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Abstract The determination of methylglyoxal (MG) con-
centrations in vivo is gaining increasing importance as high
levels of MG are linked to various health impairments
including complications of diabetes. In order to standardize
the measurements of MG in body fluids, it is necessary to
precisely determine the concentration of MG stock solutions
used as analytical standards. The “gold standard” method
for the determination of MG concentration in the millimolar
range is an enzyme-catalyzed endpoint assay based on the
glyoxalase I catalyzed formation of S-lactoylglutathione.
However, as this assay used purified glyoxalase I enzyme,
it is quite expensive. Another method uses a derivation
reaction with 2,4-dinitrophenylhydrazine, but this substance
is explosive and needs special handling and storage. In
addition, precipitation of the product methylglyoxal-bis-
2,4-dinitrophenylhydrozone during the reaction limits the
reliability of this method. In this study, we have evaluated
a new method of MG determination based on the previously
published fast reaction between MG and N-acetyl-L-cysteine
at room temperature which yields an easily detectable con-
densation product, N-α-acetyl-S-(1-hydroxy-2-oxo-prop-1-
yl)cysteine. When comparing these three different assays for
the measurement of MG concentrations, we find that the N-
acetyl-L-cysteine assay is the most favorable, providing an

economical and robust assay without the need for the use of
hazardous or expensive reagents.
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Introduction

Methylglyoxal (MG) is a dicarbonyl compound formed by the
fragmentation of triose phosphates, intermediates of glycolysis
[1], by lipid peroxidation, by the metabolism of acetone and
aminoacetone, and by the degradation of DNA [2, 3]. In
addition, methylglyoxal is ubiquitous in heated and fermented
beverages and foods, such as coffee, toast and soy sauce [4].
MG is detoxified by the glyoxalase I and II enzymes via the
intermediate product S-lactoylglutathione to yield D-lactate [5].

High levels of plasma MG as observed in patients with
diabetes are linked to an increased risk of diabetic compli-
cations such as diabetic nephropathy, retinopathy, neuropa-
thy and cardiovascular complication [6]. Therefore, the
measurement of MG concentrations in tissues and body
fluids is an important analytical method with potential future
applications in the clinical laboratory. Many methods for the
determination of MG concentration in body fluids have been
described. In most cases, these methods use HPLC with
either detection by UV, fluorescence or mass spectrometry
[7–11]. To standardize these measurements, it is necessary
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to use stock solutions of MG with precisely determined
concentrations as analytical standards.

The “gold standard” method for the determination of MG
concentrations in the millimolar range, e.g. in diluted com-
mercial MG solutions, is an endpoint assay involving the
reaction of MG with reduced glutathione to S-D-lactoylglu-
tathione catalyzed by glyoxalase I and occurs via a sponta-
neously formed hemithioacetal intermediate. This
hemithioacetal is isomerized to the product S-D-lactoylglu-
tathione by the isomerase activity of glyoxalase I. This
method, which was firstly described by Racker [12],
requires reduced glutathione and recombinant or purified
glyoxalase I, which are both quite expensive.

Another method for MG determination uses 2,4-dinitro-
phenylhydrazine (2,4-DNPH), but this compound is sensi-
tive to shock and friction and can explode, so care must be
taken with its use [13]. In addition, occasional precipitation
of the product methylglyoxal-bis-2,4-dinitrophenylhydro-
zone also limits the reliability of this method. A further
issue is that many suppliers provide 2,4-DNPH as a wet
product (water is added to minimize the danger of explo-
sion) without specifying the 2,4-DNPH content.

Therefore, there is a demand for a more convenient, safe
and also reasonably priced method for the determination of
MG concentration in stock solutions. Over a decade ago, Lo
et al. [14] described a reaction which might serve this
purpose. They demonstrated that N-acetyl-L-cysteine reacts
rapidly at room temperature with MG with a yield >99.3 %.

The purpose of this study was to compare the different
spectrophotometric methods for MG measurement. We pro-
pose that the N-acetyl-L-cysteine reaction introduced by Lo
et al. can be used as a precise analytical assay and has
multiple advantages compared to the current methods.

Materials and methods

Materials

Methylglyoxal solution 40 % (w/w, 6.50 M), glyoxalase I
from Saccharomyces cerevisiae in buffered aqueous glycerol
solution (318 U/mL), reduced glutathione, N-acetyl-L-cyste-
ine and 2,4-dintirophenylhydrazine were purchased from
Sigma-Aldrich. The spectrophotometric measurements were
carried out in a Jenway 6505 scanning spectrophotometer.

Methods

Determination of MG using the glyoxalase I assay

The enzyme glyoxalase I catalyzes the isomerization of the
hemithioacetal, formed by the condensation of methyl-
glyoxal and reduced glutathione, to S-D-lactoylglutathione.

A 100-mM KH2PO4 buffer (adjusted to pH 6.6 at room
temperature (RT) with 1 M KOH) and an aqueous
100 mM reduced glutathione solution (adjusted to pH 6.6
at RT with solid sodium bicarbonate, freshly prepared) were
used. The 40 % MG stock solution, as provided by Sigma-
Aldrich, was diluted daily to a 10-mM working solution for
following experiments. The measurement was carried out in
a 1-ml cuvette at 22 °C. The appropriate volume of KH2PO4

buffer (to reach a final volume of 1 mL after addition of the
MG solution in the next step), 20 μL of the 100 mM reduced
glutathione solution (final concentration, 2 mM) and
3.14 μL (1 U) glyoxalase I were combined and the absorp-
tion of the spectrophotometer at 240 nm set to zero. Ten or
30 μL of the 10 mM methylglyoxal solution (final concen-
tration, 0.1 or 0.3 mM) was added to yield a total volume of
1 mL. The absorption at a wavelength of 240 nm was
recorded after 30 min. The concentration of S-D-lactoylglu-
tathione was calculated using a molecular absorption coef-
ficient of 3,370 M−1 cm−1 at pH 6.6 [12].

Determination of MG using the 2,4-dinitrophenylhydrazine
assay

A 10-mM stock solution of 2,4-DNPH in ethanol was pre-
pared by heating the solution carefully to 80 °C with occa-
sional vortexing. This solution can be stored at room
temperature [13]. From this stock solution, a 1:50 dilution
with an end concentration of 0.2 mM 2,4-DNPH was pre-
pared daily using a HCl/ethanol solvent consisting of 12 mL
HCl per 100 mL ethanol. In addition, a 1-mM MG working
solution was freshly prepared from the stock solution every
day. For the reaction, 950 μL of 0.2 mM 2,4-DNPH and
different volumes of 1 mM methylglyoxal solution with
final concentrations of 0, 0.5, 1, 2, 4, 6, 8, 10, 20 and
30 μM were pipetted into a cuvette and made up to 1 mL
with distilled water. The reaction was performed by heating
the reaction mix for 45 min at 42 °C in an Eppendorf
thermomixer at 600 rpm. After the incubation, the samples
were incubated for 5 min at room temperature. Spectropho-
tometer measurements were carried out at 432 nm according
to the maximum absorbance of MG-bis-2,4-DNP-hydra-
zone. The molecular absorption coefficient of 33,600±
100 M−1 cm−1 for MG-bis-2,4-DNP-hydrazone [13] was
used to calculate the concentrations.

Determination of MG using the N-acetyl-L-cysteine assay

An aqueous 500-mM N-acetyl-L-cysteine solution was
freshly prepared. The reaction was carried out in 100 mM
sodium dihydrogen phosphate buffer (adjusted to pH 7.0
with 10 M NaOH) at 22 °C. First, the MG solutions (5, 20
and 50 μL) equating to 0.5, 2 and 5 mM were added up to a
volume of 980 μL with sodium dihydrogen phosphate
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buffer and the spectrophotometer set to zero. The reaction was
started by adding 20 μL of the N-acetyl-L-cysteine solution
(final concentration up to 10 mM), and the formation of the
product N-α-acetyl-S-(1-hydroxy-2-oxo-prop-1-yl)cysteine
was recorded for 10 min at a wavelength of 288 nm.

Method validation

Intra-day precision was defined as the relative standard
deviation (RSD) calculated from the values measured from
at least three samples (of three different concentrations)
measured on the same day. Inter-day precision was calcu-
lated using the values measured from three different samples
determined at three different days.

Results

Determination of MG using the glyoxalase I assay

The reaction catalyzed by glyoxalase I is observed by fol-
lowing the formation of the product S-D-lactoylglutathione
at 240 nm. In this experiment, the exact MG concentration
was determined at two different nominal MG concentrations
(0.1 and 0.3 mM). For an endpoint assay, it is important that
the reaction is complete. In order to ensure this, reduced
glutathione (2 mM) was used in excess.

The time course of S-D-lactoylglutathione formation fol-
lowed at 240 nm shows an increase of absorbance consistent
with a reaction following pseudo-first-order kinetics, reach-
ing a plateau phase when all the MG has been derivatized
(data not shown). In the described experiment, the half-time
was calculated to be 40.3±3.3 s (n04). The produced S-D-
lactoylglutathione has a molecular absorption coefficient of
3,370 M−1 cm−1 at pH 6.6 [12]. Using this value, the MG
concentration of the commercial 40 % stock solution was
determined to be 6.62±0.15 M, consistent with the concen-
tration of 6.5 M stated by the supplier (n03, in triplicate).
As the measured absorbance is supposed to be in the linear
range of the spectrophotometer (0–2 A.U.), the suggested
range of MG concentration is 50–500 μM.

The within-assay (intra-day) precision values were 5.8 %
(for 0.3 mM MG) and 4.5 % (for 0.1 mM MG) (n03). The
inter-day precision values were 2.8 % (for 0.3 mM MG) and
2.4 % (for 0.1 mM MG, n03, in triplicate).

Determination of MG by the 2,4-dinitrophenylhydrazine
assay

In a second experiment, the MG concentration was mea-
sured using the 2,4-dinitrophenylhydrazine method with
MG concentrations between 0.5 and 30 μM and 2,4-dini-
trophenylhydrazine in excess (200 μM).

For MG concentrations lower than 6 μM, differing ε
values were gained due to a lack of precision of the
spectrophotometer in this absorbance range. Product
concentrations higher than 30 μM led to occasional
precipitation and therefore obstructed spectrophotometric
measurements. Another issue is the dissolving of the
explosive 2,4-dinitrophenylhydrazine which requires
heating and vortexing and is therefore a potentially
dangerous procedure. The produced 2,4-dinitrophenyl
hydrazone of MG has a molecular absorption coefficient
of 33,600±100 M−1 cm−1 [13]. The MG concentration
of the original stock solution can be calculated using
the values for concentration between 6 and 30 μM and
was found to be 6.56±0.13 M (n03, in triplicate). The
obtained concentration was consistent with the 6.5-M
concentration supplied by the manufacturer. Based on
the obtained results, the suggested range of measure-
ment for this assay is 6–30 μM.

The within-assay (intra-day) precision values were 2.8 %
(for 30 μM MG), 7.88 % (for 20 μM MG) and 9.7 % (for
10 μM MG, n03). The inter-day precision values were
4.0 % (for 30 μM MG), 5.4 % (for 20 μM MG) and
4.9 % (for 10 μM MG, n03, in triplicate).

Determination of MG using the N-acetyl-L-cysteine assay

A relatively unknown method for MG determination which
features many advantages compared to the previous two
assays is the reaction of MG with N-acetyl-L-cysteine which
was originally described by Lo et al. in 1994 [14].

The N-acetyl-L-cysteine assay is based on the fast reac-
tion between MG and N-acetyl-L-cysteine at room tempera-
ture which yields the easily detectable condensation product
N-α-acetyl-S-(1-hydroxy-2-oxo-prop-1-yl)cysteine. In con-
trast to the N-acetyl-L-cysteine assay which only depends on
the spontaneous formation of a hemithioacetal, the glyox-
alase I assay has a comparable first step, but further includes
the glyoxalase I catalyzed isomerization of the hemithioa-
cetal intermediate [15].

To optimize this reaction for an analytical application, the
time course of the reaction was recorded in order to find out
the optimal incubation time. Then, standard curves were
determined and the optimal range of MG concentration
and a precise molar absorption coefficient calculated. A time
course experiment of the reaction between MG and N-ace-
tyl-L-cysteine was performed (Fig. 1). The reaction observes
pseudo-first-order kinetics as N-acetyl-L-cysteine was used
in excess (10 mM). The half-time of the reaction was deter-
mined to be 9.3±1.4 s (n03).

In order to determine the optimal range of MG concen-
tration, in which the assay is linear, various MG concen-
trations between 0 and 10 mM were incubated with N-
acetyl-L-cysteine. The samples were incubated for 5 min at
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room temperature and the change in absorbance at 288 nm
measured.

Absorbance was found to be linearly correlated to
concentration in the range between 0.25 and 2.5 mM
MG (Fig. 2). The within-assay (intra-day) precision
values were 2.7 % (for 0.5 mM MG), 1.8 % (for
2.5 mM MG) and 2.2 % (for 5 mM MG). The inter-
day precision values were 3.5 % (for 0.5 mM MG),
1.6 % (for 2.5 mM MG) and 1.1 % (for 5 mM MG).
According to these results, the optimal range for the
determination of MG by the N-acetyl-L-cysteine assay
is between 0.25 and 2.5 mM.

Since the two previous assays for the determination of
MG (glyoxalase I and DNPH) had confirmed that the stated
concentration of the commercial MG stock solution was
correct, this concentration (using 2.5 mM MG) was used
to determine the molar absorption coefficient for the MG
adduct N-α-acetyl-S-(1-hydroxy-2-oxo-prop-1-yl)cysteine
to be 249±8 M−1 cm−1 (n014).

Direct comparison of the N-acetyl-L-cysteine assay
with the glyoxalase I assay in a dilution experiment

In order to compare the N-acetyl-L-cysteine assay with the
glyoxalase I assay head-to-head in a dilution experiment, a
freshly prepared 1 M MG solution in water was diluted to
2.5 mM (for the N-acetyl-L-cysteine assay) and 0.3 mM (for
the glyoxalase I assay), the optimal concentrations for each
assay. Both assays were performed five times, and the MG
concentrations were calculated using the specific extinction
coefficients and dilution factors. The MG concentrations de-
termined by the N-acetyl-L-cysteine assay and the glyoxalase I
assay were 0.98±0.02 and 1.02±0.04 M, respectively (n05).

Discussion

The results of the glyoxalase I and 2,4-dinitrophenylhydra-
zine assays were consistent with previous literature. How-
ever, both methods have significant disadvantages since the
first assay is dependent on an expensive enzymatic reaction
and the second requires the handling of a hazardous sub-
stance. A comparison of the three methods is summarized in
Table 1.

In this paper, the reaction previously described by Lo et
al. [14] was optimized for a quantitative application. The
molar absorption coefficient was corrected and now corre-
sponds to the total amount of MG in solution. According to
previous literature, N-α-acetyl-S-(1-hydroxy-2-oxo-prop-1-
yl)cysteine has a molecular absorption coefficient of 98±
6 M−1 cm−1 [14]. However, this value was obtained using a
stopped flow experiment in which the reaction was per-
formed at 37 °C and the extinction was only measured only
for the first 2 s. This measurement did not take into account
that MG in solution is present not only as a free monomer
but also as monohydrate, dihydrate and other oligomeriza-
tion products [16].

Fig. 1 Spontaneous reaction of N-acetyl-L-cysteine (10 mM) with
methylglyoxal at room temperature. The time course of the reaction
of the different concentrations of MG (0.5, 2, and 5 mM) with N-
acetyl-L-cysteine was followed by measuring the absorbance of the
product N-α-acetyl-S-(1-hydroxy-2-oxo-prop-1-yl)cysteine at 288 nm.
Curves are drawn using the combined data from three independent
experiments

Fig. 2 Standard curves of the reaction between N-acetyl-L-cysteine
(10 mM) and different concentrations of methylglyoxal. The product
N-α-acetyl-S-(1-hydroxy-2-oxo-prop-1-yl)cysteine was measured at
288 nm after 5 min. Data represent the mean±SD (n08)

Table 1 Comparison of the three different spectrophotometrical meth-
ods of MG determination

Assay Glyoxylase I 2,4-DNPH N-acetyl-
L-cysteine

ε (M−1 cm−1) 3,430 33,600 249

MG
concentration

50–500 μM 6–30 μM 0.1–10 mM

Cost Expensive Economical Economical

Reaction
time

10 min 45 min 90 s

Dangerous No 2,4-DNPH
explosive

No

Experimental
problems

Loss of enzyme
activity upon
storage

Occasional
precipitations

None
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Before being able to react with N-acetyl-L-cysteine, the
MG oligomers and hydrates need to dissociate to yield free
MG [14]. The half-time described by Lo et al. [14] for the
reaction of free MG was 0.25 s. The half-time calculated in
our experiments of 9.3±1.4 s corresponds to the complete
reaction of MG and is predominantly determined by its
liberation from the hydrated forms.

It has to be avoided that the buffer, in which the stock
solutions are diluted, interferes with the correct determina-
tion of MG. The commercially available 40 % MG prepa-
rations contain water, and it is recommended that all
dilutions are made in distilled water. It is not advisable to
use diluents containing nucleophilic reagents such as thiols
and amines since they might react with MG [17, 18].

This new assay encourages routine determination of MG
solutions especially if they were stored for a long time,
frozen or the concentration is uncertain as it is easy, quick
and economical. It might also be possible to adapt this assay
for other equally reactive dicarbonyl components such as
glyoxal.
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