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Summary In diabetic nephropathy and hypertension,
a major cause of mortality is from cardiovascular dis-
ease. Since low levels of antioxidants such as vitamin
C have been associated with such complications, we
have examined the uptake mechanisms for ascorbic
acid (A A) and dehydroascorbic acid (DHA) in lym-
phoblasts from normal control subjects (CON), nor-
moalbuminuric insulin-dependent diabetic (IDDM)
patients (DCON), patients with IDDM and nephrop-
athy (DN) and hypertensive patients (HT) using mass
assays of uptake and measuring AA using high-per-
formance liquid chromatography. Precautions were
taken to prevent oxidation of AA and to take into ac-
count the instability of DHA in buffers. DHA uptake
was the major mechanism in all four groups of sub-
jects, and the V_,, (maximal uptake rate) was signifi-
cantly lower in the DN cells (24.7 £ 1.0 nmol [95 %
confidence intervals CI 22.5,26.3] 10° cells™ h™') com-
pared to CON and DCON cells (33.9+£2.1 [95% CI
29.4, 38.4] and 37.0+£2.2 [95% CI 32.2, 41.8] nmol

10° cells™ h™!, respectively, p < 0.001 for both). DHA
V..« Was also lower in the HT group (23.2%1.1
[95% CI 20.7, 25.7] nmol 10° cells h™') compared to
the CON group (p < 0.001). There were no significant
differences in the K, or passive membrane perme-
ability for DHA or the AA uptake. DHA uptake
showed a negative correlation to systolic blood pres-
sure (r,=-0.49, p <0.001). These findings suggest
that impaired DHA uptake may be one component
of the phenotype expressed by DN cells that may per-
sist in culture. Impaired DHA uptake in vivo, espe-
cially in the presence of hyperglycaemia, leads to im-
paired regeneration of AA and depletion of anti-oxi-
dant defences, exposing such individuals to increased
risk of cardiovascular disease. [Diabetologia (1998)
41: 435-442]
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Insulin-dependent diabetes mellitus (IDDM), espe-
cially the nephropathy subset [1], and hypertension
are linked to a high prevalence of cardiovascular mor-
bidity and mortality. The pathology of this cardiovas-
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cular disease is predominantly due to large vessel dis-
ease or atherosclerosis, although microangiopathy is
also important. The initiation and progression of ath-
erosclerosis depends on many factors, although one
recent attractive hypothesis implicates the damaging
effects of reactive oxidative free radicals [2]. Natural
defences against these reactive radicals include sever-
al free radical scavenging systems such as o-toco-
pherol and ascorbic acid (AA) [3]. The water soluble
AA may facilitate the recycling of the lipophilic a-to-
copherol and reduce lipid peroxidation and produc-
tion of oxidised low density lipoproteins [3]. Indeed,
low AA status in the population has been associated
with higher rates of cardiovascular diseases such as
stroke and coronary heart disease [4-6]. In addition,
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body stores of vitamin C have been negatively corre-
lated with systolic and diastolic blood pressure [4].
Previous studies of AA status in diabetic patients by
using plasma or leukocyte levels have indicated that
there is a relative deficiency of AA in hyperglycaemic
subjects, with lower levels in those with microangio-
pathy [7-10]. The uptake of dehydroascorbic acid
(DHA) was reduced in diabetic subjects [8] due to re-
duction in V.. However, in these studies of cellular
vitamin C uptake, it was unclear whether environ-
mental factors such as hyperglycaemia or genetic fac-
tors could have contributed to the altered vitamin C
uptake, since uptake was measured in cells freshly
isolated from diabetic subjects. Uptake was also in-
vestigated with radioisotopes [8] which assumed that
the label remained unaltered and only unidirectional
flux was measured, rather than the direct measure-
ment of AA or DHA mass which would determine
the net uptake of these vitamin C forms. Further-
more, uptake assays were not performed with precau-
tions to prevent AA oxidation to DHA [8] and did
not correct for the instability of DHA in physiological
buffers [11]. Uptake of vitamin C has, to our knowl-
edge, not been studied in hypertensive subjects.

Recent advances in the measurement of AA and
DHA with sensitive and specific techniques such as
high-performance liquid chromatography (HPLC)
[12, 13] enabled mass assays of AA and DHA uptake
[11, 14-19]. Both high and low affinity uptake systems
for AA and DHA have been described in a variety of
cells. An examination of vitamin C uptake in human
lymphoblasts using HPLC to measure AA and DHA
uptake has defined two distinct high affinity uptake
systems [11] in these cells. The maximal uptake rates
for DHA exceeded that of AA and while glucose
competitively inhibited DHA uptake, AA uptake
was driven by the extra- to intracellular Na* gradient
[11]. The finding that high glucose levels reduced
DHA uptake would explain previous observations of
a reduced V. for uptake of radiolabelled DHA in
leukocytes from diabetic subjects [8].

In order to determine whether DHA uptake was
further impaired in the group of IDDM patients with
nephropathy who are especially prone to cardiovas-
cular disease independently of in vivo factors, we
have measured the uptake of AA and DHA using
mass assays in cultured human lymphoblasts derived
from three groups of subjects, namely non-diabetic
controls (CON), normoalbuminuric IDDM patients
(DCON) and IDDM patients with nephropathy
(DN). These cells have previously been utilized to
elucidate the intermediate phenotype of increased
Na*/H* exchanger activity in DN and hypertension
(HT), in isolation from the environmental influences
present in vivo such as glycaemic control and lipid
levels [20]. We have also compared vitamin C trans-
port between the control group and an HT group be-
cause the latter also have a higher prevalence of car-
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diovascular disease. In addition, the DN patients
may also have a predisposition to hypertension due
to their associated membrane transport abnormali-
ties of Na*/H™* exchanger [20] and Li*/Na* coun-
tertransport [21, 22].

Subjects and methods

Patient selection. The study group of 12 diabetic normoalbu-
minuric and 15 diabetic nephropathy patients were recruited
from the Joslin Clinic, Boston, Mass., USA and were all of
Caucasoid origin. The IDDM patients had developed the dis-
ease before the age of 21. Nephropathy was defined as albumin
excretion rate (AER) on one timed urine collection above
300 pug/min and normoalbuminuria as an AER less than 20 pg/
min despite 15-21 years of diabetes. Patients with nephropathy
were also albustix positive. The 10 non-diabetic normoalbu-
minuric hypertensive patients and 15 normotensive control
subjects were recruited from among non-related Caucasoid in-
dividuals in the Boston area and secondary hypertension was
excluded by clinical and biochemical evaluations. Hyperten-
sion was defined as a diastolic pressure greater than 90 mm
Hg or systolic pressure greater than 140 mm Hg. Four hyper-
tensive patients were on anti-hypertensive medication. None
of the normotensive control patients had a family history of hy-
pertension. Informed consent was obtained from all patients
and the protocol was approved by the local ethics committee.
Lymphocytes from these subjects were immortalized by Ep-
stein-Barr virus transformation and these lymphoblast lines
were obtained from Dr. A.S. Krolewski, Genetics Core, Dia-
betes and Endocrinology Research Centre, Joslin Diabetes
Centre, Boston, Mass., USA.

Materials and cell culture. AA, non-esterified fatty acid free
bovine serum albumin, glutamine, penicillin, streptomycin,
bromine solution and RPMI 1640 medium were from Sigma
Chemicals Ltd., Poole, Dorset, UK. Fetal calf serum was from
Advanced Protein Products, Birmingham, UK. RPMI 1640
growth medium contained 2 mmol/l glutamine, 15 % fetal calf
serum, 5 mmol/l glucose, 10° TU/I penicillin, 100 mg/I strepto-
mycin and buffered with 24 mmol/l NaHCO; (pH 7.4 in 95 %
air, 5% CO,). HPLC grade acetonitrile and water was from Fi-
sons, Loughborough, U.K. Human lymphoblasts from the
CON, DCON, DN and HT groups of subjects were maintained
in RPMI 1640 growth medium at a density between 0.25 and
1x10° cell/ml by regularly changing the medium every
2 days, as previously described [20]. Fresh stocks of cells were
recovered from liquid nitrogen storage every 2 months to en-
sure consistency in uptake studies.

Mass transport assays for AA and DHA. These uptake assays
were described in detail previously [11]. Briefly, approximately
5 x 10° cells were used for each assay. Cells were washed twice
in HEPES buffered saline solution (HBSS) composed of (in
mmol/l) 140 NaCl, 5 KCl, 1.8 CaCl,, 0.8 MgSO,, 5 glucose, 10
HEPES, 1 NaH,PO, with pH adjusted to 7.4. DHA was pre-
pared from A A a few minutes before use by bromine oxidation
of AA [11, 15, 16]. The exact amounts of freshly prepared AA
or DHA were then pipetted into the tubes containing pre-
warmed known numbers of cells and incubated for 1h (for
AA uptake) or 20 min (for DHA uptake). AA uptake was de-
termined using a substrate concentration of 1 mmol/l AA in
the presence and absence of extracellular Na* (substituting
Na* with N-methyl-D-glucamine) since in Na* free media,
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Table 1. Clinical characteristics of the study groups

DN DCON CON HT
Number (male) 15 (9) 12 (4) 15 (5) 10 (5)
Age (years) 36 [23-40] 36 [27-43] 35 [20-79] 46 [34-69]¢
Body mass index (kg m~2) 250£1.8 229+1.1 264+1.6 34.9+2.0¢
Duration of diabetes (years) 233£0.8 237+£04
Family history of hypertension 9 4 0 8
Insulin dose (IU/day) 4914 51+5
HbA, 12.0+0.4° 105+04
Albumin excretion rate (ug/min) 1573 [320-9000] 6.5 [3-13]
Creatinine (umol/l) 178 + 45° 68+3 80+ 6 88+ 10
Systolic blood pressure (mm Hg) 148 £ 5¢%¢ 110£3 111£3 143 £ 4¢
Diastolic blood pressure (mm Hg) 92 +4¢¢ 7419 7412 92+1¢
Retinopathy: Minimal 0 4
Background 5 6
Proliferative 10 2
Data are mean = SEM or median [range] Mann Whitney test
Student’s ¢ -test fp <0.002 compared to DCON. ¢ p < 0.05 compared to CON.
ap<0.05 ®p<001; °p<0.005 compared to DCON.

4p <0.01; ¢ p < 0.001 compared to CON.

more than 90 % of the AA uptake was abolished [11]. The Na *
dependent AA uptake at 1 mmol/l AA also approximates to
the V,,,, of the uptake mechanism [11].

DHA is very unstable in HBSS at 37°C and we had previ-
ously determined that the rate of degradation (k, in min™)
was a complex function of the DHA concentration ([DHA] ex-
pressed in umol/l) as illustrated [11], and could be estimated as
follows [11]:

k =2.94 x 10 [DHAJ? - 1.42 x 10~ [DHA] + 0.192

This enabled the mean concentration of DHA to be estimated
over the 20 min period of incubation during DHA uptake stud-
ies. All uptake studies were repeated on at least 2 to 3 different
occasions and the results averaged for presentation. Between-
assay coefficients of variation for DHA and AA uptake were
under 2%.

Uptake in both cases was terminated by plunging tubes into
ice, washing cells three times in phosphate buffered saline be-
fore lysing cells in 0.5 ml of 20 g/l metaphosphoric acid /
0.54 mmol/l EDTA [11, 23]. The supernatants were stored at
—70°C and were analysed within 1 week of the uptake studies.

Measurement of AA and DHA using HPLC. Cell extracts were
subjected to isocratic HPLC to measure their AA content, on a
Whatman Partisil 10 SAX anion exchange column, with aceto-
nitrile / 50 mmol/l KH,PO, (3/1 by volume) as the mobile
phase as previously described [11, 12]. DHA was measured by
reducing it to AA using dithiothreitol (10 mmol/l) after neu-
tralisation. In all cell lines, initial cellular AA content was not
measurable in the absence of added AA or DHA in the extra-
cellular medium. Moreover, in cell extracts when DHA uptake
was being measured, the major form of vitamin C within the
cells was AA (98 %) even without the use of dithiothreitol in-
dicating that DHA was reduced by cellular enzymes such as
the NADPH dependent DHA reductase [11, 16]. We mea-
sured the total cellular AA content following dithiothreitol re-
duction of any remaining cytoplasmic DHA since this was the
total amount of DHA that traversed the cell membrane during
uptake measurements.

Uptake of DHA mass was best described by the sum of a
saturable high affinity mechanism obeying Michaelis-Menten
kinetics and a passive diffusional component:

Vmax [DHA}
[DHA] + K,
where K, is the affinity of the uptake for DHA and k is the
passive diffusional rate constant for DHA. These parameters

were calculated using P-fit (Biosoft Corporation, Cambridge,
UK).

Total uptake = + k [DHA]

Statistical analysis. Data were analysed using an Oxstat statis-
tics package (Microsoft Corporation, Reading, Berks, UK) or
a Statsgraphics package. Means and SEM are reported, and
comparisons were by Student’s ¢-test and analysis of variance
(ANOVA). Non-normally distributed data are reported as me-
dians [ranges] and compared using the Mann Whitney test.
Two tailed p values less than 0.05 were considered significant.
Spearman correlation coefficients were also computed. Multi-
ple regression analysis was performed with forward selection
of predictor variables, with the F ratio above which variables
were entered set at 4.

Results

Table 1 shows the patient characteristics in this study.
DN and DCON patients were matched for age, dura-
tion of diabetes, and body mass index. The systolic
and diastolic blood pressures in the DN patients were
higher than both DCON and CON subjects. DN pati-
ents had worse glycaemic control than DCON patients
(Table 1) and they had a higher prevalence of prolifer-
ative retinopathy. The HT patients had a higher body
mass index and were older than the CON group.

The uptake of AA in all lymphoblasts was lower
than that of DHA (Table 2). AA uptake measured
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Table 2. AA and DHA uptake rates in the study groups. Re-
sults are means £ SEM. AA uptake rates were measured with
1 mmol/l AA in media

DN DCON CON HT
AA uptake 197+47 351+95 344+98 362 85
(pmol h™! 10°
cells™)
DHA uptake
V nax 247+1.00 37.0+£22 339+21 232+1.1°
(nmol h™! 10° [22.5,26.3] [32.2,41.8] [29.4,38.4] [22.5,26.3]
cells™)
K 149+15 148+18 177+£23 161+22
(umol/1)
k 109+£11 91+19 11817 6.8=x1.0
(passive diffusion
constant)
(pmol h™! 10°

cells™ pmol/11)

Data are mean £ SEM. [95 % confidence intervals]
Student’s ¢-test
2 p <0.001 compared to DCON and CON.

at 1 mmol/l of the substrate in the absence and pres-
ence of Na* enabled the Na* driven component of
uptake to be measured (being over 90 % of the total
uptake). Although AA uptake rates in DN cells was
lower than DCON and CON cells, this did not reach
statistical significance. Furthermore, the uptake of
AA in the HT cells was not significantly impaired
compared to CON cells. Measurements of K, were
not possible in all the lines due to the low rates of up-
take at lower AA concentrations around the K, in
some of the lines studied [11].

The uptake of DHA was the major mechanism re-
sponsible for the intracellular accumulation of vita-
min C in all the cell lines studied (Table 2). All the
lines possessed saturable DHA uptake that satisfied
Michaelis-Menten kinetics. Over a wide range of con-
centrations of substrate, DHA uptake was lower in
the DN group compared to the DCON group
(Fig.1). The uptake of DHA was also lower in the
HT group compared to the CON group (Fig.2). An
examination of the kinetics of the DHA uptake
mechanism revealed that the K, was similar between
all four groups of subjects (Table 2). ANOVA for the
values for the passive diffusional component of DHA
uptake (representing the passive membrane perme-
ability to DHA) revealed no significant differences
between groups. Although the mean value in the HT
group was numerically lower than in the other
groups, this was not statistically significant on a
Mann Whitney test.

However, the V,, of the DHA uptake mechanism
showed substantial variation, and ANOVA of these
values using the Oxstat statistics package indicated
significant differences between groups (p < 0.005).
DHA uptake in both the CON and DCON exhibited
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Fig.1. Mass uptake of DHA in lymphoblasts from DN (e) and
(A) DCON subjects at different concentrations of DHA.
Means + SEM for each DHA concentration are plotted for
15 DN and 12 DCON cell lines. (* p <0.01; ** p < 0.005;
* p<0.001)
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Fig.2. Mass uptake of DHA in lymphoblasts from CON (Q)
and HT (A) subjects at different concentrations of DHA.
Means + SEM for each DHA concentration are plotted for
15CON and 10 HT cell lines. (A p<0.05 * p<0.01,
** p < 0.005; * p<0.001)

a two-fold range in contrast to the smaller ranges of
values in the HT and DN groups (Fig.3). Post hoc
comparisons of DHA uptake in CON and DCON
cell lines indicated that uptake rates were not signifi-
cantly higher in the DCON cell lines. However,
DHA uptake rates in the DN cell lines were signifi-
cantly lower than both the CON (p <0.001) and
DCON (p < 0.001) cell lines (Fig.3). When cell lines
from patients with minimal background retinopathy
were compared with those with proliferative retino-
pathy in the diabetic groups, those with proliferative
retinopathy had significantly lower DHA 'V, values
than those with background retinopathy (26.3 + 1.7
[95% confidence intervals CI 22.6, 30.0] compared
to 34.3+2.4 [95% CI 29.4, 39.2] nmol 10° cells™ h™!,
p < 0.01), reflecting the high prevalence of prolifera-
tive retinopathy in the DN group.

Since there were more males in the DN group, we
calculated the DHA V,,, rates for males and females
for the whole group. There was no significant differ-
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Fig.3. The V_,,, values for DHA uptake in the four groups of
subjects. Kinetic parameters were determined and averaged
over 2-3 separate occasions. Means and SEM for each group
are also plotted

ence between these values (male 32.2 £ 2.2 compared
to female 30.9 = 1.5 nmol 10° cells! h™). Thus, the
lower V.. values in DN cells could not be due to a
male preponderance. There was no significant corre-
lation between the DHA V,,,, and glycosylated hae-
moglobin, age, body mass index, insulin dose or dura-
tion of diabetes. Thus, it was unlikely that the chronic
hyperglycaemia that cells were exposed to in vivo in
the diabetic subjects could have influenced the lower
measured V. values in DN cells. However, a signifi-
cant negative correlation between DHA V.. and
systolic blood pressure was present in the diabetic
group in the absence of antihypertensive therapy
(r=-0.49, p <0.001), although the correlation with
diastolic blood pressure was not significant
(ry=-0.22).

Multiple regression analysis of the data in the
DCON and DN groups was then performed using a
stepwise forward variable selection procedure, with
the DHA V_,, as the outcome variable and age,
body mass index, creatinine, gender, log albumin ex-
cretion rate, glycosylated haemoglobin, blood pres-
sure and presence or absence of nephropathy as pre-
dictor variables. Two predictor variables were select-
ed with significant contributions to the variance of
DHA V,_,., and these were presence or absence of

Table 3. Multiple regression analysis of data in DCON and
DN groups and the CON and HT groups using the DHA V.,
as the outcome variable and stepwise forward variable selec-
tion
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nephropathy and systolic blood pressure (Table 3).
These two factors accounted for 63% of the total
variance (p < 0.0001).

The lower DHA uptake rates in the HT group
(Fig.2) were attributed to lower V. values when
the kinetic parameters were examined (Table 2).
The V., values were clustered within a narrow range
(Fig.3), with a distribution similar to the DHA up-
take in the DN group. The average DHAV . uptake
rate in the HT group was significantly lower than in
the CON group (p < 0.001, Fig.3). This finding was
unlikely to be influenced by the anti-hypertensive
medication in four of the patients since the cells
were cultured in vitro for at least 2 months before
the studies and the effect of the drugs should have
waned. There was no significant correlation between
DHA V_,, and age or body mass index.

Multiple regression analysis of the data in the
CON and HT groups was performed using a stepwise
forward variable selection procedure with the DHA
Vnax as the outcome variable and age, body mass in-
dex, creatinine, gender, blood pressure and presence
or absence of hypertension as predictor variables.
Two predictor variables were selected with significant
contributions to the variance of DHA V. and these
were presence or absence of hypertension (entered
as a dummy or indicator variable) and age (Table 3).
These two factors accounted for 59 % of the total
variance (p < 0.0001). The correlation coefficient for
age in the model was however positive.

Discussion

The transport mechanisms for AA and DHA that
we have described in lymphoblasts have also been
reported in a variety of other cell types, including
neutrophils and fibroblasts [14-18]. In addition, the
leucocyte pool in vivo accounts for a substantial
proportion of the total body AA content. Although
diabetes has been associated with a depleted AA
status [7-10], the mechanism for this has not been

Predictor variables with significant independent associations
with the DHA V_, are reported, with values for the slope
coefficients § (£ SEM) and % of the total variance of the mod-
el attributable to the predictor variables

B (£ SEM) P value Variance attributed to factor
DCON and DN
Presence or absence of nephropathy —20.65 (£ 3.67) 0.0001 53%
(1 = present, 0 = absent)
Systolic blood pressure (mm Hg) 0.18 (£ 0.07) 0.02 10%
CON and HT
Presence or absence of hypertension —13.56 (£ 2.43) 0.0001 41%
(1 = present, 0 = absent)
Age (years) 0.24 (£ 0.08) 0.005 18%
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fully explored. A previous study examined the up-
take of radiolabelled DHA in leukocytes in a small
number of diabetic patients and a lower V_,, for
DHA uptake was suggested [8]. However, this im-
pairment of uptake may have resulted from the
higher ambient glucose levels to which cells were
subjected, since glucose competitively inhibits
DHA uptake [11] with a K; in the physiological
range (2.2 mmol/l). Moreover, chronic exposure of
cells to high glucose levels could lead to a reduction
in V.. of DHA uptake, an effect that was not due
to the increased osmolarity [11]. Furthermore, al-
though it is well established that DHA is very unsta-
ble in aqueous solutions, kinetic parameters may be
over-estimated if no adjustments are made for DHA
hydrolysis [11]. DHA has to be freshly prepared to
ensure that concentrations are exactly as expected.
For these reasons, it was not possible to conclude
that DHA uptake was impaired in this previous
study due to an intrinsic defect in the cells. Our pre-
sent study is the first to investigate DHA uptake
with these precautions taken to ensure true kinetic
parameters are determined. Furthermore, culture
of the cell lines in vitro in media of standardized
glucose composition ensured that such environmen-
tal factors were controlled for.

The present studies indicated that DHA uptake
rates in DN cells may be impaired when compared
to CON and DCON cells. This impairment of DHA
uptake in DN may become significant when it is
most needed during oxidative stress in the extracellu-
lar milieu. The impaired uptake would reduce the re-
generation of AA from DHA within the cells (Fig.4),
and this would lead to irreversible loss of DHA
through its hydrolysis in aqueous solution. In vivo,
the presence of hyperglycaemia would further exac-
erbate this loss since we had previously demonstrated
that DHA and glucose compete for the same uptake
mechanism [11]. In addition, chronic hyperglycaemia
may also downregulate the DHA uptake mechanism
leading to further reduction in the V_,, in vivo [11].
The hyperglycaemic milieu may therefore be expect-
ed to lower DHA recycling most profoundly in the
DN group of patients, with intermediate levels in the
DCON group.

The present study also demonstrates for the first
time that DHA uptake may also be impaired in HT
and depletion of the antioxidant AA due to defective
DHA cycling may be one factor for the high preva-
lence of cardiovascular disease in this group. Trans-
port abnormalities common to DN and HT have pre-
viously been identified [20-22], such as enhanced cel-
lular Na*/H* exchanger activity and erythrocyte
Li*/Na* countertransport. The impairment of
DHA uptake in both pathological conditions is an-
other example of the alterations in membrane trans-
port shared by these two conditions. Multiple regres-
sion analysis of our data also revealed that the major
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contributors to the variance in the DHA V. were
presence of hypertension or diabetic nephropathy
with smaller contributions from age and systolic
blood pressure. Gender, body mass index, plasma cre-
atinine and glycosylated haemoglobin were not sig-
nificant predictor variables.

There is strong evidence that the family of facilita-
tive glucose transporters mediates the uptake of
DHA [18] and GLUT1 may be the major putative
transporter involved as it is the predominant trans-
porter expressed in lymphoblasts [24]. The present
finding of lowered V,,,, of DHA uptake in DN and
HT groups with no difference in the K, may indicate
a reduced plasma membrane density or turnover
number of GLUT1 in these cells, but further molecu-
lar characterisation of the DHA uptake mechanism is
necessary.

Previous studies have established an important
role for AA in a variety of physiological processes
that may be relevant to cardiovascular or renal dis-
ease, in addition to a contribution to antioxidant de-
fences. Platelet function relies on adequate AA levels
[25]. Animportant role for AA in the synthesis of col-
lagen and proteoglycans [26-29] may suggest that a
relative deficiency could lead to alterations in aryl
sulfatase B activity and reduced sulfation of glycos-
aminoglycans, and hence altered basement mem-
brane charge, permeability and function. Alterations
of basement membrane charge and permeability
have been implicated in the pathogenesis of diabetic
complications involving the cardiovascular and renal
systems [30]. Furthermore, AA plays an important
role in the improvement of endothelial function in
patients with both diabetes and cardiovascular dis-
ease [31, 32] and the inhibition of the rate-limiting
step of cholesterol synthesis, 3-hydroxy-3-methyl glu-
taryl coenzyme A reductase [33]. An action of AA on
improving insulin action on whole body glucose dis-
posal especially via non-oxidative pathways, may be
relevant to the maintenance of glucose homeostasis
in vivo [34].

In the present studies, AA uptake was always
performed in the presence of dithiothreitol, so that
this was the only species of vitamin C present. This
confirmed that the uptake of AA was indeed the mi-
nor component for total vitamin C uptake in these
cells, compared to the large transport capacity for
DHA. In previous studies, we have demonstrated
that reducing agents per se have no significant effect
on AA uptake [11]. It is uncertain whether the role
of this AA transport mechanism is to export the
AA regenerated from the DHA that is taken up by
the DHA mechanism (Fig.4). Thus, at physiological
plasma concentrations of AA ranging from 30 to
100 umol/l [4, 9, 10] and DHA ranging from 10 to
30 umol/l [9], the AA uptake would be operating at
50-90% full capacity but DHA uptake would only
be at about 10% full capacity. The absolute rates
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Fig.4. Scheme illustrating the major mechanism for vitamin C
uptake and recycling involving DHA. DHA is generated from
AA in extracellular fluid due to oxidative stress, and in order
to be regenerated by the intracellular enzyme DHA reductase,
it has to be taken up by cells by a saturable transport mecha-
nism. The DHA is then reduced to AA by cytoplasmic NAD-
PH dependent DHA reductase so that the major intracellular
form of vitamin Cis AA. This could then be reutilized as anti-
oxidant defences within and outside the cells. Impairment of
DHA uptake in DN cells especially in the presence of poor gly-
caemic control (which competitively inhibits DHA uptake or
further downregulates the V, of the uptake mechanism)
leads to hydrolysis and irrecoverable loss of DHA, eventually
resulting in depletion of AA stores

of uptake of DHA exceed that of AA by 10-15 fold
even at these plasma concentrations of substrate,
and being on the linear part of the uptake curve
would respond to increases in plasma DHA by
marked increases in uptake rates. These kinetic pa-
rameters would be especially useful when oxidative
stress leads to oxidation of AA in the extracellular
fluid, generating DHA that would enhance its cellu-
lar uptake, and this is then rapidly reduced back to
AA within the cells through DHA reductase [16].
Diabetes has been associated with a greater degree
of oxidative stress in vivo [9, 35]. This mechanism
ensures that AA is recovered and recycled rather
than the antioxidant pool being depleted gradually
by irreversible DHA hydrolysis. Thus, the roles of
the AA uptake mechanism may be to maintain cel-
lular anti-oxidant defences, whereas the DHA up-
take mechanism may act predominantly to regener-
ate DHA formed from extracellular oxidative stress.
According to this model, hyperglycaemia, nephropa-
thy status in diabetic patients and hypertension will
impair the recycling of vitamin C by inhibiting
DHA uptake. In some pathological conditions,
these three factors can have an additive effect so
that cellular stores of vitamin C are decreased fur-
ther.
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In conclusion, mass assays of AA and DHA up-
take in cell lines have defined two distinct uptake
mechanisms for these vitamin C forms. Although
AA uptake is similar in all four groups of subjects,
the uptake of DHA is reduced in DN and HT cell
lines. In association with poor glycaemic control in
vivo, DHA uptake could be further reduced. This im-
pairs the ability to recycle oxidised AA and may re-
sult in the depletion of antioxidant defences. The
links of this phenotype with the increased prevalence
of cardiovascular disease in diabetic nephropathy, hy-
pertension and their pathophysiological mechanisms
remains to be explored.
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