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Summary. Diabetes was induced in sand rats  by  in- 
creasing the d ie tary  intake of calories. The development 
of diabetes was followed by  progressively greater hyper-  
glyeaemic levels in the glucose tolerance test  and the 
appearance of cataract ,  glucosuria and obesity. Keton- 
uria was never seen. Diabetic sand rats  had a sl ightly 
elevated BMR and an RQ of approximate ly  1. They 
responded to D-mannoheptulose with hyperglycaemia but  
not  with reduced RQ. Atriplex halimus ash did not  reduce 
the hyperglycaemic response to glucose, though it has 
been repor ted to do so in alloxanized rats.  Alloxanized 
rats  were shown to re ta in  responsiveness to D-manno- 
heptulose and it is speculated tha t  response to D-manno- 
heptulose may  be dependent  on secretion of glueagon. 

Le diab@te du rat des sables: Diabdtogdn~se, rdponse au 
mannoheptulose et ~ la cendre de l 'Atriplex Halimus 

Rdsumd. Le diab~te a 6td provoqu6 chez le ra t  des 
sables par  une augmentat ion de la prise de calories. Le 
ddveloppement du diab~te a dt6 marqu6 par  l 'dl4vation 
progressive des t aux  d 'hyperglyedmie dans le test  de 
tol4rance au glucose, par  l ' appar i t ion  de cataracte,  de 
glycosurie et d'ob4sit6. La cdtonurie n 'a  jamais  dt6 
constatde. Les rats  des sables diabdtiques out un BMR 
ldgbrement 61ev6 et un RQ de 1 approximat ivement .  Ils 
r@ondent  au D-mannoheptulose par  une hyperglycdmie, 
mais non par  un RQ rdduit.  La eendre de l 'Atriplex Hall- 
mus ne rdduit  pas l 'hyperglycdmie due au test  de toldranee 

au glucose alors qu'elle la rdduit  ehez les rats  alloxanisds. 
Les rats  Mloxanisds r@ondent  au D-mannoheptulose,  il 
se peut  que la rdponse au D-mannoheptulose soit sous la 
d@endanee d 'une sderdtion de glueagon. 

Diabetes bei der Sandratte: Pathogenese, Reaktion auf 
Mannoheptulose und Atriplex-Asche 

Zusammenfassung. Bei Sandrat ten  wurde ein Diabetes 
durch erh6hte Kalorienaufnahme in der Nahrung erzielt. 
Der Entwieklung des Diabetes folgte eine fortsehreitende 
ErhOhung des Blutzuekerspiegels beim Glueosetoleranz- 
test,  sowie Glykosurie, Fe t t such t  und Ka ta rak t .  Eine 
Ketonurie  wurde niemals beobaehtet .  Die diabetischen 
t~atten ha t ten  einen leichten erhShten Grundumsatz und 
einen respiratorisehen Quotienten yon etwa 1,0. Auf 
D-Mannoheptulose reagierten sic n i t  Hyperglyk/imie,  
nieht aber n i t  einer Erniedrigung des respiratorisehen 
Quotient. Die Gabe von Asche you Atr iplex halimus 
(Staudenmelde) setzte den hyperglyk/imisehen Glucose- 
toleranztest  nieht  herab, wie es bei al loxan-diabetischen 
Ra t t en  beobaehtet  wurde. Alloxan-diabetische Ra t t en  
behalten ihre Reaktionsf/ihigkeit  auf D-Mannoheptulose; 
es wird vermutet ,  dal3 diese Reakt ionen auf D-Manno- 
heptulose yon einer Glucagon-Sekretion abh/ingig ist. 

Key words : Salt Bush, Atr iplex Ash, Mannoheptulose, 
Sand Rats,  Diabetogenesis, Alloxan-diabetic Rats ,  Glucose 
Tolerance Test, R. Q. 

Introduction 

Sand  ra t s  are l a t en t  diabet ics .  W h e n  m a i n t a i n e d  on 
a low caloric in take  (30 kcal /d)  t h e y  r ema in  normo-  
g lycaemic ,  b u t  caloric loading induces  a d iabe t ic  
syndrome  charac te r ized  b y  hyperg lyeaemia ,  ca ta rac t s  
and  glucosur ia  (I{ackel et. al., 1965, 1966; Miki  et al., 
1966, 1967). 

The ae t io logy  of the  d iabe tes  has been descr ibed as 
fal l ing into  two stages.  

(a) "Severe"  diabetes ,  in which c i rcula t ing insul in 
is high, pancrea t i c  insul in con ten t  is no rma l  or reduced,  
body  weight  increases due to  obes i ty  and  there  is no 
ketosis  (Haekel  et al., 1966); fol lowed b y  (b) "Fu l -  
m i n a t i n g "  d iabetes ,  wi th  low c i rcula t ing  insulin,  low 
pancrea t i c  insul in  content ,  weight  loss and  ketosis  wi th  
ea r ly  dea th .  " F u l m i n a t i n g "  d iabe tes  m a y  follow the  

* Submit ted  in par t ia l  fulfillment of the requirements 
for the P h . D .  Degree. 

" severe"  type ,  though  "severe ly"  d iabe t ic  an imals  
somet imes  recover.  His to log ica l ly  the  B-is le t  cells are 
deg ranu la t ed  in bo th  types ;  in the  " fu lmina t ing"  t y p e  
the  islets arc necrot ic  wi th  glycogen inf i l t ra t ion  and  
vacuo la t ion  of the  cells (Like and  Miki, 1966). 

I n  th is  s tudy ,  d iabe tes  was induced  in sand ra ts  b y  
caloric loading and  insul in secret ion was eva lua ted  
using three  tests .  F i r s t ,  the  changes in the  glucose 
to lerance  t es t  (GTT) dur ing  the  per iod  of caloric load- 
ing were followed: Second, the  R Q  of d iabe t ic  sand ra t s  
was measured .  This measu remen t  was based  on our 
ear l ier  f inding t h a t  even dur ing  pro longed fast ing,  the  
RQ of the  non-d iabe t i c  sand r a t  d id  no t  fall  (Frenkel  
and  Kra icer ,  1972a). B lockade  of insulin secret ion by  
D-mannohep tu lose  (M-H) d id  cause a fall  in RQ, 
ind ica t ing  a shift  to increased fa t  ca tabol i sm (Frenkel  
and  Kra ice r ,  1972b). Thus,  measu remen t  of RQ 
provides  an index  of ava i lab le  insulin. F ina l ly ,  as the  
ash of the  sa l t  bush,  Atr iplex  halimus, (the na tu r a l  
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diet of the wild sand rat) has been reported to poten- 
t ia te  insul in act ion (Shani et al., 1972) and  to reduce 
hyperglycaemia in  diabetic rats  (Aharonson et al., 1969), 
the abi l i ty  of this ash to reduce the hyperglycaemia 
produced by  a glucose load in diabetic sand rats  was 
tested. 

As a result  of these studies, the mechanism of 
action of M-H was called into question. I t  appeared 
tha t  M-I-I may  have other endocrine activities besides 
suppression of insul in  release. (Coore and  Randle ,  
1964; Simon and  Kraicer,  1957, 1966). 

Materials and Methods 

Two of the sand rats used in this study were obtained 
by the courtesy of Mr. A. Wint of Kibbutz Sdeh Boker, 
who raised them in the village zoo, where they were fed a 
diet of bread and rat checkers and were housed in pens. 
The others were captured in the vicinity of the kibbutz. 
After quarantine, these sand rats were housed in the con- 
ditions described elsewhere (Frenkel et al., 1972), except 
that they were fed rat checkers with occasional supple- 
ments of vitamins; 3% of unpnrified salt solution was 
available ad lib. as beverage. Food consumption was 
measured in metabolism cages. The mean caloric intake 
was 50.9 • 3.3 kcal/d. Their urine was checked for glucose 
and acetone once weekly using Clinistix and Acetest 
(Ames Co.). 

Glucose tolerance tests (GTT) were performed 18, 44, 
66 and 94 days after loading was begun. Blood glucose 
levels were followed for 6 h after s.c. injections of 175 mg 
of glucose/100 g body weight (B.W.). Diagnosis of dia- 
betes was based on glucosuria and diabetic GTT. The 
hyperglyeaemia was quanti tated as the area under the 
individual GTTs. Accompanying signs usually included 
obesity, due to accumulation of subcutaneous fat, and 
cataract. 

The following tests were performed on diabetic sand 
rats after 14 h of pretreatment fasting : 

a) Mannoheptulose (M-H) tolerance test (Frenkel & 
Kraicer, 1972e). 

b) Measurement of R. Q. after M-H or eontrol (saline 
injections) (Frenkel & Kraicer, 1972b). 

c) Effect of salt-bush (Atriplex halimus) ash on GTT. 

The control GTT was performed 2 weeks earlier. For 
comparison, the effeet of an iso-osmotie solution of sodium 
chloride (9.5% W/V) on GTT was tested 2 weeks later. 
Salt-bush ash was dissolved in 0.1 N tIC1 by boiling under 
reflux for 30 rain, cooled and neutralized to p i t 7  with 
0.1 N NaOH. The resultant solution was diluted to 14~ 
W/V ash solution. The electrical conductivity was 70 m 
Mho/cm. Each sand rat  received two gavages of 1.8 ml 
of the above solution 30min apart, giving a total  dose of 
0.5 g of ash per sand rat. The GTT was begun 31/2 h after 
the first administration of ash or sodium chloride solution. 
Plasma Na + was measured by flame photometry. 

A protocol of the sand rats used is given in Table 1 : 
Nos. 5 and 7 came from the Sdeh Boker zoo. 

Alloxan-diabetie rats were prepared as described 
elsewhere (Aharonson et al., 1969). Their blood glucose 
level before fasting was 465 -b 43 rag% (M + SEM). They 
were fasted overnight {I 4 hours), a zero-time blood sample 
was taken, and 200 rag M-I-I/100 g B.W. was injected s.c. 
Blood samples were taken hourly i to 6 hours after in- 
jection. 

Blood was taken from the cut tip of the tail and con- 
centrations of glucose, M-I-I and ketone bodies were 
measured (Frenkel and Kraieer, 1972c). 

Results 

Development of diabetes. The development  of diabetic 
GTT during 3 months  is shown in Fig. 1. Glucose, bu t  
no t  ketone bodies, was found in the urine dur ing the 
period of induc t ion  of diabetes. At  the t ime of the tests 
all sand rats had severe glueosuria. The last GTT of the 

Table 1. Protocol of diabetic sand rats used in this study 

Animal Init ial  Final  Appearance % increase in 
GTT area after 
94 days of ca- 

No. B.W. B.W. of cataract lorie induction 

t 210 275 none 390 
2 174 190 none 190 
3 140 205 3 r d m o n t h  190 

4 205 225 none 170 
5 94 200 l s t m o n t h  510 
6 206 290 2 n d m o n t h  190 
7 104 176 l s t m o n t h  400 

1500 

"C 

1000 
Erl 
E 

3 
O 

500 

0 
18 44 55 9h 

Days 

Fig. 1. Changes in glucose tolerance test of individuM sand 
rats (areas under curves), during period of calorie loading. 
The shaded area is the 95% fiducial limits of the glucose 

tolerance test of non-diabetic sand rats 

diabetic sand rats, after 94 days of caloric loading, is 
shown in  Fig. 2 : 1 8 . 3  4-0,9 rag% of ketone bodies 
(acetone-equivalent)  were found in  the zero-time blood 
samples after glucose injection.  Normal  values in non- 
diabet ie  sand rats of our colony are 3 . 3 ~ 0 . 1 4  rag% 
(mean ~ S, E, M. of 7 values). This value is approxima- 
te ly  the same as t ha t  of rats  fed the same checkers. 
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Fig. 2. Glucose tolerance test of diabetic sand rats (Day 94 
of Fig. 1). The animals are represented as follows: 1,O; 
2,*; 6, • ; 5 ,+  ; 6,A; and 7,0. The shaded area represents 
the 95o/o fidueial limits of the normal glucose tolerance; 
the upper line is the average of the 6 diabetic responses 

responsive to M-H al though absorpt ion and elimina- 
t ion m a y  be somewhat  slower (Fig. 3). 

M-K normal ly  depresses the R .Q.  of sand rats to 
0.884-0.032 from a control fasting value (saline- 
injected) of 0 . 9 8 •  (Frenkel & KrMeer, 1972b). 
I n  the diabetic sand ra t  no difference between the 
M-I t  t reated and control groups was found. Variations 
between times of measurement  (Fig. 4) were not  
significant and the overall means were 0.97 •  
for M-H-treated and 0.97 4- 0.010 for the saline-treated. 
The B. M. 1%. of diabetic sand rats was 0.65 • 0.074 ml 
O J g  B .W.  h while in normal  sand rats it was 0.52 
4- 0.026 ml O2/g B.W.  h (Frenkel & KrMcer, 1972 a). 

The administrat ion of salt bush ash had no signifi- 
cant  effect on fasting levels of glucose (within the 
first 3 h. of ash administration) in 3/s sand rats ;  one 
animal, No. 6, showed a rise and 2 others Nos. 3 and 5 
had decreases. The GTT was unaffected in Nos. 1, 2 
and 5, reduced in Nos. 3 and ~ and elevated in No. 6. 
Sodium chloride solution had a distinctly hypoglycae- 
mic effect on the GTT but  little or no effect on the 
fasting level (Fig. 5). Sodium levels in the plasma 1 h. 
after the first administrat ion of ash or NaC1 solution 
rose to 269,-I-22 and 3184-33 mvM/1 respectively 
(normal plasma values of Na+ from 8 normal  animals 
were 155 4- 4.5 mvM/1). The administered salt bush so- 
lution contained, 1500 mvM/1 Na  + and 385 royal/1 K +. 

The hyperglyeaemie response of Mloxanized rats 
to M-I-I is shown in Fig. 6. Despite the rapid elimination 
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Fig. 3. Mannoheptulose tolerance test of 5 diabetic sand rats. The dotted curves are those of non-diabetic sand 
rats, I • SEM 

Metabolism of diabetic sand rats. The absorpt ion of 
M-K from the s. e. injection site was distinctly re tarded 
in three of five sand rats. The rate of disappearance 
f rom the blood was also markedly  slower. The t ime of 
m a x i m u m  concentra t ion in the blood was one to two 
hours after injection. The hyperglycaemic responses to 
M-K were not  different f rom the normal  in a/5 and were 
lower in 2/5. Thus, the diabetic sand ra t  remains 

of M-H ( T � 8 9  h.) the blood glucose remains 
elevated for more than  6 hours. 

Discussion 

On the basis of our l imited da ta  it is impossible to 
specify the type  of diabetes seen in our sand rats. They  
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appear to have the "fulminating" type of diabetes, on 
the basis of their insulin sensitivity. They do not, how- 
ever, show the striking ketosis and early death 
described as characteristic of "fulminating" diabetes 
(Miki etal. ,  1966). During the development of diabetes, 
the GTT became progressively more impaired. At the 
end of the induction period, the sand rats showed the 
following metabolic characteristics : 

1. their GTT was severely diabetic; 
2. their BMR was not depressed; and 
3. their t~Q was close to unity. 
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Fig. 4. Oxygen consumption CO~ production and R.Q. 
after injection of mannoheptulose, (broken line) or iso- 
tonic sodium chloride solution (solid line). Starred values 
are significantly different from those of the control values. 
Values are ~: SEM for 4 sand rats (Nos. I, 5, 6 aud 7) 

Thus, although they are intolerant to a glucose 
load, during fasting they utilize glucose at an essentially 
normal basal rate. 

The utilization of glucose is not affected by the ash 
of salt bush leaves. Earlier work by Aharonson et al., 
(1969) indicated the presence of an agent in this plant 
which reduced the hyperglycaemia of alloxan-diabetic 
rats. This agent is believed to potentiate the action of 
insulin (Shani et al., 1972). The same material  was 
inactive in diabetic sand rats, rendered hyperglycaemie 
by glucose administration. The major cation in this 
ash is sodium and, in fact, an equivalent amount  of 
sodium chloride alone did have weak hypoglycaemie 
activity in diabetic sand rats. One of us (J.S.) has 
tested the effect of sodium chloride (approx. 150 mg) 

in alloxan-diabetic rats and has seen no reduction of 
hyperglyeaemia. 

A few preliminary tests (Frenkel, unpublished) 
suggest tha t  the response of the sand ra t  to exogenous 
insulin is not reduced during diabetes, i.e. that  the 
diabetes is not of the insulin-resistant type. This is 
consonant with the hyperglyeaemic response to M-H 
if it is assumed tha t  the hyperglycaemia reflects insulin 
lack. I t  must  be stressed, however, that  the Israeli 
sand ra t  of our colony is somewhat different from the 
Egypt ian animals used in other laboratories. Hence, 
the analysis of the stages of sand ra t  diabetes made by  
others may  not be valid for our subspecies. 

The high RQ of the diabetic sand rat  cannot be 
accepted without reservation. I t  may, in fact, be 
somewhat elevated b y f a t  anabolism, since the diabetic 
sand rat  accumulates abnormally large quantities of 
subcutaneous fat. Whereas the fat  anabolism of dia- 
betic sand rats is elevated, fat  catabolism appears to be 
decreased. In  contradistinction to results reported by 
Miki et al., (1966) there is no ketosis. M-H also did not 
cause any fall in the I~Q. 

In  short, it may  be speculated that,  in addition to 
the decrease in available insulin during diabetes, there 
is also an impaired utilization of fat. 

The paradoxical increase of hyperglycaemie re- 
sponse of diabetic sand rats to M-I-I is not explicable on 
the basis of insulin suppression alone. In  this s tudy it 
has been shown tha t  M-It  also induces very strong 
hyperglycaemia in alloxan-diabetie rats. Since it is 
inactive in panereatectomized rats (Simon et al., 1961) 
the response appears to be mediated by  a glucagon 
secretion from the fl-cells. Although glueagon secretion 
does not appear to be stimulated in  vitro by M-I[ 
(Vance et al., 1968), Mfiller et al., (1971) have recently 
reported a rise in circulating glueagon in M-H --  in- 
fused dogs. The glueagon response was independent of 
insulin levels. 

The rise in glueagon, induced by M-I-I, may, there- 
fore, explain the hyperglyeaemic response of diabetic 
sand rats and alloxan-diabetie rats. The source of the 
glucose, in this ease, could be fat. Glucagon has been 
shown to enhance the conversion of fat to glucose by 
the rat  liver (Williamson, 1966). This utilization of 
aeetyl-CoA for glucose synthesis may  also explain the 
lack of ketosis. 
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