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ABSTRACT Methylglyoxal is an a-ketoaldehyde and di-
carbonyl formed in cells as a side product of normal metab-
olism. Endogenously produced dicarbonyls, such as methylg-
lyoxal, are involved in numerous pathogenic processes in vivo,
including carcinogenesis and advanced glycation end-product
formation; advanced glycation end-products are contributors
to the pathophysiology of aging and chronic diabetes. Despite
recent advances in understanding of the systemic effects of
methylglyoxal, the full significance of this compound remains
unknown. Herein we provide evidence that the majority of the
methylglyoxal present in vivo is bound to biological ligands.
The basis for our finding is an experimental approach that
provides a measure of the bound methylglyoxal present in
living systems, in this instance Chinese hamster ovary cells;
with our approach, as much as 310 mM methylglyoxal was
detected, 100- to 1,000-fold more than observed previously in
biological systems. Several artifacts were considered before
concluding that the methylglyoxal was associated with cellular
structures, including phosphate elimination from triose phos-
phates, carbohydrate degradation under the assay conditions,
and interference from the derivatizing agent used as part of
the assay procedure. A major source of the recovered meth-
ylglyoxal is most probably modified cellular proteins. With
methylglyoxal at about 300 mM, 0.02% of cellular amino acid
residues could be modified. As few as one or two ‘‘hits’’ with
methylglyoxal per protein molecule have previously been
reported to be sufficient to cause protein endocytosis and
subsequent degradation. Thus, 5–10% of cellular proteins may
be modified to physiologically significant levels.

Methylglyoxal is an a-ketoaldehyde and dicarbonyl that has
been found in all mammalian tissues and cell lines for which it
has been assayed (1). Recent research indicates that biogenic
dicarbonyls, such as methylglyoxal, are produced during nor-
mal cell metabolism and from degradation reactions, such as
glucose autoxidation and lipid peroxidation (2), and may be
involved in a variety of detrimental processes in vivo, including
advanced glycation (glycosylation) end-product (AGE) forma-
tion with proteins (3) and DNA modification (4, 5). Methyl-
glyoxal metabolism has been linked to certain complications of
diabetes mellitus, possibly mediated through increased blood
levels of methylglyoxal evident in diabetics under hyperglyce-
mic conditions (6). Reaction with human serum albumin
results in the formation of AGE-like compounds and is
believed to be an important signal for the degradation of
senescent proteins (7–9). In addition, methylglyoxal can mod-
ify unprotected plasmid DNA and cause gene mutation and
abnormal gene expression at physiological concentrations (5).
The major source of methylglyoxal is nonenzymatic phosphate
elimination from glycolytic pathway intermediates (10). In

animal cells the principal route for methylglyoxal catabolism is
the glyoxalase pathway, which consists of two enzymes, glyox-
alase I (EC 4.4.1.5, lactoylglutathione lyase) and glyoxalase II
(EC 3.1.2.6, hydroxyacylglutathione hydrolase). This pathway
converts methylglyoxal to D-lactate via S-D-lactoylglutathione
(10); reduced glutathione is a required cofactor.

Despite advances in understanding the systemic effects of
biogenic methylglyoxal, much remains unknown. In large part,
this is because that intracellular methylglyoxal exists as a
complex mixture of free methylglyoxal and methylglyoxal
bound in adduct form (7). Further complicating the issue is
that methylglyoxal interacts both reversibly and irreversibly
with cellular structures—reversible and irreversible being
functional definitions based on whether bound methylglyoxal
can be considered in dynamic equilibrium with free methyl-
glyoxal under assay conditions. Irreversibly bound methyl-
glyoxal is stable even under the harshest of assay conditions
and can be measured by isolating and quantifying the various
irreversible adducts, as in the study of Nagaraj et al. (11), for
example, where imidazoline, an adduct formed between lysine
residues and methylglyoxal, was quantified in human serum
proteins after acid hydrolysis. Reversibly bound methylglyoxal
is difficult to measure with the same techniques because the
adducts formed are inherently unstable. This instability is a
known source of error in the standard assay for free methyl-
glyoxal (12–14). We hypothesize that it will also allow the
direct quantification of reversibly bound methylglyoxal and
have developed another experimental approach that uses a
diaminobenzene derivative, also found in the standard assay,
as a thermodynamic trap or sequestering agent to strip bound
methylglyoxal from cellular macromolecules. These macro-
molecules are removed early in the standard assay procedure
as part of sample deproteinization with perchloric acid (PCA).
Addition of PCA is important for extinguishing metabolic
activity and preventing formation of methylglyoxal from gly-
colytic pathway intermediates, but we believe that the imme-
diate removal of precipitated macromolecules excludes much
of the reversibly bound methylglyoxal from quantification.

In this report, we describe application of our approach to
Chinese hamster ovary (CHO) cells grown in culture. From
these studies, it is apparent that biological systems can contain
astonishing levels of methylglyoxal, indeed, several orders of
magnitude higher than previously observed. Several potential
artifacts were considered before concluding that the detected
methylglyoxal had originally been associated with cellular
structures. These artifacts fall into two categories—those
caused when methylglyoxal is created from cell materials as a
result of the assay procedure and those caused by the coelution
of artifact peaks with 2-methylquinoxaline (2-MQ); 2-MQ is
the o-phenylenediamine (o-PD) derivative of methylglyoxal,
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the quantification of which by HPLC forms the basis for the
methylglyoxal assays used herein. Our results represent evi-
dence that the majority of methylglyoxal in vivo is bound to
biological ligands. This is significant because methylglyoxal has
often been dismissed on basis of measurements of free meth-
ylglyoxal, which is typically present at very low levels. Our data
indicate that methylglyoxal is a chemical modifier of proteins
in CHO cells grown in culture and possibly in other mamma-
lian systems, also.

MATERIALS AND METHODS

Chemicals and Solutions. All chemicals were of reagent
grade. PBS (pH 7.3), methylglyoxal, D- and L- methotrexate,
2-MQ, 5-methylquinoxaline (5-MQ), and o-PD stock solutions
were made as described (11, 14).

Cell Culture. CHO cells were grown in Iscove’s modified
Dulbecco’s medium or MEM (GIBCOyBRLyLife Technolo-
gies) as described (15).

Methylglyoxal Assays. Cells were incubated in MEM con-
taining 1% fetal bovine serum, 100 mM glucose, and 5 mM
glutamine for 12 h before harvest. For the standard assay (free
methylglyoxal), samples were analyzed as described (14). For
our assay, cell extracts were prepared as described (16); PCA
was added to a final concentration of 0.45 M; 1,250 pmol of
5-MQ was added as an internal standard, and various amounts
of 0.1% o-PD were added as a derivatizing agent. The samples
were derivatized at 20°C for 24 h before centrifugation
(12,000 3 g, 10 min) and removal of the PCA precipitate. This
was followed by sample concentration and analysis for 2-MQ
content by HPLC (14). To account for methylglyoxal forma-
tion from nucleic acid degradation, calf thymus DNA was
treated with 0.5 M PCA (16), but with sample preparation
modified to approximate the various sample preparation con-
ditions.

Methylglyoxal Recovery in PCA. All the cell samples were
separated into aliquots from a common pool. Noncontrol
samples were prepared and assayed for methylglyoxal with our
assay but with various periods of derivatization. Control
samples were prepared and assayed similarily, but o-PD was
not added after PCA addition. The samples were incubated for
the required length of time, the PCA precipitate was removed
by centrifugation (12,000 3 g, 10 min), and the supernatant was
passed through a C18 solid-phase extraction cartridge (Waters
Sep-Pak tC18 plus cartridge, Millipore) that had been pre-
pared by flushing with 6–8 ml of acetonitrile and 6–8 ml of 10
mM KH2PO4 (pH 2.5). o-PD was added for 2 h before sample
concentration and HPLC analysis. Methylglyoxal formation
from nucleic acid degradation was accounted for as described
above.

Methylglyoxal Recovery in Acetic Acid. All cell samples were
separated into aliquots from a common pool. Noncontrol and
control samples were prepared as described for the PCA time
course experiment, but glacial acetic acid, to a final concen-
tration of 0.1 M, was substituted for PCA. For the noncontrol
samples, PCA, to a final concentration of 0.45 M, was added
as a deproteinizing agent after derivatization, and the samples
were incubated on ice for 10 min and centrifuged (12,000 3 g,
10 min) to remove the PCA-precipitated material. Samples
were concentrated and analyzed by HPLC (14). The control
samples were deproteinized by PCA at each point and ex-
tracted by using solid-phase extraction as described above.
Samples were then derivatized with o-PD for 1 h before sample
concentration and HPLC analysis. In both cases, nucleic acid
degradation during the PCA deproteinization step was ac-
counted for as described above.

Effect of Increasing o-PD Concentrations. Samples were
prepared as for our assay procedure but were derivatized with
50, 100, 200, 500, 1,000, 2,000, or 5,000 mM o-PD. 2,3-
Butanedione was detected as 2,3-dimethylquinoxaline (16).

The 2,3-dimethylquinoxaliney5-MQ peak area ratios were
adjusted to account for an interfering peak that coelutes with
2,3-dimethylquinoxaline. A ratio of 0.025 was used for an
addition of 250 nmol of o-PD and 2.50 nmol of 5-MQ to the
original sample. This ratio was scaled, as necessary, for the
different o-PD concentrations used.

Interaction of Methylglyoxal with Reduced Glutathione.
Reduced glutathione (2 mM, final concentration) and meth-
ylglyoxal (20 mM, final concentration) were reacted in PBS for
1 min at 20°C.

Recovery of bound methylglyoxal. PCA (0.5 M, final concen-
tration) and o-PD (175 mM, final concentration) were added
to the reaction mixture, which was analyzed by HPLC as
described above. Controls were methylglyoxal and o-PD with-
out reduced glutathione, reduced glutathione and o-PD with-
out methylglyoxal, and methylglyoxal and reduced glutathione
without o-PD.

Measurement of free methylglyoxal. PCA (0.5 M, final con-
centration) was added to the reaction mixture. Samples were
taken over a 47-h period. Each sample was passed through a
C18 SPE cartridge to remove the methylglyoxal-reduced glu-
tathione adduct. This cartridge had been prepared by flushing
with 6–8 ml of acetonitrile and 6–8 ml of 10 mM KH2PO4 (pH
2.5). o-PD was then added to a final concentration of 175 mM
and the free methylglyoxal was derivatized for 2 h before
analysis by HPLC.

RESULTS AND DISCUSSION

The Need for an Approach that Measures Reversibly Bound
Methylglyoxal in Biological Systems. The inability to accu-
rately determine the level of methylglyoxal modification is a
major problem in assessing the full physiological significance
of this compound in biological systems. Prior studies indicate
that proteins and other macromolecules are the principal
targets for reversible and irreversible modification by methyl-
glyoxal [see. Lo et al. (7)]. Techniques, such as those described
by Nagaraj et al. (11), exist or are being developed for
measuring irreversibly bound methylglyoxal. There is, how-
ever, a need for approaches that measure reversibly bound
methylglyoxal that cannot be directly quantified in adduct form
because of the inherent instability of the adducts. A previous
report has raised the possibility that the standard assay mea-
sures both free and reversibly bound methylglyoxal (12).
Although we believed that reversibly bound methylglyoxal
represented a significant error in the standard assay (14), we
also thought it likely that sample deproteinization early in the
assay procedure removed important sources of reversibly
bound methylglyoxal before measurement could take place. To
to test this hypothesis, whole cell extracts were derivatized for
extended periods of time in PCA before sample deproteiniza-
tion and quantification of the methylglyoxal derivative. This
was done to allow the derivatizing agent o-PD to act as a
thermodynamic trap or trapping agent, by first derivatizing the
available free methylglyoxal and then the reversibly bound
methylglyoxal as it, in turn, spontaneously disassociated from
cellular structures in response to decreased free methylglyoxal
concentrations. The derivatizing agent can do this because it
has a greater affinity for methyglyoxal under assay conditions
than do the biological ligands with which the compound
normally interacts. Our approach has the advantage that there
is little danger of losing reversibly bound methylglyoxal
through the various rinsing or purification steps present in
many other approaches. At this point, it should be reempha-
sized that reversibly and irreversibly bound are functional
definitions based on whether the bound methylglyoxal is in
dynamic equilibrium with free methylglyoxal under assay
conditions. For reversible associations, it is probable that
reactions considered reversible under physiological conditions
are also reversible under assay conditions. However, it is quite
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possible that many reactions that are essentially irreversible
under physiological conditions are reversible under assay
conditions. This is particularly true for the current study where
the sample preparation environment is harsh due to the
presence of PCA.

Samples from a simple model system were assayed with our
approach to demonstrate that use of a trapping agent is
necessary and sufficient to strip methylglyoxal from cellular
structures. This system consisted of an equilibrium mixture of
reduced glutathione, a tripeptide containing a single cysteine
residue, and methylglyoxal at physiological temperature and
pH; cysteine residues are a major modification target for
methylglyoxal (7). Our approach was tested by adding PCA and
the derivatizing agent to the reaction mixture. Fig. 1, curve B,
shows that recovery of the majority of the methylglyoxal took
8 h under these conditions. The principal control was to
incubate samples from the model system in PCA for set time
intervals before removing the methylglyoxal-reduced glutathi-
one adduct by solid-phase extraction—equivalent to sample
deproteinization—and assaying the resulting adduct-free sam-
ples for free methylglyoxal. Fig. 1, curve C, indicates that the
adduct is stable in PCA in the absence of PCA. This was shown
by the consistent level of free methylglyoxal measured over the
8-h period. Additional controls were to separately treat meth-
ylglyoxal (20 mM) or reduced glutathione (2 mM) with PCA.
No derivatized methylglyoxal was detected in the reduced
glutathione control after a 2-h incubation with o-PD. Fig. 1,
curve A, shows that the methylglyoxal control derivatized
within the same 2-h interval. The final control was to add o-PD
to the methylglyoxalyreduced glutathione mixture used to
generate fig. 1, curve C, after a 47-h incubation in PCA. At that
time, the kinetics of methylglyoxal recovery was similar to
those seen in Fig. 1, curve B (data not shown). From these
experiments, it is evident that maximal recovery of methyl-
glyoxal from sulfhydryl groups, the probable major source of
the methylglyoxal detected with our approach, requires the
presence of a trapping agent, in this instance o-PD.

These results contrast with those reported by McLellan et al.
(13) and Chaplen et al. (14) in which reasonable methylglyoxal
recoveries (53–72%) were demonstrated as part of the devel-

opment of assays for free methylglyoxal, assays that did not use
the diaminobenzene derivative as a trapping agent. An expla-
nation for this lies with the protocols used to determine free
methylglyoxal recovery in the original studies. In these, sam-
ples (whole blood or cell extracts) were treated with PCA and
then spiked with free methylglyoxal; the overall percent re-
covery was determined by comparing the amount of spiked
methylglyoxal remaining after the assay procedure versus that
originally added. Exposure of samples to PCA before adding
methylglyoxal would prevent the formation of reversible ad-
ducts between methylglyoxal and biological ligands because
the major targets of methylglyoxal modification (sulfhydryls
and primary amines) are easily oxidized under such conditions
(17, 18). Furthermore, precipitation of proteins and other
cellular structures by PCA would impede access to many
modification sites through steric hinderance. As a result, it is
likely that few sites remained for methylglyoxal modification,
allowing recovery of much of the added methylglyoxal without
a trapping agent. This contrasts with the current study where
methylglyoxal and the reduced glutathione were reacted under
physiological conditions before adding the PCA; thus, the
hemithioacetal adduct could form unhindered and the trap-
ping agent was required to maximize methylglyoxal recovery.

High Levels of Methylglyoxal Were Recovered from CHO
Cells with Our Approach. Cell samples were then assayed with
our approach. In this system, the principal control was to
incubate the whole cell extract with PCA for various times
before deproteinizing and derivatizing the free methylglyoxal
present at that time. Fig. 2 shows the time course of methyl-
glyoxal detected (as the 2-MQ derivative) from cell extracts by
our procedure (Fig. 2, curve A). After 24 h, the concentration
detected was 70 6 20 mM (mean 6 s; n 5 2), as compared with
0.8 6 0.3 mM (mean 6 s; n 5 3) from samples assayed with
the standard procedure (equivalent to methylglyoxal present at
t 5 0 on Fig. 2, curve A). The kinetics of methylglyoxal
recovery from cell samples was significantly different from that
observed in the model methylglyoxalyreduced glutathione
system. In addition, there was an increase in free methylglyoxal

FIG. 1. Reaction with and recovery of methylglyoxal from reduced
glutathione. (A) Methylglyoxal (20 mM) was derivatized with o-PD
(175 mM) in PCA (0.5 M). At each time, 2-MQ content was deter-
mined by HPLC analysis. (B) The methylglyoxal in an equilibrium
mixture of reduced glutathione (2 mM) and methylglyoxal (20 mM)
was derivatized with o-PD (175 mM) in PCA (0.5 M). At each time,
2-MQ content was determined by HPLC analysis. (C) An equilibrium
mixture of reduced glutathione (2 mM) and methylglyoxal (20 mM)
was incubated in PCA (0.5 M). At each time, the methylglyoxal-
reduced glutathione adduct was removed by solid-phase extraction and
the remaining free methylglyoxal was derivatization by o-PD (175 mM)
for 2 h followed by 2-MQ determination by HPLC analysis.

FIG. 2. Kinetics of methylglyoxal recovery from cell extracts in the
presence of o-PD. (A) Samples were incubated with o-PD (200 mM)
for the indicated times before HPLC analysis. Adjustment for nucleic
acid degradation was done. After 24 h, this adjustment was equivalent
to 12.5 mM methylglyoxal. (B) Control samples were incubated for the
indicated times before the PCA precipitate was removed by centrif-
ugation (12,000 3 g, 10 min) and o-PD (200 mM) was added for 2 h
to derivatize the free methylglyoxal that was present followed by HPLC
analysis. Samples were adjusted for nucleic acid degradation. After
24 h, this adjustment was equivalent to 3.95 mM methylglyoxal. All
samples were whole CHO cell extracts from a common source and
were incubated at 20°C in PCA (0.45 M). Each data point represents
mean 6 s (n 5 2 or 3). (Inset) Initial recovery of methylglyoxal. The
samples analyzed at t 5 0 are equivalent to samples assayed with the
standard assay.
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detected in the control cell samples after the 24-h acid
incubation period that was not present in the control samples
from the model system. An explanation for these observations
is that the model system represents methylglyoxal–sulfhydryl
group interactions only, although there are several other
interactions that could be occurring that might be the cause of
observed differences between the recovery kinetics shown by
the model system and the cell samples. The level of methylg-
lyoxal detected with our procedure is 80- to 100-fold greater
than that detected with the standard procedure. Incubation
beyond 24 h did not cause a statistically significant increase in
the level of methylglyoxal detected. By contrast, the concen-
tration of methylglyoxal in the control samples (Fig. 2, curve
B) was 5 6 2 mM (mean 6 s; n 5 3) after 24 h. This showed
that o-PD must be present during the acid incubation step to
recover the high levels of methylglyoxal. Another indication
o-PD was required as a thermodynamic trap was that increas-
ing the concentration of o-PD also increased the level of
methylglyoxal detected (Fig. 3). At 200 mM o-PD, 60 6 18 mM
(mean 6 2s; n 5 6) methylglyoxal was detected as compared
with 70 6 20 mM in the original experiment. At the highest
concentration of o-PD used (5,000 mM), 310 6 62 mM
(mean 6 2s; n 5 6) methylglyoxal was recovered. This
represented 100- to 1,000-fold more methylglyoxal than pre-
viously reported for the standard assay in biological systems
[for summary, see review of Thornalley (1)]. One criticism of
our approach is that it requires the prolonged incubation in
PCA. This is an important concern because there is a long
history of artifactual methylglyoxal production in biological
samples (see refs. 13 and 14). Therefore, we took several
precautions to correct for known artifacts and demonstrate
that other artifacts are not involved.

Methylglyoxal Measurements Were Corrected for Nucleic
Acid Degradation. We have recently shown that one source of
methylglyoxal is degradation of nucleic acid components by
PCA (16). Therefore, the values reported herein were cor-
rected for this artifact, which can readily be accounted for in
the standard assay with calf thymus DNA control experiments
(14). Fig. 2, curves A and B, have already been adjusted to
account for DNA degradation (equivalent to 12.5 mM and 3.95
mM after 24 h for curves A and B, respectively). Certain of the
assumptions made to adjust sample concentrations were ex-
amined more closely than before, however, because the abso-
lute error introduced into our assay by nucleic acid degradation
(12.5 mM after 24 h) was much greater than that introduced
into the standard assay (0.2 mM after 4 h). Rather than using
a literature value, the actual mass fraction of DNA present in

CHO cells was measured. Only the DNA mass fraction was
checked because DNA is the major contributor to the error
associated with nucleic acid degradation (.92% of the total
error) (16). DNA was purified from CHO cells by using
phenolychloroform extraction and ethanol precipitation (16).
The DNA concentration was found to be approximately 7
mgyg (wet weight) of cells. This was close to value of 7.5 mgyg
(wet weight) of cells reported for animal cells grown in culture
(19), indicating that the correct numbers were being used in the
adjustment calculations. Another assumption was that the
yield of methylglyoxal from CHO cell DNA was equivalent to
that from calf thymus DNA. Calf thymus DNA was used in the
control experiments because gram quantities are readily avail-
able commercially. DNA isolated from CHO cells yielded 5
mmol of methylglyoxal per mol of DNA as compared with 5.8
mmol of methylglyoxal per mol of calf thymus DNA, indicating
that calf thymus DNA control experiments could be used to
adjust CHO cell sample methylglyoxal concentrations. Finally,
it should be noted that the adjustments for Fig. 3, curves A and
B, are significantly different from each other. Although the
cause of this phenomenon is unknown, it is important to
emphasize that it can readily be accounted for by treating the
DNA degradation control samples in the same manner as the
cell samples being adjusted.

The Influence of the Derivatizing Agent Was Considered.
o-PD itself is known to cause an artifactual peak that coelutes
with 2-MQ under the assay conditions used (14). To determine
whether the change in assay conditions caused an increase in
the size of this peak, blanks (no cell extract) were prepared and
derivatized with o-PD by using our procedure. A small increase
in the size of the artifact peak was noted, but this represented
an absolute error of less than 1 mM—relatively minor when
compared with total concentrations of 80–100 mM; in addition,
it could be easily accounted for during final concentration
calculations. As a further check, samples were prepared and
analyzed with an HPLC system that used a different mobile
phase and a multidiode array detector (16). With this system,
it was possible to positively identify 2-MQ on the basis of its
distinctive UV–visual spectrum. High levels of 2-MQ were still
present under our conditions, corroborating our previous
HPLC measurements.

Degradation of Glycolytic Pathway Intermediates Does Not
Explain the Detected Methylglyoxal. Under some conditions,
glycolytic intermediates, in particular, dihydroxyacetone phos-
phate (DHAP) and glyceraldehyde-3-phosphate (G-3-P) de-
grade to form methylglyoxal (13). Such degradation is mini-
mized in our assays by using low temperatures and highly acidic
conditions. The expected absolute error from glycolytic path-
way intermediate degradation in our assay is 0.7 mM. This
error was calculated by using the observed degradations for
DHAP and G-3-P, which are 0.27% and 1.12%, respectively,
after a 4-h incubation in 0.5 M PCA (19), with the assumption
that DHAP and G-3-P degradation is linear over the 24-h
period. In addition, DHAP was assumed to be present in the
cell at 38.3 mM and G-3-P at 1.7 mM—concentrations deter-
mined by using the combined intracellular concentration of
DHAP and G-3-P of 40 mM (20) and an interconversion
equilibrium constant of K 5 22 (21). At 0.7 mM, the error from
glucotriose degradation is only a small fraction of methyl-
glyoxal detected with our approach. Furthermore, even if all
the DHAP and G-3-P degraded to methylglyoxal, this would
not explain the level of methylglyoxal detected, especially at
the 300 mM levels present in some experiments (see Fig. 3).

Milder Assay Conditions in Our Assay Also Result in
Increased Methylglyoxal Detection. One concern is that the
higher levels of methylglyoxal resulted from some unspecified
degradation caused by PCA. To examine this possibility, the
assay was also run with acetic acid, which is much less
oxidizative than PCA (16). In addition to using acetic acid,
lower levels of o-PD were used (50 versus 200 mM) in an

FIG. 3. Recovery of methylglyoxal from cell extracts at various
concentrations of o-PD. (A) 2-MQ recovery. (B) 2,3-Dimethylqui-
noxaline recovery. 2,3-Dimethylquinoxaline is the o-PD derivative of
2,3-butanediol. All samples were whole CHO cell extracts from a
common source. Samples were derivatized at 20°C in PCA (0.45 M) for
24 h with o-PD at the indicated concentrations. After 24 h, the samples
were analyzed for 2-MQ and 2,3-dimethylquinoxaline content by
HPLC. Each data point represents the mean 6 2s (n 5 6).
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attempt to reduce the amount of the interfering compound,
described above and always present in the o-PD stock solution,
that coelutes with the derivative methylglyoxal 2-MQ (16). It
later became apparent that this compound can easily be
accounted for during the calculation of final methylglyoxal
concentrations (16). Fig. 3 shows that decreasing o-PD con-
centrations also decreased the absolute level of methylglyoxal
recovery. This effect is evident in that the absolute amount of
methylglyoxal detected with our assay was considerably less in
the second series of experiments (approximately 6 mM) than
detected originally (70 mM). However, Table 1 shows that
samples assayed with acetic acid present during the 24-h
derivatization step have comparable levels of methylglyoxal to
those with PCA present. In addition, samples, prepared with
the control procedure described above, had substantially lower
amounts of methylglyoxal than noncontrol samples in both
cases. This indicated that o-PD was required as a trapping
agent to detect high levels of methylglyoxal in samples pre-
pared with either acetic acid or PCA.

Other Evidence. It may be possible that assay conditions lead
to some unaccounted for carbohydrate degradation as a result
of the harsh assay conditions. However, an estimate of this
error (4.0 mM) after 24 h indicates that this is significantly less
than the 70 mM detected with our approach and that this is
most probably not the source of the detected methylglyoxal;
the error represents the difference between the methylglyoxal
measured in the control (Fig. 2, curve B) after 24 h (adjusted
for nucleic acid degradation) and the free methylglyoxal
present when the experiment was initiated. In addition, the
acetic acid results showed that higher levels of methylglyoxal
are recovered in the presence of a thermodynamic trap even
when the conditions are less acidic and oxidative than when
PCA is present, reducing the possibility that the extra meth-
ylglyoxal detected with our assay was an artifact. Another
factor that suggested that the detected methylglyoxal was not
an artifact was that the amount of methylglyoxal measured
increased monotonically with the concentration of o-PD (Fig.
3), whereas the level of 2,3-butanedione detected under the
same conditions remained low. CHO cells grown in culture
almost certainly do not contain 2,3-butanedione because the
compound is produced mainly as a result of ethanol metabo-
lism (22); no ethanol was present in the growth medium, and
more importantly, CHO cells cannot metabolize ethanol,
lacking the enzyme alcohol dehydrogenase (23). Therefore,
one would expect to see levels of 2,3-butanedione consistent
with those produced by the reported degradation of cellular
components (16). If the increase in methylglyoxal measured
had solely been a result of an increase in the detection of
carbohydrate degradation intermediates, then it would be
expected that the level of all degradation products would also
increase; this clearly is not the case. Thus, the observed
behavior is consistent with o-PD acting as a trapping agent and
recovering reversibly bound methylglyoxal. Finally, we have
recently demonstrated that CHO cells expressing recombinant

glyoxalase I, the major detoxification enzyme for methyl-
glyoxal, show lower levels of methylglyoxal as measured by
both our assay and the standard assay (15). The fact that cells
with an augmented detoxification ability for methylglyoxal
show decreased methylglyoxal concentrations as measured by
both assays strongly argues that the methylglyoxal measured by
our assay was originally produced by the cell.

Possible Sources of the Detected Methylglyoxal. Proteins are
modified both reversibly and irreversibly under physiological
conditions (7, 10) and represent a probable source of the
detected methylglyoxal. Previous work reported from this
laboratory supports this possibility (16). In that study, the
cytosolic fraction of the CHO cells, consisting mainly of
protein, yielded 26 mM methylglyoxal under assay conditions
similar to those used with our current approach. This is
equivalent to 78 mM for the cell as a whole (the cytosolic
fraction contained 33% of the total cellular protein), which is
the correct order of magnitude for the concentration of o-PD
used (385 mM). In addition to proteins, there are probably
other structures in the cell that could be reversibly modified by
methylglyoxal. For example, nucleic acids react reversibly with
methylglyoxal under physiological conditions (24). Lipid
amines are also a possible target—although not previously
shown to react with methylglyoxal, they are a known modifi-
cation target for malondialdehyde, a lipid peroxidation by-
product (25).

Biological Significance of High Levels of Methylglyoxal
Modification in Mammalian Cells. By using the assay reported
herein, up to 310 mM methylglyoxal was detected in CHO cells.
This represented 100- to 1,000-fold more methylglyoxal than
previously reported in biological systems. A variety of methods
were used to avoid artifacts. An obvious question is whether
this level of methylglyoxal modification is reasonable. Much of
the reversibly bound methylglyoxal present in biological sys-
tems is probably associated with sulfhydryl groups (7). To
obtain an order of magnitude estimate of the level of reversibly
bound methylglyoxal, the equilibrium constants for the revers-
ible modification of free cysteine under physiological condi-
tions can be used (7) along with measurements of free
methylglyoxal in CHO cells. With an equilibrium constant,
KEQ, of 7.3 3 104 M21 from the reaction [methylglyoxal] (all
solution forms) 1 [N-acetylcysteine] º [hemithioacetal], a
cellular protein cysteine concentration of 39.74 mM—
obtained from the average amino acid composition of proteins
from cells grown in culture (19), the average ratio of cysteine
to cystine residues in mammalian systems (26), and a free
methylglyoxal concentration of 0.07 mM (14). The equilibrium
concentration of [hemithioacetal] is 200 mM, which is in the
same range of concentrations measured with our procedure.
This estimate uses the levels of free methylglyoxal previously
reported for the extracellular growth medium. Recent reports
indicate that current measurements of intracellular free meth-
ylglyoxal may be too high by one or more orders of magnitude
(14, 27), possibly due to interferences from assay artifacts or
unavoidable recovery of reversibly bound methylglyoxal during
the free methylglyoxal assay procedure. Methylglyoxal is freely
membrane permeable (28); thus, the level of free methyl-
glyoxal in the extracellular growth medium can be expected to
accurately reflect the levels found in the cell.

Order of magnitude estimates indicate that the levels of
reversibly bound methylglyoxal measured by our assay are
reasonable. The protein concentration in animal cells is 2.9
mM, with an average protein molecular weight of 70 kDa (29).
If proteins were the principal source of the methylglyoxal
measured with our approach, then approximately 0.02% of
amino acid residues could be modified at the upper limit.
Furthermore, only low levels of methylglyoxal modification
(one or two AGE per protein molecule) are necessary to cause
AGE-receptor-mediated protein endocytosis and lysosomal
degradation in monocytes and macrophages (9, 30). At one or

Table 1. Effect of different cell sample preparation techniques on
the level of methylglyoxal detected in CHO cells

Sample

Reversibly bound
methylglyoxal,*

mM

Free
methylglyoxal,†

mM

Acetic acid during derivatization 6.0 6 0.6 1.4 6 0.3
PCA during derivatization 6 6 1 0.7 6 0.1

*Mean 6 s (n 5 2 to 4). All samples were whole CHO cell extracts
from a common source. Samples were incubated for 24 h at 20°C in
PCA (0.45 M) or acetic acid (0.1 M) during derivatization with o-PD
(50 mM) before measurement of 2-MQ content.

†Mean 6 s (n 5 2 to 4). All samples were incubated for 24 h before
deproteinization and derivatization with o-PD (50 mM), which was
added for 2 h to derivatize the free methylglyoxal that was present.
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two ‘‘hits’’ per protein molecule, therefore, 5–10% of cellular
proteins could be modified to physiologically significant levels.

Despite the growing body of evidence supporting a possible
role for endogenously produced methylglyoxal in AGE for-
mation (7–9, 30), mutagenesis (5, 10), apoptosis (12), and
growth inhibition (15), the full physiological significance of this
compound remains unknown. Thus, our results represent
direct evidence that, as suggested on the basis of in vitro
experiments with BSA and methylglyoxal (7), the majority of
biogenic methylglyoxal (.99%) is involved in reversible or
irreversible interactions in vivo.
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