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Sorbitol accumulation is altered in Type 1 (insulin-dependent) 
diabetes mellitus 
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Summary. Intracellular sorbitol accumulation has been impli- 
cated as an aetiological factor for many of the complications 
of  diabetes meUitus. Erythrocyte sorbitol is found in higher 
concentration in Type 1 (insulin-dependent) diabetic patients 
than in normal subjects. When sorbitol accumulation is cor- 
rected for its immediate prescursor glucose (sorbitol/glucose 
ratio), the polyol accumulation remains significantly greater 
in erythrocytes from the Type 1 diabetic. Erythrocytes from 
Type 1 diabetic patients exposed to normal extracellular glu- 
cose concentrations for 3 h in vitro, accumulate more sorbitol 
and fructose than normal cells in the same incubation system. 
Near-normalization of  plasma glucose in Type 1 diabetic pat- 

ients for 12 h did not result in normal erythrocyte sorbitol lev- 
els. The increased sorbitol accumulation in erythrocytes from 
Type 1 diabetic subjects may reflect similar activity in the lens 
and nerve in long-standing diabetes. This increased sorbitol 
production was found in most, but not all, individuals with 
diabetes and appears to be an acquired characteristic. Those 
factors influencing enhanced tissue sorbitol accumulation 
may be important  in the aetiology of diabetes-associated com- 
plications. 
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Intracellular sorbitol accumulation has been reported to 
be an aetiological factor in cataract development [1], pe- 
ripheral neuropathy [21, and possibly the vascular com- 
plications of diabetes mellitus [3]. We have previously 
demonstrated that sorbitol content inside the erythro- 
cytes of Type 1 (insulin-dependent) diabetic patients is 
greater than in those from normal subjects [4]. That 
study demonstrated that erytrocyte sorbitol concentra- 
tions correlate well with the coincident plasma glucose 
levels. Sorbitol accumulation in the intact erythrocyte 
responds to a spectrum of glucose concentrations in a 
fashion consistent with the activity of aldose reductase 
and the polyol pathway. Gabbay and Cathcart [5] indi- 
cated that aldose reductase is not found in human 
erythrocytes. Beutler and Guinto [6], however, reported 
aldose-reducing activity in erythrocytes with kinetic 
characteristics similar to aldose reductase activity iden- 
tified in the human aorta [7]. Crabbe and Halder [8] iso- 
lated a different aldose-reducing activity in human 
erythrocytes with kinetic properties similar to calf lens 
aldose reductase. Although isolation and characteriza- 
tion of aldose reductase in the erythrocytes, lens, and 
nerves of a single species have not been achieved to 
date, there is evidence that sorbitol accumulation in the 
erythrocyte does reflect coincident sorbitol levels in the 
lens and peripheral nerve [9]. 

The purpose of this study was to determine whether 
the elevated sorbitol level in the erythrocyte is merely a 
reflection of the coincident plasma glucose concentra- 
tion or an indicator of altered metabolic activity related 
to diabetes mellitus. 

Subjects and methods 

Subjects 
Blood was collected after an 8 h fast from 140 Type t diabetic patients 
(mean age 17.2_+0.43 years, range 8-2t years) and 50 normal subjects 
of similar ages. Duration of diabetes was 9.4 + 0.48 years (5-14 years) 
in this group which had no clinical evidence of diabetic complica- 
tions. Four members of this group (two females, two males, aged 
16-18 years with duration of diabetes 7-10 years) had their plasma 
glucose maintained at a level < 8.33 mmol/l for 12-14 h by continu- 
ous intravenous crystalline insulin administration during hospitaliza- 
tion to improve poor metabolic control, Blood was collected at hourly 
intervals from these subjects as well as one normal female (22 years) 
and one normal male (28 years). Erythrocytes were separated immedi- 
ately from the plasma and prepared for analysis as described previ- 
ously [4]. 

Methods 

Erythrocyte sorbitol was measured by a coupled fluorometric enzyme 
assay [4]. Plasma and extracellular glucose were measured by a glu- 
cose oxidase method using a glucose analyzer (Beckman, Fullerton, 
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Table 1. Erythrocyte sorbitol and extraceUular glucose in Type 1 dia- 
betic and normal subjects 

Normal Type 1 
subjects diabetic patients 
(n = 50) (n = 140) 

Erythrocyte 10.3 _+ 0.8 36.6 + 1.7 < 0.0001 
sorbitol 
(nmol/g 
haemoglobin) 

Sorbitol/glucose 12.1+1.0 20.6+0.9 <0.0001 
ratio 

HbA~o (%) 4.4 _+ 0.3 10.8 + 0.3 < 0.0001 

Results expressed as mean_+ SEM 

California, USA). Fructose was measured by gas liquid chromatogra- 
phy as a trimethylsilyl ether derivative prepared by the method of 
Sweeley et al. [10]. Erythrocytes were incubated with glucose oxidase 
to remove glucose [4] and were chromatographed isothermally at 
200 ~ using a gas chromatograph (Model 900, Perkin-Elmer, Nor- 
walk, Connecticut, USA) equipped with a flame ionization detector 
and a 1.83-m column (6 feet) containing JXR 3% on 100/120 Gas 
Chrom Q (Applied Science Laboratories, State College, Penn, USA). 

Since erythrocyte sorbitol levels have been shown to correlate with 
coincident plasma glucose concentration [4, 11], it was decided to ex- 
press sorbitol levels as a function of the coincident plasma glucose 
concentration. This expression is the sorbitol/glucose ratio. This ma- 
nipulation corrects the intracellular sorbitol concentration for the in- 
fluence of variable plasma glucose levels common to Type 1 diabetes. 
The sorbitol/glucose ratio allows direct comparison of the sorbitol 
levels in normal cells and in cells from Type 1 diabetic patients to de- 
termine whether the reported difference in sorbitol accumulation is 
merely a reflection or coincident plasma glucose concentration. 

Incubation studies of erythrocytes were carried out to compare 
sorbitol accumulation in normal and Type 1 diabetic subjects exposed 
to identical glucose concentrations. Heparinized samples of blood 
were collected from 10 normal and i I Type 1 diabetic individuals and 
centrifuged at 600g for 5 min at 4~ the white cells, platelets and 
plasma were removed. The erythrocytes were then suspended in NaC1 
(0.154mol/1) and centrifuged at 2000g for 10rain. This washing 
procedure was repeated three times. Washed erythrocytes (3 ml) were 
suspended in Krebs buffer (pH 7.4) to a final volume of 10ml. Repli- 
cate samples from each subject were incubated for 3 h at 37 ~ in 
Krebs bicarbonate buffer containing an initial glucose concentration 
of either 5.6, 16.7 or 27.8 retool/1 as described previously [4]. The re- 
duction in media glucose per g haemoglobin at the end of each incu- 
bation period was used as an indicator of glucose utilization and 
erythrocyte viability [11]. The final erythrocyte suspension contained 
< 100 leucocytes/mm 3 as measured by a HC337 haematology analyz- 
er (Hycel, Houston, Texas, USA). This degree of contamination did 
not contribute significantly to the sorbitol and fructose levels mea- 
sured in these studies [12]. 

Haemoglobin A1c (HbAlc) was measured by high performance 
liquid chromatography with a modification of the method of Cole et 
al. [13]. Washed erythrocytes were incubated in three volumes of NaC1 
for 24h at 22 ~ to remove the labile fraction. The column tempera- 
ture was maintained at 16 ~ and the peak areas were integrated and 
rendered normal by a data reduction system (Perkin-Elmer, Norwalk, 
Connecticut, USA). 
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Fig. 1. Comparison of sorbitol/glucose ratios in erythrocytes collect- 
ed from 50 non-diabetic and 66 Type 1 diabetic individuals (mean + 
SEM), The mean sorbitol/glucose ratio for cells collected from Type 1 
diabetic patients when the plasma glucose was in the normal range 
(< 5.6 mmol/1) is significantly greater than the normal sorbitol/glu- 
case ratio (p <0.001). The mean sorbitol/glucose ratio in cells from 
Type 1 diabetic patients with HbAlc values in the normal range (< 7%) 
is significantly greater than the sorbitol/glucose ratio found in normal 
cells (t7 < 0.001). The mean plasma glucose for the Type 1 diabetic pat- 
ients at the time of collection was 8.4 + 0.9 retool/1 
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Fig. 2. Sorbitol accumulation in erythrocytes (mean + SEM) incubat- 
ed for 3 h at the glucose concentrations (5.6, 16.7 or 27.8 retool/l). The 
erythrocyte sorbitol concentration at the end of the first hour of incu- 
bation was considered the base line concentration, Type 1 diabetes 
[ ] ;  control [ ]  

Results 

Statistical analysis 

All data are expressed as mean+ SEM and statistical analysis was 
carried out by the two-tailed Student's t-test. 

Mean erythrocyte sorbitol, sorbitol/glucose ratios and 
HbAlc values for erythrocytes from Type 1 diabetic and 
normal subjects are shown in Table 1. The mean values 
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F i g .  3. Coincident erythrocyte sorbitol and fructose measured at the 
conclusion of the 3-h incubation period shown in Figure 2. The 25 
fructose values measured were the only ones of the 63 incubations 
with fructose levels within the detection limits of the assay. All fruc- 
tose was found in erythrocytes from Type I diabetic patients. The lin- 
ear regression line: r =0.562, p <0.0037 
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Fig.4. Erythrocyte sorbitol and plasma glucose levels were measured 
hourly in four Type 1 diabetic patients ( [ ] )  and two control subjects 
([-7) receiving intravenous insulin to maintain a plasma glucose < 
8.3 mmol/1. The mean_+_ SEM erythrocyte sorbitol levels were mea- 
sured at hourly intervals during 12-14 h when the plasma glucose 
concentration was maintained < 8.33 mmol/l .  The sorbitol levels in 
erythrocytes from Type 1 diabetic patients were greater than control 
values. The coincident plasma glucose concentrations of two individ- 
uals were higher and two were the same as the non-diabetic control 
subjects. *p < 0.005 

for each determination on samples collected from 
the Type 1 diabetic patients were significantly greater 
than those from normal subjects (Table 1). The mean 
sorbitol/glucose ratio of 32 Type 1 diabetic subjects, 
who had fasting plasma glucose concentrations < 
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5.6 mmol/1, was 5.44 + 0.38 (Fig. 1). This ratio is signifi- 
cantly greater than that of normal subjects (p < 0.001). 
To determine the influence of near-normal glucose con- 
centrations upon sorbitoI accumulation in vivo in 
Type I diabetic cells, the sorbitol/glucose values for 34 
Type 1 diabetic subjects with coincident normal HbAlo 
levels (~< 7%) were compared with the ratios measured 
in 50 normal individuals (Fig. 1). The mean sorbitol/ 
glucose ratio of erythrocytes from well controlled dia- 
betic patients was greater than that found in normal 
erythrocytes (p < 0.001). 

The influence of relatively stable extracellular glu- 
cose concentrations upon intracellular sorbitol accumu- 
lation is shown in Figure2. Glucose consumption 
throughout each of the 3-h incubation periods was simi- 
lar to that previously reported [11, 12], indicating eryth- 
rocyte viability. Following I h of stabilization in the in- 
cubation medium, sorbitol accumulation in 2h  was 
greater in erythrocytes collected from diabetic than in 
control subjects (Fig.2). When erythrocytes from dia- 
betic subjects, with mean plasma glucose concentra- 
tions of 15.8 + 3.1 retool/l, were placed in a buffer con- 
taining 5.6 mmol/1 glucose, an anticipated decrease in 
erythrocyte sorbitol occurred during the first hour of in- 
cubation. However, this decrease did not continue dur- 
ing the second hour, and erythrocyte sorbitol content re- 
turned to and exceeded the initial level at the conclu- 
sion of the 3-h incubation period. The mean sorbitol/ 
glucose ratio, using the erythrocyte sorbitol content and 
medium glucose concentration at the end of the 3-h in- 
cubation period, was greater in erythrocytes from 
Type 1 diabetic subjects (7.7 + 1.04) than in control cells 
subjected to the same incubation system (3.9+0.75, 
p < 0.025). 

Erythrocyte fructose was measurable in 25 of the 63 
incubation studies performed. These particular incuba- 
tions were of erythrocytes from diabetic patients ex- 
posed to the highest glucose concentrations (16.7 and 
27.8 retool/l) with the exception of three incubated in 
glucose (5.6 mmol/1). Erythrocyte fructose accumula- 
tion increased in response to the coincident erythrocyte 
sorbitol levels (Fig. 3). It is of interest that in two in- 
stances erythrocytes with modestly elevated sorbitol 
concentrations had fructose levels higher than the ma- 
jority of erythrocytes with higher sorbitol concentra- 
tions. Fructose concentration also increased in the incu- 
bation media and correlated with the media glucose 
concentration at the completion of the incubation 
experiment (r = 0.67, p < 0.001). Since the media did not 
contain measureable fructose before the erythrocyte in- 
cubation, the fructose measured at the end of the incu- 
bation is assumed to result from extracellular diffusion. 

A study in vivo was performed to ensure erythrocyte 
viability during extended exposure to near-normal ex- 
tracellular glucose concentrations. The erythrocyte 
sorbitol and plasma glucose levels were stable in the 
control subjects in spite of the ingestion of two meals 
during the 8 h of observation. In contrast, the erythro- 
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cyte sorbitol and plasma glucose concentrations were 
variable in the four Type I diabetic patients monitored 
for 12-14h, as suggested by the larger standard error 
(Fig.4). The erythrocyte sorbitol and sorbitol/glucose 
ratio in cells from the diabetic subjects did not return to 
normal levels in spite of 12-14 h of normal plasma glu- 
cose (Fig. 4). 

Discussion 

Sorbitol may be an aetiological factor in many of the 
complications of diabetes. Sorbitol levels in two tissues 
(lens and nerve) that seem to be damaged by elevated 
sorbitol correlate well with erythrocyte sorbitol concen- 
trations [9]. 

Erythrocytes, as well as the target tissues of sorbitol 
toxicity, are freely permeable to glucose [12]. Therefore, 
activity of the polyol pathway is influenced by both al- 
dose reductase activity and extracellular glucose con- 
centration. 

The sorbitol/glucose ratio was applied to stan- 
dardize the sorbitol content of cells exposed to the wide 
range of plasma glucose concentrations characteristic 
of  Type I diabetes. The finding of elevated sorbitol/glu- 
cose ratios in Type 1 diabetic individuals with normal 
plasma glucose and/or  HbA1o levels suggests that poly- 
ol pathway activity per unit of available glucose is great- 
er in Type 1 diabetic than in normal subjects. The incu- 
bation of erythrocytes collected from Type I diabetic 
subjects showed increased sorbitol accumulation when 
compared with cells from non-diabetic controls incu- 
bated in an identical fashion. 

The enhanced capacity of erythrocytes from Type 1 
diabetic individuals to accumulate sorbitol was also as- 
sociated with increased fructose accumulation. Fruc- 
tose concentration in the incubation media, which was 
not measureable before incubation, correlated with the 
media glucose concentration after a 3-h incubation peri- 
od. This observation of increased extracellular fructose, 
in addition to the report of  Morrison et al. [11] showing 
media fructose increasing concomitantly with intracel- 
lular fructose during similar incubations, indicates that 
the intracellular accumulation of fructose is not the re- 
sult of a block in fructose diffusion across the erythro- 
cyte membrane. 

Although increased intracellular fructose may in- 
hibit sorbitol dehydrogenase activity, the immediate re- 
sponse of erythrocytes from Type 1 diabetic patients to 
reduced extracellular glucose (5.6 mmol/I) was a coinci- 
dent decrease in erythrocyte sorbitol. Since reduced 
substrate availability is more likely than reduced intra- 
cellular fructose in this situation, this suggests that im- 
paired sorbitol oxidation, in response to product (fruc- 
tose) inhibition, is not the cause of sorbitol accumula- 
tion in these cells. The modestly elevated sorbitol levels 
noted in two incubations in association with high in- 
tracellular fructose during the study lends further sup- 
port for this observation. 
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Sorbitol/glucose ratios were measured in erythro- 
cytes collected from a group of Type 1 diabetic patients 
taking Sorbinil (Pfizer, Groton, Connecticut, USA), an 
aldose reductase inhibitor [9]. The ratios before treat- 
ment (2.9 +0.12) were reduced to normal (1.3 ___ 0.16), 
suggesting that inhibition of aldose reductase will cor- 
rect the enhanced sorbitol accumulation noted in these 
cells. This response to an aldose reductase inhibitor, 
plus the evidence against impaired sorbitol oxidation, 
suggest that aldose reductive activity is increased in 
erythrocytes of Type I diabetic subjects. 

A study in vivo was performed to evaluate the influ- 
ence of normalized extracellular glucose for an interval 
greater than 3 h upon sorbitol content of  cells from 
Type I diabetic subjects. The sorbitol content of those 
cells did not return to normal after 11-14 h of near-nor- 
mal plasma glucose concentrations (Fig. 4). The sorbi- 
tol/glucose ratio for the Type 1 diabetic subjects in each 
case was greater than that observed for the normal sub- 
jects, and did return to normal after 11-14h of normal 
glucose concentrations. 

Normal individuals demonstrated stable (within the 
normal fasting range) hourly erythrocyte sorbitol and 
plasma glucose values in spite of the ingestion of two 
meals during the study. In contrast, wide fluctuations of 
sorbitol content occurred in erythrocytes from Type I 
diabetic patients in response to changes in extracellular 
glucose, as reported by others [14], revealing the acute 
responsiveness of this metabolic pathway to changes in 
extracellular glucose concentration. These observations 
suggest that, in addition to having altered sorbitol accu- 
mulation, erythrocytes from Type 1 diabetic subjects are 
more responsive to fluctuations of extracellular glucose 
than normal cells. 

This alteration in polyol pathway activity appears to 
be acquired. One family (consisting of a mother and 
five children) is included in the patients reported. Two 
of the children have Type 1 diabetes. One of the affected 
children has an unaffected identical twin as supported 
by physical features and HLA typing. Both Type 1 dia- 
betic children have elevated erythrocyte sorbitol and 
sorbitol/glucose ratios, while sorbitol in cells from un- 
affected family members are well within the normal 
range. Gabbay [15] has reported that peripheral nerves 
from experimental diabetic rats show greater sorbitol 
levels after incubation at high glucose concentration 
that do similar nerves from normal rats. Thus spontane- 
ous diabetes, as well as experimental hyperglycaemia, 
seems to induce altered accumulation of sorbitol in tis- 
sues. The time required for induction of this enhanced 
activity and its return to normal have not been eluci- 
dated by these studies. It appears, however, that it re- 
quires more than 3 h for induction of increased activity 
and more than 12 h of normal plasma glucose for a re- 
turn to the normal state. A recent report indicates that 
sorbitol accumulation in the erythrocyte correlates sig- 
nificantly with coincident sorbitol levels in the lens and 
nerve [91. If the altered erythrocyte polyol pathway ac- 
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tivity reflects altered activity in other tissues, then eryth- 
rocyte sorbitol levels and possibly sorbitol/glucose ra- 
tios may provide information helpful for selecting 
patients at greater risk for diabetic complications. Al- 
though the majority of Type I diabetic subjects reported 
had a sorbitol/glucose ratio above the upper range re- 
corded for normal subjects, others had sorbitol/glucose 
ratios within the normal range. The variability in ex- 
pression of altered polyol pathway activity in the Type 1 
diabetic population studied may be related to the well- 
recognized range of patient susceptibility to diabetic 
complications. 
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