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Summary. The feeding of starch- or sucrose-rich diets to 
normal rats for 20 days resulted in a significant increase in 
lactate level and L/P ratio in the retina in the sucrose-fed 
animals. There was no correlation between the glucose and 
lactate content of the blood and retina and it was concluded 
that the increased lactate content of the retina was derived 
from the fructose moiety of the sucrose. Liver hypertrophy 
occurred in both normal and diabetic animals fed the sucrose 
diet. When streptozotocin-diabetic rats were maintained for 
20 days on the same diets significant increases in the lactic 

acid content of the blood and liver occurred, but the high level 
of lactate in the retina of the sucrose-fed normal rats was not 
further elevated. The feeding of sucrose to diabetic rats 
resulted in better metabolic control of both blood glucose 
and lactate as compared with the maintenance of these ani- 
mals on a starch diet. 

Key words: Streptozotocin-diabetes, retina, liver hyper- 
trophy, sucrose diet, lactate-pyruvate ratio, glueose-6-phos- 
phate, glucose. 

The maintenance of a local strain of rats for 8 to 
12 months on a diet in which the sole carbohydrate 
source was sucrose has been reported [1] to result in 
impaired glucose tolerance, albuminuria with diffuse 
capillary glomerosclerosis and a retinopathy similar 
in many  respects to that found in spontaneously dia- 
betic animals and in nonproliferative stages of dia- 
betic retinopathy in man. Alterations in the electro- 
retinogram in rats which had been fed a sucrose-rich 
diet for 90 days have previously been demonstrated 
[2] and these were attributed to a disturbance in the 
metabolism of the retina, possibly due to a variation 
in capillary permeability. In  1968 an increase in 
soluble collagen content and a change in the ratio of 
insoluble to soluble collagen was shown to occur in 
the aorta of rats fed a high-sucrose diet, compared 
with animals fed a high-starch diet [3]. Thickening of 
the vascular basement membrane  is well established 
in human diabetic microangiopathy and an increase 
in the hydroxyproline content of the human diabetic 
retinal vascular system, reflecting the increase in this 
hydroxyproline rich tissue, has been observed [4]. 
Focal thickening of the capillary basement membrane 
has been demonstrated [5, 6] to occur in the retinas 
of streptozotocin-diabetic rats maintained on a store 
diet for 6 to 12 months and these animals also develop 
many  of the pathological changes characteristic of a 
mild human diabetic retinopathy. The formation of 
numerous microaneurysms and neovascularisation 
did not occur. 

Investigations into the cause of human diabetic 

retinopathy have been hindered by the absence of a 
suitable animal model. In an attempt to produce a 
diabetic animal which readily develops all the patho- 
logical changes which normally occur in human 
retinopathy, it was decided to maintain streptozotocin- 
diabetic rats for up to 12 months on a diet in which the 
sole source of carbohydrate was sucrose and sub- 
sequently to examine histologically the retinal vas- 
cular system in order to determine whether the feeding 
of sucrose to the diabetic animal either accelerated 
or exacerbated the retinopathy. These results will be 
reported at a later date, but during the course of this 
experiment another series of normal and streptozoto- 
cin-diabetic rats were fed either a starch- or sucrose- 
rich diet for 20 days before sacrifice and analysis of 
the retina, blood and liver. High levels of lactic acid 
in the retina have been implicated in the development 
of diabetic retinopathy [7], but no actual values have 
so far been reported in the literature for the lactic 
acid content of the retinas from diabetic animals. An 
increase in the lactic acid content of the retinas from 
normal and alloxanised rats in which the blood glu- 
cose level was varied by the parenteral administration 
of either glucose or insulin has been observed [7] and 
it is not, therefore, unreasonable to expect that lactic 
acid will increase in the retinas during diabetic hyper- 
glycaemia. The administration of sucrose to normal 
humans has been shown to induce a greater increase 
in the blood lactic acid content than the comparable 
administration of dextrose [8]. I t  was decided, there- 
fore, to determine the glucose, glucose-6-phosphate, 
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lactic acid and pyruvic acid content of the retina, liver 
and blood of normal and diabetic rats fed either a 
starch- or sucrose-rich diet for 20 days, so as to ascer- 
tain, firstly, whether these regimens markedly affected 
the redox state of the tissues and, secondly, to see 
what effect a high intake of sucrose had on the glucose 
content of the tissues and the extent to which phos- 
phorylation occurred. 

seconds. A small portion of liver from the living ani- 
mal was excised into liquid nitrogen within 1 second, 
ground, and homogenised in perchloric acid. Blood 
was led from the beating heart directly into perchloric 
acid. All the extracts were adjusted to pH 6.0 with 
potassium carbonate. 

Analytical Methods 

Materials and Methods 

Animals 

32 male Wistar rats (180--200g) were fed ad 
libitum on synthetic diets (the compositions of which 
are shown below) containing either sucrose or starch 
as the sole source of carbohydrate. The rats were 
divided into 4 groups. Those from 2 groups were 
rendered diabetic by the injection of 50 mg strepto- 
zotocin/kg body weight into the tail vein. The pre- 
sence of diabetes was established by polyuria, glycos- 
uria, failure to gain weight and terminal blood glu- 
cose. i normal and 1 diabetic group were maintained 
on each diet for 20 days before sacrifice. 

Diets 

The composition of the diets was, in parts by 
weight: carbohydrate (corn starch or pulverised 
sucrose) 68; Casumen (sodium caseinate) 23; salt 
mixture 4; vitamin mixture 2; cellulose as solka floc 
3; corn oil 0.9. The salt mixture had the following 
composition: (g/kg) CaHPO4 325; CaCO8 205; KC1 
205; Na2HPO4 185; MgSO4.H20 70; MnSO4.H20 
4.5; ferric citrate 5H20 4.4; ZnCO8 0.75; CuSO4. 
5H20 0.38; KIO8 0.025. 

The vitamin mixture had the following composi- 
tion: (g/kg) ascorbic acid 3.75; nicotinic acid 3; B12 
(1/1000 in mannitol) 2.5; calcium-D-pantothenate 2; 
thiamin HC1 0.5; riboflavin 0.5; pyridoxine HC1 0.5; 
folic acid 0.25; Rovimix H (biotin lYo) 5; menaph- 
thone 0.05; Rovimix E-25 (0.25 mg dl-a-tocopherol/ 
mg of mix) 15; Rovimix A-500 (500 IU of ester, all- 
trans, of vitamin A/mg) 0.69; Rovimix A-500/D~-100 
0.61; choline bitartrate 90; cellulose carrier as solka 
floc 875.5. This diet was based on that used by Pro- 
fessor J. Yndkin and his colleagues at Queen Eliza- 
beth College, London. 

Preparation oJ Tissue Extracts 

The retinas were dissected from the living an- 
aesthetized animals (Nembutal 7.2mg/100 g body 
weight i.p.) and placed in perchloric acid within 5 

Glucose, glucose-6-phosphate and pyruvate were 
determined fluorimetrically in the retinal extracts with 
an EEL fluorimeter, model 244, coupled with a 
Bryans recorder, model 27000. All determinations 
were carried out at 30 ~ C with the instrument stand- 
ardised to 3 • 10 -s M quinine sulphate solution using 
an OX i filter and an excitation wavelength of 460 nm. 
Glucose-6-phosphate was also determined fluorimet- 
rically in the blood and liver. The methods are based 
on those used by Lowry et al. [9]. 

All other determinations were carried out spectro- 
photometrically using an SP 700 recording spectro- 
photometer with a light path of I cm. Lactate and 
pyruvate were determined by the method of P. Tfelt- 
Hansen and O. Siggaard-Andersen [10]. This method 
for lactate was found to give very stable blank values 
essential for the accurate analysis of the small quan- 
tifies present in retinal extracts. The glucose contents 
of the blood and liver were determined by the coupled 
enzymic reaction of HK, G6PDH and NADP [11]. 

Results 

Changes in Liver and Body Weights 

Normal rats maintained on diets, in which the 
carbohydrate consisted only of starch or sucrose, 
gained weight at equal rates (Table 1). The rats fed 
on sucrose diets, however, had larger livers (p ~ 0.005) 
than those maintained on the starch diet and the 
amount of liver/100 g body weight was also greater 
(p < 0.001). After the animals were rendered moder- 
ately diabetic both dietary groups failed ( p <  0.001) 
to gain weight. The whole liver of the sucrose-fed 
diabetic rats was heavier (p<0.001)  than the liver 
from the sucrose-fed normal animals, whereas the 
mean weight of the livers from the starch-fed diabetic 
group was less than that of the normal starch-fed 
animals (p<0.01) .  When, however, one considers 
the weight of liver/100 g body weight both the starch- 
and sucrose-fed diabetic animals had bigger livers 
than those in correspondingly fed normal groups 
(p ~ 0.005 and p < 0.001 respectively). 



H. Heath et al.: Streptozotocin-Diabetic Rats on Sucrose-Rich Diet 59 

Changes in Tissue Glucose  

The maintenance of normal  rats on diets where the 
sole source of  carbohydra te  was either starch or  su- 
crose resulted in comparable  blood,  retina and liver 
glucose levels (Table 2). W h e n  the animals were made 
moderate ly  diabetic, however,  the resulting blood glu- 
cose levels were higher in the starch-fed animals than 

Changes in Tissue Glucose-6-Phosphate  

In  both  the retina a n d  the b lood neither the diet 
nor  the diabetic state had any marked  effect on the 
G6P  content  (Table 3). I n  the liver, however,  the 
G6P  level was higher in the starch normal  rats when 
compared  with sucrose normal  (p < 0 . 0 0 1 )  or  starch 
diabetic rats (p < 0.025). 

Table 1. Body and liver weights of normal and streptozotocin-diabetic rats maitained 
for 20 days on starch- or sucrose-rich diets 

Weight (g) Mean of 8 determinations + S.E.M. 

Growth Starch Sucrose Starch Sucrose 
parameter normal normal diabetic diabetic 

Bodywtgain +85 + 9.8 +83 +_6.0 --3 +_ 9.9 +16 +_ 10 
Liver wt: total 9.4 +_ 0.37 11.0 +_ 0.3 7.9 +_ 0.5 11.3 + 0.8 
Liver wt/100 g rat 3.6 +_ 0.08 4.3 +_ 0.08 4.0 +_ 0.11 5.0 +_ 0.16 

Table 2. Glucose content of retina~ blood and liver from normal and strePtozotocin- 
diabetic rats maintained on starch- or sucrose-rich diet for 20 days 

Glucose Mean of 8 determinations +_ S.E.M. 
mg/100 g 

Tissue Starch Sucrose Starch Sucrose 
normal normal diabetic diabetic 

Retina 52 + 4.7 45 +_ 3.8 231 +_ 25.5 196 +_ 18.3 
Blood 112 +_ 7.2 114 4- 5.2 520 +- 29 384 +- 35 
Liver 122 +- 7.5 117 +- 8.3 461 +_ 34.7 365 4- 30.2 

Table 3. Glucose-6-phosphate (G6P) content of retina, blood and liver from normal and 
streptozotocin-diabetic rats maintained on starch- Or sucrose-rich diet for 20 days 

G6P Mean of 8 determinations +- S.E.M. 
pmol/lO0 g 

Tissue Starch Sucrose Starch Sucrose 
normal normal diabetic diabetic 

Retina 15.4 4- 1.6 12.2 _+ 2.0 19.8 +_ 2.3 13.8 +_ 3.6 
Blood 2.6 +_ 0.3 2.7 + 0.3 3.1 +- 0.6 2.4 +_ 0.2 
Liver 22.3 -4-_ 1.6 13.4 +- 1.5 16.4 +- 2.2 12.9 +_ 3.2 

in those maintained on sucrose ( p < 0 . 0 1 ) .  Sucrose 
feeding had a similar effect on  the glucose content  of 
the diabetic rat livers (p <S 0.05); however,  the increase 
in the retinal glucose content  of  the starch-fed diabetic 
animals was n o t  significant. The  retinas of  the dia- 
betic animals were found to contain more  glucose 
( p < 0 . 0 0 1 )  than those of the normals.  In  bo th  the 
starch- and sucrose-fed animals there was a positive 
correlat ion between the glucose level in the b lood and 
the glucose content  of  the retina (r = 0.86, p ~ 0.001 
and r = 0 . 9 2 ,  p < 0 . 0 0 1  respectively). There  was a 
correlat ion between the b lood and liver glucose 
(r = 0.96, p < 0.001) in the starch-fed animals. 

Changes in Tissue Lacta te  

The level of  lactic acid in the normal  rat retina is 
considerably higher than that  in either the b lood or  
the liver and the feeding of sucrose to normal  animals 
results in an increase ( p < 0 . 0 0 1 )  in the lactic acid 
content  of the retina (Table 4). This was also in- 
creased (p < 0.001) in the diabetics on the starch diet. 
I t  will be noticed that  in the diabetics sucrose feeding 
did no t  result in higher retinal lactic acid levels than 
starch feeding. There  was a positive correlat ion be- 
tween the lactic acid content  of the b lood  and the 
retina in the starch-fed animals ( r =  0.68, p < 0 . 0 1 ) ,  
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bu t  the  level  of  lact ic  ac id  in the  re t ina  was no t  r e la ted  
to tha t  in the  b l o o d  when  the ra ts  were  ma in t a ine d  on  
a sucrose  diet .  A l t h o u g h  the  lac t ic  ac id  con ten t  of  the  
re t ina  was inc reased  by  sucrose  feeding the level of  
this subs t ra te  was no t  s ignif icant ly a l t e red  in the  b l o o d  
o r  the  l iver  of n o r m a l  animals .  Al so ,  in the  d iabet ic  
state,  sucrose  feeding d id  no t  cause  any  significant 
changes in the  lact ic  ac id  conten t  of e i ther  the  b l o o d  
or  the  l iver,  whereas  s tarch feeding resu l ted  in an 

Changes in Tissue Pyruvate  

In  the  re t ina  ne i the r  the  type  of  c a r b o h y d r a t e  no r  
the  d iabet ic  cond i t ion  caused  any  significant change 
in the  pyruva te  conten t  of this t issue (Tab le  5). The re  
was an increase  in the  pyruv ic  acid  conten t  of the 
b l o o d  of the  s tarch-fed rats  when  r ende red  d iabet ic  
( p < 0 . 0 1 ) ;  bu t  in this d iabet ic  s ta te  sucrose  feeding 
resul ted  in a lower  conten t  of  pyruv ic  acid  in the 

Table 4. Lactic acid content of retina, blood and liver from normal and streptozotocin- 
diabetic rats maintained/or 20 days on either starch- or sucrose-rich diet 

Lactic acid ~ moles/100 g Mean of 8 determinations 
+ S.E.M. 

Tissue Starch Sucrose Starch Sucrose 
normal normal diabetic diabetic 

Retina 720 + 43 951 + 25 1012 _ 51 999 __, 100 
Blood 198 + 20 235 __+ 10 468 + 61 242 ___ 24 
Liver 181 + 35 229 + 28 361 + 68 221 + 17 

Table 5. Pyruvate content of retina, blood and liver ]rom normal and streptozotocin- 
diabetic rats maintained for 20 days on starch- or sucrose-rich diet 

Pyruvate [~ moles/100 g Mean of 8 determinations 
+ S.E.M. 

Tissue Starch Sucrose Starch Sucrose 
normal normal diabetic diabetic 

Retina 35.6 _ 4.2 30.4 + 3,4 32.9 + 2.8 31.8 + 2.6 
Blood 13.8 __ 1.3 15.7 + 1.1 19.6 + 1.5 14.5 + 0.6 
Liver 7.3 ___ 1.7 13.1 + 2.2 5.2 ___ 0.4 8.9 + 2.4 

Table 6. Lactatelpyruvate ratios o/retina, blood and liver from normal and streptozo- 
tocin-diabetic rats maintained/or 20 days on starch- or sucrose-rich diet 

Lactate/pyruvate ratio Mean of 8 determinations 
+ S.E.M. 

Tissue Starch Sucrose Starch Sucrose 
normal normal diabetic diabetic 

Retina 21 + 2.9 35 + 4.9 32 ___ 1.7 34 ___ 6.5 
Blood 14 + 0.8 15 + 0.9 24 ___ 2.2 17 + 1.4 
Liver 32 + 5.5 21 _ 3.7 65 + 8.2 33 + 5.8 

increase  in bo th  the  lact ic  ac id  con ten t  of the  b l o o d  
( p < 0 . 0 0 1 )  and  l iver  ( p < 0 . 0 2 5 ) .  The  lac t ic  ac id  
conten t  of  the  l iver  was co r re l a t ed  with  that  in the 
b l o o d  on bo th  s tarch (r  = 0.88, p < 0.001) and  sucrose  
( r =  0.62, p < 0 . 0 1 )  diets.  I n  the  s tarch-fed  an imals  
there  was a pos i t ive  cor re la t ion  be tween  the glucose 
and  lac t ic  ac id  contents  of  re t ina  (r  = 0.66, p ~ 0.01). 
On  the  o ther  h a n d  there  was no  significant re la t ionsh ip  
be tween  the g lucose  and  the lact ic  ac id  conten t  of  all  
th ree  t issues when  the an imals  were  ma in t a ine d  on  
the sucrose  diet.  

b l o o d  as c o m p a r e d  with  s tarch feeding ( p < 0 . 0 0 5 ) .  
The  feeding of sucrose  caused  an increase  in the  l iver  
bo th  of  n o r m a l  ( p < 0 . 0 5 )  and  d iabet ic  rats  ( p <  
0.025).  On  the  o the r  h a n d  the feeding of  s tarch to 
the  d iabet ic  an imals  r educed  the py ruva te  conten t  of  
the  l iver  and  the feeding of  sucrose  caused  a signif- 
icant  decrease  (p < 0.025).  

Changes in Tissue Lactate /Pyruvate  Rat io  

Diabe tes  caused  the l ac t a t e /py ruva te  (L /P)  ra t io  
to be  inc reased  in al l  three  t issues of the  s tarch-fed  
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animals (p<0.005) (Table 6). In the sucrose-fed 
animals, however, there were no significant changes 
in either the retina or the blood, but the L/P ratio 
was increased in the liver (p<(0.05). The effects of 
sucrose feeding on the L/P ratio in normal animals 
is mainly a reflection of the lactic acid content of 
these tissues. In the starch-fed, but not in the sucrose- 
fed animals, there was a positive correlation between 
glucose and the L/P ratio in the blood ( r=  0.78, 
p-< 0.001) and in the liver (r = 0.74, p < 0.001). 

Discussion 

Many workers have noted liver hypertrophy [12, 
13, 14] in the sucrose-fed, non-diabetic rat; in these 
investigations significant increases were observed in 
the total liver size and in the weight of liver/100 g 
body weight of the normal sucrose-fed rat, compared 
with the starch-fed animal. This increase in liver size 
is due mainly to the deposition of glycogen [15] and a 
concomitant increase in the water content of the liver. 
There is also an increase in the triglyceride content 
of the liver and Maruhama and MacDonald [16] 
have recently demonstrated, by the use of fructose-U- 
14C, the rapid formation and incorporation of a-gly- 
cerophosphate into the triglycerides of the liver. 
Bruckdorfer e t  al.  [17] have also shown increased 
lipogenesis in the livers of sucrose-fed normal rats 
and an elevation in fatty acid synthetase activity. An 
even larger increase in liver size and weight of liver/ 
100 g body weight was observed in the present studies 
in the case of the sucrose-fed diabetic animals, the 
weight of liver/100 g being 5.0 g compared with 3.6 g 
for the starch-fed normal animals. This increase in 
liver size in the sucrose-fed diabetic animals was there- 
fore probably due to increases in the glycogen and 
triglyceride content; both synthetic processes could 
account for the lower lactic acid content observed 
in the livers of the diabetic animal after sucrose feed- 
ing. 

The results of the present investigation show that 
the feeding of sucrose to normal rats for 20 days 
caused a significant increase in the lactic acid content 
of the retina. This was not due to any increase in 
either the glucose or the pyruvate content of the 
retina since the levels of these substances in this tissue 
were unchanged by sucrose feeding. The L/P ratio 
was markedly increased in the retina and this is in- 
dicative of a decrease in the NAD/NADH~ ratio. Such 
a decrease has previously been reported [18] to occur 
in the retinas of the alloxan-diabetic rat, the ratio 
falling from 5.4 in the normal to 4.2 in the diabetic 
state. 

Comparable alterations in the lactic acid content 
and the L/P ratio did not occur in the blood of the 
sucrose-fed normal rats and the high lactic acid con- 
tent of the retina in the sucrose-fed animals could not, 
therefore, have been derived directly from the blood 
glucose or lactate, but must have been due to an 
alteration in the metabolism of the retina itself. Su- 
crose is rapidly cleaved by the brush border sucrase 
of the intestinal mucosa into glucose and fructose 
[19] and, although the levels of fructose in the blood 
of normal animals are usually low, since fructose is 
rapidly metabolised by the liver the levels of this 
hexose in the blood are not negligible during sucrose 
feeding and can be up to 25Uo of the total reducing 
sugar content [12]. It would seem likely, therefore, 
that the increase in lactic acid observed in the retina 
was derived either directly or indirectly from the 
fructose moiety of the ingested sucrose. The rapid 
phosphorylation of fructose by fructokinase to yield 
fructose-l-phosphate has been reported [20] to result 
in a decrease in the level of ATP and this may account 
for the significantly lower content of glucose-6-phos- 
phate found in the liver of the sucrose-fed normal 
animals in the present study. There was also an 
observed decrease of 20Yo in the glucose-6-phosphate 
content of the retina from the sucrose-fed rats. 

In designing these experiments, it was thought that 
the superimposition of streptozotocin-diabetes on the 
administration of sucrose to the rats would result in 
even higher levels of lactic acid in the tissues, since 
both the feeding of sucrose to healthy subjects [8] 
and the presence of diabetes [21] have been reported 
to induce an elevation in the lactic acid content of 
the blood. In these investigations, however, the two 
regimens were found not to be additive in their effects 
on the lactic acid levels. 

When the animals were maintained on the starch- 
rich diet the contents of lactic acid in all three tissues 
were significantly increased after the animals had been 
rendered diabetic and there were also significant in- 
creases in the L/P ratios in all tissues. There was a 
positive correlation between the glucose and the lactic 
acid contents of the tissues indicating that the increase 
in lactate had been derived from the elevated glucose 
concentrations. In the case of the sucrose-fed animals, 
there was tmexpectedly no alteration in the lactic 
acid content of either the retina, blood or liver caused 
by the diabetic state. There was, however, a significant 
increase in the glucose content of all three tissues 
of the sucrose-fed animals, but there was no correla- 
tion between the tissue glucose and lactate levels. 

When one compares the starch-fed to the sucrose- 
fed diabetic animals it will be seen that starch feeding 
results in poorer diabetic control with respect to both 
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the  g lucose  and  lac t ic  ac id  conten t  of the  b l o o d  and  
liver,  bo th  these  const i tuents  being signif icantly h igher  
in the  s tarch-fed animals .  In  the  ret ina,  however ,  no 
significant changes were  obse rved  be tween  e i ther  die t  
in the  d iabe t ic  state.  I t  w o u l d  appear ,  therefore ,  as 
though there  were  fac tors  in the  re t ina  l imit ing the  
fo rma t ion  of  lac t ic  ac id  at  a p p r o x i m a t e l y  1 m m o l /  
100 g. This  va lue  is cons ide rab ly  h igher  than  tha t  
f o u n d  for  e i ther  the  b l o o d  or  the  l iver  and  is in 
keeping  with  the  wel l  es tab l i shed  capac i ty  of the  
re t ina  for  anae rob ic  glycolysis .  
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