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In Vitro and In Vivo Reduction of
Erythrocyte Sorbitol by Ascorbic Acid

JOE A. VINSON, MARIANNE E. STARETZ, PRATIMA BOSE, HASSAN M. KASSM,

AND BARBARA S. BASALYGA

The in vitro accumulation of sorbitol by human
erythrocytes incubated in a physiological glucose
medium was found to be strongly reduced by the
addition of ascorbic acid (AA). A maximal inhibition of
sorbitol in the erythrocytes of 98.3% occurred when
the concentration of AA was at its peak in the cells.
After incubation, the erythrocyte sorbitol was found to
be inversely correlated with the concentration of AA in
the erythrocytes. A human supplementation study was
conducted with 10 normoglycemic subjects. Each was
given 500 mg/day AA alone or in a citrus fruit medium.
Each supplementation lasted 2 wk and was followed
by a 10-day washout. The citrus fruit medium produced
a significantly greater increase in erythrocyte AA
compared with AA alone. AA alone and in citrus fruit
medium decreased erythrocyte sorbitol 12.6 and
27.2%, respectively, with the latter being significantly
more effective. In a study with 4 subjects, 2000 mg/day
AA resulted in a reduction in erythrocyte sorbitol of
56.1%. As in the in vitro study, there was an inverse
relationship between erythrocyte AA and sorbitol.

Two thousand milligrams of AA per day (AA or citrus
fruit medium) was given to 8 diabetic subjects in

a preliminary 3-wk supplementation trial in which
erythrocyte sorbitol levels were decreased by 44.5%.
These results suggest that AA supplementation for
diabetic subjects may provide a simple means of
preventing and ameliorating the complications of
diabetes without the use of drugs. Diabetes 38:1036-
41, 1989

orbitol, produced by the reduction of glucose in a
reaction catalyzed by the enzyme aldose reduc-
tase, has been implicated as a causative factor in
the long-term complications of diabetes. These
complications include cataracts, neuropathy, retinopathy,
and nephropathy. They arise in tissues in which the transport
of glucose is insulin independent. Sorbitol accumulates in
proportion to the extracellular concentration of glucose in
sensitive tissues; notably the lens, retina, aorta, renal papilla,
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and peripheral nerve (1). Drugs that lower sorbitol concen-
trations by inhibiting aldose reductase allow new treatment
possibilities for the complications of diabetes (2,3).

Ascorbic acid (AA) concentration and turnover in the
plasma of diabetic individuals have been found to be lower
than normal (4,5). Glucose has been found to inhibit the in
vitro uptake of AA and its reduced form dehydroascorbic
acid in granulocytes (6), endothelial cells (7), neutrophils
and fibroblasts (8,9), and erythrocytes (10). Chen et al. (11)
have recently shown that in diabetic subjects intravenous
glucose administration and the resultant hyperglycemia
caused a marked depletion of leukocyte AA that did not
recover within 1 h, which was in contrast with findings from
normal subjects. The transport of AA has been shown to be
enhanced by insulin (12,13). Thus, diabetic individuals who
have low insulin and high glucose levels may be at a double
disadvantage with respect to AA uptake and storage and
would be expected to develop a “local scurvy" as hypoth-
esized by Mann and Newton (14),

Our group has recently found that supplemental AA
slowed down the progression of galactose-induced cata-
racts in rats, a diabetic cataract animal model (15). AA also
was found to diminish the production of dulcitol, the ga-
lactose analogue of sorbitol, in lenses incubated in a high-
galactose medium. In a single-dose human study, 500 mg
of AA in a citrus fruit media was found to absorb better than
AA alone (16). These findings led us to investigate the effect
of AA and citrus fruit media on in vitro and in vivo sorbitol
production in human erythrocytes.

RESEARCH DESIGN AND METHODS
Forms of AA. AA crystals were obtained from Fisher (Pitts-
burgh, PA). AA tablets, 500 and 1000 mg, were distributed
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dy Drugs (Liverpool, NY). Citrus fruit medium, a tan
~owder, was obtained from Grow (Hackensack, NJ) and
contained 25.1% AA, 19.5% bioflavonoids, 25% carbohy-
drates, and 27% protein. Caplets of 250 mg AA or citrus fruit
medium were obtained from Grow. The ascorbate in the
citrus fruit medium was measured in our laboratory by high-
performance liguid chromatography (HPLC) after protein
precipitation (17). The bioflavonoids in the citrus fruit me-
dium were identified and quantified by HPLC and found to
contain 81.8% naringenin and 18.2% hesperidin (18).
Incubation. Whole blood was collected in EDTA tubes from
a single adult volunteer by fingerstick sampling with a lancet.
The blood was immediately centrifuged to separate the
erythrocytes from the plasma. The erythrocytes were washed
three times with isotonic saline and centrifuged.

A modification of the incubation procedure of Malone (19)

was used. One hundred microliters of erythrocyte were im-
mediately added to 1 ml of Hanks' balanced salt solution
(Sigma, St. Louis, MO), which had been previously adjusted
to pH 7.4. One milliliter of Hanks" solution was used for the
control sample, or 1 ml of AA freshly dissolved in Hanks'
solution was used for the AA samples. These solutions were
incubated at 37°C for 3 h in an atmosphere of 95% air/5%
CO,. The cells were centrifuged, washed with saline, and
centrifuged again. The protein was precipitated with 2 ml of
cold 8% perchloric acid. The solutions were stored at — 20°C
until analysis.
Human supplementation. Ten subjects (3 women, 7 men),
aged 18-44 yr, volunteered for the study with informed con-
sent. They were normoglycemic (4.03 = 0.72 mM) deter-
mined by hexokinase assay of fasting plasma (Sigma). Each
subject was tested in the morning after an overnight fast.
Blood was collected with a fingerstick lancet, and the sep-
arated erythrocyles were stored at —20°C after protein pre-
cipitation with 6% perchloric acid.

Each subject took 500 mg AA/day in the form of AA tablets
or citrus fruit medium powder in a random crossover design.
The citrus fruit medium was measured by volume. The sub-
jects were instructed to take the supplement at breakfast.
After 2 wk of supplementation and an overnight fast, blood
samples were obtained from the subjects 24 h after the last
supplementation when AA levels had returned to baseline
(16). A 10-day washout was followed by another sampling.
The second supplement was then given for 2 wk and another
sample taken. A paired Student’s ¢ test was used for statis-
tical analysis.

A second supplementation study involved four normogly-
cemic men, aged 18-44 yr, from the previous study. Sam-
ples were obtained as before, and then subjects were given
2000 mg AA/day in the form of 1000-mg AA tablets. They
were instructed to take one tablet with the morning meal and
one with the evening meal. After 2 wk, samples were ob-
tained again.

Eight diabetic (5 insulin-dependent and 3 non-insulin-de-
pendent) subjects participated in a 3-wk supplementation
study after giving informed consent. There were six women
and two men with an average (+SD) age of 47 + 17 yr (range
16-68 yr) and an average duration of diabetes of 15.2 yr.
The average (=SD) fasting plasma glucose for the subjects
was 9.17 = 2.97 mM. The subjects were divided into two
groups for supplementation. Each group contained three
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women and one man with no significant difference in age or
duration of diabetes. The subjects took four 250-mg caplets
of AA in the form of AA or citrus fruit medium twice a day
with meals for a total daily dose of 2000 mg of AA. Sampling
was done before and 3 wk after supplementation.
Analysis of AA. A modification of the fluorometric method
of Hubman et al. (20) was used for the analysis of AA in
erythrocytes. This assay uses 1,2-naphthoquinone-4-sul-
fonic acid as the fluorometric reagent and measures only
unoxidized AA in the erythracytes. The supernatant from the
protein precipitation of the erythrocyte was mixed with an
eqgual volume of 1 M K.CO, before analysis.

The concentration of AA in the erythrocytes of the single
person used for the in vitro sludy was 29.6 = 4.1 uM, which
is similar to the average found in unsupplemented normal
individuals (43 pM) reported by Evans et al, (21).
Analysis of sorbitol. The enzymatic assay of Clements et
al. (22) was used to measure the concentration of sorbitol
in erythrocytes. Sorbitol 1s converted to fructose with sorbitol
dehydrogenase and the resultant reduction of NAD* to
NADH is measured fluorometrically. A Perkin-Elmer model
LS-3 digital fluorometer was used with an NAD* concentra-
tion of 0.2 mM. The sensitivity of the method was found to
be 0.5 nmol/mi. Adding AA did not affect the development
of the fluorescence. The concentration of sorbitol in the eryth-
rocytes used for the incubation study was 17.6 nmol/ml,
which is within the reported normal range of 10-27 nmol/mi
(23).

RESULTS

The data from multiple incubations of the same erythrocytes
with different concentrations of AA in the medium are shown
in Table 1. Hanks' solution has a concentration of 5.56 mM
glucose in the medium, which simulates normoglycemia.
Medium AA and erythrocyte AA. The concentration of AA
in the erythrocyte should increase with increasing concen-
tration of AA in the medium and then reach a plateau be-
cause the transport process is a saturable one (9). However,
the data in Table 1 show that the AA concentration in the
erythrocyte is biphasic, reaching a maximurm and declining.
When the concentration of AA in the medium is 10-100 times
higher than physiological concentration (284 and 2840 pM),
the erythrocyte AA is constant and not significantly different
from that found in erythrocyte incubated without AA in the

TABLE 1
Effect of different concentrations of ascorbic acid (AA) in medium
on concentration of AA and sorbitol

Medium AA Erythrocyte AA Erythrocyte sorbitol
(M) n () (nmol/ml)

0 (Control) 6 147 =04 464 = 1.6
2.84 6 15.7 = 0.4* 10,3 £ 2.0
14.2 4 168+ 0:3" 6.7 £ 1.9
284 6 177209 08 = 0.5
142 3 16.0 = 0.4* 11,2 £ 0:3"
284 4 147 =04 NEx1.7
2840 3 144 + 00 278 = 24"

Erythrocytes incubated at 37°C for 3 h in Hanks' solution containing
5.56 mM glucose. Values are means = SD. n = number of replicate
experiments.

*P < .001 by 2-tailed Student’s t test compared with control.
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