted in revised form 16 March 1987)

In previous studies ribose has been recognized as a substrate that has beneficial
effects on myocardial metabolism. It leads to an elevation of the available 5-
phosphoribosyl-1-pyrophosphate pool and stimulates adenine nuclectide de novo
synthesis in the rat heart under control and various pathophysiological conditions
{Zimmer and Gerlach, 1978; Zinmer and Ibel, 1983, 1984). When the clinical applica-
tion of ribose in patients with heart disease is envisaged, it is understood that con-
ventional cardiac therapy must be continued. It is therefore necessary to
demonstrate in animal experiments that ribose retains its stimulating metabolic
eJect when administered in conjunction with therapeutically used drugs. In this
s udy we have selected representatives of two pharmacological principles, the
culcium antagonist verapamil and the B,-specific adrenoceptor blocker metoprolol.
Measurements of functional parameters in closed-chest rats revealed that i.v.
administration of ribose alone for 24 h (200 mg/kg/h) bad no hemodynamic or vaso-
active influence, whereas verapamil and metoprolol (i.v. infusion of 2 mg/kg/h each
for 24 h) induced negative chronotropic and negative inotropic effects. Cardiac
output was reduced by metoprolol, but not by verapamil. Ribose did not affect these
drug-induced hemodynamic alterations, and verapamil as well as metoprolol did
not interfere with the characteristic metabolic effect of ribose, the stimulation of
cardiac adenine nucleotide de novo synthesis. Administration of ribose in com-
bination with these pharmacological agents is therefore compatible.

USA). The catheter was attached to a Millar
transducer control unit (model TC-100)
which was connected to a HSE electro-

All experiments were done on female
Sprague~-Dawley rats {220 1o 240 g body
weight) fed Altromin® pellets with free access

to tap water. D(-)Ribose was purchased from
Sigma Chemie Minchen. Verapamil was a
gft from Knoll AG, Ludwigshafen. Merto-
prolol-tartrate was provided by Astra Chemi-
ci's, Wedel. After 24 h of continuous i.v. infu-
sicn of ribose and the drugs in the conscious,
unrestrained animals, left ventricular function
was measured with the ultraminiature cathe-
ter pressure transducer (model PR-249,
Millar Instruments, Inc., Houston, TX,

manometer (Hugo Sachs Elektronik, March-
Hugstetten). The maximal rate of rise in left
ventricular pressure (LV dP/dt,,,) was
obtained with an clectronic differentiation
system (Physio—-Differentiator, Hugo Sachs
Elektronik). The recording systern was a
Gould Brush 2600 recorder. Calibradon of
pressure and of dP/dt,,, was done using a
mercury manometer (type 367, Hugo Sachs
Elektronik) and the calibration device that is

® Dedicated to Professor Dr E. Gerlach on his 60th birthday.
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TABLE 1. Heart rate. left ventricular svstolic pressure {LVSP), maximal rate of rise of left ventricular
pressure L\ dP'dey,,'. and the rates of myocardial adenine nucleotide : AN) de novo svnthe.
sis in rats thac had received continuous i.v. infusion of 0.9% NaCl controls?, Di-iribose - 200
mg kg/h, verapamil .2 mg kg/h,, metoprolol {2 mgrkgrh), and the combination with ribose

200 mg kg hi for 24 h.

AN

Heart rate LVSP LV dpP/d:,,. de novo svnthesis

(beats;min) ‘mmHg) (mmHgs; \nmols/g h}
Controls 363+ 7 27) 138 + 3 (22) 9533 + 308 .22 8.0+ 1.0t
Ribose 6l +7 2B 136 £ 3 (200 9440 + 368 . 200 354 +26 9*
Verapamil 287 + 10 (9)* 103 +4 (9 6516 + 560 9* 104 + 09 &
Verapamil + Ribose 784 +9 (18 101 +2{t4* 6986 + 439 {13 33.0 4.2 (118
Metoprolol 270 + 8 161 116+ 5(13)* 5726 + 488 13 69+ 1.2 #
Metoprolol + Ribose 265 +8 {I5" 20 + 4 (12)% 6130 + 229 . 12° 392+ 42 53¢

* P < 0.0005 vs. controls: * P < 0.03,F £ < 0.0023 vs. Verapamil + Ribose, respectively.

Student’s (-test for unpaired data.

The functional parameters were measured after catheterization of the left ventricle with cthe Millar ultraminiacure
cathecer pressure transducer {modet PR-249). Data are mean values + $.£.M.; number of experiments in parentheses.

built into the Physio-Differentiator. The
ultraminiature catheter pressure transducer
was inserted into the right caroud artery and
quickly advanced into the left ventricle in the
closed-chest rats anesthetized with thiobuta-
barbital sodium (Inactin® Byk, 80 mg/kg,
i.p.). The depth of anesthesia was tested by
eliciting reflexes in the legs. When the mea-
surements of left ventricular functon had
been completed, the catheter was withdrawn
from the left heart and positioned in the aorta
so that blood pressure was obtained.

In another series of experiments, cardiac
output index was measured using the thermo-
dilution technique. To do this, the ultraminia-
ture catheter pressure transducer was
replaced by a thermodilution microprobe {1.5
French, Columbus Instruments, Inc., Colum-
bus, OH, USA) which was positioned in the
ascending aorta. A bolus of 100 ul saline
(18°C) was injected into the right atrium via
the right jugular vein. From the recorded
temperature change, cardiac output was
determined using a computer (Cardiomax II,
Columbus Instruments, Inc.). Stroke volume
index was calculated by dividing cardiac
output index by heart rate, and total periph-
eral resistance index was calculated by divid-
ing mean blood pressure by cardiac output
index.

Rates of myocardial adenine nucleotide de
nove synthesis (nmols/g/h) were determined

in a separate group of animals by relatung the
radioactivity of cardiac adenine nucleotides
due to the incorporation of [1-'4C]-glycine
{specific activity: 54 mCi/mmol, Amersham
Internacional, 250 uCi/kg body weight) aftar
an in vive-exposure time of 60 min to the mear
specific activity of the tissue glycine precurso:
pool as described previously (Zimmer et al |
1973).

In Table 1, the effects of ribose, of verapa
mil as well as of metoprolol alone and in com
bination with ribose on functional parameter
and on adenine nucleotide de nove synthes!
are shown. Continuous i.v. infusion of ribos
{200 mg/kg/h) for 24 h had no effectatall o
heart rate, LVSP and LV dP/d!,,,. In the:
experimeness LV dP/dt,,, was higher than i
previous studies (Zimmer, 1983; Zimmer an
Ibel, 1983). This is most likely due two t
younger age of the rats and to the better co
trolled anesthesia. In contrast, verapamil ar
metoprolol depressed all hemodynarmr
parameters significandy, the effect on LV
being more pronounced with verapam
Ribose had no influence on this depression.

It was therefore of interest to exami
whether ribose, in the presence of verapar
or metoprolol, may retain its stimulat:
metabolic effect. Ribose induced an incre
in myocardial adenine nucleotide de novo s
thesis. After the same period of infusion tir
verapamil as well as metoprolol did not a:




«imal rate of rise of left ventricular
line nucleotide (AN’ de novo synthe-
1% NaCl (controls), D(-)ribose 1200
h}, and the combination with ribose

. AN

V dP/dt ., de novo synthesis
‘mmHg/s) (nmols/g/h)

3 + 308 (22) 8.0+ .0 (1)
0 + 368 (20} 354 +£26 (9"
6 + 560 (9)* 10.4 £ 0.9 (8)
16+ 439 (13)*  33.0++2 (11"
6 + 488 (13)° 694+ 1.2 (4)
10 +229 (12)* 39.2 + 4.2 (9"

se, respectively.

t ventricle with the Millar ultraminiature
.; aumber of experiments in parentheses.
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y afcardiac adenine nucleoudes .

incorporation of [1-**C]-glycine

v 4:54 mCi/mmol, Amersham
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v wvell as metoprolol did not alter
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TABLE 2. Hemod)’ﬁamic parameters in rats after 24 h of continuous i.v, infusion of 0.9% NaCl
tcontrols), D.-.ribose (200 mg/kg/h), verapamil (2 mgskg/h), metoprolol (2 mg/kg/hY, and
the combination with ribose (200 mg/kg/h'.

Cardiac output index

Total peripheral

Stroke volume index resistance index

n ‘ml/kg/min) (ml/kg) .mmHg - kg - min/ml)
Controls 13 325+ 13 0.907 + 0.048 0.410 £ 0.022
Ribose 9 334 + 14 0.912 + 0.042 0.371 + 0.035
\erapamil 7 321 + 27 1.120 £ 0.104* 0.280 + 0.03¢°
Verapamil + Ribose 8 327 + 28 1.134 + 0.098" 0.271 + 0.038°
Metoprolol g 233 + 14° 0.861 + 0.050 0.377 £ 0.027
Metoprolol + Ribose 8 255 + 11° 0.967 + 0.060 0.372 + 0.03+4

P < 0.025," P < 0.0025;° P < 0.0005 vs. controls as determined with the Student’s t-test for unpaired daia.
. .ardiac output index was mcasured with the thermodilution technique. The stroke volume index and the total

peripheral resistance index were calculated.
Data are mean values = S.EM.
n = aumber of experiments.

appreciably this biosynthetic process. When
verapamil or metoproloi were administered in
combination with ribose, myocardial adenine
nt zleotde de novo synthesis was increased to
atout the same extent as with ribose alone.
Essentially similar results were obtained with
respect to the available pool of 3-
phosphoribosyl-1-pvrophosphate, which was
increased by ribose. Again, this elevation was
not affected by verapamil or metoprolol (data
not shown).

While verapamil and metoprolol had
similar effects on heart rate and left ventricu-
lar functional parameters (Table 1), there was
a raarked difference as to the effect on cardiac
ou put (Table 2). Cardiac output index was
maintained after 24 h of continuous i.v. infu-
sion of verapamil due to the increase in stroke
volume index. Total peripheral resistance
index was significantly reduced. Ribose had
no influence on these changes. On the other
hand, cardiac output index was markedly
depressed by metoprolol, and total peripheral
resistance index was unchanged irrespective of
whether ribose was co-infused or not. Thus,
nhose does not affect the hemodynamic

ch.nges induced by verapamil and metoprol-
ol, and these drugs do not interfere with the
marked metabolic stimulaton eclicited by
fibose,

The hemodynamic effects of metoprolol
were clearly dose-dependent. When it was

administered as continuous i.v. infusion in a
dose of | mg/kg/h over 24 h, heart rate was
reduced to 282 £ 9 beats/min, LV dP/dt,,,
was depressed to 7643 + 928 mmHg/s, and
LVSP was not affected (n = 3). Again, ribose
had no influence on these alterations. The
metabolic effect of ribose, however, was inde-
pendent of the dose of and the exposure to the
drugs. For instance, the rate of cardiac
adenine nucleoude de nove synthesis was
increased to 36.5 + 4.8 nmols/g/h (n = 6),
when ribose was administered for 5 h in com-
bination with verapamil in a dose of 1
mg/kg/h and to 37.0 + 3.1 nmols/g/h (n = 4),
when it was given for 3 h in conjunction with
verapamil in a dose of 2 mg/kg/h.

The ribose-induced stimulation of cardiac
adenine nucleotide dr novo synthesis is also
maintained when ribose is administered in
combination with catecholamines. It has been
shown in previous studies that ribose even
exaggerated the stimulating effect of isopro-
terenol (Zimmer and Tbel, 1983). This is due
to the fact that the ATP content is reduced by
isoproterenol so that release of feedback inhi-
bition of 5-phosphoribosyl-1-pyrophosphate
amidotransferase, the first enzyme of the
purine biosynthesis pathway, is brought
about, thus resulting in a further stimulation
of adenine nucleotide synthesis with ribose. As
a consequence of this, the isoproterenol-
induced decline of the cardiac ATP level is
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prevented by ribose . Zimmer and Gerlach, phate. an essential precursor substrate fo
1978: Zimmer and [bel, (9831 [t is inter- both the svnthesis of purine and pvrimidin
esting to note in the present study that even nucleotides. Ribose bypasses the critical ste
after 24 h of continuous application. the and sumulates the distai segment of the oxid:c
sumulating effect of ribose on adenine nucieo- tve pentose phosphate pathway leading 1o a
tide de novo svnthesis can be demonstrated expansion of the available 3-phosphoribosy
both in the heart with normal and reduced l-pvrophosphate pool. The increased avai
contractility. [t can be expected that the myo- able 5-phosphoribosyi-1-pyrophosphate ca
cardial ATP content will rise with continuous  then be utcilized for the salvage of purine bas:
ribose application, although adenine nucleo- when present in a pathophysiological sitt
tide de novo svnthesis is tightly regulated. An atien or when supplied exogenous;
increase in adenine nucleotde svnthesis can  {Schneider e¢ al. 1985) as well as for the de no:
be regarded to be beneficial, since prevention synthesis of purine and pyrimidine nucle
of the cardiac ATP decline with ribose was tides. This has been demonstrated both in is
associated with normalization of depressed lated mature rat cardiac mvocvees  Dow et ¢
heart function (Zimmer, 1983). 1983) and in the intact heart 2 vivo (Zimm
Another interesting feature of this study is  and Gerlach, 1978). (ii) Because of the lc
the fact that long-term application of metop- activity of glucose-6-phosphate dehydrog
rolol did not affect appreciably adenine nase in muscular organs {Glock and MclLea
nucleotide de nove synthesis and that it did not  1954), these effects are confined to heart a:
impair the ribose-elicited stimulation. These skeletal muscle. (i) Ribose stimular
findings indicate that endogenous catechol- _adenine nucleotide de novo synthesis in ma)
amines are not involved in the maintenance of pathophysiological conditions over a_1o
this biosynthetic process under control condi- period of time to such an extent that the a7
tions and in the ribose-induced enhancernent.  dgcline was prevented or greatly attenuate
A fnal aspect of our results is that ribosy, _For instance, during recovery from reversit
appears to fulfill the essential criteria that) regional ischemia, the ribosc-mediated Tes
should be met by a good cardioprotective sub- | ration of thecardiar ATP pool was compl:
strate. (i) The mechanism of action on cardiac] alreadyv after 12 h of reperfusion (Zimmer a
metabolism must be known; (i) the effects] lhel, 1984) whereas about 772 or more ho
should be specific for the heart; (iii} there] were needed without any ifiterventuon for
must be a marked and long-term beneficial almost complete recovery t(Reimer e
effect on mvocardial metabolism in several] 1981). Moreover, the depression of glo
pathophysiological situations, and this must} heart function induced by pressure overl
outweigh the risk of adverse side effects; fiv) it | and isoproterenol administration was |
should be effective in man; {v) it must not { vented by ribose |Zimmer, 1983). (vii T
have hemodynamic or vasoactive properties; | ribose may be effective in the human hea:
vi) combination with conventional cardiac | suggested by the fact that the acuvity
therapy must be possible. We have demon-| glucose-6-phosphate dehvdrogenase is of
strated in the present in rivo experiments that{ same order of magnitude in the human a
ribose meets the last two of these specifi.] the rat and guinea-pig heart in which
cations. beneficial effects have been demonsi:
As to the other criteria, it has been shown {(Zimmer et al., 1984). Recendy it has t
previously (i) that the mechanism of action of shown in patients with myoadenviate de:
ribose is based on the low capacity of the oxi- nase deficiencyin skeletal muscle that i
dative pentose phosphate pathway, as evalu- prevents the characteristic post-exert
ated by the activity of the first and regulating aches, cramps__and pain {Paten, T
enzvme glucose-6-phosphate dehydrogenase  Zollner et al., 1986). In this disorder there
(Eggleston and Krebs, 1974) in heart and disruption of the purine nucleotide «
skeletal muscle {Glock and McLean, 1954). (Goodman and Lowenstein, 1977)
Thus, ribose-3-phosphate, an end-product of resulting degradation of adenine nucleo
this pathway, becomes limiting for the pro- to adenosine (Sabina et al. 1984) similar v
ducuon of 3-phosphoribosyl-1-pyrophos- situation in the heart. Thus, if ribose or «
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essential precursor substrate for
‘nthesis of purine and pyrimidine
. Ribose bypasses the critical step
ztes the distal segment of the oxida-
: phosphate pathway leading to an
>f the available 5-phosphoribosyl-
phate pool. The increased avail-
sphoribosyl-1-pyrophosphate can
ized for the salvage of purine bases
:nt in a pathophysiological situ-
when supplied exogenously
et al. 1985) as well as for the de novo
{ purine and pyrimidine nucleo-
nas been demonstrated both in iso-
re rat cardiac myocytes (Dow et al.
in the intact heart in vive {Zimmer
‘h, 1978). (ii}) Because of the low
glucose-6-phosphate dehvdroge-
icular organs (Glock and McLean,
= cfff€ts.ate confined to heart and
usclé® - (iii) Ribose stimulated
cleotide de ggve synthesis in many
al coWditions over a long

t.  Jsuch an extent that the ATP
; prevented or greatly attenuated.
e, during recovery from reversible
-hemia, the ribose-mediated resto-
ie cardiac ATP pool was complete
:r 12 h of reperfusion (Zimmer and
, whereas about 72 or more hours
4 without any intervention for an
plete recovery (Reimer e al.
-over, the depression of global
n induced by pressuge overload
renol administratio®” was pre-
nose (Zimmer, 1983). (vi) That
¢ effective in the human 1
nv the fact that the acuvity of
‘hosphate dehvdrogenase is of the
of magnitude in the human as in
d guinea-pig heart in which the
effects have been demonstrated
' al., 1984). Recently it has been
atients with myoadenvlate deami-
‘ncy in skeletal muscle that ribose
he characteristic post-exertional
mps and pain (Patten, 1982;
/., 1986). In this disorder there is a
of the purine nucleotide cycle
and Lowenstein, 1977) with
‘ation of adenine nucleotides

¢ .abina et al. 1984) similar to the
the heart. Thus, if ribose or other
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pratoses and pentitols are effective in human
sk.-tetal muscle, one may expect also effects on
the human heart.
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symmary. C-ribose is cytotoxic for quiescent human lymphocytes
3nd severely inhibits their PHA-induced proliferation at concen-

crations (25-50 mM) at which other simple sugars are ineffective.
In order to explain these effects, ONA repair synthesis was
avaluated in PHA-stimulated human lymphocytes treated with
nydroxyurea and irradiated, O-ribose, in contrast to other
reducing sugars, did not induce repair synthesis and therefore
d4id not apparently damage DNA in a direct way, although it
markedly inhibited gamma ray-induced repair. Taking into account
that lymphocytes must rejoin physiologically-formed ONA strand
sreaks in crder to enter the cell cycle, we suggest that O-
ribose exerts its cytotoxic activity by interfering with metabo-
lic pathways critical for the repair of DNA breaks. 21986 Academic Press,

ime.

Introduction. The administration of D-ribose at the onset
of mitogen-stimulated Euman and murine T and B8 lymphocyte
cultures severely inhibits ONA, RNA, and protein synthesis
at concentrations (25-50 mM) at which other simple sugars
are ineffective (1). D-ribose is also toxic for non-dividing
cells, such as wunstimulated lymphocytes and semi-confluent

fibroblasts, and leads to cell death.

1t has recently been reported (2, 3) that some reducing sugars,
a3s D-glucose, at similar concentrations, are able to kill
tells by damaging their ONA, thus inducing DOMA repair synthesis

(unscheduled DNA synthesis, UDS).
In the present paper,
whether

we report experiments aimed at ascertain-

ing D-ribose, a reducing sugar, exerts 1its cytotoxic

effect in a similar way.
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Materials and Methtds. Blood samplas were collected aseptically
from healthy volunteers. Lymphocytes were prepared as previously
described (1).

100 ul of the cell suspension, containing 1x10 cells,
seeded in 96 wells tissue culture microplates and 100 1
PHA-P (0ifco) was added {(final concentration 1ul/ml). 25
of DO-ribose (Calbiochem) or D-arabinose ({(Sigma) were
to the cuyltures at the final concentration of 12.5,

50 mM at the onset or at the 24th, 48th, or 66th hr of

The purity of the sugars hada been ascertained (1). Plates
were incubated for 72 hrs at 37 C in a humidified atmosphere
of 5% CO, and 95% air. Six hrs before the end of the cultures,
eagh welﬁ was pulsed with 0.5 pCi of tritiated thymidine
[("H)-TdR, Amersham, spec. act. S Ci/mmol]. .

UDS was evaluated according to the method of Lavin and Kidson
(4), with slight modifications {(5). PHA-stimulated lymphocytes
were plated in microwells as described above. Efight wells
were prepared for each sugar concentration and time of sugar
addition. At the 66th hr of culture, 25 pl of hydroxyurea
(HU, Sigma, 10 mM final concentration) were added to each
well. After 30 min of incubation the microplate w3 s irradiated
with 300 Gy in a gamma cell, using a source of Co. 1ln each
experiment, two control microplates were cultured and oprocessed
at the same time., 1In the first, the cells were treated with
HU, but not irradiated, and in the second the cells were neither
treated with HU nor irradiated. All the microplates were then
pulsed with [ "H].TdR as described above, and incubated at
37; C for 4 hrs.

["H]-TdR incorporaticn into ONA was evaluated as previously
described (1),

Results

i- Time course of the effect exerted by D-ribose aon PHA-induced

[ *H]-TdR incorporation in human lymphocytes.

[3H]-TdR incorporation in PHA-stimulated lymphocytes, which
received 12.5, 25, or 50 mM O-ribose or D-arabinose at the
onset ar at the Z4th, 48th, or 66th hr of culture, is reported
in fig. 1.

50 mM D-ribose inhibited [lH]-TdR incorporation, if administered
at the onset or at the 24th hr of culture; its effect decreased

as the time of contact with cells became shorter. Similar

results, even 1if the inhibition was 1less pronounced, were
obtained using 12.5 and 29 mM D-ribose (data not shown). DO-
arabinose, an epimer of O-ribose, did not appreciably affect

[*H]-TdR incorporaticn.

ii- Effect of D-ribose on ONA repair synthesis (UDS).

Table 1 shows that a 99% inhibition of DNA ‘synthesis was
obtained after addition of 10 mM HU tao PHA-stimulated lymphocytes
The exposure of lymphocytes to gamma rays gave rise to a marked
and significant (P ¢ 0.01) [ 3H]-TdR incorparation, which 1is
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Fig.1l. Time-course of the effect exerted by D-ribose and D-

arabinose on PHA-induced [JH]-TdR incorporation in human lympho-
cytes. Sugars were added at different times from the beginning
of the cultures., Qata are expressed as percentages +/- S.E.M.
of control cultures (no sugar added) (42067 c.p.m. +/- 2625).

Fach point iIs the mean of at least three independent experiments.

ascribable to UDS. 1n

when

these experimental conditions, no UDS

was observed added to HU-

OD-ribose or D-arabinose was

treated lymphocytes, in order to test DNA damaging activity,
if any.
Yowever, D-ribose was able to interfere with gamma ray-induced

UDS. Because of the high toxicity of D-ribose,
at the

when administered

onset of lymphocyte cultures (fig.1), the sugar was

Table 1 - Effect of D-ribose and DO-arabincse on DONA

. repair
in PHA-stimulated human lymphocytes

[JH]~TdR incor-
poration
(c.p.m, }*

lymphocytes 195 +/- 12

lymphocytes + PHA 64,682 +/- 5434
lymphocytes « PHA + HU 695 +/- 29

lymphocytes + PHA « HU + gamma rays 1,334 +/- 41
lymphocytes + PHA + HU + O-ribose 537 +/- 1

"lymphocytes + PHA + HU + D-arabinose 521 +/- 23

* Mean of octuplicate samples +/- S.E. For details see 'Materials
and Methods'.
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Fig.2. Effect of aifferent concentrations of OD~ribose (rib) bre
and D-aranincse (ara) on gamma ray-induced ONA repair synthnesis
in  PHA-stimulated human lymphocytes. Sugars were added at of
the 24tn (), 48th (b}, or 66th (c) hr from the beginning .
of the cultures. Data are reported as regression lines, calcula- . tios
ted on the basis of [°H)-TdR incorporation of at least three of |
indepengent experiments. For details see ‘Materials and Methods'.,
As
seve
addded at the 24th, 4Bth, or 66th hr of culture. The addition syl
of O-ribose caused a dose-dependent inhibition of [° H]-TdR intr
incorporation, but only when added at the 24th or 48th hr sool
of culture (fig. 2a and 2b). The correlaticn among the experimen- and
tal points was highly significant (P< 0,01) for both experimental immu
times used, as revealed by Student's Xt test of regressicn and
coefficient. The control sugar D-arabinose had minimal effect by D-
ana the «correlation among the experimental pocints was not for ¢
%_. significant (P> 0.05), is st
2 ‘ : - a
v gj ODiscussion. In the present paper we have confirmed and extended ocknow
s B2 previous observations. We have shown that D-ribose severely no. ¢t
. - . S L.
* f inhiblts lymphocyte division when added at the onset or at to M.
v ‘%-;‘j the 24th hr of culture, while it 1is 1ineffective when added to C.
s pal at the 48th hr or later. These data suggest that D-ribose to Or.
','" " interferes with early events, which are c¢ritical for lymphocyte
==q activation (8)., The lack of effectiveness of the sugar, when Refere
w
“ administered at the 66th hr of culture, confirms that it takes (1) ™
3t !
N several hours to exert its inhibitory effect, which is not (2) B
=
; due to competition with the entry of [3H)-TdR (1),
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gur results show that two reducing sugars, O-ribose and O-
arabinose, did not induce UDS, in contrast to D-glucose (3).
nerefore, the cytotoxic effect of O-ribose 1is probably not
gque to direct DNA damage. However, D-ribose, but not D-arabincse,
inhibited gamma ray-induced DONA repair synthesis in a dose-
gependent fashion, when administered to PHA-stimulated lymphocy-
ves at the 24th or 4Bth hr of culture. ’

The inhibition of ONA repair synthesis by D-ribose may explain
soth the inhibitory effect exerted by the sugar on mitogen-
stimulated lymphocytes and its toxic effect on non-dividing

cells. Lymphocyte proliferation and ONA repair are intimately
connected. In fact, quiescent lymphocytes, as well as other

cells, contain physiologically-formed ONA strand breaks, which
seem to be the net steady-state result of a dynamic equilibrium
of breaking and ligation (7). Lymphocytes must rejoin these
sreaks in order to enter the cell cycle (8, 9). The inhibition
of ONA repair synthesis by O-ribose may prevent their duplica-
tion; moreover, accumulation of DNA breaks due to the presence
of D-ribose may be fatal to G0 -cells.

As far as the mechanism of action of D-ribose is concerned,
several targets can be hypothesized. The adenosine diphosphoribo-
syl transferase (ADPRT) and ODNA 1ligase reactions (10), the
intracellular levels of NADP/NAD (311, 12) and the nucleotide
pools (13). are possible candidates. These metabolic pathways
and reactions are deeply interconnected and related to lymphocyte
immunclogical functions, cell proliferation, cell viability
and DONA repair (14). However, a direct inhibition of ADPRT
by D-ribose is unlikely, taking into account the time required
Lor the suygar to inhibit DNA repair synthesis (fig. 2c). kork
is still in progress to examine the remaining hypotheses.
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no. B83.2099 and Public lInstruction Ministry funds (40%, 1984)
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D-RIBOSE AND DEOXY-D-RIBOSE INDUCE APOPTOSIS IN HUMAN
QUIESCENT PERIPHERAL BLOOD MONONUCLEAR CELLS

D. Barbieri, E. Grassilli, D. Monti, S. Salvioli, M. G. Franceschini, A. Franchini§,
E. Bellesia, P. Salomoni, P. Negro, M. Capri, L. Troiane, A, Cossarizza
and C. Franceschi'

Dipartimento di Scienze Biomediche, Sezione di Patologia Generale, via Campi, 287, 411C0
Modena, ITALY

§Dipartimento di Biologia Animale, via Berengario, 14, 41100 Modena, ITALY

Received May 3, 1994

SUMMARY: In previous papers we reported that D{-)-ribose and 2-deoxy-D-ribose, which rank
at the top among reducing sugars, kill a variety of human and animal cells and cell lines {1, 2).
Here we demonstrate that these two sugars induce apoptosis in human gquiescent peripheral
blood mononuclear cells which are relatively insensitive to apoptosis. Apoptosis was assessed
by morphological changes, DNA fragmentation by agarose gel electrophoresis and the
appearance of an hypodiploid peak by flow cytometry. 2-deoxy-D-ribose was more potent than
D(-\-ribose and apoptosis was evident from 48 hours of culture onwards. 2-deoxy-D-ribose-
inz” 2d apoptosis was inibited by N-acetyl-L-Cysteine,suggesting that glutathione metabolism
anc. .r oxidative stress are involved in this type of apoptosis. Thus, D(-)-ribose and 2-decxy-D-
ribose can be useful tools to study the cellular and molecular events of apoptosis in human
QU|escent lyrﬂphoc)"tes' © 1594 Academic Press, Inc.

We previously reported that D{-)-ribose (Rib) and 2-deoxy-D-ribose (dRib) induce cell
death in a wide variety of cells (dividing and nondividing, normal and neoplastic, freely floating
and substrate adhering, human and murine) at concentrations at which other monosaccharides
have little or no effect [1, 2. In these studies the effect of Rib and dRib was analysed on
var- 3 cell types by measuring the inhibition of cell proliferation after ditferent mitogenic stimuli.
On «::2 basis of these data, we decided to analyze if the death induced by these sugars was of
the apoptotic type.

Apoptosis (programmed death) is a peculiar type of cell death that has been described
as the opposite of necrosis (accidental death). It can be initiated by a number of external signals
like glucocorticoids, irradiation or withdrawal of growth factors {3]. Apoptosis is characterized by
Several morphological and biochemical events, such as cellular shrinkage, chromatin
congensation, DNA tragmentation and loss of apoptotic bodies, in which fragmented chromatin is
contained [4, 5).

——

ICarresponding author. Fax: 39-59-362206.

Abbreviations used: Rib, D(-)-fibose; dRib, 2-deoxy-D-ribose; Ara, D(-)-arabinose; PBMC,
penpheral blood mononuciear cells; P, propidium iodide; NAC, N-acetyl-L-cisteine.

0006-291X/94 55.00
Copyright © 1994 by Academic Press. Inc.
1109 All rights of reproduction in any form reserved.
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zaarese gel electrophoresis and the appearance of an hypodipioid p2ak v flow cytometry. The

it

) LAl
results odtained from these technigues suggest that indeed both sugars, wren comoared with a ¥
contral sugar such as D(-)-arabinose (Ara), a D(-)ribese isomer, inguce 2ooDlesis in quiescen ;
human FSMC, in which apoptesis is rather difficult to induce.

MATERIALS AND METHODS

5
Materials. D(-)-Ribose, 2-deoxy-D-ribose, D(-)-arabinose, N-acetvl-L-cvsizine (NAC) and 3
propidium iogice (P1) were purchased from Sigma Chemical Co., St. Louw's, USA. Lymphoprep i
was obtainad trom Nycoreg Pharma AS, Oslo, Norway. RPMI 1640, Hanks' Salanced Salts
(HBSS), L-Giviamine and Penicillin-Streptomycin were from Gitco, Paislay, Seotiand, UK. 3
Lymphocvte cultures. Peripheral biood from healthy volunteers wzs colizcted zsepticaliy; &
mononuciear celis were separated by centrifugation in Lvmphoprep gradian! i8], and cultured as Ay
previouslv gascribed [7]. Sugars were added in orger 1o reach a final concantration ranging from 2
1 mM to 20 mM. Cultures were incubated for 24, 48, 72 and &5 hs in & humicified atmospnere of .
5% CQp2 in air at 37°C, with or without sugars. At each time point, calls were harvesied and :
analvzed dy light microscopy, tiow cytometry and gel electrophoresis. ke

Light microscopy. Celis were collected using a cytocentrifuge (Shandon, Cheshire, Zngland) at ;.
500 rpm for 5 min and cell morphology was evaluated on May-Grunwzld/Giemsa stained ¥
preparations by examination in @ Axioscope, Zeiss, Germany. Apoptotic calls were identified .
using previously dafined criteria [4]. *

DNA fragmentation and agarose gel electrophoresis. DNA fragmaniztion was assessed &
ov DNA zgarose gei electropnoresis, performed as previously described (8} X
Flow cytometry. Sugar-inquced apoptosis was detected by reduced fluorascanze of the Pl - a

DNA binging dve - in the apontotic nuclei, as previously described (8]. §

i
Statistical analysis. Statistical analysis was performed by two tail pairec Student's { Test. A p %

value lowar than 0.05 was consicered statistically significant. e

4

RESULTS

P3MC were treated with 50 mM Rib and 10 mM dRib, i.e. concantrations wnich were |
highly eftettive in inhibiting celi proliferation and inducing cell death [1]. The morphology of Rib- :
and dRib-treated cells using licnt microscopy indicated that human quieszani P3MC were dying

by apoptosis (Figs. 12 and 1b). In celt cultures to which Ara was accag, the percantage 7!
apoptatic cells was negligible and similar to that of control, untreated cells. Ing2ed, Rib- and dRib- _
treated cells snowed characieristic cytoplasmic condensation, compaction of chrematin and 1
tragmentation of the nucleus into one or several dense spheres. -

These morphological changes were often accompanied by fregmaniation of DNA at -
internucieoscmal levels resulting in a characteristic ladder on gel electropheresis. The DNA ladder -
was eviden! in Rib- and dAib-treated cells (Fig. 2). As expected, DNA fragmentation was
practically apsent in control untreated and Ara-treated cells. Either in Rib- or in dRib-treated cells,
DNA fragmeniation became evident 48 hs alter sugar addition and increasz? in a timecependent
mannar, Moraover, dRib was more effective as an apoptotic agent, as juzzed by the amount of
tragmented DNA visible on the gel. ;

Thz presence of acoptotic cells in Rib- and dRib-treated cultures was confirmed using ¢
llow cytometry, as indicated by the red fluorescence intensity obtained atter inzuzation of cells ° 4
with propidium iodide. A decrease of tluorescence intensity indicates a cezrease in chromatin .
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—Bib  _dRib_

Fic. 2. DNA fragmentation in Rlb- and dRib-treated human P8MC. Human F3MC (5x108
cails) were incusated with or without 50 mM Rib, 10 mM dRib or 50 mM Ara for 24, 48, 72 ard 68
hs. M. molecutar weight marker DNA (Lambgdan174 DNA-Hind lil/Hae It Diges:. Pharmacia). 0:
hign molecular weignt DNA trom untreated PBMC, recovered immediately gfter lympnoprap
SEPATELON. 24, 48, 72 and 86 refer to the lime (hours) of treatment with sugars.
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hypodiploid DNA peak (Fig. 3). As expected, these changes did not oczur in control untreated &
nor in Ara-treated cells, where a typical diploid DNA peak was evident. A comparison Setween '
the data reported in Figures 2 and 3 shows that DNA fragmentation precades the changes i
revealed by flow cytometry. Morsover, flow cytometry confirmed that dRib is more potent thand_‘f
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Flg. 3. Rib and dRib Induce apcotosis in human PBMC, as assessed by fiow cytometry. T conce
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Fig. 4. dRib is about five times more powertul than Rib as an apoptotic agent, Cells
were incupated tor 24, 48, 72 and 96 hs as described in Materials angd Methads, either alone
.ontral) or with different concentrations of Rib (a} and dRib (b). Data represent the percenage

apoptotic cells determined by flow cytometry following incubation with Pl and atter having
yated out detbris. One representative expenment is reported.

Rib in inducing apoptosis of human PBMC. The effect of both sugars was time-dependent. dRib
was more potent than Rib (34.1% vs 14.6% at 72 hs; 64.7% vs 24.9% at $6 hs) at a five times
lower concentration (10 mM dRib vs 50 mM Rib).

In order to establish the lowest concentration of Rib or dRib capable of exerting an
apz; olic etfect on human PBMC, time- and dose-response experiments were performed. Cells
were cultured in the presence or in the absence of 1, 10, 20, 50 mM Rib, and 1, 2, 5, 10 mM dRib
for 24, 48, 72, 96 hs. Cells were then harvested and DNA fragmentation and percentage of
hypodiploid peaks were evaluated (Fig. 4). In the case of Rib the apoptotic effect was dose-
and time-dependent. indeed, the percentage of hypediploid peak at 72 and 96 hs was slightly
higher than that observed in control cultures when the concentration of 20 mM was tested, but
became quite evident at the S0 mM concentration. The eftect of dRib was evident when the
concentraticn of 10 mM was used. Thus, as an apoptotic agent, dRib was about five times more
powrrtul than Rib as a more massive loss of chromatin was obtained using a five times lower
oncantration.

On the basis of these results, 50 mM Rib and 10 mM dRib were used in five different

experiments to test the individual variability. The results were highly reproducible in different
individuals (Table 1). ———
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Table |: Reproducibility of Rib- and dRIb-induced apoptosis in human PBMC

["PAAT TR AN

TIME (hs) Control Ara(50mM) Rib(50mM) dRib(1amM)

Lol

24 26=059 27=12 3.3=04 28=08

R

48 63=17 60=15 8.1=16" 63=21.3"

LTI

72 8.8=23 8.8=18 224 =52 36.2=+6.8""

96 127 = 3.1 142=25 40.8 281" 69.7 = 6.8™

Yy

Cells were incudated lor 24, 48, 72 and 95 hs as cescnbed in Malenals and Methoas, either alone {Control) or with &
mM Ara, 30 mM Rib and 10 mM dRib. The percentage of apopiotic ceils was determined by flow cytometry followng
incucation with Pl and gebris were gated out. Values are means = SEM of five separaie expenments. Staustm
anal) Sis was pertormed by two tail paired Stugent's ¢ Test.

*p<0.03; " p<0.01; " p<0.001 vs control.

Br e e on

TP AR WY

In order to understand the mechanism(s) by which Rib and dRib induce apoptosis,
experiments were performed with severa! possible inhibitors. Taking into aczount that these two
sugars have a high reducing activity and rank at the top among reducing sugars [11], thus having
the possibility to interfere with the redox status of the cell, different antioxicants were tested [5,
12]. In Fig. 5 the protective effect of NAC is reported. Other substances had no protective effect
(3-aminobenzamide, nicotinamide, acetyl-L-carniting) (data not shown).
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DISCUSSION

e

The main finding of this paper is that two simpie sugars, such as Rib and dRib, are able
10 Inguce apeptosis in human quiescent P3MC, as assessed by morphological and biochemical -
analysis. The percentage of cells killed by Rib and dRib is quite high, involving about 70% of :
FBMC wnan the etfect of dRib is assessad after 98 hs of culture (table 1). Taking into account -

PRI IR S THRR I

Ineten i e b obne

BO9
U_? O controt
d & dRib 10mM
o 501
Q
g
[}
= 404
[+%
e}
o
<<
2 204

NAC (mM)

Fic. 5. N-acetyl-L-cysteine Inhibits dRib-induced apoptosis. P3MC from 4 healthy
sSuDiects were incubated with or withaut 10 mM dRib for 86 ns as descnbed in Materiaisand
Melhcacs, In presence or in absence of 10 mM NAC. The percertage of apoptotic cells (mean =
SZM) was assessed by Pl-staining using flow cytometry.
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»ptosis in human PBMC ES "ihat lymphocytes represent usually more than 70-80% of Ficoll-separated PBMC, we can

~ ¥ 'mwmbly assume that lymphocytes are likely the maijor target of these sugars. However further
b(50mM) dRIb(10mM) % BdEEL e - ~re needed to carefully assess a possible ditferent sensitivity of lymphocytes { T and B
a2y cells, .10 monocytes 1o the apoptotic effect exerted by Rib and dRib.

3x04 29208 Despite the ever increasing number of papers devoted to apoptosis, the reports which
1=18" 83213 % aescribe an apoptotic cell death in resting nomal human lymphocytes are scanty. Although
4s52° 252 = 6.8 *; poerly documented, mature lymphocytes appear 1o be retatively insensitive to apoptosis [13].
581" 63.7 £ 6.6 L This fact seriously hampered cellular and molecular analysis of the apoptotic process in

;i §
{ Methods, erther alone (Control) or with §
'as determined by flow cytometry followrg P

of tive separate experiments. Statistics §

lymphocytes, which are the most accessible cells from humans. Human lymphocytes can be

= the study of apoptosis in resting cells, without the necessity 1o trigger the proliferative program.
In more general terms, Rib and dRib can be added to the long list of agents capable of
inducing cell death by apoptosis. Apoptosis caused by Rib or dRib requires at least 48 hs to be
evident either by assessing ONA fragmentation or by flow cytometry. As an apoptotic agent,
‘grent antioxidants were tested {5, ’_ : 3 dRib was clearly much more effective than Rib. Even if the concentration of dRib required to kill
Jtstances had no protective effect _‘ k= more than 50% of the cells was relatively high, i.e. 10 mM, no apoptotic effect was exerted by a

Rib and dRib induce apoptesis,
raking into account that these two :

| reducing sugars {11], thus having ©

vt ety

s cor.. tration five times higher using a Rib isomer, such as Ara. The reason why dRib is more
3 powertul as an apoptotic agent in comparison to Rib is at present unknown.
; ‘ The mechanism(s) by which these two sugars are able to induce apoptosis in human
< § - PBMC is/are at present unknown, A possible key to understand this/ithese mechanism(s) is
s. such as Rib and oRib, are able ~ §  offered by the protective effect exerled by NAC. These experiments, performed because a major
2y morphological and bicchemical characteristic of these two sugars is their high reducing activities [11), suggest that dRib can
uite high, involving about 70% of interfere with glutathione metabolism (22}, NAC is, under centain conditions, a direct scavenger of
wre (table 1), Taking inta account reactive oxygen intermediates [23]. Thus, it cannot be excluded that dRib induces apoptosis by
preve ing an oxidative stress. Further studies are needed to clarity this point.
‘ In conclusion, we propose that the model here presented will contribute in understanding
o apoplosis in hurman PBMC,
dRib 10mM
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Effects of ribose onexercise-induced ischaemiain
stable coronary artery disease

WOLFGANG PLIML THOMAS VON ARNIM ALEXANDER STABLEIN
HUBERT HOFMANN HEINZ-GERD ZIMMER ERLAND ERDMANN

There is no established treatment specifically
aimed at protecting or restoring cardiac energy
metabolism, which is greatly impaired by ischaemia.
Even after reperfusion, myocardial content of ATP
remains low for more than 72 h. Long-term post-
ischaemic dysfunction and irreversibility of
ischaemic damage have been associated with low
ATP content. Evidence that the pentose sugar ribose
stimulates ATP synthesis and improves cardiac
function led us to test the possibility that ribose
increases tolerance to myocardial ischaemia in
patients with coronary artery disease (CAD).

20 men with documented severe CAD underwent
two symptom-limited treadmill exercise tests on 2
consecutive days; we postulated that the ischaemia
induced might bring about changes in ATP
metabolism lasting for several days. Patients whose
baseline tests showed reproducibility were randomly
allocated 3 days of treatment with placebo or ribose
60 g daily in four doses by mouth. Exercise testing
was repeated after treatment on day 5. At that time
mean (95% confidence interval) treadmill walking
time untl 1 mm ST-segment depression was
signiﬁéantly greater in the ribose than in the placebo
group (276 [220-331] vs 223 [188-259] s;
p=0-002). The groups did not differ significantly in
time to moderate angina. {n the ribose-treated group
the changes from baseline to day 5 in both time to ST
depression and time to moderate angina were
significant (p <0-005), but these changes were not
significant in the placebo group.

In patients with CAD, administration of ribose by
mouth for 3 days improved the heart’s tolerance to
ischaemia. The presumed effects on cardiac energy
metabolism offer new possibilities for adjunctive
medical treatment of myocardial ischaemia.

Lancet 1992; 340: 507-10.

Introduction

Although myocardial ischaemnia has profound effects on
the heart’s energy meubolism, there is no available
treamment specifically aimed at preventng or correcting the
changes. This is an important limitadon of current
treatment, since normal heart funcdon and tissue
preservation constantly require large amounts of energy
derived from the hydrolysis of ATP. ATP is believed to be
the main intermnediary between energy-creating and energy-
requiring reactons in myocardial cells. ATP stores in the
heart are very limited—sufficient for less than 1 min of
contraction.! During myocardial ischaemia, content of ATP
and creatine phosphate, the chief reserve source of high-
energy phosphate, declines rapidly.?? When reperfusion
occurs (spontaneously or as a result of therapeudc measures)
before the tissue is irreversibly damaged, crearine phosphate
content rerums 0 normal within minutes; thus, cellular

energy-producing mechanisms are intact.* By contast,
despite reperfusion, ATP concentradons take 72-96 h o
recover,3* and a recovery time of more than 7 days has been
reported after global ischaemia.®* Low myocardial ATP
content has been associated with extended post-ischaemic
dysfuncdon such as is observed in stunned myocardium. In
some studies, ATP concenmations correlate with
irreversibility of ischaemia, cell death, and the preservation
and return of contractile performance after ischaemia.®”
Factors that prevent faster post-ischaemic restoradon of
ATP concentradons have been identified. Myocardial
ischaemia leads t degradadon of ATP, and the
dephosphorylated derivatives diffuse out of the myocyte
into the extracellular space where they are no longer
available as precursors for immediate ATP resynthesis in
the salvage pathway.® Spontaneous or therapeudcally
induced reperfusion augments such loss of ATP
metabolites. Thus, when blood flow is re-established,
restoration of ATP content depends primarily on de-novo
synthesis. This process is slow in the heart!® because the
essential  precursor  5-phosphoribosyl-1-pyrophosphate
(PRPP) is in short supply." Exogenous ribose, a pentose
sugar, bypasses rate-limiting steps in the oxidative penrose
phosphate pathway that generates this precursor. This sugar
increases the myocardial pool of the precursor® and
accelerates ATP synthesis.2*3 Ribose-induced increases in
ATP concentrations have been associated with improved
post-ischaernic ventricular performance in animals,!*!5 and
less severe ischaemic cell damage has been reported.’ There
is strong evidence that ribose would be able to have these
beneficial effects in man t00.2*47#* [n this study we tested
the hypothesis that ribose increases tolerance 10 myocardial
ischaemia in padents with coronary artery disease (CAD).

Patients and methods

We studied 20 men, aged 45-69 years, who had CAD
documnented by coronary areriography (275% narrowing of at
least one main vessel) and a history of angina induced by normal
daily actvides (table). 3 patients had had myocardial infarcdons
previously. Before entry 10 the study each patent had to have a
positive treadmill test. An exercise test was judged positve when
thers was ischaemic ST-segment depression (21 mm {0-1 mV],
horizontal or downsioping, persisting for at least 80 ms after the J
point in the elecrrocardiogram) and angina during the first 9 min of
exercise according ® the Bruce protocol. Results of exercise tests
were accepted as reproducible when the tmes of onset of
ST-segment depression and of moderate angina on day 2 were
within 60 s of the respective times on day 1. 4 patients who met ail
other enury criteria did not show reproducibility and were therefore
excluded. During the study, patents continued their usual
medicadon (nitrates, calcium-channel antagonists, beta-blockers)
provided it did not change during the 72 h before the first exercise
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BASELINE CLINICAL CHARACTERISTICS OF STUDY PATIENTS

Age *
Patient | (yr) Stenosis® Treatment
Ribose
group
1 68 | 75% LAD, 99% RCA B,C
2t 53 | 99% LAD, 50-60% CX, 75% RCA B,C,N
3 0 | 100% LAD, 50% CX, 99% RCA B
4 61 | 90% LAD, 99% CX, 100% RCA C,N
5t 56 { 100% RCA B,C,N
6 53 | 9% CX, 100% RCA C.N
7 64 | 75-90% LAD, 75-90% CX, 90% RCA B,C,N
8 55 | 99% LAD, 40% CX, 50% RCA CN
9 65 | 75-99% LAD, 99% CX, 75% RCA CN
10 45 | 100% LaAD, 50% CX, 100% RCA B,N
Placebo
group
11 53 | 99% LAD B
12 53 | 75-99% LLAD, 75-99% CX, 75-99% RCA | B,N
13 62 | 70% LAD, 70% CX, 80% RCA B
14 & | 100% LAD, 50% CX, 99% RCA B,N
15 45 | 90% LAD B,N
161 56 | 100% LAD, 75% CX, 90% RCA C, N
17 52 | 75% LAD, 50% CX, 100% RCA B,C,N
18 67 | 100% LAD, 75-100% CX, 100% RCA B,N
19 60 | 50% LAD, 100% RCA B,C,N
20 62 | 70% LAD, 50% CX, 90% RCA B, N

LAD = iet1 antenior descending srtery; CX = circumilex artery: RCA = right coronary
antery; B = beta-biockers: C = calcium-channel antagonists; N = nitrates.

sAn artery with 3 70% stenosis was considered disessed

1Had previousty had myocardial infarction.

test. On each day of exercise testing, morming doses were withheld
und] after the test. Reasons for exclusion were unstable angina,
myocardial infarcdon within the previous 3 months, previous heart
surgery, evidence of heart failure, left rmain coronary artery stenosis,
valvular heart disease, any other non-coronary heart disease, any
disorder rendering the ST segment in  the exercise
elecorocardiogram unclear (eg, left bundle branch block), and
compromised gastrointestinal sbsorption. Study padents had to be
able to perform weadmill walking exercise and had no sympromatic
peripheral vascular disease. All padents gave informed written
consent The study protocol was approved by the University of
Munich Medical School Ethics Committee.

Exercise tests were donie on a motor-driven treadmill according to
the Bruce protocol. All patients were famniliar with the procedure.,
The skin was prepared for a 12-lead elecrocardiogram by shaving,
cleansing with acetone, and abrasion with emery paper. At the first
exerdse test, lead position was marked with permanent dye for
precise application on subsequent tests. During exercise, 3 standard
elecocardiographic leads were contnuously monitored. ST-
segment deviation was measured in all leads by a computerised
systan with subsequent manual over-reading. In cases of
discrepancy berween the computer-processed signal and real-time
elecooaardiography recordings, the latter were used for analysis.
On each day with exercise tests scheduled, the patent came to the
laboratory after an overnight fast without having taken any drugs
that morning. All three exercise tests for each padent were done
under idendcal external condidons, at the same tme of the moming
with constant room temperature and hurnidity. All exercise tests
were carried out by the same physician. If ST-segment depression
did not occur in post-treatrment exerdse tests before the exercise was
stopped at the onset of moderate angina, total exercise time was used
for time to ST depression. Patients were instructed to continue
exercise untl they had angina of moderate severity (chest pain of
such severity that the patent would normally stop actviry).

Because the cartyover effects of ribose are unknown, a crossover
design was judged inappropriate. If a padent showed reproducible
exercise tests on days 1 and 2 he was randomly allocated, by means
of a mble of random numbers, reagnent with ribose or placebo for 3
days (starting after the exercise test on day 2 and continuing to day
4). A final exercise test was done on day 5 to assess treaanent effects.
We postulated that rwo consecutve exercise tests to the point of
myocrdial ischaemia would induce changes in cardiac energy
metabolism lasting for more than 72 h.

Patients in the ribose group received 60 g D-ribose daily,
dissolved in water, in four doses of 15 g. Because of possible
hypoglycaemic responses to ribose™ patents were asked not to take
ribose while fasting. The dosage was based on reports of animal
experiments that showed the efficacy of high doses of ribose’* and
on human studies®!* showing that 60 g per day is well tolerated and
not associated with gaswointestinal side-effects. The placebo
solution conrained mainly an equicaloric amount of glucose. It was
idendcal to ribose solution in taste, colour, and appearance as
assessed by a pretrial experiment with 10 hospital staff. Purity of
substances was checked by the hospital pharmacy.

The sample size was prospectvely chosen on the grounds of
clinical pracrcability. The paired ¢ test was used for within-group
comparisons, Analysis of covariance was used to adjust for baseline
measuremnent in between-group comparisons. p < 0-05 (two-tailed)
was considered to indicate significance.

Results

In the ribose-treated group, the mean walking time ungl
1 mm ST-segment depression was significanty greater on
day 5 than at baseline (figure, A), whereas there was no
significant change in dme to ST depression in the placebo
group (p = 0-67). 2 ribose-treated patents did not show ST
depression on day 5, so time to the onset of moderate angina
was used in the analysis. After weatment, the tdme to ST
depression (day 5) was significantly longer in the group that
had received ribose than in the placebo-treated group (mean
and 95% confidence interval [CI] 276 [220-331] vs 223
[188-259] s; p = 0-002).

The dme to onset of moderate angina also increased
significandy from baseline 1o day 5 in the ribose group
(figure, B); there was an increase in this variable in the
placebo group but it did not achieve significance (p = 0-062).
There was no significant difference berween the ribose and
placebo groups in mean time to onset of moderate angina on
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Treadmill walking times until ST-segmant depression (A) and
onset of modarate angina (B).

Baseline = average of results on days 1 and 2 for each patient; day
5 = after 3 days’ treatment. Mean and 95% confidence intervals given
for each group.



