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Exposure of rabbit red blood cells to dehydroas- 
corbic acid (DHA) caused a significant decline in 
glutathione content which was largely prevented by 
quercetin, whereas it was insensitive to various anti- 
oxidants, iron chelators or scavengers of reactive 
oxygen species. This response was not mediated by 
chemical reduction of either extracellular DHA or 
intracellular glutathione disulfide. In addition, the 
flavonoid did not affect the uptake of DHA or 
its reduction to ascorbic acid. Rather, quercetin 
appeared to specifically stimulate downstream events 
promoting GSH formation. 

Keywords: Quercetin, flavonoids, dehydroascorbic acid, 
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INTRODUCTION 

Quercetin (3~5,7~3',4'-pentahydroxyflavone) is a plant 
polyphenolic flavonoid characterized by potent 

antioxidant [1~1 and iron-chelating properties. [1~1 
It was shown to inhibit (a) the peroxidation 
of lipids induced by the attack of aqueous oxygen 
radicals [61 or initiated by ferric iron in the 
retina, purified rod segments and retinal pigment 
epithelium; [71 (b) DNA single strand breakage 
and cytotoxicity caused by tert-butylhydroper- 
oxide; Is! (c) the oxidative alterations of membrane 
lipids and proteins induced by phenylhydrazine, 
acrolein, divicine and isouramil; [91 and (d) injury 
to cutaneous tissue-associated cell types induced 
by glutathione depletion elicited by buthionine 
sulfoximine (BSO) treatment. [1°] 

In the present study we report evidence of a 
novel effect of quercetin. Using an experimental 
system involving exposure of rabbit red blood 
cells (RBC) to DHA, we found that the resulting 
decline in GSH content was largely prevented by 
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the flavonoid by a mechanism which appears to be 
independent of its antioxidant and iron-chelating 
properties. Erythrocytes take up extracellular 
DHA on the glucose transporter II1-131 and, once 
within the cell DHA is rapidly reduced to ascor- 
bate at the expense of GSH. D3-161 Under the 
experimental conditions utilized in this study, 
quercetin did not spare GSH by chemically 
reducing DHA or preventing its uptake and/or  
reduction to ascorbic acid but, rather, by 
promoting GSH formation. 

MATERIALS A N D  METHODS 

Materials 

Enzymes, coenzymes, substrates, ascorbic acid, 
potassium ferricyanide, rutin, kaempferol and 
quercetin were purchased from Sigma-Aldrich 
(Milan, Italy) and from Boehringer Mannheim 
(Mannheim, Germany). All HPLC reagents were 
of HPLC grade. 

Dehydroascorbate Preparation 

A 20 mM solution of DHA was prepared imme- 
diately prior to use by bromine oxidation of 
ascorbic acid, as reported by Waskho et  al. D7] 

Incubations of Cell-free-extract with DHA or 
Other Compounds  

Washed red blood cells were lysed with 1 
volume of cold water and maintained at 4°C 
for 10min. The cell-free extracts were then 
resuspended with 4 volumes of PBS with or 
without 2 mM DHA in the presence of 200 pM 
butylated hydroxytoluene (BHT), 10-100pM 
N,N'-diphenyl- 1,4-phenylendiamine (DPPD), 
25-100 ~tM t,10-phenanthroline, 50-100 pM 
desferoxamine mesylate (desferal), 50 pM-1 mM 
mannitol, 10-100 pM thiourea. The samples were 
incubated at 37°C for various time intervals. 
Stock solutions of 20mM quercetin or 10mM 
1,10-phenanthroline were dissolved in dimethyl 
sulfoxide (DMSO), 10raM DPPD and 50mM 
BHT in 95% ethanol and then diluted in PBS. 
At the treatment stage the final DMSO/ethano! 
concentration was never higher than 0.25%. 
Under these conditions DMSO and ethanol did 
not induce hemolysis nor did they affect GSH 
and hexokinase levels. 

To stop the reactions, samples were immedi- 
ately placed in an ice bath, diluted 1:2 with 
water, and directly analyzed for GSH and hemo- 
globin content. 

Rabbit Red Blood Cells 

Rabbit whole blood was obtained from the mar- 
ginal ear vein, using heparin as anticoagulant, 
and was immediately centrifuged at 3,000 rpm for 
10min at 4°C. After removal of plasma, buffy 
coat and the upper 15% of the packed red blood 
cells, the cells were washed three times in 10 
volumes of phosphate-buffered saline solution 
(PBS) which consisted of distilled deionized water 
containing 140 mM NaC1 and 12.5 mM NaH2PO4 
at pH 7.4. The packed erythrocytes were then 
resuspended in the same saline solution and 
incubated in the presence of DHA or those com- 
pounds reported in the legends of figures. 

Incubation of Rabbit Erythrocytes with DHA 
or Other Compounds  

A 10% (v/v) red blood cell suspension prepared 
in PBS was incubated at 37 °C in a shaking water 
bath. Experiments were carried out in the pre- 
sence of 2mM DHA and quercetin and /o r  the 
compounds reported in the legends to the fig- 
ures. To terminate the reaction, samples were 
immediately centrifuged at 3,000 rpm for 10 min 
at 4 °C and washed twice in 10 volumes of PBS. 
The packed cells were then lysed with 19 volumes 
of cold water and after 10 min in ice, the samples 
were analyzed for GSH, hemoglobin content and 
hexokinase activity. 
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QUERCETIN PREVENTS DHA-INDUCED GSH DEPLETION 641 

Hemoglobin 

The hemoglobin (Hb) concentration was deter- 
mined spectrophotometrically at 540nm with 
Drabkin's solution as described by Beufler. Ilsl 

GSH and GSSG 

The GSH and GSSG measurements were performed 
spectrophotometrically as described by Beutler. [lsl 

Hexokinase 

ated in the presence of 50gM quercetin for 
60 min. At 5 min time intervals, aliquots of RBC 
suspension were collected and centrifuged at 
3,000 rpm. The clear supernatant was extracted 
with ethyl acetate and erythrocytes were washed 
twice with PBS and lysed by freezing and 
thawing. The hemolysate was extracted with ethyl 
acetate. [91 The amount of quercetin was meas- 
ured either spectrophotometrically at 340 nm or 
by HPLC method as previously described. [21] 

Statistical analysis of the data was performed 
using Student's t-test. 

Rabbit red blood cell hexokinase (EC 2.7.1.1) was 
measured spectrophotometrically at 340nm as 
described by Beufler. [lsl 

GSH-Dependent DHA-reductase 

GSH-dependent DHA-reductase (EC 1.8.5.1) 
was assayed as described by Wells et al. 1191 at 
37°C in a system coupled with glutathione 
reductase (EC 1.6.4.2). 

Ferricyanide Reduction 

Ferricyanide reduction by RBC was measured as 
reported by Avron and Shavit. [2°1 After pre- 
incubation with DHA or DHA + quercetin, 0.25 ml 
of 10% RBC were washed three times with 10 ml 
of PBS + 5 m M  glucose (pH 7.4) and the final 
pellet (25 ~tl) was resuspended in 0.225ml of 
PBS containing 1raM potassium ferricyanide 
which was solubilized immediately prior to 
use. After 30 min at 37 °C, the cell suspensions 
were centrifuged at 3,000rpm. The resulting 
supernatant was assayed in duplicate for ferro- 
cyanide content using 1,10-phenanthroline as 
indicator, by measuring the optical density at 
510 nm (extinction coefficient: 10,500 M -1 cm-1). 

Intracellular Content of Quercetin 

In order to investigate the intracellular content 
of quercetin, RBC (10% v / v  in PBS) were incub- 

RESULTS AND DISCUSSION 

Previous work from this [221 and other labor- 
atories 111'12'151 demonstrated that DHA is rapidly 
taken up by red blood cells and that this event is 
followed by GSH-dependent reduction of DHA 
to ascorbate paralleled by a progressive decline 
in GSH. [22-241 The results illustrated in Figure 1A 
show the occurrence of this phenomenon at 
increasing time intervals of exposure of rabbit 
erythrocytes to 2mM DHA. Interestingly, the 
addition of quercetin (50 ~tM) at the time of 
DHA exposure mitigates this response, whereas 
the flavonoid alone has hardly any effect on the 
GSH content in untreated erythrocytes. The 
effect of quercetin was concentration-dependent 
and the maximal inhibitory response at 90 min of 
incubation was achieved by a concentration of 
25 ~tM (Figure 1B). As expected, the decline in 
GSH levels was paralleled by a time-dependent 
increase in the intracellular content of gluta- 
thione disulfide (GSSG) and this response was 
also mitigated by quercetin (50 gM) (Table I). 

In principle, these results might simply be 
explained by chemical reduction of DHA or by 
an inhibitory effect of quercetin on DHA uptake, 
which in erythrocytes is mediated by facilitative 
hexose transporters. [11-141 The first possibility, 
however, appears to be unlikely since a 30 min 
incubation at 37 °C of 50 ~tM quercetin/2 mM DHA 
in PBS, pH 7.4, caused neither an appreciable 
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FIGURE 1 Effect of quercetin on reduced glutathione levels in rabbit erythrocytes exposed to dehydroascorbic acid. (A) Rabbit 
erythrocytes were resuspended (10% v/v) in PBS and incubated at 37 °C for increasing time intervals with 2 mM DHA (O), 
50~4 quercetin ( , ) ,  or 2mM DHA/50 ~M quercetin (E~). The control sample is represented by a (@). GSH levels were 
measured as reported in Materials and Methods. The basal content of GSH corresponds to 7.5 + 0.7 ~mol/g Hb. (B) Rabbit 
erythrocytes were resuspended (10% v/v)  in PBS and incubated at 37 °C with 2 mM DHA in presence of increasing concentra- 
tions of quercetin for 90rain. (@). GSH levels were measured as reported in Materials and Methods. All values are the 
means + SD of at least five independent determinations. 

TABLE I GSSG levels in DHA-treated RBC or hemolysate in the presence of quercetin 

GSSG (nmol/ml) 

RBC a Hemolysate b 

60 rain 120 rain 30 min 120 rain 
DHA 2 mM 48 ± 8 100 5:10 75 + 6 79 q- 6 
DHA 2 mM + Quercetin 50 BM 20 + 9 42 ± 8 67 d: 9 37 i 7 

aRabbit red blood cells were resuspended (10% v/v) in PBS pH 7.4 and incubated at 37°C for 120rain with DHA 
both in the absence or presence ofbquercetin. The basal content of GSSG corresponds to 3.7 ± 0.2 nmol/ml. Data are 
referred to ml of red blood cells. Rabbit red blood cells were lysed with 1 volume of H20. The hemolysate was 
then diluted (1:5) with PBS pH 7.4 and incubated at 37 °C for 120 min with DHA, both in the absence or presence of 
quercetin. The basal content of GSSG corresponds to 0.4 ± 0.02 nmol/ml. Data are referred to ml of hemolysate. The 
GSSG level of the control samples did not show significant variation during the incubation time. Data are the 
means ± SD of three independent determinations. 

f o r m a t i o n  of  ascorb ic  ac id  (as m e a s u r e d  b y  

a b s o r b a n c e  at  2 6 7 n m )  no r  a c h a n g e  in  the  

a b s o r p t i o n  s p e c t r u m  of q u e r c e t i n  (not  show n) .  

A s imi la r  obse rva t ion ,  a l t h o u g h  u s i n g  a d i f f e r en t  

e x p e r i m e n t a l  a p p r o a c h ,  w a s  r ecen t l y  m a d e  b y  

Pa rk  a n d  Lev ine .  [251 The  poss ib i l i t y  tha t  the  

o b s e r v e d  effects  of  q u e r c e t i n  are  causa l l y  l i n k e d  

to i nh ib i t i on  of  D H A  u p t a k e  a lso  a p p e a r s  to 

be  u n l i k e l y  s ince  the  f l a v o n o i d  fails to p r e v e n t  

a d d i t i o n a l  effects  m e d i a t e d  b y  D H A  in  e ry th ro -  

cytes,  e.g. inh ib i t ion  of  hexok inase  ac t iv i ty  [22-24] 

a n d  s t i m u l a t i o n  of  f e r r i c y a n i d e  r educ t i on .  I14"151 

I n d e e d ,  as s h o w n  in  Table  II, a 60 m i n  e x p o s u r e  

to 2 m M  D H A  r e d u c e s  h e x o k i n a s e  ac t iv i ty  
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QUERCETIN PREVENTS DHA-INDUCED GSH DEPLETION 643 

TABLE II Effect of quercefin on DHA-induced inhibition of hexokinase and stimulation of ferricyanide reduction 

Hexokinase a Ferrocyanide b 
(U/g Hb) ( ,mol /ml  RBC/30 rain) 

Control 0.98 + 0.1 1.05 + 0.086 
Quercetin 50 ~M 0.92 ± 0.099 1.4 ± 0.7 
DHA 2mM 0.72±0.05 4 d~ 0.82 
DHA 2 m M +  Quercetin 50 ~M 0.75 ± 0.09 3.9 ± 0.77 

Rabbit red blood cells were exposed for 60rain at 37°C to DHA both in the absence or presence of quercetin. 
aAfter incubations, RBC were washed twice with PBS and lysed 1:20 with H20. bAt the end of the incubations, RBC 
were washed twice with 10ml of PBS + 5 mM glucose and resuspended at 10% (v/v) with PBS containing I mM 
potassium ferricyanide for 30 minutes. Data are the means ± SD of four independent determinations. 

by about 30%, both in the absence and presence 
of 50 ~tM quercetin. Under the same conditions, 
the 4-fold stimulation of ferricyanide reduction, 
an event mediated by intracellular ascorbic 
acid, [14-qsl was also unaffected by the flavonoid 
(Table II). 

Thus, these findings lead to the conclusions 
that quercetin is rapidly taken up by the RBC and 
has the ability to affect some processes involved 
in the regulation of GSH content in DHA- 
loaded erythrocytes. That quercetin rapidly 
penetrates the erythrocyte cell membrane was 
shown in a recent study [9! and confirmed by 
our findings indicating that as much as 90% of 
the flavonoid is found within the cell after only 
5 min of exposure (not shown). 

As summarized in the Introduction, quercetin 
displays potent antioxidant [1-4] and iron chelat- 
ing properties. [1'5] In order to assess whether 
either one or both of these activities was respon- 
sible for its effects, the ability of the antioxidants 
BHT (200 ~M) and DPPD (100 ~tM), the iron chel- 
ators 1,10-phenanthroline (25 ~M) and desferox- 
amine mesylate (100 ~tM) and the oxygen radical 
scavengers mannitol (100~M) and thiourea 
(100 ~M) to prevent the GSH depletion mediated 
by DHA was tested in intact cells. As reported in 
Figure 2, this response was not affected by any 
of these treatments. The lack of effect of antiox- 
idants, iron chelators and scavengers of reactive 
oxygen species does not appear to be due to 
inefficient cellular uptake since similar results 
were observed using cell-free extracts (not 
shown, see below). 

!00 

s o  

FIGURE 2 Effect of quercetin, antioxidants, iron-chelators or 
oxygen radical-scavengers on DHA-induced depletion of GSH in 
rabbit erythrocytes. Rabbit red blood cells were resuspended 
(10% v/v)  in PBS and incubated at 37°C for 60 min with 
2mM DHA in the presence of the compounds reported in 
the figure. The incubation with those compounds in the 
absence of DHA did not modify the GSH levels. Results 
represent the means + SD of at least three separate experi- 
ments, each performed in duplicate. 

Thus, quercetin appears to specifically spare 
GSH depletion induced by DHA in rabbit ery- 
throcytes via a non-antioxidant and non-iron- 
chelating mechanism. 

It is well established that the net amount of 
GSH which can be measured at a given time of 
exposure to a GSH-oxidizing agent is the result 
of dynamic processes in which the tripeptide is 
on the one hand consumed with concomitant 
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644 M. FIORANI et al. 

formation of GSSG whereas, on the other hand, 
it is being formed by the action of glutathione 
reductase. The same events are to be expected in 
erythrocytes loaded with DHA since, while vari- 
ous mechanisms leading to conversion of DHA to 
ascorbate have thus far been described, I13"14"26-29] 
reduction of DHA at the expense of GSH clearly 
takes place under the conditions utilized in the 
present study. Indeed, the robust decline in GSH 
erythrocyte content mediated by DHA (Figure 1) 
via a mechanism insensitive to antioxidants or 
iron chelators (Figure 2) could not be otherwise 
explained. Whether this event is mediated by 
chemical or enzymatic reactions is still a matter 
of debate since either one, or both, of these 
mechanisms have been reported t o  o c c u r .  [14'30'31] 

Regardless of the nature of these mechanisms, 
however, an inhibitory effect of quercetin on 
GSH-dependent DHA reductase activity would 
obviously result in prevention of GSH depletion. 
Although the reported ability of quercetin to 
inhibit various oxido-reductases [32'331 makes it a 
likely mechanism, the results illustrated in 
Table III in fact demonstrate that quercetin fails 
to inhibit DHA reductase activity. The same 

TABLE III Effect of quercetin on GSH-dependent DHA- 
reductase activity 

DHA-reductase activity 
(%) 

Control a 100 
DHA 2 mM a 95 :k 2 
Quercetin 50 gM a 97 :k 1 
DHA 2 mM + Quercetin 50 ~M a 98 dz 2 
Basal b 100 
Basal + Quercetin 50 [/M b 97 dE 3 

aAfter 90min of treatment at 37°C with the compounds 
reported above, the rabbit red blood cells were washed twice 
with PBS and lysed 1:20 with cold H20. 20~1 aliquots of the 
cell-free extract were used for the DHA-reductase assay as 
described in Materials and Methods. The basal level of GSH- 
dependent DHA reductase corresponds to 10.8 :k 0.3 U / g  
I-lb. bThe basal mixture was composed of 0.1 M KH2PO4/ 
0.1 M Na2HPO4 pH 7.5, I mM GSH, 0.3 mM NADPH, 2mM 
DHA, 1.2 U / m l  GSSG reductase, 20 ~tl hemolysate. Quercetin 
was added directly to the assay mixture. The data are the 
means ± SD of at least five independent determinations. 

results were obtained regardless of whether the 
flavonoid was given to the red blood cells dur- 
ing DHA exposure or added directly to the assay 
mixture. 

The above findings that quercetin does not 
affect the reduction of ferricyanide (Table II) 
provide an additional indication that the flavo- 
noid does not affect recycling of DHA to ascorb- 
ate. It is well established that ferricyanide, 
while not being taken up by the cells, effectively 
oxidizes intracellular ascorbic acid via a trans- 
membrane oxidoreductase enzyme; I34"35] for- 
mation of ferrocyanide therefore provides an 
indirect measure of intracellular ascorbic acid 
content. [13-15] As a consequence, the lack of effect 
of quercetin on this response mediated by DHA 
loading, strongly suggests that the flavonoid 
does not affect DHA reductase activity. 

Thus, these findings demonstrate that the 
effects of quercetin are downstream to GSH oxida- 
tion resulting from DHA recycling to ascorbate 
and this notion is consistent with the results of 
experiments using cell-free extracts. Under these 
conditions, (DHA 2 mM) produced a robust and 
extremely fast depletion of GSH that was max- 
imal after only 5min and the residual GSH 
levels remained unchanged during an additional 
120min of incubation (Figure 3). Interestingly 
quercetin (50 ~tM), while not affecting the early 
GSH consumption, promoted a slow and pro- 
gressive formation of GSH. Consistent with 
these findings are the results reported in Table I 
which indicate that, under similar experimental 
conditions, the GSSG levels were basically 
identical at 30 or 120min of incubation and 
decreased in a time-dependent fashion in the 
presence of quercetin. Other flavonoids (rutin 
or kaempferol) failed to promote GSH formation 
when used at the same concentration at which 
quercetin was shown to be effective (Figure 3). 
The use of hemolysates presents the important 
advantage of allowing direct access of DHA and 
other substances to substrates and /o r  enzymes. 
Thus, while rutin and kaempferol are more 
hydrophilic than quercetin, [91 their lack of effect 
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FIGURE 3 Effect of quercetin, rutin and kaempferol on GSH levels in rabbit erythrocyte cell-free-extract exposed to 2 mM DHA, Rabbit 
red blood cells were lysed with 1 volume of H20. The hemolysate was then diluted with PBS and incubated at 37 °C for 120 min 
with 2 mM DHA (0) ;  2 mM DHA/50 ~M quercetin (El); 2 mM DHA/50 ~tM rutin (O); 2 mM DHA/50 ~tM kaempferol (A). GSH 
levels were measured as reported in Materials and Methods. Incubations with quercetin, rutin and kaempferol alone did not 
modify GSH levels. The control sample is represented by ( I ) .  All values are the means ± SD of at least five independent  
determinations. *p < .05; **p < .01. 

in this system cannot be attributed to the inabil- 
ity of these compounds to reach critical concen- 
trations required to promote GSH formation and 
lead to the conclusion that the action of querce- 
tin is not simply mediated by its flavonoid basic 
structure. 

Along the same lines, the observation that 
BHT (200 ~tM), DPPD (10-100 ~tM), 1,10-phenan- 
throline (25-100~M), desferoxamine mesylate 
(50-100 ~M), mannitol (100 vM-lmM) and 
thiourea (10-100 ~tM) failed to prevent the early 
GSH depletion and to promote GSH formation 
(not shown) in hemolysates treated with 2 mM 
DHA, demonstrates that this lack of effect is not 
due to inefficient cellular uptake but, rather, that 
the antioxidant, iron-chelating and radical- 
scavenging properties of quercetin [1-s] are not 

involved in the action of this molecule on GSH 
formation (see above). 

The experimental results thus far presented 
demonstrate that quercetin spares the GSH 
depletion induced by DHA in rabbit erythrocytes 
by acting downstream to DHA uptake and 
strongly suggest that the effects of the flavonoid 
are more likely to depend on stimulation of GSH 
formation (Figure 3 and Table I) than on inhibi- 
tion of GSH oxidation. 

The possibility that quercetin mediates chem- 
ical reduction of intracellular GSSG was therefore 
investigated. In these experiments, however, 
a 60 min incubation (PBS, p H  7.4) of increasing 
concentrations of GSSG (0.2-2 mM) in the pre- 
sence of 50 pM quercetin, neither promoted for- 
marion of detectable levels of GSH nor caused a 
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646 M. FIORANI  et al. 

change in the absorption spectrum (200-430 nm) 
of quercetin (not shown). 

Thus, these results indicate that the flavonoid, 
while promoting reduction of GSSG in hemoly- 
sates in which depletion of GSH was caused by 
DHA (Figure 3), fails to directly reduce GSSG 
in a saline solution. As a consequence, some 
component(s) of the hemolysate appear(s) to be 
necessary in order to allow quercetin to mediate its 
effects. The observation that addition of exo- 
genous GSSG to a hemolysate promoted a time- 
dependent formation of GSH and that this 
response was significantly increased by quercetin 
(50 pM, Figure 4) is consistent with this notion. 

In conclusion, the results presented in this 
s tudy demonstrate that quercetin spares the 
depletion of GSH induced by  DHA and strongly 
suggest that this response is mediated by a mech- 
anism involving activation of some process result- 
ing in the enzymatic reduction of GSSG to GSH. 

It is well established that human erythrocytes 
take up extracellular DHA on the glucose trans- 
porter [11-141 and convert it to ascorbate. [13-16"26-31] 

Once DHA has been reduced to ascorbate, the 
molecule is trapped within the cells, because 
ascorbate is not an effective substrate for this 
transporter. [12] This ability to regenerate ascorb- 
ate from DHA may contribute to maintenance 
of ascorbate concentrations and to removal of 
DHA produced in areas of oxidative stress in 
the vascular bed. 

DHA is present in very low amounts under 
physiological conditions, although elevated 
levels of DHA are found in the tissues of some 
individuals during the aging process [361 and in 
patients affected by diabetes, [37'38] rheumatoid 
arthritis, I391 cataract [4°-421 and in general in con- 
ditions characterized by deficiencies in intracellular 
reductants (i.e. GSH) and /o r  a decreased ability 
to reduce DHA to ascorbic acid. 

0,5 

0,4 

ct~ 0,3 
o 

~ 0,2 
o 

0,1 

0,0 i I i I i I i I 

0 30 60 90 120 

Time (min) 

FIGURE 4 Effect•fquercetin•nGSSGredu•ti•ninrabbiterythr•cytece•l-freeextract.Rabbitredb•••dce••swere•ysedwith•v••ume 
of H20. The hemolysate was then diluted with PBS and incubated at 37°C in the presence of 0.2raM GSSG (11) or 0.2mM 
GSSG/50 pM quercetin (A). The data are the means 4- SD of at least three independent determinations. *p < .05; **p < .01. 
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Thus, the results presented in this s tudy lead 
us to propose quercetin as a potential therapeu- 
tic agent for all of the above pathological condi- 
tions in which both the antioxidant properties of 
the flavonoid and its ability to promote GSH 
formation should mediate beneficial effects. 

References 

[1] C.A. Rice-Evans, N.J. Miller and G. Paganga (1997) Anti- 
oxidant properties of phenolic compounds. Trends in 
Plant Science, 2, 152-159. 

[2] W. Bors, W. Heller, C. Michel and M. Saran (1990) 
Flavonoids as antioxidants: determination of radical 
scavenging efficiencies. Methods in Enzymology, 186, 
343-355. 

[3] W. Bors, C. Michel and M. Saran (1994) Flavonoids as 
antioxidants: rate constants for reactions with oxygen 
radicals. Methods in Enzymology, 234, 420--429. 

[4] S.V. Jovanovic, S. Steenken, M. Tosic, B. Marjanovic and 
M.G. Simic (1994) Flavonoids as antioxidants. Journal of 
American Chemical Society, 116, 4846-4851. 

[5] I.B. Afanas'ev, A.I. Dorozhko, A.W. Brodskii, V.A. Kor- 
styuk and A.I. Potapovitch (1989) Chelating and free 
radical scavenging mechanisms of inhibitory action of 
rutin and quercetin in lipid peroxidation. Biochemical 
Pharmacology, 38, 1763-1768. 

[6] J. Terao, M. Piskula and Q. Yao (1994) Protective effect 
of epicatechin, epicatechin gaUate, and quercetin on 
lipid peroxidation in phospholipid bilayers. Archives 
of Biochemistry and Biophysics, 308, 278-284. 

[7] T. Ueda and D. Armstrong (1996) Preventive effect of 
natural and synthetic anfioxidants on lipid peroxidafion 
in mammalian eye. Ophthalmic Research, 28, 184-192. 

[8] P. Sestili, A. Guidarelli, M. Dachh and O. Cantoni (1998) 
Quercetin prevents DNA single strand breakage and 
cytotoxicity caused by tert-butylhydroperoxide: free 
radical scavenging versus iron chelating mechanism. 
Free Radical Biology & Medicine, 25, 196-200. 

[9] M. Ferrali, C. Signorini, B. Caciotti, L. Sugherini, 
L. Ciecoli, D. Giachetti and M. Comporti (1997) Protection 
against oxidative damage of erythrocyte membrane by 
the flavonoid quercetin and its relation to iron chelating 
activity. FEBS Letters, 416, 123-129. 

[10] S.D. Skaper, M. Fabris, V. Ferrari, M. Dalle Carbonare 
and A. Leon (1997) Quercetin protects cutaneous tissue- 
associated cell types including sensory neurons from 
oxidative stress induced by glutathione depletion: coop- 
erative effects of ascorbic acid. Free Radical Biology & 
Medicine, 22, 669-678. 

[11] R.C. Rose (1988) Transport of ascorbic acid and other 
water-soluble vitamins. Biochimica et Biophysica Acta, 
947, 335-366. 

[12] J.C. Vera, C.I. Rivas, J. Fischbarg and D.W. Golde (1993) 
Mammalian facilitative hexose transporters mediate 
the transport of dehydroascorbic acid. Nature, 364, 
79-82. 

[13] J.M. May (1999) Is ascorbic acid an antioxidant for the 
plasma membrane? FASEB Journal, 13, 995-1006. 

[14] S. Mendiratta, Q. Zhi-Chao and J.M. May (1998) 
Enzyme-dependent ascorbate recycling in human eryth- 
rocytes: role of thioredoxin reductase. Free Radical Biol- 
ogy & Medicine, 25, 221-228. 

[15] J.M. May, Q. Zhi-Chao and R.R. Whitesell (1995) Ascor- 
bic acid recycling enhances the antioxiodant reserve of 
human erythrocytes. Biochemistry, 34, 12721-12728. 

[16] E.N. Iheanacho, R. Stocker and N.H. Hunt (1993) Redox 
metabolism of vitamin C in blood of normal and malaria- 
infacted mice. Biochimica et Biophysica Acta, 1182, 15-21. 

[17] P.W. Waskho, Y. Wang and M. Levine (1993) Ascorbic 
acid recycling in human neutrophils. Journal of Biological 
Chemistry, 268, 15531-15535. 

[18] E. Beufler (1984) In "Red cell metabolism: a manual of 
Biochemical Methods" Grune & Stratton, New York. 

[19] W.W. Wells, D.P. Xu, Y. Yang and P.A. Rocque (1990) 
Mammalian thioltransferase (glutaredoxin) and protein 
disulfide isomerase have dehydroascorbate reductase 
activity. Journal of Biological Chemistry, 265, 15361-15364. 

[20] M. Avron and N. Shavit (1963) A sensitive and simple 
method for determination of ferrocyanide. Analytical 
Biochemistry, 6, 549-555. 

[21] P. Menghinello, L. Cucchiarini, F. Palma, D. Agostini, 
M. Dachh and V. Stocchi (1999) Simultaneous analysis of 
flavonoid aglycones in natural products using an 
RP-HPLC method. Journal of Liquid Chromatography & 
Related Technologies, 22, 3007-3018. 

[22] M. Fiorani, R. Saltarelli, R. De Sanctis, F. Palma, 
P. Ceccaroli and V. Stocchi (1996) Role of dehydroascor- 
bate in rabbit erythrocyte hexokinase inactivation 
induced by ascorbic acid/FeII. Archives in Biochemistry 
and Biophysics, 334, 357-361. 

[23] M. Fiorani, R. De Sanctis, R. Saltarelli and V. Stocchi 
(1997) Hexokinase inactivation induced by ascorbic 
acid/Fe(II) in rabbit erythrocytes is independent of 
glutathione-reductive processes and appears to be 
mediated by dehydroascorbic acid. Archives of Biochem- 
istry and Biophysics, 342, 191-196. 

[24] M. Fiorani, R. De Sanctis, F. Scarlatti and V. Stocchi 
(1998) Substrates of hexokinase, glucose-6-phosphate 
dehydrogenase, and glyceraldehyde-3-phosphate dehy- 
drogenase prevent the inhibitory response induced by 
ascorbic acid/iron and dehydroascorbic acid in rabbit 
erythrocytes. Archives of Biochemistry and Biophysics, 356, 
159-166. 

[25] J.B. Park and M. Levine (2000) Intracellular accumula- 
tion of ascorbic acid is inhibited by flavonoids via block- 
ing of dehydroascorbic acid and ascorbic acid uptakes in 
HL-60, U937 and Jurkat cells. Journal of Nutrition, 130, 
1297-1302. 

[26] B.S. Winkler, S.M. Orselli and T.S. Rex (1994) The redox 
couple between glutathione and ascorbic acid: a chem- 
ical and physiological perspective. Free Radical Biology & 
Medicine, 17, 333--349. 

[27] D.P. Xu, M.P. Washburn, G.P. Sun and W.W. Wells 
(1996) Purification and characterisation of a glutathione 
dependent dehydroascorbate reductase from human 
erythrocytes. Biochemical and Biophysical Research Com- 
munications, 221, 117-121. 

[28] M.K. Cha and I.-H. Kim (1995) Thioredoxin-linked per- 
oxidase from human red blood cell: evidence for the 
existence of thioredoxin and thioredoxin reductase in 
human red blood cell. Biochemical and Biophysical 
Research Communications, 217, 900-907. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



648 M. FIORANI et al. 

[29] J.M. May, S. Mendiratta, K.E. Hill and R.F. Burk (1997) 
Reduction of dehydroascorbate to ascorbate by the sele- 
noenzyme thioredoxin reductase. The Journal of Biological 
Chemistry, 272, 22607-22610. 

[30] R.C. Rose and A.M. Bode (1993) Biology of free radical 
scavengers: an evaluation of ascorbate. FASEB Journal, 7, 
1135-1142. 

[31] W.W. Wells, D.P. Xu, Y. Yang and P.A. Rocque (1990) 
Mammalian thioltransferase (glutaredoxin) and protein 
disulfide isomerase have dehydroascorbate reductase 
activity. Journal of Biological Chemistry, 265, 15361-15364. 

[32] C. Rice-Evans, N.J. Miller and G. Paganga (1996) Struc- 
ture-antioxidant activity relationships of flavonoids 
and phenolic acid. Free Radical Biology & MedicinG 20, 
933-956. 

[33] G. Cao, E. Sofic and R. Prior (1997) Antioxidant and 
prooxidant behaviour of flavonoids: structure-activity 
relationships. Free Radical Biology & Medicine, 22, 749-760. 

[34] M.G. Clark, E.J. Partick and G.S. Patten (1981) Evidence 
for the extracellular reduction of ferricyanide by rat 
liver. Biochemical Journal, 200, 565-572. 

[35] D.J. Morr6, F.L. Crane, L.C. Eriksson, H. L6w and 
D.M. Mort6 (1991) NADH oxidase of liver plasma 
membrane stimulated by diferric transferrin and 
neoplastic transformation induced by the carcinogen 
2-acetylaminofluorene. Biochimica et Biophysica Acta, 
1057, 140-146. 

[36] L.E. Rikans and D.R. Moore (1988) Effect of aging on 
aqueous-phase antioxidants in tissues of male Fischer 
rats. Biochimica et Biophysica Acta, 966, 269-275. 

[37] R.M. Lindsay, N.S.D. Jamleson, S.A. Walker, C.C. 
McGuigan, W. Smith and J.D. Baird (1998) Tissue ascor- 
bic acid and polyol pathway metabolism in experi- 
mental diabetes. Diabetologia, 41, 516-523. 

[38] A.J. Sinclair, A.J. Girling, L. Gray, J. Lunec and A.H. 
Barnet (1992) An investigation of the relationship 
between free radical activity and vitamin C metabolism 
in elderly diabetic subjects with retinopathy. Gerontology, 
38, 268-274. 

[39] J. Lunec, D.R. Blake (1985) The determination of dehy- 
droascorbic acid and ascorbic acid in the serum and 
synovial fluid of patients with reumatoid arthritis 
(RA). Free Radical Research Communications, 1, 31-39. 

[40] W. Lohmann (1987) Ascorbic acid and cataract. Annals 
New York Academy of Sciences, 498, 307-311. 

[41] R.H. Nagaraj, V.M. Monnier (1992) Isolation and char- 
acterisation of a blue fluorophore from human eye lens 
crystallins: in vitro formation from Maillard reaction 
with ascorbate and ribose. Biochimica et Biophysica Acta, 
1116, 34--42. 

[42] S.H. Slight, M.S. Feather and B.J. Orthwerth (1990) 
Glycation of lens proteins by the oxidation products of 
ascorbic acid. Biochimica et Biophysica Acta, 1038, 
367-374. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


