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DEPARTMENT OF HEALTH & HUMAN SERVICES Public Health Service 

Food and Drug Administration 
Washington, DC 20204 

JAN 2 4 2000 

Hany Farag 
Director of Regulatory Affairs 
Leiner Health Products 
901 East 233rd Street 
Carson, California 9074.5-6204 

Dear Mr. Farag: 

This is to notify you that your submission pursuant to section 4 13(a)(2) of the Federal Food. 
Drug, and Cosmetic Act (the Act) dated January 1.8, 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 2 1, 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-03 16). 
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, 

Senior Regulatory Scientist 
Division of Compliance and Enforcement 
Office of Nutritional Products, Labeling, 

and Dietary Supplements 



HEALTH PRODUCTS 

January 18,200O 

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 

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 233rd Street 
Carson, CA 90745 

Ingredient Name: 

l 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 b-Ribose daily. I ^ 

January 18,200O 



January 18,200O 
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 (n-Ribose) when taken under the suggested use is 
reasonably expected to be safe. 

Respectfully Submitted, 

Hany Farag, 
Director of Regulatory Affairs 
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8371, ~-Rib. C,H,,Or; mol wt 150.13. C 40.00%, 
H 6.71%, 0 53.28%. Prcpd by hydrolysis of yeast-nucleic 
acid: Lcvene, Jacobs, Ber 42, 1201, 3247 (1909); Lcvae, 
Clark, J @ioL Chem 46, 19 (1921); Brcdercck, Ber. 71, 408 
(1938); Brcdcrcck et all, ibid 73, 956 (1940); Phclps, U.S. 
pat. 2,153662 (1939 to U.S. Gov’t); by ion-exchange resin 
chromatography: Cohn. Scienke 109, 377 (1949); J. Am 
Chem. Sot. 71, .227j (1949); 72, 1471 (1950). From glucose: 
Karrer, Uelv. Chim AC& 18, 1435 (1935); Austin, Humd- 
la, J. Am. Chem Sot. 56, 1152 (1934); Kuhn et aL, Ber. 68, 
176s (1935); from nucle&&s: Laufer, Charncy, U.S. pats. 
2,379,913-4, (1945 to S&ware Labs.); from mythrose: 
Sowden, J. Arm Chem Sk 7% 808 (1950); from L-glutamic 
acid: Koga et aL, 7Wdeuhm Letters 197$, 263. Reduction 
of o-ribonic acid: van Ekarstdn, Blanksma, C&em, Zentr. 
1913, II, 1562; Stciger, Ue!v. Chim Acta 19, 189 (1936). 
Review: Overend, Staccy, in Nuclcr’c R&r rd. I, E. Char- 
gaff, J. N. Davidson, Eds. (Academic Press, New York, 
19s5) pp l-80. 

Plates from abs alcohol, mp 8T. Shows complex muta- 
rotation: Phclps et aL, J. Am Chem Sot. 56, 748 (1934). 

Final [a# -25. (water). Sol in water, slightly sol in ale. 
Phenylosazone, C,,H,N,O, yellow needles from pyridine 

+ water, mp 163- 164’. 
Methyl-D-riboside, crystals from ethyl acetate, mp 83-84’. 

[t# - 113.6’ (p = 3), Mnsaas, 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 diarrhea. Ribose consumed orally 
(1 gm per kg body weight*) or given intravenously (15 g over 4 min,* lo-20 g over lo-25 min,3 
or 40-50 g over 60 min4) 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,5P6 is not associated with any clinical symptoms, and appears to be 
only partially mediated by insulin secretion.’ Similar hypo 1 

f? 
cemic responses have been 

reported with intravenous administration of ribose in dogs. ’ ,I0 

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 (a-blocker), verapamil (Ca-antagonist), and metoprolol (P-blocker).““2 

Toxicity 
Results from in vitro experiments indicate that ribose inhibits DNA repair synthesis in human 
lymphocytes (25-50nM)13 and inhibits cell proliferation and promotes cell death in human 
peripheral blood mononuclear cells (50rnM).14 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 lo-fold increase of ribose to 35mM was required to 
significantly inhibit human lymphocyte proliferation in vitro.15 
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Metabolism of D-Ribose Administered Continuously 
to Healthy Persons and to Patients 
\vith Myoadenylate Deaminase Deficiency 

,v. Gross, S. Reiter and N. Ziillner 
Mdifinische Poliklinik der Universitlt 1MGnchen 

Summary. D-ribose was administered orally or in- 
travenously over at least 5 h to eight healthy volun- 
teers and five patients with myoadenylate deami- 
nase deficiency. Intravenous administration rates 
were 83, 167, and 222 m&t/kg/h, which were well 
tolerated but oral admimstration 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/lOO 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% 
oi’ 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 glomerufar fil- 
[ration 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 
to 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, 341. 

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

Abbrmiarions: MAD = myoadcnylatt dcsminvc: i.v. = intrave- 
nousily) 

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 ri- 
bose concentration after administering ribose for 
several hours is obtained. 

A hypoglycemic effect of ribose has repeatedly 
been described [l, 2, G3, 21, 22,24, 251 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, 351. 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 paticnls 
with MAD deficiency 

1 2 3 4 5 6 7 8 9 

AH M 24 104 204 2.44 

106 204 2.46 

JS M 26 74 188 1.99 

MW M 24 a4 176.5 2.01 

SV M 2s 

MG M 25 

78.5 182 2.00 
79.0 2.00 

65.5 178 1.82 

WB M 25 71.8 190 1.98 

BL M 37 68.5 178 1.85 

JM F 23 64.3 173 1.19 

Patients 

ES M 

GF M 

HA M 

HW F 

MA F 

56 

58 

31 

52 

45 

84.0 178 2.02 Oral 166.7 35.6 

81.5 175 1.97 Oral 166.7 41.9. 

61.5 182 1.80 Oral 166.7 33.9 

58.5 159 1.60 Oral 166.7 33.1 

51.3 164 1.62 Oral 166.7 9.6 
57.0 164 1.62 I.V. 166.7 22.9 

Oral 83.3 6.1 
166.7 29.4 

I.V. 83.3 9.2 
166.7 37.2 
222.2 77.7. 

Oral 166.7 44.2’ 
I.V. 83.3 6.3 

166.7 45.4’ 
222.2 85.6’ 

Oral 83.3 7.2 
166.7 34.0 

1.V. 166.7 58.8 

Oral 200.0 47.3 
I.V. 166.7 39.6 

Od 83.3 3.6 
166.7 26.8 

Oral 83.3 2.4 
166.1 24.1 

Oral 166.7 34.1 
Oral 166.7 37.4 

1 Initials of the subject 
2 sex 
3 Age (years) 
4 Body weight (kg) 
5 Body length (cm) 
6 Body surface (ma) 
7 Route of administration 
8 Dose (mgkgjh) 
9 Serum ribosc concentration during steady state (mp/l00 ml) 
or during the last hour of administration in cases where the 
c.sistcncc of a steady state is uncertain (these values arc marked 
with *’ l “) 

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

The clinical group consisted of live patients 
with MAD deticiency, 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, 341. Most pa- 
tients had suffered from symptoms of MAD deti- 
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 M. Gr 

A sterile and pyrogen-free 8.33 g/l00 ml D-Ribose 
solution for i.v. administration was prepared by 
the pharmacy of our hospital.’ 

Anai.vtical Melltods. In urine and blood samples 
the concentration of D-t-ibose was determined ac- 
cording to Roe and Rice [20] in the modification 
of Miller [ 161. After centrifugation, the serum sam- 
ple (0.2 ml) was deproteinized with 1.0 ml 10% tri- 
chloroacetic acid. An aliquot of the supematant 
(0.2 ml) was heated with 3.0 ml of a solution of 
4-bromoaniline (20 g/l) 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. 
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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 [lo]. Venous blood samples were 
drawn every 30 min, in some experiments every 
5 min. 
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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 l/l2 of this solution. 

P”’ 
;7 

Intravenous administration was performed US- 
ing a 8.33 g/100 ml solution of D-ribose (equimo- 
far to 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 
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>I. Gross et al.: Metabolism of D-Ribose 

a corresponding amount of table water every 
10 miri. 

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 
tir during the following day after keeping the serum 
;It 4” 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. 
.4fter 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/lOO ml, single values ranging from 
0.0 mg/lOO ml to 3.5 mg/lOO ml. 

Both after oral and after intravenous adminis- 
tration (except when diarrhea occurred) a constant 
ribose concentration in sentm 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-I 50 min. Using intravenous admin- 
istration, the steady state was reached after 60 min 

Fig. 1. Average serum ribose and glucose levels during oral 
ribose adminisrraCon wirh rates of 83.3 mg/kgih (hour O-S) 
and 166.7 mg/kg/h (hour S-10) to four healthy subjects. Full 
sp&ofs 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 ribosc levels during oral ribose administration 
of 166.7 mgjkgih 10 seven healthy subjects. The lines indicare 
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 “ l ” 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 tibose serum concentration of 4.8 mg/ 
100 ml was obtained, the corresponding concentra- 
tion at dose 2 was 28.7 mg/lOO ml. 

Three more volunteers started the oral expeti- 
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/lOO ml 
to 44.2 mg/lOO ml. 

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/lOO 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/lOO ml was observed (Tables 1 and 4). 

Two volunteers received an infusion of 
83.3 mg/kg/h of tibose, leading to a steady state 
serum concentration of ribose of 7.8 mg/lOO ml. 
The same two volunteers also received infugions 
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 oraliiv administration: steady state 
concentration or - erum ribose. decrease of serum glucose, and 
utilized amount of administered ribose (i.v. experiments) 

I 2 3 4 5 6 7 8 

AH Orill 83.3 6.1 8.9% 4.8% - - 
I.V. 83.3 9.2 15.3% 9.3% 133.5 1.259 

Oral 166.7 29.4 ‘4.5% 12.6% - - 
I.V. 166.7 37.2 26.8% 18.0% 241.3 2.276 

JS Oral 166.7 44.2. 17.8% 18.9% - - 
I.V. 166.7 45.4’ 21.4% 16.9% 175.4 2.308 

MW Oral 166.7 34.0 29.5% 17.6% - - 
I.V. 166.7 58.8 18.2% 25.1% 173.7 2.080 

SV Oral 200.0 47.3 23.2% 16.6% - - 
I.V. 166.7 39.6 32.4% 17.2% 181.7 2.300 

Patient 

MA Oral 166.7 9.6 3.1% 3.9% - - 
I.V. 166.7 22.9 27.2% 16.1% 132.9 2.332 

1 Initials of the subject 
2 Route of administration 
3 Dose (me: kg/h) 
4 Serum ribose concentration during steady state (mg!lOO 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 (mgimin)) 
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 
(mg/kg;h) 

Subject Utilization Total body 
OWkgih) clearance 

(mlikglmin) 

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 1.02 
Average 134.5 6.26 

Patient MA 139.9 12.13 

777 7 m-s.- AH 167.5 4.77 
JS 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 concc?trations 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 

1 2 3 4 5 6 7 8 

Oral 83.3 AH 6.1 4.8% 87.9 62.3 
MW 

54.2% 
7.2 1.9% 128.1 110.3 

MG 
82.1’% 

3.6 3.6% 92.4 87.8 
WB 

82.9% 
2.4 3.5% 146.4 127.9 101.6% 

Average 4.8 5.0% 113.7 97.1 80.2% 
Oral 166.7 AH 29.4 12.6% 106.7 75.7 

MW 
65.8vo 

34.0 17.6% 120.6 103.8 
MG 

77.3% 
26.8 11.9% 81.3 77.3 

WB 
73.0% 

24.7 13.0% 104.9 91.7 
IS 

72.8% 
44.2. 18.9% 94.6 82.2 88.5% 

JM 37.4 17.2% 84.5 81.7 102.6% 
BL 34.7 16.8% 92.3 86.3 64.6% 
Average 32.6 15.4% 97.3 85.5 77.8% 

Patients ES 35.6 13.9% 91.3 78.2 70.4% 
GF 41.9 l 14.5% 91.1 80.0 83.3% 
HA 33.9 17.5% 88.1 84.7 95.2% 
HW 33.1 6.5% 33.1 35.8 45.0% 
MA 9.6 3.9% 68.5 73.2 62.6% 

Oral 200.0 sv 47.3 16.6% 95.1 82.3 80.6% 
I.V. 83.3 AH 9.2 9.3% 148.3 104.1 

JS 
-97.9% 

6.3 6.5% 107.6 93.5 100.7% 
Average 7.8 7.9% 128.0 98.8 99.3% 

I.V. 166.7 AH 37.2 18.0% 142.3 100.1 93.9% 
JS 45.4 = 16.9% 78.6 68.3 73.5% 
MW 58.8 25.1% 98.9 85.1 68.7% 
sv 39.6 17.2% 92.0 79.6 78.0% 
Average 45.3 19.3% 103.0 83.3 78.5% 

Patient MA 22.9 16.1% 115.8 123.7 105.9% 
I.V. 222.2 AH 77.7, 24.6% 124.3 87.4 82.0% 

JS 85.6’ 21.6% 71.0 61.7 66.4% 
Average 81.7 23.1% 97.7 74.6 74.2% 

1 Route of administration 
2 Dose (mg/kgih) 
3 Initials of the subject 
4 Serum ribost concentration (mg/lOO ml) during steady state 
or during the last hour of administration (*) 
5 Renal excretion during steady’state (% of intake) 
6 Renal ribose clearance (ml/min) 
7 Renal ribose clearance (ml/min) related lo 1.73 m2 body sur- 
face 
8 Relation renal ribose clearance-creatinine clearance 

. IIJmq/kqlh-,cq.? mOlkq1h-c Xl2 molkqlk- 

i i i i i 4 e i i 6 10 il 12 hours 

Fig. 3. Serum ribose levels during ribose infusion with three ( 

rates LO two healthy subjects C 

I 
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Fig. 4. Average ribosc levels (ordinore) obtained in IWO healthy 
subjects during imravenous ribosc adminisrration with three 
rates (obsci.WJ) 

2b 40 6b 8’0 

swum riboso Iwel [mg/dl] 

Fig. 5. Serum ribosc level (abscirs~) and utilization (orcfinnre) 
for IWO healthy subjects 

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 I. 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 iv. 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- 
t:veen 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= 6.862 - 4.951: + 0.68 

.v: steady state concentration (mg/lOO ml) 

.‘I: dose (mg/kg/min) 

For volunteer JS the following parabola was 
calculated : 

?‘= 7.792 - 5.56x - 0.24 

Then for the steady state concentrations during Urinary Ribose Excretion. Both after oral and in- 
oral administration the corresponding i.v. dose was travenous administration, a steady state of excre- 
calculated using the second order equation. tion of ribose in urine was obtained after 60 to 

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/lOO 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 me/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,Gnin) 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. Fieure 5 
shows the utilization of ribose and serum hbose 
concentration for the two subjects who received 
three doses. . 
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Fig. 6. Average serum ribosc level @oinrs) and urinary excretion 
(bars) during oral ribose administration in two rates to four 
healthy subjects 
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Fig. 7. Average serum ribosc level and urinary excretion in two 
healthy subjects after intravenous adminisrrarion of ribose with 
three rata. The traced lines connect the measured values, the 
dorred lines indicate the excretion of a substance that is excreted 
only by glomerular filtration without secretion or reabsorption 
(calculated from the crcatinine 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 13.5 mg/lOO ml or 

I 

0 10 20 30 
min efter end of inlurion 

Fig. 8. Disappearance of ribosc from serum: time (min) after 
end of infusion and serum ribosc level for tive healthy subjects 

12 mg/lOO 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 mJ/min, AH 151.5 ml/min) assuming that ri- 
bose is only glometularly 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 elernination of ribose 
at serum concentrations higher than 10 mg/lOO ml. 
Thus, it is possible to express the disappearance 
of ribose from blood in terms of mg/lOO ml,‘min 
(Table 5). 

Side-Effecrs. Diarrhea was noted in some instances 
during oral administration (JM, dose 167 mg:kg;h. 

i 

1 

i 

, 
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Table 5. Disappctirancc of ribosc from the blood 

I 2 3 4 
0 
, 

.&F-l 77.7 1.787 0.01214 
M w 61.3 I.489 0.01772 
IS 85.5 1.627 0.02141 
jv 38.5 1.200 0.01519 
11.4 26.6 0.660 0.01158 

1 Initials of the subject 
2 Ribosc serum concentration at the end of infusion (mg/ 
100 ml) 
3 Disappearance of ribose from the blood (mg!lOO ml/min) 
4 Disappearance of ribosc from the blood, related to the body 
weight (mg,‘lOO mllminikg) 

and in all experiments with doses higher than 
‘00 mg/kg/h). Most of the volunteers reported hy- 
perperistalsis during oral administration. How- 
ever, it was impossible to differentiate between the 

) afwr 
Ibjcctc I 

effects of ribose and the effects of the long fasting 
period and the intake of water. Under i.v. infusion 
hyperperistaisis was reported only occasionally. 

some 
ured. 
does 

f 
I 

at ri- 
lines 

:eady 
s the 
ation 
sorp- 
Jtion 
-Con. 
1 the 

Before, during, and after ribose 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- 
ance, and creatinine clearance could be detected, 
except for volunteer MG: His serum concentration 
of bilirubin increased from an initial level of 
1.3 mg/lOO ml to 2.3 mg/lOO 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 

bojr’ 
I1 arc 
es Ii1 
Aism 
cor- 

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

end 
rc’li- . 
bo>c 
3 ml. 
arKi’ 
min 

.nL 
;g h. 

Before administration of ribose a minimal uri- 
nary pentose excretion was detected. Part of this 
n?ay be attributed to various also- and keto-pen- 
loses. In [he 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 
iveight. White and Hess [29] found each of these 
penroses in a concentration of X-10 mg,!lOO ml 
in the urine of healthy men. Futterman and Roe 
[S] found 0.1 mg/lOO ml ribulose and 0.4 mg/ 
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Table 6. Steady stats serum levels of different sugars during 
1.v. infusion 

Sugar Rate of i.v. Steady state Rercrcncc 
adminisrration serum concentration 
@w/kg/h) (mg/lQQ ml) 

Ribose 83 8 
167 45 
222 82 

Galactose 300 28 
Xylitol 

191 
500 85-95 

Fructose 500 42 1::; 
1000 87 
1500 140 !::; 

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

Sugar Rate of i.v. 
administration 
bw/kgh) 

Utilization 
bwkn;h) 

Reference 

Ribose 83 
167 
222 

Galactose 300 
Glucose 500 

loo0 
lSO0 

Fructose 500 
1000 
1.500 

77 
135 
171 
290 1121 
499 1101 
985 1121 

1390 
489 ;;:; 
947 

1409 t:;; 

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/lcg/h or 122.4 mg/kg,!h within 100 min. 
After 40-60 min a steady state concentration of 
11 mg/lOO ml and 7 mg/lOO 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 mgil00 ml without 
reaching a constant level. Goodman and Goetr [S] 
infused 500 mg/kg over 35 min leading to a peak 
level of approximately 80 mg/lOO 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. 



1212 M. Gross CI al.: Metabolism of D-Ribose 

Table 8. Urinary cxcrclion during i.v. infusion (steady stale): 
compafison between ribosc and fructose 

Sugar Rate of Urinary excretion Reference 
administralion 
(mglkglh) (mg/kg/h) % 

of intake 

Ribosc 83 6.6 8.0% 
167 32.2 19.3% 
‘2’ 51.3 23.1% 

Fructose 500 ’ 11.2 2.2% 
1000 52.6 5.3% ;:i; 
1500 90.4 6.0% (321 

tion has been well studied [l, 2, 6-8, 21, 22, 24, 
25). A decrease of serum glucose concentration 
down to 15 mg/lOO 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. 

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). 

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 to 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, 191 whereas xylitol [IZ] 
and fructose [ll] lead to considerable elevations 
of plasma levels. 

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. Piuichini et al. [17] 
infused 500 mg/kg leading to an urinary loss of 
IO%-15% of the adrmrustered 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]. 

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/lOO 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 au_gmented 
(Table 5). However, the data suggest that impor- 
tant individual differences in ribose metabolism 
may occur ,. 

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 t-ibose blood level is below 
a critical value of 6 to 20 mg/lOO 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/lOO ml 
respectively. 

Oral administration of D-ribose is limited by 
diarrhea occuning 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 only measured bio- 
chemical change is an asymptomatic decrease of 
serum glucose concentration. 

The hypoglycemic effect of ribose administra- 

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 
cytotoxic 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 su_ear is advisable due to 
the individual differences in ribose metabolism. 
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Hormonal Changes During 

Ribose-induced Hypoglycemia 

Jean Ginsburg, :11.,-l., D..V., Barbara Boucher, M.D., N.R.C.P., and 
Peter Beaconsfield, N.D., Ph.D., F.A .C.S., London, England 

SUMMARY 

plrsnta Ievels of insulin and human growth hormone 
rHGH) were measured in healthy adults after oral or 

ill;ravcnous administration of the pentoae sugar D-ribose. 
Increased plasma kvdl of insulin were recorded after 
both oral and intravenous riboae; there was no consirtent 
change in plasma levels of HGH after administration of 
ribore by either route. It ir suggested that inrdin release 
occu” at such times and in amountr a~ may account 
at least in part for the hypoglycemic effect of this pentose. 
DIABCTEJ 19:23.27, 1970. 

We have recently reported that the blood glucose 
conccncracion falls in man after ingestion of D-ribose,’ 
35 after intravenous injecrion of the penrose.’ How this 
sugar induces hypoglycemia is nor clear, however, 
since ocher penroxs such as xylox and arabinose do 
nor lower glucose.2~’ 

As parr of a srudy co elucidarc rhe mechanism of 
ribose-induced hypoglycemia, the effccrs of oral and of 
inrravenous ribose on plasma insulin, corrisol and hu- 
man growrh hormone (HGH) were investigated in 
healthy adulrs. 

MATERIAL AND METHODS 

Oral ribox dissolved in water ( I gm. per kg. body 
weighr) or intravenous ribose ( 15 gm in a 7’/1 per 
cenr solurion infused ovcf four minuea) was given 
to ten healthy adulr volunrcus between the ages of 
rwenry and thirty, rested at resr in the laboratory afrer 
an overnight fast During an inirial control Period of 
ar lasr fifrnn minutes, mo separate blood samples 
were taken through a needle maintained in an ante- 
cubital vein. D-r&se W~J then given and further 

From rhe Endocrine Unir, New End Hospiul, London 
N.W.3; Medial Unit, The London HorpicaI Medial School. 
London. E I; md Royal Fret Hospital Medial School, Liver. 
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samples raken rhrough rhe same needle. With incravcn- 
ous ribose, samples were raken at 3, 6, 12, 24, 30, bo, 
So, 95 and 1x0 minures. Afrer rhe oral penrose, sam- 
ples were taken half-hourly for three hours. Four of 
these subjects underwent similar control studies in 
which they drank warer alone. 

Blood glucose was measured by a glucose oxidase 
technic;’ in three rcsrs simultaneous dererminacion of 
total reducing substances was made using a Technicon 
AuroAnalyzer. Glucose and ribose were also estimated 
chromarographically in one cxpcrimenr, the ~0 sugars 
being separarcd from dcproreinizcd filtrates of serum 
as borate complexes on a Dowcx column, elurcd with 
borare buffers (0.010 M potassium teuaborare pH 8.5, 
followed by 0.062 M Potassium rcuaborare pH 8.5) and 
then analyzed wirh a Technicon AutoAnalyzer.” 

The plasma from heparinizcd aliquots was rapidly 
separared by ccnrrifugacion and stored at -20~ C. 
Plasma insulin and HGH were subsequenrly dcrer- 
mined in rhae samples by radioimmunoassay according 
to rhe merhods described by Morgan and IazarowJ and 
Harrog cc al.: respecrively wirh a reproducibility of 2 
5 per cent. 

Plasma corrisol was measured in the 6rs.t rhree ex- 
perimenrs, but since no change in corrisol levels was 
recorded after oral or intravenous ribose, further esri- 
marions of rhe hormone were nor made. 

In view of the reciprocal relationship posrularcd be- 
tween rhe level of free fatty acids and tissue glucose 
utilization, and rhe influence of borh insulin and human 
growrh hormone on lipolysis, serum free fatty acids 
were measured after oral ribose in three subjects by the 
merhod of DOIC.~ 

RESULTS 

Orai dose (cable I, figure I) 
After oral ribose, the blood glucose level fell on 

average 14 mg./Ioo ml over .-.e first ho& from a 
fasting mean value of 8o mg./roo mf. The blood glu- 
cose level then rose slightly during the second hour, afrer 
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HORMONAL CHANGES DURING RIBOSE-INDUCED HYPOGLYCEWA 

TABLE 1 

I:Irccl r,l ,,l.;ll 0.ribose (1 pn./kg.) on blood ~IUCOSC (G-mg. per 100 ml.). immunoasssyable insulin( (I--rIJ.;ml.) and 
human growth hormone (HGH-mrg.im1.J in five healthy adults 

1 

Time G I HGH 

0 63 7.75 8.5 

30 571s 5 
!8 45 10 12.5 

:2;: :: 48 115 12’ ii 

Ii0 48 12 t 

2 3 4 5 
G I HGH G I HGH G I HGH G I HGH 

101 10.2 4 

88: 8 5 10’ 2.2 2.5 
88 12.5 3 
58 13 
52 17.5 “2s 
48 14.5 4 

3?7AL 
RIBOSE 

- BLOOD GLUCOSE 

PLASMA INSULIN 

L 1 1 I 

3 I 2 a ” 

TIME HOURS 

;:bngw in blood glucoro (mg./lOO ml.) and 
Hi* ” ‘z ‘sulin (pU./ml.) in five healthy rdults after 

hW<w oi D-rib-e (I gm./kq. body weight). 

,, 5L,?, :.\q 11-s J. -ad hop ~0 a mm of 50 mg./ 

I.\’ 2.: A: :+x hours The levek of blood glucose 
II ,.;.f &*I A: -- **-7x h0US WcTC b0Ch sipibdp dSa- 

\, .;z ,I\: \. 
- ?i’\ from the fasting mea(l (p < 0.001 . . . 
. . . 

I:s . ? . . . . - xspcaively) and from each ocher 

\ .‘. .- , y. -. c-2:). 
,‘r ~.p+.nti afca oral D-ribosc was MC ac- ,. 

77 26.0 1.5 67 12.3 11 80 4 6.0 

67 20.5 1.5 
75 18.3 1.5 
71 37.5 7 
68 42.5 18 
61 36.5 i0 
67 41.5 6 

60 15.5 0.5 
5s 40 
61 13 ::: 
57 20.5 
45 27.5 k 

63 28 
65 15 i:: 
69 20 
63 6.5 ;5 
57 a.5 0:s 

companied by changes in blood pressure, pulse rate or 

o&a evidence of an adrcnergic response. One &jm 
complained of a headache at about mo-and-a-half 
hours and ~locha noed marked pc&a.lsis and bar- 
borygmi around this rime. Diarrha occurred in two 
subjccrs three to four hours after penrose ingesrioa 

Plasma insulin levels inaeascd within half an hour 
of giving the oral penrose, from the fasting mean of 
13.6 $J./ml to reach a mean value of 18.7 pU./mL 
ar one hour. Following a slight fall there was a second 
rise in serum insulin, to a mean of 21.7 pU./mL, 
accompanying the secondary fail in circulating glucose 
and occurring bcrwccn rwo and rhrcc hours Both these 
increnses in serum insulin afrcr oral ribosc were sig- 
tiant (0.05 > p > 0.02). 

There was no consisrcnr change in HGH levels dur- 
ing the rest In two patients (cases I and 3) there 
was an inaascd serum HGH around one to two hours 
but in each imxxtce the rise occurred in association 
with the development of either hadache or of ab- 
dominal symptoms 

Serum free farry acid levels fell by nearly 50 per 
cent within half an hour of giving oral ribose (from 
a faxing mean of 432 m.Eq./L to 250 &q./L at half 
an hour); fasting levels were regained after a further 
rwo hours 

In rhe experiments in which blood levels of total 
reducing subsrances were determined simultaneously 
with “mre” blood glucose, 0ra.l ribosc induced an appa 
rent increase in blood sugar from the fasting mean 
of 75 mg./xoo ml. (measured by the AuroAnalyrer- 
ferricyanide me&cl) to 97 mg./xoo ml ac half an hour, 
125 mg./xa ml at one hour, and 122 mg./mo rd. 

at one-and-a-half hours, fasting hek being approached 
(67 mg./rm ml) by three hoa The corresponding 
mean values for “pue” glucose determined by the glu- 
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m oxidxse method were 65, 55, 50, 54, and 46 mg./ 
100 ml respectively. That the increase in reducing sub 
-CM in blood after otal pentose was predominantly 
Iibse wu illusttatcd in the experiment in which the 
aws were estimated chromatographically. Ribosc was 
no; detmed in either of the control samples but one 
hour after the oral dose, serum ribose was 85.6 mg./ 
100 ml.; two-and-a-half hours after ribose administta- 
don, the blood level had fallen to 19.6 mg./roo mL 
and was 74 mg./roo ml at three hours. The corrtspond- 
ing values for blood glucose were 72.4, Go.4 and Go.2 

mg./xoo ml respecriveIy. 
~,w,wmosu tibo~r (table 2, figure 2) 

With the inaavenous pcncox, blood glucose fell pro- 
~esrivelp from the fasting mm of 65 mg./xoo ml. to 
53 mg./roo ml at one hour; thereafter blood glucose 
rose and fasting levels were regained within two hours 
of chc injection. There were no changes in pulse rate 
or blood pressure and no abdominal symptoms aftet 
inuaveIlous penrose. 

Plasma insulin was more than doubled three minutess 
after intravenous ribose and then fell progrcssiveiy 
over the next half hour. There wns no change in blood 
HGH or cortisol during the period of obmtion. 
Control stalks with ord watt (table 3) 

There were no significant changes in blood glucose 
or plasma insulin for rwo-and-a-half hours afkr water 
was drunk in these studies. The HGH levels were 
either low throughout, or fell to low levels with rest 
as UpMed. 

DISCUSSION 

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

a 

mgm% 

5 

IO- 

o- 

40 

rulml 

0 I 

IV 
RIO OSE 

1 

BLOOD GLUCOSE 

PLASMA INSULIN 

I I I 
0 

TIME MINUTES 120 

FIG. 2. Mman changes in blood glueoao (mg./lOO ml.] and 
plasma insulin [rU./ml.) in five horlthv adults l ftw 
in+rrvenour infusion of IS gm. D-riboso. 

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

In discussing possible causes of ribose-induced hp 

TABLE 2 

Effect of 15 gm. intravenous D-ribose on blood glucose (G-mg. per 100 ml.), immunoassayable insulin (I-&J./ml.) and 
human growth hormone (HGH- mpg.&) in Eve healthy adultr 

Subject 6 7 8 9 10 
Tie 0 I HGH G I HGH G I HGH G I HGH G I HGH 

6n01 0 69 14 7.5 69 12.5 2.0 61 20 3.S 59 11.5 9.5 90 21.8 7 
(mean of 
mo deter- 
minations) 

69 38 2.5 70 35 2 62 38 2.3 ss 28 4.0 a6 52.~ a.2 
70 17 25 67 17 1.5 61 31 2.0 53 21 3.0 

66 54 28 21 1.5 I.5 63 61 13 9.5 i-55 z t-z Y :: t 2J a2 82 46 32 12 
72 52 12 IS 23 20 54 39 15 9.5 2 12 54 41 22 Ii ; 47 12.5 % 7s 17.5 - Id.0 

4: i 55 a’s 

415 4s; :Y 

lJ t: 48 10 8 2.5 s.0 70 

68 6 1J 54 7.5 2.0 a2 49.5 i0.s 
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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--rU.,‘ml.) and human 
growth bormone (HGH -m+ug./IJ in time healthy adulb 

Subject 

Control 
(mean of two 
determinations) 

1 
Time G I 

0 81 1 I.8 

4 5 
HGH G 1 HGH G I HGH 

0 77 7.8 2 79 3.5 23.5 

Minutu 
afm 
water 

30 

9600 
120 
150 

83 9.5 
79 8.8 
7Y 9.0 
83 10.0 
81 10.2 

1 

:, 
y.5 

ff: 9.0 1 82 2.0 23.0 

83 E :-; R 0” 0” 
;70 7-o d 7:o 1 7Y 80 1.0 

1.5 i 

glycemia, increased secretion of insulin is obviously the 
&SK consideration, as originally suggested by Ponae 
A rapid rise in plasma insulin was reported after in- 
uavenous D-ribosc,lo a finding confirmed in the present 
srudy, but Sccinberg and his c0I1eagua~~ concluded that 
the amount of insulin secreted after ribosc adminisua- 
tion was insu5cicnc co account for the subsequene fall 
in bIood ~IUCOSC. 

in ISVO diabetic patients maintained on insulin’ even 
wirh large doses of oral ribose (2 mg./kg.), and chat 
here was no fall in blood glucose after ribosc infusion 
in the pancreacccromizcd dog,‘3 provides further cvi- 
dencc of an associarion berwcen insulin release and the 
fall in circulating glucose observed afrer administration 
of ID-dose. 

This coaclusion can be qumioned since their estimate 
of insulin ~cnxion was based solely on the peak 
serum insulin kvel recorded after ribose injection. In 
the present snrdy, after oral ribose there was a sus- 
rained rise in insulin, and the biphasic fall in blood 
glucose was accompanied in each instance by a sign& 
ant rise in blood insulin above conrrol le~ek Con- 
versely, with intravenous ribosc the onset of recovery 
from hypoglycemia was associated with the return of 
insulin to basal levels. No such rises in plasma insulin 
were found in the studies in which no D-ribosc was 
given and the absence of marked flucruations over a 

three-hour morning period of rat and fasting is 
similar co that noted by S&&h.11 Furthermore, with 
more frequent blood sampling (as in a rcpe;lc test in 
subject I ), serum insulin was found to double within 
6fcecn minutes of oral ribosc and to remain elevated 
ac this level for over half an hour. And since in 
normal adults the half rime of inaavcnously injccrcd 
insulin disappePrvlce from plasma is two to three min- 
UC& the sustained rise of serum insulin demonstrated 
in the prucnr srtrdy reflccrs a considerable increase in 
insulin ~crerion Hence release of insulin in response 
co oral ingestion of the pcntox D-rilxxc apparently 
occurs at times and in amounts su5cicnr co explain at 
lasc prridy the faI.l in blood glucose. The fail in 
serum free farry acids after ribosc administrarion is also 
in accordance with this view, for the hormone inhibia 
lip01 ysis. 

The diphasic fall in bIood glucose was associated in 
each irisrance with a concomiranr rise in plasma insu- 
lin It is unlikely chat this “cycling” resulted from rc- 
lease of HGH, for no related changes in plasma levels 
of HGH were observed in the recent srudy. Increased 
glucagon secretion in response co falling levels of blood 
ghcose, as reported after oral gIucosc,a’ might account, 
however, for rhe results. Our &dings may also imply 
that the homcostaric mechanics concerned wirh the regu- 
lation of blood sugar cannot distinguish bcrwccn toral 
blood sugar and blood glucose levels after D&ox. 
Accordingly, hypoglycemia after D-ribose adminisuacion 
might result partly from insolin release and also partly 
from the influence of rhis pentose on a receptor srimu 
Iaced by glucose and which normally induces incrc& 
hcparic glucose ourput after cessation of insulin action 
Studies of the c&t of D-riboss on glucose rurnover it 
dogsla support the Possibiliry that the pcntox inmfere: 
with the homeosradc mechanism maintaining norm0 
glycemia by substinrting for glucose ar some recepm 
sire. 

The fact that the blood sugar level did nor decreaK 

The m&a&m by which ribosc s&mlaccs ins&r 
sccrerion is nor, however, clew. The rapid rise of plasm 
insulin after intravenous ribox argues against tk in 
volvemcnc of an intarinal hormone such as scuctir 
That the penrose in&nccs insulin production dirccrl 
is suggesrd by the increased insulin libcraud whel 
ribose was incnbarcd with isolated rat l~le~~’ Since th 
amount of insulin relasfd afta itmaportil ribose wa 
found ro be much greater than after infwion of quiva 
lent amounts of glucose,” a carbohydrarc scnsirive rtgu 
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bcor of insulin secretion, located outside the pancreas 
ad acting independently of the actual level of blood 
glucose, was posculated.‘c 

The level of arterial glucose has been considered the 

primvy srimulus determining the release of the gluco- 
reL%larory 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 after 
insulin-induced hypoglycemia.‘B That this concept is 
inadequate co explain all aspects of blood glucose home- 
oscasis is ilhcscrated both by the glucose and hormonal 
rapomes co ribose and by many recent srudies which 
have shown char the correlation of plasma levels of 
HGH and insulin with arrerial blood glucose is nor 
&says close. Striking changes in HGH and insulin may 
occur, for example, after injmioa of certain ammo 
acids which evoke only minor changes in blood glu- 
CDX;” in subjects with spontaneous hypoglycemia there 
is poor correlation between blood levels of glucose and 
of HGH” and Buccuacions in HGH unrelated co changes 
in circulating glucose have been observed during a 
cwenry-four-hour fast= Similarly, the inconsistent 
changes in HGH and the progressive fall in free fatty 
acids after oral ribose in the present study support 
ctz view chat the release of HGH may relate more m 
the symptoms associated with hypoglycemiazl than m 
the absolure or relative level of blood glucose, secretion 
of HGH being increased in “stressful” sicuacions re- 
gardless of the fall in blood glucose. 

The hypoglycemic action of D-ribose and its scimu- 
lanc effect on insulin secretion may also have chera- 
peuric implications, and the lowering of blood glucose 
after oral ribose observed in a patient with maturity- 
onset diabetes’ suggests chat this possibility merits 
further investigation. 
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Previouslp thought to be primarily a ztructural 
component of nucleic acids, the pentose. n-ribose, 
in the form of the ester, ribose j-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 
pathwa!. has heen summarized b! Horecker and 
Nehler ( 1) and Wood (2). and surveys of its 
significance in various mammalian tis>ues have 
been reported (3-6). 

iron1 tlli., lal~orator\. ha\-? described the physio- 
logic tlisposition in- man of the related pentoses 
I)-s!,lose. I)- and L-arabinose, and D-IyXOSe, as well 
a.\ the effects (ai insulin on the blood levels of 
the>? sugars. 

Saito (7) has investigated the glycogenic ei- 
iect oi ribose after its injection into mice and rab- 
I&. and Herrmann and Hickman (8) ha\-r de- 
scribed the utilization of ribose by beei cornea. 

ecker. Gibbs. Klenow. and Smyrniatis (9) 
a... . e demonstrated the conversion oi ril)ose to 
hesoje with rat liver homogenates and Katz. 
.\braham. Hill, and Chaikoff (10). incubating 
ribose 1-C” with rat liver slices. tA)~er~ed the 
formation of glucose with a pattern oi labeling 
that was predictable from the reactions of the 
pentose phosphate pathway. Similar findings 
haye been reported by Hiatt ( 11). studying the 
in ~~~TYI conversion of labeled ribose to glucose in 
the mouse. Recently .Agranoff and Brady ( 12) 
have isolated and purified from calf liver an en- 
z>-me. ribokinase. which is capable of phosphory- 
lating ribose to ribose S-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. 

Part ~)i the lb-rihose u~tl in these esperimentl was a 
generous gift of Dr. Hewitt G. Fletcher, Jr.. of the Sec- 
tion on C‘arhohytlrate>. I.ahoratory of Chemistry of this 
Inrtitutr. and part \\a> purchased from the Pfanstiehl Co.. 
\\‘auhtcan. III. The tugar was pure, by the criteria of 
hot11 olnical rotation and paper chromatography. Seven 
and a hali ,)er crnt sterile pyrogen-free solution of the 
,upar 5, a, IIWII ior infusion. Rihose I-C”. specific ac- 
ti\.it!- 2.01 PC. llcr rnp. and 0.89 p’c‘. per mg.. was ohtained 
iron] thr Natiotlal Bureau oi Standards and is-as found 
to IW stalely ril>oxr by chromatograph! and radioautog- 
ral>ll!, F’uritied I))lol)hoglucomutase prepared according 
10 Sajjar ( 17) was a gift oi Dr. K. Kurahashi. The 
~IUCOW I-phozphatr was commercial material electro- 
phoreticall! irred oi glucose I. 6-diphosphate. Ribose 
.i-pho>phate 11-a; ohtained from Schuarz Lahoratories 
and u~d as thr bodium salt. 

Since rihose appears to be of importance in 
mammalian metabolism. we have undertaken a 
bturly of certain phase> oi ribose metabolism in 
man. This paper presents data concerning the 
fate of ribose after its intravenous administration 
in both unlabeled and Cl4 labeled form to both 
normal and diabetic subjects. Preliminary results 

Tnentx-seven intravenous infusions of various amounts 
of I)-ribose were given to six fa5ting normal male and 
one irmale volunteers. 19 and 21 years of age, and to 
three >uhject> nith diabetes mellitus. All of the normal 
suhjerl> \vere maintained on a 250 Gm. carbohydrate 
diet prior to study. Diabetics received their last dose of 
crystalline insulirl 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, 
hx constant infusions. using a Bowman pump. By the 
technique already described (lj), 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 C per Kg. body lveight 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 xvere obtained for 24 hours 
and preserved by freezing. 

:se studies have been published i13). as well 
i report of the hypoglycemia induced by ribose 
infu&n (14). Previous publications (15. 16) 

.-lpralgfic-rrl /~~cdurrs. Blood and urine glucose were 
estimated by employing the glucose oxidase method de- 
vised in this laboratory ( 15). Ribose was analylzed by 
the orcinol method ( 18). using blood filtrates and urine 
in which glu- e had been destroyed by glucose ox&se. 
Serum inorganic phosph; tr was determined by the method 
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PHOFPHATf. P.%TH\\.AY ASI, lT>~CO?CYERSIOS TO (;Ll-COSE 

of Fiske and Subbarow (19) and blood pyruvate hy tlw same manner as \vhole urine. Recovery of sugars chro- 
method of Segal, Blair, and [Vyngaarden (20 I nlatographeti in this was ranged from 93 to 103 per cent. 

Expired CO, was collected and isolated a?; barium 
carbonate. as previously described (15). The CO1 con- 
tent of expired air \\-a< measured in a C‘amhridpe CO, 
anal>-zer. Radioactivit!, in the CO, u-a.. tleterminerl b> 
liberating the gas from barium carbonate ant1 diffusing 
it by the method of Eiaenherg I 21 ) into hynmine has?. 
ivhich \\a.< counted hy the technique of Pasimantt. Radin. 
and Cooper ( 22) in a liquid scintillation couttter ( Pack- 
ard Co.. La Grange. III.). The overall efficiency of CO, 
counting was 39 per cent. Cumulative esrretiun of 
C”0, was estimated according to Rerlin. l’~~lbert. and 
Lawrence ( 23). 

Glucose \vas isolated as crystalline potassium gluconate 
from the urine of the diabetic subject. who received C” 
ribose by treating the urine according to the procedure 
of 1loore and Link (261. The potassium gluconate \van 
recrystallized t\vice from methyl alcohol. One portion 
of the gluconate wax osidized to CO, and counted as 
above. and another \vas degraded by the periodate 
methotl ~)t’ Eisen!:erg (271. tvhereby carbon atoms one 
and six. individually. and t\vo to five. collectively, could 
be isolated as CO, and counted. 

The assay for phosphoglucomutase activity was that of 
Kleno\\- ( 2X t 

Blood radioactivity \vas assayed in the follolvinp 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. .-\ portion of the neutralized filtrate was then 
concentrated to 1.5 ml. under a nitrogen stream, and 0.5 
ml. of this ivas added to 10 ml. of dioxane phosphor con- 
taining 5 per cent naphthalene and 0.8 per cent diphenyl- 
oxazole (23) for scintillation counting. 

RESULTS 

The disappcarancc jronr blood of ribosc adminis- 
terrd intrazrenously 

Urinary C” counting was performed as in our previous 
communication (IS). 

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 ds the solvent (RF 
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 

Semilogarithmic 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 



THE METABOLISid OF D-RIROSE IS 31.4X 721 

eO/- SUBJ. L.C. 
A 

60 . 20 GM OF RIEOSE INFUSED 

0 IO GM OF RIBOSE INFUSED 

40 A 5 GM OF RIBOSE INFUSED 

30 
* 3GM OF RIBOSE INFUSED 

\ 

. 
K=0.046 

I 
IO 

I \I I I I I 

IO 20 30 40 50 60 7C 80 90 100 

TIME MINUTES 

FIG. 2. SEXIILOGARITHXIC DISAPPEARANCE CURVES OF RIBOSE FRO&~ 

BLOOD AFTER 15 ~IISL’TE ISFUSIOX OF VARIOus AXOCSTS OF PESTOSE 
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plasma and red blood cells, for esperimentally 
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 comples 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 KS, or ribose con- 
centration, at the point of half saturation of the 

srance system. can be derived. The Ka is 10 
J per 100 ml. Thus the system is completelv 

sayurated at initial blood levels of 20 mg. per 16 
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 
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the normal subject, the rate constant ranges from 
3.S 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.: 4.6 to 5.1. p 
normal disappearance curve of the pentose D-xylost 

has similarly been noted in Subject C. M. (31) 

The effect of insulin on blood &boss levels 

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

T.4BLE I 

Ribose infusion in normal and diabetic subjects Ribose infusion in normal and diabetic subjects 

Subject Subject 
Weight Weight 

KK. KK. 

Quantity Quantity 

inP:d inP:d m m 

Disap- Disap- 
pzarance pzarance 

from blood from blood 
K’ K’ 

yo/min. yo/min. 

Volume of distribution Volume of distribution 
based on based on 

obE~~=d obE~~=d Ca’c2~ted Ca’c2~ted 
L. L. L. L. 

Time of Time of 
insulin insulin 
admin. admin. 
relative relative 

to end of to end of 
infusion infusion 
minulrs minulrs 

Normals 

\I’. Y. 
15’. w. 
if\‘. \v. 
J. D. 

Ji.:: 
L. c. 
\I’. B. 

JL.“c. 
L. c: 
J. D. 

Diabetes mellitus 

c. Lk1.t 
hf. s.1 
N. Iv.5 

~Kormal plus insulin 

L. c. 
c. c. 
\V. R. 
W;. R. 

60 20 

io” 2”: 

80 

ii 
66 
64 

:: 
74 
74 

74 

74 

10 
10 -. 

ii 
20 
20 

ii 
constant11 
infusion 
constant 7 
infusion 
constant** 
infusion 

E 
4:8 

5”:: 
4.6 
6.9 
8.2 

10.5 
10.7 
13.8 
11.9 

4.6 22.3 9.2 
5.1 24.4 10.5 
5.1 20.8 6.7 

9.3 

4.3 
4.5 

6.0 
6.0 
5.8 

7.OH 

24.9 19.0 
21.5 10.7 
19.3 10.7 
26.1 19.0 
21.5 3.8 
29.1 11.0 
29.6 21.7 
21.5 7.9 
19.6 
31.7 2:.: 
40.0 36:3 
24.3 24.8 

24 

2”: 

17 

:t 

:!i 
16 
18 
21 
12 

8 

5 

-10 

$3”: 

$8 

2’: 
+2 
+6Gtt 

+‘lwt 

+wt 

* See text, footnote 1. 
t Fifty-three year old male requiring a total of 36 U of lobin and crystalline insulin daily. 
$ Twentv-three year old male requiring a total of 45 U a PH and crystalline insulin daily. 

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

7 Constant infusion 146 per minute after a 4 Gm. prime. 
** Constant infusion 151 mg. per minute after a 4 Gm. prime. 
tt Insulin injected at stated trme after the start of the constant infusion. 
$1 Calculated from data obtained for decreasing blood levels after cessation of the constant infusion. 
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FIG. 4. THE EFFECT OF INTRAVENOUS INSULIN OS THE 
DISAPPEARANCE OF RIBO~E FROM B~oon 

curve, as well as one after insulin administration. 
.4s 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. 

CONSTANT RIBOSE INFUSION -SUBJECT WW 

600 c 

.oo 
,,7 MGlM’N 

0 
1 

0 20 40 60 80 loo 

TIME IN MINUTES 

IC. 5. BLEND LEVELS OF RIBOSE AND GLUCOSE OBstxvEn 
DURING THE CONSTAKT INFUSION OF RIBOSE 

Effects of intravenous insulin administration 

CONSTANT RIBOSE INFUSION - SUBJECT .lD. 

f-TEj 

TIME IN MINUTES 

FIG. 6. BLWD LEVELS OF RIBOSE AND GLUCOSE Oe- 
SERVED DCRIST. THE COS?;T.AST ISFWIOS OF RIBOSE 

Effects of intravenous insulin and intravenous glucose 
administration. 

So 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 (1G). Figures 5 and 6 demonstrate these 
studies. After insulin, the ribnse 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 
pev se. The symptoms of hypoglycel-lia occurring 
after insulin injection were not alleviated by the 
presence of ribose in the body. 

The dishihtion of ribosc in body fluids 

The \~olume of distribution of ribose calculated 
from C,’ 1 values obtained 1)). graphic extrapolation 

1 The concentration of rihose in Plasma water (C’) 
has been calculated from the analYtiCa value on whole 
I,lood (C) divided by 0.8. the aPProsimate water con- 
tent of blood. Volume of dihhtion equals Q/C,: in 
\vhich C,’ equals C.,/o.e. the concentration of ribox in 
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of the linear phase of the ribose disappearance 
curve to t, averaged 16.1 L. in 12 stuqies 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 estm- 
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 both 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 emplo!-ed by us for determining 
the volume of distribution of sylose (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 type of esperiment 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, 
\vhich 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 
hod!. weight. a distribution essentially in extra- 
cellular fluid. This finding parellels that for 
D-xylose ( 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 seer 
with D-Iysose, but much smaller than that ob- 
served \vith D-xylose or L-arabinose. 

The ltrinury e.rcrction of ribose 

The urinary escretion 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 esperiments. 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 escretion of 5 per cent of the dose. 
These results are in contrast to those obtained with 
D-SylOSe. 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). 

Tlrr effect of ribose on blood levels of glucose, py- 
rwatr and inorganic 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 blued 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 II 

Change in blood glucose and phosphate ufler infusion of 
various doses of rtbose 

L. c. 
L. c. 
L. c. 
L. c. 

J. D. 
JJ. ;. 

J: D: 
J. D. 

20 il 30 
10 84 
5 67 2) 

0.6 
0.9 

0 (saline)* 

63 0.3 
:: 91 :a 

Z.7+ 6”: :; 
1.2 

0 (saline)* 0.3 

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

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

of ribose is sho\vn again in the same subject 
(Figure 5) after a 4 Gm. priming dose and the 

‘:ant infusion of ribose at a slow rate. 
_ able II 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. 
\\.as 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 hypoglycemia (Figure .i j 1 greater 
hypoglycemia occurred, and frank symptoms were 
then observed. 

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

‘xr normals receiving 20 Gm. the decrexe 
. 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 

question \vhen one observes the blood phosphate 
changes in a given subject \vho received various 
ribose doses (Table II). 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 pyru\.ate changes observed after 10 
Gm. infusions 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 i. \YorthJ 
of note is a comparison of the effects of ribose and 
insulin on the blood phosphate and pyruvate in a 
gi\.en individual. In the experiment shown in Fig- 
tire 3. the phosphate had fallen 0.5 mg. per cent 
and the p!-ruvate 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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FIG. 7. THE EFFECT OF THE ADMISISTRATION OF RI- 
BOSE ON BLEND GLUCOSE. PYRLYATE ASD SEHUXI ISOR- 
CANIC PHOSPHATE LEVELS 

A significant decrease in blood glucose level is noted, 
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injection of insulin and concomitant ‘-11 in glucose I I , I , , , , , 
bvas followed by a further fall in phosphate of 1 --t- 0 5&M Rl8osE 5-P ADDED TD ENZYME 

mg. per cent and a rise of blood pyruvate from 
AT ZERO TIME 

0.400 - -- 10 MINUTE PREINCUBATIO,, 0~ Ep,zyME _ 

0.51 mg. per cent to 1.40 mg. per cent within 28 WITH 0.5.&u Rl80SE 5-p 

minutes. The lowest blood glucose value after in- 
- 30 MINUTE PREINCUBATION OF ENZI,.,E 

WITH 0.5,&M RlBOSE 5-P 

sulin in this study is about equal to the lowest 
value seen after ribose in the same subject (Fig- 

(0 14,“M GLUCOSE I-PHOSPHATE 

0.300~ 
ADDED TO ENZYME AT ZERO 

TIME IN EACH.) 

ure 7) where little change occurred in phosphate 
or pyruvate values. 

Studies z&h pkosphogi~~co~~ll~tase 
1 

The lack of a significant increase in blood pyru- < 
vate and questionable decrease in serum inorganic z 
phosphate, accepted parameters for indicating in- $ O.’ O” - 1 
creased peripheral glucose utilization (35-37)) s 
suggested that the ribose-induced hypoglycemia 2 
was not due to an insulin-like effect. Quantitative 3 
determination of urinary glucose after ribose in- 

I 
0 2 4 6 6 IO I2 14 I6 18 20 

fusion (14) eliminated glucosuria as a cause and TIME IN MINUTES 

indicated that the hypoglycemia might be the re- FIG. 8. THE INHIBITIOK OF PHOSPHOCLUCOMUTASE BY 

suit of a defect in the hepatic homeostatic mecha- RIBOSE S-PHOSPHATE 

nism for maintenance of blood glucose. The ordinate represents the optical density change at 

One of the important reactions in the formation 340 mp due to the formation of reduced triphosphopyridine 

of glucose from glycogen is the conversion of glu- 
nucleotide by the action of glucose 6-phosphate dehydroge- 

case l-phosphate to glucose 6-phosphate by the 
nase on the glucose 6-phosphate formed by the mutase 
reaction. 

enzyme phosphoglucomutase. Recently, Sidbury 
(38) and Ginsburg and Neufeld (39) have ob- 
served an inhibition of this enzyme by galactose 
l-phosphate, a fact kvhich 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 5-phosphate on phosphoglucomutase ac- 
tivity. 

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 assay system of glucose 6-phosphate de- 
hydrogenase and triphosophopyridine nucleotide 
detects the formation of glucose 6-phosphate from 
glucose l-phosphate by an increase in reduced tri- 
phosophopyridine nucleotide recorded as an in- 
crease in optical density at 340 ml* 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 PM of ribose 5-phosphate is added simultane- 
ously with the substate glucose l-phosphate. This 
curve represents a 5 per cent inhibition of the en- 
zyme. When 2.5 ,.A~ and 5 PM of ribose ester 
are added, one obtains a 59 and 72 per cent inhibi- 

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 5-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 P after injection of ribose-1-P 

In an effort to obtain information concerning 
the metabolic disposition of ribose, two studies 
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labeled material plus 20 Gm. of unlabeled ribose 
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Numbers ahove bars indicate the ratio of total C” 
counts to rihose counts in urine. 

The disappcnruwc of Cl4 from blood 

Figure 9 demonstrates the disappearance curve 
of C” from blood plotted semilogarithmically. 
The linear curves denote that Cl4 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 IO.? ,411 of the data indicate 

?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 :he specific 

(C” counted) . 
activity of ribose at zero time - (mg. per cent) assuming 
the specific activity of rihose remained constant during 
the period of study. 
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that after ribose-1-C” injection, as the ribose E.rcrction of ribose as C1’Oq 
disappears from the blood. nonribose Cl* appears, 
The rate of appearance of this nonribose CL4 in 
blood is shown in Figure 11. 

The specific activity of expired C1*O, is shown 
in Figure 12. The CO, is appreciably labeled 5 
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”0, excretion after the adminis- 
tration of other labeled pentoses (44). 

The determination of the cumulative Cl4 in the 
expired air for six hours revealed 48 per cent 
of the tracer C” but only 16 per cent of the Cl4 
given in 20 Gm. Since a large quantity of Cl4 
was found in the urine when the 20 Gm. was in- 
jected, however, comparison of the amount of 
metabolism to C”Oz 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 
nnd 74 per cent after the larger dose. It seems 
apparent nhen comparing the C”Oz and urinary 
Cl4 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 C”0,. 

The rwinaq C” rxcrction aftrr Ialwlrd ribose 
injrction 

-4 total of 10 per cent of the C” administered 
in tracer dosage appeared in the urine, whereas 
40 per cent of the 5 PC. 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. 
1Vhereas the cumulative urinary excretion of Cl* 
was 40 per cent, only -30 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 Cl* 
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 \vas cl~romatogrnl~hetl 
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 cnn- 
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. X similar studI, 
of urine from the load experiment (70 to 42 min- 
ute period. Figure 11) revealed that only 47 per 
cent of the Cl* applied to the paper could he 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. 

The metabolism of rihose-l-C14 in diabetes mellittts 
nnd midmce fog the r.yisfcnce of the prntose 
phosphate pathway in man 

Fiye PC. of ribose-1-C” was given intravenously 
to a 53 year old, 60 Kg., unstable diabetic (Sub- 
ject C. M., Table I) whose last dose of crystalline 
insulin was given 24 hours prior to the study. 
I3lood glucose during the period of observation 
was 475 mg. per cent and acetone was present in 
the urine. 

The specific activity of the expired PO, can 
be seen in Figure 12. Compared to results ob- 
tained in the tracer study in the normal (J. D.), 
the specific activity of the C”0, is much lower, 
and the shape of the curve greatly altered. In the 
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diabetic, the labeling of CO, reaches a lo\v masi- 
mum and then remains constant throughout the 

‘-d 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 PO2 
and the low cumulative escretion of C” as CO2 
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”Oz 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 ’ kained for the first 5 hours. Twenty- 
eight per cellt of the Cl* administered was ex- 
creted via this route 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. 
.%ll of the radioactivity applied to the paper was 
found to reside in the rihose and glucose areas 
after development of the chromatogram. The 
cumulative excretion of C” in ribose and glucose 
: Lie diabetic urine is shown in Figure 13. Five 

s after ribose-1-C” injection, ribose (1” 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 
75 counts per minute per mg. throughout the first 
five hours. Since the urinary glucose is derived 
from the body pool of glucose, one may assume 
that all of the glucose in the body has this specific 
activity. .ksuming also a glucose space of 17 per 
cent of body iveight (45), and knowing the glu- 
cose concentration in plasma water,” a glucose pool 
of approsimatel~ 59 Gm. can be calculated for 
this diabetic. If this glucose is labeled to the ex- 
tent of -3.5 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 any time during the first fire 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 espired C02) 
five hours after injection. 

The fact that the specific activity of body glu- 
cose is essentially constant for five hours ma) 
explain the constant specific activity obtained 
for expired CO, (Figure 12 j. It would ap- 
pear that ribose is converted rapidly to glucose 
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and that the osidation of glucose is the means b! 
\\-hich C” appears in CO,. The lo\\- specific ac- 
tidy of espiretl 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 specitic 
activity in an expanded glucose pool. I,ut also to 
the defect in glucose metnbolisnl I\nnwn to exist 
in the diabetic, 

.-kcording to the reactions of the pentose phos- 
I)hate path\vay ( I), radioactive glucose derived 
from ribose-1-C” should be labeled ~~redominnntly 
in carbons one and three. Indeed, in the intact 
mouse, Hiatt ( 11) observed that ribose-I- Cl’ gave 
rise to C” glucose with 34 per cent of the acti\+\ 
in carbon one, 56 per cent in carbon three and a 
small quantitv of acti\.ity in the other carbons. 
In order to &ermine \vhether ribose-1-C” was 
converted to glucose by this pathwa!- in man, glu- 
cose. from urine obtained during the fourth hour 
aiter riLose injection, was isolated as crystalline 
potassium gluconate. .A0 aliquot was converted 
to CO, to obtain the total radioactivity in carbon 
one to carbon sir collectively. .\nother portion 
\vas degraded so as to obtain carbon one aml 
carbon sis. individually, and carbon t\l,o to carbrjn 
ti1.e. collecti\~el!~. as CO,. Thirty-one per cent of 
the activity in carbon one to carbon siz resided in 
carbon one, 6 per cent in carbon sis and the re- 
mainder in the carbon tn-o to carbon five fraction. 
presumably the activity being in carbon three. 
These figures correspond with Hiatt’s results in 
the mouse, and give evidence that ribose was me- 
tabo!ized in man by conversion to glucose via 
the pentose phosphate pathway. 

DISCCSSIOS 

The kinetics of the disappearance of D-ri\NSe 

from blood differ from those of n-glucose (46) or 
n-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 iI 
fusion of various hexoses and other pentoses ( 15 
Only D-galactose disappears from blood at a ra. 
similar to that of ribose (47). .qt comparable do: 
levels, the rate constant of ribose removal fro) 
blood is four to !ive times as large as that of othc 
pentoses (15 j. Helmreich and Cori (48) ha\ 
similarly reported that injected ribose disappeat 
from the body of the nephrectomized rat at ratt 
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 
Xone of our studies was designed to determine 
accurately the renal mechanism for escretin; 
ribose, and we are not au-are of any careful stud 
ies of the renal handling of this pentose comparahlt 
to those reported for sylose (49). One difference 
between the renal handling of ribose and sylose i: 
suggested from the present studies. Plasma glu- 
cose levels of about 300 mg. per cent cause a 
saturation of the xylose tubular reabsorbing 
mechanism and increase the renal clearance oi 
xylose (50). Xo such effect was observed in the 
rihose studies in diabetics, for with blood glucose 
levels of about 300 mg. per cent, these subjects 
excreted no greater amounts of ribose in urine 
than the subjects lvith normal blood glucose levels. 

Sormally, small amounts of ribose can be de- 
tected in urine (51). There have been several 
reports of a ribosuria associated with muscular 
dystrophy (52) and neoplastic disease (53). 
Whether this ribosuria is a primary defect in 
these diseases, or is merely a consequence of tis- 
sue breakdosvn has not been established definitely. 

The present studies \\-itl-. ribose-l-Cl* in the 
normal suLject 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 PO, ap- 
peared so smn 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 
Cl+ ribose experiment in the diabetic has shown 
that the ribose not excreted in urine is largely 
converted to glucose by the sequence of reactions 



THE METAROLISM OF D-RIBOSE IN M.&Ii 731 

of the pentose phosphate pathway as seen in Fig- 
ure 1. Since ribose is converted to glucose, it ap- 
pears probable that the PO, in expired air is 
derived from the oxidation of labeled glucose. 

The phosphorylation of ribose to form ribose 
j-phosphate appears to be a prerequisite step for 
ribose metabolism, and a D-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, hypoglycemia results 
;Ifter ribose infusion. This finding is apparent]) 

,ecies specific response, for Naito (7) reports 
tLldt 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. .% 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 

TIME HOURS 

hc. 13. URINARY EXCRETION OF C” AS RIBOSE AND 

GLUCOSE AFTER INFUSION OF LABELED RIBOSE TO A DIA- 
BETIC SUBJECT 

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. hlanifesta- 
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 s=ems probab.: that the rate of fall 
in these experiments was sufficiently rapid and the 
glucose level Ion enough (15 to 30 mg. per cent) 
to cause symptoms. The lack of symptoms im- 
plies perhaps that neural tissue was able to utilize 
ribose or that sufficiently high glucose levels ex- 
isted intracellularl!-. Indeed, Sable (58) has 
.shown that ribose j-phosphate is metabolized to 
hesose phosphate by brain homogenates. How- 
ever. Park and co-workers (59) ha\-e demon- 
strated that ribose is unable to cross the blood- 
brain barrier in the rat, a fact which makes it 
doubtful that rillose itself could obviate a hypo- 
glycemic response. In support of this is the 
fact that \vhen insulin-induced hypoglycemia oc- 
curred, riljose 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, associattd 
with ribose-induced hypoglycemia, have led us to 
the belief that this effect of rihose may be primarily 
an hepatic one. 

Under the conditions of our in Gtro 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 h~l.oglvcemia reTorted here. 
Since we have only studied the ribose phosphate 
effect on one enzyme, \\-e 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 z’ifro. 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 S-phosphate was used in excess of glucose 
l-phosphate. However, since gram quantities of 
ribose are being metabolized in the irr V~Z*O esperi- 
ments, it does not seem unreasonable that ribose 
Sphosphate 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 tnutase to produce 
the first type of inhibition. Possibly the ribose 
phosphate interacts with the em>-me 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 
l-phosphate on the mutase reaction (33). that 
both sugars cause hypoglycemia, and that there 
has been shown an accumulation of intracellular 
galactose l-phosphate in galactosemics (61). sub- 
jects who are known to have a hypoglycemic re- 
sponse to galactose infusion (40). 

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

to ribose injection \vith 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 D-sylose, L-arabi- 
nose, and D-lysose,, n.hereas n-arabinose is unaf- 
fected C 16). Since the blood level of n-ribose is 
affected hy insulin, this pentose may be grouped 
with the others similarly affected in the category 
of insulin responsive sugars. -Although Goldstein, 
Henr!.. 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 D-glU- 

case. this has not been found to be the case by 
other investigators (54. 63). In man, D-lyxose, 
which differs from the glucose structure in carbon 
two, and n-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 D-sylose 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 S-phos- 
phate, ribose 5-phosphate has several fates. An 
epirnerization to xylulose 5-phosphate may ensue 
(65), whereupon a cleavage of the latter sugar 
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lccurs (in bacteria) to form an acetyl phosphate 
nd glyceraldehyde phosphate (66). Free ribu- 
ose has been reported to be present in normal 
mman urine (67), suggesting that ribulose phos- 
)hate is dephosphorylated. Recently Hollmnnn 
.nd Touster (68) have demonstrated the pres- 
*nce of an enzyme in mammalian tissue, \vhich is 
,apable of reducing free ribulose to the sugar al- 
:ohol ribitol. Ribulose phosphate is also capable 
If being phosphorylated to ribulose 1 .S-diphos- 
)hate (69) which acts as an important intermedi- 
tte in the fixation of CO? in plants by forming 
wo molecules of phosphoglycerate (70). 

Ribose S-phosphate may be changed to ribose 
i-phosphate by the enzyme phosphoribomutase 
(71). Ribose l-phosphate, interacting with pu- 
-ine bases under the influence of a nucleoside phos- 
lhorylase described by Kalckar (77). forms nu- 
:leosides which theoretically may be phosphors- 
ated to yield a nucleotide. the structural com- 
lonent of nucleic acids. The main pathway for 
:t -mulation of nucleotides, however. involves 
:hL ,.j.rophosphorylation of ribose s-phosphate to 
iorm phosphoribosylpyrophosphate (73. 74). .4 
summary of the reaction sequence of this pathway 
has recently been published by Wyngaarden (75). 

.\ccording to Soskin and Levine (76). ribose 
forms a negligibly small part of the daily carbo- 
hydrate intake in man. It is ingested chiefly as 
a component of the nucleic acids of meat. \Yhether 
any part of this ingested ribose. or the ribose we 
infused, is incorporated intact into body 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. 

SUMMART 

The metabolism of n-ribose was studied in man 
by the infusion of both labeled and unlabeled sugar. 
This pentose was found to he 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 inhihiting the enzyme phosphol;lq’- 
comutase, thus prelventing glycogen breakdown 

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

Edtcin L. Biermun, ,lI.D., Eugene ,]I. Baker, Ph.D., Ircin C. Plough, :11-D., aad 

~ihm H. Hall, .lI.D.. Denver 

D-ribose, administered inrravenously to normal sub- 
jects, disappears rapidly from blood, is sparingly ex- 
creced in urine, and produces a signilicanr decrease in 
blood glucose levels. I* Cl’-labeled ribose has been traced 
co glucose’*’ and COz’ in man, presumably via merabo- 
lism over pentose phosphate pathways.‘.’ In addition, 
this sugar is an efficient glycogen precursor in several 
mammals.- 

Ribox 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 ro have no effect on transport of this 
pencose into muscle cells.’ 

e hypoglycemic effect of ribose in normal subjects 
is d property shared by galactose,1° but not by ocher 
peatoses” Or fructose.Y It is notewomhy 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 pencose 
can inhibit phosphoglucomurasc in vitro.’ 

Segal and his co-workers observed decreased blood 
glucose levels following the intravenous administration 
of zo gm. of ribose to three diabetic subjects.’ Results 
in the presenr study, using larger doses of ribose given 
to patients with both mild and severe diabetes, confirm 
rhis finding and show in addirion that several aspecrs 
of the metabolism of this pentose remain unaltered in 
rhe diabetic state. 

METHODS 

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

am the U.S. Army Medical Research and Nurrition Labora- 
tu~y, Fiasimons Army Hospital. Denver. Colorado. 
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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 fax. Insulin was 
withheld for ar least twenty-four hours before the rest. 
Heparinired venous blood samples and timed urine col- 
lections were obtained prior to the infusion and at 
hourly intervals thereafter. 

Blood glucose was measured directly in blood filtrates 
prepared by the Somogyi method” using the prepared 
enzymatic reagent, Glucostat, Worthington Biochemical 
Corporation (glucose oxidase, horse-radish peroxidases, 
phosphate buffer, and 0-dianisidine) as described by 
Saifer and Gerscenfeld.” 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 
( Pfansriehl) .‘I Nonesterified fatty acids (NEFA) in - 
plasma were measured by the method of Dole.” 

Glucose and ribose were determined on diluted urine 
by :he methods described for blood. However, prior to 
inctlbarion with Glucoscac, diluted urine samples were 
rreaarrd with ion exchange resins co remove interfering 
substances. A method described by Salomon and John- 
son” was modified as follows: Urine was diluted to 
conrain glucose concentrations from .015 ro .075 mg./ 
ml., a range in which the rolor response with the glu- 
cose oxidase reagent is linear. For this purpose, pre- 
liminary estimations of urine glucose content with Tes- 
Tape ( urine sugar analysis paper, Lilly) were found co 
be satisfactory. To approximately I gm. of a mixture of 
equal parts of freshly regenerated Amberlite IR 120 

and Amberlire IR 45 ion exchange resins in a 13 X 
loo mm. test tube, 2 to 3 ml. of. the dilute urine sample 
were added following washing of the resin with several 
;Iliquots of the sample. The tubes were then mechani- 
cally shaken for ten minutes and the resin allowed to 
settle. When low urine dilutions (less than x: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 I ml. aliquors of resin [reared dilute 
urine samples were then removed for incubarion with the 
giucose oxidase reagent. By this procedure, recovery of 
glucose added ro varying dilutions of urine was found 
to be essentially complete. 

Crine ketopenroses were measured by a merhod 
previously described.” Kerones in urine were estimated 
nirh Acetone Test Re3genc, Denco (sodium nirroprus- 
side. sodium bicsrbonare, and ammonium sulfare). 

RESULTS 

The disappearance of ribose from biood (half rime = 
27 = ; minutes) l in eight diabetic subjecrs was not sig- 
niricancly diserenc (P>.IOO) from that observed previ- 
ously in normals (half rime = 23 f 4 minutes)’ (fig- 
ure I ). Further, mild and severe diabetics removed 
ribose at similar rates (p>.050). 

PENTDSES IN BLOOD AND URINE FOLLOWING 50gm RIBOSE 

~NFUS~DNS IN 8 NORMALS AND 7 DIABETICS (MEAN VALUES) 

120. 

100. 

BLOOD ao. 

PENTOSE 6D. 

*g% 40. 

ZC 

0 1 

URlNE 
4, 

3. 
ALDOPENTOSE 2 

gm/hr I. 

0 

20 
URINE 1 

KEiOPENTOSE 

mg/hr ‘O 

- OlA8ETlC 

. ..-... NORMAL 

0- 
-I 0 

G&i 

2 ; 4 

HOURS ” *” 
so pm I.V. 

FIGURE I FIGURE 2 

The race of excretion of ribose in urine was greater 
(p<.ocq) in diabetics in the first three hcurs following 
infusion than in normals’ (figure I) and resulted in 
rhe eliminarion of 20 -t IO per cent of the dose in four 

‘Data expressed as: mean for each series of observarions t 
rhe srandard deviation of the individual observarions. 
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hours. Ketopencose excretion rates, however, were similar, 
Blood glucose concencracion decreased 21 f 11 per 

cent from fasting values in seven of the eight subjecrs 
(cable I). No hypoglycemic response was observed in 
one diabetic (No. S) who had been dif&ult CO regul;lc, 
hIinimum glucose values were reached one to three 
hours following the srart of infusion. This effecr n’~s 
of similar magnitude (p >.ZCC) in mild and severe dia. 
berics and was not associared with symptoms. In addi. 
tion, a prolonged fall in the renal excretion race of 
glucose was observed following infusion (table 2). 

A decrease of 33 ti IS per cent in plasma non- 
esrerified farry acid concentration occurred in those 
subjects who responded wirh a fall in blood glucose 
(table I). Four of these exhibited varying degrees of 
keconuria prior to infusion. In all casts, urine ketone5 
were considerably reduced in two hours (figure 2). 

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

MILD DIABETIC ACIDOSIS( 16 yr ‘3, 39 kp) 

COURSE FOLLOWING RIBOSE INFUSION 

URINE 

SUCIR 

g&r 

I ““““‘i 
;K ~ i 3’ 

i 1 i. 
i 

i . . . . . . . . . I 
GLUCOSE . . 

URINE I 1 
++++ +* 

KETONES I I’ + +* 

DISCUSSION 

The race of disappearance of ribose from blood was 
not impaired in diabetics, confirming similar observa- 
tions by Segal and Foley.’ However, rcsu1t.s in the pres- 
ent study differ in that diabetic subjects excreted more 
than twice as much of the administered dose as has 
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T.ABLE 1 
Effect of ribose” OII blood glucose and noncsteefied fatty acids 

CLI’COSE SEF.4 

Insulin 
dose Initial Per cent Initial Per cent 

Weigh f (uni!s/ \‘JIUC chance \a1ue 
Ho& 

change 
Subject Ses .4gc c,k&., d3Y) Img. per cent) r+Eq.z 1.) Hours 

1 2 3 .I 1 2 3 4 
(A) Mild diabetic 

I .x1 42 79 0 

1:; 149 7: 

‘5 --J6 73 723 -16 -20 -26 -II 

3 \I \I 
if 

47 46 96 91 35 15 
3 48 74 0 lb2 -90 

--II -6 -16 -13 -13 -I, 1.518 896 -Is ’ -25 A19 +Lb 12 +77 -9 
-19 -17 -19 i-1’ -;I -47 -‘33 -9 

I B J Severe diabetic 
i F :: :; 60 80 200 188 -15 -20 -15 -1-l -14 -13 -6 2.18 896 1 d0 1 -13 -25 -I -6 I ~16 -9 

z 6: :i ;(: 100 60 216 129 -9 +5 -17 0 ,: +s - +9 1.312 824 2-l L-I -60 +4 +I4 ,I3 --17 

*Dose = 50 grn. in all cases except Subject ?Jo. 5, 40 pm. 

TABLE 2 

Effect of ribosc on urine glucose escretion I_gm..fhr.) 

Period following 
0 to 1 infyt$s 

I 
Subject Control boys) - to 3 3 IO 4 

(A) Slild diabetic 
1 .Ob .03 .Ol .Ol .51 
5 .Ob .20 :A; .04 .01 .03. .04 

4 .Ol .01 .Ol 71 .iG 

(B) Severe diabetic 
i 1.” .is’ 22 .83 2; 2; .06 

.I6 
7 1.11 1.24 .I7 .06 .06 

bten reported for normals.“’ This suggests some im- 
pairmenc of ribose utilization in the diabetic, but ir is 
possible that renal tubular reabsorption of ribose was 
partially blocked by glucose, a phenomenon well de- 
fined for another pentose, xylose.” 

Although conversion of ribose CO glucose CXCU~S in 
both diabetic’ and normal subjects,’ ribose produces a 
decrease in blood glucose levels. This differs from the 
effect produced by the adminiscrarion of insulin inde- 
pendent hexoses such as fructose and galaccose, since 

. . ihey contribute further to diabetic hyperglycemia.“-” 
However, these experimenrs do nor rule out enhanced 
conversion of ribose to gIucose in diaberes. Possibly, 
scimulacion of endogenous insulin release could account 
for some effect on blood glucose, since no hypoglycemia 
resulrs from ribose infusions given ro pancreatectomized 
dogs.‘.’ 

As has also been noted in normal subjects,‘.’ no symp- 
corns were observed char could be associated with rhe 
lowering of blood sugar. It is unlikely that D-ribose 
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can be metabolized by the brain in viva, since evidence 
obtained in the rat’ and in this srudy indicares that the 
sugar dots nor pass the blood brain barrier. 

The utilization of ribose appears ro alleviate the ex- 
cessive far mobilization characteristic of the uncon- 
trolled diabetic. The decrease in plasma nonesrerified 
fact-y acid concencracion is similar to that observed when 
ribose is administered to normal subjects.’ In accord 
with this observation, all diabetics exhibited clearing 
of keconuria when presenr prior c infusion. This is in 
harmony with the demonscrarion rhar stimulation of 
metabolism via the penrose phosphate pathway leads 
ro a very marked acceleration of lipid synthesis, both in 
normal“ and diabetic” rat liver homogenates. 

Several keropencoses, intermediates in pathways of 
pencose metabolism, are normally excreted in urine ac 
an average rate of 4 mg./day, predominantly as L- 
xylulose.” Dietary supplemencacion with carbohydrate or 
protein, or adminisrration of rriiodothyronine, increases 
urinary L-xylulose excretion, possibly reflecring accele- 
rated metabolism via the glucuronic acid pathway.” A 
marked increase in ketopentose excretion, predominant- 
ly D-xylulose, results from the administration of ribose 
co 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 Ievels, plasma nonesrerified farty acid con- 
centration, and keropentose excretion, in normal and 
diabetic subjects suggests that the utilization of ribose 
is not altered in diabetes. The increased u.Cxuy excre- 
tion of ribose in the diabetic appears contradictory. 
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Further study of the renal rub&r rabsorptive mecha- 
nism for ribose is needed. however, before ic can be 
concluded that [his effect reAecrs impaired meraboiism. 
I[ has been reporred that, in one diabetic examined, the 
elimination of a [racer dose of Cl’-labeled ribose 3s 

ClQ, was diminished;’ this !inding, however, has been 
ascribed co defecri\*e metabolism following conversion 
of ribose co glucose. 

Since ribose can be utilized by the diabetic, does nor 
concribure to hyperglycemia, and limirs far mobilization, 
further investigation of the possible beneficial effect of 
administration of rhis sugar in uncontrolled diaberes is 
narranred. 

SUMMARY 

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

Ribose disappeared from blood at a normal rare; how- 
ever, increased amounts were excreted in urine. Kero- 
Penrose excretion was nor alrered in diabetics. 

A drop in plasma nonesrerified farry acid levels par- 
alleled the fall in blood glucose and was associated 
nrith a reduction in urine kerones. 

SUMhlARlO IN 1h’TERLIXGLJ.A 

Le Alernbolirmo de d-Ribosa in Diabete Xellire 
Le zdminisrracion incravenose de d-ribosa a pariences 

con grades leve e sever de diabere produceva un re- 
duction de1 concentration de glucosa in le sanguine e 
de1 excretion de giucosa in le urina. 

Le ribosa dispareva ab le sanguine con un rapidirare 
normal. Tamen, augmentate quanritares- de illo esseva 
excernite in le urina. Le excretion de cetopentosa non 
esseva alterare in le patientes diabetic. 

Cn reduction de1 nivellos de nonqsterificare acidos 
grssse in le plasma occurreva parallel al reduction del 
glucosa in le sanguine e esseva associate con un reduc- 
tion de1 cerones in le urina. 
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Oral Administration of D-Ribose in 

Diabetes Mellitus 

Terry .Steinberb, m M.D., Russell L. Poucher, M.D., Raj K. Sarin, M.D., 
Richard B. Rees, B.S., and Grant Gwinup, M.D., Orange, California 

nrirty.four subjects were eotcgorized on the basis of their 
jucose tolerxmcc as normal (thirteen subjects), probable 
ljabetics (six subjects), mild diabetics (five subjects), 
o~but~mide.responsire diabetics (five subjectr) md inrdin- 
lrpcndcnt diabetics (five subjects). Fifteen grams of d- 
&se dissolved in six ounces of water wcw administered 
,&ly to each of the subjects and the effect on serum glu- 
0% conccntratioa was mc~sured. The hypoglycemic effect 
I d.ribole varied in an orderly and progressive mmner 
brough the different categories of glucose intolerance. As 
hrir elucorc intolerance increased in severity. the ntbjects 
WC =lcnificantly less responsive to the blood glucose low- 
rin: cffcct of d.ribose. 
Tix serum immnnoreactive insulin concentration in re. 

punre to the oral administration of d.ribose WIN measured 
n the normal and mild diabetic subjects. The mild din- 
rtics had a mean peak increase in immunorenctive insulin 
rhich was Z.&fold greater than the nomml mbjects: how 
WI. the insulin concentrations attained were not siplifiant 
n either group. Thus the inrulinogenic response as deter- 
Dined in peripheral venous blood does not account for the 
IiRcrcntisl hypoglycemic effect of d-ribose. DtAwTEs 19: 
1.16 193. 

It has been shown that the intravenous infusion of 
hibose will consisrendy reduce rhe serum glucose 
:ooccnrrarion in normal human subjects.‘-’ Few studies 
have been conscrucred in diabetic pariencs, however. In 
tyn Segal et al. reporrcd decreased blood glucose levels 
fouorving the intravenous infusion of d-r&ox in three 
iuulin-dependent diaberic subjects.’ They suggesred that 
he mechanism of the hypoglycemic effect of ribose did 
not depend on ins&in release. Bierman cc al‘ reported 
L‘u four “mild ad&” diabetic and four “severe” dia- 

Fmm the University of Glifornia, IrPine, Orange, California 
91168. 

bcric patients responded ro an infusion of d-ribose with 
a mean decrease in blood glucose of similar magnintder 
They noted, however, that one of the hwe” diaberits 
responded with an increase in blood glucose conccn- 
crarioa 

Preliminary srudies in our laboratory suggesrcd chat 

diabetic parienrs responded to d-ribosc in a diEcrenc 
manner than nondiabecics. The purpose of the presene 
srudy was IO determine if the glyccmic response ro a 
srandard oral dose of d-ribose was r&red ro varying 
degrees of glucose intolerance and insulin senerion. 

MATERIAL AND METHODS 

Thirty-four subjects (thirreen male, twenty-one fe- 
male) were classified according to glucose tolerance. 
Each of rwency-four subjccu who had repcaredly normal 
fasting blood glucose concentrations was segrega& on 
the basis of rwo oral glucose tolerance rests (performed 
one week aparr) into one of three categories: normal 
(thirreen subjects: seven male, six female), probable 
diabetics (six subjects: two male, four female), or mild 
diabetics (five subjccrs: one male, four female). Each 
subject consumed a diet containing 300 gm. of c&o- 
hydrate for ac lcasr three days prior to the tests. After 
a fasting baseline blood specimen was obtained, Glu- 
cola,* seven ounces, was given orally over a five-minure 
period. Subsequcnr blood specimens were obtained by 
vcnipuncrure at 30, Go, yo and IZO minutes. Assign- 
menr to one of the three categories was made using 
rhr uireria of Fajans and Corm” adjusrcd ro our glucose 
oxidase method which averages approximately 12 mg. 
per ICXJ ml. lower than the Somogyi-Nelson method 
within the IOO to 160 mg./per IOO ml. range. Oniy 
the subjccrs who fell inro the same caregory both times 
the tesr was done were chosen for further studies. 

: 
‘Ames Company, Divisioa of Miles kbanmrg, Inc, Elk- 

hut, Indiana. 
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The fourth category consisted of hve subjects (one 
male, four female) with known diabetes who had been 
symptomatic with elevated fasting blood sugars and 
glycosuria when control by diet alone was anemptcd 
but were being ssrisfacrorily mainnined on rolbutamide 
therapy. The mean fasting blood glucose of the rolbuta- 
mide-responsive diabcrics was 139 mg./roo ml. on the 
morning of rht ribose resr, while the newly discovered 
mild diabetics had a mean fasting blood glucose of 
67 mg./Ico ml The fifth category consisrcd of five 
subjects (~0 male, three female) with insulin-depcnd- 
cnc diabetes of known duration greater than five years. 
The mean age and weight of the individual categories 
were nor signikanrly dificrcnr 

All subjecrs (cxcepi two normals) ,who were segre- 
gated on the basis of glucose rolerance were given rwo 
oral d-ribose cesrs within two weeks following their 
assignmcnr to a specific category. Diabetic patienn re- 
ceiving rolbucamide or insulin and rwo of the normal 
subjects were given a single ribose tcsr. Tolbucamide 
was disconrinucd sevenry-rwo hours before, or insulin 
was nirhheld ac least rwenry-four hours before the 
d-ribose test. The insulin-dependenr diabetics had been 
using either NF’H or Lence insulin and had received 
their 1as.r injecrion no later than forty-eight hours prior 
to the morning of rcsring. All tcsrs were performed in 
the morning with rhc subjecrs in rhe posr-absorprive 
scare. After obtaining a fasting blood specimen, fifteen 
grams of d-ribose dissolved in six ounces of rap waccr 
were given orally over a five-minure period. Blood 
specimens were obraincd by venipuncrure ar 15, 30, 

45, 6c, 75, yo and 120 minures. Serum glucose was 
determined by the glucose oxidase method of Ware 
and Marbak6 In the normal and mild diabetic subject 
caccgories, the serum was also assayed for immune- 
rcaaive insulin concenuacion by rhe method of Morgan 
and Lzarow.’ 

RE5uLl-s 

The mean serum glucose responses of each group to 
oral d-ribose are dcpicred graphically in figure I. Nor- 
mal subjects had a mean maximum decrease of 27 2 2 
(S.E.M.) mg. per 100 rd in serum glucose concen- 
tration with the nadir of rhe response at sky minutes. 
Subjects in the probable diabccic category responded in 
a similar way with a mean maximum decrease of 
22*3.1 mg. per IOO ml. ar sixy minutes. Subjccrs in 
the mild diabetic category evidenced a mean maximum 
decrcasc of 20 = 3.x mg. per 100 ml but the nadir of 
the response was delayed ro scvenry-fire minutes. Dia- 
bcric patients who had been treated with tolbuamide 

showed an initial increase in blood glucose conccnuad 
followed by a delayed mean maximum decrease 
I6 = 23.; mg. per IOO ml which may not lx 
reached its nadir at 120 minures when the test P 
terminated. Insulin-dependenr diabetics showed a hp~ 
glycemic response wih a mean maximum increase 
17 i 46.6 mg. per IW ml The elevamd glucose o 
cencracion had nor yet rerurned ro the baseline at 1 
minutes. 

If blood glucose concentration at a single time 1: 
d-ribose administration is used to characrerire each 
the five categories of subjects, the best separation 
demonsu&d at forty-five minurcs. The ferry-five-mir 
glucose concentrations of all subjcccs resred are ~101 
in figure 2 in which rhe gradually decreasing degra 
hypoglycemic response with increasing severity of 
cost inrolcrance can be appreciated. The significano 
rhe di&enccs of the responses ar ferry-five minute 

rhe abnormal groups in relarion co the normal is 
piacd in rable I. 

The reproducibility of the serum glucose respoi 

in the twcny-two subjects in whom the test was ] 
formed mice is shown in table 2. 

Because ir was felt char the insulincmic rapoosr 
d-ribose administration might prove co be an impor 
consideration in arrempring ro explain rhe dike 
in rhe glycemic response, serum immunoreaaivc ins 
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ORAL ADhfINISTRATION OF D.RlDOSE IN DIADETES I\IELLlTUS 

Serum glucose response to oral d-ribose at forfy-five minutes 

Dccrcase at 45 min. in mg.1100 
hfean S.E.M. 

NOt-tIlCilS 
Probable diabetics 
Mild diabetics 
Toibutamide-responsive 
Insulin-dependent 

24 1.5 
16 2.1 
11. 

f:: 
6.3 

TAELE 2 

Reproducibility of serum ~ucose responses 10 d-ribose. 
Difference in mg./lOO ml. of the maximum decrease from 
the baseline serum glucose of results obtained from lesting 

the same subjects on two separate occasions. 

Subjecu hiean Range 
Normals 3.5 0. 9 
Probable diabeucs 6-17 
Mild diabetics !:i o-19 

k concentration was dccermined in the normal and mild 
diaberic subject caregories (figure j ). The normal sub- 
jms evidenced a slight mean increase of 6 pU. per ml. 
ac fifteen minutes which fell rapidly co baseline con- 
cencrarion. The mild diabetics scarred from a higher 
mean baseline of aj pU. per ml. as compared TO 15 
pU. per ml. for the normal subjects and evidenced an 
apparently exaggerated but delayed mean increase of 
16 pU. per ml. PC chin-y minures. Neither the response 
of the normal nor the mild diabetic was significant; 
both had a p value > 0.5. There was great disparity 
in the serum insulin responses in chose subjects in 
whom the ccsr was performed twice. 

DISCLXSION 

Jr is apparent in figures x and 2 char the decrease 
in serum glucose concencrarions subsequenr to rhc in- 
gestion of d-ribose varies in a rather orderly and pro- 
gressive manner through the differenc categories of 
glucose intolerance. Subjects with the greatest ~IUCOSC 
intolerance are least responsive to the blood glucose 
lowering &cc of d-ribose. This is contradictory co the 
findings of Bierman er al.’ who reporrrd sn effect of 
similar magnicudc in the “mild” and “severe” diabetic 
pariencs. The discrepancy berwecn our findings and 
chose of rhe above invescigarors may be due CO rhc lack 
of a clear definirion of “mild” and “severe” diaberics, 
since wo of the four “mild” diabetics used insulin. 
Even the grouping of diaberics into insulin and non- 
insulin-dependent carcgories may nor provide a sufKcienr 
indication of the severity of chc diabetic scare. DC Belle 
cc al.’ studied the effect of colburamide in juvenile 

14 

SEX. 
2.4 

P valln 
t 

25 j.2 
18 3.2 

(+I q 
2.0 
3.4 

0.00s ” 0.001 I 0.001 I O.OooI -. s 
F diabetes mellicus and found char pariencs who we 

diabetic less rhan two-and-a-half years had a sign&c& 
hypoglycemic effecr from rolbucamide, in concrasc &! 

0 chose subjcccs who were diaberic rhree years or mob 
and had no response co colbunmide. The insulin-&f 
pendent subjercs in the present study were diabetic f& 
five years or longer and none had a significant decrey< 

b in their serum glucose concenrracion following rhe ia.;’ 
gestion of d-ribosc. Thus the careful categorization &- 
our subjects may account for the discincc differct& 
obtained in rhe responses of the various groups ro A?. 
ribose which was nor apparenr in previous reports.‘*’ 6: 

f- 
Ir appears (figure 5) char a greater iosulinemic re-;- 

sponse in normal subjects is not an acceptable esplaw~ 
rion for the hypoglycemic cffccc of ribose. This cant& 
be scared with ccrraincy, unfortunately, because chc til.% 
teen-minute specimen which was the first blood sampk 
obtained after the 

char an earlier and grcxer response 

curred. 
Recenrly, we have characterized the response of 

glucose and immunorcaccive insulin concentrations 
the inrravenous adminiscrarion of 15 gm. of 
normal subjecrs.’ We concluded char although the co7 
ccncrarion of serum insulin was cransiencly eleva& 
during the infusion of d-ribose, ir was 
itself co account for the markedly delayed 
Although we have nor studied the insulinemic respo 
co the infusion of d-ribose in diabetics, it appars c 
rhe above conclusion may apply ro the 

-8resenr srudy. This is the first reporr of rhc oral ah 
ministration of d-ribose ro human subjcccs with tb 

. 
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measurement of rhe effect on serum immunoreacrivc 
insulin concentrations. 

We have observed char in normal human subjects 
the oral adminiscrarion of 13 gm. of d-ribose rcsulred 
in a mean maximum decrease of 47 per cent from the 
baseline serum glucose concentration, as compared to a 
mean maximum decrease of aa per cent when the 
same quanrity of d-ribose was infused intravenously 
over a twenty-minute period. Although thii would ap- 
pear co correspond with smdies which have shown char 
oral glucose is a grnrtr insulinogenic stimulus than rhe 
same quanciry of glucose administered inrravenously,‘a-” 
in fact, the contrary has become evident. ‘When d-ribose 
wzs adminisrercd orally co normal subjects, the mean 
peak increase in serum immunoreacrivc insulin was 6 
&J./ml. whereas the inrravenous administration of the 
same quanriy of d-ribose produced a mean peak in- 
craze of 14 pIJ./mL A more porenc insulinogenic effect 
of inrravcnouslg, as compared to orally, adminisrered 
d-ribose has also been shown in dogs.‘a Thus, there is a 
dissociarion in me magnimde of the insulin response 
and the degree of hypoglycemia. 

California and Grant NO. G7-4oH from the Arccndin 
4 Smff Association of Los Angeles County General Hm 

piral, Unit II, Los Angeles. California. 1 , 

Of parricular porencial interest is rhe response to rhe 
oral adminisrrarion of d-ribose in rolburamidc-responsive 
diaberics. These subjects had a mean maximum decrease 
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o~r:‘oo~~ ‘I p. per !q. body-weight) ~~3s &ssolved in wxer 
rra~ r&en fasr!ng by 5 healthv young adults, 1 pztienr in whom 
JLlbcre: had arisen lxe in life 2nd whose blood-sugar Ie*xls 
,.e conrroilcd by die! nnd chlorpropnmtdc, and 2 young women 
cr., Ic.‘C. - -- disberes ~mc: childhood controlled by Insulin. The 
&,tz::;; hsd had no mediczrion for 36 hours before the tesr. 
~:oo~.;:I~:o~e Icve!s were measured x half-hourly intervals 
by, ; ..:se-ox:dnse msrhod.’ 

TLr :. :irs 1” :S.e x:ompanying table show 3 fall in blood- 
+co:: .~:& m the hcalrh:, adults 30-60 minutes after the 
p*1*,;’ :*l”cio” was ialxn; 3”Ll 2 hours later they were still 
.Ac;l ~~!~,r norrai. The blood-g!ucose level also fell in the 
r:?:riv -:3be:ic. rhough to a lesser degree than I” the healthy 
vour.s :cui[s. In the 2 subieczs wth severe diabetes, no 
&Fonse YZS obsczcd with doses of I g. per kg. 

it 1s important I” srudles oi this sort to measure blood- 
,u;x icre!s b!’ 3 mc:hod sp~iAc for glucose. I” 1 of the 
:kIith~ 3dUJCS ‘:*O. I) this was done simulmneously by the 
T:iZ!l:CO” ’ .~uto.Analpzer ’ t’erricy:anide method (w’“ic:i 
.I.‘ll~r.“. ;orai reduc:“g subsrrmccsj and the glucose-oxidssc 
--;: .- Slood-jugzr analysis, in mg. per 100 ml., by the 
,._. . ..- ..’ me:nou spve 76 and 73 (” conrrol vrllues “), and 

I I,), _ .,!. 03, 2nd 50 (airer ingesrion of rlbose), :espec~~ve!:;, 
.-. ,--‘r--t xc in blood-sugar level after rrbore administrz- ..- -r~- -.. 
::cn yzrarnabiy tang due to its absorption from the gut. 
C:::om!opnpmc esrnnntion of ribose contimwd its prcrencc 
.E! :A:;’ ;ixmo aim: or31 inpesrion--60 mg. per 100 ml. was 
:i23- C:er 60 minutes-bur there was “0”~ detectable 1” the 
;cn::ol ;e:lod. 

H?~oplvcsmn aice? od rlbose ingcsrion r-nay be reixed ~0 
:x :ul:ase oi msuiin. 2nd studies are I” progress of pancreatic, 
;:rarx:. and adrenocorticzi response to the ndmu-ustrlrion of 
.~-rico?L’. . Esperlmcnts I” ammais have shown that when 
:ak<::c: ~entose is Inlec:ed intravenously, radioacrlvity is 
:x0:- ,-:::,j ir. rhe insulin molecule. 

T:’ _ _ -zssits suggesr that presenr Ideas about changes in 
~I~w~~~.xsse md hormone ievels aiwr ingesrlon oia sugx or a 

H‘t’l’OGLSC;F.\lI.~ AND AIEXTXL RET.UDATION 
SIR,-.A T~~:.‘IT :~m:, of 23,445 p~w-ari oi 19 Wusrcrn 

Uxred Stxcs ~“sr~wr:ons br rhe merxally recxdcd rcvsaled 
oni:: j CJSCS wrh the d:aqnorls oi *’ encephalopxhy associxcd 
:vith other disorders oi carbohydrate metabolism “.I” This 
disgnosis ~“cludcs giycogcnosls and h:lpogi:‘csrnia of ‘~x10us 
czusxio”. hlcntal rerar&rion has been estJbl!shzd PS 3 
scqueln of unrrcxed h:ypogiycxmla in chddhood,‘L parrrc~larly 
L” :he newborn pcrlod.?: The ?rrccding iacrs led us to mvcsri- 
gsre the incidence of hypogiyczmia in 1279 inmates oi this 
~“st~tu~o” for the mentally retarded by the foilowng mc:hod. 

hirer J %-hour hsr, pcripher4 blood wx obrnmed by Anger- 
pr~k. The blood-g!ucosc ierei was esrimxed by the :zxgent- 
scrip glucose-axidase-coiour-!ndicXor method !’ Dexrr~sax ‘), 
in ac:ordmce axh the manufacturer’s rccomnenc~~ons. 
Subiec:s with estimated blood-glucose kVek be!o\v 40 “‘lg. per 
LOO ml., or above 40 but bc!ow 65 mg. per 100 mi., had a 
second specimen of blood draw” by venepuncture. The blood- 
sugar level W.I then determined by rhe Somogyi-Ncison 
method.‘” Despite the reported i”adequW OC’ ’ Desrrost~.x ’ as 
3 nwss screening tool,:’ our yield of cases fur further study was 

.-n l@O> ,,- that is, 136 subiects of the 1279 screened had 3” 
esrlmarcd blood-glucose Ieve! beiow 63 mg. per 100 ml. by the 
method. As dcp~rcd in rhc table. 24 (17.6’,) of the 136 czres 
(ix., 1.9”; of the 1379 screened su’bjcas) were further idenruied 
3s hypoglyczmx by rhe Somogyi-Selson method. Prciimmq’ 
studies oi the 21 CZISCS under controlled hospltnl condirlons 
seem co conkn these rindings. 

-- 
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Serum Levels of Glucose, Insulin, and C-Peptide during 
Long-Term D-Ribose Administration in Man * 

M. Gross and N. Ziillner 
Medizinischc Poliklinik, Ludwig-Maximilians-UniversitHt MCinchcn 

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-l 1.5) to 10.4 (range 6.3-l 5.4) uU/ 
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 [lo], 1946 oral adminis- 

l This paper was supponcd by a gram 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 raults of this study concerning the basic metabolic data 
of ribosc. including steady state ribose concentration. intestinal 
absorption, and urinary excretion. have been published prc- 
viously [Sj. 
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Table I. Serum levels of glucose. nbosc. insulin. and c-pcptidc during oral and intravenous ribosc administration: Y;L)u~~ prior 
to intake and average VBIUCS obtained during the third hour (i.v. experiments) or third and fourth hour (oral experiments) of 
ribosc administralion at each dose 

Sub- 
jcct 

Body 
weight 
kl 

Body 
length 
knJ1 

Dose 
[mg, kg per hour] 

Serum Glucose 
[mg/dl] (change 
compared with 
initial value) 

Serum 
ribosc 
Img,;dtl 

Serum 
insulin 
WJ;mll 

Serum 
c-peptide 
[p-mol/ml] 

Oral administration 83.3 and 166.7 mg:kg per hour 

AH 104.0 204 initial 76.8 1.8 7.5 0.50 
83.3 71.1 (-7.4%) 5.8 7.3 0.40 

166.7 56.7 (- 26.2%) 29.1 11.8 0.61 

MW 84.0 177 initial 75.5 1.9 10.7 0.46 
83.3 62.9 (- 16.7%) 6.4 9.6 0.58 

166.7 53.7 (- 28.9%) 37.0 15.4 0.54 

MG 65.5 178 inirial 83.5 3.4 7.5 0.48 
83.3 73.0 (- 12.6%) 3.7 5.4 0.30 

166.7 56.3 (- 32.5%) 27.4 6.3 0.32 

WB 71.8 190 initial 59.6 0.7 7.5 0.84 
83.3 66.4 (+ 11 .S%) 2.6 5.6 0.46 

166.7 53.1 (- 10.9%) 23.1 7.0 q.63 

Oral administration only 166.7 mgjkg per hour 

BL 68.5 178 initial 89.2 1.6 11.5 n.d. 
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 

JM 66.3 173 initial 63.5 3.8 9.1 0.66 
166.7 53.6 (- 15.7%) 39.5 12.5 0.80 

WE 12.5 176 initial 68.0 2.7 6.6 0.41 
166.7 51.9 (-23.6%) 24.5 8.0 0.45 

Average values oral administration (8 observations except 83.3 mgikg per hour: only 4) 

initial 73.5 2.2 8.4 0.54 
83.3 68.4 4.6 7.0 0.44 

166.7 55.8 32.3 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%) 9.3 8.4 0.56 

166.7 53.3 (- 27.8%) 38.7 6.6 0.52 
2’7 -s.- 7 56.8 (-23.1%) 77.7 5.0 0.35 

JS 74.0 188 initial 72.8 1.8 7.7 0.39 
83.3 59.1 (-18.8%) 6.4 10.0 0.52 

166.7 57.2 (-21.5%) 45.4 7.2 0.45 
2’1.’ -- - 60.9 (-16.3%) 85.6 7.7 0.36 

MW 65.5 178 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%) 38.3 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 [l 11. Glucose 
for the intravenous administration. was measured in the serum by the glucose-oxidase 

method. Urine samples were screened with a test 
.-hal~tical merhods: The serum ribose concentra- strip for glucosuria. Insulin in serum was measured 
tion was measured according to the method of Roe using the radioimmunoassay (RI.-\) of Cambridge 
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Medical Diagnostics, Billerica, Mass., USA (lowest 
standard 5 uU/ml, normal values for fasting per- 
sons below 20 uU/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 l/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 ml 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 
four hours and followed by infusion of 222.2 mg/ 
kg per hour for another four hours. 

0 1 2 3 4 S 6 7 i d 1’0 
20 1 hours 

serum insulin level [@ml] . 
. 

. . . 
10 . 

. 

. . 
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I I : . 

serum c-peptide level [pmollml] 

hours 
Fig. 1. Serum levels of ribose. glucose. insulin, and c-peptide 
in four subjects (AH, MG, MW, WB) during oral ribosc admin- 
istrarion at two doses. The points indicate single values mca- 
surcd at the beginning, after 2’11 h. and after 5 h of tibosc 
administration at each dose. The line represents the average 
value of the data obtained every 30 min 

Rt?SUltS 

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 mgjkg per hour) 
for the next five hours (Fig. 1). Average serum I-L 
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 uU/ml (range 
7.5 to 10.7) at the beginning, and 7.0 uU/ml (5.4 
to 9.6) and 10.1 VU/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). 
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Intravenously administered dose 

83.3 mglkglh 
I h 60.7 molkok2 mg’kg’h 1 
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I I hours 

20 1 serum insulin level [uU/ml] 
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I.Q- serum c-peptide level [pmollml] 
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hours 

Fig. 2. Serum levels of ribose, glucose. insulin, and c-peptide 
in two subjects (AH, JS) during intravenous ribosc adrninistra- 
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 giu- 
case level decreased from an average initial level 
of 73.5 mg/dl (range 59.6 to 89.2) to 55.8 mg/di 
(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 to 11.5), and the average 
during the fourth and fifth hours of administration 
was 10.4 uU/mi (range 6.3 to 15.4), significance 
p < 0.05 (Wilcoxon signed rank test paired observa- 
tions). 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/di). 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/di (range 72.8 to 88.5) to 
58.7 mg/di (range 53.3 to 64.8) during the last hour 
of infusion (-25.4%). The corresponding data for 
insulin were 9.0 vu/ml (range 5.7 to 14.0) and 
8.5 l.rU/ml (range 6.1 to 14.4), and for c-peptide, 
0.52 pmoi/mi (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- 
pie. 

Discussion 

Our 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, 81, 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, 171 and it is not species-specific 
(also seen in rats [lo] and in dogs [2, 41). 

The decrease in serum glucose concentration 
was asymptomatic in all cases. Glucose concentra- 
tions of 15 mg/di (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 [la]. 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 fail 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 iong- 
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 
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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 30-40 mgidl. 

Both oral and intravenous experiments showed 
a marked increase in the serum ribose concentra- 
tion with higher doses. This effect can be attributed 
to saturation of the ribose utilization (intake minus 
renal excretion) and a decrease in renal ribose 
clearance at higher serum ribose concentrations (51. 

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 (I5 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 (11. 

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, 181, but insig- 
nificant changes in blood pyruvate [13, 16, I g] 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 utih- 
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. Krcstin (Hrsg.) Kemspintomographie der 
Abdominal- und Beckenorgane. Eiabindung in kliniscb-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 vorlicgendc Buch enthglt. basicrend auf den Erfahrun- 
gcn gro5cr Zcntren, die Zusammenstcllung s&ntlicher Rcfcrate 
eines Symposiums im Man 1990 mit dcr Z&.ctzung. zum cinen 
den aktuellen Stand der diagnostischen Wertigkeit dcr Kcm- 
spinromogaphie im Abdominal- und Bcckenbcreich zu eror- 
tern, zum andercn den dcrzcitigen Schwerpunkt dcr wisscn- 
schaftlichen Arbeil aufzuzcigcn. 

Da sowohl die Technik als such die Entwicklung von neucn 
Kontrastmittcln vor allem in jfingster Zeir sehr schncll fort- 
schreitcn. ist die aktuelle Neubcwertung da diagnostischen 
Procedere von gro5cm Interessc. Vor allem die Referate. die 
die Lcberdiagnostik zum Thcma habcn. zeigen. da5 crheblichc 
Vcrbcsserungen erziclbar sind mit Einfuhrung von schnellcn 
Gradienten-Echosequcnzen. FluDkompcnsationsverfahrcn und 
neucn Kontrastrnitteln wit dem supcrparamagnetischen Eiscn- 
oxid in Erggnzung zu dem bisher vetwcndetcn Gadoliniurn- 
DTPA. Abgehandclt wird such die lokalisiertt In-vivo-Spek- 
troskopie der Lebcr. die neuc Einblickc in biochemische Zusam- 
menseuung und den Stoffwcchsel bictcr. die mit konventioncl- 
Icn nichtinvasiven Methoden bisher nicht mdglich sind. Die 
GcEiDdiagnostik mitttls MRT, cinc fasdniercndc Methode, die 
cry; am Beginn ihrer Entwicklung steht. ist cbenfalls Thcma 
eines Rcferats. Auch in dcr Diagnostik von Erkrankungcn von 
Milz, Nitrcn, Ncbcnniercn und gynakoloeischen Tumoren se- 
hen die Referenten Vortcilc fiir die MRT.jcdoch werdcn such 
die Greazen und die Uberlegcnheit der Konkurrtnzmcthoden 
aufgezcigt. z.B. im Bcreich da Pankreas odcr in dcr Diagnostik 
des mannlichen Bcckcns. 

Das Buch ist fiir allc Radiologcn wertvoll. die die Kemspin- 
tomographic such dcs Abdomens und Beckens durchfuhren, 
urn bti dcm schnellcn Fortschreitcn der %thoden den aktuel- 
len Stand dcr diagnostischen Verfahren N kennen und anzu- 
wcnden. L. Ziegler. D. Hahn (Miinchen) 
oo2321739100012M 

W. Wicgand: Kernspintomographie von Auge, Orbita und Seh- 
nerr. (Biichcrei da Augenames. Band 122) Ferdinand Enke, 
Stuttgart 1990. XII. 131 S., 352 Abb.. i Tab., kart. DM 72,- 

In der sehr klar gegliederten Monographic gibt der Autor 
einc HuDcrst informative Ubcnicht Dbcr Kemspintomographie 
(KST) in dcr Ophthalmologic. 

In gut verstgndlicher Weisc wcrden zuniichst die physika- 
lischen Grundlagcn dn KST bcsprochen. Es schlic5t sich ein 
Abschnitt iibcr die Paticntenauswahl und die Durchfihrunp 
der KST an, dann austiihrlichc Dantellungen dcr not-malen 
Anatomic, der Bcfunde bci intraokularen und intraorbitalen 
Erkrankungcn (140 KST-Untcrsuchungcn bei 120 Patienten) 
sowic von Artefakten. AbschlicDend wird dcr Stcllcnwert dcr 
KST im Vcrglcich zu andcren bildgebcnden Verfahrcn bespro- 
then, die ophthalmologischcn Indikationcn wcrden zusammcn- 
gefa5t sowic tin Ausblick in weitcrc Entwicklungcn gcgeben. 

In allcn Abschnittcn gclingt es dem Autor, sowohl seine 
Kompetenz fir dicsc Untersuchungstechnik als such seine kriti- 
schc Einschitzung dcr KST i.m Vcrglcich zu den andercn bildge- 
bendcn Methoden darzustellcn. Bei den intaokularen und orbi- 
talen Erkrankungcn stellt der Autor ausflihrlich das - fiir die 
Differcntialdiagnostik wichtigc - Signalvcrhalten dar und fiihrt. 
teilweise durch Literatutzitatc belegte, Erklfuungcn Tur untcr- 
schiedliches Signalverhalten an bm. weist auf die Korrclatio- 
ncn zwischcn KST und pathologischcn Gewebevcrinderungcn 
hin. Wiinschcnswert wHrc - wie lTtr die intraokulartn Raumfor- 
derungen - eine tabellarische Zusammenfassung der Ktitcrien 
fur orbitalc Erkrankungen. Die diskuticrtcn Befunde wcrden 
durch ausgezcichneta und sehr informativa Bildmatctial er- 
ginzt. Das Buch kann allen Ophthahnologen sowie interessier- 
ten HNO-&ten. (Neuro-)Radiologen und Neurologcn schr 
empfohlcn wcrdcn. G. Hasenfratz (Munchen) 
0023217391000132 . 
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Indirect mechanism of insulin release from dog 
pancreas during infusions of wribose 

FREDERICK C. GOETZ, BERYL Z. GREESBERG, JOH-Y 11.. .\l.\.\‘EJ’, RUTH I\-ITTSlERS, 
.4SD DEMETRE SICOLOFF 
Gtncml Clinical &starch Ccnler and Dcpartmcn!s of .\icdicinr and Surgn:;, L-r;l:aslt~ oj .Ilinwsota .if&lCLI/ school, 
.IlinneapoliS, .~llnnrrota 53455 

, 

GOETZ, FREDERICK C., BERYL Z. GREESBERC. JOHS \\‘. ~~.+.vEY, 
RLTH I\‘ITI-MERS, AXD DEXIETRE NICOLOFF. Indirt~t mrchonism O/ 

Insulin rrkwr jrom dog pancwas durrng injurianr a/ D-rlbOSt. .4m. J, 

Physiol. X!:(j) : I 1 j8- 1165. 197+.-D-Moose causes insulin 
release, but evidence for direct action on pancreatic beta cells is 
conrradicrory. This suggexs an indirect mechanism, possibly in- 
voleine liver or portal win. Further acute experiments were car- 
ried out: I) ribosc infusions into heparic artery and right atrium 
were as cEectivc as those into penal vein in stimulating dirccdy 

measured pancreatic insulin output; pancreatic ancry infusion 
was ineffective. 9) In 11 cross-circulation experiments, antrial 
blood from donor dogs receiving a dilute inrra-atria1 infusion of 
ribose was led into pancreatic arteries of test dogs. Insulin ourput 

of tesr dogs regularly increased within 1 min. 3) In 14 expcri- 
merits, isolated dog pancreas-plus-duodenum responded 10 pcr- 
fusion of glucose but not ribox. 4) After acure hcpatccromy a 
siighr rise in peripheral vein insulin was seen during infusion of 
ribosc. It is concluded that ribosc-induced insulin rclcasc in dogs 
depends on an indirect humoral mechanism. It is suggested that 
meraboiism of ribose in various tissues, including red blo& cclk, 
yields substances such z reduced pyidinc nucleorida with direct 
insulin-releasing properties. G~UCOSC may share such a mechanism. 

penrose; isolated periuscd dog pancreas; heparecromy; indirect 
insulin-release mechanism 

IT WAS PREVIOL’SLY SHOWS that Smdl amounts of o-ribose 
introduced intc the portal vein in dogs triggered the rc- 
lease of insuiin from the pancreas (8). This occurred in 
spite of a fall in arterial glucose lc~els and in the absence 
of measurable lcvcls of arterial ribox. Investigations of 
ribosc cifecrs on peripheral blood insulin lcvcls in dogs, 
rabbits, and humans have shown that both oral and in- 
travenous administrations of D-ribox are effective in calls- 
ing insulin release (6, 9, 10, 24, 27, 28). The prtscnr paper 
describes further investigations of the mechanism of in- 
sulin release from the dog pancreas after ribosc adminis- 
tration. 

MATERIAL AND KETHODS 

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

nulas (Teflon) L\.crr: placed in a femoral artcr)’ for sampliilP 
of systemic arterial blr~od and in other vessels as mention-i 
in specific cxperimcnti. 

Pancreatic venous blood was obtained from a cannula 
placed in the splcnic xcin, with ligatures placed 50 [hat 

virtually pure pancwatic blood from the distal end of the 
pancreas could bc c:ollcctcd. Blood flow was estimated b, 
direct mcasurcmcnt in a graduated vessel. The cstimatc of 
partial pancreatic insulin Output thus obtained W= found 
previously to be ~~11 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 ourput inI0 

the splcnic vein, as &scribed here. 
All infusions wcrc carried out at a rate of 0.76 ml min 

with a Harvard constant-infusion apparatus. 
Assoy mcfhods. Insulin content of plasma was measured 

by a double-antibody radioimmunoassay method pre- 
viously described (7); as a reference standard a sample of 
dog insulin with an assumed potency of 25 U/mg was used.1 

All assays were performed in duplicate after coding of 
the samples so that the technician performing the asss) 
was ignorant of their sequence in the experiment. .4s a 
further precaution to insure objectivity, the assay results 
were calculated by computer rather than by graph, with 
use of a program dcviscd by .Mcincrt and McHugh (21). 

Ribose and glucose concentrations in blood were rnca- 
surcd by estimation of the reducing activity of the sample 
(fcrricyanidc method, AutoAnalyzer), before and after 
treatment of the sample with glucose oxidase-peroxidasc. 
Concentrations of glucose and ribosc were then calculated 
from standard curves for each sugar. Rccoverics of both 
ribose and glucose wcrc considered satisfactory (90-l 13 5) 
in the range 5-100 tt~g/lOO ml, and conccntrationj uf 
ribose as low as 2 n~g/lOO ml were regularly detected in 
experiments with standard solutions of ribox. Furthcr- 
more, comparisons of ribose recoveries with a method using 
orcinol (29) showed good agreement up to concentrations 
of 100 mg/100 ml of ribose. Above this concentration Of 
ribox, however, recoveries of both ribox and glucose tvcrc 
erratic, with recoveries of glucose as iow as 60% of the 

i Dog insulin was kindly rurnishcd by Dr. I. .A. SC-sky ol the fniS 
vcrsiry of Pitubugh. 
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theoretical value. The csplanarion for this cffcct of high 
concentrations of ribosc on the glucose osidasc rncthod 
,,.a5 not apparent. &cause of such discrepancies, concen- 
trations of sugar in samples oi high ribosc content are 
aDprosi[n3re \.alucs only. 
‘.A single lot of o-ribose (hlann Research Laboratories) 

,, -, used for all cspcrimcnrs. The purity of the n-ribose 
, .- confirmed by thin-layer chromatography. It \\.as also 

c2cd as a reference standard for the assays of ribose in 
plajtna. Reagent grade D-glucose (.\Ierck) \\‘as used 
throughout. 

(“f&on of rrbosr of carious silts. TO investigate the relative 
&ectivcncss of several infusion sires, three esperiments were 
performed : 

1) Ribosc, 3.73 5, was infused directly into t.hc hcpatic 
arrev in three dogs, afrcr a control period of isotonic 
saline iniusion. 

2) Portal vein (A) and right atrium (B) ribose infusions 
1.. “c compared in eight dogs. Four dogs in the set received 
th.: infusions in the order .4-B, and four dogs received the 
infusions in the order B-.4. This design allowed the elimi- 
nation of the effect, if any, of the order of infusion on the 
pancreatic insulin response. .4 relatively low conccnrrarion 
of ribose was infused (1 5) 10 keep arterial ribose concen- 
trations low. Since the minute oucpuc of insulin during the 
initial period varied somewhat from dog to dog, the results 
\vere analyzed by calculating the ratio of insulin output 
during ribose infusion 10 that during the immediately prc- 
c--:ing three control (saline) obsenarions; significance of 
c: ‘:rcnccs between treatment groups was tested by analysis 
01 :ariance. 

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

. cre 
!hC 

_ ..I- 

Right atria1 infusions were accomplished by passing a 
cannula through a femoral vein into the heart. The loca- 
tion of the cannula tip was checked by inspection after 
killing the dogs at the end of each experiment. 

Cross-circuiatlon expnimcnts. The purpose of these cxperi- 
tr. .nts ws to test for the presence of a humoral insulin- 

asing factor in the blood of dogs given an intravenous 
’ ;r;:ht auial) infusion of ribost. Accordingly, in each esperi- 

ment two dogs were anesthesizcd and arterial blood from 
the “donor” dog was led through a plastic cannula into a 
branch of rhc splcnic artery supplying the distal end of the 
pancreas of the “test” dog, as shown in the schematic 
drawing (Fig. 1). 

.-irtcrial 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 
frcm rhc femoral artcry of the test dog to the femoral vein 
C- .X donor dog. Insulin, glucose, and ribose concentrations 
lvc:c measured repeatedly in the arterial blood of the donor 
dog and in the arterial and pancreatic venous blood of the 
test dog. Cbsemations were made before and after urablish- 
mcnr of the cross-circulation, while the donor dog received 
a constant infusion of saline into the right atrium through a 
cannula inserted through a femoral vein. The infused solu- 
tion was changed to ribose, 1 %, and further obsemations 
\cere made 1, 7, 15, and 30 min after the ribose entered the 

I 

circulation of the donor dog. After a rccovcry period with 
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FIG. I. Schematic drawing of method of cross-circulation of artcriai 
blood from donor dog into pancreas of test dog. 

saline infusion into the donor dog, the cross-circulation \b.as 
taken down and ribose, 1’5, was infused into the right 
atrium of the test dog. 

Control experiments were conducted according to an 
identical prorocol, 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 to 
be experimental (ribose) infusions and which were to be 
control experiments. 

Prrfusion of isolated dog pancrrar and duodenum. In 14 es- 
perimcnts, the entire pancreas and adjacent portions of the 
duodenum were removed from dogs and immediately pcr- 
fused through the cciiac arterial axis by the method 
described by Idczuki 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/lOO ml. In three successive 1 5min periods, the 
organs were perfused with solutions containing I) glucose, 
40 mg/lOO ml; 2) glucose, 40 mgi 100 ml, plus ribosc, 300 
mg/lOO ml; 3) glucose, 300 mg/lOO ml, without ribosc. 
The perfusion rate was held at 15 -L 2 ml/mm. 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 supcmarant was determined 
by immunoassay. Packed cell volume was measured on 
each sample. 

Ribosc infusion and paiphnal insulin levels in hepatectomi;cd 
dogs. For preliminary information on the effect of hepa- 
tectomy on the acute insulin response to ribox 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 measurc- 
mcnts of minute output of insulin were possible. In healthy 
dogs under Brcvanc anesthesia, an acute hcpatectomy 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 %;, was maintained. 

A few minutes after the removal of the liver, intravenous 
solutions were infused in four consecutive 15min periods 
according to the following protocol: I) saline; 2) ribosc 
solution, 30 5; 3) saline; I) glucose solution, 30 70. 
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This protocol was accomplished in three dogs. In addi- 
tion, three control experiments wrc carried out in which 
the ribose iniusion waf replaced by a continuation of the 
saline infusion in the second 15min period. 

RESCLTS 

Combaralrx tfec!s on lnsu(!n oulgbul of r’rt/rrsion of ribarc al 

cartous JtftS. Since iniusion of ribosc in small amounts into 
the portal veins of dogs had been shown to be highly effective 
in eliciting increased insulin oucpur from the pancreas, it 
l\*as of interest to examine the effects of ribose infusion into 
other blood vessels. First, ribose was infused into the heparic 
arteries of three dogs, after preliminary infusion with saline 
solution (Fiq. 2). In two of the three dogs there was an 
immediate r&e in insulin output as soon as ribose infusion 
\~as begun, alrhough the rise was much greater in one dog 
than in the other. There was a prompt fall back to the basc- 
line insulin output when the ribosc infusion was stopped. 
111 the third dog there was no clear change in insulin output 
associated with ribose infusion. These results suggested 
that the hcparic artery was just as effective a route of in- 
fusion as the porral x-cm. 

Sext, a systematic comparison was made, in the same 
eight dogs, of portal vein and right atria1 infusions of 
ribose, 15 (13 rnin), alternating with control periods of 
saline infusion (30 min). The results are given in Table 1-i. 
There was no rise in arterial ribose concentration in these 
experiments. .\s espccted from previous experiments, in- 
fusion into the portal vein was accompanied by a highly 
signincanc increase in insulin output. 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 slightly greater than those seen during portal vein 
infusion in the same animals. .‘inalysis of variance also 
-ho\vcd that dog-to-dog variation was rather large in these 

:2 c: c. 

‘7 h4xe, durinq, and after 
-’ i:hne stlution (sodium 

‘.’ -2 iGsion. Infusion 

GOEI-2 ET XL. 

TABLE 1. CompaTiSOn Of mtan insulin 0u:put (mC’,,‘min, mcnn k 

SE) from paccrea!ic PC~E durrng ribost or Idlice in?*usion 

ic:lo ri’k! utrium and icro putzrzuttc arty or portal t-ctn 

P = ,047 

Portal vein 4.73 * 0.97 :p= <.Olll 7.40 -L I.51 

B) InfusIon Into right otrlum us. tnjvr:on into pancrcofrr orrerY 
(8 dogr) 

Right atrium 3.2 i 0.43 P = .08 5.+5 5 I .09 

P- .19 

Pancreatic 3.43 f 0.66 PS 1.0 3.39 i 0.30 
artery 

* All P values are from analysis of variance. 

experiments, as is commonly seen, \\ith very little residual 
unexplained variation. 

In a second set of eight dogs, the identical plan was car- 
ried out, this time comparing right atria1 with the pan- 
creatic artery route of infusion. Sgsrcmic (femoral arten) 
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/lOO ml when ribose was 
infused into the pancreatic artery. 

Insulin output during control and ribose infusions into 
these two sites are shown in Table IB. 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 atria1 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 artcv 
infusion as opposed to the control period. The right atrial 
infusion gave a grcatcr response on the average than the 
pancreatic artery infusion, although by analysis of variance 
the difference was not significant. 

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

Cross-circulahon rxpnimmfs. 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 cnhanccs 
insulin output from the pancreas. Since arterial blood 
from the donor dog receiving the ribosc infusion was COT-- 
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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 pancrcaric insulin output in the cross- 
circuiation espcrimenrs are prcsentcd in Table 2. The dura- 
:‘.:n of rhc cspcriments was about three h, divided into 
s<\-en consecuti\.e periods indicated by lcttcn A-G. Two 

groups of dogs were studied. The treatment of the dogs in 
both g~up I (11 pairs) and gwup 2 (10 pairs) was identical 
except during gnlod D, when ribosc, 1 Cc, was infused at 
the usual rate mro the right atrium of the donor dogs in 
group J, whereas the srou,b 2 donor dogs continued to receive 
saline solution. 

In period -4, TWO base-line obsemations of pancreatic 
insulin output were made. After placement of all cannulas 
5.1~ before opening of the cross-circulation, the mean insulin 

c-itput was approximately 7 mU/‘min in both groups of 

T.ABLE 2. Cross-circufation rxpcrimmtr: femoral artczy blood 
of donor dogs into pancrcntic artery of test doss 

rime. 
mm Expm-imcnul Period 

Insulin Output. mU/min, mun = SE 

croup 1 Group 1 

A) Base line 
0 7.0 i 1.4 5.8 -L .9 

15 8.1 i 2.2 7.2 i 1.0. 

16 8) Cross-circulation 
0” 

31 9.0 A 1.6 5.9 L 1.0 
46 12.8 k 2.0’ 7.6 I I.8 

47 C) Saline infusion into 
donor dog 

62 16.6 f 2.9 8.9 i I.5 
77 18.9 -L 3.8 10.1 i I.5 

78 D) Ribose (group I) or 
saline (group 2) 
infusion into 
donor dog 

79 
85 
33 

108 

109 

124 18.6 i 4.49 
139 21.9 -L 5.1. 

140 

I55 
170 

171 

178 28.2 f 4.8. 
I86 27.6 i 5.4 

28.5 f 6.1. 10.6 5 I.6 
28.5 -L 5.6 11.1 i 1.8 
27.8 = 6.3 11.6 t 2.0 
27.5 -L 6.5 12.9 f 2.3 

E) Saline infusion into 
donor dog 

F) Cross-circulation 
off; saline infu- 
sion into test dog 

9.5 -L 2.6 7.4 * 1.5t 
10.8 f 2.5 7.8 f 1.6 

G) Ribose infusion 
into tat dog 

L3.0 -L 2.4 
13.5 k.2.2 

14.3 2 3.0. 
17.2 & 3.6 

LIean pancreatic vein insulin output in test dogs is shown during 
ribose or saline infusion into donor dogs. Croupr J and 2 were 
Wcaccd identically excepr for period D. Group 1, n - 1 I. Group 2, 
n = IO. 
test. 

’ Differs from preceding sample (P c .02, paired f 
t Differs from preceding sample (P < .05, paired f test). 
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dogs, and there was no significant difference in the output 
between the two groups. At the beginning of pniod B, the 
arterial cross-circulation was opened. Thirty minutes later 
a: he beginning of period C, an infusion of saline SoIutio~ 

was begun into the donor dogs through a cannula reaching 
the right atrium through a femoral \.cin. Insulin ourput at 
62 and 77 min was clearly higher than in period .i in both 
groups of dogs. However, the mean output in group J tcs[ 
dogs was significantly higher (P < .05) than in the group 2 
test dogs at both 62 and 77 min. So explanation for this 
difference could be found. Since previous diet was not 
quantitatively controlled, one possible csplanation 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 ribox \vas infused 
into the prolr/~ I donor dogs. One minute after the start of 
this infusion (79~min sample), there was a sharp increase 
in insdin output from the pancreas of the corresponding 
test dogs, significantly different from the output 1 rnin 
before the ribox infusion was begun (77.tnin sample). In 
contrast, the insulin output in the group 2 test dogs showed 
no change. This difference was sustained through the 30 
min of paiod D (85-, 93- and 108~rnin samples). 

At the beginning ofpniod E, saline infusion into the donor 
dog was continued or resumed. In the group I dogs, the 
insulin output dropped back to the level before the ribosc 
infusion; in the g7olrp 2 dog 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, 1 R, 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 150 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 nonglucosc-re- 
ducing substances (which would include ribose) during the 
period of ribosc infusion. Arterial insulin concentration 
rose somewhat in the donor dogs during the ribosc infusion, 
the highest mean value being 82 & 27 rL’/ml (mean i SE) 
of plasma as compared to the base-line mean value of 
35 & 5 (.05 < P < .l, paired I test). In contrast, mean 
arterial insulin in the donor dogs receiving saline remained 
steady at about 25 f 4 ,.~U/rnl. T’he 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- 
centration in pancreatic venous blood in the test dogs 
(from 6,400 to 10,200 ~U/rnl) and could not account for 
the change in insulin ouiput which was observed. Arterial 
glucose concentrations remained unchanged throughout 
tie 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 -L 8 rng/lOO ml) than 
in the soup I dogs (83 -L 5) (.05 < P < .l). 

These results indicated that a factor capable of inducing 
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immedia .te insulin r~kase is present in arterial blood 
within 1 tnin afrer the beginning of intra-atria1 infusion of 
ribose and that tht factor is not ribosc itself. 

Di~cct pt-rfurion of isoiakd dog panmar and duodrnwn with 
ribosr and gluCOSC. Insulin and sugar concentrations in the 
efhuent from I4 perfusion cxperimcnn arc shokn in Fig. 3. 
Packed ceil volume remained constant throughout each 
cspcriment. Since flow rate ivas also constant, the concen- 
trations of insulin noted wcrc a direct rcilecrion of the minute 
outpur of insulin from the pancreas. 

Insulin output fell during the first 15 min of perfusion in 
most of the experiments, with a glucose concentration of 
about 40 mg/lOO ml. During the second lj min, when 
ribosc concentration was rising from 0 to approximately 
250 mg,/lOO ml, insulin output remained constant or fell 
further in all but two experiments. During the final 15 min, 
during which glucose concentration rose from about 30 to 
approximately 250 mg/lOO ml, insulin concentration rose 

3x 
I I 

r :-2 RIBOSE : 7 i; 1 

L-; 5 I c ! , 
5 10 I5 29 25 30 35 40 45 

t NOSE 000.d GLUCOSE mad t 

Tlmc ( menu tcs 1 

'FIG. 3. Insulin and mean ribox and glucose concentrations 
5 SEMI in effluent from 14 perfusion cxperimcnu of isolated dog 
pancrea and duodenum. In 3 ruccasive lknin periods, solutions 
containing I) glucac, 40 mq/lOO ml. 2) glucose. 40 mg/lOO ml. plus 
rib-e, 300 mg/lOO ml, 3) glucbrc, 300 mg/lOO ml, were pcrfwcd 
through organs 
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in all experiments, showing that the preparation was stil 
responsive. 

Thcsc results indicated no COCCI of ribose on insulir 
secretion by isolated pcrfuscd dog pancreas. 

Ribosc infmon tm’ pniphtral tnsuiin irrris in kpatec;omi:rc 
dogr. Lcvcls of insulin and of ribose and glucose in so, 
hcpateccomy expcrimcnts arc shown in Fig. 4. 

In all six cxpcrimcnts, plasma insulin fell in the first ;E 
min foliowing heparecromy. The amount of change vari-c 
from dog to dog, but roughly it corrcspondcd to u-,c 
moderate fall in blood glucose obscn.td in most animals, 
In the three dogs which received an infusion of COnCen[ra[cd 

ribosc solution (30%) during the second Ij-rnin 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 c.uperi- 

merits, no change in insulin level was observed during the 
corresponding periods. In the final 15min period, plasma 
insulin levels rose distinctly in five of the six dogs during 
an infusion of concentrated glucose (30%). This responx 

confirmed the sensitivity of the islets to stimulation. 
.Mthough the number of experiments was small, it \,‘;1J 

concluded that the liver is not essential for the stinulation 
of insulin release by ribosc or glucose. 

DISCUSSIOS 

The aim of the present study was IO invcstigarc the 
mechanism of the previously obsencd insulin release front 
the pancreas after administration of n-ribose. 

The probability that insulin release is not the resuir of 
direct stimulation of the beta cell with n-ribosc is indicated 
by both the in vivo and in vitro experiments reported here. 
Direct pancreatic arterial infusion, in viva, was not cffcc- 
rive in causing release of insulin. Also, on direct exposure 
of isolated dog pancreas to rising ribose concentrations (up 
to 250 mg/lOO ml or more), there wa5 no increase in insulin 
secretion. 

The final effect on the pancreas itself was shown to be a 
humoral rather than a neural effect. In cross-circulation 
experiments where there was no neural connection bet:\.rcn 
the donor dog and the responding pancreas of the test dog, 
there was immediate insulin release within 1 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 I) did not lead to insulin 
rclcasc. One theoretical possibility is that concenrratioN 
of ribose above a critical level may actually directly inhibit 
insulin release from the beta cells, but we have no evidencC 
for this. 

The liver is not necessary for the insulin-release mecha- 
nism to be activated, though it may still be considered as 
one of the sites of activation. This was demonstrated in nc” 
studies. Infusion into the right atrium of the heart proved 
to be as effective as portal vein infusion in producing insulin 
release. In preliminary experiments with acutely hepatec’ 
tomized dogs, the ribosc effect was still present. 

It is of intcrcst to review the work of other investigators in 
regard to the question of the ability of ribose to stimui-lt’ 
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gfucose administration, followed by a serum insulin re- 
sponse 10 rnin after glucose. On comparing this slow time 
course of insulin release with the immediate (within 1 rnin) 
response in the ribosc cross-circulation experiments, we 
conclude that a gut factor is at most a minor contributor 
to ribosc-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 ribosc in extrapancreatic tissues. Ribosc 
is metabolized by mammals, presumably through the 
pcntose phosphate shunt and presumably after phosphoryia- 
tion by ribokinasc. There is direct evidence that, along 
with the liver (I), the red blood cells, at least in man, pig, 
and rabbit (19), arc capable of actively metabolizing 
ribosc. 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 
arc able to metabolize ribosc, this would mean that any 
factor involved in the metabolic pathway of ribosc mctab- 
olism could be implicated in the release mechanism of 
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insulin. One clue is offered by studies of several investigator 
\Vork of F\:atkins et al. (30-32) and also of Pantcn et ; 
(25) and of Hcllman and Taljcdal (11) indicates that a 
cumulation of reduced pyridinc nuclcotidcs in isicu; c 
exposure of islets or isolated sccrcto~ granules to reduce 
nucicotidcs is associated with secretron or solubilizing ( 
insulin. These findings might imply that SADPH generate 
by carbohydrate being metabolized through the pento: 
phosphate shunt stimulates insulin release from the pancrca 

There is now evidence that the red cell can act as a ca: 
ricr for metabolic substrate to tissues (2). It-c can specular 
that it can also act as a carrier or provider of reduce 
pyridinc nuclcotidcs resulting from ribosc metabolism i. 
the red cells themselves or in solid organs. The reduce 
nuclcotidcs could then stimulate insulin release from th 
beta cell. The known speed of circulation in the dog (18 
is consistent with such a speculation. 

The effectiveness of ribosc infusions into the right atriun 
(Table 1) raises the possibility that the lungs could be ; 
(the?) ribosc-responsive tissue. However, in prcliminan 
experiments ribosc infusions into the left ventricle of th; 
heart appeared to be’ about as effective as those into tht 
right atrium. The possible role of the lungs in the rcsponsc 
to ribose appears to be a matter for further investigation. 

Is the indirect mode of insulin release unique to ribosc? 
There is some evidence that at least two other carbohy- 
drates, galactose and xylitol, may have the same property. 
Xylitol especially is a potent stimulus to insulin release in 
vivo, but the evidence on its in vitro effects is conflicting, 
much like that on ribosc (3, 14, 15,22,23). 

Whatever the mechanism of the ribosc effect may be, 
it may also be part of the insulin-releasing mechanism of 
glucose, since glucose also can enter the pcntosc shunt 
pathway in many tissues. Our earlier concept of a “hcpato- 
portal” signal for insulin release is not eliminated by the 
present results (17), but instead is broadened to include 
participation of other tissues. 
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Sustained Hypoglycemia in Response to Intravenous 
Infusion of bRibose in Normai Dogs 
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Canada, KIN 61VZ 

Synopsis 
The intravenous infusion of Dribose to normal. nonanesthetized and anesthetized 

dogs at a rare of 3mg/kg.min produced a sustained hypoglycemia. The mean blood 
glucose concentration decreased to a level about 30mg/dl 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 conccmra- 
tion returned to the prcinfusion Icvel in about one hour. 

The plasma 1RI (immunorcactivc insulin) concentration in pancreatic efIiuent blood 
in ancsthelized dogs increased rapidly, peaked wilhin S-10 min and then declined 
gradually, but remained above the basal level during the sustained hypoglycemia. 
The plasma IRI concentration in pancreatic etUuent 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 WBS observed 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 hyperinsulincmia during the period of progressive 
fall of blood glucose and sustained hypoglycemia suggests that insulin release is 
essential for D-ribosc-induced hypoglycemia. Glucagon and growth hormone do 
not seem to play a role in producing a sustained hypoglyamia 10 prevent further 
progress of hypoglycemia by increasing their concentration in the blood. The pattern 
of insulin release during D-rlbosc infusion suggests the occurrence of the suppression 
of Bribose-stimulated insulin release by the fall of blood glucose below Ihe fasring 
level, which produces a sustained hypoglyamia at a certain Icvel. 

Received September 16, 1977. It has been reported that the intravenous 
Part of this study was presented at the 13th Annual infusion of o-ribosc at a rate of 1.9 to 3 

Uceting of Ihe Japan Diabetic Saiety. Kumamoto. 
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mg/kg.min into nonanesthetized normal dogs 
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maintained on a matched intraportal infusion 
of insulin (lshiwata et (IL., 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 expcrimcntS, 
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-ribosc 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 D-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. 

lMaterials and Methods 

.brimal~ md surgical procedures 
Healthy mongrel dogs fed with a standard dog 

chow and weighing IO to 17kg were used. The 
dogs to be used wirhout anesthesia were trained for 
a week or longer IO stand quietly in a Pavlov 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 saphc- 
nous vein, with the tip below the entry of the 
hcpatic vein. Another plastic catheter for the 
infuslon of D-ribose was inserted into the cephalic 
vein under local 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 mglkg) was injected intravenously. A catheter 
for sampling pancreatic venous blood was placed 

into the superior pancreaticoduodenal vein via the 
right gasrrocpiploic vein (Kuzuya and Kanazawa, 
1969). Ligatures were placed on the main duode:al 
branch of the superior pancreaticcduodenal vein In 
order co reduce dilution by blood coming from the 
duodenum. The pancreatic branch of the splcnic 
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 vcna cava inferior 
via rhc right femoral vein, and the cephalic \-in 
rcspec:ively. After surgery, the dog was laid on its 
right side. 

Blood samples were taken according to a F::- 
determined schedule. The blood loss was replaced 
by administering the same amount of saline, and 
the catheters were filled with hcparinircd saline. 
The total amount of hcparin taken in by this pro- 
cedure throughout the experiment was less than 
I500 U. Supplementary injections of sodium pen- 
tobarbital (5 mglkg each time) were given during the 
experiment when necessary. 

Expcitnet~taL desigtc 
All the experiments strictly followed the sale 

time pattern, except for the period following the 3. 
ribosc infusion. During the initial 100-min period. 
saline was infused. This was followed by an infu- 
sion of D-ribosc for I40 min. Thereafter, saline was 
again infused for 60 or I20 min. All infusions were 
given with the help of a Harvard constant-infusion 
pump at the rate of 0.34 or 0.48 mlimin, depending 
on the weight of the dogs. 

.‘llateriaL 
A single lot of D-ribose (Takeda Chemical Indus!ry 

Company, Ltd., Osaka, Japan) was used for all & 
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. 

.-bay methods 
The blocd samples were put in glass tubes coated 

with hcparin and stored in an ice-water bath until 
ccntrifugation. The pluma samples were kept frozen 
at -20°C. 

Blood glucose was determined by the glucose oxi- 
dasc method (Blood Sugar-Test, Boehringcr. Manhe’m 
GmbH) after the dcproteinization of the whole blc xi 
according to Somogyi (Somogyi. 1945). D-RiboK vss 
determined by the method of Roe and Rice (1948) 
after the deprotcinization of the plasma according 
to Somogyi. Free fatty acid (FFA) was determined 
as has been described by Elphick(l%8), with minor 
modifications. 
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The plasma insulin concentration (IRI) was de- 
tcrcined by the double-antibody radioimmunoassay 
mc od. using a reference standard of canine insulin 
(K-.:azawa cr al., 1966). The plasma glucagon con- 
=ntratron (IRC) was measured by the double-antibody 

I. 
tadioimmunoassay method (Kajinuma cr al.. 1975). 
using a reference standard of porcine glucagon (Eli 
Lilly and Co., Indianapolis, Indiana). The rabbit 
anti-porcinc glucagon antiserum used was the same 
as that previously used by Kaneto and Kosaka (1971). 

some crossreactivity with an intestinal 
c ~~~~n-like substance, the technique was shown 
k to be able to detect an increase in the pancreatic 
F fluent plasma IRG concentration in response to 

the nfusion of argininc (Kancto and Kosaka. 1971). 
ft. olasma growth hormone concentration (CGH) 

- ~a Jerermined 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 blood. 
plasma 1RG was determined in pancreatic venous 
blood. Plasma 1R.l was determined in both mixed 
and pancreatic venous blood. 

The paired I test was employed for the statistical 
analysis of the difference in the means of paired 
sampler. 

Results 

Effects of intruzlenous infusion qf D-ribose 
irk jlona?testhetized dogs 

The effects of the intravenous infusion 
of D-ribosc were observed in 6 nonanes- 
thctiztd dogs. Fig. 1 summarizes the re- 
sults. The blood glucose concentration bc- 
gr to drop within 10 min and reached a 
lo\%. 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 (f&S.E.M., the mean at 60 
min to 100 mitt) was 83.OrO.11 mg/dl and 
the mean blood glucose concentration during 
the sustained hypoglycemia (?+- S.E.M. at 
16- rnin to 240 min) was 51.720.37 mg/dl. 

ihe ribosc concentration in the plasma 
rose to around 10 mg/dl during the infusion, 
but fell rapidly after the infusion was 
stopped. The plasma FFA concentration 

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 immediarely 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 hcm- 

Fig. 1. Effeens of the intravenous infusion of D 
ribose at a rate of 3 mg/kgmin on blood glucose, 
plasma FFA. IRI and CGH. and hcmatocrit in 
nonanesthetized dogs. All values represent the 
mcan&S.E.M. Significantly different from the 
value at 80 min, l at P <O.M, : at P <O.Ol. 
Significantly different from the value at 270.min; 
f at P<O.OS, : at P CO.01. 
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atocrit decreased slightly during the cxperi- 
ment. 

Eflects qf the intravenous irzfusioJz of 
Jaline 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- 
crit 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- 

. 
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Fig. 2. Changes in blood glucose. plasma FFA. IRI 
and IRG, and hematocrit during the intravenous 
infusion of physiological saline in anesthetized 
dogs. ~11 values represent the mcan+S.E.M. 
Significantly different from the value at 80 min (Or 
100 min for hemarocrit) l at P<O.O5. 

fusion the plasma FFA concentration began 
to rise and continued to rise until th, end 
of the experiment, but no other compo,-,,enu 
showed any appreciable changes. 

Efects qf the ipztrurenous ijzfusion o/ 
D-ribose irz unestheticed dogs 

The effects of the intravenous infusion 
of D-ribose were followed in 12 dogs (Fig& 
3, 4). The concentrations of blood glucox, 
plasma ribose, plasma FFA, plasma IRI, 
and the hematocrit were followed in L:: 12 
dogs. In 4 of the first 6 dogs, the pissma 
CGH content in mixed venous blood war 
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-ribosc infusion (Fig. 4). 

Changes in the concentration of blood 
glucose, plasma ribose, and plasma IRI in 
mixed venous blood and the hemr.ocrit 
were similar to those observed in nonanes- 
thetized dogs. The mean fasting blood 
glucose concentration (W+S.E.M., the mean 
at 60 min to 100 min) was 90.9~0.23 mgidl 
and the mean blood glucose concentration 
during the sustained hypoglycemia(ZkS.E.M. 
at 160 min to 240 min) was 59.120.18 mg:dl 
in 12 dogs. The blood glucose was restored 
to a slightly higher level than the preinfu- 
sion level from the sustained hypoglb :tmia 
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 initiation ’ 
of D-ribose infusion, then it began to rig 
until the end of the experiments (Figs. 3.4). 

The plasma IRI concentration in mix4 
venous blood and pancreatic venous blood 
rose immediately after the infusion 2f D- 
ribose was started and reached its ped : 
within 10 min (Figs. 3, 4). The plasma IRI 1 
concentration in pancreatic venous blood d 1 
the first 6 dogs (Fig. 3) had already be@ i 
to rise at the time of initiation of D-ribog + 
infusion. The rise was due to the untoward;: 

3 
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to the starting of the D-ribose infusion two 
and a half min prior to the planned time 

1 b order to compensate for the dead space 
‘: of the catheter for D-ribose infusion. No 
; such increase was observed in the latter 

Fig. Effects of the intravenous infusion of D- 
rit-,e at a rate of 3 mglkgmin on blood glucose. 
plasma FFA, LEU and CGH, and hematocrit in 
anesthetized dogs (I). All values represent the 
maan2S.E.M. Significantly different from the 
Q~IC at 80 min l at P<O.OS, : at P <O.Ol. 
Significantly different from the value at 270 min. 
t at P<O.OS, J at P cO.01. 

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

A lesser but apparent elevation of the 
plasma IRI concentration in both mixed 
and pancreatic venous blood was seen dur- 
ing the latter half of D-ribose infusion. 

Fig. 4. Effects of the intravenous infusion of D- 
ribosc at a rate of 3 mg/kgmin on ?!txd gluco~c. 
plasma FPA. IRI and IRG. and hematocrit in 
anesthetized dogs (II). All values xprcsent the 
mean-tS.E.M. Significantly different from the 
value at 80 mitt l at P<O.O5, at : P<O.Ol. 
Significantly different from the value at 270 min. 
t at P<O.OS. f at P CO.01. 
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After the termination of o-ribosc 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 confirmed 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 
rhe invariable occurrence of hyperinsulinemia 
in both pancreatic effluent 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 effluent 
blood. The discrepancy in insulin responses 
in the mixed blood between this report and 
the first report (Hetenyi and Ishiwata, 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 ribosc (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 

secretion and also the glucose-stim:‘ated 
secretion of insulin during fish-insui,.l-in. 
duced hypoglycemia ;Sando et ‘II.. 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 glucose 
(Kanazawa et ul., 1968 ; Grodsky et d/., 
1969), if the pancreatic j-cells respond to 
D-ribosc as they respond to glucose. Hou- 
ever, the progressive suppression of ir:.liin 
release caused by the progressive fzil 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-ribox 
infusion may be determined by a balance 
between the secretagogue stimulus of D- 

ribose and the inhibitory effect of hypogly- 
cemia on the pancreatic ,3-cells. 

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

GJX-El egl.uccgon did nor 
appear to be mobilized by D-ribose-induced 
hypoglycemic ‘--These findings seem to in- _ .-- 
dicate that the recovery from hypoglycemia 
of this degree may occur without incre3ng 
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 
D-ribose releases insulin, controversy Xi11 
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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changes in the insulin concentration in 
peripheral blood (Ginsburg et al., 1970; 
Goodman and Goetz, 1970; Steinberg et al., 

1967 and 1970; Hetenyi and Ishiwata, 1968 ; 
Slovirer 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. 
bl e-cover, it seems to have been influenced 
b! _ tendency to underestimate the efficacy 
of insulin released into the pancreatic vein 
so that it can act effectively on the liver to 

I; diminish its glucose production. The dis- 
f; 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 rlypoglycemia. 
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Effect of D-glucose ‘or D-ribose on the Turnover 

of Glucose in Pancreatectomized Dogs Maintained 

on a 1Matched Intraportal Infusion of Insulin 

K. Ishirmtcr, M.D., Ph.D., G. Hetenyi: Ir., J1.D.: Ph.D.: 

md 11. ?“ranic, /VI.D., D.Sc., Toronto 

SUU3IIRT 

It was found previously that in normal dogs D.plucose 
or D-1,.)-Chose decrease the rale uf endogenoos (hepaticl 
glucose production. TO investigate whether this effect is 
due to the release of extra insulin only, or to other factors 
as well, the follorr.ing esperimentr were performed: Endo- 
genous insulin secretion was replaced by intraportal porcine 
or canine insulin infusion of ZOO .L.. kg., min. in conscious 
dogs. Such an insulin infusion commenced at time of re- 
moval of the remnant pancreatic autograft was able to 
mnintain unchanped the plasma glucose level and the 
tracer determined glucose production and utilization. Three 
main c*onclusions enwrgecl from Ibis .;tndy: I1 1 Since an 
infusion of D-i-,I-ribose did not affect concentration 
and turnover rates of glucose. it rb-as ronclnded that ribose 
affects glucose metabolism only through an increase of 
the rate of insulin secretiou. 12 1 The endogenous glucose 
production did not decrease in response to a glucose infu- 
sion at two thirds to tu-ice the basal normal a,lucose pro- 
duction, even when the concentration of glucose in plasma 
exceeded 200 me./100 ml. It is concluded that the release 
of estra insulin is indispensable for the regulation of 
glucose production in the normal dog. 13 1 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. DIABETES 18:820-2T, December. 196% 

The intravenous injection or infusion of D-ribose has 
been shown IO decrease rhe concencrarion of glucose 
in the blood plasma of normal animals:*? and humans,3 
but nor in pancreatecromized do@ or diabetic pa- 
tients.’ This finding has been interprered as an effect 
of ribose on the rate of release of insuiin from the 

From rhe Department of Physiology, University of Toronro, 
T’oronro 181, Ontario, Canada. 
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beta cells of the islets of Langerhans. This interpretation 
has been corroborared by the results of the experiments 
of Steinberg ec aL5 who found an increase in rhe 
plasma insulin level during the infusion of ribose in 

dogs, and also by the demonstration of an effect of 
ribose on isolared beta ceils in vitro by Montague et 
aL6 Whereas there is little doubt chat ribose indeed 
releases insulin from the pancreas in the intact animal, 
a discrepancy between the apparent amount of the in- 
sulin released and the extent and duration of the ensu- 
ing hypoglycemia has been noticed.3J Although The 
e5ecrs of ribose on the time course of the changes in 
rates of endogenous glucose production and over-all 
glucose utilizadon have been successfully simulated by 
an intraporrsl infusion of canine insulin in dogs,’ con- 
siderable doubt remained about the esisrence of a 
second effect of ribose interfering’with the compen- 
satory increase of Iheparic) glucose production during 
hypoglycemia. 

The aim of rhe esperiments to be described nss to 
invesrigate the rfiecr of rhe infusion of ribose on rhe 
plasma concenrracion and the rumover of glucose in 
dogs in which the pancreas has been replaced by an 
infusion of insulin into the portal vein at a marched 
physiological race.: If ribose has the same efiects in this 
preparation as in normal dogs, this proves the existence 
of a mechanism dependent on the presence of physio- 
logical amounts of insulin but not upon the releas: 
of extra insulin. If, on the other hand, ribose has no 

effects, (as it has no effect in diabetic animals), irs 
entire effecr could be accounted for by rhe release of 
exrra insulin. If such be the case, the reporced3J dis- 
crepancy between the rare of insulin secretion and hq?o- 
glycemic acriviv has to be due ro differences between 
the effecrs of endogenous insulin secreted into the porra! 
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vein 3nd of heterologous insulins injected by other 
routes. 

Since the injection or infusion of glucose has been 
reported to decrease endogenous (hepatic) glucose pro- 
duction in both normaFg and pancreatectomized9 dogs, 
the efiect of an intravenous infusion of glucose has aiso 
been investigated on all dogs on which the effect of 
ribose has been rested. In rwo addition31 esperiments it 
has been attempted to obtain more deuiled information 
3bour the effect of glucose; in this way we especred 
to obrain an answer to the question of whether glucose 
infused intravenously ac reiacively moderate races is able 
to decre3se the rate of hepatic glucose production mith- 
out the reIe3se of extra insulin. 

METHODS 

All esperiments were carried out on nonanesthetized 
dogs [rained co stand or lie quiet& in a Pavlov stand 
during the experiment. Partial pancreacectomy and the 
esteriorization of the uncimce process of the pancreas 
into 3 subcutaneous pouch ~3s ccuried out under general 
anesrhesia sis days prior to the esperiment as described 
by R3ppaport et 31. lo At the same time 3 vinyl catheter 
filled nirh heparin was inserted into 3 tributary of the 
splenic yein pointing towards the port31 vein. The post- 
opersrive c3re and diet of the operxed dogs has been 
described previously.’ On the day of the experiment 
three more plastic c3cherers were inserted under 10~31 
(proc3in j anesthesia, rxo of these into each one of the 
ceph3lic veins for the infusion of the tracer 3nd the 
sug3rs respectively, the third introduced into the vena 
~3~3 (nith the tip below the entry oi the hepatic veins) 
tin :he saphenous vein. This cxherer was used for the 
cokcrion of blood samples. 

;\irer the insertion of the c3theters the uncinate process 
was removed under 10~31 3nesrhesis 3nd an infusion of 
insulin* 31 the approrimxe rxe of 120 $J./kg.imin. 
into the port31 circulation n-as started immediately.’ 

Porcine insulin was used in the !irst sis, 3nd c3nine 
in rhe additional two esPerimenrs. The animal was 
then rr3nsferred inro the Pavlov st3nd 3nd the esperi- 
ment srarted after a sisF-minute period of equilibra- 
tion. 
Expvimental desip 

,111 but rhe two esperimenrs to be described subse- 

‘The solution infused was JD mu., ml. insulin and 5 mg./ 
ml. oi gelarin (Upjohn Co., Kalamszoo) in an acid-saline 
solution of pi-I j.g-4.0. Thus the binding of insulin to glass- 
wre and tubing was prevented. 

M.D., PH.D.. AND hi. VRANIC. M.D.. D.SC. 

quenrly stricrly followed rhe same design. They con- 
sisred of four sequential periods of ninety, seventy, 
eighty and sixty minutes, in this order. During the tirsr 
3nd third period 0.9 per cent NaCl was infused, during 
the second snd fourth the infusion was changed ro 
ribose (5 mg./kg./min.) or glucose (1.8 mg.,‘kg.,: 
min.). In the first three esperiments ribose was infused 
in the second, and glucose in the fourth periods. Jn 
the fourth, fifth and sloth experiment this sequence 
was reversed. Minor 3djustmenrs in the race of the in- 
fusion of insulin were carried out early in the iirst 
period if rhe blood sugar level, estimated by a Desrrostis 
(Ames) test, Tarranted it. All infusions were given 3t 
a constant rsce with help of Harvnrd or Sage infusors. 

In rwo esperiments 0.9 per cent saline was infused 
during the first and fourth periods and glucose in the 
second 3nd third. (In these experiments both middle 
periods 13sted eighty minutes. The r3ce of glucose in- 
fusion was x.9 nnd 2.6 mg./kg./min. respectively in 
the second periods and x-as doubled in the third periods 
in borh experiments. 
Trqcer methods and calcrrlations 

Rates of endogenous (heparic) glucose production 
(“rxe of 3ppe3rance” R:,) and utilization (“rare of dis- 
appe3rance” R.li were c3lculated by the method of 
primed infusion of tr3cer wcording to Wall et 31.11 

as simplified by de Bodo et al.” Metabolic cle3r;lncc 
of glucose was calculated 3s rhe ratio of Rd and the con- 
centration of plasma glucose.’ The time of the priming 
injection of crxer ~3s raken as t = o. B,, Rd 3nd 
metabolic cle3r3nce values were not calculated prior to 
t = fifty minutes. All calculations were carried out on 
3 CGE time sharing computer system. When the edect 
of glucose ~3s rested on the rates of production 3nd 
utiliz3rion, a mixture of C-Iq-labeled and ordinary C-IL 
glucose of 3 specific 3criviF (.SA:, close to the one oi 
plasm3 glucose 1~3s infused in order ro avoid arref3crs 
arising from the slow mising of the glucose load with rhc 
lsbeled glucose pool in the bod~.~ The calculated R, 
~3s corrected for differences between the SA’s of p&m3 
and infused glucose. 

In the additional two experiments the use of glucose- 
I-C- 14 3s tracer permitted the correction of the c&x- 
lated rxes of 3ppe3rance 3nd disappexance and also the 
metabolic clexsnce for the small inaccuracies 3rising 
from rhe incorpor3rion of C-14 into the newly released 
glucose from the membolized molecules of the infused 
tracer. 
Process&g of blood samples 

The collection and processing of blood samples h3T-e 
been described.‘,’ The heparin solution was withdr3wn 
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from the portal cannula prior 10 the experiment. A 
soluricn of heparin (5 I.U. ml. 1 was used only during 
the first forty-five minutes of the esperiment to keep 
the sampling carheter parent. During laier stages this 
carheter was filled with saline. 

The isolarion of _clucose with help of an ion exchange 
resin (IRA-410, Rohm and Haas) and dererminacion 
of Slucose (Huggett and Nison’“), as well as the count- 
ing procedures, have been described.’ In the additional 
rwo esperimenrs rhe incorporarion of C-14 into the 
sisrh carbon arom was determined and the proper 
correction for recirculation of c-14 inro newly formed 
glucose was carried our 3s described by Reichard et al.ld 
Free farry acid (FFA) in plasma was measured accord- 
ing to Dole and MeinerrP and the concentration of 
ribose according CO Roe and Rice.‘” 

MATERIALS 

Glucose labeled uniformly with C-14 was used as 
rracer in rhe first six experiments, and glucose-r-C-Id in 
the additional two. The tracers were obtained from the 
Radiochemical Cenrer. Amershnm.Engiand. D- ( - i -ribose 
and D-glucose ( AnaIar grade j were obtained from Easr- 
man Organic Chemicals and from :he Brirish Drug 
Houses, respectively. 

RESULTS 

The plasma co?acentration nnd the r;rtes of production 

amci lftilization of glucose 

The results of rhe 6rsr sis experiments are sum- 
marized in cables I and 2 showing rhe effecrs of an in- 
fusion of D-ribose (3 mg.!kg. ‘min. ‘j and D-glucose 
( 13 mg.;kg.,‘min.) on rhe plasma concenrrarion and 
on :he rates of production (R,) I over-all utilization 
( R.l I and rhe metabolic clearance ibf I of glucose. It 
appears rhar in dogs mainrained in (or near) a dynamic 
steady srare by a constant supply of intrsporrally infused 
insulin, the plasma concentrarion and the rate of pro- 
ducrion of glucose was increased marginally by rhe 
intravenous infusion of D-ribose. In the experiments 
shown in table z rhe infusion of glucose during the 
second period increased glucose concenrrarion ar an aver- 
age rare of 0.21 mg.,/roo ml.,,‘min. This was changed 
ro an average decrease of 0.41 rng.:~cg ml./min. in the 
rhird period during which saline was infused. In rhe 
esFerimenrs shown in table I the average increase in 
concentration was 0.47 mg./Ioo ml.:‘min. during rhe 
tinal period of glucose infusion. 

n-hen rhe data were tested by variance analysis, no 
evidence n-as found that infusion of ribose exerted any 
etiecr on the rare of glucose production (R,). In this 

822 

analysis rhe rares before and during the infusion of 
glucose were compared : 

-i 
“before” referring to the rates : 

calculared berween rhe ISorh to 210th minutes of the ! 
experiment in rable I. and rhe fifrierh co ninetierh in : 

: 
rable 2. The resulrs of rhe analysis are summarized in r 

table 3. Neirher did the differences in the rates of urili- 
8 

zarion prove ro be of sratisrical significance when 
subjected to a similar analysis. 

The resulrs of one of rhe rwo additional experiments 
carried our with glucose-r-C-q 3s rracer and yielding 
rates of producrion and urilizacion of glucose unaffecred 
by rhe reincorporarion of c-14 inro endogenously pro- 
duced glucose are shown in rigure I. The concenrration 
of glucose in rhe plasma has been increased at 3 rare 
of 0.63 and 1.~6 mg. 1:~ ml. min. during the infusion 
of 1.9 and 2.6 mg. kg. min. glucose respecrively. SO 
etiecr on rhe rare of appearance of glucose has been 
observed. The increase in rhe rare of disappearance in 
the two middle periods is nor entirely commensurable 
with the increase of rhe plasma glucose level as indi- 
cared by rhe somewhat incrased merabolic clearance. 
The fall in rhe larrer during rhe final period of saline 
infusion is noreworrhy. 
Plasma co~Ice77tmtiov 0j free jatt,y ncids 

As shown in table 2. rhe Ievel of FFA in plasma 
rended ro rise during the esperimenrs of the tirsr 
series. This is most eridenr if one compares rhe average 
levels of FFA of rhe hrsr and rhird periods, during borh 
of which saline was iniused. Ribose did nor interfere 
nirh rhis pattern, whereas during rhree of the six in- 
fusions of glucose plasma FFA was decreased (Dogs 
3o. 33, 34). A similar decrease was noticeable in the 
n-0 additional esperimenrs f see figure I ), in both of 
which rhe plasma FFA concenrrarion increased during 
rhe final infusion of saiine. This effect, however. was 
nor consisrent in view oi rhe rhree negative experimenrs 
of rhe firsr series. A more consisrent decrease of abour 
33 per cenr in rhe concenrrarion of FFA in plasma 
has been found by Vranic er 31.‘: after the injecrion 
of 0.5 gm..,kg. glucose in dogs mainrained on marched 
infusion of insulin es3crly similar ro our experimenrs. 
Phma concentration oj ribore 

During the infusion of ribose the concentrarion of 
rhe penrose reached a value between 9.4 and x4.0 mg.’ 
xoo ml. Maximal levels have been closely approximated 
by forty minures afrer -he beginning of rhe infusion. 
Afrer rhe cessation of the infusion, ribose was clared 
from rhe plasma within rwenry minutes. 

DISCUSSION 

In previous experiments, J’ranic and Wrenshall’ 
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TABLE 1 

Effect of the inrravenous infusion of D-ribose or D-glucose on plasm:1 glucose concentration 
and glucose urilizarion and the production and the metabolic clearance of glucose 

Infusion: 

Time (min.) 

Espt. ,” 

Saline Ribose 3 mg./kg./min. 

35.50 50-61 61-80 so-90 90-100 100-110 110-125 125-140 lJO-150 150-160 

225 
111 
119 

235 
106 
111 
ill 

5.3 1 
2.38 
2.91 

2.61 
2.68 

1.01 
7 -_I _., - 
3.13 
- 6' -. 

Infusion: 

Time (min.) 

Espt. + 

160-170 170-1so 

18 260 '60 
30 96 102 
52 118 121 

Mean 158 161 

28 3.80 5.56 
30 4.77 2.50 
32 3.03 2.01 

Mean 3.87 3.16 

28 4.39 5.52 
20 5.8 1 5.83 
32 2.87 2.3a 

Mean 3.69 3.91 

18 1.47 2.13 
50 4.79 2.82 
32 2.25 1.68 

Mean 2.84 2.11 

DETEM3ER, 1969 623 

Plasma glucose concentration mg.. 100 ml. 
.T  ̂

136 Too “9 215 
1:: 

‘17 96 212 95 2j9 99 256 99 15-l 103 
115 112 106 116 112 110 119 
l-19 147 110 110 141 150 155 159 

R, (glucose utilization) mg..‘kg min 

4.07 3.8s 5.12 2.90 1.17 3.50 4.90 .iAO 
3. IO-4 2.59 2.13 3.17 I.05 3.14 3.32 2.40 
T - -.- -8 3.15 3.68 3.60 1.21 3.46 3.i2 2.11 
: -I- _ .-J 3.2 1 3.6-t 3.1 6 5.18 5.03 5.98 3.30 

R, (glucose producrionl mg./kg.. min. 

3.53 4.05 3.51 3.33 3.95 5.32 6.63 5.19 
j.07 1.5s 1.95 3.87 2.93 2.51 3.42 2.98 
1.96 2.63 3.11 3.36 3.12 3.15 3.41 5.43 
3.19 2.75 2.86 3.19 + 1.1) -* 3.66 &I9 3.8; 

Merabolic ciccrance of glucose ml.;kg.. min. 
1.T6 1.70 2.31 1.34 1.98 1.55 1.97 1.11 
2.87 2.51 2.15 325 3.18 _._ ' '0 3.55 
'2 t -77 
1.3 j:jj 

::i: 3.38 2.01 3.04 3.36 ;*;I 
2.69 2.39 2.26 2.89 2:11 

Saline D-glucose 1.8 mg..‘kg./min. 

lSO-195 195-210 210-225 X5-240 240-250 

Plasma glucose concentration mg. 103 ml. 
183 284 186 258 279 

92 89 84 86 90 
116 110 116 117 119 
164 161 162 154 163 

R,, (glucose utilization) mg./kg.. min. 

8.93 1.04 7.14 5.88 8.01 
A.45 2.17 3.56 1.2 7 3.00 
>.- '0 : 3.18 2.2 5 2.17 4.05 
< i? _.- _ 2.56 3.23 5.44 5.02 

R, (glucose production) mg./kg.. min. 

6.82 5.80 7.26 4.00 8.35 
3.38 7.13 2.94 1.57 1.74 
2.71 2.68 2.74 2.30 2.59 
4.30 3.54 4.3 1 2.96 4.22 

Metabolic clearance of glucose ml./kg./min. 

3.61 0.79 2.49 2.15 2.97 
4.58 2.73 4.11 2.67 3.41 
1.7 1 2.82 1.97 1.91 3.44 
3.64 2.11 2.86 2.24 3.27 

150-265 265-180 280-300 

279 281 '92 
90 103 105 

124 133 142 
164 172 180 

7.81 5.86 5.59 
3.90 1.89 3.44 
3.81 2.87 3.36 
5.17 3.54 -1.13 

5.95 4.17 
2.09 1.53 
2.43 1.88 
3.49 2.53 

4.31 
1.73 
2.15 
,7- -. , J 

2.78 2.08 1.98 
4.35 1.95 3.3 1 
3.13 2.24 2.45 
3.42 2.09 2.58 
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TABLE 2 

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

Infusion: 

Time (min.) 

Espt. + 

Saline D-glucose 1.8 mg./kg./min. 

35-50 50-65 65-80 so-90 90-100 100-l 10 1 IO-125 

Plasma glucose concentr3tion mg./ 100 ml. 

135-140 140-150 150-160 

33 
34 
35 

Mean 

103 

s9; 
95 

92 

,': 
9ii 

81 S6 
101 100 

;; ;: 

80 56 
108 111 
89 95 
92 97 

3.47 
4.06 

3.05 
1.54 
2.70 
2.: i 

R, (glucose utilization, mg., kg./min. 
4.40 1.92 3.06 2.28 
3.73 2.66 3.06 3.43 
3.82 2.53 5.61 -1.18 
3.98 2.37 3.91 3.30 

3.92 5.22 5.06 1.33 
3.67 4.06 j j' . - 2.68 
4.21 5.07 3.32 -1.81 
2.93 4.11 3.90 3.01 

33 
34 
35 

Mean 

3.59 
2.17 

1.53 
2.90 
3.’ Y 
2.57 

R, (glucose producrion) mg.. kg., min. 

3.36 2.67 1.10 1.71 
2.14 2.75 1.67 3.49 
2.77 2.52 3.76 2.06 
1.16 2.65 2.18 2.12 

2.15 1.26 2.07 0.91 
2.52 2.10 3.02 2.06 
2.68 3.07 2.OY 2.5 -8 
2.45 2.14 2.39 l.S’ 

Metabolic cleamnce of glucose rci./kg./‘min. 
3.37 
4.!1 

5.15 5.20 2.43 3.81 2.7: 4.54 3.74 
2.61: 2.15 3.13 3.54 : -- 3.71 4.03 
3.1; 4.63 3.29 7.31 jI;f 5.55 j.8Y 
3.UO 1.65 2.95 4.39 3.93 4.53 1.55 

6.10 
3.19 _I -- 
.Y,'J 
4.35 

Infusion: 

Time (min.! 

Espt. + 

160-170 liO-IS3 

Saline D-ribose 3 mg.jkg./min. 

265-230 ‘SO-?UO 

Plasma glucose conc:nIration mg.. 100 ml. 
76 

;i 
90 

51 55 
66 72 
72 63 
65 65 

jj 3.93 
3-+ 4.65 
55 3.YO 

.\lean 1.16 

7 -. -.,J 
2.2 0 
2.s1 
- 76 -. 

K, (glucose utiliz3rionj mg./lrg., mic. 

I.38 2.77 2.50 LOS 
-.J.. : 7, 3.39 2.88 2.90 
:.56 2.23 3.95 2.52 
:.-I2 2.YO 3.11 2.50 

1.86 
2.15 
7 37 -. - 
1.3 1 

22 '6 3 z- _._ I 
3.1Y 3.16 .,- 3.43 2 , b 
3.Uh ?.lU 

33 
5-I 
jj 

Mean 

I.YS 
l.SU . ._1 J.J, 
2.36 

R, (glucose producrion) mg./kg.. min. 
1.99 1.Y-I 1.65 1.96 
l.i7 1.94 2.62 2.02 
1.85 -. 7 j1 - 2.50 2.74 
‘2 1 1.2U 2.' 6 2.24 

1.1-l 2.42 2.:: 
x-l L.YJ 2.Y! 
3.13 2.Y2 3.43 
2.44 "6 -.I 5.03 

33 4.85 2.Y8 
54 -I.46 3.2Y 
35 -1.17 3.17 

Mean 4.49 3.14 

Metabolic clearance of glucose ml., kg./min. 

1.Y2 4.57 4.59 4.10 3.76 
j.jY 4.16 3.82 4.06 2.77 
;.'I5 1.70 5.08 3.54 3.34 
-1.25 3.81 4.50 3.YU 4.1Y 

3.48 3.56 A.13 
3.13 4.52 4.54 
3.71 4.66 1 ‘S .-- 
3.44 4.58 4.3 1 
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T=\BLE 3 

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

table 1 

jource of variatiun df ss MS F ::: 
Total ‘3 86.247 

64.869 !2Z4 

- 

Between rows fdoas’l 2 1.12 Between columns (times) 10.997 - - 
Before vs. during infusion ; I .707 1.707 1.10 
Discrepancy h 9.390 1.5484 - 

Error 1-l 10381 0.7115 - 

:‘None of the F values shown indic3te a statistically si_mificant difference. 

df 
26 

2 8 
1 

table 2 

ss MS F::: 
12.865 - - 

4.988 2.49-l 1.463 0.183 6T 
0.608 0.60s 5.04 
0.855 0.121 - 
6.414 0.401 - 

$13 
.OO 5 10: 200 

v!NUTE j 

demonsrr3ted that 3 porn1 infusion of insulin 3c 3 ‘rare 
of 22; !&/kg.; min. matched the endogenous secretion 
of insulin in the fasted dog. Such 3n infusion com- 
menced 3t the rime of rhe removsi of the remnant 
p3ncx3ric 3ucopic ~3s 3ble ro m3inr3in the plasm3 
;lucoce level and rhe rxes of glucose Froducrion 3nd 
urilization PC norm31 levels. This rsre of insulin infu- 
sion n-as considered CO be “basal.” In spice of the 
normoglycemia z.nd norm31 turnover of glucose, dogs 
mainrained on 3 b3sal infusion of insulin exhibited 3 
lower than normal rolerance <smsUer exponential dec3y 
conscvlt) to intravenously injecred glucose.*7 

paper rhree conclusions emerge: 
(a) D-rilo.re dces not decre3se either :he pl3sm3 

concenrr3cion or the rate of production of glucose in 
dogs in which glucose homeostasis is maintained 3t a 
norm31 level by a basal infusion of insulin into the 

portal vein. Thus rhe hypoglycemic effect of ribose in 
rhe norm31 3nim31 c3n be accounted for entirely by the 
release of estr3 insulin. 

From the data of the experimenrs presented in this 

(b) D-glncose, when infused 3t a rare of about rwo 
thirds co twice the basal normal R, ro dogs in which 
the pancre3.s has been replaced by the inuaportal infu- 
sion of insulin, was also ineffecriye in altering R, sig- 

nificantly. This finding corroborates the conclusion of 

DECEMBER, 1969 s2s 
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300 

FIG. I. Eifect of an infusion of D-glucose on the 

concentration of glucose and FAA in the 

plasma and the calculated rates of appear- 

.snce and disappearance and metabolic clear- 

ance of glucose. Glucose was infused be- 

tween t = 90 and 170 at a rate of 2.6 mg. 

kg. min. and between t = 170 end 250 min. 

at a rate of 5.2 mg., kg., min. These rster cor- 

respond to 0.91 and 1.77 times R, rerpec- 

tively. Abscissa: time in minutes. Uppermost 

ordinate: concentration of glucose in plasma 

as mg..‘lOO ml. Second ordinate: rates of 

appearance R, (above zero) and rates of 

disappearance R,, (below zero) of glucose as 

mg. ‘ig./min. Third ordinate: .metabolic clear- 

ance (M) of glucose as ml., kg.;min. Lowest 

ordinate: concentration of FFA in plasma as 

rnEq.9 L. 

The intravenous infusions are indicated at 

the top of the figure. P,, indicates the re- 

moval of the pancreatic graft and the begin- 

ning of the intraportal infusion of canine in- 

sulin (Cl.). 
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TABLE -I 

ch3n~es in plasm3 FF.4 concrntrnrion during the infusion of D-_elucose (1.S mf./k:./min.) or D-ribose !? mc./‘kg./min.) 
in norm31 dogs 

- 

Expr. 

28 
30 
32 

Mean 
-c S.E.XI. 

Infusion: 
time 

Saline 
65 90 

I 1" 1,107 
I:o?o 999 

es2 666 
945 92-l 
13-l 133 

Ribose 
110 160 

1.076 1 123 
1:1s9 1.09-l 

1,111 1.094 
1,104 I.135 

19 2s 

Saline 
ISU 210 

- 1499 
I .o:o 1,018 
I .094 999 
1.06' 1.19’ 

- IS5 

Glucose 
2.50 X0 300 

1.576 I.'SO 1.2-G 
919 650 713 

I .1)6’ I.11 I 1,111 
l.lS6 I.113 1.1’14 

300 235 ‘11 

Infusion: 
time 

Saline Glucose S3line Ribose 
65 90 110 150 160 IFU 310 25 0 180 300 

33 Y'O 7so 199 l-19 76-1 849 1.264 1,139 952 
34 6 5 j 764 71s 610 686 7so 976 936 983 976 
3s $64 769 7?9 

659 
S9j 1.075 1,035 1 ‘s; 1 IS; 1,110 1.190 

Jlean Sl3 771 761 841 S86 i Ii74 I:119 1,073 l.OS3 
I S.E.51. 81 5 75 74 11s -- , i 99 101 _;a - 

Time reicrs to the iniecrion oi the priming dose of the trncer [t = 01 and 15 in minutrts. 

Steele et 4.’ n-ho ascribed rhe efiect of an intravenous 
glucose infusion of about this magnimde on R, in nor- 
mal dogs ro 3 release of estra insulin. On the ocher 
hand, Herenyi and Wrenshall? have demonstraced that 
an intravenous infusion of glucose decreased R, in both 
normal and pancreatecromited dogs deprived of insulin 
for ferry-eight hours. .\Iore recent esperimenrs, however, 
carried our wirh more refined technics by Cowan 3nd 
Hetenyi,” demonsrr3ted 3 m3rked decrease of 3 very 
consistent Fat-tern in R, after cr during the injection 
or infusion of giucose in normal dogs, but only a small 
and rarher inconsistent one in insulin-deprived disbetic 
animals. 

response to 3 r3ised glucose level in the perfusing fluid 
also represents 3 mech3nism different from the physio- 
logical, insulin-dependent one that has been demon- 
strated to opersce the line bakmce in normal dogs. In 
this prepar3tion rhe decrease of the net glucose output 
might be the result of an incre3sed glucose upr3ke by 
the perfused liver. 3 mechanism entirely differenr from 
any change in the actual release of glucose. Tr3cer 
methods in general measure this latter one. 

Thus ir appears char in norm31 dogs the relense of 
exrra insulin is essenrial for 3n sdapcation in endogen- 
ous glucose producrion during 3n infusion of glucose 3~ 
a moderate rare. This finding is in agreement with rhose 
of Wrenshall ec al.‘” n.ho demonstrated char a sudden 
interruption of the endogenous insulin secretion results 
in 3 large increase in hepstic glucose producrion in 
spire of B rapidly rising level of plasma glucose, indi- 
cating thereby a sudden change in the normal relation 
between rhe plasma level 3nd hepacic production of 
glucose. It is possible that when high glucose levels 
are being reached and maint3ined in the diaberic dog, 
rhe liver may regain its ability ro respond with 3 de- 
creased race of production to an elevation of plasma 
glucose concenrrarion. This could represent a second, 
nor necessarily physiological, mechanism in the adapta- 
tion of endogenous production to exogenously injecred 
glucose. It is also possible that rhe decrease of net 
glucose release observed on rhe perfused rat liverzo in 

(cj The rare of glucose disappearance (IL+) in- 
creased wirh 3n incre3sed glucose concentration in the 
absence of 3ny ch3nge in insulin secretion (figure I J. 
The metabolic clearance of glucose was calculated to 
illustrste this relscionship between the concentration 3nd 
uptake of glucose. A relatively unaltered clearance indi- 
cares a linear relationship between rhe two pammeters, 
i.e.. when the concenrr3rion of glucose in plssma is 
doubled, its over-311 uptake (&) is doubled as well. 
More det3iled studies 3re being planned to investiglre 
this correlation in rhe absence of variations in the r3te 
of the secretion of insulin. As shown on figure I, how- 
ever, the mec3bolic clearance is higher 3t increasing 
plasma glucose concentration than ic is at a decreasing 
one. This might be due KO 3 nonlinear relationship be- 
tween rhe cclncentrarion 3nd upcake of glucose or, alrer- 
natively, to 3n 3rtefact inherent in the tracer method 
used, c3using 3n underestimation of the true size of 
the glucose pool. Evidently, if the pool size of glucose 
is underestimated some glucose being disrributed into 
the pool concribures IO the calculated “disappeamnce” 
during a rising concentration of glucose. Conversely 
when rhe concentration of glucose in the phsma is 
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falling, an underestimated pool size will lead to an un- 
derestimation of %. 
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Functional and metabolic effects of ribose in 
combination with prazosin, verapamil and 
metoprolol in rats in vivo 
SYLVIANE LORTET, HEINZ-GERD ZIMMER 

_ From the Department of Physiology. univcrsiry of Munich, Munich, Federal Republic of &rmony 

ABSTRACT Ribosc improves the function of the rat hean in various patholopical conditions through 
its effects on cardiac eneqy 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, vetapamil or metoprolol, all of which have direct effects on the circulation. Ribose 
administration for 24 h at 200 mg*kg -l-h-’ did nor affect heart fun&on but increased the available 
pool of 5-phosphoribosyl-I-pyrophosphate in hean (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. At&r 2-t h infusion oi przuosin (100 ps*kg-‘.h-‘). 
heart rate and LVdPIdt,,, were not changed. but LISP (- 707c). mean uonic pressure ( - 16%) and 
peripheral resistance ( --IO%) were decreased. Cardiac ourpur was enhanced (+-JO%). Venpamil 
(2me*k_e-‘*h-l) and metoprolol iImg.kg-‘.h-‘) infused for 24 h decreased the pressure-rate and 
pressure-volume product of the left ventricle lo the same extent ( -40%). Verapamil had no influence 
on cardiac output. while metoprolol depressed if (-30%). Simul!aneous administration of prazosin, 
verapamil or meroprofof 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 
haemodvnamic changes induced by these three drugs. We conclude thar ir is feasible to combine 
ebose with prazosin. verapamil or mctoprolo!. 

Ir. is well documented that. in a number of parho!o@cal 
conditions such as ischaemia and hcan iailure. the 
decrease of oxygen delivery to the hcan is associared 
with degradation of cardiac adenine nucleotides. The 
degrxia%on products arc released from the hcan so rhc 
content of myocardia! ttdcnine nucltorldcs is 
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diminished and this may lx detrimental to hean 
tuncrion and cellular inregnty. 

hlost pharmacolouica! ar(ents used in conventton 
cardiac therapy may indirectly affect cardiac energy 
processes by decreasing hean function or increumg 
blood supply. For cxxnplc. it ha been shown’-’ that 
the cAcium ant+onisr verspami! protccrs the hc:sn 
against Ihc Jclcrerlous ct’t‘cirs 01’ ischaemia. It rcducss 
[oral peripheral reGsfance and thereby left ventricu!;lr 
Axload.’ incrcabes curnnarl, blood flow’ ’ and 
antagonists curClt-ix-4 spasm. The p bicxkcr 
meroprolo! decreases the inouopy and the chronorropy 
of the heart. and reduces blood pressure’and cardiac 
output. Lt is thereiorc benericial in many parholoyica! 
situations.’ ’ ii The Q blocker prazosin decreases total 
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peripheral resisrancc and mean blood pressure” and 
has been shown 10 prCYCn1 VClllhlkU arrhythmias 
associated with acute ischaemia in dogsY tid to be 
beneficial in patients with hem failure.” In addition 
to these haemodynamic effccrs. venpamil also has an 
influence on cardiac metabolism. It has been shown to 
reduce the loss of adcnine nucleoride melabolires from 
the heart during hypoxia and subsequent 
re-oxygenadon. thus helping 10 preserve cardiac 
adenine nucleotides. ‘I 

The mechanism of action of the cardioprorective 
agent ribose is quite different. Ribose directly affects 
cardiac adeninc nucleotide metabolism by stimulating 
the production of 5-phosphoribosyl- I -pyrophosphate 
{PRPP).” PRPP then becomes available both for the 
salvage of adenine nucleotidcs and for their de nova 
synthesis. Ribose has been shown to have beneficial 
effects on the metabolism and function of the rat heart 
in several pathological conditions.” ” In contrast to 
the pharmacological agents mentioned. ribose has no 
haemodynamic effects. It could therefore be ideal to 
combine drugs which have direct hacmodynarnic 
effects with ribose which has direct effects on cardiac 
energy metabolism. 

Drugs were given 10 non-restrained tars as a 
continuous intravenous infusion over 24 h. For this 
purpose. a steriflex catheter of I 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 
ic was conneCted IO a 20 ml syringe in an Infers 
infusion pump (type 5003, Infers AG. Hofstenen). 
The catheters were covered with plastic shields to 
prevent them from being bitten by the ran. Control 
animals received 0.99 NaCl. Ribose wqs 

2oa 

11 was therefore the purpose of this study, IO see 
whether ribose could be administered in combination 
with the cx blocker prazosin. the calcium antagonist 
verapamil md the p blocker mcroprolol. X previous 
study’ described fhe haemodynamic cifecrs ot 
vegparnil and mctopn~lol in the rat hcan in viva 2nd 
shoned that rhe srimukition Of de nova synthesis oi 
myocardial adenine nucleotides brought about by 
ribose was not modified when verapamil and 
meroprolol were added. In the experiments described 
here. we have studied the haemodynamic effects of 
prazosin 2nd have sought 10 determine whether the 
increase in PRPP availability (measured by the 
incorporatIon oi”C-ndenine into adcnine nucleorides) 
is maintained when ribose is given in combination with 
prazosin. venpamil and metoprolol. This study is not 
confined to the hean but has been extended to the liver, 
kidney. lungs and skeletal muscle. 
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Methods 0 

The animals uSed in these experiments were Sprague 
Dawley rats weighing approximately 250 g. Thcv 
:.vere fed Aluomin pellets: and had free ;ICC~SS to wutc‘r. 
The rats were handled in accordance with rhe law on 
rhc care and use of labonroy animals (BG BI I. 
1320-Y. 1936,. 

D(-)Ribosc was purchased from Sigma Chemle 
Miinchen. Venpamil was a gift from Knoll A G. 
Ludwigshaien. lMetoproloi UvaIe was provided by 
Astra Chemicals. Wedel. Pnzosm was donated by 
Pfizer, Karlsruhe. 

FIG 1 Uptake of “C-adcninc inrodiferent tissues and 
trdenine nucleotide syrhesisfrom .“C-;dcninr. L:prakc of 
“C-rldenine Ishadrd columnsj was asserredb! measrtrinp 
the rusue cmacr radioclcnrry per grant rtssue ‘rnd the 
synrhcsis of adenrne nucleorides f blank columns) on rhe basts 
of the radioacrrvir?, of adenrne nuclcorrdes per <ram usue 
due IO incorpornuon of “C.adenme. ;\irrr34 h in&sion of 
:VaC10.956 ~conwolJorribosef20mmg~kg~‘~h~‘Jeachrar 
rcccrrcd an mrravenow injecrion of 10 ~ol~litrc~’ adenine 
containing 5 FCi “C-adeninc. Columns are means, 
bars = SEM. Number of crpcrimcnlr in parentheses. 
‘p=O.OOOS. tp=O.OOS, $p=O.Ol. §p=9.0125vconrrol 
value. 
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administered jn a concentration of 200 mgkg-‘.h-’ 
alone or in combination with ptazosin (100 

/qkg-‘*h-l). verapamil (2 mgekg-‘*h-l) or 
mctoprolol(2 mg*kg”*h-I). The effects of these three 
dmgs were also tested without ribose. in the same 

conccnuations. 
Left ventricular function was measured after 24 h in 

closed chest rats, anaesthedscd with Inactin Byk. 
80 mg*kg-’ intrapcritoneally.” Spontaneous 
respiration was facilitated by placing a tracheal 
carmuia 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 ventricle 

. for measurement of systolic pressure and maximal rate 
of rise in prcssu~ (LVdPldh,). 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 

-t Syhianc Lorrrr, Heinz-Gcrd Zimmcr 

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

Cardiac output was measured using the 
thetmodilution method For this purpose. the Millar 
catheter was replaced by the thcrntodilution 
microprobe ( I .5 French gauge. Columbus Instruments 
Inc. Columbus. Ohio). and positioned in the ascending 
aorta. The thermodilution curve obtained after 
injection of 100 ~1 saline into the right atrium via the 
right jugular vein was analysed by a computer 
(Cardiomax [I. Columbus lnstrumcnts Inc). 

The incorporation of “C-adeninc 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 IO 
pmol-litre-’ adenine containing 5 rCi of “C-adenine 
(235 mCimmol-’ , Amcrsham Int) in the prazosin 
experiments. and 20 PCi in the vcmpatnil and 
metoprolol experiments. Exactly I5 min later, heart. 

TABLE 1 “C-adenine incorporarion info the adenine nuclcotides (adeninc nlrcleotide synthesis) of kidney, liver. lungs. 
hear1 and shleral mu&r afier a 24 h inrravcnow infusion ofNaClO.9% (cowof). pra:osin (100 g#*kg-‘.h-‘). ribose (200 
mg-kg-‘.h-‘ j and the combination ofprasosin and ribosc in the same conccrurarions. fach animal received an inrravcnous 
injecrion of IO wl*lirre-’ of adeninc containing 5 @Ci of “C-adcninr. Data expressed a.~ DPM.g-’ rissuc (see mahods) arc 
given as mea&SEMI. 

Kid+ Liwr Lllnq5 HCWI Skeletal mwclr 

Control 131 413f8817) 76 I 1719465) 67 445~4 1113) IS 016tSw 334302X) 
n 6 5 6 b 6 

Ramsin 143 2Slf13 335, IO? XUf9805) 62 27X2767) I1 lW2134) 39721326) 
n 7 7 6 7 5 

Ribosc 87 829tUO7)’ ‘4 210(7433): 46 577(23831’ 114 3721121981* 23 277G!204,* 
0 0 8 a 7 n 
PrazosiR + ribaw 79 116(6691)’ 01 694f601410 47 053(437S)T 99 65&3863,= 28 828( 107 1)‘ 
n 7 6 7 7 7 

‘pao.Goos. tp=O.uoS. tp=0.0125. §p=O.Ol ” confr0l. 

TABLE :! ffaemodqamic variables ajrrr pra:osin. ribose and prazosin plus ribore rrcarmcnt. XaCl 0.9% (conrrol~. 
pra:osm 100 pg.kg-‘.h-‘, ribose 200 m.y.kg-’ .h-‘. or the combined rrearmenr of prazosin and ribosc in rhe same 
concenwanon. were given inrravenousl,v for 24 h. Dara are mcansrSf.M). 

L VSP LVdPldl,. ,MAP COI TPR HR 

fmm HgJ Imm Hq.r-‘J f- He) fml.mme’~ke-‘) ~Po.l’~mtn“J fbrawmm-‘r 

Conuol 13914) 92OiX4973 121(A) 316410) 0.384fO.023) 352112) 
n 14 14 I’ 11 11 I4 

Praz051n Jl32l 10 65116659) lflZf3’ JY’I IX)’ 0 23M0.01)’ 37% 19) 
n 7 7 7 6 6 7 

Ribosc I3M4) 85031531) lOY(5) 295( 121 0.38WO.029) 357f 131 
n 7 7 7 6 6 7 

Ruorin t ribCK 112(a)- 9234045 ) 9-f(3)- 3YU2lF O.252fO.OI8)* 394f21) 
n 7 7 7 7 7 7 

LVSP = IA vcnmcular(L~ systolic pressure: LVdP/dL = rhe nuum~!m nle of “se of rhc LV pressure: MAP = mean ~n,c Pressurr: HR 
= hear, rite: CO1 = cafdiac ourput index: TPR = 1014 paiphcml misuncc (MAPKOI). 
‘P’O 0305: tp=o.cm Y confml. 
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liver, kidney, skeletal muscle and the lungs wcrc 
quickly removed and frozen in liquid nitrogen. 
Adenine nucleotidcs wuc then extracted. and their 

specific radioactivity was detcrmincd.” 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 pergtam 700 

tissue (DPIM-g-‘) was taken as a measure of adenine 
nucleotide synthesis and an indirect measure of the 
available pool of PRPP. The ratio of adcnine 500 
nucleotide radioactivity/tissue radioactivity rep- 
resented the utilisation of adenine for adenine 

1 

nucleotide synthesis. 
1 

411 data are presented as means (SEM). Statistical 
300 

evaluation was performed using analysis of variance 1 

and unpaired I test. 1 

Ribose 

Results 

The metabolic effect of ribose was studied by 
measuring the incorporation of 14C-adenine into 
kidney, liver, lungs. heart and skeletal muscle. The 
results presented in fig I show that, in control 
conditions. the uptake of “C-adenine into the hear-r 
and skeletal muscle, as assessed by the ndioacriviry 
present in tissue cst~~t. was very low compared with 
the three other organs studied. In these conditions. 
“C-adeninc was mainly taken up by the kidney t 50% 
of the extract radioactivrty of the five organs I and to a 
lesser cxrent bv the liver and the lungs. &lost of the 
radioactivity 0; the heart tissue extract was present in 
the adenine nuclcotides (70%). In contrast. in the 
skeletal muscle only 20% of the ndioactivitv of the 
exuact could be accounted for by the radioac;iviry of 
adenine nucleotides which served as an indirect 
measure of the PRPP availability. Thus the urilisablc 
PRPP pool was very low in heart and skeletal 
muscle.‘z 

VMP v rvl P 

f=lG 2 ‘*C-adcninr incorporarion inro rhc myocardiar 
adcninr nuclroridcs ojrats qhcr conrinuous inrravcnous 
infusion/or 24 h wirh 0.9% NnCl (conrrol) or ribosc. 
200 mp.kR-‘.h-‘. cuch rune crlnnri or in combinarion wirh 

rkclcral muscle and the decrease in kidney. liver and 
lungs. 

fn the presence of ribose. the uptake of “C-adenine 
was markedly increased in heart and skeletal muscle. 
~Mosr of the radioactivity was recovered in adeninc 
nucleotides (97% in heart and 88% in skcleral muscle). 
This shows that the synthesis of adenine nuclcorides 
from adeninc and therefore the PRPP availability are 
markedly increased by ribose. The uprakc of 
“C-adenine into kidney. liver and lungs was lowered 
under the influence of ribose. but the perccnrage of 
radioactiviry present in adenine nucleorides was 
unchanged. 

Further cxperimcnu wre performed to study the 
haemodynamic effects ofprazosin. Table 2 shows that 
the intravenous infusion of prazosin elicited a decrease 
in LVSP (- 20%). in mean aortic pressure (- 16%) 
and periphcnl rcsisrsncc (-40%). Cardiac output 
index was markedly increased (+W%). Heart rate and 
LVdP!dt,,,, were nor significantly changed as 
;ompamd rn controls. Ribose alone had no effect on 
hacmodynamic vanables and rhe combination of 
:~hvsc uith prazosrn did not change the prazosin 
induced haemodvnamic effects. 

To study the feasibility of combining prazosin with 
tibosc. we firsr investigated the effect of prazosrn vn 
the metabolic changes induced by ribose ftable I). 
Prazosin had no effect on adenine nucleotide synrhesis 
from “C-adcnine in the different organs and did not 
modify the ribose induced increase in “C-adenine 
incorporation into the adenine nuclcorides of heart and 

In the final series of experiments. the effects of the 
iomblnarlon of riboje with prazosin. verapamil and 
mcroprolol were compared. Fi_eure 2 shows that 
verapamil. mctoprolol and pmzosm had no metabolic 
effect: the incorporation of “C-adenine into 
myocardial adeninc nucleotides was no different from 
the control value: and the srimularion of 14C-adenine 
incorporatron into adenine nuclcotides elicited by 
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P P+R 
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~0 3 Cardiac ourpu~ index (COI). pressure-rare producf 
of the lqi venrnclc (LVSP.HR) and k/r hcantxrcmai work 
(LVSP.COlJofrarsinfusedfor24hwirh0.9~c,V~ClfC). 
rtbose2(Mmg.kg-‘,h-’ (R). prazosin lOO~g.kq-‘~h-’ CP). 
verapamil2 mg-kg-‘./I-’ IV). meroprofof 2 mq.kq-‘./F’(M) 
or with rhe combinarron of ribose wirhprazosin f P - RI. 
verapam;lfV+R). andmcroprololfM+R) inthesamc 
concenlrauons. Columns are means, bars = S&M. rVwnbrr 
of cxperlmenrs in parentheses. 
*p=O.O005 vconrrol. 

ribose was not changed when verapamil. metoproloi or 
pnzosin were added to ribose treatment. 

To assess the functional effects ot’ pratosin. 
veraparnil and metoproloi. three haemodynamic 
variables were selected Cftg 3): cardiac output mdcx. 
the pressure-rate product of the left ventricle (which 
gives an estimatton of oxygen consumpttonr. 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%). it was not 
significantly different from the control value in mts 
treated with verapamil. and it was depressed in r;lts 

Sylvianc Lorrer. Heinz-Cud 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 venpamil and metoprolol 
both reduced these products to nearly the same extent. 
The co-administration of ribose with prazosin. 
vetapamil 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.16 as estimated 
by the activity of the fit and regulating enzyme 
glucose&phosphate dehydrogenasc.” leads to a low 
production of ribose-Sphosphate. 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 nucleoddes and the salvage 
urilisation of purine bases. Ribose bypasses this 
oxidative penrose phosphate pathway and increases 
the available PRPP pool in heart and skeletal muscle. I2 
A proponional increase in de novo synthesis of 
adenine nucleotidcs and in the salvage utilisation of 
adenine has been shown.‘a 

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 A,MP. Further 
phospho~tylarions lead to ADP and ATP. Thus the 
radioactrvuy present in ail adenine nucleotides is an 
estimation of the salvage utilisation of adertine. 
Furthermore, since the fmt step of this pathway is 
limited by PRPP availability, and provided that 
adenine concentration is not limiting, this value gives 
an estimation of the intracellular availability of PRPP. 

Our results confirm that tibose increases PRPP 
availability in heart and skeletal muscle. As a result of 
the increeased uptake of adenine by these IWO 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 
pathologicd conditions: ( I) by increasing myocardial 
PRPP availability. ribose may stimulate the synthesis 
of adcninc nucleoridcs. either de novo or by the 
salvage pathway; (2) in hypoxic or post-ischaerruc 
conditions. most of the degradation products of 
adenine nucleotldes may be reutilised by the heart and 
incorporated into the other organs to a lesser extent. 

The vasodilaror effect of the a, receptor blockade is 
weil known and this is confirmed in our in vivo 
experiments: peripheral resistance is decreased and 
cardiac ourput 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. I9 
It has been shown that their stimulation increases the 
inotropic state of the hea&’ and CM provoke a 
hypenrophic response in isolated cardiac 

myocyres. 21 ‘Z Prazosin is a competitive a, adrenergic 
antagonist with a very high affinity for the heart.2J 
Nevenheless, although LVSP is significantly reduced 
by prazosin. in our in vivo experiments this drug had 
no significant effect On the pressure-rate p&uct of the 
left ventricle, which has been shown to be correlated 
with myocardial oxygen consumption.24 u Likewise 
it had no effect on cardiac conadctility (estimated by 
LVd.P/dt,& another determinant of myocardial 
oxygen consumption.26 or on the external work 
pefonned by the left ventricle. estimated by the 
product of LVSP and cardiac output. 

The two other drugs studied, verapamil and 
mctopmlol. have quite different effects. since they act 
mainly on the myocardium. Both diminish myocardial 
oxygen consumption and left ventricular external 
work. These effects are accompanied by a decrease in 
cardiac output in the case of meropmlol, 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 ofhevr 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 
hean. On the other hand. increasing rhe oxygen 
delivery to the hevt (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 
trearment of patients with cardiac disorders. In 
panicular, myocardial ischaemia may benefit from 
these drugs since they decrease the oxygen 
consumption and the external work of the left hem. In 
the case of calcium antagonists.” I8 it has already 
been shown that the cardiac ATP content is preserved 
in several experimental conditions. 

Ir is interesting IO note that prazosin and verapamil 
have some haemodynamic features in common that 
disringuish them from the p receptor blocker 
meroprolol. Both prazosin (table 21 and vetapamil’ 
reduce total peripheral resistance. .as a result. cardiac 
output is enhanced with prazosin (table 2) and 
maintained ar a constant level with verapamil. which 
depresses hem rate.* The prazosin induced increase in 
cardiac output OCCUII with no alteration in oxygen 
consumpuon Ipressure-rate product) and in the 
external hem work (pressure-volume product). In the 
case of verapamil. cardiac output is kept normal 
desplre a reducrion in oxygen consumption and in 
pressure-volume work. In contrast. under the 

influence of metopmlol. cardiac output is depressed 
and this reduction is paralleled by a decrease in oxygen 
consumption and pressure-volume work (fig 3). Thus 
hean performance may be more efficient with prazosin 
and verapamil. These different dtug induced 
haemodynamic alterations are not influenced at all b! 
ribose (fig 3). 

In summary, our study shows that: (1) the increase 
in PRPP availability brought about by ribose is nor 
altered when prazosin. verapamil or metopmlol are 
added to the treatment; (2) the haemodynamic effects 
of prazosin, verapamil or metopmlol 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 pcazosin. verapamil 
or meroprolol is feasible. Under pathological 
conditions. and in addition to their haemodynamic 
effects. these treatments are likely to maintain the 
myocardial ATP level at or near the normal value by 
increasing rhe rate of adenine nucleotide synthesis and 
at the same time decreasing AlT utilisation. 

This study was supported by the Deutsche 
Forschungsgemeinshaft (FRG) - INSERM (France). 
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In previous studies ribosc 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 nucleotide de nova 

synthesis in the rat heart under control and various pathophysiological conditions 
(Zimmer and Gerlach, 1978; Zimmer 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 
e.lfect when administered in conjunction with therapeutically used drugs. In this 
s udy we have selected representatives of two pharmacological principles, the 
calcium antagonist verapamil and the ~t-specifi~ 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) had 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. 

All experiments were done on female 
SpragutDawley rats (220 to 240 g body 
weight) fed Altromin@ pellets with free access 
to tap water. D(-)Ribosc was purchased from 
Sigma Chemic Miinchcn. Verapamil was a 
gift from Knoll .4G, Ludwigshafen. Mcro- 
prolol-tartrate was provided by Astra Chemi- 
c: is, Wedel. After 24 h of continuous i.v. infu- 
sic.n 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, 
Milillar Instruments, Inc., Houston, TX, 

USA). The catheter was attached to a Pillar 
transducer control unit (model TC- 100) 
which was connected to a HSE elcccro- 
manometer (Hugo Sachs Elcktronik, Sfarch- 
Hugstetten). The maximal rate of rise in left 
ventricular pressure (LV dP/df,,) was 
obtained with an electronic differentiation 
system (PhysiwDiffcrentiator, Hugo Sachs 
Elektronik). The recording system was a 
Gould Brush 2600 recorder. Calibration of 
pressure and of dP/dt,, was done using a 
mercury manometer (type 367, Hugo Sachs 
Elektronik) and the calibration device that is 
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pressure LI. dP’d(,,,:. and the rates of mtocsrdial adcninc nucleoridc .+.S) dr nozv s\.nrhc. 
sis in rats that had rccclr,cd conr~nuous i.\..‘iniusion ofO.9% NaCl ,concrols!, DI-sribosc ?OO 
mykgyh‘. vcrapamil ,? rng.‘kg;h,, mctoprolol I? mg/kg,hi, and the combination with ribose 
200 m%‘kg. ht for 24 h. 

.A> 
Heart rare LVSP LV dP,‘dl,, de nova synthcsls 
i bcars;min I ,mmHg! ;mmHg:s v \nmols~g;h\ 

Controls 363 + 7 127) I38 k 3 (22) 9533 k 308 ,22i 8.0 & 1.0 ill’, 
Ri bose 361 k i (23) 136 + 3 (20) 9+40 + 368 ,20) 35.i + 2.6 9:’ 
\‘crapamil 287 * IO (9)’ IO3 2 4 (9)’ 6516&560 9’ 10.4 + 0.9 ,\I31 
Vcrapamil + Ribosc 284 + 9 1.181’ 101 2 2 jl41’ 6986 k 439 ‘L3\’ 33.0 5 4.2 (I 1 l 

\Ietoprolol 270 i 8 (161’ I I6 2 5 i13)‘b 5726 k 488 :13’* 6.9 k 1.2 ,4\ 
SIcroprolol + Ribose 265 k 8 ;iji’ I20 2 4 (I?)” 6L30 + 229 I”!’ I - 39.2 k 4.2 5 ’ 

’ P < 0.0005 VS. controls: ’ P C 0.05, ’ P < 21.0025 vs. Verapamil + Ribose, respectively. 

S[udcnr’s c-tar for unpaired data. 

The functional paramctcn were measured after cachccerization of the left vcn~ricle with the Millar ultraminiarurc 

carhc[er praure rransduccr rmodcl PR-2491. Data arc mean valua C I.L.Y.: number oiexpetimenu in parentheses. 

built into the Physio-Diffcrcntiaror. The 
ulrraminiarure catheter pressure transducer 
was inscrrcd into rhe right carotid artery and 
quickly advanced into the lefr ventricle in the 
closed-chest rars anesthetized with thiobuta- 
barbital sodium (Inactin@ Byk, 80 mg/kg, 
i.p.). The depth of anesthesia was rested by 
clicicing reflexes in the legs. When the mca- 
surcmenLs of lcfr ventricular function had 
been completed, the catheter was withdrawn 
from the left heart and positioned in rhc aorta 
so rhat blood pressure was obtained. 

in a scpararc group of animals by relating the 
radioactivity of cardiac adcnine nuclcorida 
due to the incorporation of [l-‘*Cl-glycine 
(specific acciviry: 54 mCi/mmol, Amenharr 
IntcrnacionaI, 250 &i/kg body weight) afrtr 
an in uiuo-exposure time of 60 min to rhc mcar 
specific activity of the tissue glycinc prccursol 
pool as described previously (Zimmcr et al 
1973). 

In another series of experiments, cardiac 
output index was measured using the thcrrno- 
dilution technique. To do this, the ultraminia- 
ture catheter pressure transducer was 
rcplaccd by a thcrmodilurion microprobe ( I .5 
French, Columbus Insrrumcnrs, Inc., Colum- 
bus, OH, USA) which was positioned in the 
ascending aorta. .A bolus of 100 ~1 saline 
(18°C) was injected inro the right atrium via 
rhc right jugular vein. From the recorded 
rcmpcrarurc change, cardiac ourput was 
determined using a compurcr (Cardiomax II, 
Columbus Insrrumcnrs, Inc.). Stroke volume 
index was calcularcd by dividing cardiac 
output index by hcarr rate, and toral periph- 
eral rcsisrance index was calcularcd by divid- 
ing mean blood pressure by cardiac ourpur 
index. 

Rarcs of myocardial adcninc nuclcocidc de 
nova synrhcsis (nmols/g/h) were dcrcrmincd 

In Table 1, rhc effects of ribosc, of verapa 
mil as well as of mctoprolol alone and in corn 
bination with ribosc on functional parameter 
and on adcninc nuclcodde de novo synrhcsi 
arc shown. Continuous i.v. infusion of ribos 
(200 mg/kg/h) for 24 h had no effect at all o 
heart rate, LVSP and LV dP/dt,,. In rhc! 
cxpcrimcncs LV dP/dt,,, was higher rhan i 
previous studies (Zimmcr, 1983; Zimmcr an 
Ibcl, 1983). This is most likely due to tt 
younger age of the rats and 10 rhc better co 
crollcd anesthesia. In contrast, vcrapamil ar 
mcroprolol depressed ail hemodynarr 
parameters significantly, the effect on LV: 
being more pronounced wirh vcraparr 
Ribosc had no influence on rhis depression. 

It was therefore of interest to cxami 
whether ribose, in rhe presence of verapar 
or mctoprolol, may retain its stimulat: 
merabolic effect. Ribosc induced an incrc 
in myocardial adenine nuclco!ide dr nouo s 
thesis. After the same period of infusion rir 
vcrapamil as well as metoprolol did not al 
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ximal rate of rise of left vcnrricular . TABLE 2. Hcmodvnamic parameters in rats after 24 h of conrinuour i.s. infusion of 0.9% NaCl 
line nuclcotide .A.\; dr noco synrhc- 
1% ,%aCl (controls’], Di-)ribose :?OO 
hl, and the combination with rlbose 

_. 
:conrrols), D -.;ibosc (200 mg/kg/h), vcrapamil (2 mg/kg/hi, mctoprolol 12 mgikgl’hl, and 
the combinarion with ribose I 200 mgjkg/h:. 

AN 
V df’fdf, de novo synthesis 
mmHgis) f,nmolsigl h) 

3 * 308 (22) 8.0 & I.0 (II) 

0 +, 368 (20) 35.4 + ?.6 (9)' 

6 f 56'3 (9)' 10.4 5.0.9 (8) 

16 + 139 (13)' 33.0 -+ t.2 (I 1)' 

!6 + 488 (13)' 6.9 f 1.2 (4) 

10 & 229 (12)’ 39.2 f t.2 ;5i’ 

SC, rapectivcly. 

i vets+& with chc .Millsr ultraminiature 
.; number ofexpcrimcnu in parenthesa. 

L.. 

iirh ribosc on functional parameters I I 

I 
1 

c mop@f animals by relaring.the 
y &&wdiu: adenine nucleoudcs f 
i&&poration of [ I-‘*Cl-glycine ’ 

:r. .‘,: 54 mCi/mmol, Amcnham j 
I6 ~0 pCi/kg body weight) after ; 
vposurc time of 60 min to the mean 1 

1 ivity of the tissue glycine precu~~r 

scribed previously (Zimmer cf al. 
i 

e 1, the effects ol ribose, ol verapa- j 
as of metoprolol alone and in corn- 1 

cienine nucleotide de no00 synthesis 
Continuous i.v. infusion of ribosc 

.g’h) for 24 h had no effect at all on 
, LVSP and LV dP/dl,. In rhcsc 
1~s LV dP/dt,,, was higher than in 
,rudics (Zimmcr, 1983; Zimmcr and 
31. This is most likely due to the 
1%~ of the rats and to the better con- 
Icsrhcsia. In contrast, verapamil and 
ol depressed all hemodynamic 
:rs significantly, the effect on LVSP 
lore pronounced with vcrapamil. 
ad no influence on this depression. 
s therefore of interest to examine 
ribosc, in the presence of vcrapamil 

~prolol, may retain its stimulating 
IC effect. Ribosc induced an increase 
ardial adcninc nuclcotidc dc ROUO syn- 
ftcr the same period of infusion time, 
I’ ucll as metoprolol did not alter 

Total prriphcral 

Cardiac output index Stroke volume index rcsisrancc index 

n iml/kglmin) (mbg) ,mmHg kg min/ml\ 

Controls 13 325 k 13 0.907 + 0.048 o.t10 + 0.022 
Ribose 9 334 2 14 0.912 * 0.042 0.371 & 0.035 
i’erapamil 7 321 k 27 I.120 + 0.104' 0.280 2 0.030b 
\-erapamil + Ribosc 8 327 2 28 I.134 & 0.098' 0.271 2 0.03eb 
1letoprolol e 233 k 14' 0.861 + 0.050 0.3i7 2 0.027 
>lecoprolol + Ribose 8 255 + IIb 0.967 + 0.060 0.372 _+ 0.03t 

P < 0.025; ’ P < 0.0025; ’ P < 0.0005 vs. conrrols as dcwrmmed with the Student’s I-MI for unpaired data. 

ardiac outout Index ws measured with rhc thermcdilution technique. The stroke volume index and rhc ror;ll 
penphcral mis’rancc index were calculated. 

Data arc mean values i S.E.M. 
n - number ofexpetimcnu. 

appreciably this biosynthetic process. IVhcn 
verapamil or mctoprolol were administered in 
combination with ribosc, myocardial adcninc 
nl cleotidc de novo synthesis was increased to 

\IVhilc vcrapamil and mctoprolol had 

&,)ut the same extent as with ribose alone. 
Essentially similar results were obtained with 
respect to the available pool of 5- 
phosphoribosyl-l-pyrophosphatc, which was 
increased by ribosc. .4gain, this elevation was 
nor affected by vcrapamil or mctoprolol (data 
not shown). 

similar effects on heart rate and left ventricu- 
lar functional parameters (Table 1), there was 
a r.larkcd difference as to the effect on cardiac 
oti put (Table 2). Cardiac output index was 
maintained after 24 h of continuous i.v. infu- 
sion of vcrapamil due to the increase in stroke 
volume index. Total peripheral resistance 
index was significantly reduced. Ribose had 
no influence on these ctiangcs. On the other 
hand, cardiac output index was markedly 
depressed by mctoprolol, and total peripheral 
resistance index was unchanged irrespective of 

whether ribosc was co-infused or not. Thus, 
rihose dots not affect the hcmodynamic 
ch-ngcs induced by vcrapamil and mctoprol- 
01, and these drugs do not interfere with the 
marked mctaboiic stimulation elicited by 
ribose. 

The hcmodynamic effects of mctoprolol 
were clearly dose-dependent. When it was 

administered as continuous i.v. infusion in a 
dose of 1 mg/kg/h over 24 h, heart rate was 
reduced to 282 + 9 bcats/min, LV dP/dt,,, 
was depressed to 7643 & 920 mmHg/s, and 
LVSP was not affected (n = 5). Again, ribosc 
had no influence on these alterations. The 
metabolic effect of ribosc, however, was indc- 
pcndcnt of the dose of and the exposure to the 
drugs. For instance, the race of cardiac 
adcninc nuclcotidc dt novo synthesis was 
increased to 36.5 f 4.8 nmols/g/h (n = 6), 
when ribose was administered for 5 h in com- 
bination with vcrapamil in a dose of I 
mg/kg/h and to 37.0 + 3.1 nmols/g/h (n = 4), 
when it was given for 5 h in conjunction with 
verapamil in a dose of 2 mg/kg/h. 

The ribose-induced stimulation of cardiac 
adeninc nuclcoride de nouo synthesis is also 
maintained when ribosc is administered in 
combination with catecholamincs. It has been 
shown in previous studies that ribosc even 
exaggerated the stimulating effect of isopro- 
tcrcnol (Zimmer and Ibel, 1983). This is due 
to the fact that the ATP content is reduced by 
isoprotercnol so that release of feedback inhi- 
bition of 5-phosphoribosyl-l-pyrophosphatc 
amidotransferase, the first enzyme of the 
purine biosynthesis pathway, is brought 
about, thus resulting in a further stimulation 
of adcnine nucleotidc synthesis with ribosc. As 
a consequence of this, the isoprotcrcnol- 
induced decline of the cardiac ATP level is 
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pre\,cnrcd by ribose Zimmcr and Gerlach. 
1978: Zimmcr and Ibcl. 1983\. It is inrcr- 
ebring to note in the present study that even 
atier ‘74 h of continuous application. the 
srlmularing effect of ribosc on adcninc nucieo- 
ndc dr noco synthesis can bc dcmonsrratcd 
borh in the heart with normal and reduced 
conrracriiiry. It can be expected that the myo- 
cardial .-\TP content will rise wirh continuous 
ribose application, although adcnint nuclco- 
tide dr noco synthesis is righrly regulated. An 
increase in adcninc nuclcotidc synthesis can 
be regarded co be beneficial, since prevention 
of the cardiac .ATP decline with ribosc was 
associated with normalization of depressed 
heart function ~Zimmer, 1983). 

Another interesting feature of this study is 
the fact chat long-term application of mctop- 
roiol did not affect appreciably adeninc 
nuclcotide dr no~‘o synthesis and chat it did not 
impair the ribosc-elicited stimulation. These 
findings indicate that cndogcnous catcchol- _ 

lions and in the ribose-induced enhancement. 
.A final aspect of our results is rhat ribos\ 

amincs arc not involved in the maintenance of 
rhis biosvnrhetic process under control condi- 

should be met by a good cardioprotcctivc sub- 
strate. ii) The mechanism of action on cardiac 
metabolism must be known; !iii the cffccrs 
should be specific for the hcarr; (iii) there 
must be a marked and long-term beneficial 
cffccr on myocardial metabolism in several 
pathophysiological situations, and this must 
outweigh the risk of adverse side effects; (iv) it 
should be effective in man; iv) it must not 
have hcmodynamic or vasoactivc properties; 
(vi) combination with conventional cardiac 
therapy must be possible. We have dcmon- 
srratcd in the present in COO experiments that 

cations. 
As to the other criteria, ir has been shown 

previously ii) that the mechanism of action of 
ribosc is based on the low capacity of the oxi- 
dative pcntosc phosphate pathway, as cvalu- 
atcd by the activity of the first and regulating 
enzyme glucose-6-phosphacc dchydrogcnase 
!Eggleston and Krcbs, 1974) in heart and 
skeletal muscle (Clock and McLean, 1954). 
Thus, ribosc-j-phosphate, an end-product of 
this pathway, becomes limiting for the pro- 
duction of 5-phosphoribosyl- I -pyrophos- 

pharc. an essential precursor subsrrarc tb 
both rhc synthesis of purine and pvrimidin 
nuclcotidcs. Ribosc bypasses the critical stc 
and stimulates the distal segment of the oxid; 
rive pcntosc phospharc pathway leading to a 
expansion of the available 5.phosphoribos\ 
1 -pyrophosphate pool. The increased avdi 
able 5-phosphoribosvl- I -pyrophosphatc ca 
then be ucilizcd for the salvage of purinc base 
when present in a pathophysiological sin 
acion or when supplied exogenousi 
(Schneider cf al. 19851 as well as for the dr no. 
synthesis of purine and pyrimidinc nucici 
tides. This has been demonstrated both in is 
laced mature rat cardiac myocyccs (<Dow cl L 
1985) and in the intact heart in ciao (Zimm 
and Gcrlach, 1978). (ii) Because of the lo 
activity of glucose-Bphosphate dehydrog 
nase in muscular organs (Clock and McLea 
195+), these effects are confined to heart ar 
skeletal m us&. (iii) Ribose stimulatl 

% . t .I * . . . 
aacnmc nucleotlde at nova svnthms In ma] 
pathophvsioloeical conditions over a IO 

penod ‘dE time to such an extent that the?? 
dcclinc was prevented or greatly attcnuatr - 
For instance, durinq rccoverv from rcvtrsil 
rctional ischz- th< ribosc-mcdiaredg;i; 

DO01 wa5 cornpI, 
alrcadv after I2 h of repcrfusion I Zimmera 

19841, whereas about ftor more ho 
were needed without anv mremcntion for 
almost complete recover) \,Reimcr et 
1981). h-loreover, the depression of 410 
heart function induced by- pressure o&c 
and isoproterenol administration was F 
vented by ribosc [Zimmcr, 1983). (vii T 
ribosc may be effective in the human heal 
suggested by the fact that the activity 
glucose-6-phosphate dehydrogenase is of 
same order of magnitude in the human a 
the rat and guinea-pig heart in which 
beneficial effects have been demonstr: 
(Zimmcr ct al.. 1984’1. Rccentlv it has t 
shown in paricnts with myoadcnylatc de.: _- 
v muscle that rl 
prevents ’ the characteristic post-cxcrri - -- - -. 
acK&y&%i&Ynd” pam (Pa- 
ZglLer et of., l<@j:‘fn this disorderrhert 
disruption of the purine nucleotide c 
(Goodman and Lowcnstein, 19771 
resulting degradation of adeninc nucleo 
to adenosine (Sabina et al. 1984) similar te 
situation in the heart. Thus, if ribose or c 
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essential precursor substrate for 
; 

.nthesis of purine and pyrimidine 
Ribose bypasses the cnttcal step 

.ta the distal segment of the oxida- 
: phosphate pathway leading to an 
If the available 5phosphoribosyl- , 
phate pool. The increased avail- \ 
,sphoribosyl- I -pyrophosphatc can i 
ized for the salvage of purine bases 
:nc in a pathophysiological situ- 

when supplied exogenously 
cf of. 1985) as well as for the de nouo 

f purinc and pyrimidine nucieo- 
nas been demonstrated both in iso- 
rc rat cardiac mvocvtes (Dow rf al. ,r. 

In the intact heart in oivo (Zimmer 
h, 1978). (ii) Because of the low 

glucqsed-phosphate dchydroge- 
icu 

A& 
organs (Clock and -McLean, 

e ts.aie confined to heart and 
IIJ&& : (iii) Ribose stimulated 
cle&de dcgpvo synthesis in many 

-ai cd%&tions over a long 
I. J such an extent that the ATP 
; prevented or greatly attenuated. 
e, during recovery from reversible 
:hcmia, the ribosc-mediated resto- 
IC cardiac ATP pool was complete 
:r 12 h of reperfusion (Zimmer and 
, whereas about 72 or more hours 
d without any intervention for an 

piece recover) (Reimer rf al. 
over, the depression of global 
n induced by press 

r 
overload 

renal administratio ’ was prc- 
~)ose ;Zimmer, 1983)..(vi) That 
e effective in the humam 

r)y the fact that the activity of 
‘hosphate dchvdrogenase is of the 
of magnitude in the human as in 

d guinea-pig heart in which the 
cffecrs have been demonstrated 
’ al., 1984). Recently it has been 
atienrs with myoadenylate deami- 
my in skeletal muscle that ribose 
hc characteristic post-exertional 
mps and pain (Patten, 1982; 
I., 1986). In this disorder there is a 
of the purine nucleoride cycle 

and Lowenstein, 1977) with 
‘ation of adenine nucleotida 

L -dbina cr al. 1984) similar to the 
the heart. Thus, if ribose or other 

&bore, Calcium Antagonism md ~Blockcr 639 

pr.~toses and pentirols arc effective in human 
sL, letal muscle. one may expect also cffecrs on 
the human heart. 
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Summary. C-ribose is cytotoxic for quiescent human lymphocytes 
ano severely inhibits their PHA-induced proliferation at concen- 

trations (25-50 mM) at which other simple sugars are ineffective. 
In order to explain these effects, DNA repair synthesis was 

evaluated in PHA-stimulated human lymphocytes treated with 

hydroxyurea and irradiated. II-ribose, in contrast to other 

reducing sugars, did not induce repair synthesis and therefore 

did 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 stra;d 
breaks in c.rder to enter the cell cycle, we suggest that - 

ribose exerts its cytotoxic activity by interfering with metabo- 

lic pathways critical for the repair of DNA breaks. 1 1986 Academic Press. 
:r.c. 

Introduction. The administration of D-ribose at the onset 
. . 

of mitogen-stimulated human and murine T and B lymphocyte 

cultures severely inhibits DNA, RNA, and protein synthesis 

at concentrations (25-50 mM) at rhich other simple sugars 

are ineffective (1). D-ribose is also toxic for non-dividing 

cells, such as unstimulated lymphocytes and semi-confluent 

fibroblasts, and leads to eel-1 death. 
.- - 

It has recently been reported (2: 3) that some reducing sugars, 

as D-glucose, at similar concentrations, are abie to kill 

cells by damaging their DNA, thus inducing DNA repair synthesis 

(unscheduled DNA synthesis, UDS). 

In the present paper, we report experiments aimed at ascertain- 

_ ing whether D-ribose, a reducing sugar, exerts its cytotoxic 

’ effect in a similar way. 
:i , 

t 
g 

t 
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i- Time course of the effect exerted by D-ribose on pHA-induced 

[IHJ-ldR. 

[' H]-TdR incorporation in PHA-stimulated lymphocytes, which 

25, or 50 mM D-ribose or D-arabinose at the 

Zdth, 48th, or 66th hr of culture, is reoorted 

inhibited ['HI-TdR incorporation, if administered 

at the 24th hr of culture; its effect decreased 

received 12.5, 

onset or at the 

in fig. 1. 

50 mM D-ribose 

at the onset or 

35 the time o 
t 

results, e’Jen 

obtained using 

arabinose, an 

contact with cells became shorter. Similar-- 

if the inhibition was less pronounced, were 

12.5 and 25 mM D-ribose (data not shown). D- 

pimer of D-ribose, did not appreciably affect 

:laterials and :le:hcds. --e @load samples 
from healthy volunteers. 

were collected aseptically 

described (1). 
Lymohocytes were prepared as previously 

100 pl of the cell suspension, containing 1x10 cells 

seeded in 96 wells tissue culture microplates and 1CO ;I 
was 

pHA-P (Difco) was 

cf 

added (final concentratlon 

of D-ribose (Calbiochem) or 0-arabinose 
lul/ml). 25 Pl 

(Sigma) were 

to the cultures at 
added 

the final concentration of 12.5, 25, 
50 mM at the onset or at the 24th, 48th, or 66th hr of culturIr 
The purity of the sugars had been ascertained 

at 37' 

(11. 

were incubated for 72 hrs 
Plate; 

of 5% CO 
C in a humidified atmosphere 

and 95% air. Six hrs before the end of the cultures 
ea h we1 5 pulsed with 0.5 

[cSH)-TdR. Ii:rsham. spec. 

PCi of tritiated thymidin; 
act. 5 Ci/mmol]. 

UDS was evaluated according to the method of Lavin and Kidso" 

(41) with slight modifications (5). PHA-stimulated lymphocytes 

were plated in microwells as described above. Eight wells 
were prepared for each sugar concentration and time of 
addition. At the 66th hr of 
(HU. 

culture, 
Sigma, 10 

25 )Jl of 
Sugar 

mM final 
hydroxyurea 

concentration) were added to 

well. After 30 min of 
each 

incubation 
with 300 Gy in a gamma 

irradiated 

cell, 

the microplate wpas 

using a source of co. 
experiment, 

ln each 
two control microplates were cultured and orocessed 

at the same time. ln 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 

;$sed with [ HI-TdR as described above, and incubated at 
C for 4 hrs. 

[' HI-TdR incorporation into DNA was evaluated as 
described (1). 

previously 

Results 

['HI-TdR incorporaticn. 

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

Table 1 shows that a 99% inhibition of DNA ,synthesis was 

obtained after addition of 10 mM HU to PHA-stimulated lymphocytes 

The exposure of lymphocyfes to gamma rays gave rise to a marked 

and Significant (P < 0.01) [ 'HI-TdR incorporation, which is 
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.s 

1. Plates -3; 

atmosphere .-g 

cultures, 
thymidinc -5 

bnd Kidson 
-9 

ymphocytes 
-7.. 
‘-, 

ght w l 1 1 5 -.$ 

of sugar '1 
ydroxyurca Cr 

to each ; 
irradiated T< 

,. In each 

oroccssed 

!ated with .:: 

re neither 
' were t h t n 

:ubated at 3 

Jiously 

>wA-induced j L 

? 
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se at the 

LS reported 

dministcred ! 

c decreased 

r. Similar 

tnced, were 

shown). D- 

lbly affect 

ithesis was 

lymphocytes 

1 marked ' 
. 

, rhich 1s : 

vo,- 138. No. 2. '986 BlOCHEMlCALANDBlOPHYSlCALRESEAf?CH COMMUNICATIONS 

120 

J;r 
$ ” 40 
t 

i 20 

0 

D-ribosa 

1 
I I f 

0 24 48 66 
h I I t 
0 24 48 66 

addition (hrs) 

Fia.1. Time-course of the effect exerted by 
arao~nose on PHA-induced ['HI-TAR incorporation in 

D-ribose and D- 
human lympho- 

cytes. Suqars were added at different times from the beginning 
of the cultures. Data are expressed as percentages +/- S.E.M. 
of control cultures (no sugar added) (42067 c.p.m. +/- 2625). 
Each point is the mean of at least three independent experiments. 

ascribable to UDS. In these experimental conditions, no uos 

was observed when D-ribose or D-arabinose was added to HU- 

treated lymphocytes, in order to test DNA damaging activity, 

if any. 

However, D-ribose was able to interfere with gamma ray-induced 

uos. Because of the high toxicity of O-ribose, when administered 

at the on-set of lymphocyte cultures (fig.l), the sugar was 

Table 1 - Effect of D-ribose and D-arabincse on DNA repair 
in PHA-stimulated human lymphocytes 

['HI-TdR incor- 
poration 
(c.p.m.l* 

lymphocytes 195 +/- 12 

lymphocytes + PHA 64,682 +I- 5434 

lvmphocytes + PHA + HU 695 +/- 29 

lymohocytes + PHA + HLI + gamma rays 1,334 +I- 41 

lymphocytes + PHA + HU + D-ribosc 537 +I- 11 

lymphocytes + PHA + HU.+ D-arabinosc 521 +I- 23 

* flean of octuplicate samples +/- S.E. For details see 'Materials 
and Methods'. 
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b 

rib*HU*gamma 

rib*HU rib*HU 

12.5 25 
1 

so 

.ug*r concentration (mM) 

F1gr.2. Ef!ecr of aifferent 
ZZT-arraiiase Cara) on gamma 

concentrations of D-ribose (rIbI 

oHA-stlmuiared 
ray-Induced ONA repair synthesis 

1n human lymphocytes. were 
the 24tn (a). 48th (b), or 66th 

Sugars added at 
(c) hi- from the 

of the cu!Cures. 
beginning 

Ted on the basis 
Data aYe rtoorted as regression l’.ncs. calcula- 

of 1.HI-TdR incorporation of at least ihrre 
IndePendenT ex?erlments. For details see ‘Materials and MethoCs'. 

addded at the 24th, 40th, or 66th hr of culture. The addition 

of O-ribose caused a dose-dependent inhibition of l3 HI-TdR 

incorporation, but only when added at the 24th or 48th hr 

of culture (fig. Za and 2b). The correlation among the experimen- 

tal points was highly significant (P< 0.01) for both experimental 

times used, as revealed by Student's t test of regressicn 

coefficient. The control sugar D-arabinose had minimal effect 

an0 the correlation among the experimental points was not 

significant (P> 0.05). 

_. 

Discussion. In the present paper we have confirmed and extended 

previous observations. We have shown that D-ribose severely 

inhibits lymphocyte division when added at the onset or at 

the 24th hr of culture, while it is ineffective when added 

at the 48th hr or later. These data suggest that D-ribosc 

interferes with early events, which are critical for lymphocyte 

activation (6). The lack of effectiveness of the sugar, when 

administered at the 66th hr of culture, confirms that it takes 

several hours to exert its inhibitory effect, which is not 

due to CornPetition with the entry of [jH]-TdR (7). 
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our results show that two reducing sugars, D-ribosc and D- 

,,,Dinose. did not induce UDS, in contrast to D-glucose (3). , 

Tyerefore, the cytotoxic effect of D-ribose is probably not i 
oue to direct DNA damage. However, 0-ribose, but not 0-arabinose, ‘, 

! 

inhibited gamma ray-induced DNA repair synthesis in a dose- 1 
, 

dependent fashion, when administered to PHA-stimulated lymphocy- 
i 

:CS at the 2'4th or 48th hr of culture. 'i 

The inhibition of DNA repair synthesis by D-ribose may explain 
il 
Tj 

both the inhibitory effect exerted by the sugar on mitogen- :I 

stimulated lymphocytes and its toxic effect on non-dividing .: 
3. 

cells. Lymphocyte proliferation and DNA repair are intimately 5 

connected. In fact, quiescent lymphocytes, as well as 
I 

other i 

cells, contain physiologically-formed DNA strand breaks, 
i 

which 
j 

seem to be the net steady-state result of a dynamic equilibrium -I 

Of breaking and ligation (7). Lymphocytes must rejoin these 
G. 
x 
i. 

3reaks in order to enter the cell cycle (8, 9). The inhibition 

of DNA repair synthesis by 0-ribose may prevent their duplica- r’t 

:ion; moreover, accumulation of DNA breaks due to the presence 

! 

2 
.T 

of D-ribose may be fatal to Go -cells. $ 

As far as the mechanism of action of D-ribose is concerned, 
1: , 

several targets can be hypothesized. The adenosine diphosphoribo- 

SYl transferase (ADPRT) and DNA ligase reactions (lo), the 
I 

.I 
f 1 

intracellular levels of NAOP/NAO (11, 12) and the nucleotide 

pools (13). are possible candidates. These metabolic pathways 

and reactions are deeply interconnected and related to lymphocyte 

immunological functions, cell proliferation, cell viability 

and ONA repair (14). However, a direct inhibition of AOPRT 
Ev 

by D-ribose is unlikely, taking into account the time required 

f-or the sugar to inhibit DNA repair synthesis (fig. 2~). !Gork :I : - . . 
is still in progress to examine the remaining hypotheses. 

% i 
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II-RIBOSE AND DEOXY-D-RIBOSE INDUCE APOPTOSIS IN HUMAN 
QUIESCENT PERIPHERAL BLOOD MONONUCLEAR CELLS 
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§Dipanimento di Biologia Animale, via Berengario, 14, 41100 Modena. ITALY 

RDxivd May 3. 1994 

SUMMARY: In previous papers we reported that D(-)-ribose and 2-deoxy-D-ribose, which rank 
at Ihe top among reducing sugars, kill a variety of human and animal cells and cell lines 11, 21. 
Here we demonstrate that these two sugars induce apoptosis in human quiescent peripheral 
blood mononuclear cells which are relatively insensitive to apoptosis. Apoptosis was assessed 
by morphological changes, DNA fragmentation by agarose gel etectrophoresis and the 
appearance of an hypodiploid peak by flow cytometry. 2deoxy-0-ribose was more potent than 
D(-!-7ibose and apoptosis was evident from 48 hours of culture onwards. 2-deoxy-D-ribose- 
in: ed apoptosis was inibited by N-acetyl-L-cysteme,sug,gesting that glutathione metabolism 
ant Jr oxidative stress are involved in this type of apoptosrs. Thus, D(-)-ribose and Pdeoxy-D- 
hbose can be useful tools to study the cellular and molecular events of apoptosis in human 
quiescent lymphocytes. 0 LPW Ac‘d..%E ,z..s. tnc. 

We previously reported that D(-)-ribose (Rib) and 2deoxy-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 [l, 21. In these studies the effect of Rib and dflib was analysed on 

van ‘s cell types by measuring the inhibition of cell proliferation after different mitogenic stimuli. 

On :.:e basis of these data, we decided to analyze if the de,ath 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 

condensation, DNA fragmentation and loss of apoptotic bodies, in which fragmented chromatin is 

containd [4, 51. 
- 

‘Corresponding author. Fax: 39-59-362206. 

Abbreviations used: Rib, D(-)-ribose; dRib,, 2-deoxy-D-ribose; Am. D(-)-arabinose; PBMC, 
Peopneral blood mononuclear cells; PI, proprdrum iodide; NAC, N-acetyl-Lcisteine. 
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Aooptcsrs in Rib- and dRib-treated human penoheral blood mcnonuclear cel!s (P3MC) 2 1 

was assessed by evaluating morphological cnanges by ligh: mlcrcscop). DNA fragmentation by< 1 :.. j 
aaarcse ccl elec!rophoresls and the appearan,- ~0 of an hypodrploid peak by flow cflcmerry. Thep i 

r:sults oo:arned from these tecnnlques suggest that indeed both sugars, v;nen comc2r2d with a 3 / 

control sugar such as D(-)-arabinose (Ara), a Dr.-)ribose isomer, Induce aoco~csis in quiescent? .z. 
human F3MC. in whrch apoplosis is mther difficult to inouce. 

>+ 
2. 
-. i- 
7; 

MATEAIALS AND METHODS 2 
A ‘3. 

Materials. D(-)-Ftibose, 2-deoxy-D-ribose, D(-)-arabinose. N-acetyl-L-cjsteine (NAG) and? 
proptdtum iodioe (PI) were purchased from Sigma Chemtcal Co., St. Lou:% USA. Llmphoprep: 
was obtamed horn Nycorea Pharma AS, Oslo, Nonvay. RPM1 1640, thanks’ 3alanced Salts ; 
(HBSS). L-Glv,amtne and Penicillin-Streptomycin were from Gioco, Parsley, Scottand. U.K. ‘P 
Lymphocyte cultures. Penpheral blood lrom healthy volunteers was collected iseoticalty; 2 
mononuciear celis were seoarated by centnfugation in Lymphoprep gracian: iSi. and cultured as 2 
prevrouslv aescribed 17). Sugars were added in order to reach 2 final cor,centrahon ranging from 5 
1 mM to 50 mM. Cultures were Incubated for 24, 48. 72 and 95 hs in a hurnrdified atmosohere of .; 
5% CO2 in air at 37”C, wi:h or without sugars, At each time point, ce!!s were harvesied and 1. 
analyzea oy lignt microscopy, flow c;rtometry and get eledrophoresis. ;. 
Light microscopy. Cells were collected using a cytocentrifuge (Shandon. Chssnire, England) at -. 
500 rpm for 5 mm and cell morphology w2s evaluated on May-GrunweldlGiemsa stamed t 
preparalions by exammation in a Axioscope. Zeiss, Germany. Apoptotic cells were identified ? 
usrng prevrously defined cntena [41. . . .- 
DNA fragmentation and agarose gel electrophoresis. DNA fragmemetion ~2s assessed’; 

bv DNA agarose gel electroonoresis. penonned 2s previously described iB! . ,x 
Piow cytometry. Sugar-mauced apoptosis was detected by reduced fluorescence of the PI - a $, 
DNA binctng aye - in the apootohc nuclei, 2s previously described [9]. 
Statistical analysis. Stalisiicai analysrs was performed by two tail pairec Stuoent’s iTest. A p i 
value lowei than p.C5 w2s conslaerea statrstically signiiicant. J4 . I’. 

1 -‘* ‘-.-. ..T 
RESULTS 

.; 
i 
:: 

P3fdC were treated with 50 mM Rib and 10 mM dRib, i.e. concanrrations wnich were : 

highly effettive in Inhibiting cell proliferation and inducing cell death [l]. Tne monhology of Ptib- !; 

and dRib-treated cells usrng lrgnt microscopy indicated that human quiesoeni ?3MC were dying ’ 

by aooptosls (Figs. la and lb). In cell cultures to which An was acaec. the percentage of 

apoptotic cells was negligible and similar to that of control, untreated cells. Weed, Zb- and dRib 

treated cells snowed charac:ens:ic cyloplasmic condensation, compaction of chrcmatin and 

fragmen:ahon of the nucleus into one or several dense spheres. 

These morphological changes were often accompanted by fragmen:ation of DNA at 

mternuclaoscmal hve!s resulting in a charactewtic ladder on gel electrophoreso. The DNA ladder 

was eviaenl In Fiib- and dRib-treated cells (Fig. 2). As expected, DNA f:agmenration was 

prachcally aosent in control untreated and Ara-treated calls. Either tn Rib- or :n dfiib-treated cells, 

DNA fragmen:ation became evident 48 hs alter sugar additron and increasd ir, a ItmeZeoendeit 

manner. Moreover, dPtib ~42s more effective as an apoptotic agent, as juqge? by the amount 01 

tragmented DNA vts@le on the gel. 

Tnc presence of acoptotic cells in Fiib- and dRib-treated cultures was confirmed using 

flow cyIome!rj, 2s indicated by the red fluorescence mlensity obtained after incupation of cells 

with propidium iodide. A decrease of Iluorescence intensity indicates a decrease In cnromatin 
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al 
-g-- 

(b 
b 

1 

ns. Human PBMC treated with Rib and dRib show the morpholo 
awptosis. Morphological characlerislics of PBMC treated for 48 hs with 3. 

ical changes of 
lb 50 mM (a) and 

dRb 10 mM (b). Wls show cIass~cal features ot apoptosis. sxh as condensed and fragmenled 
slate 01 the nu&ar chromatin (arrows). Zels atioswpe. x100. Dars represent 10 mm. 

content due to the loss of apoptotic bodies (91. The advantage of this technique is that it allowS a 

quantitation of the phenomenon [9. lo]. Rib- and dRib-treated cells showed a time-dependent 

reduction in the percentage of nuclei with dipldid DNA content and a concomitant increase in the 
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Aib-aik-cPra .s .: 

hypodioloid DNA peak (Fig. 3). As expected, these changes did not occur In control ur,treated : 

nor In Ara-treated ceils. where a typical diploid DNA peak was evident. A csmparison between ‘:: 
i.. 

the aata reported in Figures 2 and 3 shows that DNA fragmentation precedes :he cfianges 2 

revealed by flow qtometry. Moreover, flow cy?ometFy confirmed that dfiib is more potent than;: 

c Ara Rib dRib 

i 

k ]6.9% r re.3.r ia4.97r 

.v . .I .- IC ,I I. ,. I. c % 5.. /I /w ,r *. ,., .- ,I ,r 

DNA CONTENT (PI FLUORESCENCE) 

Fla. 3. Rib and dRib Induce aocotasis In human PBMC. as assessed by flow cytometry. 

wiuninj: Rib = M mM Rib-lrealti tolls (third oxumi;): dRib : 10 mM dRib trea[ooq 
mlumnl. In eacn paMI. the numoers refer lo 1k percentage at awpmk c-ells (cn :he 
non-apoptollc cells (on the nght). 
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-0 
24 48 72 96 

TIME (hours) 
Fig. dRib is about five limes more powerful than Rib as an apoptotic agent. Cells 
*dere IfXJDaled for 24. 46, 72 and 96 hs as described in Materials and Methods. either alone 

;ontrolj or with difierent concentrations of Rib (al and dRib (b). Data reoresent the percentage 
apoptotlc cells determlned by flow cytometry foIlowIng incuballon w!lh PI and after havmg 

yaled oul denns. One representalive 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; &2.7% ~~24.9% at 96 hs) at a five times 

bwer concentration (10 mM dflib vs 50 mM Rib). 

In order to establish the lowest concentration of Rib or dRib capable of exerting an 

apt; ‘Itic e!fect on human PBMC, time- and dose-response expenments 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 lime-dependent. Indeed, the percentage o! hypodiploid peak at 72 and 96 hs was slightly 

higher than that observed in mntrol cultures when the concentration of 20 mM was tested, but 

became quite evident at the 50 mM concentration. The effect of dRib was evident when the 

mncenttation of 10 mM was used. Thus, as an apoptotic agent, dRib was about five times more 

F~w~rful than Rib as a more massive loss of chromatin was obtained usmg a five times lower 

~ncantratlon 

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

experiments to lest the individual variabilfty. The results were highly reproducible in different 

Ldividuals (Table I). .._-- 
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Table I: Reproduc!bill& of Rib and dRlb-induced apopIosls in human PBMC 

TIME (hs) Control Ara(SOmM) Rib(5OmM) dRib(lOmhl) f 
-____ 

24 2.6 2 0.9 2.7 r 1.2 3.3 = 0 4 2.?*0.9 li 
.: 

48 6.3 : 1.7 6.02 1.5 8.1 = 1.6’ 6.3 = , ,3” 2 

72 0.0 5 2.3 9.0 = 1.9 22 4 2 5.2’ 36.2 : 6.8” ;; 

96 12.7 + 3.1 14.2 : 2.3 40.5 * 0.1” 69.7 t 6.6”’ 5 
: 

Cells were Incaoated lor 24. 45. 72 
mM Ara. 50 mM fiib and 10 mM dRlb. The percemage of apoptotic cells was deiermlned Dy flow cylometry follovn~ 
Incx2llon wlh PI and aebrls were galed oLI(. Values are meam I 
anal) SIS was penonned by rwo tail paired Student’s I Test. 

SEM of live separate expenments. StatistId 

’ p< 0.05; ** p-c 0.01; **. pc 0.001 vs control. 
..$ 
c 
‘7 
1 

< 

In order to unders:and the mechanism(s) by which Rib and dRib induce apoptosis, ! 

expenments were performed with several possible inhibitors. Taking into account that these two $ 

sugars have a high reducing activity and rank at the top among reducing sugars [ll], thus having 1: 

the possibility to interfere with the redox status of the cell, different antioxicants were tested (5, i 

:2]. In :g 5 the protective effect of NAC is reported. Other subs:ances had no protective eftect i 

(%ammoknzamide, nicotinamide, acetyl-Lcamitine) (data not shown). : 

. . 
The maln finding of this paper IS that two simple sugars, such 2s Rib ar,d dRib. are able .; 

to induce apsotosis in human quiescent WMC, 2s assessed by morphologlcal and biochemical 

analysa. The percentage of cells killed by Rib and dRib is quite high, involving about 70% of 1 

P3MC wnen the effect of dRib is assessed after 96 hs of culture (table I). Taking into account - 

[ffi dRlb lamhi 1 

0 10 

NAC (mM) 

Fit. 5. N-acetyl-L-cysteine Inhibits dRib-induced apoptosis. P3MC from 4 healthy 
suo~ec:s were lntuoaleo with or Whom 10 mM aRIb for 96 ns as described in Matenalsand 
Melhcos. In presence or In absence of 10 mM NAC. The percenfage of apoptotic cells (mean : 
SEtA) was assessed by PI-stalnlng using llow cyromet~. 
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$i 
“‘that tymphocytes represent usually more than 70.80% of Ficoll-separated PBMC. we can 

~,‘m~mbly assume that lymphocytes are likely the major target of these sugars. However further 

p. ;re needed to carefully assess a possible different sensitivity of lymphocytes ( T and B 

sL1 effs, ..id monocytes to the apoptotic effect exerted by Rib and dRib. 

B ‘, 
Despite the ever increasing number of papers devoted to apoptosis, the reports which 

5 describe an aPOPtOtiC Cell death in resting nonal human lymphocytes are scanty. Although 

f poorly documented, mature lymphocytes appear to be relatively insensitive to apoptosis 1131. 

8; 4 This fact seriously hampered cellular and molecular analysis of the apoptotic process in 

E+fymphocytes. which are the most accessible cells from humans Human lymphocytes can be 

h tr&ced to undergo apdptosis by the addition of activating agents such as superantigens [14). 

;$, Dam’-ing agents can induce apoptosis in human lymphocytes, but a preactivation of the ceils is 

<- genL ;y required [15-l -/. However, an intrfguing relationship exists between cell proliferation 

$ and apoptosis 118-211. The model here presented avoids this confounding variable and allows 
i - the study of apoptosis in resting cells, without the necessity to trigger the proliferative program. 

In more general terms. Rib and dflib can be added to the long list of agents capable of 

tnducing cell death by apoptosis. Apoptosis caused by Rib or dflib requires at least 48 hs to be 

evident either by assessing DNA fragmentation or by flow cytometry. As an apoptotic agent, 

dRib was clearly much more effective than Rib. Even if the concentration of dRib required to kilt 

more than 50% of the cells was relatively high, i.e. 10 mM, no apoptotic effect was exerted by a 
_-- 

mr.. ,!ration five times higher using a Rib isomer, such as Ara. The reason why dRib is more 

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/these mechanism(s) is 

offered by the protective effect exerted by NAC. These experiments. performed because a major 

Characteristic of these two sugars is their high reducing activities Ill], suggest that dRib can 

hterfere with glutathione metabolism 1221. NAC is, under certain conditions, a direct scavenger of 

reactive oxygen intermediates (231. Thus, it cannot be excluded that dRib induces apoptosis by 

Prc!:’ irg an oxidative StreSS. Further studies are needed to clarity this point. 

In conclusion, we propose that the model here presented will contribute in understanding 

aPOPtOSiS in human PBMC. 
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Effects of ribose on exercise-induced ischaemia in 
stable coronary artery disease 

WOLFGANG PLIML THO,MAS VON ARNM ALEXAND ER ST&LEIN 
HUBERT HOFMANN HEINZ-GERD ZIMMER ERLWD ERDMMN 

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-tern post- 
ischaemic dysfunction and irreversibility of 
ischaemic damage have been associated with low 
ATP content. Evidence that the Penrose 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 anery 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 until 1 mm ST-segment depression was 
significantly greater in the ribose than in the placebo 
group (2.76 [220-3311 vs 223 [188-2591 S; 

p=OGO2). The groups did not differ significantly in 
time to moderate angina. In 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-l 0. 

Introduction 

Although myocudial ischaemia has profound effects on 
the heart’s energy meabolism, there is no available 
ueaunmt specifically aimed at prevcncing or correcring the 
changes. This is an important limirarion of current 
uuDnmt, since normal heart fun&on and tissue 
preservation constantly require Large amounts of energy 
derived from rhhe hydrolysis of ATP. ATP is believed to be 
rhe main inrermedky between energy-crcxing and energy- 
requiring rutions in myocardial cells. ATP stores in the 
heart are very limited-%ffkienr for less than 1 min of 
conuauion.’ During my-dial ischaemia, content of ATP 
and crexine phosphate, the chief reserve source of high- 
energy phosphate, declines npidly.‘-’ When rcpcrfusion 
~~ (sponwncously or as a result of therapeutic musures) 
before rhc tissue is irreversibly damaged, crarine phosphate 
content returns to normal within minutes; thus, cellular 

energy-producing mechanisms arc intact.’ By conuast, 
dapice reperfksion, ATP conccnoadons rake 72-96 h to 
recover,s* and a recovery rime of more than 7 days has been 
reponed ah global ischaemia.6 Low myocardial ATP 
content has been associated witi mended post-ischacmic 
dysfuntion such as is observed in stunned myocardium. In 
some studies, ATP concenrracions correlarc with 
irreversibility of ischaemia, cell death, and the preservation 
and rerum of contractile performance after ischati.r7 

Factors that prevent faster post-ischaanic restoration of 
ATP concaxradons have been identified. Myotardia.~ 
ischaemia leads to dmdation of ATP, and the 
dephosphorylated derivatives diffuse out of the myocyre 
into the exuacellular space where they are no longer 
available as prccuxson for immcdiare ATP resynthesis in 
the salvage parhway.&’ Spontaneous or rherapeudcally 
induced reperfusion augments such loss of ATP 
merabolira. Thus, when blood flow is reatablished, 
restoration of ATP axxcnf depends primarily on de-novo 
synthesis. This process is slow in the hearti because the 
csscncial precursor 5-phosphoribosyl-1-pyrophosphare 
(PRPP) is in short supply. I’ Exogenous ribose, a penrose 
sugar, bypasses rate-limiting sreps in the oxidativc penrose 
phosphate pathway chat generaata this precursor. This sugar 
increases the mycxardial pool of the precursor= and 
accelerates ATl? synthesis. um R&ox-induced increases in 
ATP concentrarions have been associated with improved 
past-ischaemic vaxricular pcrformancc in animals,“” and 
less severe ischaemic cell damage has been repomd.lh Them 
is strong evidaxe that ribose would be able to have these 
beneficial el%crs in man too.3-*.17-19 In this study we tested 
the hypothesis chat ribose increases tolerance IO mycxardial 
ischaemia in padenrs with coronary anery disease (CAD). 

Patients and methods 
We srudied 20 men, aged 45-69 yeus, who had CAD 

documented by oxmary urtimphy (2 75% narrowing of a~ 
lust one main vessel) and a hisrory of angina induced by normal 
daily a&ides (cable). 3 padma had had myoardi?l inkctions 
prwiously. Wore entry to tie srudy each patient had to have a 
pirive treadmill tesr. An cxerk test was judged positive when 
there ws idmnic ST-scgnmt depression (3 I mm [O.l mVJ, 
horizontal or downsloping, pmisting for at last 80 ms after the J 
poinr in the cl ecucardiogram) and angina during the first 9 min of 
cxercix acmrding to the Bruce protocol. Results of cxrcisc tests 
were aaqmd ps rcprodudble when the tima of onset of 
ST-segment dcprssion and of moderate angina on day 2 werr: 
wirhin60rofrhsrrspecdve~ond?y1.4padmtrwhomet~ 
other mu-y criteria did not show reproducibility and were therefore 
excluded. During the snrdy, padena amtinucd their usual 
medication (niuata, slciurnthvlnel amagonists, beta-blockm) 
provided it did nor change during the 72 h before the fit c~enzise 

ADDRESSES. Depanmant of Medicine. Modiziniach* Klinik I. 
Klinikum Grorrhadam (W. Pliml, MO. 1. von Amim. MO. A Sliblcin. 

MD. Prof E. Gdmann. MD) and Institute of Physiology (Pmf H-G. 
Zmmw. MD), Ludwig-Mllimili~nr-Univa~it;it MOnchan. 
Munich: 8nd Klinik Hiihanriwj. Born&d (Pro1 H. Hofmann. MD). 
Gormrny. Coaespondmce to Dr Wolfgang Pliml, Univeniw of Munich. 
Klinikum Groshaden. Medizinechs Klimk I, Marchiomni Smgc 15. 

0OW MGnchcn 70. Gamav. 



508 THELANCET VOL 340: AUGUST 29,199Z 

BASELINE CLINICAL CHARACTERISTICS OF STUDY PATIENTS 

-. 
Palicnt 

Ribosc 

g’ouP 
1 
2t 
3 
4 
5t 
6 
7 

a 

9 
10 

Placebo 

group 
II 

12 
13 
14 
I5 
16t 
17 
18 

19 
20 

- 
484 
k4 
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68 
53 
50 
61 

56 

53 
6) 
55 
65 
45 

53 
53 
62 
69 
45 
50 
52 
67 
60 
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Stenosis* 

99% w 
l~%W,75-99% cx,v-99% RCA 
loo/, w, 70% o(, 80% RC4 
]@y/e w, 50% cx, 99% RCA 
90% w 
100% w, 75% (3y. W% RCA 
75% w, 50% Cc. 100% RCA 
~QJ%w,~~-~GU%CX,~OO% RC4 
30% W, 100% RCA 
70% w, M% (x,90% RCA 

B, c 
B,C,N 
B 
C, N 
8, C, N 
C, N 
B,C,N 
C. N 
C, N 
B,N 

B 
%N 
B 
8 N 
B,N 
G N 
B,C,N 
B, N 
B,C,N 
B,N 

ESL OII och day of acrci* testing, morning doses were withheld 
until after rhe tot Reasons for exclusion were unsnblc angina, 
myoordid infarcdon within the prcviom 3 months, previous heart 
surgery, cvidcna ofhcxt failure, left main mrunary artery stenosis, 
V&UIZU hour disuse, any ocher non-coronary ban disease, any 
&a-da rendering the n segma~t in the aaxiw 
dmdiom unclear kg, left bundle branch blodc), wd 
~mpmmiscd gasu~ir~~~dnal absorption. Smdy pat&~ had to be 
able to perform wdrnill walking exercise and had no symptomatic 
periphml vascular disease. AU patients @NC informed wrirren 
OJNC~L The smdy pmtDcDl was approved by the Universiry of 
Munich Medical School Ethics &mmittcc. 

EX&SC tars WI-C done on a moror-ckiven mdmill according to 
KIIC Bruce protocol. Au padmu were !&nil& with the pmcxlure. 
The 5ki11 \MS prcparcd for a 12-lad cl auoordiogram by shaving, 
denying WI-I acaonc, and abrasion with anay paper. Ar the first 
aadx tar, lcad position was marked with pamanenr dye for 
precise apptiation on subxqumt tests. During aercise, 3 swdard 
clecrrocudi0gnphic leads were mncimaously monitorrd ST- 
segmmt deviation was measured in all leads by a mmputaised 
system wjtb subsqualr manlld ova-reading. In osa of 
discrepancy bcnvecn the annpurp-processed signal and raMitne 
elsaoerdiognphy reo~dings, the Iana wax used for anal+. 
on each day wirh uacisc rao sc.bedulcd, the palialt ame to the 
kbx.xoIy afta an ovanighr fin without having taken any drug5 
that morning. AU three aaziu tests for ach patient were done 
under idendcll aural condid0q at the aarnc time of the morning 
with Q)NM~ rwm mnpaanrc and humidity. All exe&e tcso 
wac orricd out by the same phyrihn. If sT+cgmmt depression 
did not oaxr in post-acafmmr aa& tests txforc the c.xcrcise was 

sroppd at the onset of moderate an&a, mal uacisc rime WY used 
for time to ST dcprcssiorL Paticna wax instructed m amtinue 
W&SC umil they had angina of modaxe severity (chest pain of 
such SCV&~ that the patient would normally stop acdviry). 

Bcousc rJx orryova effmt of ribose arc M, a msover 
design was judged inappmpriare. If a padat 3rd reproducible 
exercise tcsu on days 1 and 2 he was randomly alloared, by mans 
of a oblc of random numbers, uarmmt with ribose or placebo for 3 
days (srardng afia the aacisc tes5[ on day 2 and axxinuing to day 
4). A final atise tst ~1s done on day 5 to assess treatmax effects. 
WC posruhrd rhx nw mnsccudvc aackc tatis to the poinr of 
my-dial ischaania would induce changes in cardiac energy 
metabolism lasdng for more than 72 h. 

Patimts in the rjbos~ group re~civcd 60 g D-&ox daily, 
dissolved in wxcr, in four doses of 15 g. Because of possible 
hypoglyoemic responses to ribosp0 patients were asked not to take 
ritusc while fasting. The dosage was based on rcpons of animal 
cxpbrnmu rhar showed the cffiocy of high doses of ritzox” and 
on human studiePz showing that 60 g per day is well tolerated and 
not associated with gastrointtsti side-c&&. The plaabo 
solution wnrained mainly an qtiOlOIiC XfaoUit of glu0xe. It was 
idaxial to ribox solution in PPC, colour, and appearance as 
assessed by a pretrial experiment wjrh IO hospital sta!T. Purity of 
subsunczs - checked by the hospital pharmacy. 

The sample size was pmspecdvcly chosen on the grounds of 
cIini(al pncdcabitity. The paired I test oaf used for within-group 
comparisons. Atulysis of a~varian~c - used to adjust for ba&inc 
mrasuranmt in between-gmup mmptiscms. p < 0.05 (two-tiled) 
was considered KO indiote si&cance. 

Results 

In the ribose-ucarcd group, the mean walking time until 
1 mm ST-segmnt depression was significantly grcarer on 
day 5 than at baseline (figure, A), whereas there was no 
signifxant change in time to ST depression in the placclx~ 
group (p = 0.67). 2 rhsc-created padents did not show ST 
depression on day 5, so time to the onset of moderate angina 
was used in the analysis. After ucatnxnt, the time to ST 
depression (day 5) was significantly longer in the group rhar 
had received ribose than in the placebo-trcarcd group (mean 
and 95% cotidara interval [CI] 276 [220-331) us 223 
[ 188-2591 s; p = OGO2). 

The he to onset of moderate angina also increased 
significantly from baseline KO day 5 in the ribox group 
(figure, B); there was an inucasc in this variable in the 
placebo group but it did not achieve signifxance (p = 0062). 
There was no significant difkrata between the ribosc and 
placebo groups in mean rime to onset of moderate angina on 

A 
420 

PUCEBO 

1 

‘r 330. 
z 
2 
’ 
5! 

270. 

Treadmill walking timr until ST-rogmont daproaaion (A) and 
onsot of moderato angina (8). 
Baseline-average of results on dayt 1 and 2 for each patient: day 

5 - afwr 3 days’ trcatmcnt. Mean and 95% confidence intervals given 
for each group. 


