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ABSTRACT. Glyoxal, methylglyoxal (MG), and 3-deoxyglucosone (3-DG) are physiological a-oxoaldehydes
formed by lipid peroxidation, glycation, and degradation of glycolytic intermediates. They are enzymatically
detoxified in cells by the cytosolic glutathione-dependent glyoxalase system (glyoxal and MG only) and by
NADPH-dependent reductase and NAD(P) " -dependent dehydrogenase. In this study, the changes in the
cellular and extracellular concentrations of these a-oxoaldehydes were investigated in murine P388D,
macrophages during necrotic cell death induced by median toxic concentrations of hydrogen peroxide and
1-chloro-2,4-dinitrobenzene (CDNB). a-Oxoaldehyde concentrations were determined by derivatization with
1,2-diamino-4,5-dimethoxybenzene. There were relatively small increases in cellular and extracellular glyoxal
concentration, except that extracellular glyoxal was decreased with hydrogen peroxide. The cytosolic
concentration of 3-DG and the cytosolic and extracellular concentrations of MG, however, increased markedly.
Aminoguanidine inhibited a-oxoaldehyde accumulation and prevented cytotoxicity induced by hydrogen
peroxide and CDNB. The accumulation of glyoxal and MG in toxicant-treated cells was a likely consequence
of decreased in situ activity of glyoxalase I. The effect was marked for MG but not for glyoxal, suggestive of a
greater metabolic flux of MG formation than of glyoxal. The accumulation of 3-DG in toxicant-treated cells was
probably due to the decreased availability of pyridine nucleotide cofactors for the detoxification of 3-DG.
Impairment of a-oxoaldehyde detoxification is cytotoxic, and this may contribute to toxicity associated with
GSH oxidation and S conjugation in oxidative stress and chemical toxicity, and to chronic pathogenesis
associated with diabetes mellitus where there is oxidative stress and the formation of glyoxal, MG, and 3-DG is
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The a-oxoaldehydes glyoxal, MG+ and 3-DG are physio-
logical metabolites. Glyoxal is formed by the slow, sponta-
neous oxidative degradation of glucose [1], the degradation
of glycated proteins [2], and lipid peroxidation [3]. MG is
formed by the non-enzymatic and enzymatic degradation of
triosephosphates, the metabolism of acetone, and the ca-
tabolism of threonine [4]. 3-DG is formed by the degrada-
tion of glycated proteins [5] and by the fragmentation of
fructose 3-phosphate [6]. Exposure of cells to high concen-
trations of a-oxoaldehydes, by addition of exogenous
a-oxoaldehyde [7, 8] or inhibition of enzymatic detoxifica-
tion with a specific inhibitor [9], induces growth arrest and
toxicity. a-Oxoaldehydes react non-enzymatically with
guanyl nucleotides to form 6,7-dihydro-6,7-dihydroxy-imi-
dazo[2,3-b]purine-9(8)one derivatives [10, 11] and other
adducts [12] which are associated with mutagenesis [13] and
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cytotoxicity [7, 14]. They also react with cysteine residues
of proteins to form reversible hemithioacetal adducts and
with arginine and lysine residues of proteins to form the
stable adducts AGE. Some AGEs are protein cross-links,
e.g. bis(lysyl)imidazolium cross-links [15], whereas others
were recognition factors for AGE receptors [16]. Agonism
at AGE receptors has also been associated with cell acti-
vation and cytotoxicity (reviewed in [17]). Glycation of
nucleotides and proteins is suppressed in normal physiolog-
ical states by the enzymatic detoxification of a-oxoalde-
hydes [4].

Glyoxal and MG are detoxified by the glyoxalase system
in the cytosol of all cells. It catalyses the conversion of
glyoxal and MG to glycolate and D-lactate, respectively,
with GSH as cofactor [4]. The glyoxalase system is com-
prised of two enzymes, glyoxalase I and glyoxalase I, and a
catalytic amount of GSH. Glycoxalase I (EC 4.4.1.5)
catalyses the formation of S-2-hydroxyacylglutathione de-
rivatives from the hemithioacetals formed non-enzymati-
cally from a-oxoaldehydes and GSH, RCOCHO +
GSH = RCOCH(OH)-SG — RCH(OH)CO-SG. Glyox-
alase II (EC 3.1.2.6) catalyses the hydrolysis of S-2-
hydroxyacylglutathione derivatives to aldonates, reforming
the GSH consumed in the glyoxalase I-catalysed reaction,



642

RCH(OH)CO-SG + H,0 — RCH(OH)CO; + GSH +
H*. The activity of glyoxalase I in situ is approximately
proportional to the cytosolic concentration of GSH [4]. A
decrease in the cellular concentration of GSH in oxidative
stress [18] and S conjugation of GSH [19] will concomi-
tantly decrease the in situ activity of glyoxalase I. This may
lead to an accumulation of glyoxal and MG. 3-DG is
detoxified by reduction to 3-deoxyfructose catalysed by
NADPH-dependent aldehyde reductase (EC 1.1.1.2) and
aldose reductase (EC 1.1.1.21) [20, 21]. This is the major
route of 3-DG detoxification [22]. 3-DG may also be
oxidised to 3-deoxygluconate catalysed by NAD(P)*-de-
pendent 2-oxoaldehyde dehydrogenase [23]. The in situ
activity of 3-DG reductase may be decreased when
NADPH is depleted in the regeneration of GSH from
GSSG by glutathione reductase in oxidative stress [18].

In this report, we describe the changes in the concen-
tration of glyoxal, MG, and 3-DG of P388D, cells and
extracellular medium in witro following exposure to median
toxic concentrations of hydrogen peroxide and CDNB and
the prevention of toxicity by the a-oxoaldehyde-scaveng-
ing agent aminoguanidine. This suggests that a-oxoalde-
hyde accumulation is a characteristic of toxicant-induced
cell death and that inhibition of this may prevent cytotox-
icity.

MATERIALS AND METHODS
Materials

GSH, hydrogen peroxide, CDNB, and aminoguanidine
bicarbonate were purchased from Sigma. RPMI 1640 cell
culture medium and fetal bovine serum were purchased
from GIBCO Europe Ltd. The murine macrophage P388D;
cell line [24] was purchased from the European Collection
of Animal Cell Cultures. A colony of P388D, cells was
maintained by seeding at a density of 80,000 cells/mL in
RPMI 1640 with 10% fetal bovine serum and 2 mM
glutamine in a 75-cm” T-flask under an atmosphere of air
with 5% carbon dioxide, 100% humidity, and 37°, under
aseptic conditions. The cells were cultured for 4 days to
confluence. They were harvested by scraping adherent cells
free and collected by centrifugation (400 g, 5 min). The
cells were resuspended in fresh culture medium (1 mlL),
counted and cell viability assessed by the trypan blue
exclusion technique. A portion of the cells was used to
maintain the colony. The remainder was sedimented by
centrifugation (400 g, 5 min), resuspended in MGB con-
taining 147 mM NaCl, 5 mM KCl, 1.9 mM KH,PO,, 1.1
mM Na,HPO,, 5.5 mM glucose, 1.5 mM CaCl,, 0.3 mM
MgSO,, and 1 mM MgCl,, pH 7.4 and 37°, and used in
incubations with toxicants [25].

Culture of P388D; Cells

P388D; cells (2 X 10%/mL) were incubated in MGB (1 mL)
with median toxic concentration TCsq values of toxicants
hydrogen peroxide (30 mM) and CDNB (75 uM) for 3 hr
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at pH 7.4 and 37° [19]. At the times indicated, the cells
were collected by centrifugation (400 g, 2 min), washed
with MGB, and the cellular concentration of GSH and
GSSG determined. Similar incubations were performed,
0.5 mL of 0.6 M ice-cold perchloric acid added to the cell
suspension and the concentrations of glyoxal, MG, and
3-DG determined as described below. The effect of amino-
guanidine bicarbonate (I mM) and N -nitroarginine (100
M) on the viability of P388D; cells incubated with and
without toxicants was investigated after incubation for 3 hr.

Assay of GSH, GSSG, and

a-Oxoaldehyde Concentrations

The concentrations of GSH and GSSG in P388D; cells
were determined by the microplate technique described
[26]. The interbatch coefficients of variation were 4.0% and
2.0%, and the limits of detection were 3.4 pmol/10° cells
and 1.8 pmol/10° cells, respectively (N = 6). The concen-
tration of glyoxal, MG, and 3-DG in the cells and medium
of P388D; cell cultures were determined by minor modifi-
cation of the method previously described [27]. P388D;
cells in MGB (2 X 10% 1 mL) were sedimented by
centrifugation (400 g, 2 min), and the supernatant removed
and retained. The cell pellet and aliquot of supernatant (0.5
mL) were acidified with 500 mM acetic acid (0.5 mL) and
stored at —196° until analysis. For 3-DG, glyoxal, and MG,
the limits of detection were 21, 11, and 14 pmol and the
interbatch coefficients of variation were 15%, 11%, and
10% (N = 9), respectively. Cellular concentrations of
a-oxoaldehydes are given as pmol/10° viable cells (it was
assumed that cells that could no longer exclude trypan blue
would also have leaked a-oxoaldehydes into the medium).

Statistical Analysis of the Experimental Results

The significance of changes in the experimental variables
measured was assessed by Student’s t-test.

RESULTS

Effect of Hydrogen Peroxide and CDNB on the Viability
and Glutathione Concentration of P388D; Cells

In Vitro

Incubation of P388D; cells with 30 mM hydrogen peroxide
and 75 pM CDNB decreased cell viability by ca. 50% after
3 hr (Fig. 1, panels a and b; P < 0.001). With hydrogen
peroxide, the cell viability decreased linearly with time,
whereas with CDNB the cell viability was maintained near
control levels for 2 hr and then decreased rapidly in the
third hour of culture. The initial cellular concentration of
GSH in control incubations was 4.82 = 0.50 nmol/10° cells
and did not change significantly during the 3-hr incubation
period in control cultures (P > 0.05). Incubation of
P388D; cells with 30 mM hydrogen peroxide gave a
decrease in the cellular concentration of GSH of 28% after
15 min, which remained at this level thereafter until the
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FIG. 1. Time-course of the viability, GSH, and
GSSG content of P388D; macrophages incubated
with (@—@®) and without (O—O) 30 mM hydro-
gen peroxide (panels a, ¢, and e) and 75 pM CDNB
(panels b, d, and f). Data are means * standard
deviation of 3 determinations.
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end of the 3-hr incubation period (Fig. 2, panel ¢; P <
0.001). There was a concomitant increase, relative to
control values, in the cellular concentration of GSSG to
0.059 =+ 0.005 nmol/10° cells after 30 min (P < 0.001),
which thereafter slowly decreased to 0.038 * 0.001 nmol/
10° cells but remained above control values (P < 0.001).
The maximum increase in the concentration of GSSG
observed, however, was < 5% of the concomitant decrease
in GSH concentration (Fig. 2, panel e). Incubation of
P388D; cells with 75 wM CDNB gave a rapid decrease in
the cellular concentration of GSH to 22% of control levels
after 15 min. This continued to decrease to 3% of control
values after 3 hr (Fig. 1, panel d; P < 0.001). There was
an initial concomitant increase in the cellular concentra-
tion of GSSG, maximising at an increase of 0.030 = 0.001
nmol/10° cells after 30 min, relative to control values (P <
0.001). Thereafter, the concentration of GSSG declined
sharply to 0.003 = 0.001 nmol/10° cells after 3 hr, a
concentration lower than control values (P < 0.001). The
maximum increase in the concentration of GSSG ob-
served, however, was < 1% of the concomitant decrease in

Incubation time (h)

GSH concentration (Fig. 2, panel f). The oxidative stress
imposed in cells by toxicants may be judged by the cellular
GSH/GSSG concentration ratio. The mean GSH/GSSG
ratio in P388D; cells of control incubations was 0.115 =
0.048% (N = 18) throughout the 3-hr incubation. This was
decreased markedly in hydrogen peroxide-treated P388D;
cells to 0.008 = 0.001% (P < 0.001, N = 15), and in
CDNB-treated P388D; cells to 0.003 = 0.002%, P <
0.001 (N = 15).

Cellular and Extracellular Concentrations of «-
Oxoaldehydes in Toxicant-Treated P388D, Cell

Cultures

The changes in the cellular and extracellular concentra-
tions of glyoxal, MG, and 3-DG in P388D; cell cultures
during exposure to median toxic concentrations of hydro-
gen peroxide and CDNB were investigated. The initial
concentrations of glyoxal, MG, and 3-DG in P388D; cells
were 31.2 = 8.3, 13.6 + 9.9, and 88.2 * 8.6 pmol/10° cells,
respectively. The concentrations of glyoxal, MG, and 3-DG
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FIG. 2. Time—course of the cellular concentrations
(panels a, c, and e) and extracellular medium
concentrations (panels b, d, and f) of glyoxal, MG,
and 3-DG in P388D, cell cultures in incubation
controls (O—O) and incubations with 30 mM
hydrogen peroxide (m—m) and with 75 pM
CDNB ([0—). Data are means * standard devi-

ation of 3 determinations.
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in the MGB medium were below the statistical limits of
detection. In control cultures, the cellular concentrations
of glyoxal, MG, and 3-DG did not change significantly
during the 3-hr incubation (P > 0.05); the concentrations
of glyoxal, MG, and 3-DG in the medium, however,
increased to 61 = 8 (P < 0.01), 46 = 23 (P > 0.05), and
118 = 10 nM (P < 0.02), respectively.

Incubation of P388D; cells with 30 mM hydrogen
peroxide increased the cellular concentration of glyoxal
after 3 hr (P < 0.05) and decreased the concentration of
glyoxal in the medium (P < 0.01), with respect to control
values (Fig. 2, panels a and b). The cellular and medium
concentrations of MG, however, increased with time rela-
tive to control values, to 145 * 37 pmol/10° viable cells
(P < 0.02) and 173 = 27 nM (P < 0.001), respectively,
after 3 hr (Fig. 2, panels c and d). The cellular concentra-
tion of 3-DG changed little after 1 hr and then progres-
sively increased relative to control values, to 432 * 50

Incubation time (h)

pmol/10° viable cells (P < 0.001) (Fig. 2, panel ). The
concentration of 3-DG in the medium increased in the first
hour relative to control values, to 186 = 29 nM (P <
0.001), remained at this level in the second hour, and then
decreased slightly in the third hour to 143 * 58 nM (Fig.
2, panel f).

Incubation of P388D; cells with 75 wM CDNB increased
the cellular concentration of glyoxal to 77 * 16 pmol/10°
viable cells (P < 0.02) and increased the glyoxal concen-
tration in the medium to 96 = 11 nM (P < 0.01), relative
to control values (Fig. 2, panels a and b). The cellular and
medium concentrations of MG increased markedly with
time relative to control values, to 279 * 22 pmol/10° viable
cells and 707 = 29 nM, respectively, after 3 hr (P <
0.001) (Fig. 2, panels c and d). The cellular concentration
of 3-DG was increased significantly in the third hour of
culture only, relative to control values, to 279 *= 22
pmol/10° cells (P < 0.001) (Fig. 2, panel e). The
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FIG. 3. Effect of aminoguanidine and N -nitroarginine on the
cytotoxicity of hydrogen peroxide and CDNB to P388D, cells
in vitro. P388D), cells (2 X 10°/mL) were incubated in MGB at
37° for 3 hr without toxicant (control), with 30 mM hydrogen
peroxide (H,0,), and with 75 pM CDNB. Further additions
were: (0) none, (B]) +1 mM aminoguanidine, and () +100
M N -nitroarginine. Data are means = standard deviation of 3
determinations. **P < 0.01 with respect to toxicant control.

concentration of 3-DG in the medium increased, relative to
control values, to 200 *+ 47 nM after 3 hr (P < 0.05) (Fig.
2, panels e and f).

Effect of Aminoguanidine and N -Nitroarginine on the
Cytotoxicity of Hydrogen Peroxide and CDNB

The effect of the scavenging of a-oxoaldehydes by amino-
guanidine on the cytotoxicity induced by hydrogen perox-
ide and CDNB was investigated. When P388D; cells (2 X
10%/mL) were incubated for 3 hr with 30 mM hydrogen
peroxide and 75 M CDNB, the cell viability was de-
creased to 46.0 * 4.7% and 52.0 * 5.4%, respectively,
relative to control values (P < 0.001) (Fig. 3). Amino-
guanidine (1 mM) had no significant effect on cell viability
in control cultures (P > 0.05). When P388D; cells were
incubated for 3 hr with 1 mM aminoguanidine and 30 mM
hydrogen peroxide, the cell viability decreased to 89.4 =+
5.0%, and when incubated with 1 mM aminoguanidine and
75 wM CDNB cell viability decreased to 87.1 * 5%. This
indicates that aminoguanidine protected P388D; cells from
the toxic effects of hydrogen peroxide and CDNB (P <
0.01). N,-Nitroarginine (100 uwM) did not significantly
affect the decrease in viability of P388D; cells induced by
30 mM hydrogen peroxide and 75 puM CDNB (P > 0.05).

Effect of Aminoguanidine on a-Oxoaldehyde
Concentrations during the Prevention of Cytotoxicity

Induced by Hydrogen Peroxide and CDNB

The effect of 1 mM aminoguanidine on the cellular and
extracellular concentrations of a-oxoaldehydes in P388D;
cell cultures incubated with and without CDNB and
hydrogen peroxide was investigated. Aminoguanidine did
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not change significantly the cellular and extracellular
concentrations of a-oxoaldehydes in control cultures (P >
0.05) (Fig. 4). In incubations with CDNB, however,
aminoguanidine decreased markedly the cellular concentra-
tions of MG and 3-DG (P < 0.001), and decreased
markedly the extracellular concentrations of glyoxal and
MG (P < 0.001) and 3-DG (P < 0.05) (Fig. 4). In
incubations with hydrogen peroxide, aminoguanidine de-
creased markedly the cellular concentrations of MG (P <
0.01) and 3-DG (P < 0.001), and decreased the concen-
tration of MG in the medium (P < 0.001) (Fig. 4).

DISCUSSION

The cellular concentrations of glyoxal, MG, and 3-DG are
expected to be increased in oxidative stress because of the
decreased availability of reduced cofactors for the enzymatic
detoxification of a-oxoaldehydes in this abnormal physio-
logical state. This may also be reflected in the extracellular
concentrations of the a-oxoaldehydes. Glyoxal and MG
readily cross cell membranes, probably by passive diffusion
of the unhydrated forms. The cytosolic and extracellular
concentrations of MG and glyoxal were not equivalent,
however, because of a high extent of reversible binding of
these a-oxoaldehydes to cysteine, lysine, and arginine
residues of cellular peptides and proteins [28]. The method
of the a-oxoaldehyde assay used herein determines the sum
of a-oxoaldehyde free and reversibly bound to proteins [28,
29]. The mechanism of membrane transport of 3-DG has
not been reported, but it probably requires a transporter
protein to cross cell membranes.

The glyoxalase system is the major pathway for the
detoxification of glyoxal and MG [4], and NADPH-depen-
dent 3-DG reductase (aldehyde reductase and aldose reduc-
tase activities) is the major pathway for the detoxification
of 3-DG under normal conditions [22]. When GSH is
severely depleted, however, aldehyde reductase and
2-oxoaldehyde dehydrogenase may metabolise MG and
glyoxal. Similarly, when NADPH is depleted, 3-DG dehy-
drogenase activity may be important in the metabolism of
3-DG. The extent of accumulation of a-oxoaldehydes will
depend on their rate of formation and their reactivities with
cellular components and the toxicant. The flux of forma-
tion of MG in human red blood cells was ca. 120 nmol/mL
packed cells/day [30]. Little is known of the flux of
formation of glyoxal and 3-DG, except that their formation
from glycation is expected to be much lower than this (ca.
1-2 uM/day [1-3, 5]; the flux of formation of 3-DG from
fructose 3-phosphate may be much higher than this [6]. The
reactivities of glyoxal and MG with proteins to form AGEs
are similar, but 3-DG is ca. 200-fold less reactive [31]:
unlike glyoxal and MG, it exists in many cyclic hemiacetal/
hemiketal forms that have not yet been fully characterised
[32]. There may be a similar relative reactivity of these
a-oxoaldehydes with nucleotides [11, 12]. Additionally, the
high concentration of hydrogen peroxide in these experi-
ments may interact non-enzymatically with the a-oxoalde-
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hydes. Hydrogen peroxide induced oxidative cleavage of
glyoxal and 3-DG [33].

Acute toxicity induced by hydrogen peroxide in P388D,
cells is a well-characterised model of oxidant-induced cell
death [25] that we have previously employed to investigate
the antidote effects of GSH esters [34]. The median toxic
concentrations of hydrogen peroxide and CDNB were 24
mM and 63 pM, respectively. There is initial oxidation of
GSH and NADPH with concomitant activation of the
hexose monophosphate shunt [19, 25]. Decreased GSH and
NADPH is expected to decrease the rate of detoxification
of glyoxal, MG, and 3-DG in situ. This is consistent with
our results. There was also increased export of MG and
3-DG into the medium. The extracellular glyoxal concen-
tration decreased in hydrogen peroxide-treated incuba-
tions, however, which may reflect non-enzymatic oxidative
cleavage. The slower accumulation of glyoxal relative to
MG and 3-DG is indicative of a lower flux of glyoxal
formation than of MG and 3-DG. The increase in MG
concentration may have been further enhanced by inhibi-
tion of glyceraldehyde-3-phosphate dehydrogenase, accu-

mulation of triosephosphates, and consequent increased
rate of MG formation [35]. Hydrogen peroxide-induced
cytotoxicity was shown to induce single strand breaks in
DNA with activation of PARP and depletion of cellular
levels of NAD" of P388D, cells. A PARP inhibitor
prevented cytotoxicity [36]. Modification of DNA was
thought to occur by oxidation with hydrogen peroxide but
given the effect of aminoguanidine herein, it is now
possible that a-oxoaldehyde modification of DNA may also
have been involved.

Incubation of P388D; cells with CDNB depleted GSH
but more markedly than with hydrogen peroxide. Cytotox-
icity induced by CDNB was characterised by an immediate,
marked, and persistent decrease in the cellular concentra-
tion of GSH with little formation of GSSG [19]. Depletion
of cellular GSH was a critical factor in the development of
toxicity [19]. There was an 8-fold increase in the cellular
concentration of MG and a 14-fold increase in extracellular
concentration of MG in cells incubated with CDNB. There
were much smaller increases in the extracellular and extra-
cellular concentrations of glyoxal and a ca. 2-fold increase
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in the cellular concentration of 3-DG in the third hour
when cell viability was decreasing rapidly. The marked
increase in cellular a-oxoaldehydes in the third hour may
reflect the release of a-oxoaldehydes from protein thiols, as
these too become oxidized. a-Oxoaldehydes are reversibly
bound to protein thiols in cells in situ [28]. This is a major
storage site for a-oxoaldehydes, suppressing the formation
of irreversible adducts with lysine and arginine residues in
periods of high rates of a-oxoaldehyde formation, to later
release the free «-oxoaldehyde for metabolism as the
enzymes of a-oxoaldehyde detoxification take effect.

The decrease in viability of P388D; cells by hydrogen
peroxide and CDNB observed herein occurs by a necrotic
mechanism [19]. The changes in the cellular concentra-
tions of calcium implicated in the mechanism of hydrogen
peroxide-induced cell death of P388D,; cells incubated
under similar conditions to those described herein may
occur by oxidative inactivation of membrane ATPases [37]
but also by modification of arginine residues in the nucle-
otide binding site by a-oxoaldehydes [38].

Aminoguanidine reacted with a-oxoaldehydes to form to
isomeric 5- and 6-substituted 3-amino-1,2,4-triazines [39,
40]. The concentration of aminoguanidine that prevented
half-maximal irreversible protein modification in human
plasma was 203 uM [39]. The prevention of cytotoxicity by
scavenging of MG with aminoguanidine in incubations of
P388D; cells with hydrogen peroxide and CDNB suggests
that a-oxoaldehyde accumulation may play an important
role in the development of cytotoxicity. Aminoguanidine is
also an inhibitor of inducible and constitutive nitric oxide
synthases [41], but lack of a similar effect of N -nitroargi-
nine, an inhibitor of inducible and constitutive nitric oxide
synthases but a poor scavenger of a-oxoaldehydes [41],
suggests that the cytoprotective effect of aminoguanidine
was not due to inhibition of inducible nitric oxide synthase.
Aminoguanidine has also been found to have antioxidant
activity [42], which may also contribute to the cytoprotec-
tive effect found herein. The kinetics of scavenging of
aldehydes formed in lipid peroxidation, such as 4-hy-
droxynonenal, by aminoguanidine was much slower than
those of the scavenging of a-oxoaldehydes [39, 43]. The
reported pro-oxidant effect of aminoguanidine [44] was not
evident.

The involvement of a-oxoaldehydes in oxidative cyto-
toxicity is a hitherto little-recognised aspect of mechanisms
of cell death. Many studies of cell function in oxidative
stress in vitro have investigated the effects of decreasing the
cellular concentration of GSH (reviewed in [18]) and
reported S phase growth arrest of proliferating blood mono-
nuclear cells [45], inhibition of plasma membrane Ca’*
translocase [46], and induction of apoptosis and necrosis
[47]). Under these experimental conditions, the in situ
activity of glyoxalase I was inhibited and accumulation of
a-oxoaldehydes may have contributed to the observed
changes in cell function. The accumulation of glyoxal, MG,
and other a-oxoaldehydes in cells may lead to the modifi-
cation of DNA, giving rise to mutagenesis and apoptosis
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[11, 12] and modification of proteins which may lead to
protein degradation, enzyme inhibition, and a cytokine-
mediated immune response [15, 16]. Cellular accumulation
of a-oxoaldehydes is expected to contribute to toxicity
associated with GSH oxidation and S conjugation in
oxidative stress and chemical toxicity [18], and in chronic
pathology in diabetes mellitus where the formation of
glyoxal, MG, and 3-DG is increased [48]. Increased glyca-
tion by a-oxoaldehydes is therefore generally expected to
be a consequence of oxidative stress [4].
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References

1. Wells-Knecht K], Zyzak DV, Litchfield JE, Thorpe SR and
Baynes JW, Mechanism of autoxidative glycosylation: Iden-
tification of glyoxal and arabinose as intermediates in the
autoxidative modification of proteins by glucose. ] Am Chem
Soc 34: 3702-3709, 1995.

2. Namiki M and Hayashi T, A new mechanism of the Maillard
reaction involving sugar fragmentation and free radical for-
mation. ACS Symp Ser 215: 21-46, 1983.

3. Mlakar A and Spiteller G, Previously unknown aldehydic
lipid peroxidation compounds of arachidonic acid. Chem Phys
Lipids 79: 47-53, 1996.

4. Thornalley PJ, Glutathione-dependent detoxification of
a-oxoaldehydes by the glyoxalase system: Involvement in
disease mechanisms and antiproliferative activity of glyox-
alase | inhibitors. Chem-Biol Interact 111-112: 137-151,
1998.

5. Zyzak DV, Richardson JM, Thorpe SR and Baynes JW,
Formation of reactive intermediates from Amadori com-
pounds under physiological conditions. Arch Biochem Biophys
316: 547-554, 1995.

6. Szwergold BS, Kappler F and Brown TR, Identification of
fructose-3-phosphate in the lens of diabetic rats. Science 247:
451-454, 1990.

7. Kang Y, Edwards LG and Thornalley PJ, Effect of methyl-
glyoxal on human leukaemia 60 cell growth: Modification of
DNA, G, growth arrest and induction of apoptosis. Leuk Res
20: 397-405, 1996.

8. Shinoda T, Hayase F and Kato H, Suppression of cell-cycle
progression during the S phase of rat fibroblasts by 3-deoxy-
glucosone, a Maillard reaction intermediate. Biosci Biotech
Biochem 58: 2215-2219, 1994.

9. Thornalley PJ, Edwards LG, Kang Y, Wyatt C, Davies N,
Ladan M] and Double ], Antitumour activity of S-p-bromo-
benzylglutathione cyclopentyl diester in witro and in wvivo.
Inhibition of glyoxalase I and induction of apoptosis. Biochem
Pharmacol 51: 1365-1372, 1996.

10. Shapiro R, Cohen BI, Shiuey S-] and Maurer H, On the
reaction of guanine with glyoxal, pyruvaldehyde and ketoxal
and the structure of the acylguanines. A new synthesis of
NZ-alkylguanines. Biochemistry 8: 238245, 1969.

11. Vaca CE, Fang J-L, Conradi M and Hou S-M, Development
of a >?P-postlabelling technique for the analysis of 2’-deoxy-
guanosine-3’-monophosphate and DNA of methylglyoxal.
Carcinogenesis 15: 1887-1894, 1994.

12. Papoulis A, Al-Abed Y and Bucala R, Identification of
N?-(1-carboxyethyl)guanine (CEG) as a guanine advanced
glycosylation endproduct. Biochemistry 34: 648—655, 1995.



648

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

21.

28.

29.

Hou S-M, Nori P, Fang J-L and Vaca CE, Methylglyoxal
induces HPRT mutation and DNA-adducts in human T-
lymphocytes in witro. Environ Mol Mutagen 26: 286-291,
1995.

Okado A, Kawasaki Y, Hasuike Y, Takahashi M, Teshima T,
Fujii ] and Taniguchi N, Induction of apoptotic cell death by
methylglyoxal and 3-deoxyglucosone in macrophage-derived
cell lines. Biochem Biophys Res Commun 225: 219-224, 1996.
Brinkmann Frye E, Degenhardt TP, Thorpe SR and Baynes
JW, Role of the Maillard reaction in aging of tissue proteins.
J Biol Chem 273: 1871418719, 1998.

Westwood ME, Argirov OK, Abordo EA and Thornalley PJ,
Methylglyoxal-modified arginine residues—a signal for recep-
tor-mediated endocytosis and degradation of proteins by
monocytic THP-1 cells. Biochem Biophys Acta 1356: 84-94,
1997.

Thornalley PJ, Cell activation by glycated proteins. AGE
receptors, receptor recognition factors and functional classi-
fication of AGEs. Cell Mol Biol 44: 1013-1023, 1998.

Shan X, Aw TY and Jones DP, Glutathione-dependent
protection against oxidative injury. Pharmacol Ther 47: 61—
71, 1990.

Minhas HS and Thornalley PJ, Reduced glutathione esters—
antidotes to toxicity. Cytotoxicity induced by hydrogen per-
oxide, 1-chloro-2,4-dinitrobenzene and menadione in murine
P388D, macrophages in witro. ] Biochem Toxicol 10: 245-250,
1996.

Takahashi M, Fujii J, Teshima T, Suzuki K, Shiba T and
Taniguchi N, Identity of a major 3-deoxyglucosone-reducing
enzyme with aldehyde reductase in rat liver established by
amino acid sequencing and cDNA expression. Gene 127:
249-253, 1993.

Feather MS, Flynn TG, Munro KA, Kubiseski T] and Walton
DJ, Catalysis of reduction of carbohydrate 2-oxoaldehydes
(osones) by mammalian aldose reductase and aldehyde reduc-
tase. Biochim Biophys Acta 1244: 10-16, 1995.

Kato H, Van Chuyen N, Shinoda T, Sekiya F and Hayase F,
Metabolism of 3-deoxyglucosone, an intermediate compound
in the Maillard reaction, administered orally or intravenously
to rats. Biochim Biophys Acta 1035: 71-76, 1990.

Jellum E, Metabolism of the ketoaldehyde a-keto-3-deoxyglu-
cose. Biochim Biophys Acta 165: 357-363, 1968.

Koren HS, Handwerger BS and Wunderlich JR, Identification
of macrophage-like characteristics in a cultured murine tumor
line. ] Immunol 114: 894-897, 1975.

Schraufstatter IU, Hinshaw DB, Hyslop PA, Spragg RG and
Cochrane CG, Glutathione cycle activity and pyridine nu-
cleotide levels in oxidant-induced injury of cells. ] Clin Invest
76: 1131-1139, 1985.

Baker MA, Cerniglia GJ and Zaman A, Micro plate assay for
the measurement of glutathione and glutathione disulfide in
large numbers of samples. Anal Biochem 190: 360-365, 1990.
Shinohara M, Thornalley PJ, Giardino I, Beisswenger PJ,
Thorpe SR, Onorato ] and Brownlee M, Overexpression of
glyoxalase I in bovine endothelial cells inhibits intracellular
advanced glycation endproduct formation and prevents hy-
perglycaemia-induced increases in macromolecular endocyto-
sis. J Clin Invest 101: 1142-1147, 1998.

Lo TWC, Westwood ME, McLellan AC, Selwood T and
Thornalley PJ, Binding and modification of proteins by
methylglyoxal under physiological conditions. A kinetic and
mechanistic study with N-acetylarginine, N -acetylcysteine,
N,-acetyl-lysine, and bovine serum albumin. J Biol Chem
269: 32299-32305, 1994.

McLellan AC, Phillips SA and Thornalley PJ, The assay of
methylglyoxal in biological systems by derivatization with
1,2-diamino-4,5-dimethoxybenzene. Anal Biochem 206: 17—
23, 1992.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4.

45.

46.

47.

48.

E. A. Abordo et al.

Thornalley PJ, Modification of the glyoxalase system in
human red blood cells by glucose in witro. Biochem ] 254:
751755, 1988.

Westwood ME and Thornalley PJ, Glycation and advanced
glycation endproducts. In: The Glycation Hypothesis of Athero-
sclerosis (Ed. Colaco CALS), pp. 57-88. Landes Bioscience,
Georgetown, Texas, 1997.

Weenen H and Tjan SB, Analysis, structure, and reactivity of
3-deoxyglucosone. ACS Symp Ser 490: 217-231, 1992.
Vuorinen T, Cleavage of D-arabino-hexos-2-ulose and glyoxal
with hydrogen peroxide. Carbohydr Res 127: 319-325, 1984.
Yoshizumi M, Kourembanas S, Temizer DH, Cambria RP,
Quertermous T and Lee ME, Tumour necrosis factor increases
transcription of the heparin-binding epidermal growth factor-
like growth factor gene in vascular-endothelial cells. ] Biol
Chem 267: 9467-9469, 1992.

Hyslop PA, Hinshaw DB, Halsey WA and Shraufstatter 1U,
Mechanisms of oxidant-mediated cell injury. The glycolytic
and mitochondrial pathways of ADP phosphorylation are
major intracellular targets inactivated by hydrogen peroxide.
J Biol Chem 263: 1665-1675, 1988.

Schraufstatter IU, Hinshaw DB, Hyslop PA, Spragg RG and
Cochrane CG, Oxidant injury of cells. ] Clin Invest 77:
1312-1320, 1986.

Hinshaw DB, Armstrong BC, Burger JM, Beals TF and Hyslop
PA, ATP and microfilaments in cellular oxidant injury. Am J
Pathol 132: 479-488, 1988.

Mira ML, Martinho F, Azevedo MS and Manso C, Oxidative
inhibition of red blood cell ATPases by glyceraldehyde.
Biochim Biophys Acta 1060: 257-261, 1998.

Lo TWC, Selwood T and Thornalley PJ, Reaction of meth-
ylglyoxal with aminoguanidine under physiological condi-
tions and prevention of methylglyoxal binding to plasma
proteins. Biochem Pharmacol 48: 1865-1870, 1994.

Hirsch J, Petrakova E and Feather MS, The reaction of some
dicarbonyl sugars with aminoguanidine. Carbohydr Res 232:
125-130, 1992.

Misko TP, Moore WM, Kasten TP, Nickols GA, Corbett JA,
Tilton RG, McDaniel ML, Williamson JR and Currie MG,
Selective inhibition of the inducible nitric oxide synthase by
aminoguanidine. Eur ] Pharmacol 233: 119-125, 1993.
Giardino I, Fard AK, Hatchell DL and Brownlee M, Amino-
guanidine inhibits reactive oxygen species formation, lipid
peroxidation, and oxidant-induced apoptosis. Diabetes 47:
1114-1120, 1998.

Al-Abed Y and Bucala R, Efficient scavenging of fatty acid
oxidation products by aminoguanidine. Chem Res Toxicol 10z
875-879, 1997.

Ou P and Wolff SP, Aminoguanidine: A drug proposed for
prophylaxis in diabetes inhibits catalase and generates hydro-
gen peroxide in witro. Biochem Pharmacol 46: 1139-1144,
1993.

Messina JP and Lawrence DA, Cell cycle progression of
glutathione-depleted human peripheral blood mononuclear
cells is inhibited at S phase. ] Immunol 143: 19741981,
1989.

Bellomo G, Mirabello F, Richelmi P and Orrenius S, Critical
role of sulphydryl group(s) in ATP-dependent Ca®* seques-
tration by the plasma membrane fraction in rat liver. FEBS
Lett 163: 136-139, 1996.

Donnini D, Zambito AM, Perrella G, Amesi-Impiombato FS
and Curcio F, Glucose may induce cell death through a free
radical-mediated mechanism. Biochem Biophys Res Commun
219: 412-417, 1996.

Thornalley PJ, Advanced glycation and the development of
diabetic complications. Unifying the involvement of glucose,
methylglyoxal and oxidative stress. Endocrinol Metab 3: 149—
166, 1996.



