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Summary A lower concentration of intracellular 
myo-inositol has been implicated in the develop- 
ment  of diabetic nephropathy. This was based on 
short-term studies showing that early administra- 
tion of aldose reductase inhibitors or myo-inositol 
supplementation reduces increased glomerular fil- 
tration rate and partly reduces increased urinary al- 
bumin excretion in streptozotocin diabetic rats. We 
studied the effect of long-term (4 months) adminis- 
tration of 1% myo-inositol supplement to the Co- 
hen diabetic (type 2) rat on the development of 
nephropathy and renal Na+-K+-ATPase. This treat- 
ment  reduced the increased renal Na+-K+-ATPase 
activity but had no effect on blood glucose levels, 
body weight, increased kidney weight, or creatinine 
clearance and did not prevent or reduce the devel- 
opment of renal glomerular pathology. There was 
no correlation between the level of Na+-K § 

ATPase activity and the degree of nephropathy. It is 
possible that the renal pathological changes are due 
to metabolic and humoral  factors resulting from hy- 
perglycaemia, other than myo-inositol depletion. 
The fact that rnyo-inositol t reatment  had no effect 
on the development of renal pathological changes 
but was shown to have a beneficial effect on restor- 
ing impaired conduction velocity and on the dis- 
ruption of structural elements in the nerve indicates 
that the effect of the biological changes ensuing 
from hyperglycaemia vary in different tissues de- 
pending on local conditions. [Diabetologia (1995) 38: 
899-905] 
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It has been suggested that polyol pathway hyperactiv- 
ity contributes to the pathogenesis of diabetic renal 
complications [1-4]. This was based on the observa- 
tion that t reatment  with aldose reductase inhibitors 
and myo-inositol supplements reduces the increased 
glomerular filtration rate [5, 6] and partly reduces in- 
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creased urinary albumin excretion [6-8] in diabetic 
animals. 

Most of these observations have been made in 
short-term type i streptozotocin diabetic rats (SZT- 
D). The purpose of the present study was to evaluate 
the effect of long-term supplementation of myo-ino- 
sitol in the Cohen diabetic rat (type 2) on the devel- 
opment of pathological changes and Na+-K+-ATPase 
activity in the kidneys. 

Materials and methods 

Animals. The Cohen diabetic rat shares essential features with 
human non-insulin-dependent diabetes such as genetic and en- 
vironmental disposition [9], an early phase of hyperinsulin- 
aemia, and insulin resistance, followed by hypoinsulinaemia 
[10], a decreased number and sensitivity of insulin receptors 
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Table  1. Clinical  and  b iochemica l  charac ter is t ics  of C o h e n  d iabet ic  ra ts  s u p p l e m e n t e d  wi th  myo-inositol (group I) 

No Pa tho l -  B o d y  B l o o d  Crea t in ine  P ro t e inu r i a  ( g ) k i d n e y  Glomeru lo -  
ogy weigh t  glucose c lea rance  24 h 100 g/body sclerosis g rade  
No  (g) (mmol/ I )  (m l .  ra in  -1. 100 g (mg) weight  

body  weight )  

Na+-K+-ATPase  (~mol  
P i . m g  p ro t e in  -~. h -1 

N c 2+ 3 -4+  cor tex  medu l l a  

1 1327 312 20.7 0.333 327 0.641 - - 4+ 
2 1328 294 29.4 0.245 86 0.510 N - - 
3 1326 268 19.6 0.321 113 0.642 - - 4+ 
4 1350 360 23.6 0.166 37 0.417 N - - 
5 1349 400 18.4 0.293 11 0.533 N - - 
6 1352 360 23.6 0.175 14 0.416 - 2+ - 
7 1351 360 20.3 0.250 30 0.416 - - 3+ 
8 1314 360 19.2 0.580 49 0.841 - - 3+ 
9 1313 360 29.4 0.325 36 0.500 N - - 

10 1316 335 22.7 0.382 26 0.570 N - - 
11 1317 310 23.2 0.290 12 0.484 N - - 
12 1318 291 19.7 0.249 41 0.484 - - 3+ 
13 1315 355 18.2 0.270 108 0.563 - - 3+ 
14 1319 280 17.8 0.357 193 0.714 - - 3+ 

322 • 10 21.9 • 0.97 a 0.303 • 0.026 a 77.4 • 22.7 a 0.553 • 0.032 ~ 6 1 7 b 

42 104 

47 49 

89 :2  = 4 5  153:2  = 77 

vs d o w n w a r d  l ine p < 0.05 
b vs d iabe t ic  n o n - s u p p l e m e n t e d  - Z  2 (dr = 2) = 1.9957 
c N = N o r m a l  (o change)  

Tab le  2. Clinical  and  b iochemica l  charac ter is t ics  of C o h e n  d iabe t ic  ra ts  (group II)  and  the  downward ,  non-d iabe t i c  l ine (group III)  
C o h e n  d iabe t ic  ra ts  (group II)  

No Pa tho l -  B o d y  B l o o d  Crea t in ine  P ro t e inu r i a  (g) k idney/  G l o m e r u l o -  
ogy weight  g lucose  c lea rance  24 h 100 g body  sclerosis grade  
No  (g) (mmol/1) (ml-  m i n  -~- 100g  (mg) weight  

body  weight )  

Na+-K*-ATPase  
(~mol  P i .  mg  prote in-1/h  -~) 

N ~ 1+ 3 M +  cor tex  medu l l a  

1 1344 372 20.1 0.266 22 0.484 N - - 
2 1345 294 20.6 0.058 23 0.558 N - - 
3 1343 370 30.2 0.272 28 0.354 N - - 
4 1329 300 23.2 0.267 157 0.550 - - 3+ 
5 1347 330 23.7 0.374 11 0.870 N - - 
6 1357 255 19.9 0.497 45 0.606 - - 3+ 
7 1330 210 20.3 - 91 0.870 - - 4+ 
8 1348 230 24 0.102 33 0.373 N - - 
9 1320 265 28.4 0.272 41 0.562 - - 3+ 

10 1321 365 19.7 0.250 75 0.556 - - 3+ 
11 1323 312 21.2 0.234 35 0.536 - - 3+ 
12 1324 318 20.3 0.233 57 0.541 - - 4+ 
13 1322 291 29.3 0.220 344 0.550 - - 4+ 
14 1325 268 21.2 0.334 146 0.641 5 4+ 

300 • 23 • 0.262 • 79.1 • 0.575 ff 5 9 b 
13 a 0.953 a 0.0291 a 22.78 a 0.379 

D o w n w a r d ,  non -d i abe t i c  l ine g roup  I I I  
1-6  1352-  381 + 6.71 + 0.92 + 11.9 + 0.347 + N 

1357 14.1 c,a 0.25 c,d 0.046 c,d 2.2 c,d 0.012 c,d 

72 220 

49 72 

121:2  = 61 292 :2  = 146 

49 127 
77 131.7 

126:2  258.7 :2  
= 63 = 129 

a vs d o w n w a r d  l ine p < 0.05 
b VS d iabe t ic  s u p p l e m e n t e d  _;<2 (dr= 2) = 1.9957 

~ vs d iabe t ic  n o n - s u p p l e m e n t e d p  < 0.05; N = N o r m a l  (o change)  
d VS d iabe t ic  s u p p l e m e n t e d  p < 0.05 

[11], a me tabo l i c  r e sponse  to hypoglydaemic  drugs [12], and  re- 
nal  and  re t ina l  compl ica t ions  [13]. The  p r o c e d u r e  t ha t  leads to 
the  d e v e l o p m e n t  of d iabe tes  in this  m o d e l  has  b e e n  desc r ibed  
in deta i l  e l sewhere  [9]. Briefly, two l ines of this  s t ra in  were  se- 
lec ted  f rom pa ren t a l  " S a b r a "  ra ts  ( H e b r e w  Unive r s i ty  a lb ino  
s t ra in)  by  feeding  a copper -def ic ien t  (1.2 par t s  pe r  mil l ion,  
ana lysed  by  a tomic  absorp t ion ,  spec t ropho tome t ry ) ,  sucrose-  

r ich diet  (sucrose 7 2 % ,  v i t amin- f ree  casein 1 8 % ,  b u t t e r  
4.5 %, co rn  oil 0.5 %, salt  mix tu re  U S P  No. II  5 %, water-  and  
fa t -soluble  v i tamins) .  Offspr ing  wi th  a b n o r m a l  glucose toler-  
ance  (upward  se lec t ion)  were  b ro ther - s i s te r  m a t e d  and  devel-  
oped  hyperg lycaemia ,  glycosuria  and  d iabe t ic  vascular  compli-  
cations.  The  downward- se lec ted  or  so-cal led res i s tan t  l ine re-  
m a i n e d  n o r m a l  u n d e r  the  sucrose-r ich  diet.  D iabe t i c  an imals  
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with spontaneous blood glucose levels over 16.6 mmol/1 were 
used in this study. 
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Animal  groups 

Group I. (Table 1) Sixteen randomly-selected three-month-old 
diabetic animals continued to consume the high-sucrose diet 
which was supplemented with 1% myo-inositol (Sigma, 
St. Louis, M0., USA) for 4 months, up to the age of 7 months. 

Group II. (Table 2) Fifteen 3-month-old diabetic animals were 
fed the high-sucrose diet up to the age of 7 months. 

Group III. (Table 2) Six male normal non-diabetic animals of 
the downward line were fed the animal house stock chow diet 
up to the age of 7 months. 

At the age of 7 months in all groups, the blood glucose, 24-h 
urinary protein excretion and creatinine clearance were de- 
termined. The animals were killed under deep pentobarbitol 
anesthaesia. The kidneys were removed and the left kidney 
was weighed, and the weight of the kidney per 100 g body 
weight was calculated. Specimens for histological studies were 
taken. 

In six animals of groups I, II  and III, kidney specimens were 
taken for evaluation of Na+-K+-ATPase activity. In groups 1 
and II, the kidney specimens of animals numbers 9, 10, 11 and 
12, showing low urinary protein excretion (12-75 mg/24 h) 
and of animals numbers 13 and 14, with high urinary protein 
excretion (108-344 mg/24 h) were pooled separately for deter- 
mination of Na+-K+-ATPase activity. 

Preparation of microsomes. Preparation of microsomal AT- 
Pase was carried out according to Jorgensen and Skou [14]. 
The pooled tissues were homogenized in 10 volumes of a me- 
dium containing 0.25 sucrose, and 2 mmol/1 EDTA buffered 
with 5 mmol/1 Tris-HC1 to a pH of 7.47.5. The homogenate 
was centrifuged at 7,000 g for 15 min; the supernatant was de- 
canted and the sediment centrifuged at 48,000 g for 40 min. 
The pellet was resuspended in an equal volume of the above 
solution and again homogenized in 10 volumes of desoxycho- 
late 0.1% containing 2 mmol/1 EDTA and 25 mmol/1 Tris- 
HCL (pH 7.0). After incubation at room temperature for 
30 min, the suspension was centrifuged at 25,000 g for 30 min. 
The pellet was suspended in the above sucrose-EDTA-Tris. 
This final suspension was frozen at -20 ~ overnight and as- 
sayed the next day. 

Assay of ATPase. ATPase activity was determined by the 
amount of inorganic phosphate (Pi) released during incuba- 
tion at 37 ~ in a shaking, thermostatic bath, as previously de- 
scribed [15]. All assays were run in duplicates. The Pi release 
was studied with and without K + in the medium. The standard 
incubation medium consisted of: (in retool/l) NaC1 100, KC1 
10, MgC12 4, ATP 4. Enzymatic activity was stopped by the ad- 
dition of 10 % trichloracetic acid. Pi was determined according 
to the method of Fiske and Subbarow [16]. Enzymatic protein 
was assayed according to Lowry et al. [17]. Na+-K+-ATPase 
was estimated as the difference of Pi release with and without 
K + in the medium. 

Creatinine clearance. Fluid intake and urine output were mea- 
sured at 24-h intervals for 2 consecutive days in animals kept 
separately in metabolic cages. On the third day, blood was 
taken from the tail. Creatinine in the blood and urine was mea- 
sured by an automatic picric acid method (Roche, Cobas Mira 

Fig.1. Histologic section of kidney of diabetic animal with 
grade IV lesion showing xanthomatous lesions in a glomerulus 

Diagnostica, Basel, Switzerland) and evaluated per 100 g 
body weight. 

Blood glucose. Animals were fasted overnight; the next day 
food was served at 08.00, and 10.00 hours a blood sample was 
taken from the tip of the tail in heparinized test tubes. Blood 
glucose levels were determined by a SMAC II system (Tech- 
nion Instrument Corp, New York, N.Y., USA). 

Pathological evaluation and grading. Whole transverse sections 
of both kidneys were evaluated blind by the pathologist 
(E.R.), and approximately 300 glomeruli were screened in 
each case. The degree of glomerulosclerosis (GS) was graded 
according to the number of glomeruli involved (focal or gener- 
alized), and the extent of glomerular involvement (segmental 
or diffuse). The degree of histopathological changes was rated 
from 0 to 4:0 = no change; grade ] = focal, 15-30 % of glomer- 
uli segmentally and/or diffusely involved; grade 2 = focal, 30- 
50% of glomeruli segmentally and/or diffusely involved; 
grade 3 = generalized, 50-100 % of glomeruli segmentally 
and/or diffusely involved; grade 4 = generalized, with second- 
ary tubular atrophy and/or dilatation and mild interstitial fi- 
brosis, with xanthomatous (Fig. 1) and/or lipohyaline glomeru- 
lar lesions. None of the affected kidneys were found to have 
Armanni-Ebstein lesions. 

Statistical analysis 

Results were expressed as mean _+ SEM. The unpaired Stu- 
dent's t-test and the chi-square test were used. Differences 
were considered significant at p < 0.05. 

Results 

D u r i n g  t he  e x p e r i m e n t a l  p e r i o d  t w o  a n ima l s  f r o m  th e  
t r e a t e d  d i abe t i c  g r o u p  a n d  o n e  a n i m a l  f r o m  the  un-  
t r e a t e d  g r o u p  d ied  in the  cage.  
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Plasma glucose and body weight 

Blood glucose levels ranged between 19.7 and 
30.2 mmol/1, and were not affected by the myo-inosi- 
tol supplement, 21.9 + 0.97 mmol/1 in the treated and 
23 + 0.95 mmol/1 in the untreated diabetic group. 

Body weight was also unaffected by myo-inositol 
treatment,  332 + 10 g in the treated group vs 300_+ 
13 g in the non-treated diabetic group as compared 
to 381 + 14.1 g in the non-diabetic-resistant line. 
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14 all with GS) it was 61 (49 + 72 = 124:2) and in the 
non-diabetic group III it was 63 ~mol �9 mg protein -1 - 
h -1 (49 + 77 = 124 : 2). It was apparent that in the trea- 
ted group the medullary and the cortical Na+-K+-AT - 
Pase activity levels were lower, 49 or 77 ~tmol �9 mg pro- 
tein -1 - h -1 than 146 found in the untreated diabetics. 
In the cortex of the treated group it was 47 or 45 vs 
61 ~mol.  mg protein -1 �9 h -1 in the untreated diabetic 
rats. Although these figures cannot be tested for 
their statistical significance, they represent a pool of 
six animals each and the difference in the medullary 
Na+-K+-ATPase activity between the treated and un- 
treated diabetic rats is about  50 %. 

Kidney weight, creatinine clearance and proteinuria 

Kidney weight per 100 g/body weight was unaffected 
by myo-inositol treatment, 0.553 +0.032 g in the 
treated vs 0.575 + 0.379 g in the untreated diabetic 
animals. They were both significantly higher than in 
the non-diabetic controls, at 0.347 + 0.012 g. 

Creatinine clearance. Although creatinine clearance 
is not a good measure of glomerular filtration rate 
(GFR)  in diabetic rats, as significant tubular han- 
dling of creatinine occurs, it gave an approximate 
idea of the renal function when compared with the di- 
abetic controls. Thus, it was lower in the diabetic than 
in the non-diabetic animals and was unaffected by the 
treatment being 0.303 _+ 0.026 ml �9 min -1 �9 100 g body 
weight -1 in the treated, and 0.262 + 0.0291 in the un- 
treated diabetic group as compared to 0.92 + 0.046 in 
the normal non-diabetic resistant line. 

Renal pathology 

In the non-diabetic resistant line, there were no 
pathological changes in the kidney as previous experi- 
ence has shown in sucrose-fed resistant animals [19]. 
In the diabetic animals severe renal pathological 
changes were observed which remained unaffected 
by the treatment. Among the kidneys of the 14 trea- 
ted diabetic animals (group I), seven were grade 3-4 + 
GS, one was grade 2 +, while six were normal. Among 
the kidneys of the untreated diabetic rats (group II) 
there were nine animals with grade 3-4 + GS, and five 
were normal, Z 2 (df = 2) -- 1,9957. In all rats with very 
high urinary protein excretion in both groups I and II 
the pathological changes were grade 3-4+, although 
not all the animals with severe pathological changes 
had high urinary protein excretion and vice versa. 

Proteinuria. In the non-diabetic rats (group III) pro- 
tein excretion was 11.9 + 2.2 mg/24 h. Proteinuria in 
the diabetic rats was unaffected by myo-inositol 
treatment,  being 77.4 + 22.7 mg/24 h in the untreated 
diabetic group as compared with 79.1 + 22.78 in the 
treated diabetic group. 

Na+-K+-A TPase 

When we compared medullary Na+-K+-ATPase ac- 
tivity in animals with and without GS as a marker  of 
the disease and pooling the results of animals with 
high and low protein in each group, we found that in 
the treated group I (animals numbers 13 and 14 with 
GS) it was 49 ~mol �9 mg protein -1 �9 h -1 and in animals 
9-14 (three with GS) it was 77. In the untreated dia- 
betic group II (animals numbers 9-14, all with GS) it 
was 146 ~mol- mg protein -1 �9 h -1 (220 + 72 = 292:2). 
In group III without GS (animals 1-6) it was 
129 ~tmol �9 mg protein -1 �9 h -1 (127 + 132 = 259: 2). In 
the cortex in the untreated group I (animals 13 and 
14) the Na+-K+-ATPase was 47 and in animals num- 
bers 9-14 (3 with GS) it was 45 (47 + 42 = 89:2). In 
the untreated diabetic group II (animals numbers 9-  

Discussion 

Hyperglycaemia is an important aetiologic factor in 
the development  of vascular complications in dia- 
betic patients [20-22]. Animal studies have provided 
direct links between hyperglycaemia and histological 
changes in the kidney and retina [10, 23]. The exact 
mechanism of onset of diabetic complications has 
not been clarified and multiple genetic, metabolic 
and vascular factors may be involved. 

It has been postulated that lower concentrations of 
intracellular myo -inositol as a result of sorbitol accu- 
mulation may contribute to the pathogenesis of dia- 
betic nephropathy [1, 2]. This is deducted from 
short-term studies in streptozotocin diabetic (SZT- 
D) ( IDDM) animals showing that early administra- 
tion of aldose reductase inhibitors reduces the in- 
creased G F R  [5, 6] and partly reduces the increased 
urinary albumin excretion [6-8, 24]. The results of 
the studies on the effect of dietary myo -inositol sUp- 
plementation on the G F R  differ. Goldfarb et al. [25] 
report  a decrease while Cohen et al. [28] did not find 
a change, although they report  a decrease in renal 
Na+-K+-ATPase. 
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In our study, long-term (4 months) myo-inositol 
supplementation to the Cohen diabetic (type 2) ani- 
mals did not reduce the increased renal weight and 
the urinary protein excretion or affect the reduced 
creatinine clearance, neither did it improve or re- 
duce the renal pathological changes. This is in con- 
trast to the reported beneficial effect of myo -inositol 
dietary supplementation on nerve conduction [26] 
and the disruption of structural neural elements [27]. 
A possible explanation for these differences may be 
that in the nerve tissue, contrary to renal tissue, Na +- 
K+-ATPase [28-30] and myo-inositol [2%33] are re- 
duced, whereas in the renal cortex and medulla the 
Na+-K+-ATPase is elevated [15, 28, 33] and the outer 
medulla is rich in myo-inositol [28, 34, 35]. Also, in 
nerve tissue vasoconstriction and reduced blood sup- 
ply occur [36-38] while the kidney shows vasodilata- 
tion [39, 40] and increased blood flow [41-43]. In the 
nerve, Na+-K+-ATPase impairment results in sodium 
accumulation, which a)selectively blocks nodal de- 
polarization, thereby diminishing composite conduc- 
tion velocity [30, 44], and b) leads to the swelling of 
cells and disruption of structural elements [27]. In 
the diabetic kidney there is extensive electrolyte loss 
resulting from increased glucose diuresis and in- 
creased glomerular filtration resulting from vasodila- 
tation caused by renal prostaglandin (PG) formation. 
The increased renal tubular Na+-K+-ATPase which 
causes excessive electrolyte reabsorption [45] may 
compensate for these physiological changes [46]. 

The present study emphasizes the difference be- 
tween the reported beneficial effect of myo-inositol 
supplementation on the increased GFR in the early 
stages of SZT-D and the lack of effect of long-term 
myo-inositol treatment on the development of se- 
vere diabetic nephropathy in the Cohen rat. The pre- 
cise role of increased glomerular pressure in the evo- 
lution of diabetic glomerulopathy is uncertain [47]. 
In rats, severe diabetic nephropathy can occur with- 
out an increase in glomerular capillary pressure [48, 
49] and in humans [50-52] hyperfiltration does not 
appear to be a predictor of the development of pro- 
teinuria and renal dysfunction. Also, in the rat acute 
SZT-D causes natriuresis and increased urinary out- 
put that precedes the increase in GFR [15]. The en- 
hanced tubular reabsorption of glucose, Na § and wa- 
ter may increase the GFR [53, 54]. The above studies 
suggest that: a) the GFR in SZT-D may be modified 
in a way that is independent of the effect of myo- 
inositol on kidney ATPase; b) that even if the GFR 
is improved by myo-inositol treatment it does not 
necessarily prevent the development of nephropathy 
in diabetes; and c) as stated above increased GFR in 
diabetes might be the result of increased glucose di- 
uresis and increased PG synthesis [54, 55], which 
lead to hyperfiltration [40, 41, 55]. 

The progression of renal pathological changes in 
the present study despite the myo-inositol treat- 

ment, indicates that they may be due to other meta- 
bolic and humoral factors resulting from hypergly- 
caemia, such as: 1)mechanisms other than the al- 
dose reductase pathway, such as altered pyridine nu- 
cleotide ratios, which affect other cellular biochemi- 
cal steps [56]; 2) in diabetes there is increased de 
novo production of diacylglycerol [57] in the glomer- 
uli [58] and cultured mesangial cells [59] which re- 
suits in increased protein kinase C activity which cau, 
ses enhanced growth of vascular cells [60], increased 
smooth muscle cell contraction [61], and increased 
cyclic AMP responses to different hormones in vas- 
cular cells [62], and increased PG synthesis by glom- 
eruli and mesangial cells [54, 57]. Overproduction of 
PG plays a role in early renal hyperfusion and hyper- 
filtration [39, 40, 43, 63]; 3)Excessive formation of 
free radicals [64] which are cytotoxic to vascular en- 
dothelial cells [65] and contribute to the progressive 
deterioration of function in diabetic tissues [66, 67]. 
Oxidative modification of LDL is a key step in the 
formation of foam cells, as such modification is re- 
quired to allow macrophage receptors to recognize 
LDL [68]. The analogy between diabetic nephropa- 
thy and atherosclerosis has been made previously 
[69, 70]. In the present model there is a large number 
of foam cells in the glomeruli (Fig. 1) with a severe 
degree of GS, which may be due to the oxidative 
modification of LDL; [2] in the presence of hypergly- 
caemia non-enzymatic glycation of proteins occurs, 
which turn slowly into advanced glycation end prod- 
ucts. These accumulate constantly on long-lived ves- 
sel wall proteins contributing to the thickening of 
basement membranes [71]. In our previous study 
[72] repeated injections of glycated plasma resulted 
in the development of GS in the Cohen prediabetic 
rats. 

Several biochemical disturbances provoked by hy- 
perglycaemia have been implicated in the develop- 
ment of irreversible structural tissue changes in dia- 
betes. In the SZT-D nerve, rnyo-inositol supplemen- 
tation was reported to restore impaired conduction 
velocity [26], low Na+-K+-ATPase and disruption of 
structural elements [27] in the nerve and reduce the 
increased GFR and proteinuria of the early changes 
of SZT-D. In contrast, long-term administration of 
myo -inositol to the Cohen diabetic rat had no benefi- 
cial effect on the development of renal pathological 
changes although it reduced the elevated renal Na +- 
K+-ATPase activity. These results indicate that the ef- 
fect of the biochemical disturbances ensuing from hy- 
perglycaemia vary in different diabetic tissues and 
depend upon local conditions. 
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