
Diabetologia 7, 349-- 356 (1971) 
�9 by  Springer-Verlag 1971 

Metabolism and Oxidation of U-14C-Glucose, Xylitol, Fructose and Sorbitol in the Fasted 
and in the Streptozotocin-Diabetic Rat* 

U. KELLEK** and  E. 1%. FgoEscx  

Metabolic Unit ,  Department  of Medicine, University of Zurich, Switzerland 

Received: June 15, 1971, accepted: July 26, i971 

Summary. 1. 24-h-fasted rats exhaled 35--37% 
of i.v. administered loads of labelled glucose, xylitol and 
fructose, and 20% of a sorbitol load as ir within a 
period of six hours. 2. Streptozotocin-diabetic rats ex- 
haled under similar conditions only 11--18~ of these 
substrates as laCO 2. The rate of glucose oxidation was 
similar in both groups of animals when a correction for the 
different glucose pool size was applied, I t  is concluded 
that  glucose oxidation to 14C0e takes place mainly in 
tissues which are not  sensitive to insulin. 3. Urinary ex- 
cretion of all substrates was 39--55% of the given dose 
in diabetic rats. The large difference of ur inary carbon-14 
between fasted and diabetic rats was due to the excretion 
of glucose-i~C by  the diabetic rats. 4. Six hours after the 
administrat ion of all four substrates, similar amounts of 
carbon-14 were recovered in serum, serum osazones, liver 
glycogen and total  lipids and diaphragm glycogen within 
each group of animals. I t  is concluded that  the similarities 
of the metabolism of all substrates is due to the rapid 
conversion of the substitute sugars to glucose. 

3/[dtabolisme et oxydation du glucose, du xylitol, du 
.fructose et du sorbitol, uniformdment marquds au itC, chez 
le rat d jeun et le rat rendu diabdtique par Ia streptozotocine 

R~sumd. 1. Chez des rats ~ jeun pendant  24 h, 35-- 37% 
d'une forte quantit6 de glucose, de xylitol ou de fructose 
marqu6s injeet6e par vole intraveineuse, et 20% de sorbi- 
tel sent exhal6s en six h sous forme de i~CO~. 2. Des rats 
diab6tiques par la streptozotoeine exhalaient en 6 h 1 1 -  
18 % de ces substrats sous forme de 14CO 2. Apr6s correction 
pour les pools diff6rents de glucose, l 'oxydation du glu- 
eose est semblable ehez les deux gToupes d 'animaux.  
L?oxydation du glucose en iaCO~ semble done avoir lieu 
surtout dans des tissus qui ne sent pas sensibles k Fin- 
suline. 3. 39--55% de la dose de ehaque substrat  6taient 
excr6t6s dans l 'urine pendant  six heures par les rats dia- 
b6tiques. La diff6rence consid6rable de l 'excr6tion urinaire 
du 14C entre les rats ~ jeun et les rats diab6tiques est due 

l 'excr6tion de 14C sous forme de glucose chez les rats 
diab6tiques. 4. Six heures aprgs l ' injection des 4 substrats, 
des quantit6s semblables de 1'C 6talent retrouv6es dans le 
sdruin, les osazones du sdrum, le glycog6ne et les lipides 
totaux du role, et le glycog6ne du diaphragme darts chaque 
groupe de rats. Les similitudes du m6tabolisme des 4 sub- 
strats sent probablement dues k la conversion tr6s rapide 
du xylitol, du sorbitol et du fructose en glucose. 

Stoffwechsel und Oxydierung von U-iaC-Glueosc, Xylit ,  
Fructose und Sorbit bei fastende~ und Streptozotocin-dia- 
bctisehen Ratten 

Zusammcnfassung. 1. 24 Std lang fastende Rat ten  
exhalierten in 6 Std 35--37~o einer intravenSs verab- 
reichten Menge markierter Glucose, Xyli t  und  Fructose 
und 20% von Sorbit als laCO 2. 2. Streptozotoein-diabeti- 
sche l~atten exhalierten yon derselben Subtratmenge 
unter  gleichen Bedingungen 11--18% als i~CO~. Nach 
Korrektur fiir die verschiedene Glueose-Poolgr613e oxydie- 
ren fastende und diabetische l~atten/ihnliehe Anteile der 
Zueker zu laCO2. Die CO~-Produktion aus Glucose scheint 
deshalb vor allem in Geweben, die nieht insulinempfind- 
lich sind, stattzufinden. 3. Bei diabetisehen l~atten betrug 
der u im Urin nach allen Substraten 39--55~o der 
gegebenen Dosis. Dieser Unterschied zwischen fastenden 
und diabetischen l~atten ist auf den zus/itzlichen Verlust 
grol3er Mengen yon i4C Glucose im Urin zuriiekzufiihren. 
4. Sechs Stunden naeh Injektion aller vier Substrate wur- 
den ungefghr gleiche Mengen ~4C im Serum, in den Serum- 
Osazonen, in Leberglykogen und -totallipiden und im 
Glykogen des Diaphragma innerhalb beider Tiergruppen 
gefunden. Der Stoffwechsel aller vier untersuchter Sub- 
strate ist offenbar deshalb /~hnlich, weil die Ersatzzucker 
sehr raseh in Glucose umgewandelt  werden. 

Key-words: Carbohydrate metabolism, glucose, fruc- 
tose, xylitol, sorbitol, glucose-i~C oxidation, gluconeogen- 
esis, streptozotocin diabetes, insulin, parenteral nutri t ion.  

Introduction 

The recent  in teres t  in  xyli tol  as a par t icular ly  well 
to lera ted  carbohydra te  in  parentera l  the rapy  [1] and  
as a sweet subs t i tu te  for sucrose in  food [2, 3] revived 
the interes t  in  the old debate  over the problem whether  
or no t  xylitol,  fructose or sorbitol have real metabolic  
advantages  over glucose which jus t i fy  their  use. 

* Supported by grants from the U.S. Public Health 
Service (AM 05387) and the Schweizerische Nationalfonds 
(3.85.69). 

** Trainee of the third postgraduate course for ex- 
perimental medicine, faculty of Medicine of Zurich. 

We have compared the u t i l iza t ion  of U-14C-labelled 
glucose, xylitol, fructose and  sorbitol b y  moni to r ing  
i~COe in the expired air after ident ical  loads to fasted 
and  diabetic rats. 

Fructose [4, 5], sorbitol [6, 7] and  xylito] [2, 8] are 
metabol ized in  an  insu l in - independent  way. I t  was of 
par t icular  interest ,  therefore, to invest igate  their  
u t i l iza t ion and  oxidat ion in  these two groups of rats.  

The present  work indicates t h a t  oxidat ion of each 
one of these substrates  is similar in  bo th  groups of rats.  
Their  incorpora t ion into insul in-sensi t ive tissues, how- 
ever, is largely dependent  upon  the avai labi l i ty  of in- 
sulin. 
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The substitute sugars and glucose showed similar 
exhalation patterns and tissue distribution in all 
animals suggesting that  they share a common fate after 
rapid conversion to glucose. 

Material and Methods 

Continuous 14C02-exhalation was registered with a 
F H T  50 A analytical respirometer manufaetm-ed by  
Frieseke and Hoepfer GmbH, Erlangen. This appara- 
tus provides simultaneous registration of radioactivity 
(with 17% efficiency), CO 2 content by  infra-red ab- 
sorption and specific activity of CO~. 

An integrator system allows easy calculation of the 
total expired ~4C0~ and total CO~. 

5{ale, pure-bred Osborne.Mendel rats on a regular 
diet (Nafag pellets), weighing 90--135 g were used. 

The experiments were carried out witli two rats 
sitting in a 51 all-glass cage. I t  was kept in a waferbath 
to maintain an inside temperature of 22 ~ C. 

The rats were given 2 mg of di~zepam s.c. as a 
sedative before the rapid intravenous injection of t ml 
of the examined sugar solution. 1 ml contained 20 mg 
of either substrate dissolved in Krebs Ringer bicarbon- 
ate buffer with 200 mg of albumin per 100 ml. 

The U-~dC-labelled substrates (2 ~Ci per mI and per 
rat) were purchased from the Radiochemical Centre, 
Amersham, England. 

Since the nut~tional  state influences the exhalation 
pattern considerably [9], the rats were used after a 24 h 
fast, at which time the best reproducible results were 
obtained. 

Since some of the compounds given may stimulate 
insulin secretion, 18 mU of crystalline pork insulin (sup- 
plied by Dr. Schlichtkrull, Novo) was added to the in- 
jected solution. 

Experimantal diabetes was induced by  the i.e.- 
administration of 100 nag streptozotocin per kg body 
wt. (gi~ from Dr. W.E.  Dulin, Upjohn Company, Ka- 
lamazoo, Michigan). This N-nitroso derivative of glu- 
cosamine has the advantage over alloxan of being less 
toxic and, nevertheless, yielding an even better  repro- 
ducible experimental diabetes [10]. Four days after. 
wards the animals were used for the experiments. 

Each exhalation pattern was repeated 2--3 times. 
After six hours of registration, the rats were decapi- 
tated and neck blood was collected on ice. Liver and 
diaphragm were rapidly excised and immediately fro- 
z e n .  

Serum glucose was measured with glucose oxidase 
(Boehringer). The specific activity of serum glucose 
was obtained by  the formation of osazones. 

The frozen diaphragm and a portion of the liver 
were digested in boiling 30% KOtt .  Glycogen was 
precipitated with cold ethanol and twice reprecipitated 
before counting. Carrier glycogen was used as a pre- 
cipitating aid for diaphragm glycogen. 

Total lipids were extracted from the remainder of 
the liver with chloroform-methanol, 2:1 [l l] ,  the ex- 
tract  was taken do dryness and washed with iso-octane: 
glacial acetic acid, 1 : 1. The fat ty  acids were obtained 
by hydrolysis of the total lipids in alcoholic KOt{, and 
incorporation of carbon-14 into glyceride glycerol was 
calculated as the difference between the counts in the 
total Iipids and those in the liydrolyzed fa t ty  acids. 

Urine was collected in paralM experiments for six 
hours. Carbon-14 was counted in dried urine and after 
osazone formation. 

Glucose and fructose in urine were determined by 
the hexokinase method with and without phosphoglu- 
cose isomerase (Boehringer). All radioactive samples 
were counted in a Picker Magnachanger, low back- 
ground, flow counter and a correction was applied for 
self-absorption. 

Results 

The exhalation patterns of fasted rats are sum- 
marized in Fig. 1. Each diagram shows the registration 
of laCO~ and the percentage of the total administered 
dose in the expired air. 20 mg of labelled glucose, 
xylitol, fructose and sorbitol together with 18 mU of 
insulin were rapidly injected into the fail vein. 14CO~- 
activity reaches a peak after 30 rain with glucose, 
xylitol and sorbitol and after 20 min with fructose. 

The height of the peak and the total amount exhal- 
ed as 1~C0~ after six hours was similar for glucose, 
xylitol and frnetose (approximately 35 % of the given 
dose), whereas less sorbitol appeared as 14C02 (appro- 
ximately 20%). Fig. 2 shows similar studies in the 
streptozotocin-diabetic rat. Compared with fasted rats, 
laCO2-production was markedly decreased, and the 
cumulative dose of expired 14C02 was 11--18% of the 
administered dose. The peak of maximal xdCO2-exhala- 
tion was delayed. Oxidation of fructose was faster and 
gave the highest peak of all substrates. 

The total amount exhaled was similar with the non- 
gtucose substrates as with glucose. They were no~ 
oxidized in preference to glucose even in diabetic ani- 
mals. The determination of serum glucose (Fig. 3) after 
the period of registration revealed 3--4 times higher 
values in diabetic as in fasted rats. No significant 
difference of serum glucose was observed in fasted and 
diabetic animals after any one of the sugars. 

Six hours after injection of the label only 3 % of the 
total amount  was recovered in the extracetlular space. 
This figure was calculated assuming tha t  eaa%on-14 in 
serum is repre~sentative for earbon-14 in the total ex- 
tracellular space and that  the latter accounts for 20 % 
of the body weight. 

In  fasted rats, ~ of the counts in the serum were 
found in the osazones after all substrates, suggesting 
similar amounts circulating as glucose-'aC. 

Streptezotocin-d~betic rats had similar carbon-14 
activities in serum, but  relatively more counts were 
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present in serum glucose (60--80%). More carbon-]4 
was recovered in the osazones after xylitol and fructose 
than after glucose or sorbitol. Fig. 4 shows the dis- 
tribution of carbon-14 in liver. The columns in the top 
line represent the counts in glyceride glycerol and fa t ty  
acids. 

These fractions account for approximately 0.5~o of 
the administered dose. 

The incorporation of xylitol, fructose and sorbitol 
into total  lipids of liver was of the same order of mag- 
nitude in fasted and in diabetic rats, and in each in- 
stance exceeded glucose incorporation. Less carbon-14 
of glucose was incorporated into total  lipids of diabetic 
than into those of fasted rats. 

The recovery of carbon-14 of all substrates in liver 
glycogen was markedly decreased in diabetic rats, 
particularly so with glucose. 

The most striking difference between fasted and 
diabetic rats was observed in the carbon-14 content in 
diaphragm glycogen (Fig. 5). 

One gram of diaphragm muscle of fasted rats con- 
tained 0.23% of the given dose, diaphragm of diabetic 
animals almost none. Because ~dC02-exhalation and 
carbon-14 recovery in tissues did by  no means add up 
to anywhere near 100% of the administered dose, the 
excretion of carbon-14 in urine was determined in 
separate experiments. 

Table 1 shows the recovery of carbon-14 in the urine 
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Fig. 4. Carbon-14 recovered in liver glyceride glycerol, fat ty acids and glycogen six hours after i.v. administration of 
20 mg and 2 ~Ci of U-14C-labelled glucose, xylitol, fructose and sorbitol in the fasted and in the streptozotocin diabetic 

rat. The brackets indicate the SEM 

In each instance, incorporation into hepatic f a t ty  
acids from all substrates was decreased in the diabetic 
animals. This difference was most pronounced in the 
case of glucose. 

Only 10% of carbon-14 in total  lipids was re- 
covered in fa t ty  acids, the major portion in glyceride 
glycerol. Incorporation of carbon-14 into glyceride 
glycerol as an index of re~sterification was similar for 
fructose, sorbitol and xylitol in both groups of rats and 
exceeded that  of glucose. 

Carbon-14 recovered in liver glycogen is plotted on 
the bot tom line of Fig. 4. 

Fasted rats showed similar conversion to liver gly- 
cogen after administration of glucose, xylitol and 
fructose (approximately 1.5~o of the administered 
dose). Twice as much sorbitol was deposited as liver 
glycogen. 

Table 1. Carbon-lg excretion in urine during six hours after 
i.v. administration of 20 mg and 2 ~Ci of each substrate per 
rat (n = 3). The figures represent the recovery of carbon-14 
in % of the administered dose in dried urine, those in paran- 
theses in urinary osazones f rom glucose and fructose, re- 

spectively 

fasted diabetic rats 

glucose 3.1 (0.9 glucose) 55.4 (53.5 glucose) 
xylitol 15.0 (3.1 glucose) 46.3 (26.6 glucose) 
fructose 7.0 (0.1 glucose) 39.4 (25.0 glucose) 

(5.5 fructose) ( 8.8 fructose) 
sorbitol 24.5 (0.20 glucose) 46.3 (23.4 glucose) 

(0.08 fructose) ( 0.6 fructose) 

collected during six hours and the percentage of the 
administered dose in the osazones. The figures in 
parentheses represent the counts in urine glucose and 
fructose, respectively. Carbon-14 in glucose was cal- 
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culated by deducting the counts in the enzymutically- 
determined fructose with ~ known specific activity. 

In normal fasted rats, xylitol and sorbitol are ex- 
creted in considerable amounts as such. Since xylitol 

much as 23% and 27% of sorbitot and xylitol, re- 
spectively, were lost in the urine of the diabetic ani- 
mals as glneose-laC. 
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streptozotoein-diabetic rats 

and sorbitol are probably not reabsorbed and since 
only little glucose was lost, the substrates must have 
been excreted in the urine in the initial phase shortly 
after their administration. It is remarkable that as 

Discussion 
Xylitol, fructose and sorbitol are carbohydrates 

which differ with respect to their initial metabolic 
steps. 
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Xylitol has been found by Touster [12] in t960 to be 
a normal metabolite of the glucuronate-xylulose path- 
way. A small portion of glucose is metabolized via this 
pathway in adipose tissue [13]. 

The physiologic significance of this pathway is not 
knm~aa. Pentosurie subjects have a decreased activity 
of this cycle. Since pentosuria is a benign condition, 
the pathway seems to be of minor importance in man 
[14]. 

Xy]itol is metabolized mainly in the liver to d- 
xylulose by a relatively unspecific cytoplasmic polyol- 
dehydrogenase [15]. The same enzyme oxidizes sorbitol 
to fructose. I t  is a very active hepatic enzyme (26 U/g 
in man, 18.9 U/g in the rat) [16]. The rapid hMf-life of 
xylitol [17, 18] and the failure to increase blood glucose 
[2, 19, 20] lent support to the hypothesis that  xylitol 
might be a perfect substitute for glucose in situations 
where glucose utilization is impaired [21, 22]. 

Xylitol is a potent stimulator of insulin secretion 
in dogs [23, 24]. Its effect on the human B-cell is not 
clearly assessed, since I R I  response is not uniform [22, 
25]. Xylitol seems to be relatively non-toxic [3, 27], 
although complications after its clinical use have been 
reported [27]. Xylitol is poorly absorbed by the gut 
[21] and leads to diarrhoea when administered in large 
doses [2]. 

Fructose has been ~mwn for years to be removed 
from the blood independently of insulin [4, 28]. I t  is 
rapidly phosphorylated in the liver to fructose-l-phos- 
phate [29, 30]. In contrast to xylitol and sorbitoi, 
fructose enters the fat cell by a special transport sys- 
tem and is rapidly phosphorylated by hexokinase [31, 
32]. As a precursor of ~-glycerophosphate in adipose 
tissue and liver, it has a marked free fa t ty  acid lowering 
and antiketogenic effect [4, 31]. 

Fructose absorption from ~he gut has been esti- 
mated to be 43% that  of glucose [33]. However, fruc- 
tose absorption may actually exceed glucose absorp- 
tion at  very high concentrations [34]. Part  of it, is con- 
verted to glucose in the small intestine [35]. The main 
portion, however, is considered to be absorbed as 
fructose [36, 37]. 

Since detection of the sorbitol pathway in the male 
accessory sexual glands by Hers [38], these tissues 
were believed for years to be the only natural source 
of this polyol in man. Recent studies indicate its forma- 
tion in nervous tissue [39, 40], in blood vessels [41] and 
in the lens [42], particularly during hyperglycaemia. 
I t  may well play a pathophysiologic role in the deve- 
lopment of diabetic neuropathy, angiopa~hy and cat- 
aract. I.V. administered sorbitol is rapidly converted 
to fructose in the liver by the action of NAD-Iinked 
polyol-dehydrogenase [15, 43]. The latter is so effective 
tha t  sorbitol metabolism is believed to proceed as 
rapidly as fructose metabolism. This assumption must 
be questioned on the basis of the results of our experi- 
ments presented in Fig. 1 and 2. 

The utilization of glucose was compared with that  

of xylitol, fructose and sorbitol, all said to be utilized 
in an insulin-independent manner. 

The exhalation of laCO~ and the tissue distribution 
of carbon-14 was examined in fasted and diabetic rats 
for six hours. Analysis of 14CO~-exhalation patterns 
with and without insulin in fasted and diabetic rats, 
respectively, was thought to reveal the role of glucose 
as a som'ce of energy in insulin-sensitive versus insulin- 
insensitive tissues. 

Fasted rats exhaled 1~C02 at  similar rates after 
glucose, xylitol and fructose injection. Less sorbitol 
was oxidized, a finding partially explained by the con- 
siderably greater amount lost in the urine (24% of the 
administered dose). The total amount of carbon-14 of 
all four sugars recovered as 14C0~ and in the urine was 
of the same order of magnitude, and similar quantities 
were found in the tissues a.fter six hours (48--58% of 
the given dose). 

The similar recovery of carbon-t4 in the diaphragm 
glycogen indicated similar incorporation of all sub- 
strates after conversion to glucose. The distribution in 
the liver showed some differences. Sorbitol, for exam- 
ple, exceeded the other sugars in the incorporation into 
liver glycogen. Here, differences are to be expected 
because their incorporation into liver glycogen does 
not require prior conversion to glucose. 

The influence of chronic experimental diabetes upon 
exhalation and utilization of fructose, sorbitol and 
xylitol shows that  the absence of insulin does not 
change the rate of incorporation of any one substrate 
in a particular manner. The decreased recovery of car- 
bon-14 in liver glycogen of diabetic animals can be 
explained by the fact that  prolonged insulin deficiency 
leads to increased glycogenolysis and to decreased 
activity of glycogen synthetase [44]. The incorporation 
of carbon-14 into total lipids of liver was of the same 
order of magnitude in both groups of animals. Diabetic 
rats showed decreased hepatic fa t ty  acid synthesis from 
all substrates. Carbon-14 in total lipids was mainly 
present in the glyceride-glyceroI moiety suggesting a 
very active re~sterification of free fa t ty  acids from 
peripheral tissues being taken up by the liver. The low 
recovery of carbon-14 in liver total lipids after glucose 
administration compared with the polyols and fructose, 
suggests that  the first step of glucose metabolism, i.e. 
its phosphorylation by glucokinase, is rate limiting in 
the diabetic rat liver [45]. 

The minimal incorporation into diaphragm glyco- 
gen in diabetic animals suggests that  insulin is required 
for their storage after conversion to glucose. 

Fructose was more rapidly oxidized than all other 
substrates. 14CO~-produetion in diabetic animais in- 
creased rapidly and reached a higher peak with fruc- 
tose than with the other substrates. This may be the 
result of insulin-independent utilization of fructose by 
adipose tissue [31, 46]. 

The carbon-14 activity of serum was similar in both 
groups of animals, but more carbon-14 was present in 
serum glucose of diabetic animals. 
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In Fig. 6 the distribution of label in both groups of 
animals after administration of glucose and xylitol is 
compared. Incorporation into skeletal muscle was cal- 
culated under the premises that  the diaphragm is re- 
presentative for skeletal muscle and that  the muscle 
mass is 20% of the total body weight. 

The most striking difference between fasted and 
diabetic rats is the high urinary losses in diabetic ani- 
mals and their decreased rate of oxidation to 14CO 2. 
The glucose pool in fasted rats is of the order of magni- 
tude of 20 mg [47] to which 20 mg of substrate is added, 
whereas the glucose pool of the diabetic animals appro- 
ximates to 80 mg. If the values of the 14CO2-production 
of the diabetic animals are multiplied by 2 �89 thereby 
correcting for the lower specific activity of plasma 
glucose, the difference in the rate of ~4C02-exhalation 
between the two groups of animals is minimized. The 
hMf-life of 2 to 3 min of the polyols and of fructose [37] 
due to their rapid conversion to glucose, explains why 
their rate of oxidation in the diabetic animals is the 
same as that of glucose. At the time when ~C02-pro- 
duction was maximal none of the originally adminis- 
tered substrates circulated any longer in plasma, so 
that  most of the 14C02 exhaled at that  time probably 
originated from 14C-glucose oxidation. 

The main difference in the utilization of a carbohy- 
drate load between fasted and diabetic rats was not 
found in the oxidation rate, but rather in the way it was 
excreted in the urine. I t  is well known that  fructose 
and sorbitol are rapidly converted to glucose [48, 49, 
50]. The conversion of xylitol to glucose appears to oc- 
cur just as fast [37]. Our finding that  similar amounts 
of carbon-14 are recovered in urinary glucosazones 
after the injection of all three substrates is a direct 
reflection thereof. 

t~apid conversion of these polyols to glucose does 
not contradict the finding that xyli~ol [2, 19] and 
sorbitol [51] do not produce significant hyperglycae- 
mia. Glucose turnover in rats is rapid and glucose 
homeostasis is well maintained [47]. Other glueoneo- 
genetic substrates such as amino acids and glycerol are 
also rapidly converted to glucose but do not markedly 
elevate blood sugar. 

Our data indicate that  a considerable portion of the 
injected xylitol and sorbitol is excreted in the urine as 
such, within a few minutes after their administration. 
Diabetic animals lose a rather large additional quantity 
of carbon-14 as 14C-glucose. I t  has been pointed out 
that  glucose combustion plays a minor role in totM 
C02-production [52]. A quantitative approach by yon 
Holt yielded a figure of 20% in fasting rat [9]. 

Free fat ty acids and ketone bodies appear to be the 
main source of energy in the rat [53, 54]. Insulin does 
not influence CO~-production from glucose to a great 
extent [55]. 

Thus, glucose combustion to CO~ appears to take 
place mainly in tissues which are not sensitive to in- 
sulin, e.g. the brain. These considerations are fully 
supported by our findings according to which glucose 

combustion is only minimally decreased in diabetic 
rats, whereas glucose storage is deficient. 
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