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Copper-catalyzed ascorbate oxidation results in
glyoxal/AGE formation and cytotoxicity
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Previously we showed that 10 lM glyoxal compromised hepatocyte resistance to hydrogen peroxide
(H2O2) by increasing glutathione (GSH) and NADPH oxidation and decreasing mitochondrial mem-
brane potential (MMP) before cytotoxicity ensued. Since transition metal-catalyzed oxidation of
ascorbate (Asc) has been shown to result in the generation of both glyoxal and H2O2, we hypothesized
that glyoxal formation during this process compromises hepatocyte resistance to H2O2. We used iso-
lated rat hepatocytes and incubated them with Asc/copper and measured cytotoxicity, glyoxal levels,
H2O2, GSH levels, and MMP. To investigate the role of Asc/copper on glyoxal-BSA adducts, we
measured the appearance of advanced glycation end-products (AGE) in the presence and absence of
catalase or aminoguanidine (AG). Asc/copper increased glyoxal and H2O2 formation. Hepatocyte
GSH levels were decreased and cytotoxicity ensued after a collapse of the hepatocyte MMP. Glyoxal
traps protected hepatocytes against Asc/copper-induced cytotoxicity. In cell-free studies with BSA,
incubation with Asc and copper resulted in glyoxal-hydroimidazolone formation, which was decrea-
sed by both AG and catalase. To the best of our knowledge, this is the first study that illustrates the
importance of glyoxal production by transition metal-catalyzed Asc autoxidation. Understanding this
mechanism of toxicity could lead to the development of novel copper chelating drug therapies to treat
diabetic complications.
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1 Introduction

The Maillard reaction or the nonenzymatic glycosylation of
proteins has been implicated in age-related changes such as
protein crosslinking and yellowing in collagen and crystal-
line lens [1]. Ascorbate (Asc; vitamin C) levels are high in
the human lens and considerable interest has been focused
on the potential role of Asc as a mediator of post-transla-
tional modifications of crystallins by the Maillard process
and its possible role in the pathogenesis of cataract [2, 3].
The recommended daily intake of Asc is 60–95 mg [4].

However, Pauling [5] stated that the amount needed for an
adult human to achieve equivalent blood serum levels of
Asc in Asc-synthesizing mammals is 6000–18000 mg.
Dietary Asc can also be readily oxidized in foods during
preparation, cooking at high temperatures, or storage [5, 6].
The richest natural sources are fruits and vegetables, espe-
cially citrus fruits such as oranges, lemon, and grapefruit. It
is also present in some cuts of meat (especially liver). Asc is
also the most widely consumed nutritional supplement and
is available in a variety of formulations.

Asc is an excellent reducing agent and an antioxidant. To
retain the highest levels of dietary Asc, foods must be
served fresh. Asc oxidation is dependent on pH and requires
the presence of catalytic metals such as iron and copper
(Cu) [7]. At physiological pH, Asc can undergo transition
metal-catalyzed autoxidation to produce H2O2 and dehy-
droAsc [7]. In addition, Asc incubated with a lens culture
resulted in the formation of Maillard reaction products
involving protein adduct formation and crosslinking [8].
This reaction involved the first oxidation product of Asc,
dehydroAsc, which spontaneously hydrolyzed to form reac-
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tive aldehyde species such as 2,3-diketogulonate [2, 9] and
presumably glyoxal formed by an unknown pathway.

Glyoxal is a reactive dialdehyde that is formed from lipid
peroxidation, glucose autoxidation, and DNA oxidation
[10]. Glyoxal undergoes the Maillard reaction with amino
and thiol groups of biomolecules to form adducts known as
advanced glycation end-products (AGEs). These adducts
have been implicated in complications associated with Dia-
betes Mellitus, Alzheimer’s disease, and Parkinson’s dis-
ease [11]. Glyoxal can be detoxified endogenously by the
glyoxalase system, which converts glyoxal to glycolate in
the presence of glutathione (GSH) [12]. A minor detoxifi-
cation pathway for glyoxal is catalyzed by reductases such
as aldehyde reductase (ALR1), aldose reductase (ALR2),
and carbonyl reductase (ALR3). All these enzymes have a
broad substrate specificity, are located in the cytosol, and
require NADPH or NADH as cofactors [13].

We have shown in isolated rat hepatocytes that the 50%
lethal dose of glyoxal is 5 mM and the mechanism of toxi-
city has been shown to involve oxidative stress [10].
Furthermore, 10 lM glyoxal has been shown to compro-
mise hepatocyte resistance to hydrogen peroxide (H2O2) by
increasing GSH oxidation, NADPH oxidation, reactive
oxygen species (ROS) formation, DNA oxidation, protein
carbonylation, and loss of mitochondrial membrane poten-
tial before cell death occurred [14]. The cytotoxic mechan-
ism of metal-catalyzed Asc oxidation is currently thought
to arise solely from the production of H2O2. However, since
glyoxal is an oxidation product of Asc [8, 15], we hypothe-
sized that the cytotoxicity of metal-catalyzed Asc oxidation
will be augmented by glyoxal formation through its ability
to compromise hepatocyte resistance to H2O2. In this study,
we showed that the production of even minute quantities of
glyoxal through the breakdown of Asc may exacerbate oxi-
dative stress in the system.

2 Materials and methods

2.1 Chemicals

1-Bromoheptane, methylglyoxal (40%), glyoxal (40%),
2,4-dinitrofluorobenzene (DNFB), 2,7-dichlorofluorescin
diacetate (DCFH-DA), sodium Asc, copper (II) sulfate,
aminoguanidine (AG), pyridoxamine (PA), rhodamine 123,
and 1,2-diaminobenzene were purchased from Sigma-
Aldrich (St. Louis, MO). Type II collagenase was purchased
from Worthington (Lakewood, NJ). Monoclonal antibody
1H7G5 against glyoxal-hydroimidazolone (G-H1) was
donated generously by Dr. Michael Brownlee (Albert Ein-
stein University, Bronx, New York).

2.2 Glyoxal formation (cell-free system)

Glyoxal levels were measured in a Krebs–Henseleit buffer
system as outlined previously [16]. Briefly, 1,2-diamino-

benzene was used as a derivatizing agent for the analysis of
glyoxal by isocratic HPLC. To a 1 mL sample of cells
(16106 cells), 0.2 mL of 5 M HClO4, 0.2 mL of 2,3-di-
methylquinoxaline (as an internal standard), 0.2 mL of
10 mM 1,2-diaminobenzene, and water were added to a
final volume of 2 mL. After 1 h at 258C, HPLC analysis
was performed. The separation was carried out on a 5 lm,
25064 mm RP-18 (Merck LiChrospher). The mobile
phase was 50% v/v 25 mM ammonium formate buffer,
pH 3.4, and 50% v/v methanol. A volume of 100 lL was
injected. The flow rate was 1.0 mL/min and quinoxalines
were detected at 315 nm. Note: In this study, “cell-free” is
used to describe the buffer system without hepatocytes.

2.3 Hydroimidazolone formation (cell-free system)

BSA was used as the model protein for generating AGE
adducts in the presence of Asc/Cu as previously described
[17]. Briefly BSA was incubated with 20 mM Asc/Cu 5 lM
at 378C in 0.4 M sodium phosphate buffer (pH 7.5) contain-
ing 0.02% sodium azide. BSA was incubated in the pre-
sence or absence of Asc/Cu. Catalase and AG were also
added where indicated on the figures. Solutions were kept
in the dark in sealed polyethylene tubes, continuously rotat-
ing for 1 wk. At the end of the week, the samples were dia-
lyzed against PBS overnight at 48C and subsequently lyo-
philized and reconstituted in PBS. Samples were then sub-
ject to dot blot analysis as mentioned below.

2.4 Hydroimidazolone detection (cell-free system)

Hydroimidazolone adducts of Asc/Cu oxidation were meas-
ured by quantitative immunoblotting. Dot blots were per-
formed as per the methods outlined by Shinohara et al. [18,
19]. Equal amounts of protein were used for quantitative
immunoblotting. Glyoxal-derived imidazolone AGE was
detected using a 1 :10000 dilution of mAb 1H7G5. The
antibody used recognizes both methylglyoxal and G-H1
adducts [20]. However, we did not detect any methylglyoxal
in this system, therefore, 1H7G5 antibody was used to mea-
sure G-H1 adducts. Immunocomplexes were visualized
using an enzyme-catalyzed fluorescence kit according to
the manufacturer's instructions (Amersham, Piscataway,
New Jersey) and were quantitated on a FluorChemTM 8800
(Perkin Elmer, Ontario, Canada).

2.5 Animals

Male Sprague-Dawley rats weighing 275–300 g (Charles
River Laboratories) were housed in ventilated plastic cages
over PWI 8–16 hardwood bedding. There were 12 air
changes per hour, 12 h light and dark cycle (lights on at
0800 h) and an environmental temperature of 21–238C
with a 50–60% relative humidity. The animals were fed
with standard chow diet and water ad libitum. All the stud-
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ies involving animals were carried out in compliance with
the guidelines of the Canadian Council on Animal Care,
and approved by the University of Toronto Animal Care
Committee. Ketamine/zylazine mixture was used as an
anesthetic before surgery was performed and animals were
sacrificed by exsanguination.

2.6 Primary hepatocytes isolation

Hepatocytes were isolated from rats by collagenase perfu-
sion of the liver as described by Moldeus et al. [21]. Isolated
hepatocytes (10 mL, 106 cells/mL) were suspended in
Krebs–Henseleit buffer (pH 7.4) containing 12.5 mM
HEPES in continually rotating, 50 mL round-bottom flasks,
under an atmosphere of 95% O2 and 5% CO2 in a 378C
water bath for 30 min. Stock solutions of catalase, Asc, cop-
per sulfate, and PA were prepared in water, while AG was
added as a solid.

2.7 Cell viability

Hepatocyte viability was assessed microscopically by
plasma membrane disruption as determined by the trypan
blue (0.1% w/v) exclusion test [14]. Hepatocyte viability
was determined every 30 min during a 3 h incubation per-
iod with an initial viability between 85 and 95%.

2.8 Quantitation of cellular GSH and oxidized
glutathione (GSSG) content

GSH and GSSG were measured by HPLC analysis of depro-
teinized samples (25% meta-phosphoric acid) after deriva-
tization with iodoacetic acid and DNFB as per the method
outlined by Reed et al. [22]. AWaters HPLC system (Model
150 pumps, WISP 710B auto injector and model 410 UV/
VIS detector) equipped with waters lBondapakm NH2

(10 lm) 3.96300 mm column was used. Detection was
carried out using UVabsorption at 364 nm.

2.9 Determination of ROS

The rate of hepatocyte ROS generation induced by a-oxoal-
dehydes was determined by adding DCFH-DA to the hepa-
tocyte incubate. DCFH-DA penetrates hepatocytes and
becomes hydrolyzed to form nonfluorescent dichlorofluor-
escein. Dichlorofluorescein then reacts with “ROS” to form
the highly fluorescent dichlorofluorescein that effluxes the
cell. Aliquots (1 mL) were withdrawn at 15, 45 and 90 min
after incubation with glyoxal. These samples were then cen-
trifuged for 1 min at 506g and the supernatant removed.
The cells were resuspended in 1 mL of Krebs–Henseleit
media containing 1.6 lM DCFH-DA. The cells were
allowed to incubate at 378C for 10 min. The fluorescence
intensity of dichlorofluorescin was measured using a Shi-
madzu RF5000U fluorescence spectrophotometer. Excita-

tion and emission wavelengths were 500 and 520 nm,
respectively [23].

2.10 H2O2 measurement

H2O2 was measured in hepatocytes by taking samples at 30,
60, and 90 using the FOX 1 reagent (Ferrous Oxidation of
Xylenol orange). The FOX 1 reagent consisted of 25 mM
sulfuric acid, 250 lM ferrous ammonium sulfate, 100 lM
xylenol orange, and 0.1 M sorbitol. At the given time inter-
vals, 50 lL of the hepatocyte (1.06106 cells/mL) suspen-
sion in Krebs–Henseleit buffer was added to 950 lL FOX 1
reagent and incubated for 30 min at room temperature. The
oxidation of ferrous ammonium sulfate by H2O2 in xylenol
orange was followed at 560 nm [24].

2.11 Mitochondrial membrane potential assay

The uptake and retention of the cationic fluorescent dye,
rhodamine 123, has been used for the estimation of mito-
chondrial membrane potential. This assay is based on the
selective accumulation of rhodamine 123 in active mito-
chondria by charge-facilitated diffusion. Samples (500 lL)
were taken from the cell suspension and incubated at 378C,
and centrifuged at 1000 rpm for 1 min. The cell pellet was
then resuspended in 2 mL of fresh incubation medium con-
taining 1.5 lM rhodamine 123 and incubated at 378C in a
thermostatic bath for 10 min with gentle shaking. Hepato-
cytes were separated by centrifugation and the amount of
rhodamine 123 appearing in the incubation medium was
measured fluorimeterically using Shimadzu RF5000U
fluorescence spectrophotometer set at 490 nm excitation
and 520 nm emission wavelengths. The capacity of mito-
chondria to take up the rhodamine 123 was calculated as
the difference in fluorescence intensity between control and
treated cells [10].

2.12 Statistical analysis

Statistical analysis was performed by a one-way ANOVA
test and its significance was assessed by employing Tukey's
post hoc test. Results are represented as the mean l SEM
from three separate animals or cell-free system trials. Refer
to Fig. 1 for a compendious flow chart of the experiments.

3 Results

3.1 Cu-induced Asc oxidation leads to glyoxal
formation in a cell-free system

Glyoxal formation by Cu-induced Asc oxidation was meas-
ured in a cell-free system. Asc (20 mM) formed 19 l 4 lM
of glyoxal after 2 h of incubation (Fig. 2). This was
increased four-fold in the presence of Cu. AG (glyoxal trap)
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decreased the levels of glyoxal formed by Asc/Cu to below
control levels.

3.2 Hydroimidazolone (G-HI) adduct formation on
BSA in a cell-free system

HI adduct formation on BSA was measured after 7 days of
incubation with Asc/Cu, glyoxal traps, or catalase using a

G-H1 antibody (Fig. 3a). Asc (20 mM) increased G-H1
formation by 22-fold as compared to control BSA. How-
ever, the levels of G-H1 were increased even further in the
presence of Asc/Cu (Fig. 3b). AG was effective in decreas-
ing the level of G-H1 formation by Asc; however, the
effect was abolished with the addition of Cu. A combina-
tion of AG and catalase significantly decreased G-H1 level
formation by Asc/Cu.
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Figure 1. Flow charts of experimental techniques used in this study: (a) experiments with cell-free system and (b) experiments with
isolated rat hepatocytes.

Figure 2. Formation of glyoxal by cop-
per-induced Asc oxidation. A cell-free
system was used to measure the amount
of glyoxal produced from Asc/Cu. A
10 mL solution of Krebs–Henseleit buffer
was incubated at 378C with 95% O2/5%
CO2 and various chemicals. 1,2-Diamino-
benzene was used as the trapping agent
for glyoxal. n = 3, *significant as com-
pared to Asc 20 mM (p a 0.05); **signifi-
cant as compared to Asc 20 mM + Cu
10 lM (p a 0.003). Results are repre-
sented as the mean l SEM of three sepa-
rate trials.
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3.3 Effect of Asc/Cu on cytotoxicity

Asc oxidation in the presence of Cu increased the hepato-
cyte cytotoxicity as compared to Cu or Asc by themselves
(Table 1). Furthermore, Asc/Cu-induced cytotoxicity could
be prevented by antioxidants and glyoxal traps such as PA
and AG, respectively. A combination of PA and AG was the
most effective in decreasing the toxicity. Catalase (1000 U/
mL) also decreased Asc/Cu-induced toxicity in hepatocytes
indicating the involvement of H2O2.

3.4 Cellular GSH depletion and GSSG formation

As shown in Figs. 4a and b, Asc/Cu caused hepatocyte GSH
depletion and GSSG formation (GSH 42% l 7 relative to
control and GSSG 149% l 9 relative to control). GSH
depletion and GSSG formation were prevented by AG
(GSH 79% l 10 relative to control and GSSG 117% l 3 rela-
tive to control), PA (GSH 83% l 7 relative to control and
GSSG 123% l 7 relative to control), or catalase (GSH 89%
l 12 relative to control and GSSG 110% l 13 relative to

control). A combination of AG and PA also protected
against GSH depletion (94% l 4 GSH relative to control)
and GSSG formation (114% l 8 GSSG relative to control).

3.5 ROS formation

Asc/Cu-induced ROS formed in a time-dependent manner
(Fig. 5). ROS levels were significantly increased before
cytotoxicity ensued at 120 min (189 l 23 FI units). Both PA
(82 l 12 FI units) and AG (97 l 19 FI units) separately and
in combination (75 l 9 FI units) with each other prevented
Asc/Cu-induced cytotoxicity. Treatment with catalase
(1000 U/mL) completely prevented Asc/Cu-induced ROS
formation (67 l 7 FI units).

3.6 H2O2 formation

Asc/Cu increased H2O2 formation (0.405 l 0.056) in iso-
lated rat hepatocytes. AG (0.178 l 0.062) was better at
decreasing H2O2 formation as compared to PA (0.374 l
0.018). A combination of PA and AG (0.214 l 0.032) also
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Figure 3. (a) Glyoxal-Hydroimidazo-
lone adduct formation on BSA after
incubation with Asc/Cu is prevented
by AG and catalase. BSA was incu-
bated at 378C with Asc/Cu system,
glyoxal traps, and catalase for 7 days.
At the end of the 7 days, hydroimida-
zolone adducts of glyoxal were meas-
ured via dot blot analysis. AG 20 mM,
Asc 20 mM, Cu 5 lM, catalase
1000 U/mL, BSA 1 g/mL. (b) Quantita-
tion of hydroimidazolone adduct for-
mation on BSA after incubation with
Asc/Cu. n = 3, *significant as com-
pared to control (p a 0.02); **signifi-
cant as compared to Asc 20 mM (p a

0.05); ***significant as compared to
Asc 20/Cu (p a 0.002). Results are
represented as SEM of three separate
trials. AG 20 mM, Asc 20 mM, Cu
5 lM, catalase 1000 U/mL, BSA
1 g/mL.
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decreased H2O2 formation significantly. Catalase (1000 U/
mL) prevented H2O2 formation (0.147 l 0.025 expressed as
absorbance values at 560 nm) by Asc/Cu (Fig. 6).

3.7 Decrease in hepatocyte mitochondrial
potential

As shown in Fig. 7, Asc/Cu decreased the hepatocyte mito-
chondrial membrane potential. This occurred rapidly and
before cytotoxicity ensued. The decrease in mitochondrial
membrane potential was prevented by PA or AG and by the
combination of the two.

4 Discussion

Asc degradation products can undergo Maillard reactions
with proteins to form AGE adducts such as pentosidine,
Ne-carboxymethyl-lysine, fluorophore LM-1, pyrraline,

glyoxal lysine dimer (GOLD), and oxalic acid monoamide
[2, 25, 26]. Asc oxidation has also been shown to be
increased by transition metal-catalyzed reactions [9]. In the
present study, we have shown for the first time that the
metal-catalyzed oxidation of Asc increases H2O2 and G-H1
formation (Fig. 8).

Asc oxidation in the presence of Cu increased glyoxal
formation l4-fold as compared to Asc by itself (Fig. 2).
Furthermore, AG treatment resulted in decreased glyoxal
levels in the cell-free system. BSA incubated with Asc/Cu
resulted in an increase in the appearance of the glyoxal-spe-
cific AGE adduct, hydroimidazolone (Fig. 3a). When dehy-
droAsc with and without Cu was incubated with BSA, the
formation of G-H1 adducts was not observed (data not
shown). Therefore, glyoxal is probably not a byproduct of
dehydroAsc degradation alone.

AG and catalase decreased AGE formation by Cu-
induced Asc oxidation. AG scavenges glyoxal by forming a
1,2,4-triazine derivative and thereby prevents the formation
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Figure 4. (a) Asc/Cu causes GSH deple-
tion which was prevented by antioxidants
and glyoxal traps in isolated rat hepato-
cytes. The absolute values of GSH in the
samples from control to Asc/Cu + catalase
are as follows, respectively, in nmol/106

cells: 42 l 4.8, 31.5 l 3.2, 17.6 l 2.7, 33.18
l 4.7, 34.8 l 2.4, 39.5 l 4.3, and 37.8 l 2.6.
n = 3, *significant as compared to control
(p a 0.05); **significant as compared to
Asc/Cu (p a0.05). Results are represented
as the mean l SEM for three separate ani-
mal trials. (b) GSSG formation in isolated
rat hepatocytes by Asc/Cu was prevented
by antioxidants and glyoxal traps. The
absolute values of GSSG in the samples
from control to Asc/Cu + catalase are as
follows, respectively, in nmol/106 cells:
15.3 l 2.1, 17.3 l 1.7, 22.4 l 3.1, 17.6 l
1.4, 18.5 l 1.9, 17.1 l 1.5, and 16.5 l 1.1.
n = 3, *significant as compared to control
(p a 0.05) and **significant as compared to
Asc/Cu (p a 0.05). Results are represented
as the mean l SEM for three separate ani-
mal trials.
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of glyoxal modified proteins [27]. However, in the presence
of Cu, AG's inhibitory effect was decreased (Fig. 3b). The
formation of glyoxal from the Asc/Cu system in the pre-
sence of hepatocytes is likely an amount reflecting both its
formation and its metabolism in the hepatocytes. In the
albumin system, the Asc/Cu system is expected to generate
a significantly higher amount of glyoxal due to the absence
of its metabolism. Therefore, the generation of glyoxal
from Asc alone would be limited by the rate of Asc autoxi-
dation; but in the presence of a catalytic amount of Cu, Asc
oxidation and glyoxal formation would greatly accelerate.

Thus in the presence of Cu, the higher levels of glyoxal for-
mation may surmount the ability of AG to effectively neu-
tralize glyoxal resulting in increased adduct formation in
the cell-free system and hepatocyte toxicity. A combination
of catalase and AG was the best at preventing Asc/Cu-
induced G-H1 formation. This could be due to the com-
bined activities of H2O2 detoxification by catalase and trap-
ping of glyoxal by AG.

Asc/Cu increased the cytotoxicity more than Asc by itself
(Table 1). Asc by itself showed a 16% increase in cytotoxi-
city as compared to the control; this increase may be due to
autoxidation of Asc leading H2O2 formation (Fig. 6). How-
ever, the Asc/Cu resulted in a significant increase in glyoxal
and H2O2 formation (Figs. 2 and 6, respectively), which was
not observed in cells treated with Asc alone. Normally,
hepatocytes are extremely resistant to H2O2 as the addition
of 20 mM to our isolated hepatocytes was not cytotoxic
(data not shown). This high resistance is likely due to the
hepatocyte's high catalase activity, GSH levels, GSH perox-
idase, and GSH reductase activities. However, we pre-
viously showed that glyoxal increased the hepatocyte sus-
ceptibility to H2O2 at doses as low as 10 lM [14]. This
increased vulnerability to oxidative stress caused by glyoxal
formation may explain why the antioxidants and glyoxal
traps such as PA, catalase, and AG protected against Asc/
Cu toxicity (Table 1). PA can react rapidly with glyoxal,
forming a Schiff base intermediate that cyclizes to a hemi-
aminal adduct by intramolecular reaction with the phenolic
hydroxyl group of PA. This bicyclic intermediate dimerizes
to form a five-ring compound with a central piperazine ring
effectively trapping glyoxal [28]. PA can also act as an anti-
oxidant, Cu chelator, and inhibitor of post-Amadori rear-
rangement product and advanced lipoxidation end-product
(ALEs) formation with proteins [29]. The combination of
AG and PA resulted in the increased protection of Asc/Cu-
induced cytotoxicity. This could be due to an additive effect
of increased glyoxal trapping, Cu chelation, and antioxidant
activity of these two compounds put together.
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Figure 5. ROS production by Asc/Cu
was prevented by antioxidants and
glyoxal traps. Isolated rat hepatocytes
were incubated at 378C in rotating round-
bottom flasks with 95% O2 and 5% CO2 in
Krebs–Henseleit buffer (pH 7.4). Fluori-
metric measurements for ROS determi-
nation were made for 29,79 dichlorofluor-
escin oxidation at k excitation = 500 nm
and k emission = 520 nm. n = 3, *signifi-
cant as compared to control (p a 0.02);
**significant as compared to Asc/Cu
(p a 0.002). Results are represented as
the mean l SEM of three separate animal
trials.

Table 1. Cytotoxicity of Asc/Cu was prevented by antioxidants
and glyoxal traps in isolated rat hepatocytes

Treatments Cytotoxicity (% of cells which
take up trypan blue)

60 min 120 min

Control 23 l 5 27 l 4
+Asc 20 mM 26 l 3 43 l 5

+PA 10 mM 31 l 6 32 l 4a)

+AG 1 mM 28 l 4 26 l 3a)

+PA 10 mM 30 l 4 29 l 6a)

+Catalase 1000 U 24 l 5 28 l 3a)

+Asc 20 mM + Cu 5 lM 47 l 3b) 82 l 8b)

+PA 10 mM 22 l 5c) 42 l 3c)

+AG 1 mM 37 l 8c) 40 l 7c)

+PA 10 mM 28 l 6c) 27 l 3c)

+Catalase 1000 U/mL 34 l 6c) 32 l 4c)

Isolated rat hepatocytes were incubated at 378C in rotating
round-bottom flasks with 95% O2 and 5% CO2 in Krebs–Hen-
seleit buffer (pH 7.4). Varying treatments were incubated and
cytotoxicity was determined using trypan blue up-take assay.
n = 3. Results are represented as the mean l SEM of three
separate trials.
a) Significant as compared to Asc 20 mM (p a 0.05).
b) Significant as compared to control (p a 0.05).
c) Significant as compared to Asc 20 mM + Cu 5 lM

(p a 0.005).
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Catalase is an important cellular antioxidant defense
enzyme that defends against oxidative stress. It serves to pro-
tect the cell from the toxic effects of higher concentrations of
H2O2 by catalyzing its decomposition into molecular oxygen
and water without the production of free radicals. In the pre-
sent study, catalase showed protective effects against Asc/
Cu-induced G-H1 formation and toxicity. This result indi-
cates that oxidative stress and H2O2 formation are involved
in the cytotoxic mechanism since catalase can detoxify the
H2O2 produced as a byproduct of Asc-enhanced transition
metal redox cycling. A decrease in H2O2levels, however, pre-
vented GSH oxidation, subsequently resulting in increased
GSH-mediated glyoxal detoxification.

Since GSH detoxifies both glyoxal and H2O2, cellular
GSH levels were measured. Asc/Cu resulted in GSH oxida-
tion (Figs. 4a and b). This GSH oxidation likely occurred
for three reasons: (i) as a result of ROS formation caused by
Asc/Cu-mediated H2O2 formation, (ii) glyoxal detoxifica-
tion, and (iii) Asc recycling from dehydroAsc [30]. As a
result of GSH depletion, the hepatocytes became suscepti-
ble to the cytotoxic effects of glyoxal. Mitochondrial toxi-

city (Fig. 7) was demonstrated previously in hepatocytes
exposed to formaldehyde, another reactive aldehyde [31].
Similarly, Asc/Cu treatment decreased the mitochondrial
membrane potential which preceded cytotoxicity. Further-
more, the combined cytotoxic effect of reactive aldehyde
formation and oxidative stress was implicated as cytotoxi-
city was prevented by AG, PA, and catalase. It has been
shown by Reber et al. [32] in E1A-NR3 cell line that
glyoxal caused mitochondrial toxicity which resulted in
apoptosis.

Increased cytotoxicity in the Asc/Cu system can also be
due to direct effects of glyoxal on antioxidant enzymes. Pre-
viously, we showed that glyoxal inactivated GSH reductase
[10]. Furthermore, others have shown that the NADPH gen-
erating enzymes such as cytosolic glucose-6-phosphate
dehydrogenase (G6PDH) and mitochondrial isocitrate
dehydrogenase (ICDH) were also inhibited by glyoxal [33].
Consequently, GSH depletion would be exacerbated by the
inhibition of GSH recycling from GSSG. The inhibition of
G6PDH and ICDH by glyoxal and H2O2 may contribute sig-
nificantly to a lowering of the cellular NADPH supply [14].

452

i 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com

Figure 6. H2O2 formation by Asc/Cu was
prevented by antioxidants and glyoxal
traps at 90 min. Isolated rat hepatocytes
were incubated at 378C in rotating round-
bottom flasks with 95% O2 and 5% CO2 in
Krebs–Henseleit buffer (pH 7.4). H2O2

was measured by the FOX1 reagent.
n = 3, *significant as compared to control
(p a 0.03); **significant as compared to
Asc/Cu (p a 0.05). Results are repre-
sented as the mean l SEM of three sepa-
rate animal trials.

Figure 7. Mitochondrial membrane
potential collapse induced by Asc/Cu
was prevented by glyoxal traps and anti-
oxidants. Isolated rat hepatocytes were
incubated at 378C in rotating round-bot-
tom flasks with 95% O2 and 5% CO2 in
Krebs–Henseleit buffer (pH 7.4). Rhoda-
mine 123 was used to assess the mito-
chondrial toxicity of glyoxal in isolated
hepatocytes. Fluorimetric measurements
were made at kexcitation = 490 nm and kemis-

sion = 520 nm. n = 3, *significant as com-
pared to control (p a 0.05); **significant
as compared to Asc/Cu (p a 0.05).
Results are represented as the mean l
SEM of three separate animal trials.
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Consistent with these findings are our results showing that
the addition of AG, PA, and catalase can help maintain the
cellular redox state by reducing the effects of glyoxal on
antioxidant enzymes and detoxifying ROS derived from
H2O2.

Although the Asc concentrations used in this study were
much higher than those found in the plasma, levels of Asc are
in the millimolar range intracellularly, in the adrenal medulla
and in the ocular lens, particularly in some diabetics [1, 34].
The role of oxidative stress in the diabetic liver is at present
controversial, but secondary diseases which often occur
combined with diabetes such as nonalcoholic or alcohol-
associated steatohepatitis can cause oxidative stress in the
liver. Furthermore, the already lower Asc concentrations
observed in the lens of rat diabetic models may indirectly
indicate that elevated glyoxal formation due to Asc oxidation
may contribute to diabetes-associated ocular complications
[35, 36]. Because it appears that diabetes results in oxidative
stress, treatment with a high dose of Asc has been proposed
as an adjuvant to current therapies (for instance, as a prophy-
lactic agent against diabetic hypertension [37]). We propose
that the possible formation of glyoxal from such treatments
should be considered before widespread use. Clinically, the
accumulation of a-oxoaldehyes has been implicated in
chronic complications associated with Diabetes Mellitus via
AGE formation and activation of proinflammatory response
by monocytes/macrophages [27, 38].

The role of Cu in diabetes has been controversial and
complicated. Cu deficiency, like diabetes, is characterized

by increased glycation, peroxidation, and nitration, due to a
decrease in Cu containing antioxidant defense enzymes
such as CuZn-superoxide dismutase [39]. Copper can
increase the rate of AGE formation, which has been impli-
cated in secondary complications associated with diabetes
[40]. Plasma concentrations of Cu have been reported to be
higher in diabetic patients with complications such as reti-
nopathy, hypertension, and microvascular disease as com-
pared to nondiabetics [41, 42]. There have been several
studies that indicate that glycation of Cu containing pro-
teins (i. e., CuZn-superoxide dismutase, ceruloplasmin,
etc.) can result in the release of Cu which can participate in
Fenton-type reactions to produce hydroxyl radicals that can
further fragment biomolecules [43–45]. Excessively high
concentration of glycated CuZn-superoxide dismutase has
been found in diabetic rat lenses and is postulated to be
involved in lens pathology [46]. Furthermore, glycated pro-
teins have high affinity for transition metals like Cu [47]
providing active sites for producing free radicals contribut-
ing to the increased oxidative stress observed in diabetes.
AGE inhibitors have been shown to have potent Cu chelat-
ing or free-radical scavenging activities [48, 49].

This study shows that the Asc/Cu cytotoxic mechanism
in isolated rat hepatocytes involves oxidative stress, which
leads to a decrease in cellular GSH levels, AGE formation,
and mitochondrial membrane potential and ultimately cell
death. Our results demonstrate for the first time that glyoxal
formation may both exacerbate oxidative stress derived
from the transition metal-catalyzed oxidation of Asc as well
as lead to G-H1 formation. Understanding this mechanism
of toxicity could lead to the development of novel Cu che-
lating drug therapies to treat complications associated with
oxidative stress in diabetes (e.g., cataract). This research
also highlights the contributory role of reactive carbonyls in
Asc-mediated cell death and may help explain the pur-
ported anticancer activity of Asc [50–52].
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