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Tumor necrosis factor (TNF)-induced cell death in the fibrosarcoma
cell line L929 is a caspase-independent process that is characterized
by increased production of reactive oxygen species (ROS) in the
mitochondria. To elucidate this ROS-dependent cell death path-
way, a comparative study of the phosphoproteins present in
TNF-treated and control cells was performed. Here we report that
TNF induces an increased phosphorylation of glyoxalase | that is
mediated by protein kinase A and required for cell death. We also
show that TNF induces a substantial increase in intracellular levels
of methylglyoxal (MG) that leads to the formation of a specific
MG-derived advanced glycation end product and that this forma-
tion occurs as a consequence of increased ROS production. These
data indicate that MG modification of proteins is a targeted process
and that MG may thus function as a signal molecule during the
regulation of cell death. Furthermore, we provide evidence that
the TNF-induced phosphorylation of glyoxalase I is not involved in
detoxification of MG by means of the glyoxalase system, but that
phosphorylated glyoxalase | is on the pathway leading to the
formation of a specific MG-derived advanced glycation end
product.

Tumor necrosis factor (TNF) is a pleiotropic cytokine that
plays a role in the host defense against microorganisms and
bacterial pathogens and in the pathophysiology of various dis-
eases (1, 2). Furthermore, TNF has potent antitumor and
antimalignant cell effects. Depending on the cell type, cell death
by TNF can occur by apoptosis or necrosis (3, 4). TNF-induced
cell death in the murine fibrosarcoma cell line 1.929, the cell line
used in this study, is characterized by a necrosis phenotype that
is caspase-independent and does not involve DNA fragmenta-
tion, but instead requires the increased production of reactive
oxygen species (ROS) in the mitochondria (5-7). Much effort
has been directed at elucidating the molecular mechanisms of
caspase-dependent cell death, but relatively little is yet known
about the TNF-induced ROS-dependent cell death pathway.

To identify signaling molecules downstream of the receptor-
proximal events that are involved in this cell death pathway,
protein phosphorylation changes in 1929 cells were examined by
comparative two-dimensional (2D) gel electrophoresis after
stimulation with TNF for 1.5 h (that is, just before cells start to
die). Previous work has shown that TNF-induced increase in
oncoprotein 18 (Op18, stathmin) phosphorylation is responsible
for TNF-induced microtubule stabilization, which in turn pro-
motes cell death (8). Now, we demonstrate that phosphorylation
of glyoxalase I (lactoylglutathione lyase, EC 4.4.1.5) is a key step
in TNF-induced cell death.

The glyoxalase system, consisting of the enzymes glyoxalase I
(GLOL1) and glyoxalase II (GLO2), is an integral component of
cellular metabolism in mammalian systems (see review in ref. 9).
Although the glyoxalase pathway was reported as early as 1913
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and is ubiquitous in nature, its full biological function has never
been elucidated. The work of Szent-Gyorgyi suggested that
GLO1 and methylglyoxal (MG) were involved in the regulation
of cellular growth, but a direct mechanistic link has yet to be
identified (reviewed in ref. 10). A major function of the glyox-
alase pathway is believed to be detoxification of a-ketoalde-
hydes, especially MG. MG is a cytotoxic metabolite produced
primarily as a by-product of glycolysis through nonenzymatic
phosphate elimination from the glycolytic pathway intermedi-
ates dihydroxyacetone phosphate and glyceraldehyde 3-phos-
phate (for a review on MG, see ref. 11). The glyoxalase system
requires reduced glutathione (GSH) as a cofactor and catalyzes
the conversion of MG to D-lactate. The substrate for GLO1 is the
hemithioacetal formed through the nonenzymatic conjugation
of MG with GSH. The product of the GLO1-catalyzed reaction
is S-D-lactoylglutathione, which is then hydrolyzed by glyoxalase
II to D-lactate; GSH is regenerated by the action of GLO2.
D-Lactate is further metabolized to pyruvate in some mamma-
lian tissues.

Increased expression of GLO1 occurs in diabetic patients and
in some tumors, such as colon carcinoma (12), breast cancer (13),
and prostate cancer (14). Recently, it has been shown that GLO1
is involved in resistance of human leukemia cells to antitumor
agent-induced apoptosis (15). Under normal physiological con-
ditions, most MG is bound to cellular proteins as adducts formed
with Lys, Arg, and Cys residues (16, 17). Although the reaction
with Cys is considered reversible, elevated concentrations of MG
can lead to irreversible modifications of Lys and Arg residues
through formation of advanced glycation end products (AGEs)
(18). AGE formation is thought to contribute to several patho-
physiological conditions, such as tissue damage after ischemia/
reperfusion (19), to aging (20), and to the development of
complications in diabetic patients such as blindness, neuropathy,
and diabetic vascular diseases (21).

Materials and Methods

Cell Lines. 1.929 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with heat-inactivated FCS (5%
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vol/vol), heat-inactivated newborn calf serum (5% vol/vol),
penicillin (100 units/ml), streptomycin (0.1 mg/ml), and L-
glutamine (2 mM), at 37°C in a humidified incubator under a 5%
CO, atmosphere.

Reagents. Murine TNF was obtained from Roche Diagnostics.
Propidium iodide (PI), cycloheximide (CHX), and butylated
hydroxyanisole (BHA) (all from Sigma) were used at concen-
trations of 30 uM, 50 pug/ml, and 100 uM, respectively. The PKA
inhibitor H89 was obtained from Calbiochem. The glyoxalase I
inhibitor S-p-bromobenzylglutathione cyclopentyl diester
(BBGD) and the anti-glyoxalase I antibody were a kind gift from
Dr. P. Thornalley (Department of Biological Sciences, Univer-
sity of Essex, United Kingdom). The monoclonal anti-MG-
derived AGE antibody (mAb6B) was donated by Dr. K. Uchida
(Nagoya University Graduate School of Bioagricultural Sci-
ences, Nagoya, Japan).

Radiolabeling of Cells and Preparation of the Subcellular Protein
Fractions and 2D Gel Electrophoresis. These procedures were per-
formed as described (8).

Western Blotting. Proteins were separated by SDS/12.5% PAGE
and transferred to a poly(vinylidene difluoride) membrane
(Hybond-P, Amersham Pharmacia). The blots were incubated
with a polyclonal anti-human glyoxalase I antibody, followed by
enhanced chemiluminescence (ECL)-based detection (Amer-
sham Pharmacia).

Measurement of TNF-Induced Cell Death by Flow Cytometry. L.929
cells were kept in suspension by seeding them the day before in
uncoated 24-well tissue culture plates (Sarstedt). Cell death was
induced by addition of TNF to the cell suspension. Cell death was
measured by quantifying PI-positive cells by a fluorescence-
activated cell sorter (FACSCalibur, Becton Dickinson) as de-
scribed (22). The PI dye was excited with an argon-ion laser at
488 nm; PI fluorescence was measured above 590 nm by using a
long-pass filter. Three thousand cells were routinely analyzed.
Cell death is expressed as the percentage of PI-positive cells in
the total cell population.

Identification of the Protein Spot as GLO1 by Matrix-Assisted Laser
Desorption lonization—Mass Spectrometry. After in-gel digestion of
the excised protein with endoproteinase Lys-C (sequencing
grade; Boehringer Mannheim), a 10% aliquot of the generated
peptide mixture was purified and concentrated on Poros 50 R2
beads and used for matrix-assisted laser desorption ionization—
mass spectrometry peptide mass fingerprint analysis (23, 24).
The peptide mass map obtained did not lead to an unambiguous
protein identification because of contamination with human
keratin peptides. The remainder of the peptide mixture was
therefore separated by RP-HPLC to obtain 20 eluting peptide
fractions; these were then analyzed by matrix-assisted laser
desorption ionization—-mass spectrometry. Adequate peptide
ions were further selected for postsource decay analysis (25). A
postsource decay spectrum obtained from a peptide ion with a
mass of 902.42 Da (measured in linear mode) present in the first
RP-HPLC fraction could be unambiguously assigned to the
peptide NH,-SLDFYTR-COOH present in human GLO1 (da-
tabase entry number 417246) by using the SEQUEST algorithm
and a nonredundant protein database. After a search in an EST
database, the same peptide sequence was identified in many
different mouse EST clones. Additional confirmation of the
initial finding was conducted through postsource decay analysis
of a peptide present in RP-HPLC fraction 11 with an apparent
mass of 1396.53 Da. On the basis of the partially '80O-labeled
y-type fragment ions, a peptide sequence tag (391.24)YAI/
LF(885.67) could easily be obtained. Furthermore, a SEQUEST
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search in a nonredundant protein database led to the identifi-
cation of the peptide NH,-FSLYFLAYEDK-COOH also be-
longing to human GLO1. Again, the same peptide sequence was
found in different mouse EST clones by using the postsource
decay data and a SEQUEST search in an EST database. On the
basis of the amino acid sequence of human GLO1, masses of
peptide ions observed in the different RP-HPLC fractions could
be assigned to the identified protein. In this way, a total of 38%
of the amino acid sequence of the protein was covered, again
confirming the identification of GLOL.

Assay of GLO1 Activity. GLO1 activity was determined by using the
spectrophotometric method, which monitors the initial rate of
change in absorbance at 240 nm caused by the formation of
S-D-lactoylglutathione (26). The standard assay mixture con-
tained 2-mM MG and 2-mM GSH in a sodium phosphate buffer
(50 mM, pH 6.6, 20°C). The reaction mixture was allowed to
stand for 10 min before the addition of the cytosolic protein
fraction (15-30 ug) to ensure the equilibration of hemithioacetal
formation.

p-Lactate Measurements. D-Lactate measurements were per-
formed by using the fluorometric endpoint assay with D-lactate
dehydrogenase (27).

Methylglyoxal Assay. Intracellular MG was measured by using a
modification of the HPLC-based method described in ref. 28.
L929 cell samples were harvested, resuspended in ice-cold PBS
buffer, acidified with 100 mM acetic acid, and immediately
frozen at —80°C until shipment on dry ice between collaborating
groups. Samples were frozen at —20°C until assayed. Sample
preparation was in 100 mM acetic acid as described (17). HPLC
was performed with a mobile phase consisting of 35% acetoni-
trile/0.1% trifluoroacetic acid, pH 2.4 and 65% 10 mM phos-
phate/0.1% trifluoroacetic acetic acid in HPLC-grade water, pH
2.4. Under these modified conditions, the MG derivative 2-meth-
ylquinoxaline eluted after 7.5 min, and 5-methylquinoxaline (the
internal standard) eluted after 11.2 min.

Detection of MG-Derived AGEs. .929 cells were seeded 48 h before
the experiment. TNF incubations (1,000 units/ml) were per-
formed in the presence of CHX to synchronize cell death. After
TNF incubations (1.5 or 2.5 h), the cells were rinsed three times
with ice-cold PBS buffer, and cell lysates were prepared in a
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate-
containing cytosol extraction buffer (29). MG-derived AGEs
were detected by Western blotting by using the mAb6B (19). To
use the antibody sparingly, SDS-polyacrylamide gels were only
run across a distance of 5 cm.

Results

TNF Induces Increased Phosphorylation of Glyoxalase I. Fig. 1 shows
the autoradiogram of 2D gels obtained from TNF-treated and
control samples derived from L1929 cells labeled with
[3?P]orthophosphate. The arrow indicates the protein spot cor-
responding to phosphorylated GLO1. GLO1 was identified by
mass spectrometric analysis of a peptide mixture obtained
through an in-gel digestion of the excised protein spot. Increased
GLOI1 phosphorylation was already observed after 15 min of
TNF treatment (data not shown), but was much more pro-
nounced after 1.5 h (Fig. 1), which indicates that the TNF-
induced phosphorylation of GLO1 is an early but lasting event.
Densitometric analysis of the 3?P-labeled spot from several
experiments revealed a 3-fold or higher increase in phosphory-
lation in TNF-treated cells (1.5 h) compared with control cells.
No previous reports of mammalian GLO1 phosphorylation exist,
although the sequence contains several potential phosphoryla-
tion sites (12).

Van Herreweghe et al.
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Fig. 1. TNF induces increased phosphorylation of GLO1. Autoradiogram of

2-D gels (pH 3-10) of an organelle fraction from TNF-treated (TNF + CHX;
1.5 h) and control (CHX) cells. CHX was used to synchronize cell death. The
protein spot representing phosphorylated GLO1 was identified by mass spec-
trometry and is indicated by an arrow.

TNF-Induced Phosphorylation of Glyoxalase | Is Required for Cell
Death. To investigate the role of GLO1 in TNF-induced cell
death, cell death was measured in the presence or absence of a
well characterized cell-membrane-permeable competitive inhib-
itor of GLO1, BBGD (30). Preincubating 1.929 cells for 1 to 1.5 h
with BBGD strongly inhibited TNF-induced cell death in a
concentration-dependent manner (Fig. 24). TNF-induced cell
death was measured as a function of time by flow cytometry
(TNF, 1,000 units/ml); the maximum inhibition (60%) occurred
at 20 uM BBGD. Inhibition of cell death was more pronounced
at early time points during the TNF treatment. In contrast to the
protective effects of preincubation with BBGD, coincubation of
L1929 cells with TNF and BBGD synergistically increased TNF-
induced cell death, particularly at lower doses of TNF (100
units/ml) and at earlier time points. Fig. 2B shows a 50%
increase in cell death at 20 uM BBGD. Previous studies show
that incubation with BBGD results in intracellular MG accu-
mulation (30). Furthermore, Fig. 2C demonstrates that exog-
enously added MG has a strong synergistic effect on TNF-
induced cell death in a concentration-dependent manner,
whereas MG alone and used at the same concentrations is not
cytotoxic for 1.929 cells, suggesting that the increased sensitivity
of the 1929 cells to TNF on coincubation with BBGD resulted
from MG accumulating as BBGD-inhibited GLO1 activity.

The contrasting effects of BBGD on TNF-induced cell death
prompted an investigation of whether BBGD inhibited the
TNF-induced phosphorylation of GLO1. Fig. 3 shows immuno-
blots (anti-human GLO1 polyclonal antibody) of 2D gels (pH
3-10) from total cell lysates derived from TNF-treated and
nontreated cultures preincubated with and without BBGD for
1.5 h. In the upper panels, it is evident that TNF induces a more
acidic phosphoisoform of GLO1 in the absence of BBGD that is
not well separated from nonphosphorylated GLO1. The middle
panels demonstrate that TNF does not induce the more acidic
phosphoisoform of GLO1 in the presence of BBGD (the 2D
patterns are identical with the control).

Taken together, the results indicate that when 1929 cells are
pretreated with BBGD, BBGD binding to GLO1 hinders TNF-
induced phosphorylation, leading to inhibition of TNF-induced
cell death, which indicates that phosphorylated GLO1 is essen-
tial for TNF-mediated cell death. However, when BBGD is
administered to the cells at the same time as TNF, TNF-induced
phosphorylation of GLO1 occurs first (by a TNF-receptor-
coupled mechanism) and is not affected by BBGD (data not
shown), which implies that BBGD can bind and inhibit only the
nonphosphorylated form of GLOI1. Thus, coincubation of

Van Herreweghe et al.
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Fig.2. The GLO1 inhibitor BBGD interferes with TNF-induced cell death. (A)

Preincubation of L929 cells with the BBGD inhibits TNF-induced cell death.
L929 cells were preincubated with BBGD for 1 h and 10 min. The percentage
of cell death after 4 h of TNF treatment (1,000 units/ml) is shown. (B) Coin-
cubation of BBGD with TNF has a synergistic effect on cell death. The percent-
age of cell death after 10 h of TNF treatment (100 units/ml) is shown. (C)
Exogeneously added MG is synergistic with TNF-induced cell death. The
percentage of cell death after 6 h of TNF treatment (100 units/ml) is shown.
White bars, control cells; black bars, TNF-treated cells.

BBGD with TNF leads only to accumulation of MG, which
synergizes with cell death. In cells that are pretreated with
BBGD, BBGD binding to nonphosphorylated GLO1 has two
effects that are counteracting, namely inhibition of the phos-
phorylation and MG accumulation. This counteraction may
explain why inhibition of TNF-induced cell death in cells pre-
treated with BBGD is more pronounced at early time points of
TNF treatment, because accumulation of MG is slower than
inhibition of the phosphorylation. Furthermore, the fact that the
competitive inhibitor BBGD can inhibit the TNF-induced phos-
phorylation of GLO1 suggests that the phosphorylation may mod-
ulate the substrate recognition site and/or the active site of GLOL.
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Fig. 3. TNF-induced phosphorylation of GLO1 is inhibited by preincubation
with the GLO1 inhibitor BBGD and the PKA inhibitor H89. Western blots of 2-D
gels (pH 3-10) developed with an anti-human GLO1 antibody. The immuno-
complexes were visualized with use of an ECL kit (Amersham Pharmacia). The
immunocomplexes shown here are the only ones that were detected on the
blot. Equal amounts of total cellular lysate as measured by total protein were
loaded on each gel. TNF treatments were performed for 1.5 h (1,000 units/ml)
inthe presence of CHX to synchronize cell death. Preincubation with the GLO1
inhibitor BBGD (20 M) and PKA inhibitor H89 (5 uM) was performed for 1.5 h.
C, control cells; TNF, TNF-treated cells; I, control GLO1 inhibitor; TNF + |,
TNF-treated cells that were pretreated with the GLO1 inhibitor; H89, control
PKA inhibitor; TNF + H89, TNF-treated cells that were pretreated with the PKA
inhibitor.

SDS-PAGE

TNF-Induced Phosphorylation of Glyoxalase I Is Mediated by Protein
Kinase A. To identify the kinase that is responsible for the
TNF-induced phosphorylation of GLOL, the effect of the pro-
tein kinase A (PKA) inhibitor H89 on TNF-induced cell death
was examined because PKA is, among other things, an important
regulator of cellular metabolism and is activated by TNF (31). As
shown in Fig. 4, pretreatment (1.5 h) of L929 cells with the PKA
inhibitor reduces TNF-induced cell death in a concentration-
dependent fashion. This effect was already evident at relatively
low concentrations of the PKA inhibitor (1 uM), whereas at a
higher concentration (5 uM), a 50% inhibition of TNF-induced
cell death was obtained at early time points of TNF treatment.
Thus, PKA plays a role in TNF-induced cell death. To determine
whether PKA was directly responsible for the TNF-induced
phosphorylation of endogeneous GLO1, 1929 cells were pre-
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Fig.4. TNF-induced cell death is inhibited by the PKA inhibitor H89. The cells
were pretreated with different concentrations of H89 for 1.5 h. TNF-induced
cell death (1,000 units/ml) was measured as a function of time. No cell death
was observed in the presence of the PKA inhibitor alone. ®, TNF; m, TNF + 1
M H89; A, TNF + 2 uM H89; X, TNF + 5 uM H89.
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treated with the PKA inhibitor before TNF treatment. As shown
in Fig. 3 (Lower), this pretreatment almost completely elimi-
nated the induction of the more acidic phosphoisoform of GLO1
by TNF, suggesting that the inhibitory effect of the PKA
inhibitor on TNF-induced cell death could be largely due to the
direct inhibition of GLO1 phosphorylation.

Accumulation of MG in TNF-Treated Cells Is Not a Result of Decreased MG
Detoxification Through the Glyoxalase System. For many years, MG
has been known to be carcinostatic, but its direct use as an
anticancer drug has been prevented by rapid detoxification in vivo
by the glyoxalase system. Indeed, this characteristic provided the
rationale for the development of GLOL1 inhibitors as potential
anticancer agents (30, 32). Therefore, the hypothesis that TNF-
induced phosphorylation of GLOL1 results in MG accumulation and
subsequent cell death seemed reasonable. Moreover, measure-
ments of intracellular MG levels in TNF-treated 1.929 cells con-
firmed that MG accumulation occurred in the presence of TNF.
Two independent experiments were performed, and each sample
was measured in triplicate; MG levels increased 32% (from 0.91
uM in control cells to 1.20 uM in TNF-treated cells) and 94% (from
1.24 uM in control cells to 2.39 uM in TNF-treated cells), respec-
tively, after 1.5 h of TNF treatment (that is, just before cells start
to die). However, preincubation of 1.929 cells with BBGD inhibited
rather than exacerbated TNF-induced cell death, and measure-
ments of GLO1 activity in lysates derived from TNF-treated and
control cells showed a limited increase in GLO1 activity in TNF-
treated cells. Activity measurements were repeated several times
and gave consistent results, with an average increase of 8% after
treatment with TNF for 1 h and 12% after treatment with TNF
forl.5 h (from 0.086 = 0.003 to 0.106 = 0.001 units/8.5 ug of total
protein). Furthermore, measurement of the carbon flux to D-
lactate, the end product of the glyoxalase system, showed an
increase of 60% in D-lactate production after 1.5 h of TNF
treatment compared with control cells (data not shown), thus
confirming that TNF treatment did not inhibit the catabolic activity
of GLOL. Increased flux of MG through the glyoxalase system in
TNF-treated cells might just be a reflection of the increased levels
of MG. Taken together, these results indicate that MG accumulates
in TNF-treated cells, but not as the result of a decreased flux
through the glyoxalase system. Furthermore, if TNF-induced phos-
phorylation of GLO1 would result in inhibition of its MG-
detoxifying activity, then artificial inhibition of this activity by
preincubation with BBGD should be synergistic with TNF-induced
cell death, which is not the case, suggesting that the TNF-induced
phosphorylation of GLO1 does not lead to inhibition of its MG-
detoxifying activity, which implies that the phosphorylated form of
GLOL1 is not involved in MG catabolism, although that is yet to be
proven.

Formation of a Specific MG-Derived AGE During TNF-Induced Cell
Death. Given the demonstrated role of MG in AGE formation
and the accumulation of MG noted in response to TNF treat-
ment, we next sought to determine whether irreversible protein
modification by MG is a critical step in TNF-induced cell death.
Immunoblots of L929 protein extracts were performed with a
monoclonal antibody raised against in vitro MG-modified key-
hole limpet hemocyanin. This antibody (mAb6B) recognizes
epitopes in arterial walls of diabetic kidneys and in tissue injured
by ischemia/reperfusion (19). The immunoblots showed a dis-
tinct differential protein band specifically present in TNF-
treated (2.5 h) cells along with several protein bands that were
present in both the control and TNF-treated cells (Fig. 54). The
band was already present, although very weakly, after 1.5 h of
TNF treatment (data not shown). These data indicate that
protein modification by MG is not a random process during
TNF-induced cell death, but rather involves specific target
molecules for MG.

Van Herreweghe et al.
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Fig. 5. Formation of a specific MG-derived AGE during TNF-induced cell
death and the inhibition by several agents. (A) Western blot with the anti-AGE
antibody mAb6B that was developed against MG-modified keyhole limpet
hemocyanin (recognizes also MG-modified BSA) (19). To use the antibody
sparingly, the SDS-polyacrylamide gels were run over a distance of only 5 cm
(separation gel). Immunocomplexes were visualized by ECL and evaluated by
scanning densitometry. To analyze AGE formation in TNF-induced cell death,
all TNF treatments (1,000 units/ml, 2.5 h) were performed in the presence of
CHX to synchronize cell death. Equal amounts of total cytosolic protein from
cells incubated under different conditions were loaded in each lane. Lanes: a,
control cells; b, TNF-treated cells; ¢, control BHA (100 uM); d, TNF-treated cells
in the presence of BHA (the antioxidant agent BHA was administered 0.5 h
after TNF administration to allow initiation of TNF signaling) (6); e, control
2-deoxyglucose; f, TNF-treated cells in the presence of 2-deoxyglucose (2:1
ratio to glucose) (2-deoxyglucose was administered at the same time as TNF).
Note the appearance of the specific MG-derived AGE exclusively in TNF-
treated cells (indicated by arrowheads), whereas no significant changes in the
other AGEs can be observed. The formation of this MG-derived AGE is strongly
inhibited (65%) in the presence of BHA and 2-deoxyglucose. (B) Formation of
the specific MG-derived AGE is inhibited by the inhibitors that also inhibit the
phosphorylation of GLO1. This figure represents the percentage relative
increase of the ECL signal (as evaluated by scanning densitometry) of this
specific MG-derived AGE in TNF-treated cells (1,000 units/ml in the presence
of CHX, 1.5 h) over the background in control cells.

To demonstrate that the TNF-induced MG-derived AGE
identified here by the antibody was formed as a consequence of
oxidative stress, as in diabetic hyperglycemia (33), and only
under cytotoxic conditions, 1.929 cells were treated with the
antioxidant BHA. BHA arrests TNF-induced ROS production
and cell death (6). The formation of this specific MG-derived
AGE in TNF-treated cells, as measured by densitometric anal-
ysis of the ECL signal from immunoblots, was reduced by 65%
in the presence of BHA (Fig. 54). The antiglucose metabolite
2-deoxyglucose was then used to determine whether the TNF-
induced increase in MG concentration was derived from glyco-
lytic intermediates, which are usually considered to be the main
intracellular source of MG. In the presence of 2-deoxyglucose
(2:1 ratio to glucose), TNF-induced cell death was inhibited by
65% (data not shown), as was the formation of the specific
MG-derived AGE noted in Fig. 54. The possibility exists that
inhibition of AGE formation in the presence of 2-deoxyglucose
is an indirect result of the inhibition of mitochondrial ROS,
which would mean the latter are derived from increased glyco-
lysis. Indeed, it has been reported that TNF highly increases
glycolysis and glucose uptake in 1.929 cells (35).7

Taken together, our results clearly indicate that glycolysis
plays an important role in TNF-induced necrosis and that

TKim, Y. H. & Kim, S. S. (2001) Cancer Detect. Prev. 24, Suppl. 1 (abstr.).
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TNF-induced mitochondrial ROS, as in diabetic hyperglycemia,
can lead to accumulation of MG and subsequent formation of a
specific MG-derived AGE. How TNF might activate and mod-
ulate glycolysis in tumor cells, and whether accumulation of MG
occurs through inhibition of glyceraldehyde-3-phosphate dehy-
drogenase by ROS (36) or through activation of aldose reduc-
tase, both of which can lead to increased levels of MG, remains
to be determined.

The TNF-Induced Phosphorylation of GLO1 Is Involved in Formation of
the Specific MG-Derived AGE. Until now, AGE formation has been
described as nonenzymatic, irreversible modifications of Lys and
Arg residues slowly formed through long-term exposure to high
concentrations of sugars and reactive compounds such as MG.
Yet in TNF-induced cell death, MG modification of proteins
occurs very rapidly (within 1.5-2.5 h of initiating TNF treat-
ment), which suggests that MG modification of specific target
molecules could be enzymatically catalyzed by phosphorylated
GLOL. To test this hypothesis, L929 cells were pretreated with
BBGD and the PKA inhibitor H89, respectively, to determine
whether these inhibitors of GLO1 phosphorylation interfere
with the formation of MG-derived protein modifications during
TNF-induced cell death. In cell cultures pretreated with BBGD
and the PKA inhibitor, the formation of the specific MG-derived
AGE, which is recognized by mAb6B, as measured by densito-
metric analysis of the ECL signal from immunoblots, was
reduced by 50% and 70%, respectively, after 1.5 h of TNF
treatment (Fig. 5B). Inhibition was less pronounced (10% and
20%, respectively) after 2.5 h of TNF treatment, which could be
because, at later time points of TNF treatment, MG accumula-
tion is dominant over the lower levels of the phosphorylated
form of GLO1 (basal levels of phosphorylated GLO1 are always
present in 1.929 cells; K.V., unpublished observations). With the
PKA inhibitor, we cannot exclude the possibility that the inhi-
bition of MG-derived AGE formation is caused by inhibition of
the pathway leading to increased MG accumulation. If that were
the case, however, we would expect that the strong inhibition of
the specific MG-derived AGE formation would last with longer
TNF incubations (2.5 h), similar to what we observe with BHA
and 2-deoxyglucose. The inhibitory effects with pretreatment of
BBGD on TNF-mediated AGE formation and cell death are less
pronounced during longer TNF treatments, possibly as a con-
sequence of MG accumulation as described above. In any event,
these data indicate that formation of the specific MG-derived
AGE during cell death requires the TNF-induced phosphoryla-
tion of GLO1.

Discussion

In this article, we report that phosphorylation of glyoxalase I by
PKA plays a key role in TNF-induced cell death in 1929 cells,
that is caspase-independent and characterized by increased
production of mitochondrial ROS (reviewed in ref. 3). TNF
treatment of 1929 cells also leads to a substantial increase in MG
concentrations and the consequent formation of a specific
MG-derived AGE. This MG-derived AGE is only formed under
cytotoxic conditions and as a consequence of oxidative stress.
Furthermore, we provide evidence that the TNF-induced phos-
phorylation of GLO1 is not involved in the detoxification
pathway of MG, but rather that phosphorylated GLO1 is in-
volved in a pathway that leads to the formation of this specific
MG-derived AGE. Although the real biological function of
phosphorylated GLO1 remains to be determined, a possible
mechanism could be that it acts as a modifier enzyme for specific
target molecules at elevated MG concentrations and thus me-
diates the cytotoxic effect of MG.

Protein thiols play an important role in cell death (37) and, in
particular, in TNF-induced cell death in L.929 cells. For example,
the divalent thiol-reactive agent diamide (which mimics disulfide
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bridge formation) is synergistic with TNF-induced cell death in
1929 cells, whereas a monovalent thiol-blocking agent (which
impedes disulfide bridge formation caused by thiol oxidation)
desensitizes the cells for TNF-induced cell death (7). On the
basis of these observations, and the fact that the substrate for the
nonphosphorylated GLO1 is the hemithioacetal formed be-
tween MG and GSH, we propose that phosphorylated GLO1
could convert the normally reversible hemithioacetals that form
between MG and protein thiols in specific target molecules to
irreversible adducts. This process may include formation of a
protein disulfide bridge and a resulting altered activity of the
target molecule. The major epitope that is recognized by the
anti-AGE monoclonal antibody mAb6B that was used in this
study, and that recognizes the specific MG-derived AGE in
TNF-treated 1929 cells, is argpyrimidine. Argpyrimidine forms
when the guanidine moiety of Arg reacts with two MG molecules
or, alternatively, with an MG dimer generating the formation of
a condensed-ring product (19). The possibility cannot be ex-
cluded that the specific MG-derived AGE formed during TNF-
induced cell death is of the argpyrimidine type. However, the
epitope recognized by mAb6B in our study may also be simply
an MG-derived ring structure whose formation between two
protein thiol groups is possibly catalyzed by phosphorylated
GLOL. If this epitope were catalyzed by phosphorylated GLO1,
the spatial localization of these protein thiol groups would be
critical and might determine the specificity of the target mole-
cule for modification by MG and the specificity of MG as a
signaling molecule. Whatever the case may be, the identity and
function of the MG-modified protein that are formed during
TNF-induced cell death are still very much open to question and
need to be investigated.

The apparent function of phosphorylated GLO1 and MG as
regulators of cell death as described in this study may be related
to the theories of the Nobel Laureate Albert Szent-Gyorgyi. He
hypothesized almost 40 years ago that the glyoxalase system and
MG were major regulators of cell division based on their almost
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universal occurrence in Nature and the high reactivity of MG
with cellular thiols that are involved in cell division (for review,
see ref. 10). Whether the MG-derived modifications noted here
are irreversible or transient is still unknown. However, it is
possible to conceive of a system for the regulation of cellular
growth in which some MG-derived protein modifications are
transient, leading to temporary activation or inactivation of
target proteins, whereas permanent MG modifications of the
same or different target molecules may result in cell death.
Phosphorylation of yeast (Saccharomyces cerevisiae) GLO1
has been observed during the arrest of cell division at the G1
phase (34).

In conclusion, we show that phosphorylation of GLO1, me-
diated through the action of PKA, and the subsequent MG-
derived modification of a specific target molecule in the cell, are
important steps in the signaling processes associated with ne-
crotic cell death. We provide a direct mechanistic connection
between MG, the glyoxalase system, and the regulation of cell
death. Furthermore, our results suggest an underlying mecha-
nism for several pathophysiological conditions in vivo, namely,
that mitochondrial ROS lead to accumulation of MG, and that
subsequent MG modification of specific target molecules, either
directly or indirectly by phosphorylated GLO1, then result in cell
death and tissue damage that are a consequence of these
conditions.
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