British Journal of Nutrition (1992), 67, 445-456 445

Effect of vitamin C on sorbitol in the lens of guinea-pigs made
diabetic with streptozotocin

BY C.J. BATES, T. D. COWEN AND P. H. EVANS
MRC Dunn Nutritional Laboratory, Milton Road, Cambridge CB4 1XJ

(Received 5 November 1990 — Accepted 5 July 1991)

Marginally vitamin C-deficient guinea-pigs treated with the diabetogenic agent streptozotocin were
compared with those liberally supplied with vitamin C, for functional indices of vitamin C status,
particularly in the eye lens. Weanling male Dunkin-Hartley guinea-pigs were fed on diets with 0-1 g
vitamin C/kg (marginally deficient), or 5 g/kg (liberally supplied), and some received intraperitoneal
streptozotocin (two doses of 150 mg/kg body-weight). About half the streptozotocin-treated animals had
high urinary glucose following an oral glucose dose; these animals also grew more slowly than the others.
At 4 months after streptozotocin the animals were killed for measurement of tissue vitamin C, glucose
and sorbitol. Streptozotocin moderately increased the concentration of glucose in plasma, lens and
aqueous humour. Lens sorbitol levels increased only in the group exposed to streptozotocin plus marginal
vitamin C. There was a significant (P < 0-02) positive correlation between urinary glucose and lens
sorbitol levels overall. Liberal vitamin C intake may thus counteract the effect of streptozotocin diabetes
on lens sorbitol, suggesting a new function of vitamin C, possibly related to cataractogenesis and to the
biochemical lesions associated with diabetes.

Guinea-pig lens: Vitamin C: Streptozotocin diabetes: Sorbitol

The role of ascorbic acid in the lens, and the effect of variations in vitamin C status in vivo
on cataractogenesis, remain controversial and poorly defined. Several studies have umplied
that vitamin C has a deleterious pro-oxidant effect, and that it contributes directly to
‘browning’ reactions (Pirie, 1965; Fukui ef @l. 1973 ; Giblin et al. 1984 ; Bensch ez al. 1985;
Bron & Brown, 1986; Riley er al. 1986; Russell ez al. 1987 ; Trevithick et al. 1987 ; Ortwerth
et al. 1988). Conversely, others have documented effects of the vitamin that imply
protection by antioxidant or other mechanisms (Kosegarten & Maher, 1978; Nishigori
et al. 1985; Rosenbaum ef al. 1985; Varma, 1985; Vinson et al. 1986; Williams & Paterson,
1986; Taylor er al. 1987; Varma & Richards, 1988; Koskela et al. 1989).

Vitamin C economy may become deranged in diabetic animals and humans (Cox et al.
1974 Ginter et al. 1978; Zebrowski & Bhatnagar, 1979; Som et al. 1981; Yew, 1983 a,b;
Stankova er al. 1984; McLennan et al. 1988), and Vinson et al. (1989) found that ascorbic
acid supplements reduced sorbitol concentrations in erythrocytes of diabetic human
subjects.

The present study addressed the question whether vitamin C status can influence selected
indices of streptozotocin (Stz) diabetes in guinea-pigs, and whether lens sorbitol levels are
sensitive to vitamin C status in this model. Guinea-pigs were chosen because of their
absolute requirement for dietary vitamin C. While less readily susceptible to Stz than rats,
they have nevertheless been used successfully in a number of previous studies of
diabetogenesis (Brosky & Logothetopoulos, 1969; Wehner & Majorek, 1975; Elliott &
Pogson, 1977; Klein et al. 1980; Schlosser et al. 1984, 1987). The clarification of possible
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influences of vitamin C in cataractogenesis in human diabetics is relevant to dietary advice
or intervention for affected or high-risk groups.

ANIMALS AND METHODS
Weanling male Dunkin-Hartley guinea-pigs weighing 252 (st 4) g were divided into four
matched groups. Two groups received a purified diet with “marginal’ vitamin C content
(0-1 g (0-57 mmol)/kg diet), and two received the same diet with a ‘liberal’ supply of
vitamin C (5 g (28-4 mmol)/kg diet). One group on each diet was treated with Stz (see
below); the other (control group) received a buffer (50 mm-sodium citrate, pH 5) injection.

Diets (Bates & Cowen, 1988) comprised (g/kg): maize starch 200, purified casein 300,
maize oil 74, cellulose powder 150, sucrose 103, glucose 78, potassium acetate 25,
magnesium oxide 5, choline chloride 2, inositol 2, thiamine 16 mg, riboflavin 16 mg,
pyridoxine 16 mg, calcium pantothenate 40 mg, nicotinamide 200 mg, pteroylglutamic acid
10 mg, biotin 1-2 mg, cyanocobalamin, 50 ug, retinyl acetate 2-3 mg, cholecalciferol 7-4 pug,
a-tocopherol 60 mg, menaphthone 10 mg and Briggs salt mix (Greenfield ez al. 1969) 60 g.
Ascorbic acid (0-1 g/kg diet) was added for the animals on the marginal vitamin C diet; for
those with a liberal supply of vitamin C, 5-0 g/kg diet was added. Diets were stored at 4°
and made up at frequent intervals to avoid deterioration. A small amount of autoclaved
hay was provided daily to ensure optimum bowel function. The animals were housed singly
in suspended wire cages, with a 12 h light-dark cycle, and were given drinking water ad lib.

At 5 d and again at 17 d after starting the two dietary regimens, each animal destined to
be in the * + Stz groups received an intraperitoneal dose of Stz (Sigma, Poole, Dorset),
150 mg (0-57 mmol)/kg body-weight, dissolved in 50 mM-citrate buffer, pH 3, under diethyl
ether anaesthesia. The control groups received an equivalent amount of 50 mM-citrate
buffer alone.

Body-weights were monitored daily. One animal in the group receiving marginal vitamin
C and Stz-treated lost weight rapidly and died, after a period of satisfactory growth for 4
months. Since it was not possible to obtain reliable measurements of the tissue levels of
metabolites from this animal, it has been excluded from the data-set.

Glucose-handling was monitored at the following intervals during the study: 3, 4, 4:5, 6,
7-5, 11-5 and 18 weeks from the start of the special diets. This was achieved by giving
glucose dissolved in water, by oral gavage, at 2 g (0011 mol)/kg body-weight to each
animal, and then collecting urine in a metabolism cage for 3 h. The glucose content of the
urine was measured on a Roche Cobas centrifugal analyser with a reagent kit (glucose HK
Unikit IIT (Roche Products Ltd., Welwyn Garden City, Herts)) which is based on
conversion of glucose to glucose-6-phosphate, followed by its oxidation to gluconate-6-
phosphate with concomitant reduction of NAD"* to NADH. The creatinine content of
urine was measured with a reagent kit (Roche no. 1421) based on the Jaffé picrate reaction.

At 18 weeks after starting the special diets, all the animals were killed and the following
assays were performed on the tissue extracts: (aq) vitamin C (reduced ascorbate)
concentrations in adrenals, liver, lens and aqueous humour, as described previously (Bates
& Cowen, 1988): (b) plasma, lens and aqueous humour glucose concentrations, by the
Unikit IIT method described previously on metaphosphoric acid (40 g/1) or 0-4 M-perchloric
acid extracts; (¢) lens and liver sorbitol concentrations by a procedure linked to sorbitol
dehydrogenase (EC 1.1.1.14; cat. no. S3764, Sigma), as described by Bergmeyer (1974)
and adapted to the Roche Cobas centrifugal analyser; (d) exopeptidase and endopeptidase
activities in saline extracts of lenses as described by Blondin ef al. (1986), adapted to the
centrifugal analyser; (¢) ATP concentrations in 0-03 M-trichloroacetic acid extracts of
lenses, by a chemiluminescence assay based on the luciferin-luciferase (EC 1.14.14.3)
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reaction (LK B kit, cat. no. 1243-107; LKB-Produkter AB, Broma, Sweden); and (/) acid-
soluble thiol levels in metaphosphoric acid (40 g/1) extracts of lens and aqueous humour
samples, by the dithiobis-(2-nitro-benzoic) acid reaction (Bates & Cowen, 1988).

Statistical treatment
Comparisons between groups were performed by Student’s ¢ test or by two-way ANOVA
tests, as appropriate. Correlations between variables were tested by linear regression after
logarithmic transformation, in order to correct for any non-normal distributions and non-
finear relationships. Not significant (NS) implies P > 0-10.

RESULTS
Growth and urinary glucose following test-dosing
Body-weight curves are shown in Fig. 1. Clearly the Stz-treated animals grew more slowly
than the controls, and this was shown to be significant (ANOVA, P < 0-001) at weeks 7,
14 and 18, i.e. throughout most of the study period. The dietary level of vitamin C had no
significant effect on growth in this experiment.

The glucose assay was shown to be free from both positive and negative interference by
vitamin C concentrations up to 30 mm in the extracts, which was much greater than the
concentrations observed (see Table 1).

When the change in body-weight over the 18-week study period was plotted v. median
glucose:creatinine ratios in urine for individual animals averaged over the whole study
(Fig. 2), it became clear that high glucose excretion was generally associated with poor
growth. Only half the Stz-treated animals had raised mean glucose:creatinine ratios above
9 mol/mol.

Fig. 3 shows the time-course of median glucose:creatinine ratios following the oral
glucose load. The ratios were raised in both the Stz-treated groups compared with controls
throughout the study (P < 0-01), and the highest ratios were obtained in the early part of
the study period. There was no significant vitamin C effect (ANOVA) at any of the time-
points, although a trend towards a more rapid decline in the urinary ratio at the higher
vitamin C intake group was apparent.

Ascorbic acid levels in tissue extracts
Table 1 shows the concentrations of reduced ascorbic acid in four tissues of the four groups
of animals. Clearly there was a highly significant effect of dietary vitamin C, but no
significant effect of Stz, on these ascorbic acid levels. As noted previously (Bates & Cowen,
1988), the effects of the different dietary vitamin C levels were far more dramatic in
adrenals, liver and aqueous humour than in lenses, but the latter nevertheless exhibited
highly significant vitamin C-related differences.

Glucose and sorbitol levels in lens, glucose in plasma and aqueous humour and sorbitol in
liver
Table 2 shows the influence of Stz and dietary vitamin C on tissue sugar levels. Clearly Stz
treatment raised lens (P < 0-005), aqueous humour (P < 0-05), and plasma (£ < 0-05)
glucose levels significantly, but vitamin C intake had no significant influence on this
variable (ANOVA). Even after elimination of Stz non-responders from the Stz groups,
there was still no evidence that the higher vitamin C intake had reduced the accumulation
of glucose at any of the three sites (plasma, aqueous humour, lens) examined.
Lens sorbitol levels were significantly (P < 0-05) raised in the + Stz marginal-vitamin C
group (r test) but were indistinguishable from control levels in the + Stz liberal-vitamin C
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Fig. 1. Body-weights of guinea-pigs as a function of time-interval after initiating diets containing high (5 g/kg) or
low (0-1 g/kg) vitamin C levels with or without streptozotocin (Stz) treatment. (O——-0), Without Stz, low vitamin
C (n9; sEM at week 18, 324 g); (@——@), without Stz, high vitamin C (rn 9; seM at week 18, 34-9); (A———A),
with Stz, low vitamin C (n 8: sSEM at week 18, 40-0); (A A), with Stz, high vitamin C (n 9; sem at week 1§,
459). A typical SEM at the start of the experiment was 4-8 g. The statistical significance of the effects of Stz, vitamin
C and their interaction by two-way ANOVA at weeks 7, 14 and 18 gave: Stz effect, r 400-4-25, P < 0-001; vitamin
C effect,  0-7-1'5, not significant; interaction term, f 0-4-—1-5, not significant. For details of diets, treatments and
procedures, see pp. 446-447.
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Fig. 2. Changes in body weight during the 18-week study period v. median urinary :creatinine molar ratios for each
guinea-pig given diets containing high (5 g/kg) or low (0-1 g/kg) vitamin C levels with or without streptozotocin
(Stz) treatment. (Q), Without Stz, low vitamin C (n 9); (@), without Stz, high vitamin C (n 9); (A), with Stz, low
vitamin C (n 8); (A), with Stz, high vitamin C (n 9). After logarithmic transformation of the displayed values:
r 061, 34 df, P < 0-001. For details of diets, treatments and procedures, see pp. 446-447.
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Fig. 3. Median urinary glucose:creatinine molar ratios after test-dosing at seven time-points spanning the study
in guinea-pigs given diets containing high (5 g/kg) or low (01 g/kg) vitamin C levels with or without
streptozotocin (Stz) treatment. (O-——0), Without Stz, low vitamin C (# 9); (@-——@®), without Stz, high vitamin
C (n9); (A——-A), with Stz, low vitamin C (n 8); (A——A), with Stz, high vitamin C (n9). The statistical
significance of the effects of Stz, vitamin C and their interaction by two-way ANOVA at weeks 4, 6 and 18 gave:
Stz effect, 1 295-4-10, P < 0-01; vitamin C effect, r 0-06-0-40, not significant; interaction term, ¢ 0-14-0-60, not
significant. For details of diets, treatments and procedures, see pp. 446447,

group. There were significant effects of vitamin C, Stz, and the interaction term by two-way
ANOVA, the interaction term being the most highly significant. When lens sorbitol levels
v. urinary glucose:creatinine ratios were plotted (Fig. 4), it was clear that high urinary
glucose was generally associated with high lens sorbitol levels (r+0-40, P < 0-02 for log
transformed data). For liver sorbitol levels (Table 2) there was a paradoxical reduction in
the + Stz groups, but no significant vitamin C effect (ANOVA), and no significant
correlation with urinary glucose:creatinine (r—0-24, NS).

ATP levels in lenses

Lens ATP levels were positively correlated with urinary glucose:creatinine ratio (r+ 0-52,
P < 0:001 for log-transformed values); there was a borderline significant effect of Stz by
ANOVA (r 1-89, P < 0-1), but no significant effect of vitamin C (Table 2).

Peptidase levels in lenses; thiol levels in lenses and aqueous humour
Table 3 shows that there were no significant effects of either Stz or vitamin C intake on the
exopeptidase or endopeptidase activities in the lenses. Likewise, acid-soluble thiol levels in
the lenses and aqueous humour samples were unaffected by the two treatments.

DISCUSSION

The present study, unlike those of Zebrowski & Bhatnagar (1979), Som et al. (1981) and
Yew (1983 a,b) on rats and of Schlosser et al. (1987) on guinea-pigs, did not encounter any
effect of Stz diabetes on tissue ascorbic acid levels in the guinea-pigs. Peptidase levels were
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Fig. 4. Lens sorbitol concentrations v. median urinary glucose : creatinine molar ratios for each guinea-pig given
diets containing high (5 g/kg) or low (0'1 g/kg) vitamin C levels with or without streptozotocin (Stz) treatment.
(O), Without Stz, low vitamin C (n 9); (@), without Stz, high vitamin C (n 9); (A), with Stz, low vitamin C (n 8);
(A). with Stz, high vitamin C (n9). After logarithmic transformation of the displayed values: r 0-40, 34 df,
P < 0-02. For details of diets, treatments and procedures, see pp. 446-447.

unaffected by either vitamin C or Stz, whereas a previous study (Blondin et al. 1986) found
increased endopeptidase activity at low vitamin C intakes.

The results of urinary glucose excretion following oral glucose loading clearly
demonstrated the characteristic diabetogenic effect of Stz in the present study. We are in
agreement with Schlosser et al. (1987) on the fact that Stz-treated guinea-pigs seem to
exhibit much greater changes in urinary glucose excretion than in blood glucose levels. The
fact that only about half the animals responded as expected after two successive doses of
Stz (i.e. by reduced weight gain and increased urinary excretion of glucose following a
glucose load) is probably due to the lower sensitivity of guinea-pigs to this diabetogenic
agent compared with other rodents (Brodsky & Logothetopoulos, 1969; Wehner &
Majorek, 1975; Schlosser er al. 1984; Gorray et al. 1986). The effect of Stz on glucose
excretion gradually waned during the study, which is in accord with previous observations
(Wehner & Majorek, 1975; Gorray et al. 1986). It will be of considerable interest, in future
studies, to investigate the time-course of tissue biochemical changes; however, preliminary
observations suggest that a prolonged post-dose interval may be essential to produce tissue
glucose changes in guinea-pigs.

The results in Figs 2 and 4 indicate that those animals (in the + Stz groups) that
consistently had the highest uninary glucose levels following the test dose frequently had
low weight gains and a large change in their lens sorbitol levels, suggesting that the effect
on lens sorbitol may be related to the diabetogenic effect of the drug. Although the effect
of Stz on lens sorbitol at low vitamin C intakes was small, and perhaps not physiologically
significant, the observations that a relatively small increase in plasma, aqueous humour and
lens glucose levels is associated with a significant effect on sorbitol levels and is modulated
by vitamin C intake is of potential interest. The positive correlation of lens ATP levels with
urinary glucose in the +Stz animals may result from the increased sugar levels in the
diabetic lens. The absence of a significant Stz effect on lens ATP in Table 2 may be
attributable to the Stz ‘non-responders’ in the Stz-treated groups. In contrast, the
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paradoxical reduction in liver sorbitol levels in the + Stz groups was unrelated to the
urinary glucose index and may, therefore, have arisen from a disturbance in another
unrelated pathway.

The relationships between diabetes, sorbitol accumulation, activities of aldose reductase
(EC 1.1.1.21) and sorbitol dehydrogenase, and free-radical-initiated oxidative damage,
are only partly understood. In diabetic lenses, aldose reductase activity is increased and
that of polyol dehydrogenase (EC 1.1.1.14) is decreased (Varma & Kinoshita, 1974).
Varma (1980), and Kador & Kinoshita (1984) favour an osmotic theory of diabetic
cataractogenesis. However, other evidence (summarized by Harding & Crabbe, 1984;
Barnett er al. 1986; Srivastava & Ansari, 1988; Simonelii ef al. 1989; Malone et al. 1990)
and particularly the ameliorative effect of vitamin E (Creighton & Trevithick, 1979; Ross
et al. 1982) point towards additional damage by oxidative processes in the diabetic state.
Stz enhances superoxide radical formation in pancreatic f-cells (Nukatsuka et al. 1988),
and Stz-induced diabetes in rats is accompanied by an increase in serum and erythrocyte
lipid peroxide levels (Higuchi, 1982; Jain et al. 1990).

Vitamin C can exhibit either antioxidative or pro-oxidative effects in different models
and environments. At high concentrations of the vitamin, in the presence of relatively low
concentrations of free or *activated * metal ions such as ferrous iron or copper (characteristic
of most situations in vivo), the antioxidative properties usually predominate, and ascorbic
acid is a free radical chain-terminator (Thurnham, 1988).

Ascorbic acid is actively transported into the lens epithelium (DiMattio, 1989) and high
circulating levels of ascorbate may potentiate the tissue utilization of glucose (Von Losert
et al. 1980). In granulation tissue from diabetic rats, ascorbic acid prevented collagen
abnormalities associated with decreased prolyl hydroxylase (EC 1.14.11.2) activity
(McLennan ez al. 1988). Vinson er al. (1986) found that galactose-induced cataractogenesis
in rats could be countered by ascorbic acid in vivo, and Vinson et al. (1989) showed that
ascorbic acid supplementation reduced the accumulation of sorbitol in human erythrocytes
in vivo, especially in diabetics. Very recently, Linklater et al. (1990) have reported that
vitamin C supplements can reduce the leakage of lens proteins into the aqueous and
vitreous humour of Stz-diabetic rats, and Devamanoharan et al. (1991) have reported that
the development of cataracts in rat pups exposed to selenite can also be reduced by vitamin
C supplements. Thus a number of recent studies seem to support the hypothesis that
enhanced levels of vitamin C in the lens can exert antioxidant protective activity against
cataractogenic insults, including those associated with diabetes.

There is growing interest in the possibility that micronutrients in the diet may affect
cataractogenesis in man (Jacques et al. 1988a,b; Gerster, 1989; Taylor 1989). The results
from the present pilot study appear to support the hypothesis that the ‘protective’
functions of vitamin C in vivo take precedence over its ‘deleterious’ effects as a pro-
oxidant. Clearly further studies are needed to elucidate the mechanism of action of vitamin
C in combating sorbitol accumulation in key tissues, and to relate this to the risk of
cataractogenesis.

The authors are indebted to Dr T. J. Cole for his statistical advice.
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