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Abstract-Intracellular reduced ascorbate (AA) levels in confluent cultures of human umbilical vein endothelial 
(HUVE) cells, grown under conventional conditions, were shown to be very low, ranging between undetectable, 
4.1 nmol/m8 protein, and 0.3 nmoUmg protein. Reduced ascorbate was accumulated into the endothelial cells 
from Ml99 culture medium in time- and concentration-dependent manners, and was saturated at medium 
concentrations related to the normal plasma concentrations of the antioxidant (i.e. between 50 plvl and 100 @I). 
Cells derived from different individuals demonstrated considerable inter-individual variation in these AA uptake 
parameters. The uptake of AA was sensitive to temperature and the presence of the structural analogue iso- 
ascorbate in the medium, indicating the involvement of an active transport mechanism. A role for the glucose 
transporter is. however, not indicated, as AA uptake was not sensitive to phloretin, an inhibitor of the cellular 
glucose transporter, nor greatly enhanced by depletion of glucose from the medium. Incubation of HUVE cells 
with dehydraascorbate (DHAA) caused a dose-dependent, but transient increase in intracellular AA. This 
indicates that HUVE cells are both competent in the uptake and intracellular reduction of oxidised ascorbate, and 
may resecrete AA into the medium. Indeed, reduced ascorbate in the medium was shown to be preferentially 
maintained in the presence of cells. The uptake of AA was not sensitive to the presence of DHAA in the medium, 
perhaps indicating different transporters for reduced and oxidised forms of ascorbate in these human cells. 
Pre-loading HUVE cells with AA was shown to protect control cells only weakly from the acute, sub-lethal 
toxicity of H,,O, generated by xanthine oxidase (1 U/mL or 10 U/mL). Protection was optimal at intracellular 
levels of 3-4 nmol AA/mg protein, with higher concentrations lacking a protective effect. Additionally. the 
presence of the iron chelator, desferoxamine, significantly protected GSHdepleted HUVE cells only in response 
to the peroxide, but did not potentiate the protective action of intracellular AA in either control or GSHdepleted 
cells. This indicates that ascorbate-driven redox-cycling of the Fe%e% does not hamper the intracellular 
protective function of ascorbate during hydrogen peroxide-derived oxidative stress. These results are discussed 
in terms of the central role of endothelial cells in the distribution of AA to the tissues of the body, the use of 
the HUVE cell system for model studies of the toxicity of oxidants in the human endothelium, and the balance 
between the antioxidant and pro-oxidant actions of AA. 
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The human endothelium represents a tissue that is con- 
stantly exposed to oxidants generated both internally, by 
the action of xanthine oxidase in the endothelial cells [1], 
and externally by activated blood granulocytes such as 
neutrophils [2]. Under normal conditions, the intracellu- 
lar milieu is protected by the concerted action of a net- 
work of antioxidative principles [3], of which ascorbic 
acid has been proposed as one of the major, water-sol- 
uble components [4:1. 

AAt reacts readil:y with a variety of ROMs, including 
superoxide radical anion, singlet oxygen, hydroxyl rad- 
ical, and water-soluble peroxyl radicals [4]. Moreover, it 
has been reported that AA and a-tocopherol act syner- 
gistically in the prevention of lipid peroxidation, as AA 
readily reduces the tocopheroxyl radical at the mem- 
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t Abbreviations: A.4, reduced ascorbate; DHAA, dehy- 
droascorbate; GSH, reduced glutathione; ROMs, reactive oxy- 
gen metabolites; MTT 3-(4.5dimethylthiazol-2-yl)-2,5-diphe- 
nyl-tetrazolium bromide; mBBr, monobromobimane; HUVE, 
human umbilical vein endothelial; PBS, phosphate-buffered sa- 
line; Gox, glucose oxidase; BSA, bovine serum albumin; and 
DETAPAC, diethylenetriaminepentaacetic acid. 

brane interface [5]. The efficacy of AA as an antioxidant 
is enhanced by its regeneration from ascorbyl radical or 
DHAA through the activity of glutathione (GSH)- and 
NADPH-dependent enzymatic processes [6]. However, 
it is pertinent to consider that as a redox-active sub- 
stance, AA can also act as a pro-oxidative stimulus, es- 
pecially in the presence of transition metal ions such as 
Fe2+/Fe3+ [S]. 

The transport of AA across the plasma membrane of 
cells is an active process against a steep concentration 
gradient [7], requiring the function of specific transport 
proteins [8]. Since AA structurally resembles glucose, 
evidence has suggested that AA is transported on the 
glucose transporter of various cells, including neutro- 
phils [9], hepatocytes [lo], and oocytes [l 11. Additional 
evidence suggests that DHAA is transported on the glu- 
cose transporter into neutrophils and fibroblasts [ 121 and 
erythrocytes [13]. It should be remembered, however, 
that other transport mechanisms may be operative in 
cells, and that there is a possibility that the reduced and 
oxidised forms of ascorbate are simultaneously trans- 
ported into cells by different systems. Indeed, the uptake 
of DHAA into most cells appears to be more rapid and 
extensive than that of AA [ 13, 141; however, the DHAA 
is rapidly reduced to AA, thus maintaining low intracel- 
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lular concentrations of DHAA [7]. Recently, Lam and 
co-workers proposed that DHAA is carried into cells by 
a low-affinity transporter distinct from the AA carrier, 
although both activities were simulated by extracellular 
sodium, which was proposed to alter the affinity of the 
transporters for their respective substrates [8]. 

Human cells lack the ability to synthesise AA [4], and 
rely on a constant supply of ascorbate derived from the 
diet. Normal plasma concentrations of AA vary between 
50 pM and 200 pM [6, 71, and it is thought that this 
circulatory reservoir serves to supply the tissues with 
this essential nutrient. Thus, the endothelial cells lining 
the blood vasculature play a potentially vital role in the 
absorption of AA from the circulation and in its distri- 
bution to the underlying tissues. Despite this, there have 
been no reports of the mechanisms by which endothelial 
cells absorb AA or DHAA from the circulation. In ad- 
dition, human endothelial cells [15-171 and endothelial 
cells from other species [18-201 are sensitive to oxida- 
tive insult from ROMs. This toxicity is thought to be 
central in the pathophysiological processes seen during 
the development of human diseases such as the adult 
respiratory distress syndrome [21]. Despite this, nothing 
is known of the potential antioxidative role of intracel- 
lular AA in human endothelial cells, although several 
studies have shown that large concentrations of extra- 
cellular AA clearly provide protection during neutrophil- 
endothelial cell interactions [19,22]. In contrast, several 
studies have clearly established an important role for 
intracellular GSH in the protection of endothelial cells 
from oxidant toxicity [15, 201. In the present study we 
describe, for the first time, the uptake kinetics of AA and 
DHAA into confluent cultures of HUVE cells, and have 
investigated the potential role of the cellular glucose 
transporter in the uptake of AA. Additionally, as prelim- 
inary experiments had demonstrated that HUVE cells 
lack detectable AA when grown under conventional con- 
ditions, we have investigated the influence of pre-load- 
ing the cells with AA on the acute cytotoxicity response 
to the naturally-occurring oxidant, H,O,. The results are 
discussed in terms of the potential function of AA uptake 
into these cells, and the use of this cell type for model 
studies of oxidant toxicity in the human endothelium. 

MATERIALS AND METHODS 

Chemicals 

L-Ascorbate, L-isoascorbate (isoAA), phloretin, GSH, 
DETAPAC, and M’IT were all obtained in >99% purity 
from Sigma Chemical Co., St. Louis, MO. Desferoxam- 
ine (DesferaP”) was obtained from Ciba Geigy AC, 
Basel, Switzerland. DHAA (99%) was obtained from 
Aldrich-Chemie, Steinheim, Germany. Hydrogen perox- 
ide (30% aqueous solution) was from Riedel-de-Haen, 
Seeize, Holland. Glucose oxidase (Gox) and BSA (frac- 
tion V, lyophilised and fatty-acid free) were obtained 
from Boehringer Mannheim, Mannheim, Germany. 
Monobromobimane (mBBr) was from Calbiochem, La 
Jolla, CA, and all materials for the isolation and culture 
of HUVE cells were purchased from Nord Cell AB, 
Stockholm, Sweden. Human serum was obtained from 
the donor center of Sabbatsberg Hospital, Stockholm, 
Sweden. All other chemicals and reagents were obtained 
in the highest grade possible from local suppliers. 

Cell cultures and incubations 

The HUVE cells were prepared from umbilical cords 
less than 6 hours post parturitum by the collagenase 
perfusion method described by Jaffe et al. [23], with 
minor modifications [24]. The cells were cultured to 
primary confluency in Ml99 medium supplemented 
with penicillin (100 U/mL), streptomycin (100 pg/mL) 
and L-glutamine (2 mM) and 20% human serum (hence- 
forth termed “control medium”). For uptake studies, the 
cells derived from individual cords were passaged by 
conventional trypsinisation and kept apart to determine 
any interindividual variation in the biochemical pro- 
cesses. For toxicity experiments, the cells were passaged 
as above but pooled at the Pl stage before further sub- 
cloning, since interindividual differences in the suscep- 
tibility of HUVE cells to peroxide-induced toxicity is 
minimal [17]. Cells of the third passage were used 
throughout the experiments, seeded onto 35 mm dishes 
(Falcon) for uptake experiments and 12-well plates (Fal- 
con) for the assay of toxicity. 

For the determination of the uptake kinetics, HUVE 
cell cultures were incubated in control medium supple- 
mented with either AA or DHAA at a variety of con- 
centrations from 10 pM to 200 @I. After various times 
the medium was removed, the cells washed with PBS, 
and the cells and medium analysed for their content of 
AA, as described below. Control experiments were per- 
formed to determine the optimal number of cellular 
washes for removing AA from loose association with the 
cells. In another series of experiments, the effects of 
varying temperature between 4°C and 37°C and of co- 
incubation of structurally-related compounds and inhib- 
itors of glucose transport on control AA uptake were 
tested. Finally, the effect of varying the glucose concen- 
tration from zero to 5 mM on the uptake of AA at dif- 
ferent medium concentrations was tested. Glucose-free 
Ml99 medium was used for this experiment. 

For the assessment of the effect of intracellular AA on 
the sensitivity of HUVE cells to the sub-lethal toxicity of 
peroxides, the cells were preincubated with control me- 
dium supplemented with AA (200 pM) for between 30 
minutes and 24 hours. The AA content of the cells was 
assayed, and parallel cultures washed and resupplied 
with control medium lacking AA serum and phenol red, 
but supplemented with BSA (1%) and Gox (1 UlmL or 
10 U/mL) for 30 minutes. The cells were then washed 
twice with PBS, and the toxicity determined by their 
ability to reduce MTT as described below. Control ex- 
periments were performed to determine the rates of ac- 
cumulation of H,O, in the Gox-containing media. In 
some instances, cellular GSH was depleted prior to the 
loading of AA by a 24hour preincubation in control 
medium lacking sulfur amino acid precursors (M199- 
medium) ]24]. This depletion medium was also used to 
perform the toxicity incubations in GSH-depleted cells. 
Control incubations were performed to determine if AA 
uptake was affected by the prior depletion of intracellu- 
lar GSH. Some experiments were also performed with 
control and GSH-depleted HUVE cells, pre-loaded with 
AA, in the presence of the iron chelator Desferal. 

Biochemical analyses 

Reduced ascorbate was assayed in cells and medium 
according to Honegger et al. [25] following extraction of 
the samples with TCA (1.25%). The molecule was sep- 
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arated by hplc (Waters Associates) on a supelcosil L-18 
column (150 mm x 4.5 mm, 3 pm) and quantitated by 
electrochemical detection using an Antec Model CU-03 
detector, with the ebectrode set in the oxidative mode at 
+0.5 V. Samples were analysed as soon after generation 
as possible. Intracellular GSH was analysed following in 
situ derivatisation of the cells with the membrane-per- 
meable thiol reagent mBBr, exactly as described previ- 
ously [26]. Hydrogen peroxide was analysed spectro- 
photometrically in lmedia according to the method of 
Ovenston and Parker [27]. Cellular protein was deter- 
mined by the method of Peterson [28]. 

Assay of cytotoxicitjl 

The sub-lethal, acute cytotoxicity of H,O, was as- 
sessed in the HUVE cells by monitoring changes in their 
ability to reduce MTT [29]. Briefly, following insult and 
washing, the cells were incubated in control medium 
containing MTT (0.5 mg/mL) for 2 hours. The cells were 
then washed (2 x 2 mL) with PBS, dissolved with 
DMSO (1 mL), and the absorbance of this extract deter- 
mined at 540 nm. The results are expressed as the frac- 
tional change in absorbance of the test sample against 
the appropriate control. 

Statistical appraisa1.v 

Sets of data were compared for differences using the 
Student’s t-test for unpaired observations. Significance 
occurs at the level of the two-tailed value of P c 0.05. 

RESULTS 

Reduced ascorbatl: was found to be unstable in the 
control medium used for cellular incubations. Figure 1 
shows that when AA was spiked into control medium at 
200 p.M and incubatrd in culture plates under exactly the 
same conditions used for cell experiments, levels fell 
rapidly, with nearly 50% lost after 6 hours and >90% 
depletion by 24 hours. Interestingly, when this experi- 
ment was repeated in the presence of confluent mono- 
layers of HUVE cells, the levels of AA in the medium 
were maintained above medium-only controls at most 
time points. Thus, the presence of cells induced a sig- 
nificant increase in AA after 6 hours (76% f 13% vs 
55% f 5%. P < 0.05, n = 4) as well as after 24 hours 
(38% f 5% vs 10% f 88, P < 0.001, n = 4). Further- 
more, the inclusion of the iron chelator (DETAPAC, 100 
ph4) in the medium in the absence of cells also signifi- 
cantly protected the ‘levels of AA, to a similar extent as 
HUVE cells (Fig. 1). 

One of the initial steps in establishing the uptake ki- 
netics for AA in cultures of HUVE cells was to deter- 
mine the optimal washing protocol for removing extra- 
cellular AA following incubation. Cells derived from 
one umbilical cord and incubated with 200 pM AA for 
2 hours had 15.3 nmol f 1.1 nmol AA/mg protein (n = 
3) associated with t.hem if the medium was carefully 
removed and the cel1.r directly assayed without washing. 
If these cells were washed up to three times with PBS, 
the levels of AA associated with the cells fell to 7.9 + 
0.3, 5.3 f 2.4, and 5.0 + 0.7 nmol/mg protein, respec- 
tively (n = 3 on all points). Thus, 3 washes with PBS was 
chosen for subsequent experiments on AA uptake. 

The incubation of HUVE cells with AA resulted in 
time- and concentration-dependent accumulation of AA 
in the cells (Fig. 2). Four noteworthy observations 
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Fig. 1. The stability of reduced ascorbate in control Ml99 me- 
dium in the absence and presence of an iron chelator or con- 
jluent HUVE cells. Reduced aseorbate (AA) was spiked into 
control Ml99 medium and incubated in a humidified CO, in- 
cubator in 35mm culture dishes in the absence and presence of 
either the Fe” chelator DETAPAC (100 pM) or confluent 
monolayers of HUVE cells of the third passage, derived from 
one batch of primary cells. At various times up to 24 hours, 
aliquots of medium were removed for the determination of AA 
as described in Materials and Methods. N = 4 on all observa- 
tions. * and *** denote significant (P c 0.05 and 0.001, respec- 
tively) elevations in medium ascorbate levels from controls. 

emerge from this figure. Firstly, under the conditions 
employed, the uptake increased with increasing concen- 
trations between 10 ph4, and 200 p.M of AA in the 
medium. It appears that the uptake may be saturated 
between 100 pM and 200 pM, yet this is not certain due 
to the considerable interindividual variability in the re- 
sponse of the cells. Secondly, the uptake seems to be 
fairly linear at each concentration of AA tested over the 
2-hour time period studied. Additionally, other experi- 
ments using one individual clone of cells revealed that 
AA continued to concentrate in the cells over a 24hour 
period, with levels of 8.4 f 1.4 and 19.3 * 3.1 nmoVmg 
protein accumulated after 6 or 24 hours of incubation, 
respectively, in control medium supplemented with AA 
(200 pM) (iV = 4 on both observations). Moreover, it will 
be noted that 10 pM AA in the medium was unable to 
sustain a rise in intracellular AA past 60 minutes of 
incubation. Thirdly, interindividual variation in the abil- 
ity of the cells to take up AA was clearly evident at all 
time points and concentrations of AA used. This vari- 
ability lay between 20% and 100% in the four individual 
cell batches tested, hence the omission of error data from 
the figure. Lastly, the control preincubation levels of 
cellular AA are extremely low, varying from co.1 nmol/ 
mg protein to circa 0.3 nmol/mg protein. 

When similar experiments were performed on the ef- 
fect of incubating the cells with DHAA over a 2-hour 
period on intracellular levels of AA, levels of AA rose 
from ~0.1 nmoVmg protein to between 0.20 f 0.03 and 



1342 A. EK, K. STRGM and I. A. COTGREAVE 

lncubatlon time (mlnutes) 

Fig. 2. Concentration dependency of the accumulation of re- 
duced ascorbate in HUVE cells from ascorbate-spiked control 
medium. Confluent HUVE cells at passage 3, derived from 4 
individual batches of primary cells, were incubated on 35mm 
culture plates with control Ml99 medium supplemented with 
various concentrations of AA between 10 p.M and 200 pM. 
After set times, the medium was removed and the cells washed 
with prewarmed (37’C) PBS (3 x 2 mL). The cells were then 
analysed from their AA content/mg cell protein as described in 
Materials and Methods. Interindividual differences in the extent 
of accumulation of each time point with each concentration of 
AA were large (between 20% and 100%). and have been omit- 

ted from the figure for clarity. 

1.72 f 0.45 nmol/mg protein by 60 minutes of incuba- 
tion, dose-dependently (Fig. 3). Again, interindividual 
variation was noted among the four individual cell 
batches tested, but this was generally less than that ob- 
tained with AA. Further, by 2 hours the levels sustained 
by each concentration of AA decreased in a convergent 
manner. When one individual batch of cells incubated 
with 200 @I DHAA was followed beyond 2 hours, it 
was noted that levels of intracellular AA continued to 
fall to 0.25 f 0.1 nmol/mg protein (n = 3) by 6 hours, a 
level maintained at 24 hours (0.22 + 0.09, n = 3). 

In another series of experiments, cells from 3 individ- 
ual batches were loaded with AA by incubation with 
control medium supplemented with AA (200 @I) for 4 
hours, washed, and then reincubated in control medium 
minus AA. Intracellular AA levels were shown to de- 
cline rapidly in the absence of extracellular AA. Thus, 
cellular AA fell from control levels of 7.8 f 2.0 nmoYmg 
protein to 6.6 f 1.3, 6.2 f 2.0, 4.8 f 0.9, and 3.0 f 1.0 
nmol/mg protein at 5, 10, 15, and 30 minutes of incu- 
bation, respectively. Again, the data confirm interindi- 
vidual variability in loading of AA, but also indicate 
extensive variability in the loss of AA from the cells. 

Preiiminary experiments designed to probe the nature 
of the uptake of AA into HUVE cells demonstrated that 

lncubatlon tlme (mlnutes) 

Fig. 3. Concentrarion dependency of the accumulation of re- 
duced ascorbate in HUVE cells from control medium spiked 
with dehydroascorbate. All details as in Fig. 2 except that the 
cells were incubated in control medium spiked with dehy- 

droascorbate. 

AA uptake from medium supplemented with AA (200 
p&I) for 2 hours was temperature sensitive, falling from 
3.1 f 0.3 nmol/mg protein at 37T to 1.9 f 0.5 nmobmg 
protein and 1.3 f 0.4 nmol/mg protein at 20°C and 4”C, 
respectively (n = 3 with one individual batch of cells). 
Under the same conditions, the control accumulation of 
AA into HUVE cells was unaffected by coincubation 
with either DHAA (1 mM) or phloretin (100 @I), but 
significantly (P < 0.001) inhibited to 22 + 4% (n = 3) of 
control by coincubation with isoAA (1 mM). In another 
series of experiments, HUVE cells were incubated with 
AA (50 i.tM-200 p&I) for 2 hours in glucose-free Ml99 
medium supplemented with O-5 mM glucose. It can be 
seen from Fig. 4 that AA was accumulated in the cells in 
the absence of glucose, with 1.2 f 0.2 nmol/mg protein, 
1.8 f 0.3 nmol/mg protein, and 2.8 f 0.3 nmol/mg pro- 
tein accumulated from medium supplemented with 50 
@I, 100 pM, and 200 p.M AA. Similarly, at all AA 
concentrations tested, the inclusion of glucose at 1 mM 
or 2.5 mM stimulated the accumulation of AA in the 
cells. At concentrations above 2.5 mM, a trend towards 
decreased accumulation was evident. Again, as the data 
were derived from cells derived from three individual 
primary cultures, considerable variation was evident in 
the effect of glucose on AA uptake. 

When control HUVE cells were incubated with Gox 
(1 UlmL or 10 U/mL) for 30 minutes in Ml99 medium 
lacking serum, but supplemented with BSA (l%), a 
dose-dependent loss of Mm-reducing ability (to 60.7% 
f 1.3% and 50.9% f 1.7% of controls, respectively) was 
detected in the cells (Fig. 5). On the other hand, when the 
cells were pre-loaded with AA from control medium 
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Medium alucoae (pm) 

Fig. 4. The effect of variation of medium glucose concentration 
on the accumulation of reduced ascorbate from ascorbate- 
spiked medium. Confluent HUVE cells from the third passage 
of cells derived from 3 individual primary cultures were incu- 
bated for 2 hours in glucose-free medium supplemented with 
various concentrations of glucose (from O-5 mM) and ascorbate 
(from 50 pM to 200 t&l). The content of cellular AA was then 

determined as described in Materials and Methods. 

supplemented with :!OO J.&I AA for between 30 minutes 
and 24 hours, dose-dependent protection from the tox- 
icity of the peroxida was noted, which was significant 
(between P < 0.05 and P < 0.01 for l-4 h pre-loading) 
when 10 U/mL Gox was utilised. It was, however, evi- 
dent that an optimal intracellular concentration of AA of 
circa 3 nmol/mg protein was necessary to elicit protec- 
tion, with increasingly higher intracellular concentra- 
tions diminishing or totally removing the protective ef- 
ficacy of the antioxrdant. 

Finally, to assess if the availability of intracellular 
Fez+ limits the protective capacity of AA, due to even- 
tual pro-oxidative redox-cycling, both control cells and 
cells >90% depleted of their intracellular GSH (from 32 
f. 4 nmol/mg protein) were treated with Gox (1 or 10 
U/mL) for 30 minums, in the absence or presence of the 
iron chelator Desferal (100 @I), following a 4-hr pre- 
loading with AA. This pre-loading period was chosen 
because it provides intracellular AA concentrations 
greater than those for optimal protection. Additionally, it 
will be noted that the AA uptake kinetics were not af- 
fected by the depletion of cellular GSH (data not shown). 
It can be seen from Fig. 6a that pre-loading the cells with 
AA only elicited significant (P < 0.05) protection in 
control cells when 10 U/mL Gox was used. This was not 
potentiated by coincubation of such cells with Desferal. 
On the other hand, the depletion of GSH from the cells 
significantly (P < 0.01) potentiated a sub-acute toxicity 
of both 1 and 10 U/n& Gox, and revealed significant (P 
c 0.05-P c 0.01) paotective effects for both pre-incuba- 

404 I I 1 . . 1 I I 1 1 I 1 
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Fig. 5. The effect of variation of intracellular ascorbate levels 
on the acute, sub-lethal toxici response of HUVE cells to 
hydrogen peroxide. Confluent control HUVE cells at passage 
three from one batch of primary cells were pre-loaded with 
ascorbate in control Ml99 medium supplemented with AA for 
increasing times between 30 minutes and 24 hours. Before the 
exposure of the cells to Gox. parallel plates (35 mm) were 
assayed for the extent of cellular accumulation of AA. The cells 
were then exposed to Ml99 lacking AA and serum, but sup- 
plemented with BSA (1%) and glucose oxidase @ox, 1 UlmL, 
or 10 U/mL) for 30 minutes on 12-well plates. Thereafter, the 
cells were washed (2 x 2 mL) with PBS and their viability 
determined by their incubation in control medium supple- 
mented with MTT, as described in Materials and Methods (n = 
4 on all points). The accumulation of H,O, at 5, 10, and 30 
minutes amounted to 110,220, and 300 pM, and 280,310, and 
330 pM for 1 U/n& and 10 U/mL Gox, respectively. * and ** 
denote significant (P < 0.05 and P c 0.01, respectively) differ- 
ences between values obtained without pre-loading with AA 

and those obtained with pm-loading. 

tion with AA and coincubation with Desferal (Fig. 6b). 
When the treatments were combined, however, an addi- 
tive or synergistic protective effect was not observed. 

DISCUSSION 

Many studies have highlighted the antioxidant prop- 
erties of AA in biological systems [4-6,9-l 11. Ascorbic 
acid is an essential nutrient in humans, distributed 
throughout the body via the circulation. Thus, the endo- 
thelial barrier of the human circulation occupies a po- 
tentially critical position in the control of distribution of 
ascorbate throughout the body. At the same time, it is of 
interest to probe the potential antioxidant function of AA 
in human endothelial cells, as they represent one of the 
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Fig. 6. The effect of the iron chelator Desferal on the acute, 
sub-lethal toxicity of hydrogen peroxide in control and ascor- 
bate pre-loaded HUVE cells. Confluent control HUVE cells (A) 
at passage three from one batch of primary cells, or similar cells 
depleted of their GSH (B) by a 24hour preincubation in Ml99 
medium lacking sulfur amino acids, were pm-loaded with 
ascorbate for 4 hours from control medium supplemented with 
200 pM of the antioxidant. These cells were then washed (2 x 
2 mL) with PBS and exposed to Ml99 medium lacking AA and 
serum, but supplemented with BSA (1%) and glucose oxidase 
(Gox, 1 U/mL, or 10 U/mL) in the absence or presence of 
desferoxamine (Desferal, 100 pM), for 30 minutes on 12-well 
plates. The cells were then washed (2 x 2 mL) with PBS, and 
the viability of the ceils determined by their incubation in con- 
trol medium supplemented with MTT, as described in Materials 
and Methods (n = 4 on all points). Control GSH levels (32 * 4 
nmol/mg protein, n = 4) were depleted by >90% by preincuba- 
tion in Ml99-medium. Control accumulation of AA (4.8 f 0.5 
nmol/mg protein, n = 3) was not affected by GSH depletion. All 
other details as in Fig. 5, except that @ @ denotes a significant 
(~0.01) difference between the toxicity of H,Oz in control and 

GSH-depleted cells at each concentration of Gox. 

primary targets for the induction of oxidative stress and 
oxidant-related toxicity [15-17,211. Despite this, an ap- 
preciation of the biochemical processes underlying the 
transport of AA into human endothelial cells is lacking. 

In this communication we clearly show that when cul- 
tured under conventional conditions, confluent monolay- 
ers of HUVE cells possess very low levels of reduced 
ascorbate, between 0.1 nmoVmg protein and 0.3 nmol/ 
mg protein. Indeed, these often lie below the detection 
limit of the assay for AA in the manner employed (i.e. 
below circa 0.1 nmol/mg protein). It will be noted that 
AA is included in Ml99 medium, but is unstable and is 

usually undetectable in the control media used. Thus, 
when HUVE cells are supplied with medium supple- 
mented with AA, the cells accumulated AA in a time- 
dependent manner. Experiments on the concentration- 
dependency on this uptake process revealed that the pro- 
cess is optimal at extracellular concentrations of between 
50 pM and 100 pM (Fig. 2), matching the affinity of the 
carrier mechanism to the normal levels of AA in human 
plasma/serum [7]. However, further experiments are re- 
quired to determine the exact carrier affinity for AA 
uptake into HUVE cells. This might involve measuring 
the initial velocity of the uptake of i4C-labelled AA into 
the cells. The affinity and activity of the HUVF cell AA 
carrier may vary among individuals, as large interindi- 
vidual differences in the concentration-dependent accu- 
mulation of AA were noted for cells derived from indi- 
vidual umbilical cord primary cultures. Interindividual 
differences in GSH-dependent parameters have also 
been noted for HUVE cells from different donors [ 171. 

The nature of the carrier mechanism for AA in HUVE 
cells is as yet unknown. However, the fact that the up- 
take was shown to be temperature-sensitive and in- 
hibitable with the structural analogue isoAA indicates an 
active receptor/transporter mechanism. Many cells have 
been shown to rely on the activity of their glucose trans- 
porter for the uptake of AA [9-l 11. However, it is clear 
that phloretin, a potent inhibitor of glucose transport 
[lo], is completely without inhibitory effects in HUVE 
cells. Additionally, lowering the glucose concentration 
of the incubation from the control levels of 5 mM did not 
greatly affect the uptake of AA from the medium at 
concentrations between 50 ph4 and 200 pM (Fig. 4). If 
glucose had competed with AA for uptake into the cells, 
one might expect that lowering the glucose content 
would stimulate the uptake of the antioxidant. Finally, it 
is interesting to note that AA uptake occurred in the total 
absence of glucose in the medium. Further work is re- 
quired to characterise the nature of the AA carrier in 
these human cells. Preliminary data indicate that the up- 
take of AA is sensitive to the presence of other structur- 
ally-related sugar derivatives, particularly glucuronic 
acid, glucuronamide, and various glucuronides (authors’ 
unpublished observations), perhaps indicating common 
transport pathways for these agents and AA in HUVE 
cells. 

When DHAA was supplied to the extracellular me- 
dium, it was apparent that AA accumulated in the cells 
in a dose-dependent manner (Fig. 2). However, the 
steady-state levels of AA achieved were much lower 
than those obtained with corresponding concentrations 
of AA in the extracellular medium. Moreover, it was 
apparent that after an initial peak of AA in the cells, 
levels converged to a steady state niveau ~0.5 nmol AA/ 
mg protein over the entire range of DHAA tested (10 
pM-200 pM). Irrespective of the kinetics of appearance 
of AA in the cells, the data clearly indicate uptake of 
DHAA into HUVE cells and the activity of a reductase 
able to generate AA from intracellular DHAA. Despite 
this, the activity of the transporter and/or reductase may 
be limited, due to the low levels of AA maintained in the 
cells. Once again, the exact nature of the DHAA carrier 
is uncertain from our experiments; however, it may be 
that AA and DHAA are carried on separate carriers, as 
our results indicate that DHAA did not inhibit the uptake 
of AA from the external medium. Here, work with ra- 
diolabelled DHAA is indicated to determine the extent 
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of DHAA uptake in the cells and the efficiency of its 
reduction to AA. 

Following the removal of AA from the extracellular 
medium, the intracellular levels of AA were shown to 
fall rapidly within the first hour of re-incubation in AA- 
free medium. This jmdicates either that AA undergoes 
rapid breakdown/oxidation in the cells and/or is released 
back into the medium. Some evidence for the latter pro- 
cess may have been provided by the data in Fig. 1, which 
demonstrate that AA levels in control medium were 
maintained more efficiently in the presence of the 
HUVE cells themse.lves. Such “cycling” of AA across 
the membrane, coupled with the ability to transport and 
reduce DHAA, may have physiological relevance to the 
maintenance of AA in a largely reduced state in the 
plasma. Additionally, it remains to be seen whether AA 
is released on the basal side of the endothelial layer, thus 
providing AA to underlying cell types, such as smooth 
muscle cells. Further work with HUVE cell cultures on 
porous filter supports may provide insight into these pro- 
cesses. An alternative explanation for the protective ef- 
fects of HUVE cells on medium AA may, however, lie 
in the cells’ ability to chelate extracellular Fe2+. Thus, 
the inclusion of the chelator DETAPAC in the medium 
was shown to protect the levels of AA to an extent 
similar to that of the HUVE cells (Fig. 1). 

It is clear from the data obtained from control HUVE 
cells grown under conventional conditions that intracel- 
lular AA concentrations are very low, variably below the 
limit of detection of the assay or in the order of O.S%- 
1.5% that of GSH, which generally lie around 20 nmoV 
mg protein, or circa 3 mM [24]. This implies that intra- 
cellular AA concentrations lie considerably under 50 J.N 
in such cultures. Thi:s presents potential ramifications for 
the use of this cell type in model studies on the role of 
intracellular oxidative stress in the toxicity of ROMs, 
such as H,O, [15-171. However, the data presented in 
Fig. 5 and 6 clearly show that the presence of intracel- 
lular AA has minimal protective effect on H,O,-induced 
sub-lethal injury in the cells, as assessed by the use of the 
M’IT reduction assay. It is interesting to note that a weak 
protective effect was coupled with an optimal intracel- 
lular AA level of circa 3 nmol/mg protein. Here it must 
be remembered that the actual levels of AA in the en- 
dothelial cells in viva, are unknown. It may be that above 
these levels AA begins to function in a pro-oxidant 
manner, a possibility clearly indicated by previous stud- 
ies [5]. 

To test the possibility that the net protective effect of 
intracellular AA is a compound of its pro- and anti- 
oxidative properties, experiments were performed in 
which both control and GSH-depleted cells were incu- 
bated with the iron chelator Desferal. It will be noted that 
DETAPAC was unsuitable in these toxicity experiments, 
as it was shown to interfere in the MT’T assay of cell 
viability. It can be seen from Fig. 6a that a Chour pre- 
loading with AA only marginally protected control cells 
against the toxicity of the 10 U/mL Gox, and that this 
was not potentiated by the inclusion of Desferal. This 
was further supported in GSH-depleted cells (Fig. 6b), 
where the toxicity of H,O, was significantly potentiated. 
This has been noted previously [ 15, 171 and may be due 
to a compromised ability of the cells to detoxify H,O, 
via GSH-peroxidase-dependent processes. It must be 
stated, however, that the method used to deplete GSH in 
the present experiments may also deplete other low mo- 

lecular weight thiol-containing compounds and affect 
the stability of intracellular AA in an indirect manner. 
Despite this, in these GSH-depleted cells, both Desferal 
or AA pre-loading protected the cells from cytotoxicity, 
but the coincubation of AA-pre-loaded cells with Des- 
feral did not elicit an additive or synergistic protective 
effect. This suggests that AA-driven intracellular redox 
cycling with Fe2+IFe3+, with the generation of hydroxyl 
radicals via a Fenton reaction [30], does not limit the 
overall, rather weak antioxidative efficacy of HUVE cell 
AA under the conditions employed. 

In conclusion, HUVE cells possess transport mecha- 
nisms for both AA and DHAA, with the activity of the 
former transporter optimised to normal plasma levels of 
the antioxidant. This transport mechanism probably does 
not involve the cellular glucose carrier. Under normal 
conditions, AA levels in HUVE cells are much lower 
than those of GSH, but loading the cells with AA prior 
to exposing them to peroxides has little or no protective 
influence on the resultant toxicity. These results have 
implications both for the role of such endothelial cells in 
the disposition of circulatory AA in the body and for the 
use of the cells in model studies of the mechanisms of 
oxidant toxicity. 
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